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Preface

The first edition of Clinical Pediatric Nephrology was conceived
as a primer of pediatric nephrology. It was devoted primarily to
the clinical discussion of commonly encountered renal disor-
ders in children, and was aimed at pediatric nephrology fellows.
In addition, it was hoped that the book would be a quick source
of clinically relevant information for medical students, house
officers and non-nephrologists providing co-clinical care for
children with kidney diseases.

The second edition of Clinical Pediatric Nephrology has been
thoroughly updated and the book continues to emphasize the
clinical implications of our present understanding of pediatric
renal disorders. The authorship has been expanded to reflect the
diversity of experience within the pediatric nephrology commu-
nity. All of the chapters in this edition have been rewritten to
reflect progress in the areas that they cover, and the number of
chapters has been increased to 37. These chapters have been
assigned to seven sections. The first section deals with the struc-
ture and physiology of the kidney. In addition to consideration of
fluid, mineral and electrolyte handling, it includes information
that is unique and essential to understanding the renal disorders
that affect infants and children. Indeed, these developmentally
determined responses to perturbations differentiate pediatric
nephrology from the broader renal medicine. The second section
addresses our assessment of the patient, as well as the context of
that assessment, by considering epidemiology and the principles
of diagnostic evaluation. The third section covers pathogenetic,
diagnostic, and therapeutic aspects of primary and secondary
parenchymal renal diseases. The fourth section elucidates renal
tubular disorders, and section five discusses acute and chronic
renal failure and its treatment. Hypertension is the focus of the
sixth section, and the book concludes with a section or urologic
problems and other surgical disorders.

While preparing such a text with friends and colleagues is a
labor of love, it represents the culmination of significant
efforts by all involved in the project. At the outset, we would
like to thank all of the contributors who have worked within
very tight deadlines to provide manuscripts for the new edition
of the book. The outstanding editorial, production and mar-
keting team at Informa Healthcare medical publishers, the
new publishers of Clinical Pediatric Nephrology, have provided
exceptional support and encouragement through all phases of
this project. We are especially grateful to Robert Peden and
Oliver Walter for recognizing the merits of producing a revised
second edition of this book. Their personal involvement has
been instrumental in the development of this book. Catriona
Dixon, the Production Editor of this edition, has been a
delight to work with. While valuing the constraints of time for
the editors and contributors, she has skillfully managed to
keep the process flowing efficiently. Her keen interest in
enhancing the visual appeal of the book has been central in
producing a more user-friendly format of the text, images,
tables, and diagrams. Closer to home, we appreciate the assis-
tance of Robyn Mann who provided the crucial link between
the editors and the authors, and managed to get us all together
for conference calls.

Each of us wishes to profoundly thank our families who have
always provided a steady and stable shelter from the often dis-
tracting and sometimes stormy winds of any academic enter-
prise. Their selfless devotion has kept all of us well anchored
and focused in our endeavor.

Kanwal K Kher
H William Schnaper
Sudesh Paul Makker
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Kidneys, a vital organ system, evolve in a complex fashion
during intrauterine development. Functional development
of the kidneys is incomplete at birth, even in the full-term
infants, and normal renal function is not achieved until approx-
imately 2 years of age. The deficit in renal function is further
magnified in pre-term infants. Developmental abnormalities of
the urinary tract are common and account for 30-50% cases
of end-stage renal disease in children. The objectives of this
chapter are to explore the structure and a current understanding
of development of the urinary tract.

Structure of the kidneys

Human kidneys are two bean-shaped structures that are located
in the paravertebral retroperitoneal space. At birth, each
kidney measures 4-4.5cm in length. Each adult kidney weighs
115-170g, and measures 10-11.5cm in length and 5-7cm
in width. The right kidney is placed slightly lower as compared
to the left side. The superior pole of each kidney is in contact
with the adrenal gland and the anterior surface lies in relation
to duodenum on the right side and the pancreas on the left side.
Variable portions of colon may be in contact with the inferior
pole of the anterior surface of the kidneys, and on the left side
spleen wraps the anteriolateral aspects of the upper half of the
kidney. Posteriorly, the kidney lies in relation to the muscles of
the back, including the psoas. The 12th rib and a portion of the
11th rib usually cover the upper third of the posterior surface of
the left kidney, while the 12th rib barely reaches the upper pole
of the right kidney in most individuals. The outer surface of the
kidney is smooth in normal adults, but a lobular appearance is
common in newborns and infants (fetal lobulations). A thin
but firm capsule, which can be easily stripped, covers the outer
surface of the kidney.

The ureter and renal vessels are placed in the medial side of
the kidney known as the hilum. The cut surface of the kidney
(Figure 1.1) demonstrates that the hilum of the kidney opens
into central space, termed the renal sinus. The renal sinus
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Figure 1.1 Cut surface of a normal kidney of a child showing anatomic

landmarks. (Photograph courtesy of Ronald M Przygodzki MD.)

contains the renal pelvis, calyces, and the branching renal
vessels. The pelvis of the kidney extends out of the kidney
to form ureter, while in the intrarenal portion divides into
numerous calyces (6—-10 in number), which drain the renal
pyramids (see above). A distinct outer cortex and an inner
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medulla are noted on sectioning the kidney. The medulla is
arranged in several conical structures called renal pyramids,
with the apex directed to the inner aspect of the kidney and
the base towards the renal cortex. The tips of the renal pyra-
mids (known as papillae) open directly into the calyces. The
cortex of the kidney is lighter in color as compared to medulla.
The area of the renal cortex that fills the space between two
medullary pyramids is known as renal columns (of Bertini).

Microscopic features

The human kidney consists, on average, of one million
nephrons. This number varies considerably among individuals.
A smaller numerical endowment of nephrons is hypothesized
to be a risk factor for renal-related morbidity, especially hyper-
tension, during adult life.! Each nephron consists of a glomeru-
lus connected to a tubule that is, in turn, connected to a
collecting duct (Figure 1.2). Three types of nephrons are identi-
fied based on their location either in the superficial cortex,
mid-cortex, or juxtamedullary region.

The nephron can be broken down into several units. The
glomerulus consists of a complex arrangement of cells and
extracellular matrices (Figure 1.3). Glomerular structures
function together to generate a glomerular filtrate that enters

Afferent arteriole ——— >
Glomerulus —>

Distal tubule

()

Efferent arteriole

Proximal
convoluted tubule

Collecting duct

Vasarecta —»

Loop of Henle

Figure 1.2 A schematic diagram of a nephron. Note that the efferent arteriole
feeds the vasa recta.

the urinary (Bowman) space bounded on the outside of the
glomerulus by Bowman capsule. Influx of blood into glomerular
capillaries is via the afferent arteriole. Efflux of blood is
via the efferent arteriole. From Bowman space to the capillary,
the order of cells and structures is: Bowman capsule, parietal
epithelial cells, Bowman space, podocytes, the glomerular base-
ment membrane (GBM), and capillaries. The mesangium con-
sists of the mesangial cells and their secreted matrix, the
mesangial matrix, and is interposed between the capillaries.
Filtration of molecules across this structural barrier is limited
by size, shape, and charge. Charge selectivity is determined by
negatively charged molecules present on each component of
the filtration barrier. Size selectivity is determined by the GBM
and, to a greater extent, by the slit diaphragm generated by
interposing podocyte foot processes.

The glomerular filtration barrier consists of the podocyte,
glomerular basement membrane, and the glomerular capillary
(Figure 1.4). Podocytes, also termed visceral epithelial cells,
exist between the capillaries and the urinary space, and envelop
the capillaries and the mesangium. Podocyte bodies elaborate
cellular extensions that end as foot processes opposed to the
GBM (Figure 1.5). The foot processes of adjacent podocytes
interdigitate forming the slit diaphragm (see Figure 1.4A). The
luminal aspect of the podocyte membrane and the slit dia-
phragms are negatively charged due to the presence of sialogly-
coproteins. The GBM forms the middle layer of the filtration
barrier. As imaged by electron microscopy, the GBM appears
as a trilaminar structure consisting of a lamina densa inter-
posed between lamina rarae on the podocyte and endothelial
sides (Figure 1.4). In reality, such distinct geographic segrega-
tion may not exist; these observations may be a fixation artifact.
The GBM is made of a multicomponent extracellular matrix.
The major components of the GBM are type IV collagen,
laminin, and heparan sulfate proteoglycans. The expression of
particular members of these large molecular families is some-
what restricted to the GBM. Current models of GBM structure
suggest that it consists of type IV collagen modules connected
in an end-to-end, as well as side-to-side fashion to form a com-
plex three-dimensional network with connections to other
resident proteins and proteoglycans. Endothelial cells line the
inner aspect of the GBM. In contrast to endothelial cells in
nonrenal tissues, glomerular endothelial cells are separated by
pores 50-100nm in diameter. These pores are known as
endothelial fenestrations. Decoration of the luminal endothe-
lial membrane with polyanionic glycoproteins together called
the glycocalyx generates a negatively charged barrier that limits
filtration of plasma proteins across these pores.

The mesangium consists of the mesangial cell, a ‘mesenchymal’-
appearing cell that lacks apical-basolateral polarity observed in
differentiated epithelial cells. An extracellular matrix, termed
the mesangial matrix surrounds mesangial cells. The composi-
tion of this matrix is generally distinct from that of the GBM.
Whereas members of the collagen, laminin, and proteoglycan
families are contained within the mesangium, the particular
family members differ between the GBM and the mesangial
matrix. Mesangial cells extend cellular processes that attach to
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Figure 1.3 The normal glomerulus. (A) A schematic diagram showing the various cell types of the glomerular structure. GBM, glomerular basement membrane.
(B) Light microscopy of a glomerulus histologic architecture of the glomerulus.
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Figure 1.4  The glomerular filtration barrier. (A) Schematic representation showing an endothelial cell; the lamina rara interna (LRI), lamina densa (LD), and lamina rara
externa (LRE) of the glomerular basement membrane (GBM), epithelial foot processes, and glomerular polyanion. The polyanion coats the endothelial and epithelial cells
and is also present at regular intervals in the GBM. (B) An electron micrograph of the normal filtration barrier. (Photomicrograph courtesy of Fermin Tio MD.)
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Figure 1.5 A schematic diagram showing physical relationships among
podocytes and capillaries. Note that processes from different podocytes can
contribute to the foot processes adjacent to each capillary.

the GBM such that changes in mesangial cell shape are trans-
duced to the glomerular tuft.

Within each nephron, a tubule extends from the glomerulus
to the renal papilla. The tubule is functionally and morphologi-
cally subdivided into the proximal tubule, the descending and
ascending aspects of the loop of Henle, the distal tubule, and
the collecting duct. The renal tubule consists of a single layer of
epithelial cells; these cells are attached to the tubular basement
membrane along their basal side. The apical aspect of these
cells projects into the tubular lumen, and remains in contact
with the tubular fluid. The morphologic appearance of the

epithelial cell resident in each tubular segment varies and
is determined by the functional attributes of the tubular seg-
ment. For example, the brush border of proximal tubule cells is
extensive and highly redundant, giving it a large surface area in
the tubular lumen, which is consistent with the high-capacity
reabsorptive function of the proximal tubule.

Within the kidney, two patterns of renal artery branching are
recognized. Most commonly, an anterior and a posterior divi-
sion are present. The anterior division branches to form four
segmental arteries, whereas the posterior division gives rise to
one segmental division. The segmental arteries do not form
anastomoses with each other. Each segmental artery gives rise
to interlobar arteries, which extend toward the cortex on either
side of a renal pyramid. At the junction between cortex and
medulla, the interlobar arteries divide dichotomously into arcu-
ate arteries that branch through the cortex, finally terminating
as afferent arterioles. The intrarenal veins exist in parallel to
the arteries, although they are more highly interconnected. The
medulla is supplied by efferent arterioles of the juxtamedullary
glomeruli that form a venous plexus around the tubules.?

Renal development

In mammals, the kidneys develop in three stages, from
rostral (head end) to caudal (rump end) — the pronephros,
the mesonephros, and the metanephros (permanent kidney).
The pronephros is rudimentary and nonfunctional. The
mesonephros functions briefly and then involutes toward the
end of the first trimester. The metanephros does not involute
and becomes the permanent kidneys. The metanephros begins
to develop during the fifth week of gestation (E5 weeks) and
urine generation is initiated around E10 weeks. During fetal
life, the kidneys are lobulated, and a lobular appearance is
present even at birth. Thereafter, the external kidney surface
becomes smooth as the kidney grows.
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Figure 1.6  Stages of renal morphogenesis. (A) Ureteric bud outgrowth from
the Wolffian duct is modulated by factors secreted by the metanephric blastema
and the mesoderm surrounding the duct. (B) Morphologic intermediates formed
during nephrogenesis. The uninduced mesenchyme is induced to form a
mesenchymal aggregate, which forms a comma-shaped (not shown) and then an
S-shaped body. Morphologic intermediates at various stages of development are
shown in association with different ureteric bud tips. (C) Patterning of the kidney
into a cortex and medulla. The cortex consists of nephrons with short and long
tubular (Henle's) loops and collecting ducts that connect to the distal tubules.
The medulla consists of the tubules from long loops of Henle and collecting
ducts which terminate in the papillae.

Initially, the kidneys lie adjacent to each other in the pelvis,
and the hilum of each faces ventrally (towards the anterior
abdominal wall). As the trunk grows, the kidneys come to lie
higher in the abdomen and farther apart. In addition, the hilum
rotates almost 90°. By E9 weeks, the kidneys attain their adult
positions. Malrotation and ectopic kidney location is due to
abnormal rotation and ascent, respectively. Failure of the kid-
neys to migrate upwards from the pelvis results in the formation

of pelvic kidneys. These kidneys are usually positioned close to
each other and may fuse in some cases to give rise to a pancake
kidney. In about 1 in 500 individuals, the inferior poles fuse
prior to ascent, generating a horseshoe kidney.

At the earliest stage of kidney formation, the renal arteries
are derived as branches of the common iliac arteries. As the
metanephroi ascend, they receive branches from the distal
aorta, then from the abdominal aorta. Normally, the distal
branches disappear and the abdominal branches become the
permanent renal arteries. Variations in the arterial supply are
common and reflect the changing nature of the arterial supply
during fetal life. While the majority of individuals have a single
renal artery, about 25% have two to four.?

Metanephric development

As indicated above, metanephric induction occurs at E5 weeks,
at a time when the ureteric bud is induced to grow out from the
Wolffian (nephric) duct and invade the metanephric blastema
(Figure 1.6A). The blastema comprises a heterogeneous popula-
tion of cells including mesenchymal cells, that will be trans-
formed to epithelial glomerular and tubular progenitors and
stromal cells that support the formation of glomerular and tubu-
lar elements. Under the direction of growth factor-mediated sig-
nals elaborated by the metanephric mesenchyme, the ureteric
bud undergoes repetitive growth and branching events, a
process termed branching morphogenesis (Figure 1.6B). In
general, each branch divides to form two daughter branches,
creating generations of ureteric bud branches. In reciprocal
fashion, the ureteric bud induces the mesenchyme adjacent to
each bud tip to develop through a stereotypic sequence of struc-
tures consisting of mesenchymal condensates, pretubular aggre-
gates, renal vesicles, and comma- and S-shaped bodies. At one
end of the S-shaped body, a layer of epithelial cells will give rise
to future podocytes. The basal aspect of these cells rests on the
future glomerular basement membrane. A cleft between the
podocytes and the cells that will become the proximal tubule
exists on the other side of the basement membrane. Endothelial
and mesangial cells migrate into this cleft. On the other side
of the podocytes are cells that will become parietal epithelial
cells. Initially, each branch of the ureteric bud and its daughter
collecting ducts induces formation of one nephron.

Formation of 15 generations of ureteric buds/collecting ducts
induces an identical number of nephrons. The remaining
nephrons form by induction of approximately 10 nephrons
around the stem of an elongating ureteric bud/collecting duct
branch. The connecting tubules of each of these nephrons then
attach to the stem of the collecting duct branch in series to
form an arcade (Figure 1.6C). After formation of arcades, the
terminal branch of the 15th generation begins to elongate and
to develop a succession of ampullae that induce nephrons on
each side of the terminal branch. During the latter stages of
kidney development, tubular segments formed from the first
five generations of ureteric bud branching undergo remodeling
to form the pelvis and calyces.
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Molecular control of development

During embryogenesis, formation of tissues is controlled by one
or more morphogenetic pathways that consist of a hierarchy of
control elements integrated within a circuit (Figure 1.7). An
ever-expanding body of knowledge has been generated by the
study of renal development in experimental models, most
notably the mouse, a paradigm for human kidney development.
Development is initiated by the activity of one or more genes
that control the behavior(s) of target cells. These cells are
either those in which the genes are themselves expressed
or neighboring cells. Target cells are instructed to engage in a
repertoire of activities that include proliferation, programmed
cell death (apoptosis), movement, shape change, or alteration
in their interactions with extracellular matrices. One or more of
these changes in cell behavior influences the manner in which
a particular three-dimensional structure (e.g. a collecting duct)
is constructed. In turn, changes in cell behavior and structural
architecture affect gene expression, thereby creating a feedback
mechanism that serves to instigate subsequent morphogenetic
events and, finally, maintain tissue architecture. In the section
that follows, molecular aspects of morphogenetic pathways that
control formation of renal tissue elements are highlighted. This
is followed by a discussion of genes mutated in individuals with
renal hypoplasia and dysplasia and the functions of these genes.

Control of ureteric bud outgrowth

Outgrowth of the ureteric bud from the Wolffian duct is
controlled by genes expressed in either the ureteric bud
or metanephric blastema, or simultaneously, in both these
tissues.* These genes function within a morphogenetic pathway
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Figure 1.7 A morphogenetic pathway. Gene products control a circumscribed
set of cellular events. Changes in cell behavior determine the three-dimensional
(3-D) structure of tissue elements. Changes in cellular behavior also generate
changes in gene expression, thus generating an integrated feedback loop that
regulates gene expression.

(Figure 1.8). Genes expressed in the metanephric blastema
that are required for ureteric bud outgrowth include the
transcription factors Pax2 and Eyal, the secreted growth factor
glia cell derived neurotrophic factor (GDNF), and the GNDF
cell surface receptor, RET. Studies in mice have identified genes
that function upstream of Gdnf to limit or promote its expression,
thereby controlling ureteric bud outgrowth. These studies have
identified Pax2 as a positive regulator of Gdnf.> Absence
of Gdnf expression in the metanephric mesenchyme of Eyal
deficient mice demonstrates that Eya also controls Gdnf.°
Homozygous deficiency of Pax2, Eyal, Gdnf, or Ret in mice causes
failure of ureteric bud outgrowth and bilateral renal agenesis or
severe renal dysgenesis, with variable penetrance depending on
the gene involved. Identical phenotypes have been observed in
mice deficient in heparan sulfate 2-sulfotransferase,” demonstrat-
ing a critical role for heparan sulfate in mediating interactions
between the ureteric bud and the metanephric blastema.

During kidney development, the site of ureteric bud out-
growth is invariant and the number of outgrowths is limited
to one. It is believed that outgrowth of a single ureteric bud at
the appropriate position is controlled by mesenchymal factors
that restrict the location of ureteric bud outgrowth. Further, it is
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Figure 1.8 Morphogenetic pathway for ureteric bud branching. Products
of genes expressed in the metanephric mesenchyme and ureteric bud interact to
control ureteric bud outgrowth and branching. Wt1 maintains the viability and
competency of the metanephric mesenchyme at the onset of metanephric devel-
opment. Positive regulators of ureteric bud outgrowth and branching include
Gdnf, Ret, and Sall1. Inhibition of Gdnf expression by FoxcT limits the domain of
GDNF expression, thereby regulating ureteric bud outgrowth. Gdnf and Ret are
positively requlated by Eya7 and RARs, respectively. Bmp4 works via a parallel
pathway to inhibit ureteric bud outgrowth.
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suggested that the site of ureteric bud outgrowth determines the
final site of the ureter orifice in the bladder: i.e. more caudal or
cranial budding from the duct can lead to a defective uretero-
vesical valve and urinary outflow obstruction as well as aberrant
insertion of the ureteric bud into the metanephric mesenchyme,
resulting in renal dysplasia. Foxcl (also known as Mfl), a fork-
head/winged helix transcription factor, is expressed in a similar
metanephric domain to Gdnf during embryonic development.
Homozygous Foxcl null mutant mice exhibit renal abnormali-
ties consisting of ureteric duplication, hydroureter, and ectopic
ureteric buds, suggesting that Foxcl negatively controls the
domain of Gdnf expression.® Indeed, anterior expansion in the
spatial expression domain of Eyal and Gdnf in Foxcl null mice
is consistent with this concept. BMP4 is expressed in the mes-
enchyme surrounding the Wolffian duct. The presence of ureter
duplication in some Bmp4 heterogygous mice suggests that
BMP4 inhibits ureter branching.” Thus, ureteric bud outgrowth
is tightly regulated by genetic pathways that promote or inhibit.

Collecting duct branching

The invariant number and spatial pattern of collecting ducts
in the mature kidney suggest that branching morphogenesis
is tightly regulated. In mice, fewer ureteric bud branches are
formed in the posterior kidney than in the anterior kidney. This
asymmetry is probably controlled, in part, by Hox genes origi-
nally described as regulators of body segmentation in fruit
flies.!° In addition to their critical roles during ureteric bud out-
growth, GDNF and its cognate receptors stimulate ureteric bud
branching. In mice, genetic deficiency of Gdnf and Ret causes
decreased ureteric bud branching. RET expression is controlled
by members of the retinoic acid receptor family of transcription
factors. These members, including RAR o and RAR B,, are
expressed in stromal cells surrounding Ret-expressing ureteric
bud branch tips.'"'? Mice deficient in these receptors exhibit
a decreased number of ureteric bud branches and diminished
expression of Ret. Two members of the fibroblast growth factor
(FGF) family of signaling peptides stimulate collecting duct
morphogenesis in mice. Homozygous null mutations in the Fgf7
gene result in a reduced number of ureteric bud branches and
underdevelopment of the renal papilla.’ Mice with a homozy-
gous null mutation in Fgf10 also have kidneys that are smaller
than those in wild-type mice and exhibit a decreased number of
medullary collecting ducts, medullary dysplasia, and dilatation
of the renal pelvis.'* Thus, a repertoire of signaling pathways
promotes renal branching morphogenesis.

Renal branching morphogenesis is also regulated by inhibitory
signaling pathways. In mice, bone morphogenetic proteins
(BMPs) signaling via their activin-like-kinase (ALK) receptors
inhibit branching morphogenesis. Targeted overexpression of
ALK3 in the ureteric bud lineage decreases branching morpho-
genesis and is associated with decreased nephron formation."
Deficiency of BMPs and their signaling intermediates is asso-
ciated with increased branching.!® Thus, integration of signals
from these diverse and opposing pathways by ureteric bud and
collecting duct cells controls branching behavior.

Formation of the calyces and pelvis

Patterning of the collecting system to form the calyces and
pelvis is controlled by sonic hedgehog (SHH), members of the
BMP family, and by angiotensin and its cell surface receptors.
SHH is a secreted growth factor that controls cell determi-
nation and proliferation in many developmental contexts. In
mice, Shh deficiency interferes with formation of the smooth
muscle layer surrounding the upper ureter and causes dilatation
of the pelvis.!” Loss of Bmp4 expression appears to be a patho-
genetic mechanism during the genesis of hydronephrosis in
these mice. Consistent with these observations, a subset of
mice with spontaneous and engineered mutations in Bmp4 and
Bmp5 demonstrate dilatation of the ureters and collecting
system (ureterohydronephrosis), and ureteral bifurcation.”!8
Mutations in the genes encoding components of the renin—
angiotensin axis, best known for their role in controlling renal
hemodynamics, also cause abnormalities in the development
of the renal calyces and pelvis. Mice that are homozygous null
for angiotensin receptor-1 (Agtrl) demonstrate atrophy of the
papillae and underlying medulla.!” The underlying defect
appears to be a decrease in proliferation of the smooth muscle
cell layer lining the pelvis, resulting in decreased thickness of
this layer in the proximal ureter. Mutational inactivation of
Agtr2 results in a range of anomalies, including vesicoureteral
reflux, a duplex kidney, renal ectopia, ureteropelvic junction
stenosis, ureterovesical junction stenosis, renal dysplasia, renal
hypoplasia, multicystic dysplastic kidney, or renal agenesis.?
Null mice demonstrate a decreased rate of apoptosis of the cells
around the ureter, suggesting that Agtr2 plays a role in modeling
of the ureter. Together, these studies highlight the role of
smooth muscle patterning in the formation of the pelvic—
ureteric junction.

Formation of glomerular and
tubular precursors

The development of metanephric derivatives begins when the
blastema is rescued from apoptosis and induced to proliferate
coincident with the invasion of the ureteric bud. Expression of
the Wilms’ tumor 1 (Wtl) gene product, a transcription factor,
is critical in maintaining viability of the metanephric blastema
at this early stage of development.?! With the invasion of the
ureteric bud, the blastemal cells differentiate along distinct
pathways. Cells adjacent to the ureteric bud tips condense and
begin to display morphologic and molecular features character-
istic of epithelial cells.

The molecular basis for nephron segmentation into various
cell lines, such as podocytes, mesangium, or tubular lineages,
is largely unknown. However, emerging evidence demonstrates
a role for several gene families. The role of these genes is
summarized below.

Several classes of genes are required for formation of
podocytes and for directing the migration of endothelial cells
into the glomerulus. As nephrogenesis proceeds, Wtl expres-
sion becomes restricted to the podocyte lineage. Transcription
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of Wtl results in the formation of multiple isoforms generated
by alternative splicing. Mutations in WtI that prevent the gen-
eration of certain splice forms result in formation of abnormal
glomeruli, implicating Wtl in glomerulogenesis.”* LmxIb is a
transcription factor mutated in patients with nail-patella syn-
drome and is expressed in podocytes.” Mutational inactivation
in mice decreases formation of foot processes and decreases
expression of the a; and o, chains of type IV collagen. Podl is a
basic helix loop helix class transcription factor that is expressed
in podocytes in S-shaped bodies. Podl deficiency in mice results
in arrested development at the single capillary loop stage of
glomerular development.?*

Kreisler (MafB), a leucine zipper class transcription factor
is expressed in podocytes. Kreisler deficiency in mice results in
failure of foot process attachment to the basement membrane.?
The o, chain of 0,/B, integrin is required for formation of
foot processes in mice.?® Podocalyxin is a sulfated cell surface
sialomucin that is expressed on the surface of podocytes. In a
podocalyxin-deficient state, foot process and slit diaphram
assembly is abrogated.”” Recent studies suggest a central role for
podocyte-derived vascular endothelial growth factor (VEGEF)-
A and Notch 2 in directing endothelial cell migration into
glomeruli. Inactivation of VEGF-A in podocytes by genetic
means in mice disrupts glomerular capillary formation.?®
Similarly, inactivation of Notch2, a member of a family of cell
determination genes, results in a similar phenotype.”

Gene functions and renal dysplasia

The human and mouse genome projects have been comple-
mentary in generating a rapid expansion of our knowledge of
human developmental biology. Yet, while the diversity of
human phenotypes projects the existence of over 80 loci associ-
ated with renal dysplasia,’® mutations in a much smaller number
of genes have been identified so far. The functions of a subset
of these genes have been elucidated in genetic mouse models,
providing critical insights into the molecular control of normal
and abnormal renal development.

Pax2

Heterozygous mutations in Pax2 are found in patients with
the renal coloboma syndrome (OMIM # 120330), which is
characterized by renal hypoplasia and vesicoureteral reflux.
Heterozygous Pax2 mutations in mice results in a similar pheno-
type.’! Investigation of Pax2 suggests that it functions in the
ureteric bud to promote cell proliferation and inhibit apopto-
sis.”> These results support a model which proposes that Pax2
controls the number of ureteric bud branches, thereby deter-
mining the number of nephrons formed.

Eyal

Eyal, a transcription factor, is mutated in patients with
branchio-oto-renal (BOR) syndrome (OMIM # 113650) and
unilateral or bilateral renal agenesis, or dysplasia.** In mice, the
spatial pattern of Eyal expression overlaps that of Gdnf at the
time of ureteric bud outgrowth. Since biallelic inactivation of

Eyal causes renal agenesis and abrogates Gdnf expression,® Eyal
is thought to function upstream of Gdnf to control ureteric bud
outgrowth.

Salll

Salll, a transcription factor, is expressed in the metanephric
mesenchyme at the time of induction by the ureteric bud. Muta-
tions in Salll exist in patients with Townes—Brock syndrome
(OMIM # 107480). In Salll-deficient mice, ureteric bud out-
growth occurs, but the bud fails to invade the metanephric
blastema, resulting in renal agenesis. This failure of invasion
appears to be due to a SALL1-dependent signal rather than the
competency of the metanephric blastema to undergo induction.*

Gli3
The gene encoding Gli3 is mutated in patients with
Pallister—Hall syndrome (OMIM # 146510) and renal dysplasia.
GLI3 is one member among a family of GLI proteins that
control gene transcription. Their actions are controlled by
SHH. All Gli3 mutations identified to date result in the expres-
sion of a truncated protein that functions as a transcriptional
repressor. Recent investigations in mice provide insight into
the biological significance of this mutant GLI3 isoform. GLI3
represses the transcription of GLI1 and GLI2, renal patterning
genes including Pax2 and Salll, and genes that modulate the
cell cycle (cyclin D1 and N-Myc).
Glypican-3 and p57¥™*
Investigation of the genes mutant in two human overgrowth
syndromes, Simpson Golabi Behmel (OMIM # 312870)
and Beckwith—Wiedemann (OMIM # 13650), is providing
novel insights into the pathogenesis of medullary renal
dysplasia. Patients with Simpson—Golabi—-Behmel syndrome
have mutations in Glypican-3, a glycosyl-phosphatidylinositol
(GPI)-linked cell surface heparan sulfate proteoglycan. The
pathogenesis of renal medullary dysplasia in Gpc3-deficient
mice involves massive medullary collecting duct apoptosis
preceded by increased ureteric bud proliferation.”® Thus, Gpc3
controls collecting duct cell number and survival. A role for
control of the cell cycle in the pathogenesis of medullary renal
dysplasia is further supported by the finding of medullary renal
dysplasia in mice and humans (Beckwith—Wiedemann syn-
drome) with inactivating mutations in p575%2, a cell cycle regu-
latory gene that encodes a cyclin-dependent kinase inhibitor.*”
Table 1.1 lists clinical syndromes associated with known
gene defects. 8!

Clinical aspects of
maldevelopment syndromes

These advances in genetics have generated a revolution in
our understanding of congenital malformations of the kidney.
Although it has been accepted that there is an association
among poorly developed kidneys, renal dysfunction, and
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Table 1.1 Human gene mutations exhibiting defects in renal morphogenesis
Primary disease Gene
Alagille syndrome JAGGED1
Apert syndrome FGFR2
Beckwith-Wiedemann syndrome p57XF2
Branchio-oto-renal (BOR) syndrome EYA1
Campomelic dysplasia SOX9
Fraser syndrome FRAST
Hyoparathyroidism, sensorineural GATA3
deafness and renal anomalies

(HDR) syndrome

Kallmann syndrome KAL1
Mammary-ulnar syndrome 1BX3
Renal coloboma syndrome PAX2
Renal cysts and diabetes syndrome HNF13
Simpson-Golabi-Behmel syndrome GPC3
Townes-Brocks syndrome SALLT

Zellweger syndrome

urologic abnormalities, a generation ago it was widely held
that some sort of obstructive process led to maldevelopment.
The discovery of these genetic relationships has led to an
understanding that maldevelopment results from failure of
the programmed genetic control, with the likelihood that
vesicoureteric reflux and urinary tract obstruction result from
the same failure. As a result, we have come to understand that
such disorders may demonstrate familial predisposition that can
have clinical relevance.

The three categories of developmental abnormalities that
can occur separately, or in concert, are renal hypoplasia, renal
dysplasia, and abnormal development of the lower urinary tract.

Renal hypoplasia

Renal hypoplasia is characterized by a smaller than normal
complement of nephrons in the kidney. The nephron struc-
ture and the overall renal architecture is well maintained.
Hypoplasia can affect one or both kidneys. In renal hypoplasia,
an abnormality in epithelial-mesenchymal interactions leads to
decreased or abnormal branching of the ureter. Unless associ-
ated with other malformations, renal hypoplasia can be asymp-
tomatic. Renal hypoplasia is often discovered as an incidental
finding during an abdominal sonogram or other imaging studies,
where a smaller than normal kidney is detected. Decreased

PEX1 (formerly PAFT)

Kidney phenotype Reference
Cystic dysplasia 37
Hydronephrosis 38
Medullary dysplasia 39
Unilateral or bilateral 33
agenesis/dysplasia, hypoplasia,

collecting system anomalies

Dysplasia, hydronephrosis 40, 41
Agenesis, dysplasia 42
Dysplasia 43
Agenesis 44
Dysplasia 45
Hypoplasia, vesicoureteral reflux 46
Dysplasia, hypoplasia 47
Medullary dysplasia 48
Hypoplasia, dysplasia, vesicoureteral reflux 49
Cystic dysplasia 50

renal function and chronic kidney disease (CKD) can be seen
in severe cases with bilateral disease. Renal hypoplasia has
been reported to be a predisposing condition for hypertension
later in life.!

Multicystic Dysplasia

Multicystic dysplastic kidney (MCDK) is reported to be the
second commonest renal anomaly diagnosed by prenatal ultra-
sound, with a reported prevalence of 1 in 3640 births.’> MCKD
can present as a flank mass in newborn infants. Renal ultra-
sound evaluation shows a large cystic non-reniform structure
located in the renal fossa. The characteristic and diagnostic
finding is absence of any function demonstrated by radionuclide
scans. Vesicoureteric efflux in the contralateral normal kidney
is the commonest associated urinary tract abnormality, and has
been reported in approximately 25% of cases. > Hypertension
can be seen in some patients, but appears to be less common
than previously assumed.”

Wilms’ tumor has been reported in patients with MCDK.>*
However, it has been argued that these cases of malignant
degeneration in MCDK may have actually been nephrogenic
rests.”

Gradual reduction in renal size and eventual resolution of
the mass of the MCDK is common. At 2 years, an involution in
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size by ultrasound has been noted in up to 60% of the affected
kidneys.”> Complete disappearance of the MCDK can occur
in a minority of patients (3—4%) by the time of birth, and
in 20-25% by 2 years.”>> Increase in the size of MCDK can
be seen in some cases. The contralateral kidney shows com-
pensatory hypertrophy by ultrasound evaluation.

Management of patients with MCDK has shifted from
routine nephrectomy in the past, to observation and medical
therapy. Because of the risk of associated anomalies in the con-
tralateral kidney, VUR should be excluded. Renal ultrasound is
generally recommended at an interval of 3 months for the first
year of life and then every 6 months up to involution of the
mass, or at least up to 5 years.” Compensatory hypertrophy of
the contralateral kidney is expected and should be followed on
ultrasound evaluations. Medical therapy is usually effective
in treating hypertension in the small proportion of affected
patients, but nephrectomy may be curative in resistant cases.

Renal dysplasia

Renal dysplasia is characterized by the presence of malformed
and rudimentary tissues (Figure 1.9) such as cartilage, or even
calcified tissue (Figure 1.10) in the normal organ. Often, dyspla-
sia is accompanied by hypoplasia of the kidney as well.
Abnormalities of renal function and development of CKD
should be expected in patients with severe bilateral renal dyspla-
sia or those with additional urinary tract malformations, such as
obstruction. Potter syndrome, characterized by oligohydramnios,

Figure 1.9 Cut section of a kidney with cystic dysplasia. Poorly defined renal
architecture, lack of corticomedullary differentiation, and large cystic lesions are
evident.

Figure 1.10 Microscopic section of a dysplastic kidney showing cartilage
(arrows). Tubules (T) are poorly formed with cystic changes. (Photomicrograph
courtesy of Arthur Cohen MD.)

pulmonary hypoplasia, renal failure, low set ears, and a beaked
nose, may be observed in severe cases.

Concluding remarks

This chapter summarizes the major morphologic features of the
developing and mature kidney. The concept of morphogenetic
pathways is presented as a means of understanding how genes
control cellular events that, in turn, build three-dimensional
structures. Major genetic pathways that control normal renal
branching morphogenesis and nephrogenesis are discussed.
Genetic mutations associated with renal hypoplasia and dyspla-
sia are presented. Advances in developmental genetics provide
a means to understand the pathogenic significance of these
mutations.
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The glomerulus produces an ultrafiltrate of plasma that
essentially consists of a protein-free solution, identical to the
composition of plasma. The adult kidney filters 150 of fluid a
day and delivers this fluid to the tubules where, under normal
circumstances, 99% of this fluid is reabsorbed. The tubules
selectively reabsorb the filtered solutes that are required by
the organism, leaving waste products to be excreted in the
urine. In addition to this filtration and reabsorption system, the
kidney can also secrete many organic anions and cations via
specific transporters to increase the efficiency of removal of
some protein-bound solutes that are not filtered. A diagram
of the nephron and the transporters involved in sodium and
potassium reabsorption are shown in Figure 2.1.

Tubular solute transport

Proximal tubule

Reabsorption of sodium is the dominant task of the proximal
tubule. The basic mechanism for sodium reabsorption, how-
ever, is similar in all segments of the nephron.! The sodium-
transporting cells along the nephron have a basolateral
Na*/K*-ATPase that generates a low intracellular sodium
concentration (~10 mmol/L) and a significantly higher intra-
cellular potassium concentration (~140 mmol/L) than the
extracellular fluid. The Na*/K*-ATPase transports 3 sodium
ions out of the cell in exchange for each 2 potassium ions
it pumps into the tubular cell. This transport process is fueled
by the energy source adenosine triphosphate (ATP). The ion
composition gradient between the intracellular and extracellu-
lar compartments generated by the Na*/K*-ATPase and the
basolateral potassium channel results in a negative potential
difference of about —60 mV.

The low intracellular sodium concentration and the large
negative potential difference provide a driving force for apical

sodium entry into the cell. Most solute transport in the nephron
is linked, either directly or indirectly, to the absorption of
sodium. For example, glucose is reabsorbed from the luminal
fluid by the proximal tubule via a sodium-dependent process.
The energy required for glucose reabsorption is dependent on
the low intracellular sodium and the negative potential differ-
ence generated by the Na*/K*-ATPase. Glucose is eventually
transported from the tubular cell across the basolateral mem-
brane via facilitated diffusion down its concentration gradient.

While the proximal tubule reabsorbs most of the sodium and
water from the ultrafiltrate, it also reabsorbs all of the filtered
glucose, amino acids, and required phosphate. While the proxi-
mal tubule is almost 10 mm long, most of the filtered bicarbon-
ate, glucose, and amino acid absorption occurs in the first 2mm
of this segment (Figure 2.2).2* The proximal tubule also reab-
sorbs 80% of the filtered bicarbonate and 60% of the filtered
chloride.? The transepithelial potential difference in the early
proximal tubule is lumen negative, which provides an electrical
driving force for the paracellular reabsorption of chloride.’

The proximal tubule is the site for reabsorption of most of the
filtered bicarbonate. Approximately two-thirds of bicarbonate
is reabsorbed via a luminal Na*/H* exchanger and one-third via
a proton pump.*’ The secretion of a proton (H*) through either
of these two mechanisms results in the formation of carbonic
acid (H,CO;), which dissociates into CO, and H,O with the aid
of carbonic anhydrase, which is present in the lumen. The CO,
diffuses into the proximal tubule cell and reassociates with H,O
and, with the help of carbonic anhydrase in the cytoplasm of
the proximal tubule, forms H,CO;. The H,CO, dissociates back
into a proton (H*), which is again secreted across the apical
membrane. The cellular bicarbonate is excreted across the
basolateral membrane via an Na(HCO;), cotransporter.®

The preferential reabsorption of organic solutes and bicar-
bonate leaves the latter parts of the proximal tubule devoid of
organic solutes and with a higher luminal chloride and lower
luminal bicarbonate than that in the peritubular plasma.!?
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Stated another way, the luminal fluid of the proximal tubule
becomes almost isotonic normal saline in composition. This
change in luminal fluid composition provides a gradient for
bicarbonate to move from the peritubular plasma into the tubu-
lar lumen and chloride to move from the lumen into the peri-
tubular plasma. Since chloride is far more permeable than
bicarbonate, the movement of this anion generates a lumen
positive potential that provides a driving force for sodium to
move across the paracellular pathway into the peritubular
plasma. Thus, the change in solute composition, which occurs
in the early proximal tubule, generates a driving force for NaCl
absorption without the additional expenditure of energy.
Approximately half of NaCl absorption is passive and para-
cellular.” The other half of NaCl transport is active and trans-
cellular. It is mediated by the parallel operation of the Na*/H*
exchanger, which regulates bicarbonate reabsorption in the
early proximal tubule, and a Cl7/base exchanger that results in
the net absorption of NaCl and secretion of proton and a base.’
The nature of the base is unclear. There is evidence that it may
be a hydroxyl ion, in which case one water molecule would be
secreted for each NaCl absorbed.! There is also evidence that
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The nephron, showing the transporters present in each nephron segment responsible for NaCl transport.

the base is a formate molecule, so that formic acid would be
generated and reabsorbed (or recycled) back into the cell.®

Loop of Henle

The thin limbs of the loop of Henle also reabsorb NaCl without
expending energy.! The thin descending limb is impermeable to
NaCl, whereas it is highly permeable to water. Since the thin
limb transverses the hypertonic medulla, water is abstracted
and the luminal fluid becomes highly concentrated. At the
bend of the loop, the permeability properties change drastically.
The thin ascending limb becomes impermeable to water, while
it is highly permeable to both urea and NaCl. Thus, the con-
centrated fluid that is progressing upwards into a less hypertonic
environment has a gradient for NaCl and urea to diffuse out of
the lumen into the medullary interstitium. This results in net
NaCl absorption and helps generate a hypertonic medulla.

The thick ascending limb reabsorbs approximately 25% of
the filtered NaCl.! Since this segment is impermeable to water,
it is responsible for creating the ‘primary effect’ of generating a
hypertonic medulla for urinary concentration and dilution. The
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Figure 2.2 The changes that occur in solute composition along the proximal
tubule (top). The early proximal tubule preferentially reabsorbs NaHCO, and
organic solutes, delivering to the late proximal tubule a solution comparable to
an isotonic NaCl. The bottom part of the figure shows the change in transepithe-
lial potential, which initially is lumen-positive due to active sodium-dependent
glucose and amino acid transport and then becomes lumen-negative due to pas-
sive paracellular chloride diffusion. (Reproduced with permission from Rector.?)

apical membrane has a Na*/K*/2Cl~ cotransporter that can be
inhibited by furosemide and bumetanide. While this trans-
porter results in the electroneutral absorption of sodium, potas-
sium, and chloride, the lumen of this segment is positive due
to the fact that there is an apical potassium channel and that
some of the absorbed potassium recycles across the apical mem-
brane into the lumen. This lumen positive potential is quite
important since it generates the driving force for the paracellu-
lar absorption of magnesium and calcium in this segment. The
paracellular pathway in this segment is unique in that it is very
permeable to cations. Thus, administration of loop diuretics
not only results in a decrease in NaCl absorption but also the
enhanced excretion of magnesium and calcium as well as other
cations. The sodium entering the thick ascending limb leaves
via the Na*/K*-ATPase, while the chloride exits the basolateral
membrane via either a KCl cotransporter or a chloride channel.
Mutations in the Na*/K*/2CI~ (sodium—potassium—chloride)
cotransporter, the apical K channel (rat outer medulla potas-

sium; ROMK), or the basolateral CIC-KB (chloride) channel

result in Bartter syndrome, an inherited disorder characterized
by hypokalemic metabolic alkalosis, hyperreninism, and hyper-
aldosteronism.”!® The tubular defects present in Bartter
syndrome mimic those induced by the administration of loop
diuretics.

Distal tubule

The distal convoluted tubule is the segment that is responsible
for the reabsorption of 5-10% of the filtered sodium.! Sodium is
reabsorbed in this segment via a NaCl cotransporter, which is
inhibited by thiazide diuretics. All cases of Gitelman syndrome
are due to an inactivating mutation of this transporter.!'~??
Since the distal convoluted tubule is impermeable to water, the
osmolality of the fluid that leaves this segment is 50 mOsm/kg
water. This is the maximum dilution capacity of the human
kidney. Thus, if there is no antidiuretic hormone (ADH) to
increase the permeability of the collecting tubule to water, the
final urine will have an osmolality of 50 mOsm/kg water.

In addition to the reabsorption of NaCl, the distal convo-
luted tubule also reabsorbs a substantial amount of calcium.
Unlike the thick ascending limb, however, the reabsorption of
calcium is transcellular. Inhibition of the NaCl cotransporter
by thiazide diuretics results in an increase in calcium absorp-
tion by this segment. While loop diuretics cause an increase in
urinary calcium excretion, thiazide diuretics decrease calcium
excretion. This segment is also responsible for transcellular
magnesium reabsorption. Thiazide diuretics result in urinary
magnesium wasting.

Collecting duct

The collecting tubule is the final segment that adjusts the com-
position of the urine before excretion. While this segment reab-
sorbs only 1-3% of sodium, it nonetheless plays a critical role in
regulating salt transport.! Sodium is reabsorbed by principal
cells in this segment via an apical epithelial sodium channel
(ENaC) (see Figure 2.1). This leaves the lumen with a negative
potential difference as compared to the cell. This potential dif-
ference provides a driving force for potassium secretion, proton
secretion, or the paracellular reabsorption of chloride. The
sodium channel, potassium channel, the proton pump, and the
basolateral Na*/K*-ATPase are all regulated by aldosterone.
The sodium channel is inhibited by the diuretics amiloride and
triamterene. These diuretics cause an increase in serum potas-
sium since they decrease the lumen negative potential that
augments potassium secretion. Finally, the distal part of the
collecting tubule has urea transporters, which facilitate the
absorption of urea and further increases the tonicity of the renal
medulla.'t

Concentration and dilution of urine

Whether the urine is concentrated or dilute compared with
blood is dependent upon the presence or absence of ADH.
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In the absence of ADH, the hypotonic urine formed in the
thick ascending limb and distal convoluted tubule will be
excreted with an osmolality of 50 mOsm/kg water. However, in
the presence of ADH, water channels (designated aquaporin 2)
are shuttled from the cytoplasm into the apical membrane.!
This increases the permeability of the apical membrane for
water. There are also water channels on the basolateral mem-
brane designated aquaporin 3 and 4. The interstitium is quite
hypertonic due to the accumulation of sodium, chloride, and
urea via mechanisms discussed previously, and osmotic equili-
bration occurs. The urine of humans can be concentrated to an
osmolality of 1200 mOsm/kg water. By comparison, desert
rodents have very long loops of Henle and can concentrate
their urine to over 3000 mOsm/kg water.

Antidiuretic hormone
and water excretion

When the fluid reaches the thick ascending limb of Henle
and early distal convoluted tubule, collectively known as the
diluting segment, sodium and chloride is actively reabsorbed
without water, so that the luminal fluid becomes hypotonic.
This separation of salt and water is possible because these
segments of the nephron have no water channels and have a
low water permeability. The diluting segments are responsible
for the generation of free water for excretion. If needed, the
adult kidney can excrete ~30L of free water a day. Thus, an
adult with intact renal diluting capacity would have to drink
over 30L of water a day in order to develop hyponatremia. As
discussed below, this is not true in case of the neonate.

The cortical and medullary collecting tubules can alter their
water permeability in response to the absence or presence of
ADH, and modify the concentration (osmolality) of the final
urine.”” As seen in Figure 2.3, as ADH binds to the basolateral
receptor (V2 receptor or V2R), it stimulates the production of
cyclic adenosine monophosphate (cAMP). This, in turn, leads
to intracellular signals that trigger the insertion of vesicles con-
taining aquaporin 2 (AQP2), a water channel, into the apical
membrane. The water channels allow for the rapid transport of
water into the collecting duct cell, which subsequently exits
passively into the hypertonic medulla along the basolateral
membrane through two other water channels, aquaporin 3
(AQP3) and aquaporin 4 (AQP4). This reabsorption of water
leads to a final urine that, in adults, is concentrated to values as
high as 1200 mOsm/kg water.

The production of maximally concentrated urine also
requires the maintenance of the medullary osmotic gradient
and the pituitary release of ADH. In the absence of ADH,
the AQP2-containing vesicles remain in the cytoplasm of the
collecting duct cells and the apical membrane water permeabil-
ity remains low. This prevents reabsorption of water from the
tubular lumen and the final urine is allowed to remain dilute.
This mechanism of insertion and removal of the AQP2 water
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Figure 2.3  Collecting duct cell showing interactions of antidiuretic hormone
(ADH) and aquaporins (AQP2, AQP3 and AQP4) in the process of water reabsorp-
tion. The collecting duct principal cell contains AQP2 in vesicles that can
be inserted into the apical membrane in response to ADH. AQP3 and AQP4 are
present in the basolateral membrane, so that the water can be transported into
the bloodstream. A defect in the pathway for ADH response will lead to nephro-
genic diabetes insipidus and predispose the patient to hypernatremia.

channels from the apical membrane allows for fine regulation of
the final urine osmolality in response to ADH.

The secretion of ADH is regulated by the plasma osmolality
and intravascular volume. Small increases in serum osmolality
stimulates the secretion of ADH. Significant intravascular vol-
ume loss is a potent stimulus for ADH secretion that can over-
ride its regulation by the serum osmolality. This can contribute
to the development of hyponatremia.

Regulation of serum sodium

The kidney regulates the serum sodium concentration within a
narrow range, primarily by regulating free water excretion.
Thus, the primary mechanism that defends the body from
hyponatremia is the kidney’s capacity to excrete free water.
Disorders that limit the kidney’s ability to excrete adequate
amounts of free water can lead to hyponatremia. Although the
kidney can retain much of the filtered free water to defend
against hypernatremia, the primary defense against the devel-
opment of hypernatremia is thirst. Hypernatremia is usually
seen under circumstances of inadequate access to free water, or
if a defect in the central nervous system that impairs the normal
thirst response is present.
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Regulation of tubular
sodium transport

Proximal tubule

The proximal tubule reabsorbs 60% of filtered sodium and
chloride and is a major site of nephron sodium regulation.!
Proximal tubular transport is modulated, in part, by peritubu-
lar capillary physical factors such as the peritubular capillary
hydrostatic pressure and oncotic pressure.'® The peritubular
capillary hydrostatic pressure opposes net proximal tubular
sodium reabsorption, whereas the peritubular capillary oncotic
pressure promotes proximal tubular sodium reabsorption.
Therefore, following volume expansion, the peritubular capil-
lary protein concentration falls, while the hydrostatic pressure
rises, both of which reduce proximal tubular sodium reabsorp-
tion. With volume contraction, however, peritubular capillary
protein concentration rises and peritubular capillary hydro-
static pressure falls, both of which increase tubular sodium
reabsorption.

The systemic renin—angiotensin system plays an important
role in the regulation of proximal tubule sodium reabsorption.
Circulating angiotensin Il has been shown to directly stimulate
proximal sodium reabsorption. These stimulatory effects of
angiotensin Il occur in the absence of changes in the glomeru-
lar filtration rate. In addition to the systemic renin—angiotensin
system, the proximal tubule contains all of the components
of an autonomously functioning intrarenal renin—angiotensin
system and secretes angiotensin Il into the lumen at concentra-
tions 100-fold higher than that found in the plasma. Both the
systemic and intraluminal angiotensin 11 stimulate proximal
tubular sodium transport.?

Sympathetic renal nerves innervate the proximal tubule and
regulate sodium homeostasis. During volume contraction, renal
nerve activity increases and stimulates proximal tubule sodium
transport. Conversely, renal nerve activity decreases during
volume expansion and subsequently decreases transport. The
renal nerves also increase renin secretion and thus contribute to
systemic angiotensin II activity.

Loop of Henle

The loop of Henle reabsorbs approximately 25-30% of sodium
from the glomerular ultrafiltrate which can be stimulated by
both ADH and sympathetic nerve activity.! The importance of
the thick ascending limb to sodium reabsorption is highlighted
in patients with Bartter syndrome, where defects in either
the apical membrane ROMK channel, Na*/K*/2CI" transporter,
or the basolateral CIC-KB channel all lead to extracellular
volume contraction with hypokalemic metabolic alkalosis.
Whereas prostaglandin E (PGE,) has no direct effect in this seg-
ment, PGE, inhibits the ADH-induced increases in sodium
reabsorption.

Distal tubule

Both circulating and luminal angiotensin II increase distal
tubule sodium reabsorption. The renal nerve also innervates
the distal tubule and augments sodium reabsorption. Sodium
reabsorption in the distal tubule is also load dependent. The
importance of the NaCl cotransporter is illustrated in patients
with Gitelman syndrome, where a defective NaCl cotransporter
leads to extracellular volume contraction, salt wasting, and
metabolic alkalosis.

Cortical collecting duct

Only 1-3% of sodium reabsorption occurs in the collecting
duct, but this segment is responsible for the final modulation of
sodium absorption, and thus plays a critical role in the regula-
tion of extracellular fluid volume.' Sodium absorption in this
segment is primarily regulated by aldosterone, which increases
the number of ENaC channels on the apical membrane and
raises the apical sodium permeability. Activity of the basolateral
Na/K-ATPase pump is also increased by aldosterone, which
serves to lower intracellular sodium, providing a greater driving
force for tubular sodium reabsorption. ADH also increases the
apical sodium transport, promoting insertion of ENaC in the
apical membrane.

Solute and water transport
in the neonatal kidney

The glomerular filtration rate (GFR) of an adult kidney is
~100 ml/min. The term newborn has a GFR of 2 ml/min. Even
after correction for body surface area, the neonate’s GFR is only
30ml/min/1.73 m’. Premature neonates have an even lower
value, but the extrauterine maturational increase in GFR
occurs at the same rate as if the baby was still in the womb. !5
The GFR increases to adult values, corrected for surface area, by
6-12 months of age.

The most important difference between the neonate and the
adult kidney is that the adult kidney functions to maintain a
constant composition and volume of the extracellular fluid.
The intake of salt and water is matched by the urinary excre-
tion, and both fluid overload and volume depletion are avoided.
The neonate, on the other hand, must maintain a slightly posi-
tive balance for all electrolytes to allow for growth.

The driving force for most active solute transport is the low
intracellular sodium concentration and the negative cell
potential difference. The Na*/K*-ATPase pump generates this
low intracellular sodium and potential difference but, as can
be seen in Figure 2.4, the activity of the pump is less in each
nephron segment in neonates compared with adults.?® The
lower activity of the pump parallels lower solute transport in
each nephron segment in the neonate compared with the
adult.
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Figure 2.4 Na/K-ATPase activity in neonatal and adult nephron segments. In
every segment there is a maturational increase: superficial proximal convoluted
tubule (PCTy), juxtamedullary proximal convoluted tubule (PCT,,), cortical thick
ascending limb (CTAL), medullary thick ascending limb (MTAL), cortical collecting
duct (CCD), and medullary collecting duct (MCD).

The maturation of the neonatal proximal tubule keeps pace
with the developmental increase in GFR, also known as the
glomerulotubular balance. The neonatal proximal tubule reab-
sorbs all of the filtered glucose, amino acids, and most of the
filtered bicarbonate. Some significant differences, however,
need to be noted. First, while glomerulotubular balance is main-
tained in term neonates, this is not true of premature neonates
born before 34 weeks of gestation. The proximal tubules of
these infants cannot keep pace with the glomerular filtrate
delivered and thus have an apparent Fanconi syndrome with
glucosuria, amino aciduria, and renal tubular acidosis.'
Although the rate of all transporters studied is less in the
neonate than in the adult, there is one important exception.
The rate of phosphate transport is higher in the neonatal prox-
imal tubule, which contributes, in part, to the serum phosphate
being higher in the neonate than in the adult.?** In addition,
an isoform of the apical sodium—phosphate cotransporter in the
neonatal proximal tubule is responsible for a large fraction of
transport in the neonate, which plays only a minor role in the
adult nephron.? In addition to quantitative differences in tubu-
lar transport, there is now firm evidence for mechanistic differ-
ences between the neonatal and adult nephron. Whereas the
rates of all of the transporters, including the Na*/H* exchanger
and Na(HCO;), cotransporter, are less in neonates,” there does
not appear to be any H*-ATPase activity in the neonate,” which

accounts for one-third of proton secretion in the adult proximal
tubular segment.*

NaCl transport from the proximal tubular lumen to the
blood occurs via both transcellular and paracellular mecha-
nisms. Whereas chloride permeability is high in the adult prox-
imal tubular segment, it is almost nonexistent in the neonate,
and thus there is no passive chloride transport.’®?” Finally,
water transport deserves a mention, as well. Aquaporin 1 is less
abundant in the neonate than in the adult proximal tubular
segment but the permeability of water is actually higher in the
neonate.’® This is because the neonatal proximal tubule cyto-
plasm offers less resistance to water flow than that of the adult
segment.

The maturation of the remainder of the nephron func-
tions parallels the maturation of the Na*/K*-ATPase. Thus, the
Na*/K*/2CI" in the thick ascending limb is less mature than
that of the adult.?’ Special mention needs to be made of the
transporters in the collecting tubule, since these have signi-
ficant clinical relevance. The neonatal cortical collecting
duct essentially has no apical Na* channel and K* channel
activity.’®’! The maturational increase in apical Na* channel
occurs well before that of the K* channel.’** This paucity of
K* channel occurs despite the fact that there are adequate
aldosterone and aldosterone receptors. The lack of K* channels
limits the ability of neonates to excrete potassium and can
predispose them to hyperkalemia.

An increase in glomerular filtration rate in the developing
infant results from a number of factors. By far, the most impor-
tant factor responsible for the maturational increase in GFR is
the increase in glomerular capillary surface area, followed by the
developmental increase in ultrafiltration pressure, while there is
only a small increase in hydraulic permeability.**

The renal tubules must keep pace with the maturational
increase in GFR. What causes the maturational increase in
transport? The best-studied transporter is the Na*/H* exchanger
(NHE-3) in the proximal tubule. There is substantive evidence
that the postnatal increase in glucocorticoids is the main factor
that results in the maturational increase in this transporter.
Administration of glucocorticoids to late gestation fetuses
results in a maturational increase in Na*/H* antiporter activity,
NHE-3 protein and mRNA abundance, and bicarbonate
absorption to levels comparable to that of adults.”?¢ Prevention
of the maturational increase in glucocorticoids by neonatal
adrenalectomy, by and large, prevents the maturational changes
in these parameters.”” There remains a small increase in Na*/H*
antiporter activity and NHE-3 protein and mRNA abundance
in the absence of glucocorticoids, so that other factors must also
play a minor role.

Finally, one must compare salt handling and the response to a
volume load in neonates and adults. If one compares the effect
of an isotonic volume challenge in a neonate to a comparable
volume challenge in an adult, one finds that the adult is able to
excrete the salt load far more briskly than the neonate.’® This is
important clinically, as neonates are able to be in positive salt
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balance despite drinking a fluid, mother’s milk, which has a
very low salt content. It remains unclear how this occurs, but
there is evidence that there is augmented sodium absorption in
the distal convoluted tubule in the neonatal kidney in response
to an isotonic fluid load compared with that of an adult.”
In addition, the renin—angiotensin system probably plays a role
in the difference in the ability to excrete a salt load between
neonates and adults, since losartan increases the rate of natri-
uresis and diuresis in response to a volume load in neonates.*
While the term neonate is adept at retaining NaCl, the prema-
ture neonate has problems with renal salt wasting due to the
immaturity of the transporters in the kidney. This results clini-
cally in hyponatremia and volume depletion unless these
infants have salt supplementation.

CLINICAL DISORDERS

Hyponatremia

Definition

Hyponatremia is defined as a serum sodium concentration
of less than 136 mmol/L.*' True hyponatremia must be dis-
tinguished from pseudohyponatremia (or factitious hypona-
tremia), which may result either from the serum sodium assay
technique or from hyperglycemia. The measured serum sodium
concentration may also be spuriously low if the blood is hyper-
lipidemic or hyperproteinemic, and the flame photometry
method is used for electrolyte assay. However, most modern
laboratories use ion-selective electrodes for electrolyte assay,
which eliminates this type of an error. Hyperglycemia can also
result in hyponatremia by the osmotic action of glucose, which
facilitates shift of water from the intracellular compartment
into the intravascular compartment. This leads to dilution of
the serum sodium and resultant hyponatremia. In general, for
each 100 mg/dl rise of glucose in the serum, the sodium will be
lowered by 1.7 mEq/L (1.7 mmol/L). In contrast to the patient
with true hyponatremia, these patients are not hypotonic.

Etiology

Hyponatremia is an electrolyte disturbance that is encountered
commonly in sick children. In one study, hyponatremia was
diagnosed in 131 of the 1586 (8.2%) patients seen in the emer-
gency room in whom at least one determination of serum
sodium was performed.* In the same study, 40 of the 432 hos-
pitalized children (9%) in whom at least two serum sodium
estimations were available developed hyponatremia during
hospitalization.

In order to excrete free water, an adequate delivery of
fluid to the diluting segment is necessary, the diluting segment

must be functional, and ADH secretion must be suppressed.
Disturbance in one or more of these three steps results in the
inability to excrete free water and predisposes to the develop-
ment of hyponatremia. The clinical conditions that interfere

with these processes and lead to hyponatremia are outlined in
Table 2.1.

Clinical manifestations

Early manifestations of hyponatremia are nonspecific and
consist of anorexia, nausea, vomiting, and muscle cramps.
Children may describe these symptoms as ‘not feeling well’.
More advanced hyponatremia leads to lethargy, agitation, and
disorientation. Seizures can occur in rapidly evolving hypo-
natremia (in 48 hours), especially if the serum sodium level
declines below 125 mmol/L.

Table 2.1 Causes of hyponatremia

Normal effective
arteriolar volume

Low effective
arteriolar volume

With low total body water e SIADH
Gl losses: o Hypothyroidism
o Diarrhea e Adrenal insufficiency
o Vomiting e \Water intoxication
e Renal failure
Renal losses:

o Congenital adrenal hyperplasia
e Bartter syndrome
o Gitelman syndrome
e Diuretics

e Salt wasting renal diseases

o Cerebral salt wasting

Other losses:
o Cystic fibrosis

With high total body water (edema)
e Nephrotic syndrome

o Cirrhosis

o Congestive heart failure

Diagnostic evaluation

As shown in Table 2.1, it is helpful to organize the differen-
tial diagnosis of hyponatremia based on the volume status of
the patient. Total body water is approximately 60% of body
weight. About two-thirds of this water is distributed in the
intracellular compartment and one-third in the extracellular
fluid compartment. The extracellular compartment is further
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divided into the plasma volume and the interstitial fluid.
It should be emphasized that the kidney and volume sensors in
the cardiovascular system respond to the circulating plasma vol-
ume, which is also termed the ‘effective arteriolar volume’. This
conceptual body fluid compartment may not correlate with the
measured plasma volume. It is best thought of as the extent of
fullness of the intravascular compartment, which is dependent
on the volume of that compartment and the cardiac output. In
congestive heart failure, for example, the plasma volume is usu-
ally expanded, but the effective arteriolar volume is low because
of the low cardiac output. Similarly, in nephrotic syndrome the
total body water may be elevated, but because of the low plasma
oncotic pressure, most of the fluid is in the interstitial space and
the effective intravascular volume is low.

The most common cause for the inability to excrete free water
is intravascular volume depletion. This is usually associated with
total body volume depletion, but, as shown in Table 2.1, it can
be found in patients with edema who may also have a decreased
effective arteriolar volume, such as in congestive heart failure,
cirrhosis, and nephrotic syndrome. During effective arteriolar
volume contraction, the GFR decreases and the proximal tubule
responds to volume contraction by reabsorbing a larger fraction
of the filtered load of sodium and water. This greatly diminishes
the distal delivery of fluid, and thus decreases the amount of free
water that can be excreted. In addition to the decreased distal
delivery of fluid to the diluting segment, volume depletion also
enhances ADH secretion. Thus, the combination of decreased
distal fluid delivery to the diluting segment and high ADH
levels results in the inability to excrete free water, leading to the
development of hyponatremia.

Patients treated with diuretics develop hyponatremia through
multiple mechanisms. Diuretics lead to volume depletion, acti-
vating the mechanism described above. In addition, they inter-
fere with the ability of the diluting segment (thick ascending
limb and distal convoluted tubule) to transport sodium from the
tubular lumen to the blood and generate free water.

Newborn infants are especially predisposed to hyponatremia
because of their low GFR and low delivery of fluid to the distal
diluting segment. Feeding of inappropriately dilute formula can
result in intake of excessive amounts of hypotonic fluid, which
may exceed the renal capacity to excrete the free water, result-
ing in hyponatremia. This can occur despite an intact diluting
system and achieving a urine osmolality of 50 mOsm/L.

Syndrome of inappropriate
secretion of ADH

Inappropriately elevated circulating levels of the antidiuretic
hormone can lead to a distinct disorder associated with hypo-
natremia, which is termed the syndrome of inappropriate secre-
tion of antidiuretic hormone (SIADH). A number of clinical
conditions, such as pain, pulmonary disorders, increased
intracranial pressure, various malignancies, and drugs, can result
in SIADH. Carbamazepine, cyclophosphamide, vincristine,

chlorpropamide, narcotics, antipsychotics, antidepressants,
and nonsteroidal anti-inflammatory agents are the drugs most
commonly associated with STADH.

Pathophysiology of SIADH

The pathophysiology of hyponatremia in SIADH is related to
enhanced collecting duct water permeability due to ADH,
resultant reabsorption of free water, and development of
hyponatremia. Under these circumstances, urine is concen-
trated in the face of hyponatremia and hypo-osmolality.
Although the urine osmolality can decrease to near isotonic
levels over time, the urine remains inappropriately concen-
trated for the degree of hypo-osmolality. The mechanisms
responsible for the decrease in urine osmolality are complex,
and probably involve washout of the medullary concentration
gradient and the effects of atrial natriuretic factor (ANF).
These homeostatic mechanisms are an attempt to prevent the
uncontrolled increase in body water. Although clinically
detectable edema is uncommon in SIADH, the patient’s weight
is often increased. The volume status of these patients is usually
normal, or slightly increased. As a result, their blood urea nitro-
gen (BUN) and serum uric acid concentrations are usually
low and the urine sodium concentration (a reflection of the
increased effective arteriolar volume status) is usually high. The
diagnosis of SIADH should be considered in patients with
hyponatremia, no obvious edema, and inappropriately con-
centrated urine, increased urinary excretion of sodium, and low
serum uric acid level.

The mainstay of treatment for SIADH is fluid restriction
and treatment of the underlying cause. In some cases, SIADH
may become a chronic condition. In these circumstances, treat-
ment with an agent to disrupt the action of ADH may be nec-
essary. These agents include demeclocycline and lithium.
Demeclocycline is preferred, since it is less toxic. In the future,
non-peptide antagonists to ADH may become useful clinical
tools for treatment of patients with STADH.

Management of hyponatremia

The treatment of hyponatremia depends on the specific cause
of hyponatremia. The recommendation to give sodium versus
fluid restriction will hinge primarily upon the volume status
of the patient. If the patient has volume depletion from gas-
trointestinal or other losses, the volume deficit must be replaced
to replenish the patient’s extracellular fluid volume. After
appropriate volume expansion, the patient will be able to regu-
late free water excretion to correct the serum sodium concen-
tration. Patients with SIADH as the cause of hyponatremia
need to be fluid-restricted. In general, giving patients with
SIADH extra sodium to correct their serum sodium will not be
helpful and many times can exacerbate the hyponatremia.
Other patients with excess fluid or edematous states, such as in
congestive heart failure or nephrotic syndrome, will also need
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to be fluid restricted. Administering sodium to these patients
will worsen their edema.

For purposes of correction, the sodium deficit is calculated
using the following equation:

Na deficit = [Nap,,..; = Nagyerea X
[(Weight in kg) x (0.6 L/kg)]

where Nay, ., is the serum sodium value you want to correct
to and Nag, . 4 is the actual measured sodium. The serum
sodium should never be corrected faster than 15 mmol/L/24h
because of the risk of developing central pontine myelino-
lysis. Thus, if the patient has a serum sodium concentration
less than 125 mmol/L, the correction of the sodium should
take more than 24 hours. If the patient is symptomatic (i.e.
has neurological symptoms such as seizure), the sodium may
need to be increased more rapidly but once the serum sodium
has reached 125 mmol/L the seizure activity usually subsides.
After the seizure abates, the sodium should be increased slowly
as described above.

Clinical case

An 8-year-old, 25kg boy was admitted to the hospital with
meningitis. After appropriate cultures were sent, he was started
on intravenous antibiotic therapy as well as intravenous fluids —
D5 1/2NS (half normal saline) at 65 ml/h. The next morning,
his serum sodium was found to be 125mmol/L and creatinine
was 0.7 mg/dl. His serum glucose was 100 mg/dl and his serum
osmolality was found to be low, at 260 mOsm/kg water, while his
urine osmolality was 510 mOsm/kg water. Thus, he had true
hyponatremia and not pseudohyponatremia. As seen in Table 2.1
and discussed above, the first step to narrow the differential diag-
nosis is to determine his volume status. On physical examination,
he was found to have a heart rate of 90 beats/min and a blood
pressure of 116/68 mmHg. His skin turgor was good and he had
moist mucous membranes. To help with the volume assessment,
the boy’s BUN and uric acid were measured as well as his frac-
tional excretion of sodium (FENa). His BUN was 8 mg/dl and
uric acid was 1.2 mg/dl. His FENa was found to be 2%. Additional

laboratory values include normal serum creatinine.

Comment

This patient was found to have a number of indicators pointing
to an increased extracellular fluid volume: BUN and uric acid
were low, FENa was high, and vital signs and physical examina-
tion did not indicate volume depletion. With the urine osmo-
lality being clearly elevated in a patient with normal renal
function and low serum osmolality, this patient had STADH.
The treatment of hyponatremia in this case would be to fluid
restrict the patient. The degree of restriction will be dictated by
how quickly the sodium corrects. It is generally best to restrict
to insensible water loss (about one-fourth of the maintenance

fluid rate) and then increase or decrease the fluid intake
depending on the response of the serum sodium.

Hypernatremia

Definition

A serum sodium level greater than 147 mmol/L qualifies for the
diagnosis of hypernatremia. Clinically significant manifesta-
tions, however, rarely arise below a serum sodium concentration

of 150 mmol/L.

Etiology

Hypernatremia is a less common disorder seen in children in the
temperate climates. The prevalence of hypernatremia, depend-
ing on the type of data used, has been estimated to be 0.22-1.4%
of hospitalized children. Although the kidney can concentrate
the urine to retain free water, the body’s primary defense against
hypernatremia is an adequate thirst mechanism and replenish-
ing free water.** As the serum sodium concentration (and there-
fore the serum osmolality) increases, the thirst center in the
hypothalamus is stimulated and the individual drinks fluids in
order to normalize the serum osmolality. Restriction or inability
to access free water can lead to hypernatremia.

The concentrating ability of the kidney is dependent on
three factors:

1. the ability of the hypothalamus and pituitary to synthesize
and secrete ADH

2. generation and maintenance of an osmotic gradient across
the collecting duct

3. the response of the collecting duct to ADH to increase
water permeability, as shown in Figure 2.4.

Thus, the inability to maximally concentrate the urine may be
due to a defect in one or more of these factors.

Gastroenteritis, leading to a relatively greater loss of water
in comparison to sodium, is a common etiology of hyperna-
tremia in infants. Accidental excessive salt intake (salt poison-
ing) has been reported to cause hypernatremia in infants and
small children. Table 2.2 lists the causes of hypernatremia in

children.

Diagnostic evaluation

In evaluating a patient with hypernatremia, one must determine
if the thirst mechanism is intact. Ability of the patient
to access water should be looked into, especially in those who are
unable to care for themselves. Gastrointestinal loss of hypotoxic
fluid from diarrhea is a cause of hypernatremia in children
Inability to concentrate urine in renal diseases such as renal dys-
plasia, obstructive uropathy, or diseases of the interstitium can
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Table 2.2  Causes of hypernatremia

Net water deficit Net sodium gain

Restriction of access
to water

Therapy-related
Hypertonic saline use
Hypertonic sodium

bicarbonate use
Hyperalimentation

Impaired thirst mechanism

Renal water loss: Intentional or accidental

salt poisonin
Central diabetes insipidus: B .

Brain injury
Meningitis
Suprasellar tumors
Histiocytosis
Granulomas
(sarcoidosis,
tuberculosis)

Nephrogenic
diabetes insipidus:
Renal dysplasia
Obstructive uropathies
Postobstructive diuresis
Interstitial diseases
Sickle cell disease
Hypokalemic nephropathy
Hypercalcemic nephropathy
Drugs - osmatic diuretics,
lithium, amphotericin B,
gentamicin, vinblastine,
demeclocycline, colchicine

Gl loss
Diarrhea

Burn injury

result in excessive free water loss and hypernatremia. Most of
these patients are, however, able to maintain their serum sodium
concentration and osmolality in a normal range, as long as they
are able to drink water and replace the urinary loss of free water.
Hypernatremia can result iatrogenically with intravenous use of
hypertonic saline or sodium bicarbonate, especially in neonates
and young infants. Accidental and intentional ‘salt poisoning’ is
uncommon, but this may need to be considered under appropri-
ate circumstances in an infant or a young child.

Clinical manifestations

The clinical manifestations of hypernatremia in early stages
can be non-specific, such as irritability, fever, muscle twitch-
ing, and increased muscle tone. These symptoms give way
to nuchal rigidity, lethargy, and seizures. Many patients
may be suspected of having meningitis. Coma may occur in

severe hypernatremia. Intracranial bleeding in severe cases of
hypernatremia may be associated with additional focal or
generalized neurological findings. Intravascular volume is better
preserved in hypernatremic dehydration as compared to
isonatremic dehydration, and the classic signs of hypovolemia
may be masked until severe volume depletion has occurred.
Reversible hyperglycemia and hypocalcemia are commonly
present in untreated hypernatremia.

Diabetes insipidus

Diabetes insipidus (DI) is characterized by the inability of the
patient to concentrate urine. This can be a result of a defect in
the secretion of ADH (central diabetes insipidus) or the inabil-
ity of the kidney to respond to ADH (nephrogenic diabetes
insipidus). Clinical manifestations of DI consist of polyuria and
polydypsia. As noted above, many of these patients are able to
maintain their serum sodium and osmolality in a normal range
by drinking the required volume of water.

Central diabetes insipidus usually results from an inability
to secrete ADH from the posterior pituitary. Tumors in the
hypophyseal region (craniopharyngioma, glioma), accidental
trauma to the pituitary, or neurosurgical procedures can lead to
interruption of ADH secretion and DI. Some patients with
holoprosencephaly have defects in the secretion of ADH.
Central diabetes insipidus can also be seen with global dysfunc-
tion of the pituitary, or panhypopituitary syndrome. The treat-
ment of central diabetes insipidus is to replace ADH, usually in
with DDAVP (desmopressin).

Nephrogenic diabetes insipidus results from a defect in the
collecting duct that prevents the normal response to ADH.
Nephrogenic diabetes insipidus can be congenital or acquired.
The most common inherited defect is due to a mutation in the
ADH receptor (V2R), which is located on the X chromosome.
Patients with this mutation are males who present with
repeated bouts of dehydration and fever due to the urinary loss
of free water. Inherited defects in the AQP2 water channel
have also been recently described. Most of these defects are
inherited in the autosomal recessive fashion, but there have
been mutations with autosomal dominant transmission.

Nephrogenic diabetes insipidus can also result as an acquired
lesion. Obstructive uropathy can damage the cortical collecting
duct so that ADH is ineffective. Drugs such as lithium, ampho-
tericin, and demeclocycline can also impair the action of ADH
on the collecting duct. Long-standing hypokalemia and hyper-
calcemia can also cause acquired DI.

A water deprivation test can determine whether a patient
has diabetes insipidus and whether it is central or nephrogenic.
Water is withheld for a period of time until either the urine
osmolality increases significantly or there is a rise in the serum
sodium concentration with no change in the urine osmolality.
If the urine osmolality increases significantly, the patient has
primary polydipsia. If the patient’s serum sodium increases and
the urine osmolality remains hypotonic, the patient has
diabetes insipidus. To determine if this is due to a central or
renal defect, ADH is administered. An increase in the urine
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osmolality with ADH indicates that the patient has central
diabetes insipidus. It should be pointed out that patients who
present with hypernatremia have already been water-deprived.
At presentation, one should always measure the urinary osmo-
lality to determine if the patient has a urinary concentrating
defect. This will obviate the need to perform the water depriva-
tion test in the future.

Management of hypernatremia

The principal treatment of hypernatremia is to provide enough
free water to correct the elevation in serum sodium concentra-
tion. The amount of water needed is known as the ‘free water
deficit’ and is calculated by the following equation:

Naopserved — Napesirea
Free water deficit = |: ke -

N QDesired

x[(Weight in kg) x (0.6 L/kg)]

where Nay,_ ., is the serum sodium value you want to achieve
and Na, ..., is the actual measured sodium. The free water
deficit is calculated in liters, and needs to be converted to milli-
liters for use in a small child or an infant.

The serum sodium should not be corrected by more than
15mmol/L/day. Lowering the serum sodium (and therefore
osmolality) too quickly can result in cerebral edema, which
causes neurological manifestations, including coma and death.
The pathogenesis of cerebral edema is believed to be due to the
development of osmotically active ‘idiogenic’ osmoles within
the brain cells. These ‘idiogenic’ osmoles maintain a hypertonic
intracellular environment and permit movement of water from
the extracellular compartment into the brain cells when
hyponatremia is corrected rapidly, resulting in cell swelling and
brain edema.

One of the difficulties in treating hypernatremic dehydration
is to determine if the patient has an extracellular fluid volume
deficit. Patients with hypernatremic dehydration can appear
more volume replete than they actually are. In face of intravas-
cular volume depletion, these patients may need to receive an
isotonic fluid bolus prior to receiving the free water replacement.
Once the intravascular volume is expanded, the kidney will be
able to excrete the excess sodium. Again, this needs to be done
carefully so that the patient’s serum sodium does not decrease too
rapidly and so that the patient does not become fluid overloaded.

Fluid balance

Renal response to volume depletion

Maintenance of normal extracellular fluid volume is essential
for optimal cardiovascular function. The extracellular fluid
is primarily composed of sodium and chloride ions, thereby
making the homeostasis of the extracellular fluid compartment
dependent and closely related to the homeostasis of sodium.®

Extracellular fluid volume is regulated within a narrow range,
despite variations in dietary sodium intake and sodium losses.
Daily sodium intake can range from 10 mmol/day (250 mg/day)
to over 1000 mmol/day (over 20 g/day). The kidneys regulate
sodium reabsorption and excretion in the face of these fluctua-
tions in sodium intake and losses, and defend against changes in
the extracellular fluid volume. As discussed in the foregoing
section, the modus operandi of renal sodium regulation rests with
modulation of tubular sodium reabsorption.

The regulation of renal sodium reabsorption in response
to volume contraction is accompanied by a number of compen-
satory responses that modulate renal sodium reabsorption
(Figure 2.5). A fall in peritubular capillary and an increase in
peritubular capillary protein concentration oncotic pressure
increase proximal tubular sodium absorption. Increased renal
nerve activity also augments sodium reabsorption in the proxi-
mal tubule, thick ascending limb of Henle’s loop, and in the
distal tubule. Circulating angiotensin II levels increase and
stimulate both proximal tubule sodium transport and the
release of aldosterone, which increases the sodium reabsorption
in the collecting duct. The release of ADH also increases
sodium reabsorption within the thick ascending limb of the
loop of Henle and the cortical collecting duct.

As would be expected, extracellular volume expansion is
accompanied by alterations in peritubular physical factors that
decrease proximal tubule sodium reabsorption (Figure 2.6).
These changes include a fall in peritubular protein concentra-
tion and a rise in peritubular hydrostatic pressure. Renal sympa-
thetic nerve activity diminishes, which also depresses tubular
sodium reabsorption. The fall in renal nerve activity also
depresses transport in the thick ascending limb of Henle’s loop
and distal tubule. Lower circulating angiotensin II levels
decrease both proximal transport and the release of aldosterone.
A fall in aldosterone also decreases sodium reabsorption in the
collecting duct.

Dehydration

The diagnosis and management of perturbations in the extra-
cellular fluid volume constitute an important aspect of medical
care of children. Dehydration, often resulting from gastro-
enteritis is by far the most common disturbance of fluid volume
encountered in children.

Diagnostic evaluation

Pertinent history and physical findings of dehydration are out-
lined in Table 2.3. Whenever possible, assessment of volume
status should include an evaluation of any recent changes in
body weight. With mild volume depletion (3—5%), patients are
thirsty, have dry mucous membranes, and have a decreased
urine output. Moderate degrees of volume depletion (6-10%)
are associated with poor skin turgor and poor perfusion, sunken
eyes or fontanelle, tachycardia, orthostatic changes in blood
pressure, and irritability or listlessness. In addition to these
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Figure 2.5 Renal responses to extracellular fluid volume depletion. ADH, antidiuretic hormone.

findings, severe volume depletion (>10%) is associated with
hypotension, lethargy, or coma.

Management of volume depletion

The goal in the treatment of perturbations of the extracellular
volume is to restore normal extracellular volume so as to main-
tain adequate cardiovascular function. During extracellular
volume depletion, cardiovascular and hemodynamic stability
must first be restored. In most clinical scenarios of acute volume
depletion — i.e. diarrhea, vomiting, or an acute febrile illness —
the fluid loss occurs primarily from the extracellular fluid com-
partment. Correction of this volume loss, therefore, consists of
volume replacement with a replacement fluid that has a compo-
sition similar to the extracellular fluid. In the initial resuscita-
tion phase of correction of dehydration, a bolus of isotonic fluid
(normal saline or Ringer’s lactate) should be administered to
restore hemodynamic stability. Alternatively, a colloid solution,
such as 5% albumin may be considered in moderate to severe
volume depletion. These fluid boluses serve to restore tissue
perfusion and cardiovascular function.

The second phase of fluid resuscitation focuses upon replace-
ment of the rest of the fluid deficit, and providing maintenance
fluids. Maintenance fluid requirements provide fluid, sodium,
and potassium to replace daily normal ongoing losses, including

insensible water loss through skin and respiratory tract
and normal urinary water, sodium, and potassium losses.
The sodium content required for maintenance fluid is
2-3mEq/100 ml of maintenance fluid and the amount of potas-
sium required is 2mEq/100ml of maintenance of fluid.
Potassium should never be given until urine output has been
established and the serum creatinine evaluated. Maintenance
fluid requirements for children with normal renal function are
outlined in Table 2.4. During the second phase of fluid resusci-
tation (approximately 8 hours), fluid provided consists of
replacement of one-half of the deficit along with maintenance
fluids. In the third and final phase of fluid resuscitation, the
remaining one-half of the deficit is given along with the main-
tenance fluids over a 16-hour period. During fluid resuscitation,
the patient should be monitored frequently. In addition, urine
output should be carefully followed and electrolytes need to be
periodically evaluated.

Clinical case

A 3-year-old boy presented with a 2-day history of diarrhea and
decreased oral intake. According to his mother, he was urinat-
ing less frequently, but had urinated just prior to coming to
the clinic. His 6-year-old sister had diarrhea 5 days ago that
had now resolved. The boy’s weight in the clinic 2 weeks
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Figure 2.6 Renal responses to extracellular fluid volume expansion. ADH, antidiuretic hormone.

Table 2.3  Extracellular volume depletion

Condition

Mild (3-5%)

Moderate (6-10%)

Severe (>10%)

History

Thirst

Physical findings

Dry mucous membranes

Decreased urine output

Thirst

Decreased urine output
Change in mental status

Decreased urine output

Lethargy
Coma

ago was 15 kg, but today was at 14.25 kg. His vital signs were:
heart rate, 120beats/min; respiratory rate, 29 breaths/min;
temperature, 36.9°C; and blood pressure, 90/40 mmHg. On
physical examination, he was irritable, but consolable by

Dry mucous membranes
Sunken eyes

Sunken fontanelle
Postural hypotension
Tachycardia

Dry mucous membranes

Sunken eyes

Sunken fontanelle

Poor perfusion - cool extremities
Hypotension

Tachycardia

his mother, and his mouth and tongue were dry. He had only
scant tears when crying. The remainder of the examination was
unremarkable. On laboratory evaluation, his electrolytes

were: Na, 140 mmol/L; K, 3.4 mmol/L; Cl, 105mmol/L; CO,,
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Table 2.4 Daily maintenance fluid and solute requirement

Body weight Fluid

1-10kg 100 ml/kg

11-20kg 1000 ml+50 ml/kg for each kg >10kg
>20kg 1500 ml+20 ml/kg for each kg >20 kg

22 mmol/L; and his BUN and creatinine levels were 20 mg/dl
and 0.6 mg/dl, respectively.

Comment

This child had acute extracellular volume depletion due to
diarrhea and decreased oral intake. The degree of volume
depletion can be approximately calculated from his weight
loss (15kg — 14.25kg) and is 750ml (0.75 kg) or 5% volume
depletion. His physical examination was consistent with 5%
volume depletion. To formulate a plan for fluid resuscitation, it
is best to consider his fluid and sodium requirements for both
deficit replacement and maintenance:

e His volume deficit was 750 ml of isotonic volume, which
would contain 140 mmol NaCl/L or a total of 105 mmol Na
(0.75 Lx 140 mmol Na/L).

e His maintenance fluids were 1250ml/day or 52ml/h
[(100 ml/kg x 10kg) + (50 ml/kg x 5 kg)]. His daily Na require-
ment is ~40 mmol Na/day (3 mmol Na/100 mlx 1250 ml).
His daily K requirement is ~25 mmol K/day (2 mmol K/
100 mlx 1250 ml).

e His total fluid requirement to replace deficit and maintenance
fluids is 2000 ml (750 ml+ 1250 ml). The Na requirement for
maintenance and deficit is 145 mmol (105 mmol + 40 mmol)
Na. This yields 145 mEq Na in 2000 ml of fluid or approxi-
mately 1/2 NS as replacement fluid. Replacement of half of his
fluid deficit over the first 8 hours requires a fluid rate of
~50ml/h [(750 mlx ¥ )/8 h]. Maintenance fluids are run at
~50ml/h, as mentioned above. This gives him a combined
fluid rate of 100 ml/h (50 ml/h + 50 ml/h) for the first 8 hours.
The second 16-hour period would consist of maintenance at
50ml/h + (750ml x ¥2/16h = 25ml/h for the remaning deficit
repletion) to equal a total of 75ml/h. During fluid resus-
citation, he should be closely monitored for hemodynamic
stability. Electrolytes should be periodically checked.
K can be added at 20 mEq KCI/L once it is sure that he has

good renal function and is not hyperkalemic.

Edema

Definition

Edema refers to the excessive accumulation of extracellular
fluid in the interstitial space. Symptoms of puffiness of the

Sodium Potassium

2-3 mEq Na/100 ml 2 mEq K/100 ml
2-3 mEq Na/100 ml 2 mEq K/100 ml
2-3 mEq Na/100 ml 2 mEq K/100 ml

eyelids, swelling of feet, and abdominal distention are common
manifestations of edema. Although swollen eyelids are gener-
ally more prominent in the morning, pedal swelling is worse
after a period of ambulation, usually at the end of the school- or
workday. Ascites can be particularly severe in patients with
liver disease.

Pathophysiology of edema formation

The physiology of edema formation involves the forces govern-
ing plasma—interstitial fluid exchanges (Starling forces), as
seen in Figure 2.7. The components include the hydraulic and
oncotic pressures originating from within the capillary lumen
and the opposing hydraulic and oncotic pressures originating
from the interstitium surrounding the capillary. The capillary
hydraulic pressure (P_), derived from the arteriolar pressure, is
higher than the interstitial hydraulic pressure (P,) and favors
movement of fluid from the capillary into the interstitial space.
Capillary oncotic pressure (), derived from serum albumin, is
higher than interstitial oncotic pressure (7,) and retards the
movement of fluid out of the capillary into the interstitium.
Under normal conditions, the summation of the hydraulic and
oncotic forces favors a small movement of fluid (and sodium) out
of the capillary into the interstitium. This ultrafiltered intersti-
tial fluid is returned into the general circulation via the lym-
phatic channels. The formation of edema occurs when there is a
perturbation in one or more of the Starling forces, resulting in
excessive accumulation of interstitial fluid. Clinically, edema
occurs in three pathophysiologic states: congestive heart failure,
hepatic cirrhosis, and nephrotic syndrome.

Congestive heart failure

Heart failure results in a decrease in cardiac output and the
effective circulating volume. In turn, these result in an increase
in renal nerve activity, activation of the renin— angiotensin
axis, and increase in aldosterone levels. The end result of these
pathophysiologic alterations is increased renal sodium and
water reabsorption, resulting in edema formation. In addition,
higher cardiac filling pressures are transmitted to the capillary
bed, raising the capillary hydrostatic pressure (P.), which alters
the capillary Starling forces, favoring an increase in net fluid
movement out of the capillary into the interstitium as edema.
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Figure 2.7 Starling forces in capillary bed: the capillary hydraulic pressure (P),
derived from the arteriolar pressure, is higher than the interstitial hydraulic pres-
sure (P) and favors movement of fluid from the capillary into the interstitial
space. Capillary oncotic pressure (i), derived from serum albumin, is higher than
interstitial oncotic pressure (m)) and retards the movement of fluid out of the
capillary into the interstitium. Under normal conditions, the sum of the hydraulic
and oncotic forces favors a small movement of fluid (and sodium) out of the
capillary into the interstitium. This ultrafiltered interstitial fluid is returned into
the general circulation via the lymphatic channels.

Treatment includes removal of the excessive fluid by use of
diuretics and increasing cardiac output.

Cirrhosis

Several factors contribute to the accumulation of edema with
cirrhosis. First, cirrthosis and portal fibrosis impair hepato-
splanchnic circulation, leading to increased capillary hydraulic
pressure, and ultimately resulting in formation of ascites.
Secondly, liver injury reduces serum albumin production, with
resultant decrease in the capillary oncotic pressure, favoring
the transudation of fluid into the interstitial space and edema
formation. In addition, the formation of systemic arteriovenous
malformations in the microcirculation further reduces the effec-
tive circulating volume, which results in augmented renal
sodium reabsorption. The cumulative effect of these three
factors results in a prominent development of ascites and
peripheral edema.

Nephrotic syndrome

Hypoalbuminemia in nephrotic syndrome leads to a loss of
capillary oncotic pressure and altered Starling forces, which
favors accumulation of interstitial edema. As a result of a fall in
effective circulating volume, renal sodium reabsorption secon-
darily rises and further exacerbates the formation of edema.
Edema generally becomes more marked as the serum albumin
falls below 2 g/dl.

Nephrotic syndrome in adults and older children may be
due to lesions other than minimal-change nephrotic syndrome.
The intravascular volume in these patients may be actually
increased. Edema formation in such patients is primarily due
to renal sodium absorption and results from poorly understood
factors.

Potassium balance

Potassium is the most abundant intracellular cation. Main-
tenance of the steep potassium concentration gradient between
the intra- and extracellular fluid is accomplished by the ubiqui-
tous Na'/K*-ATPase. The potassium concentration in the
extracellular fluid is tightly regulated by mechanisms that
govern the distribution of the ion between the intracellular and
extracellular compartments, as well as the external balance
between intake and output.

Potassium homeostasis

The homeostatic goal of the adult is to remain in a net zero
potassium balance. Thus, ~90-95% of the daily intake of this
cation is ultimately eliminated from the body in the urine. The
remaining 5-10% of the daily potassium load is removed
through the stool. Normally, the amount of potassium lost
through the sweat is negligible. After ingestion of a potossium
containing meal the renal excretion of potassium is sluggishing,
requiring several hours to be accomplished. However, life-
threatening hyperkalemia is prevented during this period due to
the rapid translocation of extracellular potassium into the cells,
particularly muscle and liver, by various hormones. Among the
hormones that stimulate the cellular uptake of potassium are
insulin, B,-adrenergic agonists and aldosterone.

Potassium is freely filtered at the glomerulus. Approximately
65% of this filtered load of potassium is passively reabsorbed
along the proximal tubule, closely following water reabsorption.
An additional 20-30% of the filtered load of potassium is reab-
sorbed along the thick ascending limb of the loop of Henle by
the Na*/K*/2CI" cotransporter described above. Potassium reab-
sorption in the proximal tubule and ascending limb is ulti-
mately driven by the Na*/K*-ATPase present at the basolateral
membrane. By the time the tubular fluid reaches the distal con-
voluted tubule, as little as 10% of the filtered potassium remains
in the luminal fluid.

Under physiologic conditions, potassium secretion by the
distal nephron, including the connecting tubule and collecting
duct, contributes prominently to urinary potassium excretion.
Potassium secretion requires that this ion be actively trans-
ported into principal cells in exchange for sodium by the baso-
lateral Na*/K* pump (see Figure 2.1). Potassium accumulates
within the cell and then passively diffuses across the apical
membrane through secretory potassium channels, including
ROMK in the thick ascending limb of the loop of Henle, and,
under conditions of high urinary flow rate, a calcium- and
stretch-activated maxi-K channel.

The magnitude of potassium secretion in the distal nephron
is determined by the electrochemical gradient that is generated
by the potassium concentration gradient between the cell
and urinary space and the lumen negative voltage that is estab-
lished by the electrogenic absorption of urinary sodium through
ENaC, unaccompanied by a negatively charged anion. Factors
that enhance the electrochemical driving force, such as an
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increase in tubular flow rate following diuretic administration
or high circulating levels of mineralocorticoids (which increase
the apical membrane permeability to sodium and potassium),
will promote potassium secretion.

The direction of net potassium transport in the distal nephron
varies according to physiologic needs. In response to potassium
depletion, as may result from dietary potassium restriction,
the distal nephron may reabsorb potassium. Potassium reabsorp-
tion under these circumstances is mediated by an H/K-ATPase,
an enzyme that exchanges a single potassium ion for a proton,
residing on the urinary surface of intercalated cells.

Postnatal growth is associated with an increase in total body
potassium from ~8 mEq/cm body height at birth to >14 mEq/cm
body height by 18 years of age.* Therefore, in order to sup-
port growth, newborns must conserve potassium. The neonatal
kidney, and specifically the distal nephron, is uniquely posi-
tioned to retain urinary potassium, as it has few potassium secre-
tory channels and a relative surfeit of H/K-ATPase activity.

Hypokalemia

Hypokalemia, defined as a serum potassium concentration of
less than 3.5 mEq/L, generally indicates a deficit in total body
potassium, but may simply reflect a transcellular shift of the
cation from the extra- to the intracellular space in the presence
of normal body potassium stores. Clinical disorders associated
with potassium redistribution and depletion are listed in

Table 2.5.

Clinical manifestations

The consequences of potassium depletion affect many organ
systems and depend, in part, on the magnitude and duration
of the deficit. The most prominently affected organs are
the neuromuscular system, the cardiovascular system, and the
kidneys.

The ratio of potassium concentration in cells to that in the
extracellular fluid is the major determinant of the resting mem-
brane potential (E,) across the cell membrane. Given that E |
in large part determines neuromuscular excitability, alterations
in the distribution of potassium across the cell membrane can
have dramatic consequences for excitable cells. A rapid reduc-
tion in the extracellular potassium concentration (leading to
a high ratio of intra- to extracellular potassium) increases
or hyperpolarizes E_, thereby making the cell less excitable.
This neuromuscular dysfunction manifests as skeletal muscle
weakness and, in severe cases, is associated with frank paraly-
sis. Death may follow due to respiratory muscle failure.
Hypokalemia-induced smooth muscle dysfunction is usually
manifest as paralytic ileus and diminished ureteral peristalsis.

Hypokalemia contributes to cardiovascular morbidity and
mortality due to its impact on cardiac conduction and arterial
blood pressure. The electrical disturbances of conduction and
rhythm, manifest on the electrocardiogram as depression of the

Table 2.5 Clinical disorders associated with hypokalemia

Pseudohypokalemia
Transcellular shift of potassium into cells:
Acute alkalosis (metabolic, respiratory)
Insulin administration
B-adrenergic agonists (epinephrine, albuterol, terbutaline),
dopamine, theophylline
Hypokalemic periodic paralysis
Barium poisoning
Inadequate intake
Renal loss:
Diuretics:
Thiazides and loop diuretics
Osmotic diuretics (mannitol, glucose)
Carbonic anhydrase inhibitors
Diabetic ketoacidosis
Excess mineralocorticoid activity
Primary hyperaldosteronism:
Aldosterone-producing adenomas
Bilateral adrenal hyperplasia
Glucocorticoid-remediable aldosteronism
Cushing's syndrome:
Primary adrenal
Secondary to non-endocrine tumor
Pharmacological doses of corticosteroids
Excessive licorice ingestion
Excessive renin production
Renal tubular transport defects:
Bartter syndrome
Liddle syndrome
Gitelman syndrome
Miscellaneous:
Magnesium deficiency
Antibiotics: -cillin antibiotics, gentamicin,
polymyxin B, amphotericin
Leukemia
Gastrointestinal loss:
Vomiting
Diarrhea
Biliary drainage
Villous adenoma
Ureterosigmoidostomy
Laxative or enema abuse
Integumental loss:
Excessive sweating
Full-thickness burns

S-T segment, diminished T wave voltage and appearance of the
U wave, generally appear at plasma potassium levels of less than
3mEq/L. In patients with heart failure, cardiac ischemia, left
ventricular hypertrophy, or on digoxin therapy, hypokalemia
significantly increases the risk of cardiac arrhythmias.

The most common abnormality of renal function associated
with potassium depletion is the inability to maximally con-
centrate the urine, a deficit arising from a reduced osmolar
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gradient in the medullary interstitium. This concentrating deficit
is resistant to the administration of exogenous vasopressin, as
well as prolonged water deprivation. Hypokalemia impairs
activation of renal adenylate cyclase, preventing vasopressin-
stimulated urinary concentration. In addition to this direct renal
effect, potassium depletion stimulates the central thirst center
via increased production of angiotensin II. The resultant poly-
dipsia of severely hypokalemic subjects further increases urinary
output and exacerbates the concentrating defect.

Diagnostic evaluation

The evaluation of a child with hypokalemia should begin with a
detailed history that includes the pattern of growth, occurrence
of chronic illness, family history of similar disease, use of drugs,
and symptoms associated with the present electrolyte dis-
turbance. Physical examination must include measurement
of growth indices and blood pressure and assessment of any
evidence of edema and altered neuromuscular function.

The initial laboratory evaluation should include measurement
of serum electrolytes and acid—base status. Recent use of insulin
(evidenced by hypoglycemia) and metabolic alkalosis can cause
intracellular shift of potassium and pseudohypokalemia. If the
serum is not promptly separated from the blood in patients with
severely elevated leukocyte count (myeloid leukemia), the
abnormal leukocytes take up potassium, leading to pseudo-
hypokalemia. A complete blood count will help differentiate
this diagnosis. If pseudohypokalemia is ruled out by the above
laboratory studies, then hypokalemia is likely to reflect total
body potassium depletion due to losses from the gastrointestinal
tract, the kidneys, or skin.

A low urinary potassium concentration (<15mmol/L) in
the absence of recent diuretic use implies near-maximal urinary
potassium conservation, suggesting extrarenal losses of potas-
sium or inadequate intake. Gastrointestinal potassium loss can
result from vomiting, diarrhea, internal fistulas, nasogastric suc-
tion, or a villous adenoma. Laxative abuse should be considered
in patients overly concerned with their body image.

A child with a high urinary potassium excretion (>15 mmol/L,
or a urinary sodium-to-potassium ratio consistently less than 1
in the absence of renal failure) is likely to have renal potassium
wasting. Hypokalemia associated with hypertension and meta-
bolic alkalosis is classically found in hyperreninemic states, such
as renal vascular stenosis, and primary hyperaldosteronism. The
finding of hypokalemia and metabolic acidosis in a normoten-
sive patient should suggest renal tubular acidosis (RTA) or dia-
betic ketacidosis. Bartter syndrome and Gitelman syndrome
should be considered in patients with hypokalemic metabolic
alkalosis, chronic urinary sodium and chloride wasting, volume
depletion, hyperreninemia, and hyperaldosteronism.

Management of hypokalemia

The choice of potassium replacement therapy depends on the
magnitude of the potassium deficit.*’ Estimates of the degree of

total body potassium depletion can only be made from plasma
or serum values. [t is important to note that serum potassium
concentration, at best, represents an approximation of the total
body stores. Therefore, treatment of the deficit, particularly in
the presence of complicating factors that affect the transcellular
distribution of potassium (e.g. acid—base status), must be per-
formed cautiously, especially in patients with renal or cardiac
disease.

Mild hypokalemia will often respond simply to dietary
supplementation with foods containing high potassium con-
tent. Oral potassium supplements are necessary for moderate
potassium depletion. Among the oral preparations available
in liquid, powder, and slow-release preparations are potassium
chloride, potassium citrate, and potassium gluconate. The lat-
ter two formulations are ideal for patients with a concomitant
acidosis in whom the organic anion provides potential alkali.
The adverse effects associated with oral therapy, especially
following administration of potassium chloride, include
gastrointestinal irritation, which can cause vomiting or even
gastric ulceration.

Intravenous potassium supplementation therapy should be
reserved for patients with severe hypokalemia, including those
patients demonstrating neuromuscular or cardiac disturbances,
and diabetics in ketoacidosis. Administration of potassium
in dextrose-containing solutions may worsen the hypokalemia,
by stimulating insulin secretion and intracellular shift of potas-
sium. Parenteral potassium should be infused in a solution con-
taining no more than 40 mEq/L and infused at a rate not to
exceed 0.75 mmol/kg body weight in the first hour of therapy in
children, or 10 mmol/h in adults. When life-threatening paraly-
sis or ventricular arrhythmias are present, more aggressive
potassium replacement may be appropriate.

In patients with diuretic-induced hypokalemia who require
continued use of their diuretic, addition of a potassium-sparing
diuretic such as amiloride, triamterene, or spironolactone
should be considered. Hypomagnesemia can lead to renal potas-
sium wasting and refractoriness to potassium replacement.
Magnesium repletion facilitates correction of the coexisting
potassium deficit.

Clinical case

An 18-year-old woman with a long-standing history of distal
RTA and nephrocalcinosis developed gastroenteritis associated
with vomiting and inability to tolerate oral fluids or medication
(PolyCitra). One week into the illness, the patient collapsed
at home, complaining of weakness. She was brought to the
emergency room, where her initial evaluation revealed a heart
rate of 60 beats/min, respiratory rate of 12 breaths/min, temper-
ature of 37°C, and blood pressure of 70/30 mmHg. She had dry
mucous membranes, cool extremities, and profound diffuse
muscle weakness. An electrocardiogram (ECG) confirmed
bradycardia and showed U waves. Laboratory evaluation
revealed levels of serum bicarbonate of 11 mmol/L, potassium of
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1.8 mmol/L, and creatinine of 1.5 mg/dl. Urinalysis revealed a
specific gravity of 1.010 and pH 6.5.

Comment

This patient had intravascular volume depletion, not only as
a result of the gastroenteritis but also because of her urinary
concentrating defect that resulted from RTA-associated
nephrocalcinosis and profound hypokalemia. The total body
potassium depletion is manifest by the global neuromuscular
dysfunction, affecting this patient’s cardiovascular system as
well as respiratory muscles. The therapy in the emergency room
should consist of providing parenteral potassium and eventually
replenishing the total body stores. Administration of bicar-
bonate at the onset can lead to a potentially life-threatening
further decline in serum potassium concentration, and should
be avoided until adequate potassium replacement has been
achieved. Intravascular volume correction should also be
addressed as a part of the treatment in the emergency room.

Hyperkalemia

Hyperkalemia is defined as a serum potassium concentration
greater than 6.0mEq/L in the newborn and 5.5 mEq/L in the
older child and adult. However, the relationship between serum
value and total body burden of potassium may not be obvious
because the extracellular compartment contains so little of the
total body potassium stores. For example, any abnormal trans-
cellular shift of potassium to the extracellular fluid can result in
hyperkalemia, a situation not accompanied by an increased
total body content of potassium.

Etiology

Since the kidney provides the primary means of eliminating
excess potassium, hyperkalemia is frequently observed with
major disturbances of renal excretory function. A classifica-
tion of disorders associated with hyperkalemia is presented in

Table 2.6.

Clinical manifestations

The clinical consequences of hyperkalemia result from its
adverse electrophysiologic effects on excitable tissues. Specifi-
cally, an increased extracellular potassium concentration brings
the resting membrane potential closer to the action potential
(‘depolarizing block’). Thus, hyperkalemia may be manifest as
skeletal muscle weakness, paresthesias, and ascending flaccid
paralysis.

Although cardiac toxicity generally occurs when the serum
potassium rises above 7 mmol/L, treatment should be initiated in
any patient with suspected hyperkalemia if electrocardiographic
abnormalities characteristic of hyperkalemia are noted. The
first and most specific electrocardiographic abnormality seen
with hyperkalemia is development of peaked T waves. The

Table 2.6 Clinical disorders associated with hyperkalemia

Pseudohyperkalemia
Hematologic disorders: leukocytosis, thrombocytosis,
test tube hemolysis
Improper collection of blood
Transcellular shift of potassium out of cells:
Metabolic acidosis
Insulin deficiency
Hyperosmolality
Succinylcholine
Digoxin overdose
Exercise with B-blockade
Arginine infusion
Familial hyperkalemic periodic paralysis
Increased potassium load with compromised renal function
Exogenous:
Oral or parenteral potassium supplements
Salt substitutes
Potassium penicillin in high doses
Blood transfusion
Endogenous:
Intravascular hemolysis
Rhabdomyolysis
Exercise
Infection
Trauma
Burns
Tumor lysis
Decreased renal excretory capacity:
Renal failure:
Acute
Chronic
Mineralocorticoid deficiency:
Addison disease
Hypoaldosteronism
Hyporeninemic
Specific enzymatic defects (21-hydroxylase,
18-hydroxydehydrogenase)
Impaired tubular secretion without abnormalities
in mineralocorticoid production:
Sickle cell disease
Renal transplantation
Systemic lupus erythematosus
Lead nephropathy
Papillary necrosis
Obstructive and reflux uropathy
Pseudohypoaldosteronism
Drugs:
Potassium-sparing diuretics
Prostaglandin synthesis inhibitors
ACE inhibitors
Miscellaneous drugs

P-R interval lengthens and the QRS complex then widens.
At potassium concentrations above 8 mmol/L, the P wave
amplitude decreases, and may disappear with atrial standstill. As
ventricular conduction time continues to lengthen, the QRS
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complex merges with the peaked T wave, producing a ‘sine
wave’ pattern. Finally, ventricular fibrillation or asystole may
occur with potassium levels above 10 mmol/L.

Diagnostic evaluation

The work-up of a patient with hyperkalemia should include
documentation of family history of hyperkalemia, the growth
pattern, history of chronic illness, medication review, and daily
intake. Since hyperkalemia is often asymptomatic, a history of
neuromuscular dysfunction may not be elicited. Physical exam-
ination must include measurement of growth indices and blood
pressure. Signs of chronic disease should be sought.

An ECG must be promptly obtained in any patient with
hyperkalemia. Additional laboratory evaluation should include
a repeat set of plasma (not serum) electrolytes with glucose,
bicarbonate, and creatinine. Renal function can be further
assessed with a urinalysis. An abnormal urinary specific gravity
or pH may suggest a renal tubular defect, such as obstructive
uropathy, whereas the presence of casts or large amounts of
protein or red blood cells is consistent with glomerular disease.
Information regarding renal potassium conservation can be
obtained by measurement of urinary electrolytes. Patients with
hypoaldosteronism or a tubular secretory defect will have a low
fractional excretion of potassium despite progressive hyper-
kalemia. Finally, a complete blood count will reveal anemia,
suggesting chronic renal failure, sickle cell disease, or leukemia.

Management of hyperkalemia

Treatment of hyperkalemia can be divided into three general
categories:

e reversal of the membrane effects of hyperkalemia
o transfer of extracellular potassium into cells
e removal of potassium from the body.

Because the duration of action of each of these maneuvers dif-
fers, and because the first two measures are only temporizing,
several treatment measures should be instituted simultaneously.

The effect of hyperkalemia on the cardiac cell membrane can
be rapidly reversed with calcium. A rise in ionized calcium
increases the threshold potential at which excitation occurs,
thereby mitigating the depolarizing blockade resulting from
hyperkalemia. Calcium gluconate (10%), the preparation most
often employed, should be infused slowly intravenously with
continuous electrocardiographic monitoring.

Somewhat more long-lasting effects (several hours) can
be obtained by transferring extracellular potassium into cells,
thereby re-establishing a more physiologic transmembrane
potential gradient. This can be accomplished by inducing
endogenous insulin release with a glucose infusion. Although
insulin is generally also given, this may not be necessary in the
absence of diabetes. The dose of glucose with or without insulin
may be repeated as needed, monitoring for the complications

of hyperglycemia (without insulin) or hypoglycemia (with
insulin).

Administration of ,-agonists (albuterol) via nebulizer,
which promote potassium uptake by cells has been shown to be
safe and efficacious. A single dose of nebulized albuterol can
lower serum potassium by as much as 0.5 mmol/L. Transient side
effects associated with this class of drugs include elevation of
heart rate, tremor, and mild vasomotor flushing.

Although formerly recommended as a mainstay of therapy,
alkalinization of the extracellular fluid with sodium bicar-
bonate to promote the rapid cellular uptake of potassium is
no longer considered to be useful. However, this maneuver
remains valuable if metabolic acidosis is present. Bicarbonate
solutions should not be mixed with those containing calcium,
due to the possibility of precipitating calcium carbonate. The
major toxicities of bicarbonate therapy include sodium over-
load and precipitation of tetany in the face of pre-existing
hypocalcemia.

Net potassium removal from the body in individuals with
good renal function can be accomplished by stimulating
flow-dependent potassium secretion in the distal nephron by
administration of loop diuretics. In patients with renal insuffi-
ciency, a cation exchange resin may be administered to promote
gastrointestinal elimination. Sodium polystyrene sulfonate
(Kayexalate) is the resin used most commonly, given either
orally or as a retention enema. Within the intestinal lumen, the
resin binds 1 mmol of potassium in exchange for 1 mmol of
sodium: 1 g/kg resin is expected to reduce the serum potassium
by 1 mmol/L.

If the amount of potassium to be removed is of such magni-
tude that the administration of cation exchange resins does not
suffice, dialysis may be necessary. Hemodialysis is the most effi-
cient means of removing potassium in hyperkalemic patients.
However, peritoneal dialysis is more widely available and more
easily applied to pediatric patients than is hemodialysis.
Continuous venovenous hemofiltration provides another
means of removing total body potassium from hemodynami-
cally compromised patients.

Conclusion

The kidneys play a key role in the regulation of the electrolyte,
water, and acid-base homeostasis. The precise regulation of the
internal milieu of the body involves interaction of the thirst
mechanism, volume receptors, and numerous hormones, in
addition to the complex coordination of the interdependent
renal functions. Malfunction of any of these components can
result in serious abnormalities of the fluid and electrolyte
balance. An understanding of the physiologic principles that
govern these intricate processes is essential for diagnosis and
treatment of the clinical disorders of electrolyte and water
balance. This chapter has provided an integrated approach to
the understanding of these disorders, which the reader should
find practical and useful in clinical practice.
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Disorders

of mineral

metabolism

Farah N Ali and Craig B Langman

Mineral metabolism involves a complex interplay of ion and
hormone control by individual organs in support of an overall
total body homeostasis. The kidney is a pivotal participant in
the maintenance of this homeostasis. This chapter discusses an
overview of the metabolism and control of calcium, magne-
sium, and phosphorus ion balance. Common clinical disorders
of the homeostasis of these ions and their management are also
discussed.

Calcium metabolism

Calcium is a vital ion for many essential cellular metabolic
functions and skeletal development. The regulation of calcium
balance is a complex, multicompartmental interplay between
the gastrointestinal tract, kidneys, and the skeletal system, and
involves numerous hormones. Dietary calcium is absorbed
actively from the proximal gastrointestinal tract, primarily in
the duodenum and jejunum. The bioactive form of vitamin D,
1,25(0OH), D, formed in the kidneys, is the sole hormonal stim-
ulus for intestinal calcium transport. Additionally, passive flux
of calcium from intestinal lumen to blood may occur through
the concurrent absorption of simple sugars, even in the absence
of active vitamin D, although much less efficient and not well
regulated. The skeletal system is the major site of calcium stor-
age (99%); only 1% being in the intracellular and extracellular
compartment (Figure 3.1).

Within the plasma, 40% of the calcium is bound to plasma
proteins and is non-ultrafilterable across the glomeruli. About
50% of serum calcium is found in the ionized form. The remain-
der (10%) of the calcium is complexed with anions, such as
phosphate or carbonate. Of the plasma protein-bound fraction
of calcium, 90% is bound to albumin and the remainder to glob-
ulins. Each gram of albumin, at the physiologic pH (7.4), binds
0.8 mg/dl of calcium. In the setting of hypoalbuminemia, the
measured serum total calcium value must be corrected to
account for low plasma albumin concentration. Corrected total
serum calcium can be calculated in hypoalbuminemic patients
by the formula:

Corrected calcium (mg/dl) =[4-plasma albumin (g/dl)]
% [0.8+serum calcium (mg/dl)]

Total body calcium |

99% | 1% |

Skeletal system| |B|ood compartment| + |Tissues|

60%
Ultrafilterable

40%
Protein-bound
non-ultrafilterable

50%
lonized Ca2*

10%
Complexed Ca?*

Figure 3.1 Distribution of calcium within various compartments in the body.

The ionized plasma calcium concentration is significantly
affected by the acid-base status of the body. During acidemia
(excess H") the negatively charged sites on the plasma proteins
buffer the excess H*, releasing calcium ions from these
sites into the circulation, and raising the ionized calcium level.
Alkalemia has the opposite effect of decreasing ionized calcium
level.! The clinical implication of this phenomenon is that in a
patient with metabolic acidosis and mild hypocalcemia, aggres-
sive correction of metabolic acidosis can result in symptomatic
hypocalcemia.

Renal handling of calcium

Both the ionized and the anion-complexed calcium are freely
filtered across the glomerulus. In order to maintain a neutral
calcium balance, the renal tubules must reabsorb most
(98-99%) of the calcium from the glomerular ultrafiltrate. The
proximal tubules reabsorb nearly 70% of the filtered calcium,
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Figure 3.2 Sites of reabsorption of calcium in the nephron.

largely by passive transport through paracellular solvent
drag coupled to sodium and water (Figure 3.2).> The thick
ascending limb of the loop of Henle reabsorbs about 25% of the
filtered calcium load. The lumen in this portion of the nephron
maintains a net positive charge due to the Na—K-2ClI trans-
porter, which assists with reclaiming calcium through para-
cellular solvent drag. Remaining calcium in the ultrafiltrate
is reabsorbed actively against an electrochemical gradient in the
distal tubular segment made of distal convoluted tubule, col-
lecting duct, and the cortical collecting tubule.’ Fine-tuning
of urinary calcium excretion is believed to occur by modula-
tion of tubular calcium transport in this region. The tubular
cells in the distal tubules have calcium channels (ECaC) on the
apical aspects, which facilitate transport of luminal calcium
into the cell (Figure 3.3). Once within the cytosol, calcium
combines with a calcium-binding protein calbindin-D28K
that shuttles it to the basolateral aspect of the tubular cell.
Two active pumps — the sodium calcium exchanger 1 (NCX1)
and the plasma membrane calcium ATPases (PMCA), subtypes
1 and 4* — help passage of calcium out of the cytosol at the baso-
lateral aspect.

Calcium homeostasis

Calcium homeostasis is maintained by three key systemic
hormones — the parathyroid hormone (PTH), calcitonin, and
vitamin D — which act on the gastrointestinal tract, the
kidneys, and the skeletal system (Table 3.1). To a large extent,
the metabolic actions of these hormones are interrelated and
interdependent.

Basolateral Lumen
side side
NCX1
»
Ca?
---- Calbindin-D28K ECaC
______ Calcium
LB complex
sl 4
o rorateess
RIS
2+
ca Ca?t <«+—

PMCA1b

Figure 3.3 Diagrammatic representation of a distal tubular cell showing the
mechanisms involved in the active tubular reabsorption of luminal calcium in
this segment. The tubular cells in this nephron segment have calcium channels
(ECaC) on the apical aspects, which facilitate transport of luminal calcium into
the cell. Once within the cytosol, calcium combines with calcium-binding
protein(s) calbindin-D28K that shuttles it to the basolateral aspect of the
tubular cell. The sodium calcium exchanger 1 (NCX1) and the plasma membrane
calcium ATPases (PMCA) pumps facilitate the transport of calcium out of the
tubular cell at the basolateral surface.

Parathyroid hormone

PTH, an 84 amino acid-containing single-chain polypeptide,
is produced by the chief cells of the parathyroid glands. The
secretion of PTH from the parathyroid gland is regulated
by the extracellular ionized calcium concentration. The cell
membranes of the parathyroid gland chief cells have an extra-
cellular calcium-sensing receptor (ECaR) that responds to
plasma ionized calcium level.>® A high plasma calcium level
activates the ECaR and results in a decrease in PTH level,
whereas a reduction in plasma calcium results in an inactiva-
tion of receptor function and increase in PTH secretion. A
direct effect of plasma phosphorus on PTH synthesis and/or
secretion remains controversial.

Acting on the skeleton, PTH stimulates the osteoclast-medi-
ated release of calcium and phosphorus from the mineral
matrix, in addition to providing a trophic action on bone mass
accretion. In the kidney, PTH enhances calcium reabsorption
in the distal tubular segment. It also inhibits the reabsorption
of phosphate in the proximal convoluted tubule, resulting
in phosphaturia. PTH increases the activity of the enzyme 25-
hydroxyvitamin D lo-hydroxylase in the proximal renal tubule
and enhances the conversion of hydroxylated vitamin D
25~(OH)D to 1,25(0OH),D in the kidney. This is the active
form of the vitamin D endocrine system, and its biologic action
leads to an increased intestinal calcium absorption. The impact
of this metabolic process in raising plasma calcium concentra-
tion occurs over several days, in contrast to the impact of
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Table 3.1 Hormonal mediators of calcium and phosphorus balance
Net effect Net effect
Stimulus Bone Gastrointestinal on serum on serum
Mediator for secretion Renal response response response calcium phosphorus
Parathyroid Hypocalcemia Decreased phosphorus  Osteoclast Increased calcium  Anincrease A decrease from
hormone reabsorption activation absorption - to normal normal values
(PTH) (phosphaturia) and egress through values
Increased calcium of calcium up-regulation of
reabsorption 1,25(0H),D
Up-regulation of
1,25(0H),D
production
Calcitonin Hypercalcemia Increased calcium and Inhibition of ~ No effect Decreased Decreased
phosphorus excretion osteoclast
activity
1,25-dihydroxy- Hypocalcemia, Increased calcium and Increased Increased calcium  Increased May increase to
vitamin D Elevated PTH phosphorus osteoclast and phosphorus normal, stay
Hypophosphatemia  reabsorption activation absorption normal, or
decrease to
values below
normal
Phosphatonin(s) Excesses of dietary ~ Decreased phosphate Variable Reduced calcium Unchanged  Normal or
(FGF-23) phosphorus intake  reabsorption absorption due to values below
(phosphaturia) effects on normal
Inhibition of vitamin D

25-hydroxyvitamin
D 1oa-hydroxylase

PTH secretion, which materializes almost instantaneously
(in minutes).

The overall impact of these PTH-dependent processes is
to maintain the blood calcium and phosphorus in the normal
range. Taking advantage of these discoveries in the control
of calcium homeostasis, an allosteric ECaR agonist (‘calci-
mimetic’) agent, cinacalcet hydrochloride (Sensipar), has
recently been introduced for the treatment of secondary
hyperparathyroidism in patients with chronic kidney disease.

Vitamin D

Vitamin D is either ingested in the diet or is produced from
a common steroid precursor, 7-dehydrocholesterol, in the skin
by the action of ultraviolet rays in the sunlight. Vitamin D
ingested in the diet is absorbed in the proximal small intestine.
For it to be biologically active, vitamin D undergoes hydroxyla-
tion in the liver at the carbon-25 position by the cytochrome
CYP2R1 to form 25(OH)D (Figure 3.4). The transformed
compound, 25(OH)D undergoes further hydroxylation, at the
carbon-1 position, in the kidney through the action of 25-

hydroxyvitamin D lo-hydroxylase, a specific mitochondrial
P450 enzyme CYP27B1. Although earlier work had suggested

that proximal renal tubule was the exclusive site of localization
of the 1-o-hydroxylase activity,”® recent observations using
more sensitive probes suggest that the distal convoluted tubule,
collecting duct, and papillary epithelia may also possess this
enzyme activity.” 25(OH)D represents the largest circulating
fraction of the vitamin D endocrine system, and serves as a
measure of its nutritional status.

Following its synthesis in the kidney, 1,25(OH),D; and other
hydroxylated metabolites of vitamin D are transported in blood
by the vitamin D-binding protein. The biologic actions of
1,25(OH),D; are exerted after its binding to a specific paranu-
clear receptor in target cells known as the vitamin D receptor
(VDR).!° VDR has been found in virtually all cells, although
its precise biologic functions in some of them are not fully
understood.

Calcitonin

Calcitonin is a 32-amino acid-containing straight-chain pep-
tide hormone produced by the parafollicular cells (also known
as C cells) of the thyroid gland. Calcitonin demonstrates
hormonal functions for modulating calcium and phosphorus
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Figure 3.4 Schematic diagram showing bioconversion of vitamin D in the body
and its primary biologic action in order to maintain calcium homeostasis.

metabolism, but its role as an important regulatory hormone
in calcium metabolism is less than convincing. Like PTH,
the primary target organs for the action of calcitonin are kidney
and bone.!' Calcitonin is secreted in response to increase
in plasma calcium level. Its action on the bone is to inhibit
bone resorption and consequently reduce serum calcium level.
This physiologic action of calcitonin is sometimes used to treat
hypercalcemia. In the kidneys, calcitonin action increases
urinary calcium as well as phosphorus excretion, but the
magnitude of its phosphaturic action is less than that seen with
PTH.!»B Calcitonin also increases the renal production of

1,25(0H),D.!*

Hypocalcemia

Hypocalcemia is defined as a serum total calcium concentra-
tion of <8.8mg/dl (2.2mmol/L) in a patient whose serum
albumin is normal, or when blood ionized calcium value is

<4.2 mg/dl (1.05 mmol/L). Several formulas have been derived

Table 3.2 Causes of hypocalcemia

Artifactual
Low serum albumin
Use of gadolinium-based MRI contrast agent

Vitamin D-related

Lack of vitamin D:

e Nutritional

e |nadequate sunlight exposure
e Fat malabsorption

Defective vitamin D metabolism:
e Anticonvulsant therapy

e Renal disease

e Hepatic disease

Vitamin D-dependent rickets

o Type |, 25-hydroxyvitamin D Ta-hydroxylase deficiency

e Type Il, inactiviating mutations of the vitamin D receptor
(vitamin D resistance)

Parathyroid hormone-related
Lack of parathyroid hormone:

¢ Congenital hypoparathyroidism
e Post-parathyroidectomy

o Post-thyroidectomy

e Hypomagnesemia

Parathyroid hormone resistance:
e Pseudohypoparathyroidism

to ‘normalize’ the serum total calcium in hypoalbuminemic
states, but none is superior to measurement of blood ionized cal-
cium concentration. Broadly, hypocalcemia can be divided into
disorders of parathyroid function, vitamin D metabolism, or of
their receptors. Table 3.2 lists the common causes of hypo-
calcemia seen in infants and children.

Clinical manifestations

The clinical manifestations of hypocalcemia are varied, and are
determined by the severity and rapidity of its onset (Table 3.3).
Whereas mild hypocalcemia may remain asymptomatic, pro-
gressive or rapid-onset hypocalcemia results in neuromuscular
irritability and tetany. Alteration of consciousness and seizures
may occur in severe cases.

Neuromuscular irritability due to hypocalcemia can be
elicited by the Chvostek and Trousseau signs. The Chvostek
sign is performed by tapping the jaw with a reflex hammer, or by
a firm finger tap. A twitch elicited in response denotes a positive
sign of neuromuscular irritability. It is important to note that
the Chvostek sign is not specific for hypocalcemia. A Trousseau
sign is elicited by applying a tourniquet or blood pressure cuff to
the arm. A positive sign is indicated by carpal spasm following
3 minutes of inflation of the pressure cuff above the patient’s
systolic blood pressure. This sign is more specific for hypo-
calcemic tetany.
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Table 3.3 Clinical manifestations of hypocalcemia

Neuromuscular irritability:

Paresthesias

Muscular weakness

Carpopedal spasms

Positive Chvostek and Trousseau signs
Tetany

Seizures

Cardiovascular dysfunction:
Prolonged QT interval
Arrhythmias

Left ventricular dysfunction
Hypotension
Cardiomyopathy

Skeletal system:
e Poor bone mineralization
e Poor dentition

Miscellaneous:
e Neurosychiatric disturbances
e Papilledema

A prolonged QT interval is noted in most cases of mild to
moderate hypocalcemia but other cardiac arrhythmias can be
seen in severe cases of hypocalcemia.’” Abnormalities of the
electrocardiogram (ECG), mimicking myocardial infarction,
have also been reported.'® Long-standing hypocalcemia can
result in digoxin-resistant left ventricular dysfunction and car-
diomyopathy.!"'® With long-standing hypocalcemia, abnormal
dentition and cataracts may also be seen.

Clinical syndromes and conditions

Hypoparathyroidism

Hypoparathyroidism or a low circulating level of PTH results in
hypocalcemia and hyperphosphatemia. A transient form of
hypoparathyroidism may be seen in newborn infants through
the second week of life. Risk factors for transient neonatal
hypoparathyroidism include prematurity, low birth weight,
infants of diabetic mothers, as well as babies born to mothers
with hypercalcemia.'”

Permanent forms of hypoparathyroidism occur in the velo-
cardiofacial syndrome, which is a spectrum of disorders caused
by gene deletions in chromosome 22q11.2° These disorders
include the DiGeorge anomaly, which is associated with car-
diac and facial defects, in addition to thymic and parathyroid
hypoplasia of varying degree. Familial hypoparathyroidism
is a rare disorder that may be inherited as an isolated auto-
somal recessive, autosomal dominant, or X-linked recessive
endocrinopathy.?! Hypoparathyroidism, sensorineural deafness,
and renal dysplasia (HDR) is a distinct disorder that is inher-
ited as an autosomal dominant disease. It is associated with
mutations in the dual zinc finger transcription factor, GATA3

(a transcription factor that specifically binds the DNA
sequence A/T-GATA-A/G, hence the name GATA).2
GATA3 is a transcription factor for vertebrate embryonic
development. The molecular mechanism behind this defect
causing HDR s still undetermined. Activating mutations in the
calcium-sensing receptor gene have also been associated with
hypoparathyroidism—hypocalcemia.?!"*

Pseudohypoparathyroidism

After PTH attaches to its cellular receptors, it activates guanine
nucleotide regulatory proteins (Gs), which in turn mediates acti-
vation of cyclic adenosine monophosphate (cAMP) for the cel-
lular effects of PTH to be completed.® Pseudohypoparathyroidism
is characterized by an end-organ resistance to PTH at the signal
level. In a hypocalcemic patient findings of elevated circulating
levels of PTH and hyperphosphatemia in the absence of renal
dysfunction are characteristic findings of this disorder. Two
types of pseudohypoparathyroidism have been described. Type I
pseudohypoparathyroidism is characterized by an absence of
normally function guanine nucleotide regulatory proteins (Gs).
Type I pseudohypoparathyroidism includes McCune—Albright
osteodystrophy, which is characterized by the clinical features
of short stature, skeletal abnormalities, mental retardation,
hypothyroidism, and hypogonadism, in addition to end-organ
PTH resistance."** Type II pseudohypoparathyroidism is associ-
ated with a yet-unknown defect downstream from activation of
cAMP.® No characteristic phenotype has been reported. The
two types of pseudohypoparathyroidism are distinguished by
urinary levels of cAMP in response to exogenous PTH infusion
(Ellsworth— Howard test): in type I, urinary cAMP does not
increase with stimulation; in type 1I, the urinary cAMP levels
increase in response to PTH.

Hypomagnesemia

Magnesium is required for adequate release of preformed PTH
from the parathyroid gland under conditions of hypocalcemia.?
Moderate to severe hypomagnesemia may lead to low PTH
levels. Peripheral resistance to the actions of PTH has also
been considered a factor in the pathogenesis of hypocalcemia
under these circumstances.?’” Correction of hypomagnesemia
promptly results in correction of hypocalcemia and parathyroid
resistance.

Vitamin D deficiency states

Vitamin D deficiency results in hypocalcemia, elevated PTH
levels, hypophosphatemia, and hyperaminoaciduria. Nutritional
vitamin D deficiency is common in the developing world.
However, it is also being recognized increasingly in the Western
world, especially in patients with malabsorption of vitamin D
resulting from abnormalities of structure or function of the
gastrointestinal tract.?®* Liver diseases with an inability to
25-hydroxylate the parent vitamin D may also lead to vitamin D
deficiencies rickets and hypocalcemia. Apart from hypocalcemia
and hypophosphatemia, diminished levels of 25-hydroxyvitamin
D are the hallmarks of vitamin D deficiency rickets.
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Radiographs of the skeleton demonstrate the characteristic
findings of rickets. Treatment consists of providing vitamin D
supplements, but those with liver disease may require therapy
with 1,25(OH),D, (calcitriol). Healing of radiographic skeletal
abnormalities can be noted as early as 6-8 weeks, but may
require 12—16 weeks.

Vitamin D-dependent rickets

Vitamin D-dependent rickets (VDDR) are rare metabolic disor-
ders that are characterized by hypocalcemia and all of the clini-
cal and biochemical features of rickets. Two types of VDDR
have been described (Figure 3.5). VDDR type I, also known as
pseudovitamin D deficiency rickets, is an autosomal recessive
disease associated with markedly diminished or absent synthesis
of 1,25(OH),D due to deficiency of the 25-hydroxyvitamin D;
lo-hydroxylase enzyme in the kidney. Numerous mutations in
the CYP27A1I gene that encodes 25-hydroxyvitamin D; lo-
hydroxylase in the kidney have been described in association
with this disorder.” Patients with VDDR type I present in early
infancy with muscle weakness, bony deformities (rickets), and
hypocalcemic seizures.’! The plasma level of 1,25(OH),D is low
or absent, while the 25(OH)D;, level is elevated or normal.
Exogenous administration of a physiologic dose of 1,25(OH),D;
(calcitriol) is able to correct the clinical, radiologic, and bio-
chemical abnormalities associated with this disorder.

VDDR type Il is characterized clinically by the presence of
bony deformities characteristic of rickets, poor linear growth,
early onset of alopecia, and loss of teeth.’> Some patients
may not, however, have alopecia.”> Apart from hypocalcemia,
patients have severe hyperparathyroidism and a high circulat-
ing level of 1,25(OH),D,. VDDR type Il is caused by mutations
in the vitamin D receptor gene.”** Patients demonstrate end-
organ resistance to vitamin D and are resistant to high-dose
vitamin D therapy and supplementation with 1,25(OH), D;
(calcitriol). Long-term intravenous calcium supplementation
has been shown to be effective in the treatment of VDDR
type 11.%°

Evaluation of hypocalcemia

An evaluation of hypocalcemia should include concurrent
measurement of serum phosphorus, an evaluation of acid-base
status (free-flowing venous blood is acceptable), serum intact or
biointact PTH levels, levels of 25-(OH)D, 1,25(OH),D serum
magnesium, and evaluation of renal function. Urinary excre-
tions of minerals and electrolytes may be needed in some
circumstances as well. Figure 3.6 provides an algorithm for
evaluation of children with hypocalcemia.

Serum phosphorus

Determination of serum phosphorus concentration aids in dis-
tinguishing the etiology of low serum calcium levels beyond the
neonatal age. In neonates, the serum phosphorus level is
normally higher as a result of the limited ability of the neona-
tal kidney to excrete phosphorus in a fashion similar to that in

Type |
VDDR
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Normal 25(0OH)D3
generation

Normal 25(0H)Dy
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CYP27B1 gene
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Normal 1,25(0H),D4
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Figure 3.5 Schematic representation of the pathogenesis of type | and type Il
vitamin D-dependent rickets (VDDR).

older children. Hypocalcemia, coupled with hypophosphatemia,
often points to an abnormality in vitamin D metabolism,
whereas the presence of hyperphosphatemia points to a diagno-
sis of hypoparathyroidism, pseudohypoparathyroidism, or renal
failure.

Serum magnesium

Magnesium is required for the secretion of PTH from the
parathyroid gland and should be evaluated in patients presenting
with previously undiagnosed hypocalcemia. Hypomagnesemia
may be an important etiology of hypocalcemia, especially in
neonates.

Parathyroid hormone
An elevated serum level of PTH may be seen in pseudohypo-
parathyroidism, chronic renal failure, vitamin D deficiency, or
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Figure 3.6 A suggested algorithm for evaluation of children with hypocalcemia.

in other abnormalities of vitamin D metabolism. Low levels
point to hypoparathyroidism. If an elevated PTH level is found
in the setting of hypocalcemia, then assessment of kidney func-
tion should be sought in the diagnostic evaluation.

Vitamin D level

Hypocalcemia in the setting of hypophosphatemia, coupled
with elevations of serum PTH and alkaline phosphatase activ-
ity, suggests a disorder of vitamin D metabolism. Measurement
of circulating levels of 25(OH)D and 1,25(OH),D should be
performed in order to determine any defects in the metabolic
pathways of vitamin D.

Treatment of hypocalcemia

Treatment of hypocalcemia is usually urgent, especially in sick
patients with neuromuscular irritability or seizures. Intravenous
calcium therapy is required in these patients, whereas milder
hypocalcemia may be amenable to oral treatment. Therapy also
needs to be tailored to the underlying etiology and pathogenesis
of hypocalcemia.

Normal I Abnormal I
Pseudohypo-

Renal
osteodystrophy

parathyroidism

Calcium supplements

Oral calcium supplements — phosphate, citrate, and acetate
salts of calcium — are often used for long-term restoration and
maintenance of blood calcium levels. The elemental calcium
content of these salts is variable. In general, the gastrointestinal
calcium absorption rate is highly variable, and absorption from
such supplements in the presence of vitamin D insufficiency
may be poor. An approximate starting dose for oral calcium
supplementation is 5-20mg elemental calcium/kg/day, but
should be titrated by frequent assessment of serum calcium to
avoid hypercalcemia.

Vitamin D and analogues

Vitamin D, or cholecalciferol, is available in liquid or tablet
formulations. For nutritional disturbances of vitamin D meta-
bolism, this is the preferred choice of agent for therapy.
For patients with other disturbances of vitamin D metabo-
lism, hypoparathyroidism, or renal osteodystrophy, numerous
pharmacologic preparations are available that bypass the need
for hydroxylation in the kidney. Calcitriol, paricalcitol, and
doxercalciferol are available in the United States for such
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therapy. Their use should be restricted to a specialist in meta-
bolic bone diseases.

Hypercalcemia

Hypercalcemia is defined when serum calcium values
are>10.6mg/dl or when the blood ionized calcium
is>1.38 mmol/L. Broadly, hypercalcemia can be divided into
disorders of parathyroid function, vitamin D function, or of
their receptors. Numerous miscellaneous causes exist as well.
Table 3.4 details the causes of hypercalcemia in infants and

children.

Table 3.4 Causes of hypercalcemia

Artifactual:
e |ncreased serum albumin

Hyperparathyroidism:

e Infant of mother with hypoparathyroidism
e Adenoma of parathyroid gland

e Multiple endocrine neoplasia

Heritable disorders:
e (alcium-sensing receptor disorders:
Familial hypocalciuric hypercalcemia
Neonatal severe hyperparathyroidism (SNHPT)
e Williams syndrome
o Jansen syndrome (a form of a metaphyseal dysplasia)
e Hypophosphatasia

Excess vitamin D:
e Surreptitious or intentional excess vitamin D intake
e Ectopic vitamin D synthesis:
Granulomatous disease (sarcoidosis, tuberculosis)
Subcutaneous fat necrosis in neonates

Malignancy-associated:
e Paraneoplastic (PTH-rp or 1,25(0H),D, excesses)
o Bone metastases with lysis

Drugs:

Vitamin D intoxication
Vitamin A intoxication
Thiazide

Lithium therapy

Hypercalcemia of unclear pathogenesis:
e |diopathic infantile hypercalcemia

Miscellaneous causes:

Immobilization

Hyperalimentation (with inappropriately high calcium)
Hypophosphatemia

Adrenal insufficiency

Thyrotoxicosis

Milk-alkali syndrome

Down syndrome

Clinical manifestations

The symptoms of chronic hypercalcemia include muscle weak-
ness, anorexia, nausea, vomiting, constipation, altered mental
status, depression, hypertension, and weight loss. Additionally,
polydipsia and polyuria may result from impairment in tubular
concentrating ability. Nephrocalcinosis may occur with pro-
longed hypercalcemia, causing progressive decrease in renal
function. Nephrolithiasis may be seen with persistent and long-
standing hypercalcemia, and can manifest with flank pain and
hematuria. Skeletal involvement (hyperparathyroidism) may
lead to fractures. Infants may exhibit poor feeding, failure to
thrive, and hypotonia. Some patients, however, may be asymp-
tomatic, presenting only due to incidental laboratory findings
of the elevated serum calcium.

Clinical syndromes and conditions

Hyperparathyroidism
Primary hyperparathyroidism is a rare disorder in children.
Median age at presentation in a recent study was 16.8 years
(range 4-18.9 years).’” Solitary benign adenomas of the para-
thyroid gland are the commonest pathology (65-85%) in such
patients, whereas diffuse hyperplasia of the glands accounts
for the remaining 15-35% of cases.’™ Of those with diffuse
parathyroid hyperplasia, the disorder can result from multiple
endocrine neoplasia (MEN) or familial cases without MEN.
Serum calcium level in primary hyperparathyroidism is
often >14 mg/dl and results generally in symptomatic disease.
Affected patients have low serum phosphorus as well as hyper-
calciuria. Renal stones and nephrocalcinosis may be the
presenting manifestations in some patients. Skeletal effects of
hyperparathyroidism include subperiosteal bone resorption,
cyst formation, and ‘brown tumors’ in severe and long-standing
cases. Treatment consists of surgical removal of the para-
thyroid glands, in an effort to control hypercalcemia and its
complications.

Familial hypocalciuric hypercalcemia

Familial hypocalciuric hypercalcemia (FHH) is a benign dis-
order characterized by lifelong hypercalcemia, normal PTH
level, and lack of hypercalciuria. The parathyroid glands
are normal in histologic structure, and subtotal parathyroidec-
tomy does not cure the disorder.* FHH is inherited as an auto-
somal dominant disorder and results from one of several known
mutations in one allele for the gene that encodes the extracel-
lular calcium-sensing receptor in the parathyroid gland and
in the kidneys.*! This leads to the characteristic findings
of reduced urine calcium, despite the systemic hypercal-
cemia. Patients with FHH are asymptomatic, and no treatment
is necessary. This disorder is commonly mistaken for primary
hyperparathyroidism, and it is important to recognize in order
to avoid unnecessary parathyroidectomy.
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Neonatal severe hyperparathyroidism

Severe hypercalcemia associated with hyperparathyroidism
in neonates is caused by homozygous mutation of the cal-
cium-sensing receptor and is termed neonatal severe
hyperparathyroidism (NSHPT).# Whereas heterozygous muta-
tion of the calcium-sensing receptor leads to benign familial
hypercalcemia, NSHPT is associated with severe life-threatening
hypercalcemia in the neonatal period.* Clinical manifestations
consist of feeding difficulties, respiratory distress, hypotonia,
failure to thrive, and unexplained fractures. Radiography of the
long bones reveals subperiosteal resorption, demineralization, and
fractures. Onset in later childhood, and even in adults, has been
reported.®* Emergency parathyroidectomy is generally advo-
cated to control severe hypercalcemia, but a more conservative
management with pamidronate has been reported in some cases.*

Vitamin D excess states

Vitamin D intoxication is rare but may result from ingestion of
milk products fortified with vitamin D, or when excessive vita-
min D is used as a supplement in children.** Other etiologies
of vitamin D-mediated hypercalcemia include disorders causing
extrarenal or ectopic production of 1,25(OH),D, the active
hormone of the vitamin D endocrine system. The latter cate-
gory includes granulomatous diseases, such as sarcoidosis or
tuberculosis, as well as subcutaneous fat necrosis, in which
macrophage production of the active vitamin D hormone may
occur in an unregulated manner.**

Humoral hypercalcemia of malignancy

Several mechanisms can cause hypercalcemia associated with
malignancies.”® A humoral factor mimicking the actions of PTH
in numerous malignancies had been postulated for over half a
century. In 1987, the PTH-related peptide (PTH-tP), a gene
product that is separate from PTH and the cause of hypercal-
cemia, was isolated from carcinoma of lung.’! PTH-rP shares
structural homology with PTH in its amino terminal portion
and results in the humoral hypercalcemia of malignancy
(HHM).>">2 PTH-rP has been associated with numerous solid
organ and hematologic malignancies.

A second cause of hypercalcemia of malignancy involves
ectopic 1,25(OH),D, production by the malignant cells.”**
Increased intestinal calcium absorption, osteoclastic bone
resorption, and decreased renal calcium excretion have been
implicated in the pathogenesis of hypercalcemia as a result of
ectopic 1,25(OH),D; production in malignancies.”® A third
cause of hypercalcemia of malignancy is tumor cell metastasis to
bone, producing lytic lesions and resultant hypercalcemia sec-
ondary to osteoclastic bone resorption.

Idiopathic hypercalcemia

Williams syndrome is the most well-recognized disorder under
the category of idiopathic hypercalcemia. Williams syndrome is
characterized by supravalvular aortic stenosis, elfin-like facies,
and hypercalcemia. The disorder is caused by a 1.5-Mb deletion
containing the elastin gene and flanking genes, on chromosome

7q11.23.” Hypercalcemia has been reported in 5-15% of
patients with Williams syndrome.’®” The mechanism of
the hypercalcemia remains obscure, but may involve altered
vitamin D metabolism.

Idiopathic infantile hypercalcemia (IIH) is another clinical
disorder that shares some phenotypic features with Williams
syndrome. Patients with IIH have been found to have an
elevated plasma level of PTH-rP.>® However, since there are
several splice variants of PTH-rP in humans, it is unclear that
the same molecule that is elevated in HHM is responsible for
this disorder too.

Jansen syndrome (metaphyseal dysplasia), which was
previously classified as a cartilage dysplasia, is associated
with hypercalcemia. Clinically, this disorder is characterized
by a rachitic-appearing skeletal structure present from birth.
Several mutations in the gene encoding the common
PTH/PTH-rP-receptor-1 have been associated with this dis-
order.’*®® Hypercalcemia results from ligand-independent,
autoactivation of this G-protein-coupled receptor. Despite the
findings of biochemical effects of an elevated PTH level, PTH
and PTH-rP are undetectable in the circulation in this disorder.

Evaluation of hypercalcemia

Apart from a thorough history and physical examination, eval-
uation of hypercalcemia should include concurrent measure-
ment of serum phosphorus, an evaluation of acid-base status
by serum electrolytes coupled with a pH value (venous blood
obtained without a tourniquet is acceptable), serum intact or
biointact PTH levels, 25-hydroxyvitamin D, 1,25-dihydroxy-
vitamin D, serum magnesium, and evidence of kidney function
through a serum creatinine level. Measuring the plasma level of
PTH-rP may be necessary in some patients. Urinary excretions
of minerals and electrolytes may also be needed in some
circumstances. The focus of these investigations is to determine
the interplay of hormones controlling the gastrointestinal
absorption, skeletal resorption, and renal excretion of calcium.
Figure 3.7 provides an algorithm for the diagnostic evaluation
of hypercalcemia.

Parathyroid hormone assay

Based on the plasma PTH level, patients with hypercalcemia
can be segregated into those with low PTH and those with
inappropriately normal or increased levels of PTH. The latter
situations are found in primary hyperparathyroidism and in
familial hypocalciuric hypercalcemia (FHH).

Vitamin D level

If a suppressed level of PTH is found in the diagnostic work-up
of a hypercalcemic patient, the differential diagnosis shifts
to diseases associated with elevated circulating vitamin D
metabolites. Normal levels of vitamin D metabolites, on the
other hand, should prompt investigations of other sources of the
hypercalcemia, such as a malignancy. In the later case, measure-
ment of the serum PTH-rP level should be considered.
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Figure 3.7 A suggested algorithm for evaluation of patients with hypercalcemia. Not all possible etiologies are shown in the algorithm.

Treatment of hypercalcemia

The treatment of hypercalcemia largely depends on the severity
of the abnormality and the symptoms. In mild cases, no treat-
ment may be necessary, serum calcium levels should be followed,
and all calcium or vitamin D supplementation should be
discontinued. Consideration of the use of a calcium-restricted
diet may also be appropriate for treatment of mild hypercal-
cemia. Moderate hypercalcemia (serum calcium 12—14 mg/dl or
3-3.5mmol/L) should be treated with saline diuresis, and calci-
tonin may also be considered for refractory cases. Hypercalcemic
crises (serum calcium > 14 mg/dl or 3.5 mmol/L) require urgent
attention and therapy.

Saline diuresis

With more severe aberrations of serum calcium and/or clinical
signs and symptoms referable to it, hydration with saline
and the use of furosemide may be required to treat hypercal-
cemia. Saline diuresis induces hypercalciuria, and furosemide
further reduces distal renal tubular calcium reabsorption.
Reduction in serum calcium level occurs gradually over several
days. Such a therapy should, however, be used with caution in
infants and younger children because of the risk of inducing
hypernatremia.

Calcitonin

Subcutaneous or intramuscular injection of calcitonin can
result in an acute decrease in serum calcium level. Nasal spray
of calcitonin is not yet approved for the purposes of treatment
of hypercalcemia. The starting dose of calcitonin is 2—4 [U/kg,
given every 12 hours, subcutaneously. Gradual resistance to
therapy often develops after extended use.

Parathyroidectomy

When the underlying cause of hypercalcemia is primary
hyperparathyroidism or uncontrolled tertiary hyperparathy-
roidism, parathyroidectomy may be indicated to relieve recalci-
trant hypercalcemia.

Pamidronate

Although pamidronate use for treatement of hypercalcemia has
been reported in neonates and children,* data on its long-term
safety are unclear. The use of this drug should be restricted to a
specialist in metabolic bone diseases.

Other therapies

Treatment of underlying malignancy may be necessary for
resolution of hypercalcemia in malignancy-associated hypercal-
cemia. Other therapeutic agents may include corticosteroids or
mithramycin. Caution is urged with the use of these compounds
by the general practitioner. Hemodialysis, using a low-calcium
dialysate bath, should be considered for patients who are resis-
tant to therapy or have life-threatening severe hypercalcemia.

Magnesium metabolism

Magnesium is a dominant intracellular cation and is essential
for metabolic processes. It is also an important part of bones and
teeth. Bone and muscle are the major tissue pools for magne-
sium within the body. Bones account for approximately 60%
of the total body magnesium stores, while the remaining 40%
of magnesium resides intracellularly in soft tissues, with more
than half of this being in muscle cells. Liver is also a prominent
store of magnesium.
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Renal handling of magnesium

Of the circulating magnesium, approximately 70-80% is ultra-
filterable, and 20-30% is protein-bound and non-ultrafilter-
able. Of the ultrafilterable fraction, 90% is in an ionized form,
and the remaining 10% is complexed to citrate, bicarbonate,
and phosphate. Of the filtered magnesium, 20% is reabsorbed
in the proximal tubule, and most of the remainder (65-70%) is
reabsorbed within the thick ascending limb of the loop of
Henle (Figure 3.8). The remainder of magnesium reabsorption
occurs in the distal convoluted tubule (5-10%). Renal con-
servation is excellent, and urinary excretion matches net
intestinal absorption in normal individuals. Less than 5% of the
filtered magnesium normally appears in the final urine.®

Magnesium homeostasis

After its absorption from the small intestine, magnesium home-
ostasis is maintained through its excretion by the kidney.
Vitamin D, PTH, and increased sodium absorption in the intes-
tine may directly enhance magnesium absorption. Conversely,
calcium, phosphate, and increased intestinal motility decrease
absorption of magnesium from the gastrointestinal (GI) tract.®
A small amount of magnesium is secreted into the GI tract
normally, and its excretion is increased in diarrhea.

Both chronic and acute metabolic acidosis increase urinary
excretion of magnesium, whereas metabolic alkalosis decreases
it. Other factors that cause inhibition of renal magnesium reab-
sorption include expansion of the extracellular fluid volume,
glucagon, calcium, low PTH levels, and diuretics. Loop diuret-
ics such as furosemide inhibit the Na—K-2Cl transporter
and diminish the paracellular reabsorption of magnesium
by reducing the transepithelial voltage. Thiazide diuretics

Proximal tubule

Distal convoluted tubule >» o B
5-10% reabsorption <~ . 20% reabsorption

?

Thick ascending loop of Henle
65-70% reabsorption

Figure 3.8 Sites of reabsorption of magnesium in the nephron.

act primarily at the Na—Cl cotransporter in the distal convo-
luted tubule and may cause small and variable magnesium
wasting. Volume contraction, magnesium deficiency, thyrocal-
citonin, and elevated PTH levels enhance renal magnesium
reabsorption.®!

Hypomagnesemia

Hypomagnesemia may arise from either diminished intake, or
excessive excretion via the kidneys or the GI tract. Inadequate
intake of magnesium may result from dietary deficiency, or
in patients in whom insufficient amount of magnesium has
been provided during prolonged intravenous fluid therapy.
Malabsorptive states such as chronic diarrhea or celiac disease
may also lead to magnesium deficiency. Excessive urinary excre-
tion of magnesium may result from diuretic therapy, primary
aldosteronism, hyperparathyroidism, postobstructive diuresis,
acute tubular necrosis, diuresis following renal transplanta-
tion, and nephrotoxic agents such as cyclosporine, cisplatinum,
aminoglycosides, and amphotericin B. Several inherited dis-
orders characterized by hypomagnesemia have also been
identified. Functional deficiency of magnesium may be caused
by intracellular shift of magnesium during respiratory alkalosis
and treatment of diabetic ketoacidosis with insulin. Post-
parathyroidectomy ‘hungry bone syndrome’, as well as refeeding
of malnourished children, can also result in hypomagnesemia
due to the incorporation of this ion into the regenerating tis-
sues. Table 3.5 lists the causes of hypomagnesemia encountered
in children.

Clinical manifestations

The symptoms of hypomagnesemia largely consist of increased
neuromuscular irritability, including tremors, seizures, tetany,
carpopedal spasms, seizures, and neuropsychiatric manifesta-
tions (Table 3.6). Positive Chvostek and Trousseau signs seen
in hypocalcemia may also be elicited in patients with hypomag-
nesemia. Disorientation, nausea, anorexia, abnormal cardiac
thythm, and ECG changes, such as prolonged QT interval, U
waves, or non-specific T-wave changes also may occur.®’
Hypocalcemia and hypokalemia are common biochemical
findings encountered in hypomagnesemia. It is important to
note that the degree of symptoms does not always correlate with
the serum level of magnesium, which may be because magne-
sium is largely an intracellular cation and the serum level may
not reflect the reduction in total body magnesium content.

Clinical syndromes and conditions

Gitelman syndrome

Gitelman syndrome is an autosomal recessive disorder charac-
terized by metabolic alkalosis, hypokalemia, hypomagnesemia,
and hypocalciuria. Other findings include increased urinary loss
of magnesium and potassium.’*% Gitelman syndrome results
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Table 3.5 Causes of hypomagnesemia

Poor absorption/intake

Protein-calorie malnutrition

Chronic diarrhea

Selective defect of magnesium absorption in the intestine

Magnesium shift into cells
Post-parathyroidectomy hungry bone syndrome
Insulin, in treatment of diabetic ketoacidosis
Respiratory alkalosis

Refeeding in malnutrition

Renal magnesium wasting
Inherited disorders:
e Hypomagnesemia with secondary hypocalcemia
e |solated familial hypomagnesemia:
Autosomal dominant
Autosomal recessive
e Familial hypomagnesemia with hypercalciuria and
nephrocalcinosis (paracellin-1 mutations)
o Tubular sodium/chloride transport defects:
Gitelman syndrome
Bartter syndrome

Drug use:

Aminoglycoside
Cyclosporine

Cisplatinum

Amphotericin B

Dopamine

Insulin

Loop and thiazide diuretics

States of diuresis:

Postobstructive diuresis

Acute tubular necrosis - diuretic phase
Volume expansion

Osmotic diuresis

Postrenal transplant diuresis

Miscellaneous disorders:
Hypoparathyroidism
Phosphate deprivation
Hypercalcemia
Hyperthyroidism

from inactivating mutations in the SLCI12A3 gene (mapped
to chromosome 16q) that encodes the thiazide-sensitive Na—Cl
cotransporter present in the distal convoluted tubule of the
kidney.®® These patients usually present during childhood or
adolescence and exhibit normal linear growth. Although often
asymptomatic, transient episodes of weakness and tetany due
to profound hypomagnesemia can be observed. Variations in
phenotype are common, even within the same family with the
identical gene mutation.®” Adults with Gitelman syndrome
can occasionally develop chondrocalcinosis with deposition of
calcium pyrophosphate dehydrate crystals.®®

Table 3.6 Manifestations of magnesium depletion

Neuromuscular

Muscle weakness

Positive Chvostek and Trousseau signs
Spontaneous carpopedal spasm
Seizures

Psychosis

Cardiovascular

Prolonged PR interval

Widened QRS complex

Inversion of T waves

Life-threatening ventricular arrhythmias
Enhanced toxicity of cardiac glycosides

Metabolic/blood chemistry
Resistant hypocalcemia
Resistant hypokalemia
Increased insulin secretion
Carbohydrate intolerance

Bartter syndrome

Bartter syndrome is an autosomal recessive disorder character-
ized by poor growth, hypokalemia, metabolic alkalosis, hyper-
reninemia, lack of hypertension, and poor vascular response
to aldosterone.®” Although classic Bartter syndrome is not asso-
ciated with hypomagnesemia, some genetic (mixed Bartter—
Gitelman) variants may be associated with magnesium loss and

hypomagnesemia.”™

Hypomagnesemia with secondary hypocalcemia
Hypomagnesemia with secondary hypocalcemia is an autosomal
recessive disorder that presents in the newborn period with
seizures, tetany, and muscle spasms. This disorder is believed to
result from a primary defect in intestinal magnesium transport.”!
Hypocalcemia results from parathyroid failure as a result of
sustained magnesium deficiency. Mutations in a novel gene
TRPM6, encoding an ion channel expressed throughout the
intestinal tract and within distal convoluted tubule cells, have
been reported.”? This disease can be fatal without the adminis-
tration of high-dose oral magnesium.

Isolated familial hypomagnesemia

Isolated familial renal magnesium wasting is a rare but increas-
ingly recognized disorder. The disorder has been reported as a
dominantly or recessively inherited condition. In the isolated
dominant hypomagnesemia (IDH), low serum magnesium is
seen in conjunction with renal magnesium wasting and hypocal-
ciuria.” This disorder is distinguished from Gitelman syndrome
by absence of hypokalemic metabolic alkalosis. Patients with
IDH can present in the neonatal period and early childhood
with severe hypomagnesemia. Mutations in the FXYD2 gene
located on chromosome 11g23 that result in abnormality in
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the 7y subunit of the basolateral Na*~K*-ATPase in the distal
convoluted tubule have been proposed to be the abnormality in
IDH.™ Others have reported lack of an FXYD2 gene mutation,
suggesting that IDH may be caused by other genetic mutations.”
[solated recessive hypomagnesemia (IRH) also presents in
childhood with manifestations of hypomagnesemia, but is
not associated with hypocalciuria.”® No candidate gene for this
disorder has yet been identified.

Familial hypomagnesemia with hypercalciuria and
nephrocalcinosis

Familial hypomagnesemia with hypercalciuria and nephrocal-
cinosis (FHHN) is an autosomal recessive disorder in which
nephrocalcinosis is the cardinal finding. The biochemical
abnormalities include hypomagnesemia with hypermagnesiuria,
and normal serum calcium with hypercalciuria. Some patients
may also have findings of partial distal renal tubular acidosis.”
Patients may present in early childhood with urinary tract infec-
tion, nephrolithiasis, polyuria, polydipsia, and failure to thrive.
Manifestations of hypomagnesemia such as tetany and seizures
are also common. Ocular abnormalities have been reported in
these patients, and include myopia, nystagmus, and chorio-
retinitis.”® Patients with FHHN eventually progress to chronic
renal failure in childhood or adolescence, and this feature dis-
tinguishes this disorder from other causes of hypomagnesemia
such as Gitelman syndrome or isolated familial hypomagne-
semia. Hyperparathyroidism, disproportionate to renal insuffi-
ciency, has also been reported, and may be seen before onset of
renal dysfunction. Therapy is aimed to reduce the progression of
nephrocalcinosis and renal stones with thiazide diuretics. Renal
transplantation is curative. Mutations in the gene CLDN 6,
located on chromosome 3q which encodes for paracellin-1,
a member of a family of tight junction proteins, have been
reported in patients with FHHN.™

Autosomal dominant hypoparathyroidism

Autosomal dominant hypoparathyroidism may present in
infancy with hypomagnesemia and hypocalcemia, with increased
urinary excretion of magnesium and calcium. Defects in the
ECaSR gene encoding the extracellular calcium/magnesium
(Ca?*/ Mg*") sensing receptor in the parathyroid gland have
been implicated in this disorder.?! An activating mutation in
this gene shifts the set point of the receptor and enhances the
affinity of the mutant receptor for extracellular calcium and
magnesium, thereby diminishing PTH secretion and reducing
the renal tubular reabsorption of magnesium and calcium.

Evaluation

A thorough clinical history and examination and evaluation
of serum magnesium, calcium, and phosphorus levels should
be conducted in patients demonstrating hypomagnesemia. The
focus of investigations is to determine whether the hypomagne-
semia is the result of nutritional inadequacy, gastrointestinal
diseases, or due to excessive renal wasting. Kidney function

and measuring urinary calcium and magnesium excretions,
preferably in a 24-hour sample, should be conducted. Fractional
excretion of magnesium can be determined on a spot sample of
urine, using the formula:

LJMg X PCr

FEy (%) =
W) = T P x Ua

x 100

where FE, is the fractional excretion of magnesium (%), U, is
the urinary magnesium concentration (mg/dl), Py, is the plasma
magnesium concentration (mg/dl), P, is the plasma creatinine
concentration (mg/dl), and Uy, is the urine creatinine concen-
tration (mg/dl). Since only 70% of the plasma magnesium is
ultrafilterable (not bound to albumin), the plasma magnesium
concentration is multiplied by a factor of 0.7.

FE,,>2.0 in patients with normal renal function is sugges-
tive of renal magnesium wasting. Patients with extrarenal loss
of magnesium, such as occurs with diarrhea or other gastro-
intestinal disorders, have FE,, <1.5.

Treatment

Serum magnesium may not reflect the true extent of total
body or cellular magnesium deficiency, especially in patients
with history of chronic renal or gastrointestinal loss of the ion.
An estimation of total body deficit of magnesium under these
circumstances is difficult. Mild hypomagnesemia may be treated
by increasing dietary intake of magnesium, but symptomatic
hypomagnesemia requires oral or intravenous supplementation.
The magnesium salts available for clinical use are listed in
Table 3.7. Diarrhea is a common side effect of oral magnesium
supplementation. Bioavailability and gastrointestinal magne-
sium absorption of these supplements is highly variable.®
Magnesium oxide (MagOx) has a higher magnesium content,
but its absorption may be less effective than magnesium chlo-
ride, or magnesium lactate.® Intravenous magnesium therapy
is necessary in symptomatic patients, or those with serum mag-
nesium <0.5 mg/dl. One gram of magnesium sulfate provides
approximately 100mg or 8 mEq of elemental magnesium.
Magnesium sulfate (100 mg/ml) in a dose of 25-50 mg/kg/dose
can be used as an intravenous infusion over 1-2 hours to correct
severe hypomagnesemia with careful cardicic monitoring.

Hypermagnesemia

Because of excellent renal modulation of magnesium homeosta-
sis, hypermagnesemia rarely occurs in patients with normal renal
function, except from an accidental toxic ingestion. Hypermag-
nesemia is defined as a serum magnesium level >2.5 mEq/L.
Sources of magnesium load that may precipitate elevated serum
magnesium levels include laxatives (milk of magnesia), enemas,
antacids, intravenous fluids with high magnesium load, acciden-
tal overdose with magnesium therapy, and neonates born to
mothers treated with magnesium sulfate for pre-eclampsia.
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Table 3.7
commercially

Magnesium salt Brand names

Magnesium oxide MagOx; many other brands

Milk of Magnesia (MOM);
other brands

Magnesium hydroxide

Magnesium citrate Citroma; other brands

Magnesium chloride SlowMag; other brands
Magnesium lactate MagTab; other brands

Magnesium sulfate Numerous brands

Magnesium aspartate Numerous brands

Magnesium gluconate Numerous brands

Magnesium (mg/g)

Percent

elemental magnesium

Magnesium content and percentage of elemental magnesium per gram of various salts of magnesium available

Remarks

603 60.3 Magnesium supplement
417 41.7 Used as antacid
162 16.2 Used as bowel cleanser
120 12.0 Magnesium supplement
120 12.0 Magnesium supplement
99 9.9 Bowel cleanser;
magnesium supplement.
Also available as a
parenteral preparation
75 7.5 Nutrional supplement
54 5.4 Nutritional supplement

Some data in the table obtained from Blaine Pharmaceuticals, Fort Wright, KY. http://www.magox.com/healthcaretypes.htm

Addison disease may be associated with mildly elevated serum
magnesium. A rare syndrome of decreased renal magnesium
excretion and hypermagnesemia has also been reported.®

Symptoms of hypermagnesemia include hyporeflexia, flaccid-
ity, respiratory depression, hypotension, disturbances in cardiac
atrioventricular (AV) conduction, drowsiness, and coma. In
addition to careful history-taking to elucidate an etiology, the
evaluation should include serum and urinary measurements of
calcium and magnesium. Treatment of hypermagnesemia
includes intravenous calcium gluconate, exchange transfusion,
and diuresis. Dialysis may be necessary for patients with renal
failure and severe hyper magnesemia.

Phosphorus metabolism

Phosphorus is mainly stored in the body within the skeleton
and teeth. Besides being a vital constituent of bone mineral,
phosphorus is also required for vital intracellular metabolic
processes, such as energy metabolism, protein phosphorylation,
and nucleotide and phospholipid metabolism. Phosphorus, as
phospholipids, is an important component of cell membranes.
Of the total body phosphorus, about 85% resides in the skeletal
stores, and the remaining 15% is present in the soft tissues as
an intracellular ion. A small fraction of the total phosphorus
is found in the extracellular fluid. Within the plasma, phospho-
rus is present as organic compounds (phospholipids and phos-
phate esters), inorganic phosphates (as HPO,*” or H,PO,")
and as complexes with other ions, such as calcium and magne-
sium ions. About 10-15% of plasma inorganic phosphorus is

protein-bound and the remaining 85-90% is ultrafilterable by
the glomeruli. Whereas the adult phosphorus balance is zero,
growing children have a positive phosphorus balance in order
to meet the needs of skeletal growth.!

Serum phosphorus is governed by a circadian rhythm, with
a rapid decrease in levels early in the morning, a nadir before
noon, and a peak after midnight. When measuring the serum
phosphorus level, it is best to obtain a specimen in the morning
fasting state to minimize the effect of dietary changes on the
serum level. The normal serum concentration of phosphorus
varies with age, with values being higher in infants than in older
children and adults (Table 3.8). Other factors that may affect
the serum phosphorus level include metabolic acidosis and
intravenous calcium infusion, both of which may increase the
serum phosphorus. Decreased serum phosphorus level may
result from intravenous infusion of glucose or insulin, acute
respiratory alkalosis, and epinephrine administration.

Table 3.8 Serum phosphorus level in normal infants and
children

Age group Serum phosphorus level (mg/dl)
Infants 48-7.4
Toddlers 45-58
Mid-childhood 3.5-5.5
Adolescence to adulthood 2.4-45
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Renal handling of phosphorus

Between 80 and 97% of the filtered phosphorus is reabsorbed by
the renal tubules, mostly by the proximal tubules (70-80%),
5-10% in the distal tubule, and 2-3% in the collecting tubule
(Figure 3.9). In the proximal tubule, phosphorus transport
is coupled to sodium transport, being unidirectional, against
a gradient, and as a transcellular, secondary active process.
Proximal tubular transport of phosphate is mediated by the
sodium—phosphate (Na—P,) cotransporter present in the apical
brush-border membrane. Three distinct types of Na—P, cotrans-
porters — type I, type II, and type III — have been described in
the renal tubules. Of these, type Ila Na—P, cotransporter is
believed to be the most significant phosphate reabsorption
protein. The Na-P, cotransporter picks 1 phosphate ion along
with 3 sodium ions and delivers these into the proximal tubular
cells. Phosphorus exits the tubular cell by the active basolateral
Na—K-ATPase pump.®*$

Phosphorus homeostasis

In adults, dietary intake results in a net intestinal absorption
of 60-65% of the ingested quantity of phosphorus. In infants,
this net absorption is higher and may exceed 90%. Most of
the ingested phosphorus is absorbed from the duodenum and
jejunum, through passive diffusion via a paracellular pathway.
When the lumenal concentration is low, phosphorus may also
be absorbed actively via a sodium-dependent transcellular
process. Once in the extracellular fluid compartment, phospho-
rus exists in equilibrium with the bone and soft-tissue pools.

Proximal tubule

Distal tubule . 20-80°% b i
5-10% reabsorption [+, a7 el sl

Collecting tubules
2-3% reabsorption

v

10-15% urinary
loss

Figure 3.9 Sites of reabsorption of phosphorus in the nephron.

Vitamin D

Vitamin D plays an active role in phosphorus homeostasis.
Hypophosphatemia increases renal 1,25(OH),D; synthesis.**
This leads to increased phosphorus and calcium absorption
from the gut, and increased mobilization of calcium and phos-
phorus from bone. These combined effects lead to an increase
in serum calcium and phosphorus. Elevated serum calcium by
causing a decrease in PTH secretion, enhances renal phos-
phorus reabsorption and increases renal calcium excretion.
Hypophosphatemia directly increases calcium excretion in the
kidney. The net result of all of these factors is an increase in
serum phosphorus concentration, with relatively little change
in the serum calcium. Hyperphosphatemia results in opposite
effects by decreasing levels of 1,25(OH),D and increasing PTH
levels, thereby decreasing the serum phosphorus level 3%

Parathyroid hormone

PTH inhibits phosphate reabsorption in the proximal tubule
by inhibiting phosphate transport and reducing the number
of type Ila Na—P, cotransporters in the membrane. In contrast,
absence of PTH (e.g. after parathyroidectomy) increases the
number of active Na-P, cotransporters.”

Phosphatonin(s)

Investigations of patients with inherited disorders of phosphate
metabolism have pointed to the possible existence of a phos-
phaturic hormone(s), distinct from PTH, known by the term
phosphatonin. A number of candidates for phosphatonin(s)
have been suggested over the last decade. Whereas the fibro-
blast growth factor-23 (FGF-23) is considered to be the chief
contender for phosphatonin, other agents being considered are
secreted frizzled-related protein-4 (sFRP-4), matrix extracellu-
lar phosphoglycoprotein, and FGF-7.87 Evidence to date suggests
that FGF-23 is derived mostly from the bone,* and parathyroid
gland appears to be an unlikely synthetic site.® More work
is needed to define the role of phosphatonin(s) in health and
control of phosphorus balance.

Other regulators of phosphate

Independent of PTH, growth hormone increases phosphate
reabsorption in the kidney by its effector protein, IGF-1 the
Na-P, cotransporter in the proximal tubule. Other factors that
decrease renal phosphorus excretion include dietary restriction
of phosphorus, alkalosis, thyroid hormone, and insulin.®
Factors that may increase renal phosphorus excretion are
volume expansion, acidosis, long-term vitamin D use,
calcitonin, mannitol, loop diuretics, thiazides, glucose, gluco-
corticoids and growth for deficiency.®

Hypophosphatemia

Age-specific normal values for serum phosphorus are shown in
Table 3.8 and serum concentration less than age-appropriate
ranges indicate hypophosphatemia. It is important to note that
serum phosphorus may not reflect a true total body phosphorus
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deficit, since it is largely an intracellular ion. Both primary and
secondary hyperparathyroidism may result in phosphaturia and
consequent hypophosphatemia. Non-selective urinary phos-
phate wasting, leading to hypophosphatemia, can be seen in
numerous renal diseases, such as Fanconi syndrome, distal renal
tubular acidosis, postobstructive diuresis, and the diuretic phase
of acute tubular necrosis.

Hypophosphatemia with reduced urinary phosphorus
excretion may result from nutritional deficiency of phospho-
rus, malnutrition, or impaired intestinal absorption due to
phosphorus-binding antacids or intestinal disorders. Refeeding
with a large carbohydrate load after prolonged malnutrition or
during a leukemic blast crisis, where phosphate is incorporated
in the proliferating cells, can lead to hypophosphatemia.
Respiratory alkalosis stimulates the formation of intracellular
sugar—phosphate moieties and may cause hypophosphatemia
with low urinary phosphorus. Intracellular phosphorus shift
may also result from infusion of glucose, fructose, lactate and
amino acid infusions, exogenous administration of insulin,
glucagon, androgens, and B-agonists. Table 3.9 lists the causes
of hypophosphatemia seen commonly in infants and children.

Clinical manifestations

Systemic symptoms of low serum phosphorus generally
result from decreased intracellular ATP levels and impaired
tissue oxygen delivery, especially in hypophosphatemia of long-
standing duration. Symptoms may include anorexia, vomiting,
paresthesias, myopathy, confusion, and seizures (Table 3.10).
Life-threatening events, such as cardiac failure, ventricular
arrhythmias, hypotension, rhabdomyolysis, respiratory failure,
and coma may result from severe phosphorus deficits.”® The
bony lesion is rickets.

Clinical syndromes and conditions

X-linked hypophosphatemic rickets

X-linked hypophosphatemic rickets (XLH), also known as
familial hypophosphatemic rickets, is characterized by growth
retardation, clinical rickets, renal phosphate wasting, and hypo-
phosphatemia. Serum calcium and PTH levels are normal, but
the 1,25(OH),D level is low. The disorder is transmitted as an
X-linked dominant disease. Mutations in the PHEX gene
(phosphate-regulating gene with homologies to endopeptidases
on the X chromosome) have been found to be present in the
majority of affected individuals.”™* This mutation is believed
to prevent inactivation of FGF-23, a phosphaturic factor.
Resultant increased FGF-23 concentration causes phospha-
turia and the manifestations of XLH (Figure 3.10). Treatment
of XLH includes phosphate and calcitriol supplementation.
Improvements in growth have been noted with such a therapy,
but nephrocalcinosis can also result.**

Autosomal dominant hypophosphatemia
Autosomal dominant hypophosphatemia (ADH) is phenotypi-
cally a heterogenous disorder. Patients can present either in

Table 3.9 Causes of hypophosphatemia

Poor phosphate intake/absorption

Malnutrition

Anorexia nervosa

Phosphate-binding antacids (e.g. calcium carbonate - Tums)
Malabsorption

Inadequate phosphate in intravenous hyperalimentation

Shift of phosphate into cells
Rapid infusion of large dose of carbohydrates (glucose, fructose)

Endogenous or exogenous hormones:

e |Insulin for correction of hyperglycemia
Catecholamines - epinephrine, dopamine, albuterol
Glucagon

Calcitonin

Respiratory alkalosis

Cellular incorporation of phosphate:

e Post-parathyroidectomy hungry bone syndrome
e |eukemic blast crises

e Refeeding in malnutrition

Renal phosphate wasting (phosphaturia)

Proximal renal tubular acidosis (Fanconi syndrome)
Primary hyperparathyroidism

Metabolic acidosis

Diuretic therapy

Glucocorticoid therapy

Mineralocorticoid therapy

Volume expansion

Sodium bicarbonate infusion

Inherited disorders
PHEX mutations:
e X-linked hypophosphatemic rickets

FGF-23 mutation:
e Autosomal dominant hypophosphatemia

Unclear genetic defect:
o Hereditary hypophosphatemia with hypercalciuria

Miscellanous disorders

Postrenal transplant hypophosphatemia

Continuous renal replacement therapy - inadequate phosphorus
dialysate

Acute systemic infections

early childhood (1-3 years) or in the adolescent—adult age
groups.”’ Clinical manifestations of children with ADH
include muscle weakness, short stature, clinical rickets, and
bone pain. Adults presenting with this disorder do not have any
skeletal deformities, but may have short stature, bone pain,
fatigue, and pseudofractures or stress fractures may be seen on
radiographs.” In women, the disease may first manifest during
or after pregnancy. Regression and resolution of hypophos-
phatemia in the affected individuals has been reported. Serum
calcium level is normal, PTH is normal or marginally elevated,
and the 1,25(OH),D level is normal or modestly low. Mutations
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Table 3.10 Clinical and laboratory manifestations of
phosphate depletion

Muscular

Proximal myopathy
Weakness
Rhabdomyolysis

Gastrointestinal
Dysphagia
lleus

Respiratory
Hyperventilation
Hypoventilation

Respiratory muscle paralysis

Hematologic

Hemolysis

Impaired phagocytosis

Impaired platelet function, thrombocytopenia

Renal

Magnesuria

Hypercalciuria

Increased tubular phosphate reabsorption
Increased 1,25(0H),D, synthesis

Skeletal

Bone pain
Rickets/osteomalacia
Pseudofractures/fractures

Neurologic

Irritability

Confusion
Encephalopathy, coma

in the FGF-23 gene lead to the formation of a mutant FGF-23
molecule that is resistant to normal cleavage, and its accumula-
tion, is proposed to be the underlying mechanism of phospha-
turia and hypophosphatemia (see Figure 3.10).°"

Oncogenic osteomalacia

Tumor-induced osteomalacia (T1O) is a paraneoplastic disorder
that is characterized by phosphaturia, hypophosphatemia, and
inappropriately low serum levels of 1,25-dihydroxyvitamin D;
Patients manifest severe bone pain and skeletal demineraliza-
tion.”” A variety of tumors are known to cause TIO. Excessive
production of FGF-23 or other phosphatanins by the tumors
is causative of phosphaturia and consequent hypophos-
phatemia.'® Excision of the tumor is curative.

Hereditary hypophosphatemia with hypercalciuria

Hereditary hypophosphatemia with hypercalciuria (HHH)
is another disorder of selective renal phosphorus wasting.'!
Clinical manifestations of HHH include short stature, phospha-
turia, hypophosphatemia, hypercalciuria, nephrolithiasis, and
rickets. The serum 1,25(OH),D level is elevated, while the

PTH level is suppressed. No putative disease-causing mutation

has been found. This disorder also does not appear to be caused
by a gene mutation of the type II Na-Pi cotransporter.'®
Treatment with phosphorus supplementation improves rickets,
despite continued phosphaturia.

Hypophosphatemia after renal transplantation
Hypophosphatemia that can persist for up to several months is
commonly seen after renal transplantation. Hyperparathyroidism
associated with chronic kidney disease persisting in the early
course of transplantation has been considered the most likely
suspect in the causation of phosphaturia and hypophos-
phatemia in these patients. The role of a circulating phospha-
turic factor in these patients has also been proposed recently.!”
Treatment consists of phosphate supplementation and providing
adequate doses of vitamin D.

Idiopathic hypercalciuria

Renal phosphate wasting and hypophosphatemia has been
reported in a small group of children with idiopathic hypercal-
ciuria.!® Vitamin D levels are elevated in these patients and
phosphorus supplementation reduces calciuria and restores
normal serum phosphorus values.

Hungry bone syndrome

Hungry bone syndrome due to increased avidity of bone
for calcium and phosphorus refers to the transient phenomenon
of hypocalcemia and hypophosphatemia seen after the resolu-
tion of long-standing primary or secondary hyperpara-
thyroidism.!® This disorder is commonly seen following
parathyroidectomy in patients with primary or secondary hyper-
parathyroidism. Manifestations of hypophosphatemia as well as
hypocalcemia can persist from weeks to several months. Oral
supplemental calcium and vitamin D therapy is needed for
treatment of most patients with hungry bone syndrome. An
occasional patient may require prolonged intravenous calcium
supplementation and vitamin D to avoid life-threatening
hypocalcemia. Hypophosphatemia is usually responsive to oral
supplementation.

Evaluation

Disorders of hypophosphatemia can be classified as those with
elevated urinary phosphorus and those with reduced urinary
phosphorus. If the urinary phosphorus level is elevated, this
suggests a phosphaturic mechanism, and serum PTH measure-
ment is essential. An elevated PTH points to disorders of hyper-
parathyroidism — primary or secondary. If the serum PTH level
is normal or low, then it is necessary to determine whether the
urinary losses are selective for phosphorus or whether there is
non-selective phosphorus wasting, as discussed above.

Urinary phosphorus excretion and tubular reabsorption
of phosphorus can be studied by fractional excretion of phos-
phorus, using the formula:

UPhos X PCr

=—— x 100
PPhos X UCr x

FEpo, (%)
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Figure 3.10 Proposed pathogenesis of hypophosphatemia in X-linked hypophosphatemic rickets and autosomal dominant hypophosphatemia. FGF-23, fibroblast
growth factor-23; PHEX, phosphate-regulating gene with homologies to endopeptidases on the X chromosome.

where FE,, is the fractional excretion of phosphate (%), Uy, .
is the urine phosphorus (mg/dl), Py, . is the plasma phosphorus
(mg/dl), P, is the plasma creatinine (mg/dl), and U, is the
urine creatinine (mg/dl).

FE,, in normal children is 15-20%, being lower in grow-
ing infants. In the setting of hypophosphatemia FE,,, of >20%
indicates phosphaturia. Another derived index of phosphate
excretion is tubular reabsorption of phosphate (TRP). TRP
represents the percentage of the filtered phosphate that is
reabsorbed in the renal tubules, and is derived by the formula:

TRP (%) =100~ FEy,

Renal tubules reabsorb greater than 80% of filtered phosphate
and TRP is >80% in normal children. Higher values of TRP are
expected in infants and growing children with high phosphorus
accrual rates.

Both FE,, and TRP can be affected by renal function and
plasma phosphorus concentration. Another index considered
to be independent of renal function is the ratio of the tubular
maximum rate of phosphate reabsorption (TmP) to the
glomerular filtration rate (GFR). This index can be calculated
either from a nomogram,'® or may be derived from the formula:

UCr

TmP/GFR dl) = Ppps — ————
m / (mg/ ) Phos Uphos < Pcr

where U, is the urine creatinine (mg/dl), Uy, . is the urine
phosphorus (mg/dl), Py, . is the plasma phosphorus concentra-
tion (mg/dl), and P, is the plasma creatinine (mg/dl).

TmP/GFR in normal individuals is 2.8-4.4 mg/dl. Lower
TmP/GFR reflects poor tubular phosphate reabsorption (phos-
phaturia). Tests of tubular phosphate reabsorption can be
done on a spot sample of urine, but a short timed collection
(2-4 hours) done in a fasting state is usually preferred in order
to avoid variability due to dietary intake. A suggested algorithm
for diagnosis of hypophosphatemia is given in Figure 3.11.

Treatment

Treatment of hypophosphatemia in patients believed to have a
normal total body phosphorus may be deferred, unless clinical
symptoms are present. Mild hypophosphatemia (> 2.5 mg/dl)
may be treated with increased phosphate content in diet. Milk
and milk products are particularly high in phosphorus con-
tent, and their intake may be encouraged in such patients.
Asymptomatic patients with moderate hypophosphatemia
(1.5-2.5mg/dl) may be treated with oral phosphorus supple-
mentation (Table 3.11). Care should be taken not to provide
calcium supplementation with meals, since this may further
exacerbate hypophosphatemia through binding of dietary phos-
phorus with calcium, and thereby preventing its absorption.
Intravenous phosphorus infusion therapy is generally reserved
for those with symptomatic hypophosphatemia or serum
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| Urine phosphorus
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Phosphate redistribution
Acute hyperventilation
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PTH level PTH level
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Hyperparathyroidism
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phosphate wasting
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Renal tubular acidosis type |
Postobstructive diuresis
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Chronic metabolic acidosis
Glycosuria

Drugs:

e Glucocorticoids

Selective renal phosphate
wasting

XLH

ADH

HHHR

Vitamin D-dependent rickets
Oncogenic osteomalacia
Jansen chondrodysplasia
Post-kidney transplant
Idiopathic hypercalciuria

e Diuretics

Figure 3.11

A suggested algorithm for evaluation of hypophosphatemia in children. XLH, X-linked hypophosphatemic rickets; ADH, autosomal dominant

hypophosphatemia; HHHR, hereditary hypophosphatemia with hypercalciuria and rickets.

Table 3.11

Formulation Phosphate content

Oral preparations
Neutra-Phos
Neutra-Phos K
K-Phos Original

250 mg/pack
250 mg/capsule
150 mg/capsule

Available preparations of phosphorus for treatment of hypophosphatemia

Sodium load Potassium load

7.1 mmol/pack 7.1 mmol/pack
0 14.25 mmol/pack
0 3.65 mmol/capsule

K-Phos Neutral 250 mg/tablet 13 mmol/tablet 1.1 mmol/tablet
Intravenous preparations

Sodium phosphate 3.0 mmol/ml 4.0 mmol/ml 0

Potassium phosphate 3.0 mmol/ml 0 4.4 mmol/ml

phosphorus level <1mg/dl. Sodium phosphate (phosphorus
3.0 mmol/ml and sodium 4.0 mmol/ml) or potassium phosphate
(phosphorus 3.0 mmol/ml and potassium 4.4 mmol/ml) can be
used for intravenous phosphate replacement. It is important to
remember that for every 1 mmol of phosphorus ordered as potas-
sium phosphate, the patient will also receive 1.47 mmol of
potassium. The usual dose for elemental phosphate for intra-
venous use is 0.08-0.16 mmol/kg.!®” The phosphate infusions

are formulated in normal saline or dextrose-containing
solutions and may be incorporated in the intravenous hyperali-
mentation. However, these infusions should not be mixed
with calcium-containing solutions such as Ringer’s lactate,
because of the risk of precipitation. Intravenous phosphate
replacement is infused over 4—6 hours and the generally recom-
mended rate of infusion is no more than 0.2 mmol/kg/h of
elemental phosphorus. Hypocalcemia, hypomagnesemia, and
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Table 3.12 Causes of hyperphosphatemia

Artifactual
In-vitro hemolysis of blood samples
Hypertriglyceridemia

Increased intake

Phosphate-containing enemas

Increased phosphate in intravenous nutrition

Cows' milk feeding of premature infants

Excess vitamin D intake (especially in renal insufficiency)
Bisphosphonate therapy

Endogenously increased phosphate load
Tumor lysis

Malignant hyperthermia
Rhabdomyolysis

Hemolysis

Extracellular shift of phosphorus
Acidosis:

e Metabolic acidosis

e Respiratory acidosis

Impaired renal excretion
Acute renal failure
Chronic renal failure
Hypomagnesemia
Endocrinopathies:

e Hypoparathyroidism
e Acromegaly

e Hypothyroidism
Tumoral calcinosis
Hyperostosis

hyperphosphatemia can result following intravenous infusion
of phosphate, and patients need close monitoring for these
electrolyte abnormalities. Hyperkalemia and consequent car-
diac toxicity can result from potassium phosphate infusion, even
in patients with normal renal function. Rapid infusions may
result in phosphaturia.!®

Hyperphosphatemia

Values exceeding the normal serum levels of phosphorus
for age, as presented in Table 3.8, are termed hyperphos-
phatemia. Hyperphosphatemia is an uncommon disorder,
except in patients with renal disease. Common causes of hyper-
phosphatemia in children are listed in Table 3.12.

Clinical manifestations

Patients with elevated serum phosphorus levels are fre-
quently asymptomatic. Acute elevations in phosphorus may
cause reductions in serum calcium level, and symptoms of
hypocalcemia such as paresthesias, tetany, seizures, or cardiac
arrhythmias may develop. Hypocalcemia is believed to result

from precipitation of phosphorus and calcium in the soft tissues,
especially when the calcium X phosphorus product is greater
than 70. Symptoms may result from metastatic tissue calcifi-
cation and calciphylaxis syndrome characterized by rapid
calcification in subcutaneous fat and small blood vessels,
leading to painful necrosis of affected areas.

Clinical syndromes and conditions

Kidney disease

Hyperphosphatemia is common in acute renal failure (ARF), as
well as in chronic kidney disease (CKD). This is especially true
if the GFR is below 20 ml/min/1.73 m?. Despite enhanced phos-
phate excretion by the surviving nephrons, absolute excretion
falls despite elevated PTH level. Hyperphosphatemia is
worsened by enhanced dietary phosphorus intake. Whereas
hyperphosphatemia is common in the oliguric phase of ARF
hypophosphatemia may be encountered in the diuretic phase or
during the oliguric phase.

Cytolytic disorders (tumor lysis)

Hyperphosphatemia is caused by a rapid release of intracellular
phosphate during cellular breakdown; potassium and magne-
sium levels are also increased as a result of intracellular release.
This is seen in tumor lysis syndrome, rhabdomyolysis, and
severe hemolytic anemia. Underlying kidney dysfunction must
also be present, since the normal kidney is able to excrete large
quantities of phosphorus.

Tumoral calcinosis

This disorder results from an inability to excrete phosphorus,
with resultant hyperphosphatemia and widespread ectopic
calcifications. The clinical manifestations include periarticu-
lar calcifications located along the extensor surfaces of major
joints. Some cases may be associated with nephrolithiasis and
dental abnormalities. Serum calcium is normal, and there is
inappropriate lack of suppression of 1,25(OH),D. Etiology of
this disorder remains unknown, but the role of FGF-23 in this
disorder has been recently proposed.'” Mutations in the FGF-
23 gene are proposed to result in impaired action of FGF-23 in
the renal tubules, resulting in enhanced renal phosphate reab-
sorption and hyperphosphatemia. Some patients respond to the
use of calcitonin, phosphate-binding antacids, and reduction in
dietary calcium and phosphorus.

Evaluation

The evaluation of hyperphosphatemia should begin by evaluat-
ing urinary phosphorus levels (Figure 3.12). If urinary phos-
phorus excretion is normal or elevated, hyperphosphatemia
may either be the result of cellular redistribution of the ion, or
from increased phosphorus load from exogenous or endogenous
sources. Increased gastrointestinal absorption may result from
acute overload of phosphorus, such as after hypertonic sodium
phosphate enemas used for preparation of the gastrointestinal
tract for surgery, or for treatment of severe constipation.
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Figure 3.12 A suggested algorithm for evaluation of hyperphosphatemia in children.

Inappropriate dosing of phosphorus infusions for treatment
of hypophosphatemia, or in intravenous hyperalimentation,
can also lead to hyperphosphatemia, which is associated with
increased urinary phosphate excretion. Redistribution of intra-
cellular phosphorus into the extracellular space may occur
during both acute respiratory and metabolic acidosis, thereby
causing hyperphosphatemia. In addition, bisphosphonate treat-
ment for osteopenia and vitamin D intoxication may both
produce hyperphosphatemia with phosphaturia. Decreased uri-
nary phosphate excretion denotes either renal impairment or
other disorders (e.g. hypoparathyroidism) that are associated
with increased renal tubular reabsorption of phosphorus.

The next investigative step of hyperphosphatemia is determi-
nation of renal function and serum calcium. Abnormalities in
renal function may denote ARF or CKD, which can be further
evaluated by appropriate tests for renal disease. If the serum cre-
atinine is normal, then determining serum calcium is the next
diagnostic aid. For disorders associated with low plasma cal-
cium, serum PTH measurement is essential in order to rule out
hypoparathyroidism. In the setting of normal serum calcium,
mild hyperphosphatemia may be encountered in acromegaly
and thyrotoxicosis. Therefore, in addition to a thorough clini-
cal evaluation, growth hormone and thyroid function tests are
essential.

Treatment

Treatment of hyperphosphatemia is directed towards managing
the underlying etiology. Oral calcium salts may assist in binding
dietary phosphorus and prevent phosphorus absorption, and

thereby lessen hyperphosphatemia. With severely impaired
kidney function, dialysis may be the only feasible treatment,
but efficiency of hemodialysis as well as peritoneal dialysis
in removal of phosphorus is modest, at best. Continuous renal
replacement therapy (CRRT) with dialysis is able to remove
phosphorus efficiently, and may be useful in acutely sick
patients, such as those with tumor lysis syndrome or acute
phosphorus intoxication. It is important to note that CRRT may
also remove the therapeutically essential chemotherapeutic
agents from these patients undergoing treatment for malignancy.

Concluding remarks

The metabolism of calcium, phosphorus, and magnesium is
interdependent and interrelated. The kidney plays an impor-
tant role in maintaining the homeostasis of all three ions.
Advancements in our understanding of the hormonal control,
cellular actions, and molecular mechanisms of their handling
by the kidneys have resulted in a better understanding of
many enigmatic clinical disorders (e.g. hypophosphatemic
rickets), and development of newer therapies (e.g. calcitriol).
Phosphatonins, a unique new set of hormones that impact
phosphate balance through their phosphaturic action on the
kidney, still represent an evolving discovery that is beginning
to have a profound impact on the pathogenesis of numerous
disorders affecting the metabolism of phosphorus. Indeed, these
findings may have significant pharmacotherapeutic applications
in the years to come, as will selective ability to modulate vita-
min D actions in target cells.
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The increasing incidence and prevalence of end-stage renal
disease (ESRD), associated with poor outcomes and high cost,
has led to increased awareness of chronic kidney disease (CKD)
as an urgent public health problem. By 2010, it is estimated that
650000 persons in the USA will have ESRD. Medicare costs for
these patients will exceed $28 billion per year.

ESRD, the point at which dialysis or kidney transplantation
is necessary to ameliorate the physiologic complications of
uremia due to kidney failure, represents the most severe stage
of CKD. Despite advances in dialysis and transplantation in
both children and adults, the prognosis for those with perma-
nent kidney failure is poor, with a significantly higher risk for
death in both children and adults with ESRD compared with
the general population."> Many recent epidemiologic studies
have demonstrated effective strategies for slowing decline in
kidney function, treating complications, and improving out-
comes. Therefore, identification of individuals affected by early
stages of CKD has become an important goal for the National
Institutes of Health (NIH) through the National Kidney
Disease Education Project.

The goals of this chapter are to provide an understanding of
the magnitude of the public health problem of CKD, to review
the stages of CKD, the epidemiology of CKD in the pediatric
population, and to discuss the future needs to study CKD in

children and the role of the NIH in fostering collaborative
studies.

Chronic kidney disease staging

In 2000, the National Kidney Foundation (NKF) Kidney
Disease Outcome Initiative (K/DOQI) approved the deve-
lopment of clinical practice guidelines to define CKD and
to classify stages in the progression of CKD (Table 4.1). The
staging of CKD relies on the level of glomerular filtration rate
(GFR) as the index of global kidney function. This effort has
provided a broad conceptual framework for identification, man-
agement, and the care of all patients with CKD, and those who
are at risk for kidney failure. Operationally, CKD is defined as
kidney damage or GFR <60 ml/min/1.73m? for >3 months or
more, regardless of underlying diagnosis. Kidney damage is usu-
ally identified by abnormalities in the blood, urine, and imaging
tests and, if needed, by kidney biopsy. The most accessible early
marker of CKD is an abnormal urinalysis, most specifically the
presence of proteinuria. Persistent proteinuria is an important
marker for kidney damage and has been identified as a risk

factor for progressive losses in kidney function for both adults
and children.’”

Table 4.1 Criteria for the definition of chronic kidney disease (CKD)

A patient has CKD if either of the following criteria are present:

1. Kidney damage for =3 months, as defined by structural or functional abnormalities of the kidney, with or without decreased glomerular

filtration rate (GFR), indicated by one or more of the following:
Abnormalities by kidney biopsy
Abnormalities based on imaging tests
Abnormalities in the composition of the blood or urine

2. GFR <60 ml/min/1.73 m? for =3 months, with or without the signs of kidney damage listed above
Reproduced with permission from Pediatrics, Vol. lll, pp 1416-21, Copyright © 2003 by the American Academy of Pediatrics.
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The NKF-K/DOQI Evaluation, Stratification and Classi-
fication Committee, utilizing an evidence-based review, and
evaluation of data from the National Health and Nutrition
Examination Survey (NHANES), devised a staging classi-
fication system for CKD. The goals of this staging system were
to establish a common nomenclature for patients, general
healthcare providers, and nephrologists in discussing CKD,
anticipating comorbidities, and developing treatment plans for
progressive kidney disease. The five different CKD stages corre-
spond to the increasing severity of CKD (Table 4.2). Higher
stages of CKD are associated with poorer kidney function and
increasing likelihood of associated complications.

GFR in children varies with age, gender, and body size. GFR
increases with maturation from infancy and approaches adult
mean value by 2 years of age (Table 4.3).° Thus, it is important
to recognize that GFR ranges that define the CKD stages apply
only to children 2 years and above. These GFR ranges defining
CKD do not apply to infants, since they normally have a lower
GFR, even when corrected for body surface area.

Generally, the GFR can be approximated by estimating
equations based on the age, height, and gender of the patient,
as given by Schwartz formulas.® The GFR can also be estimated
from a timed urine collection for creatinine clearance. How-
ever, the collection can be inconvenient for families and
inaccurate due to missed samples and voiding problems. Thus,
the accuracy of the GFR by a 24-hour urine collection is not
necessarily improved over estimating equations. Estimation of
the GFR by a timed urine collection is useful in the following
clinical circumstances:

1. estimation of GFR in individuals with exceptional dietary
intake (vegetarian diet, creatine supplements), or decreased
muscle mass (amputation, malnutrition, muscle wasting)

2. assessment of diet and nutritional status

3. need to start dialysis.®

At each CKD stage, an action plan for strategies of evalua-
tion and management has been recommended (see Table 4.2).

Table 4.2 NKF-K/DOQI classification of chronic kidney disease

Stage GFR (ml/min/1.73 m?) Description
1 >90 Kidney damage with
normal or increased GFR
2 60-89 Kidney damage with mild reduction of GFR
3 30-59 Moderate reduction of GFR
4 15-29 Severe reduction of GFR
5 <15 (or dialysis) Kidney failure

Table 4.3 Normal glomerular filtration rate (GFR) in children
and adolescents

Mean GFR+SD

Age (sex) (ml/min/1.73 m?
1 week (males and females) 41+15
2-8 weeks (males and females) 66+25
> 8 weeks (males and females) 96+22
2-12 years (males and females) 133+£27
13-21 years (males) 140+30
12-21 years (females) 126+22

Reproduced with permission from pediatrics, Vol. Ill, pp 1416-21, Copyright ©
2003 by the American Academy of Pediatrics.

Further discussion on clinical management of CKD is given in
Chapter 22.

The NKF recommended that the word ‘kidney’ be used instead
of ‘renal’ in the staging system, so as to facilitate communication
in an easily understandable language. The public, patients, their
families, and other healthcare professionals are able to easily
understand the term ‘kidney’. In contrast, the term ‘renal’ usually
requires further clarification and explanation. Clearly, there is a
need to bridge commonly used clinical terms such as chronic
renal failure (CRF), chronic renal insufficiency (CRI), and end-
stage renal disease with the CKD classification system.

Chronic renal failure or
chronic renal insufficiency

Both of these terms denote a reduction in kidney function
prior to needing dialysis. Although the threshold of GFR reduc-
tion where CRF or CRI begins is a matter of opinion, many
registries have operationally defined this as a GFR below
75ml/min/1.73 m?. Hence, populations with CRI or CRF will
be categorized between CKD stages 2—4.

Action plan®

Diagnose and treat primary and comorbid conditions,
slow CKD progression, CVD risk reduction

Evaluate rate of decline in GFR

Evaluate and treat complications

Prepare for kidney replacement therapy

Kidney replacement therapy

CKD, chronic kidney disease; CVD, cardiovascular disease; GFR, glomerular filtration rate.

?Includes actions from preceeding tables.

Reproduced with permission from pediatrics, Vol. IIl, pp 1416-21, Copyright © 2003 by the American Academy of Pediatrics.
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End-stage renal disease

The term ‘end-stage renal disease’ refers to a severe, irreversible
reduction in kidney function, usually requiring dialysis or
kidney transplantation to sustain life. ESRD generally denotes
a GFR <15ml/min/1.73 m?. Therefore, under the current
classification scheme, CKD stage 5 parallels definition of
ESRD. However, the term ESRD also has an operational and
administrative meaning regarding treatment with dialysis or
transplantation, particularly by the Medicare ESRD Program in
the United States.

Epidemiology of kidney disease

Since CKD is usually asymptomatic in its early stages, it is both
underdiagnosed and underreported. Consequently, it is difficult
to estimate the incidence and prevalence of CKD. Large popu-
lation-based studies in adults, such as the third NHANES, have
allowed estimation of the prevalence of CKD in this population.
These data have demonstrated that the burden of patients with
ESRD in adults is growing at an alarming rate in the US popula-
tion.” Figure 4.1 shows estimates of the number of Americans
affected by various stages of CKD, according to NHANES
data.® Given the available estimates, the prevalence of early
stages of kidney disease (stages 1-4) is 10.8%, or approximately
100 times greater than the reported prevalence of ESRD or
stage 5 CKD (0.1%).!° A similarly higher prevalence of earlier
stages of CKD (stages 1-4) compared with ESRD is believed to
be present in the pediatric population also.

Data regarding the incidence and prevalence of CKD in the
pediatric and adolescent population are few, but are beginning

to emerge. Registries from the North American Pediatric Renal
Transplant Cooperative Study (NAPRTCS) and a population-
based registry in Italy (ItalKid) are published sources that lend
insight into the epidemiology of the early stages of CKD.
In brief, the NAPRTCS is a collaborative research effort that
began in 1987 and gathers data from pediatric nephrology
centers in North America on pediatric transplants, CKD, and
dialysis. ItalKid is a registry that has collected information from
pediatric, pediatric nephrology, pediatric urology, pediatric
surgery, and adult nephrology units throughout Italy since 1995.
These data, taken together with existing ESRD databases, offer
an insight into the epidemiology of CKD in children and
adolescents.

Based on data from the ItalKid registry, the incidence of new
cases of CRI is reported to be 12.1 (range 8.8-13.9) per year per
million of the age-related population (MARP).!! The estimate
of prevalence of CRI in children and adolescents with CRI
is 74.7 per MARP." Both NAPRTCS and ItalKid data demon-
strate a slower progression of early CKD towards ESRD in
patients with congenital anomalies than in patients with
glomerular disease. Further, the rapid progression is more com-
monly seen in patients with focal segmental glomerulosclerosis
(FSGS).1112

In the older published literature (pre 1990) it was reported
that glomerular diseases and chronic pyelonephritis were the
two leading etiologies of ERSD in children, each accounting for
approximately 25% of cases.”> However, more recent data from
various registries demonstrate that structural urologic causes
contribute the largest percentage of underlying disease, particu-
larly in the youngest age groups.!*!" The reported distributions
of causes of CKD in childhood from various geographic areas
are given in Table 4.4.

CKD stage GFR
Kidney
5 failure <15
(300000)
Severely decreased
4 filtration 15-29
(400 000)
Moderately decreased
3 filtration 30-59
(8 million)
Kidney damage with mildly
2 decreased filtration 60-89
(5 million)
1 Kidney damage with normal filtration 590

(6 million)

Figure 4.1
Coresh et al.® with permission from Elsevier.)

NKF/KDOQI stages of CKD: prevalence of chronic kidney disease (CKD) - US adult population estimates. GFR, glomerular filtration rate. (Reproduced from
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Table 4.4 Global perspective of chronic kidney disease (CKD): distribution of causes of CKD reported from non-North American

countries
Sweden
No. of patients 118
Glomerulopathies 14.5%
Urinary tract anomalies: 23%
Familial nephropathy 26%
Multisystem disease 10%
Renal hypo/dysplasia 18%
Miscellaneous/unknown 8.5%

Venezuela Mexico South Africa

255 211 109
42% 49% 4100
31% 19% 21%
16% 5% 16%

40 7% 9%

4% 5% 13%

3% 15% —

Data adapted from Esbjorner E, Berg U, Hansson S. Pediatr Nephrol 11:438, 1997, Diniz JS. Pediatr Nephrol 2:271-6, 1988 and Grunberg J, Verocay C. Pediatric

Nephrology: Williams and Wilkins; 1994:1432-4.2

5.7%

O,
19.0% 61.2%

[ African-American
Il Other

[ Caucasian
[ Hispanic

Figure 4.2 Prevalence of chronic kidney disease by race. Data from the North
American Pediatric Renal Transplant Cooperative Study (NAPRTCS) 2004 Annual
Data Report.'

NAPRTCS database

In the USA, the NAPRTCS 2004 Annual Report'® described
5651 patients with CKD (excluding dialysis and transplant
patients) in this database between 1994 and 2003, of which
64.4% are male. Racial breakdown is 61.2% Caucasian, 19.0%
African-American, 14.1% Hispanic, and 5.7% other racial
groups (Figure 4.2). Age distribution shows that 19.9%
(n=1124) are infants (0-1 years), 16.4% (n=925) are toddlers
(2-5 years), 32.6% (n=1838) are between 6 and 12 years old,
and 31.0% (n=1750) are over the age of 12 years old. As

delineated in Table 4.5, the most common causes are obstruc-
tive uropathy, renal dysplasia, reflux nephropathy, and FSGS.

The causes of CKD in children also vary according to age
and race. For analytical purposes, we divided the patient popu-
lation into four large primary disease categories (Table 4.6
and Figure 4.3): structural causes (59%), glomerulonephritis
(8%), FSGS (8% ), and ‘Other’ (25%). Glomerular diseases and
FSGS are more common causes of CKD among adolescent
black and Hispanic patients compared with adolescent white
patients. Structural causes are most common in the <12 years
old age group.

End-stage renal disease
in children

According to the USRDS Annual Data Report 2004 (ADR),’
during 2002, the incidence of pediatric ESRD was appro-
ximately 15 per million population. Among US children,
African-Americans have higher rates of ESRD than Caucasians,
particularly in the 15-19-year-old age group. Asian/Pacific
Islanders and Native Americans have intermediate rates.

The above estimates exclude those children in the USA who
develop kidney failure but do not initiate renal replacement
therapy (RRT). They also do not reflect the substantial number
of children who develop CKD in adolescence, but present with
ESRD as young adults. For example, the 2004 USRDS ADR’
shows that 13% of incident ESRD patients in 2002 are between
the ages of 20 and 44 years old. Prior longitudinal studies
of renal disease progression (Modification of Diet in Renal
Disease (MDRD)" and African-American Study of Kidney
Disease (AASK))?* have suggested that the overall rate of
decline in GFR in adult patients with CKD is approximately
3-5 ml/min/year. Therefore, many young adults presenting with
ESRD are likely to have developed early stages of CKD in
childhood or adolescence.

Recently reported data from pediatric renal registries in
12 European countries described 3184 patients under 20 years
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Table 4.5 NAPRTCS: etiology of chronic kidney disease stages 2-4

Primary diagnosis

Obstructive uropathy
Aplasia/hypoplasia/dysplasia

Reflux nephropathy

Focal segmental glomerulosclerosis (FSGS)
Polycystic kidney disease

Prune belly

Renal infarct

Hemolytic uremic syndrome
SLE nephritis

Cystinosis

Familial nephritis

Pyelo/interstitial nephritis

Chronic glomerulonephritis

Medullary cystic disease

Membranoproliferative glomerulonephritis - type 1

Berger's (IgA) nephritis

Congenital nephrotic syndrome

Idiopathic crescentic glomerulonephritis
Henoch-Schdnlein nephritis
Membranoproliferative glomerulonephritis - type Il

Membranous nephropathy

Other systemic immunologic disease
Wilms' tumor

Wegener's granulomatosis

Sickle cell nephropathy
Diabetic glomerulonephritis
Oxalosis

Drash syndrome

Other
Unknown

*All patients in the registry.

Reproduced with permission from the North American Pediatric Renal Transplant Cooperative Study (NAPRTCS) 2004 Annual Data Report.'

Table 4.6 Etiology of chronic kidney disease stages 2-4 by primary diagnosis, and age in the United States

Race Number of patients
All patients 5641
0-1 1124
2-5 S5
6-12 1838
>12 1750
Missing 4

Data from the North American Pediatric Renal Transplant Cooperative Study (NAPRTCS) 2004 Annual Report.'
FSGS, focal segmental glomerulonephritis; GN, glomerulonephritis.

Percent structural

59
78
66
61
41
75

n =5651°

1296
1010
471
470
234

173
153
124
85
85

82
81
71
67
64

58
47
42
39
27

27
25
22
15

12
10
5
5

709
142

Percent GN

N O 0o

6
18
25

O o1l N O O

Percent FSGS

Percent

22.9
17.9
8.3
8.3
4.1

3.1
2.7
2.2
1.5
1.5

1.5
1.4
1.3
1.2
1.1

1.0
0.8
0.7
0.7
0.5

0.5
0.4
0.4
0.3

0.2
0.2
0.1
0.1

12.5
2.5

Percent other

25
21
26
25
26

0
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Figure 4.3  Etiology of chronic kidney disease (CKD) stages in NAPRTCS patients
2-4 by age. Data from the North American Pediatric Renal Transplant
Cooperative Study (NAPRTCS) 2004 Annual Data Report." FSGS, focal segmental
glomerulonephritis; GN, glomerulonephritis.

of age who initiated RRT between 1980 and 2000. Overall,
the incidence of RRT was 9-10 per MARP, being highest in
the 15-19-year-old age group. The commonest causes were
hypoplasia/dysplasia and hereditary disorders in the 0-4-
year-old age group, with glomerulonephritis and pyelonephritis
becoming increasingly common in the older age group of
children.?! Data from the Australia and New Zealand Dialysis
and Transplant Registry (ANZDATA) similarly show congeni-
tal urologic disorders predominating among younger children,
and reflux nephropathy and glomerular diseases being more
common in the older adolescents.?

According to the USRDS 2004 ADR,’ the mean age of
initiation of dialysis in children was approximately 14 years
for a patient with glomerulonephritis, and 9.4 years for
a patient with congenital urologic disease. Diabetic nephro-
pathy and hypertension are the most common causes of CKD
in adults, but are very rare causes of CKD in childhood.

Global perspective of
chronic kidney disease

According to a recent review,”’> about 90% of treated ESRD
patients come from developed countries. Treated ESRD is
much less frequent in less-developed countries that cannot
allocate healthcare resources to RRT programs. The etiology
of CKD in less-developed countries is also uniquely different.
With an increased burden of infectious diseases in these
regions, infection-related glomerulonephritis and consequent
renal insufficiency is more common. In some parts of the world
there are increasing numbers of individuals with CKD sec-
ondary to renal involvement from HIV, hepatitis C, malaria,
schistosomiasis, and tuberculosis.

Recent reports from India on pediatric CRF patients** also
describe obstructive and reflux nephropathy as the most com-
mon causes of CRE Other reports from India* describe higher

rates of glomerulonephritis, interstitial nephritis, and kidney
disease secondary to hepatitis and tuberculosis than those
reported from the USA and Western Europe. A 2003 report
on CRF from Nigeria (1985-2000)% describes glomerulopathies
and chronic glomerulonephritis as the major causes of CRE
Because of financial limitations, few of these patients were able
to undergo kidney biopsy for pathologic diagnosis or have
access to RRT, resulting in a higher mortality rate than that
seen in developed countries.

Future needs

In order to slow progression of earlier stages of CKD to ESRD,
and treat its complications during childhood and the produc-
tive young adulthood years of life, an in-depth understanding of
the risk factors for progression of CKD in pediatrics is necessary.
To this end, the NIH has funded adult and pediatric studies of
CKD, the Chronic Renal Insufficiency Cohort (CRIC) study?’
in adults and the Chronic Kidney Disease in Children (CKiD)
study. The CKiD study, a multicenter study of 540 children aged
1-16 years old with mild to moderately decreased kidney func-
tion, will focus on risk factors for CKD progression, identified
during the key period spanning early decline in renal function
(i.e. GFR 30-75 ml/min/1.73 m?) to the development of ESRD.
The study will obtain longitudinal data to determine the het-
erogeneity of rates of decline of renal function. The study will
collect data on known risk factors for CKD progression, includ-
ing causes of CKD, proteinuria, and hypertension, as well
as collect biologic and genetic samples for future studies of
cytokines or genetic polymorphisms that may yield scientific
insight into the pathophysiologic mechanisms of CKD
progression in both adults and children. In the CKiD study,
concurrently collected data on neurocognitive function and
cardiovascular risk factors will yield improved understanding of
the sequence of associations between kidney disease progres-
sion, the development of cardiovascular comorbidity, and its
impact on cognition, behavior, and quality of life for children.
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Clinical assessment
of renal function

George J Schwartz

Determination of renal function is necessary for diagnostic and
prognostic evaluation of patients with kidney disease. Whereas
precise determination of renal function is possible in experi-
mental animals, investigations in humans need to be easy to
use, reproducible, and clinically applicable. Urinalysis is consid-
ered to be the simplest test that can provide useful information
regarding the basic functional status of the kidneys. Apart from
urinalysis, this chapter also discusses the performance and inter-
pretation of the most commonly used renal function tests in
clinical use. Diagnostic imaging investigations also provide
clinically relevant dynamic functional data. These investiga-
tions are discussed in detail in Chapters 6 and 7.

Urinalysis

In general, the most reproducible urine specimen is that
obtained upon awakening from sleep, because it is not influ-
enced as much by excessive fluid and protein intake. This is also
essential when the clinician is concerned with urinary concen-
trating ability. It is often recommended for the parents to bring
in the first morning urine from home when a child has difficulty
urinating on command. Younger children should have a plastic
bag attached to the perineum after admission to the office, to
facilitate obtaining a sample in the absence of toilet training.

Commercially available dipsticks have simplified chemical
analysis of urine. It needs to be mentioned that false-positive
and false-negative tests can result with expired test strips, or if
they have been stored inappropriately for a prolonged period.
Urine samples should be grossly examined and tested for pH,
specific gravity, protein, blood, glucose, and nitrites.

Appearance

Fresh urine generally ranges from pale yellow to deep amber.
The color of urine may provide clues to several underlying renal
and non-renal disorders (Table 5.1). Red discoloration may
be caused by the presence of blood (hematuria), hemoglobin
(hemoglobinuria), or myoglobin (myoglobinuria), but red
blood cells (RBCs) are seen only in the urinary sediment of
patients with hematuria. Urinary bleeding from the bladder or

other parts of the collecting system tends to color the urine
pink or red in color, whereas glomerular bleeding appears rusty
brown (cola or tea colored). Red urine may also be seen in
patients with porphyrias, as well as following intake of beets,
certain food additives, or some drugs.

The urine is usually clear but it may be turbid due to the
precipitation of phosphates in alkaline urine or uric acid in
acid urine, especially upon chilling. Leukocytes can also render
the urine cloudy.

Odor

The normal odor of urine is mildly aromatic. Bacterial infection
may lead to a fetid or ammoniacal odor. Some disorders of
metabolism cause particular odors in the urine, including
aromas such as musty, sweet, sweaty-foot, fishy, and malt.

pH

Urine pH normally ranges from 4.5 to 8, depending on the
acid-base and metabolic state. Freshly voided urine should
be examined, since loss of carbon dioxide to air will falsely alka-
linize the pH. Bacterial contamination may also change the
baseline pH, depending on the metabolism of the particular
organism. This dipstick determination of pH is adequate for
assessing risk factors for kidney stones but is not usually accurate
enough for assessing whether or not a patient has renal tubular
acidosis (RTA). In this latter case, it is important to obtain
blood pH (and/or bicarbonate) around the same time as the
urine is collected, and the urine should be sent to the laboratory
for pH determination by pH meter.

Specific gravity and osmolality

Urine osmolality is the key indicator of urinary concentration,
and is maximal after an overnight thirst (>870 mOsm/kg in
children >2 years).! Urine osmolality is determined from the
concentration of solutes in the urine, which includes primarily
salts and urea. Determination of the osmolality on thirsting sam-
ples frequently can eliminate the possibility of a defect in uri-
nary concentration and should be performed before embarking
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Table 5.1 Conditions associated with abnormal coloration of

the urine

Pathology

Red-Burgundy-Pink

Gross hematuria

Papillary necrosis (often with
clots)

Hemoglobinuria, hemolysis
Myoglobinuria

Porphyria

Menstrual contamination
Serratia marcescens

Urates

Dark Brown or Black
Homogentisic aciduria
Alkaptonuria
Methemoglobinemia
Melanin

Tyrosinosis

Phenol poisoning

Blue-Green

Obstructive jaundice
Blue diaper syndrome
Hepatitis

Pseudomonas infections
Phenol poisoning
Indicans (indoxy! sulfate)

Cloudy-Milky

Nephrotic syndrome
Chyluria

Pyuria

Bacteria, yeasts

Urates, uric acid (acid pH)
Calculi, 'gravel' (phosphates,
oxalates)

Clumps of pus, tissue

Fecal contamination
Radiographic dye (acid pH)
Elephantiasis

Data from Goldsmith DI. Clinical and laboratory evaluation of renal function. In:

Ingestion of drugs or food

Anthocyanin pigment
Rhodamine B
Blackberries

Beets
Phenophthalein
Pyridium
Aminopyrine
Phenytoin sodium
Azo dyes

Aniline

Cascara
Resorcinol
Senna

Thymol
Hydroxyquinone

Methylene blue
Indigo-carmine
Resorcinol
Tetrahydronaphthalene
Methocarbamol
Carotene

Riboflavin

Chlorophyll
Concentrated yeast

Edelmann CM Jr, ed. The Kidney and the Urinary Tract. Boston: Little Brown and
Company; 1978: 213; and Kher KK. Urinalysis. In: Kher KK, Makker SP, eds.
Clinical Pediatric Nephrology. New York: McGraw-Hill; 1992: 23.

on more extensive testing. Osmolality may be decreased in renal
insufficiency, as well as in states of central and nephrogenic
diabetes insipidus. However, osmolality is not routinely mea-
sured. In most situations osmolality can be approximated from
specific gravity according to the formula:!

Osmolality = (specific gravity — 1.000) x40 000

However, protein, glucose, and osmotic contrast agents
contribute more to the weight of the urine than to the osmolal-
ity, and therefore alter the above relationship. In these cases,
osmolality is the preferred measurement to assess urinary
concentrating ability.

Protein

Normally, the glomerulus restricts the filtration of proteins based
on size and charge (Figure 5.1A). Size selectivity of the glomeru-
lar capillary is largely determined by the endothelial glycocalyx
and the epithelial slit draphragms (Figure 5.1B), and passibly by
the glomerular basement membrane.? The permeability to pro-
teins also depends on electrical charge; the glomerular capillary
wall is charged negatively due to its rich heparan sulfate con-
tent.>* Negatively charged macromolecules are more restricted
than neutral or positively charged molecules of similar molecular
weight.>* The electrical charge has less influence on smaller mol-
ecules such as ions. It is well known that the massive proteinuria
of nephrotic syndrome is due to impaired barrier charge and size
selectivity.>* Most proteins that are filtered are reabsorbed by
endocytosis of the proximal tubule. But this process can saturate
when the amount of filtered proteins is large.

Tamm-Horsfall protein (uromodulin) is a constituent of
urinary protein in normal individuals.’” This glycoprotein
is secreted by the thick ascending limb of the loop of Henle
and forms the matrix of urinary casts. Proteinuria is an impor-
tant indicator of renal disease in children and, in patients with
disorders other than minimal change nephrotic syndrome, it
correlates well with the severity of renal disease.®® Proteinuria
may be classified as being glomerular, tubular, or overflow
proteinuria.

Glomerular proteinuria

Damage to the permselective glomerular barrier results in the
passage of an increased fraction of plasma proteins through
the glomerular pores. The filtered protein exceeds the reab-
sorptive capacity of the proximal tubule and results in protein-
uria. Glomerular proteinuria may be selective, and is composed
chiefly of albumin (MW =67 000 Da). In contrast, non-selective
glomerular proteinuria is composed of proteins exceeding
67000 Da, such as transferrin, and immunoglobulin G. In gen-
eral, urine from steroid-sensitive minimal change nephrotic
syndrome is highly selective, whereas selectivity is low in ortho-
static proteinuria®!! and focal segmental glomerulosclerosis.!?
However, the clinical utility of selectivity of proteinuria deter-
mined by IgG/albumin or transferrin/albumin ratios is not
clearly established (also see Chapter 9).

Tubular proteinuria

Impaired proximal tubular reabsorption of low-molecular-
weight proteins (MW <40000 Da) results in tubular protein-
uria. This is observed in the renal Fanconi syndrome as well
as in drug (aminoglycosides) or heavy metal intoxication.
Markers of tubular proteinuria include [,-microglobulin
(MW =11800Da), o -microglobulin (MW =30000Da),
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lysozyme (MW =14400Da), and retinol-binding protein
(MW= 21400 Da).

Overflow proteinuria

Overflow proteinuria may be seen with an unusual increase in
protein filtered load, such as with hemoglobinuria, myoglobin-
uria, or Bence Jones proteinuria (multiple myeloma).

Quantitation of proteinuria

Dipstick detection of proteinuria is accomplished using indicator
strips impregnated with tetrabromophenol blue. When urinary
protein binds with the dye in the test strip, there is a color change
from yellow to green. This test correlates well with the degree of
albuminuria, and may not detect other urinary proteins to the
same degree as albumin. False-positive results occur in alkaline

B i il A na o
e o D WA S RGBT
L T~

B oo o

Cap

Figure 5.1 The glomerulus. (A) Low-power electron micrograph of glomerular
capillaries (Cap). Capillaries are made of three cell types - visceral epithelial (Ep),
endothelial (En), and mesangial (Me) cells - and two extraglomerular matrices -
glomerular basement membrane (GBM) and mesangial matrix (MM). Parietal
epithelium (Pe) lines Bowman capsule (BC) from inside. RBC, red blood cell.
(B) High-magnification electron micrograph of the ultrafiltration unit, consist-
ing of epithelial foot processes (fp) of epithelial cells (Ep) with intervening slit
diaphragms (Sd), GBM, and fenestrated (fn) endothelium (En). GBM consists of
lamina densa (LD), lamina rara interna (LRI), and lamina rara externa (LRE).
(Reprinted with permission from Macmillan Publishers Ltd: Lab Invest.
Biophysiology of glomerular filtration and proteinuria. 1984.%)

urine, or when urine is contaminated with quarternary
ammonium salts such as chlorhexidine. Proteinuria can also
be detected by using 10% sulfosalicylic acid, which precipitates
urinary protein (Table 5.2). This semiquantitative assessment of
the urine’s turbidity correlates well with total urinary protein,
including albumin. This method is particularly useful for detect-
ing tubular, and overflow proteinuria in the office.

Proteinuria is usually quantified by autoanalyzer-adapted
turbidimetry, using benzethonium chloride to precipitate the
urinary proteins at an alkaline pH. Albumin is quantified by
various immunochemical assays, although high-performance
liquid chromatography (HPLC) analysis is better able to detect
albumin-derived peptides that are immunounreactive, allowing
for earlier diagnosis of microalbuminuria.”” Urine protein elec-
trophoresis can also be used to distinguish glomerular, tubular,
and overflow proteinuria.

Urine protein excretion can be quantified by obtaining the
protein/creatinine ratio, measured in a random or first morning
sample. The urinary protein/creatinine (mg/mg or unitless)
ratio correlates well with the 24-hour urine protein excre-
tion.””!*1" The normal value for the urinary protein/creatinine
is <0.2, but is slightly higher in younger children (Table 5.3).
Proteinuria is considered of nephrotic range if the protein/
creatinine ratio exceeds 2.0.”!¢ The normal value for 24-hour
urine protein excretion is <100mg/m?*/day, and nephrotic range
proteinuria exceeds 1000mg/m?*/day.!® Urinary microalbumin-
uria, used to screen children with diabetes of 25 years’ duration,
is expressed as an albumin/creatinine ratio, and is normally
<30mg/g of creatinine.*'

Blood

Dipsticks have been used to detect the presence of hemoglobin
in the urine. The reaction relies on the peroxidase-like activity

Table 5.2 Semiquantitative determination of urinary protein
using the sulfosalicylic acid precipitation test

Estimated
Degree of turbidity Reading proteinura (mg/dl)
No turbidity Negative No proteinuria
Slight turbidity Trace 1-20
Turbid 1+ 30
(newsprint visible)
White cloud J4F 100
(heavy lines visible)
Fine precipitate 3+ 300
(heavy lines invisible)
Flocculent precipitate 4+ >500

(like yogurt)

This test is conducted by adding 10 drops of 10% sulfosalicylic acid to 10 ml of
urine. Sulfosalicylic acid detects all urinary proteins, including albumin.
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Table 5.3  Urinary protein/creatinine ratio in normal children,
showing 95th percentile values of the ratio in various age
groups

Age (years) Protein (mg/mg creatinine)

<2 0.492
2-13 0.178
>13 0.178

Table adapted from Houser.'®

of hemoglobin to catalyze the reaction of a hydroperoxide with
tetramethylbenzidine to give a green-blue color; myoglobin will
also give a positive reaction. The sensitivity is such that a nega-
tive test rules out significant hematuria. A positive test indi-
cates the presence of intact RBCs, hemoglobin, or myoglobin,
and the identification of RBCs requires further examination by
microscopic analysis. If no RBCs or ghosts are identified, and
contamination has been ruled out, the differentiation between
hemoglobinuria and myoglobinuria can be accomplished using
immunochemical methods.

Glucose

Urine glucose is generally measured using dipsticks based on the
oxidation of glucose by glucose oxidase. False-negative results
occur if there are large quantities of reducing agents such as
vitamin C, tetracyclines, or homogentisic acid in the urine.
False-positive results have not been reported.

Nitrite

More than 90% of common urinary pathogens are nitrite-
forming bacteria. Nitrite can be detected in urine using a dip-
stick containing p-arsanilic acid, which reacts with nitrite
to generate a diazonium compound that is then converted to
3-hydroxy-1,2,3,4-tetrahydrobenzo-quinoline-3-ol to produce
a pink azo dye. A false-positive reading will occur if bacterial
overgrowth is allowed to develop during delayed transit before
testing. False-negative results occur in the presence of ascorbic
acid or if frequent voiding of dilute urine does not allow suffi-
cient time for nitrite to be produced.

Microscopic analysis of urine

The microscopic examination of the urine is no longer quanti-
fied as the rate of excretion of formed elements (Addis counts),
but is used semiquantitatively to confirm the detection of
hemoglobin by dipstick and identify the presence of cellular
casts, crystals, and bacteria.

Technique

A 10ml sample of fresh urine is centrifuged at 1100-1300¢ for
5min, the supernatant decanted, and the pellet resuspended in

the remaining 0.25 ml of urine. An aliquot is pipetted onto a
slide and coverslipped. Examination first using a low-power
objective (10X) permits a gross assessment of cells, casts, and
crystals, and this should include a systematic view along the
edges of the coverslip, where casts tend to accumulate. The
number of casts is generally expressed per low-power field (Ipf).
Switching to a high-power objective (40X) permits determina-
tion of the cellular constituents of the casts and the specific
forms of crystals. Then, an examination of 5 random fields at
40 x throughout the slide permits one to assess the number of
cells per high-power field (hpf). Counting chambers are rarely
used now in offices or clinical laboratories. Microscopic analysis
of urine that is more than 1 hour old is unlikely to provide reli-
able quantitative information.

Red blood cells

In healthy children, the normal upper limit for the number of
RBC:s in fresh midstream urine is <2 RBCs/hpf. The morphol-
ogy of the cells is helpful to distinguish between glomerular and
non-glomerular hematuria. Dysmorphic RBCs with large varia-
tion in size and shape and hemoglobin content are more likely
to be seen with glomerulonephritis (Figure 5.2A). Eumorphic
red blood cells (normal-appearing) are more likely to be
observed in non-glomerular urinary bleeding due to stones,
hypercalciuria, and trauma®® (Figure 5.2B). Whereas phase
contrast microscopy is best utilized for this analysis, a standard
lens can be used, provided that the light (and possibly the
condenser) can be racked down to provide better contrast

(Figure 5.2C, arrowhead).

White blood cells

In healthy children, the upper limit of normal for the number
of white blood cells (WBCs) in a fresh midstream urine is
2 WBCs/hpf. Neutrophils are the predominant WBC in the
urinary sediment, except in cases of allergic interstitial nephri-
tis, which is often associated with increased numbers of
eosinophils in the urine. Lymphocytes may be present in urine
during acute transplant rejection. WBCs can be identified
by standard microscopy using a 40 X objective by the presence
of a nucleus and a granular appearance to the cytoplasm
(Figure 5.2C, short arrow).

Renal epithelial cells

Epithelial cells from the renal tubules, collecting system, or the
bladder can be identified by their large size, polygonal shape,
and single round nucleus. Whereas renal tubular epithelial cells
are only slightly larger than WBCs, bladder epithelial cells are
three to four times the size of leukocytes and may appear folded
upon themselves along edges. In nephrotic syndromes, renal
tubular epithelial cells may appear granular due to the accumu-
lation of proteins or lipids in cytoplasmic vesicles. Increased
renal epithelial cells may be seen in the setting of renal tubular
injury (acute tubular necrosis) or any forms of renal parenchy-
mal disease (acute pyelonephritis).
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Casts

Casts are cylindrical structures with a visible matrix that are
formed in the renal tubules by the precipitation of Tamm-—
Horsfall protein. Cells may be trapped within the matrix, giving
rise to cellular casts (see Figure 5.2C). Granular casts result
from degeneration of cells within the casts. Cellular casts are
classified according to the principal cell included therein
(RBC, WBC, or epithelial cell). Hyaline casts are derived from
Tamm-—Horsfall protein and appear as translucent cylindrical
structures. These may be seen in concentrated urine of normal
children, as well as in fever, exercise, dehydration, diuretic use,
congestive heart failure, and nephrotic syndrome.

WBC casts are commonly observed in acute pyelonephritis,
tubulointerstitial diseases, glomerulonephritis (e.g. postinfec-
tious glomerulonephritis) and acute renal transplant rejection.
RBC casts appear as round discoid red cells embedded in
the Tamm-Horsfall matrix. RBC casts are identified by the
hemoglobin pigment within the matrix of the cylindrical cast
and are pathognomonic of glomerular hematuria. Frequently,

Figure 5.2 High-power micrographs of urinary elements. (A) Dysmorphic red
blood cells from glomerular bleeding (glomerulonephritis). (B) Eumorphic red
blood cells from non-glomerular bleeding. (C) Cellular casts (long thin arrows)
containing red blood cells, renal cells, and white blood cells, plus white blood
cells (short arrow) and red blood cells (arrowheads). (Parts A and B reproduced
with permission from Fairley-KF, Birch DF. Hematuria: a simple method for iden-
tifying glomerular bleeding. Kidney Int. Blackwell Publishing.”’)

granular pigmented casts (brownish), composed of degenerating
RBCs with varying hemoglobin content, may be observed in
glomerulonephritis.

Waxy casts are similar to hyaline casts but are broader in size.
They are commonly seen in chronic renal diseases. Large waxy
casts (broad casts) are often seen in chronic renal failure. Broad
casts are believed to originate in damaged nephron segments, or
from the collecting system. Fatty casts result from the incorpo-
ration of fat within the Tamm-Horsfall matrix. Cholesterol
droplets within these casts appear as Maltese cross structures
when viewed under polarized light. Fatty casts are common in
nephrotic syndrome. The urine of such patients may also con-
tain oval fat bodies, structures which are fat-laden denuded
renal tubular epithelial cells.

Bacteriuria

Significant bacteriuria can usually be detected using a 40x
objective. Budding yeast forms (Candida albicans) can also be
viewed at this power.
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Crystals

Hypercalciuria*' and hyperuricosuria’? have both been impli-
cated in the etiology of hematuria, and the urinary sediment in
these clinical conditions may demonstrate calcium oxalate and

uric acid crystals. An occasional calcium oxalate crystal can be
observed in normal urine, although they are more prominent in
hyperoxaluria, and some forms of hypercalciuria, especially in
an acid urine (Figure 5.3A and 5.3B). Most kidney stones are
composed of calcium oxalate, but a small percentages of stones

Figure 5.3 Urinary crystals commonly observed in patients with kidney stones. (A) Calcium oxalate dehydrate. (B) Calcium oxalate monohydrate dumb-bell-shaped
crystals. (C) Elongated lath-shaped brushite crystals. (D) Rhomboidal uric acid crystals. (E) Uric acid microcrystals. (F) Coffin-lid-shaped struvite crystals. (G) Hexagonal
cystine crystals. (Reproduced with permission from Coe et al.2® Copyright © 1992 Massachusetts Medical Association.)
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contain some uric acid and struvite (magnesium ammonium
phosphate) seen in urinary tract infections with bacteria that
produce the enzyme urease.” Some urinary stones contain
calcium monohydrogen phosphate (brushite) crystals, which
are seen as elongated thin strips (Figure 5.3C). The amorphous
plates, diamonds, and trapezoids of uric acid crystals often
appear orange and can be identified in acid urine by experi-
enced microscopists (Figure 5.3D and 5.3E). Struvite crystals
are seen in alkaline urine as ‘coffin lids’ (Figure 5.3F). The
hexagonal crystals of cystinuria in acid urine (Figure 5.3G)
(cystine stone formers) and fine needle-like crystals in tyrosi-
nosis (tyrosinemia) are useful in making a diagnosis. The amor-
phous crystals of calcium carbonate, seen in hypercalciuria in
an alkaline urine, can be easily solubilized in acid.

Glomerular filtration rate

Determination of glomerular filtration rate (GFR) is the most
commonly employed and best clinical test for estimation of
functioning renal mass. Knowledge of GFR enables the clini-
cian to determine the progression of renal disease, predict the
development of end-stage renal disease (ESRD), adjust medica-
tions excreted by the kidney, and to rationally prescribe fluids
and solutes.

Physiology of glomerular filtration

Approximately 20% of the cardiac output flows through the
two million glomerular capillary units of the two kidneys.” The
glomerulus consists of a tuft of capillaries interposed between
the afferent and efferent arterioles. The glomerular capillary wall
through which the filtrate must pass is made up of three layers:
the fenestrated endothelial cell, the glomerular basement
membrane (GBM), and the epithelial cell (see Figure 5.1A).
The epithelial cells are attached to the GBM by discrete foot
processes, or podocytes. The pores between the foot processes,
or slit pores, are covered by a thin membrane called the
slit diaphragm (Figure 5.1B).>*** The GBM is derived from
material produced by endothelial and epithelial cells, including
type IV collagen, laminin, nidogen, and heparan sulfate pro-
teoglycans. Laminin and nidogen form a tight complex to pro-
mote cell adhesion. The anionic heparan sulfate proteoglycans
serve as the electrical charge barrier to the filtration of anionic
macromolecules.*

One of the primary functions of the glomerulus is to allow
the filtration of small solutes such as sodium and urea and water
while restricting the passage of larger molecules. This permits
the kidney to maintain homeostasis by excreting the nitroge-
nous waste derived from dietary intake, while preserving the
essential larger plasma protein molecules. Solutes up to the size
of inulin (MW =5200Da) are freely filtered, whereas myoglo-
bin (MW =17000Da) is filtered less completely than inulin,
while albumin (MW =67000Da) is filtered only to a minor
degree. Filtration is also limited for ions or drugs that are bound
to albumin.

Starling forces

GFR is determined by two factors: the filtration rate in each
nephron, also referred to as single-nephron GFR (SNGFR),
and the number of filtering nephrons. Each normal kidney
in humans is endowed with approximately one million units
at birth. Blood entering through the afferent arteriole goes
through the glomerular capillary tuft and exits through the
efferent arteriole. Along the glomerular capillary tuft a portion
of the glomerular filtrate is ultrafiltered into Bowman space,
which after being processed by renal tubules and collecting
duct, leads to the formation of urine. Fluid movement across the
glomerulus is governed by Starling’s forces, being proportional
to the permeability of the glomerular capillary wall and to the
balance between hydraulic and oncotic pressure gradients:

SNGFR=LS (Ahydraulic pressure — A oncotic pressure)
=L S[(P,~P,)—s(m ~m,)]

where L is the unit permeability (or porosity) of the capillary
wall; S is the surface area available for filtration; ch and P, are
the hydraulic pressures in the glomerular capillary and in
Bowman space, respectively; Tt and 7, are the oncotic pressures
in the plasma entering the glomerulus and in Bowman space,
respectively; and s is the reflection coefficient of proteins across
the capillary wall, ranging from O (completely permeable) to 1
(or completely impermeable). With the filtrate being essen-
tially protein-free, m, =0 and s is 1, so that:

SNGFR=LS (P, ~P -m)

P
The LS in the glomerular capillary is 50-100 times that of
a muscle capillary and the capillary hydraulic pressure and
mean gradient favoring filtration (P, —P, —m ) is much greater
in the glomerulus than in a muscle capillary.?** These factors
contribute to the high rate of filtration across the glomerular
capillaries.

The plasma oncotic pressure (np) rises in response to the
ultrafiltration of protein-free fluid. After the filtration of 20% of
the nephron plasma flow, filtration equilibrium is normally
achieved. Further filtration at this point ceases because the
plasma oncotic pressure equals the hydraulic pressure within
the glomerular capillaries, and there is no net ultrafiltration
pressure. Thus, the presence of filtration equilibrium means
that renal plasma flow is a major determinant of GFR.>*%

Size selectivity

The glomerular barrier filters molecules based on their size
and charge. The GBM, endothelial glycocalyx and the slit
diaphragms contribute to size selectivity.>**?® The size limitation
in the GBM represents functional pores in the spaces between
the tightly packed cords of type IV collagen.* Cellular elements
and slit diaphragms also play an important role in limiting the
passage of macromolecules.>*?® Most pores of the glomerular
capillary wall are relatively small (mean radius=~4.2nm). They
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partially restrict the filtration of albumin (mean radius=3.6 nm)
but allow the passage of smaller solutes and water. The endothe-
lial cells do not contribute to size selectivity because the endothe-
lial fenestrae are relatively wide open and do not restrict the
passage of macromolecules with a radius under ~40nm.”
However, endothelial cells contribute significantly to charge
selectivity (see below). Modeling of the glomerular filtration bar-
rier suggests that the major portion of the capillary wall functions
as an isoporous membrane, but that a very small fraction of the
filtrate passes through larger pores.’

Charge selectivity

Molecular charge is the second major determinant of filtration
across the GBM.>*?® The inhibitory effect of charge is due to
the electrostatic repulsion by anionic heparan sulfate proteogly-
cans both in the endothelial fenestrae and GBM (produced by
both glomerular epithelial and endothelial cells).**?® Filtration
of albumin is restricted to about 5% of that of neutral dextran of
a similar molecular radius, suggesting that molecular charge is
important in limiting the glomerular filtration of albumin.

Assessment of glomerular
filtration rate

Since the total kidney GFR equals the sum of the SNGFRs in
each of the functioning nephrons, the total GFR can be used as
an index of functioning renal mass. Following nephron loss,
compensatory changes in surviving nephrons are commonly
observed in clinical practice. This leads to lesser loss of total
renal function than anticipated by the extent of anatomic dam-
age. For example, a loss of half the functioning nephrons leads
to a decrease in GFR of only 20-30%, rather than the antici-
pated 50%. In most patients with early chronic kidney disease
(CKD), the fluid and electrolyte balance is well maintained and
even the urinalysis may be normal at times. The decline in GFR
may, therefore, be the earliest and only clinical sign of renal dis-
ease. Serial monitoring of GFR can be used to estimate severity
and monitor the course of CKD. Measurement of GFR is also
useful in determining the appropriate dosage of drugs that are
excreted by the kidney.

Concept of clearance

GFR represents the volume of plasma ultrafiltrate presented
to the nephrons per unit time, in the process of urine forma-
tion. The most common measurement of GFR is based on the
concept of clearance, which is defined as the equivalent volume
of plasma from which a substance would have to be totally
removed to account for its rate of excretion in urine per unit of
time. The renal clearance of a substance x (C,) is calculated as:

C,=UV/P,

where V is the urine flow rate (ml/min) and U_and P, are the
urine and plasma concentrations of substance x, respectively.
C, is expressed as ml/min, and is usually normalized to a stan-
dard 1.73 m? idealized adult body surface area (i.e. C_is in
ml/min/1.73 m?) by the factor 1.73/BSA, where BSA is the
body surface area (in m?) of the examined subject.

In order for the plasma clearance to be equal to the GFR, a
marker must be freely permeant across the glomerular capillary,
uncharged (neutral electrical charge), biologically inert (i.e.
neither synthesized nor degraded by the kidney), and neither
secreted nor reabsorbed by the renal tubule. The renal excretory
rate of such an ideal marker x equals the rate of x filtered across
the glomerulus:

P GFR=U_V

or

GFR=U V/P,

which is the clearance rate of substance x.

Inulin clearance

The fructose polysaccharide inulin, which has a mean molecu-
lar radius of 1.5 nm and a MW of approximately 5200 Da, is
considered an ideal marker and the gold standard for measuring
GEFR. Inulin is freely filtered, is not protein-bound, is not reab-
sorbed, and is neither secreted nor metabolized by the kidney.
When injected intravenously, inulin clearance equals GFR
(C,=C,=GFR).”

The classic (standard) inulin clearance requires an intra-
venous priming dose of inulin, followed by a constant infusion
to establish a steady-state inulin plasma concentration.® After
an equilibration for ~45 minutes, serial urine samples are
collected every 10-20 minutes through an indwelling bladder
catheter. Insertion of an indwelling urinary catheter may not
be possible or justifiable in current clinical practice, and urine
is obtained voluntarily in such cases every 20-30 minutes, as
dictated by the urge of the patient to urinate. High urine flow
is maintained throughout the test by providing an initial oral
water load of 500-800 ml/m?, and replacing urinary water loss
with oral intake of water (ml/ml).*! Table 5.4A shows values of
GFR in normal infants and children: see also Table 5.4B, which
is described later.

In children with potential kidney disease, the use of inulin
clearances has some limitations. First, some children may not
be toilet trained and are unable to provide accurate collections
of timed urine. Secondly, urologic problems are common causes
of CKD in infants and young children,* and many of these chil-
dren have significant vesicoureteral reflux, neurogenic bladders,
and bladder dyssynergia. Collecting timed urine in such
patients is difficult and fraught with error. Thirdly, technical
difficulties encountered in performing inulin infusions and in
reaching a steady state of inulin distribution are common.
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Table 5.4A Glomerular filtration rate in normal infants and
children, assessed by inulin clearance

Age Mean GFR£SD (ml/min/1.73 m?)
Pre-term babies:

1-3 days 140+ 5°
1-7 days 18.7+5.5°
4-8 days 443+93°¢
3-13 days 47.8+10.7¢
8-14 days 35.4+£13.4°
1.5-4 months 67.4%16.6
Term babies:

1-3 days 20.8+5.0°
3-4 days 39.0+15.1¢
4-14 days 36.8+7.2f
6-14 days 54.6+7.6°
15-19 days 469+12.5°
1-3 months 85.3+35.1¢
0-3 months 60.4+17.4"
4-6 months 87.4%22.3"
7-12 months 96.2+12.2"
1-2 years 105.2+17.3"
Children:

3-4 years 111.2+18.5"
5-6 years 114.1+18.6"
7-8 years 111.3£183"
9-10 years 110.0+21.6"
11-12 years 116.4£18.9"
13-15 years 117.2+16.1"
2.7-11.6 years 127.1£13.5¢
9-12 years 116.6+18.1¢

Young adults:

16.2-34 years

112+13!

Data compiled from the following references:

Brion LP et al. J Pediatr 109:698, 1986

°Guignard JP et al. J Pediatr 87:268, 1975

“Barnett HL et al. Pediatrics 3:418, 1949

9Barnett HL et al. Proc Soc Exp Biol Med 69:55, 1948
‘Richmond JB et al. Proc Soc Exp Biol Med 77:83, 1951
"Broberger U. Acta Paediat Scand 62:625, 1973
9McCrory WW et al. J Clin Invest 31:257, 1952
"Brodehl J et al. Clin Nephrol 17:163, 1982

'Gibb DM et al. Clin Chim Acta 182:131, 1989.

Furthermore, inulin assay is not very specific and is potentially
hazardous (boiling acid reagents), and there may be errors in
accurately measuring inulin concentrations in plasma. These
problems have rendered the standard inulin clearance to be
impractical in children.

Constant infusion technique without
urine collection

The clearance of a substance relates to its removal from
the blood. Therefore, it is possible to determine the plasma

Table 5.4B Plasma *'Cr-EDTA clearance in normal children

Age (years) Mean GFR%SD (ml/min/1.73m?)

<0.1 546+ 14.1
0.1-0.30 65.2+14.4
0.31-0.66 81.8+19.2
0.67-1.00 103.8£20.1
1.00-1.50 116.6£28.3
1.51-2.00 111.5£19.8
>2.00 113.9+£24.4

Reproduced with permission from Eur J Nuel Med 21:12, 1994.

clearance when the marker substance is infused at a constant
rate, and a steady state is achieved. The constant infusion tech-
nique has utilized inulin, but other markers can also be used
(see below). After equilibration of the marker in its distribution
space, the excretion rate equals the infusion rate, and clearance
can then be calculated from the rate of infusion and the
concentration in plasma:*’

C=1R/S,

where [_is the infusion concentration of the marker x, R is the
infusion rate (ml/min), S, is the serum concentration of x, and
C, is the clearance in ml/min/1.73 m*. The constant infusion
method overestimates GFR if steady-state concentration of the
marker is not achieved.

Endogenous creatinine clearance
and the use of cimetidine

Because of the difficulties with administering and measuring
inulin, standard endogenous creatinine clearances have been
used to estimate GFR. Endogenous creatinine clearance pro-
vides an acceptable measurement of GFR for clinical purposes
and is calculated by the following equation:

CCr: UCrV/ SCr

where C, is creatinine clearance, U, is urinary creatinine con-
centration, V is flow rate of urine in ml/min, and S, is serum
creatinine. The creatinine clearance is normalized to BSA by
multiplying by the factor 1.73/BSA in m?. The relative con-
stancy of creatinine production and its urinary excretion in the
steady state helps one analyze for completeness of the collec-
tion (creatinine excretion/kg body weight). Urinary creatinine
excretion should generally be 15-20 mg/kg/day in children over
3 years of age (20% higher than that for pubertal adolescent
boys),**¢ and values less than this indicate an incomplete urine
collection, or loss of some urine. Daily variations in urinary
creatinine excretion for a given subject can result in standard
deviations of 10-15%.%
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Creatinine clearance is derived from a 24-hour urine collec-
tion. On the day of the test, the child is asked to void and
empty the bladder in the morning (7 a.m.), the urine is dis-
carded, and the time noted as the start of the collection. All
urine voided in the next 24 hours is collected in the container
as part of this collection. At the end of 24 hours (7 a.m. on
the next day), the bladder is emptied and the last void is
deposited in the container as the final part of the collection.
The volume of urine is noted accurately and the urine is ana-
lyzed for creatinine concentration. Blood (for serum creatinine)
is drawn during the urine collections.

Averaging several short clearance periods (~30 minutes) after
water loading tends to minimize errors in urine collection and
improve supervision of the study.®* Large variations in urinary
creatinine excretion indicate significant vesicoureteral reflux
or problems in bladder emptying that might warrant bladder
catheterization to improve accuracy. In addition, creatinine con-
centration is affected to a small extent by dietary intake of meat,
exercise, pyrexia, and a variety of substances. More importantly,
it is well known that creatinine is secreted by the renal tubules
and this secretory component accounts for ~10% of the urinary
creatinine excretion in normal individuals.®® This results in C,,
exceeding C, , particularly at low levels of GFR.*

Whereas in the steady state, creatinine production equals its
excretion, creatinine production increases during growth and
more than doubles from term infancy to adolescence.*** The
consequence of the increasing creatinine production is a steady
increase in plasma creatinine as a function of age, along with a
further increase with the increment in muscle mass in adoles-
cent males (Figure 5.4).%

The administration of cimetidine to patients with renal dis-
ease causes a decrease in tubular creatinine secretion, resulting
in a reduction in creatinine clearance that approximates the
level of true GFR.* The protocol used by Hellerstein and col-
leagues used cimetidine for 3 days at a dose of 20 mg/kg in two
divided doses (maximum of 1600 mg/day, and a sliding scale
dose reduction for decreased GFR).* After an oral load of
7-8 ml/kg of fluids, urine was collected for four urinary clear-
ance periods of ~30 minutes, urine output was replaced with
water (ml-per-ml) during the test. Although the cimetidine
protocol is a convenient and an inexpensive procedure for esti-
mating GFR, severe vesicoureteral reflux, neurogenic bladders,
and bladder dyssynergias can cause inaccuracies in the results.

Creatinine results from the enzymatic degradation of creatine
synthesized in skeletal muscle. Urinary excretion of creatinine
is therefore a product of muscle catabolism and hence an index
of muscle mass.*® In the steady state, serum creatinine also
correlates well with muscle mass.**** Creatinine has a MW
of 113 Da, and is eliminated exclusively by the kidneys by
glomerular filtration, and to a lesser extent by tubular secretion.
Whereas urinary creatinine contributed by tubular secretion
does not normally exceed 10%, this fraction rises greatly during
chronic renal insufficiency, and creatinine clearance may
greatly exceed GFR.* Diffusion of creatinine into the gut with
subsequent catabolism may also interfere with the accuracy of
its clearance in uremic patients.”
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Figure 5.4 Serum creatinine as a function of age in males (closed circles) and
females (open circles) with 1 standard error estimate, taken from 772 males and
626 females. Creatinine was measured using a modification of the Technicon
Autoanalyzer Jaffe assay. (Reprinted from J Pediatr, 88, Schwartz GJ et al, Plasma
creatinine and urea concentration in children: normal values for age and sex,
828, 1976. With permission from Elsevier.)

Estimated GFR based on serum creatinine

The close relationship between creatinine clearance and GFR
on the one hand, and creatinine production and muscle mass
on the other, along with the difficulties of collecting urine,
have led to the concept of estimating GFR from serum creati-
nine and some parameter of body habitus, as detailed by
Schwartz et al:#

eGFR=kL/S,,

where eGFR is estimated GFR in ml/min/1.73 m?, k is a con-
stant determined empirically by Schwartz and associates,* L is
height in centimeters, and S, is serum creatinine in mg/dl. This
formula is also based on the relationship that C, is reciprocally
proportional to the serum creatinine. A dimensional analysis of
k (mg creatinine/100 min X cm x 1.73 m?) indicates that k is
equal to U, V/L, which is directly related to urinary creatinine
excretion, which is in turn proportional to lean body mass.***
The value of k is 0.45 for term infants during the first year
of life,** 0.55 for children and adolescent girls,* and 0.7 in
adolescent boys.*> Such a formula generally provides a good esti-
mate of GFR (r=~0.9) when compared with creatinine and
inulin clearance data.’>*® Interestingly, at high values of GFR,
the variation between inulin clearance and GFR estimated
by Schwartz formula was about 20%, but it was much smaller
at lower levels of GFR.** There is no clear explanation
for this finding. It should be noted that these constants were gen-
erated using creatinines measured using a modification of the
Technicon Autoanalyzer method, which relies on a modification
of the Jaffe chromogen reaction to determine creatinine. No for-
mulae relating GFR to plasma creatinine determined enzymati-
cally, using the creatinase methods available in more modern
autoanalyzers, have been developed so far. Whereas enzymatic
creatinine appears to agree with ‘true’ creatinine obtained
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from the Jaffe reaction after Fuller’s earth absorption, some
manufacturers use calibration factors (bias) to produce Jaffe-
comparable results.*” This bias is not linear and is, therefore,
unlikely to improve the accuracy of serum creatinine determina-
tion in children. Without the bias, the enzymatic creatinine
measurements generally run 10-20% lower than those measured
by the Jaffe method,* and so one would anticipate that ‘k’ values
should be comparably smaller than those listed above.

Counahan and colleagues generated a similar formula using
‘near-true’ creatinine determinations, and the resulting k was
0.43.% The lower k value may reflect the lower value of creatinine
after removal of non-creatinine chromogen with an ion exchange
resin. Indeed, this k value is approximately 20% lower than the k
obtained from the modified Technicon Autoanalyzer, which is in
keeping with the expected reduction in apparent serum creatinine
concentration using the ‘true’ method. It is important to point out
that the estimated GFR values in the above study were compared
with GFR determinations using the plasma disappearance of
SICr-EDTA (ethylenediaminetetraacetic acid), a method that
accurately measures GFR.*® However, in generating the relation-
ship, five adults and some infants were included, leading to some
heterogeneity of the sample.

The estimated GFR formulae have some limitations and
should not be used in cases of severe obesity or malnourishment
or limb amputation, in whom body height may not accurately
reflect muscle mass.* Additionally, these GFR estimate formu-
lae are not accurate when GFR is rapidly changing, such as in
critically ill children, or in acute renal failure.’!

The Cockcroft-Gault equation,®® which is used to estimate
GFR in adults, may also be useful in children over 12 years of
age:”

¢'GFR =(140—-age) (body weight in kg)/(72xS_,)

where ¢'GFR is the estimated GFR using the Cockcroft-Gault
equation in males; in females a correction factor of 0.85 is used.
Whereas there is good overall agreement with standard inulin
clearances in children, the correlation with GFR is not as good
as with the Schwartz estimate and the scatter appears larger.”
The adult formula, generated by the Modification of Diet in
Renal Disease (MDRD) group, is not useful in children.>®

Cystatin C

Cystatin C is a non-glycosylated 13 kDa basic protein that acts as
a cysteine proteinase inhibitor, and is produced at a relatively
constant rate. This constancy is apparently not influenced by
presence of inflammatory conditions, muscle mass, gender, body
composition, and age (after 12 months).”**® Blood cystatin C
level is approximately 1 mg/L in healthy individuals.”® Cystatin C
is catabolized and almost completely reabsorbed by renal proxi-
mal tubular cells, so that little is excreted in the urine,’” and can-
not be used to calculate GFR. Interindividual variation of cystatin
C level is significantly less (25%) compared with creatinine
(93%).%® The upper limit of the population reference interval for

cystatin C is seldom more than 3—4 SD from the mean value of
any healthy individual (compared with 13 SD for creatinine).
These findings suggest that cystatin C is potentially a better
marker than creatinine for detecting impaired renal function.

From a number of clinical studies of cystatin C,* including
one in normal children,’* two key findings are evident:

o the concentration of serum cystatin C correlated better with
directly measured values for GFR than serum creatinine

e subtle decrements in GFR are more readily detected by
the determination of serum cystatin C than by creatinine
concentration.”

Thus, while cystatin C is not a conventional marker of GFR,
reciprocal values of serum cystatin C levels are reasonably well
correlated with GFR in adults®®®! and in children.*6-64
Whereas in some studies the serum concentration of cystatin C
may be superior to serum creatinine in distinguishing normal
from abnormal GFR,% a definitive numerical estimated GFR
cannot be derived from its plasma concentration.®? Further-
more, because it is metabolized and not excreted, cystatin C
cannot be used to measure GFR by standard clearance tech-
niques.”® Other studies have shown that plasma cystatin C is
slightly better than plasma creatinine in diagnosing renal insuf-
ficiency, but is less sensitive than creatinine clearance or eGFR
(from kL/S..,).% Moreover, cystatin C levels may overestimate
GFR in renal transplant patients.®” More recent studies have
shown that factors other than renal function, such as C-reactive
protein (CRP) and smoking status, may influence serum cys-
tatin C levels, so that caution must be used when interpreting
serum cystatin C level as a measure of renal function.®® The
findings of cystatin C in the urine during glomerular and tubu-
lar injury also cast some doubt on the ability of serum cystatin C
to accurately estimate GFR.% Indeed, Hjorth et al questioned
whether any estimate of GFR can replace a clearance study.”

Single-injection clearance techniques

The renal clearance of a substance that is not metabolically pro-
duced or degraded, and that is excreted from the body com-
pletely or almost completely in the urine, can be calculated from
compartmental analysis by monitoring its rate of disappearance
from the plasma following a single intravenous injection.”? The
mathematical model for the disappearance curve is an open
two-compartment system. The GFR marker is injected in the
first compartment, equilibrates with the second compartment,
and is excreted from the first compartment by glomerular filtra-
tion. Initially, the plasma concentration falls rapidly but at
a progressively diminishing rate, as there is diffusion of the
marker in its distribution volume as well as its renal excretion.
Thereafter, the slope of the decline of plasma concentration pre-
dominately reflects its renal excretion rate. This latter decrease
occurs at the same exponential rate in the compartments
wherein it is distributed.

Indeed, the plasma disappearance curve can be resolved into
two exponential decay curves by plotting the log of the plasma
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concentration as a function of time and applying the technique
of curve stripping (Figure 5.5). The terminal slow (renal) por-
tion of the curve is extrapolated back to zero time, and its y-axis
intercept (A) and slope (o) are determined. When the values
along line A are subtracted from the original curve, a second
log-linear function (line B) is obtained. Its y-axis intercept (B)
and slope (B) are also noted. The clearance of the substance
(GFR) can be calculated as:™

GFR =Dose x0.693/[(exp(A)/o.+ (exp(B)/B)]

where Dose is the administered amount of GFR marker, and
GFR is normalized to 1.73 m? by multiplying by 1.73/BSA.
Thus, to obtain an accurate plasma disappearance curve, several
blood samples are required. Extension of sampling to 5 hours is
essential to assure accuracy at low levels of GFR.

Excellent and comparable results may also be obtained using
the one-compartment (renal curve) model, by which samples
are obtained 2-5 hours after injection, as described by Brochner-
Mortensen:”

GFR=C1xGFR(A)+C2x[GFR(A)J?

Log [lohexol]
O—=MNwhroo N
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Figure 5.5 Disappearance of iohexol as a function of time after injection into
the blood. The natural log of the iohexol concentration is plotted against the
time in minutes. The curve can be stripped into two components: the slow or
renal curve with slope o and intercept A. When those points are subtracted from
the initial curve, a straight line with a steeper slope B defines the fast or distrib-
ution curve with intercept B.

Table 5.5 Properties of markers of glomerular filtration

Property Inulin Creatinine
MW (Da) 5200 13
Elimination half-life (min) 70 200
Protein binding (%) 0 0
Space distribution ECW TBW

where

GFR(A) =Dose/[exp (A)/a]

and C1=0.9908 and C2=0.001218, as generated by Brochner-
Mortensen in adults by comparing to plasma disappearance

curves for >'Cr-EDTA.

DTPA, EDTA, and iothalamate

Historically, the plasma disappearance curve was most often
used when assessing GFR with radionuclides (Table 5.5). DTPA
(diethylenetriaminepentaacetic acid) has a MW of 393 Da
and is excreted primarily by glomerular filtration. GFR can be
measured in each kidney using a scintillation camera and the
%nTe.DTPA complex; however, the correlation with 24 -hour
creatinine clearances is only fair.™ It should be noted that the
plasma clearance of *™Tc-DTPA significantly exceeds the uri-
nary clearance.’®” On the other hand, the plasma clearance of
9mTe-DTPA correlated well with the renal clearance of inulin.™
Failure to accurately measure GFR may reflect the facts that the
9mTe can dissociate from the DTPA during the study, and there
can be variations in protein binding, depending on the ligand
attached to DTPA." Some preparations with CaNa-DTPA gave
results comparable to *!Cr-EDTA, whereas others underesti-
mated GFR by 7-22%. Thus, the accuracy of ™ Tc-DTPA may
depend on the commercial source.

EDTA is another glomerular marker (MW =292 Da) and
is used as a chelate of °'Cr, primarily in Europe. Its plasma
clearance exceeds its urinary clearance by ~6 ml/min, particu-
larly in patients with reduced renal function.”® However, plasma
clearance of °!Cr-EDTA agrees well with that of renal inulin
clearance,” indicating that it is a good marker for GFR. Values
of >'Cr-EDTA plasma clearances increase from birth to age
18 months and thereafter plateau (see Table 5.4B). The
absolute numbers agree well with measurements performed
using inulin clearances (see Table 5.4A).

lothalamate sodium has a MW of 636 Da. It has been used as
B]-radiolabeled or without radioactive label, its plasma con-
centration being measured by X-ray fluorescence, HPLC, or by

lothalamate DTPA EDTA lohexol
636 393 292 821
120 110 120 90
<5 5 0 <2
ECW ECW ECW ECW

ECW, extracellular water; TBW, total body water; DTPA, diethylenetriaminepentaacetic acid; EDTA, ethylenediaminetetraacetic acid.

Table adapted from Rahn et al.®®
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capillary electrophoresis. In a comparison of agents, the plasma
clearance of '“I-iothalamate was 13% higher than that of
SICr-EDTA." The difference was reduced by pretreatment
of the patients with probenecid, an organic anion secretory
inhibitor. Extensive laboratory studies have shown unambigu-
ously that iothalamate is actively secreted by renal proximal
tubular cells, and may also undergo some tubular reabsorption.”
The renal clearance of iothalamate significantly exceeds that
of inulin in patients with normal renal function,”® and any
reported agreement with inulin clearance may reflect a fortu-
itous cancellation of errors between tubular excretion and pro-
tein binding.” Thus, iothalamate cannot be recommended as
an ideal marker for measuring GFR.

Iohexol
A reliable alternative to inulin clearance avoids both the use of
radioactivity and the problems related to timed urination and
continuous infusion of the marker. Iohexol, a non-ionic, low
osmolar, X-ray contrast medium (Omnipaque) that is safe and
non-toxic and used for angiographic and urographic procedures,
is eliminated from plasma exclusively by glomerular filtration.®
Iohexol has a MW of 821 Da, a plasma elimination half-time
of ~90 minutes, is distributed into the extracellular space, and
has less than 2% plasma protein binding.’*®! Iohexol is excreted
completely unmetabolized in the urine with 100% recovery
within 24 hours after injection.® Since iohexol can be quanti-
fied in small samples, capillary as well as venous sampling can
be employed.® Extrarenal elimination of iohexol in a setting
of reduced GFR is negligible.®* Iohexol is measured in depro-
teinized plasma or serum by HPLC or X-ray fluorescence. The
commercially available preparations contain two isomers of
iohexol, both of which are handled similarly by the body.%*®
In practice the major peak, eluting at about 5 minutes, is used
for determining serum/plasma concentrations.*> Most studies
indicate close agreement between GFR (measured by inulin
clearance) and clearance of iohexol, measured as standard renal
clearance or plasma disappearance.®*-% There is not only a
very good correlation between plasma iohexol clearance and
that of *!Cr-EDTA but also no difference between the methods
by Bland—Altman analysis.® Direct comparison with iothala-
mate indicates that the iothalamate clearance exceeds that of
iohexol by 19%.%°

Modeling of plasma disappearance of iohexol indicates that
its excretion conforms to a two-compartment open system.5
In a pilot study for the NIH (National Institutes of Health)-
supported Chronic Kidney Disease in Children study (CKiDs),
we have found that even with low GFR, serum iohexol concen-
trations decrease exponentially along the slow (renal) curve
within 60-120 minutes of injection.” The clearance of iohexol
(GFR) may also be calculated from the slow (renal) plasma
disappearance curve (one-compartment system approximation
beginning 120 minutes after injection) according to the method
of Brochner-Mortenson (see above),” or by applying the
Chantler correction, which assumes a constant correction
factor of 0.87.91%

[t should be noted that the collection of urine without urinary
catheters (using various methods to establish that the bladder is
empty after voiding) does not add significant accuracy to the
clearance estimate:*®” 24-hour urines may vary by as much as
10-15% from one day to another,’” and a similar phenomenon
can be seen when averaging multiple short urine collections.
Therefore, a fair correlation with standard inulin clearance is
perhaps the best that can be expected. The plasma disappear-
ance of a marker that is excreted only by glomerular filtration
may in fact be the gold standard that replaces the standard
inulin clearance.

Determination of GFR by radionuclide scan

Estimation of GFR by use of radioisotopes is a commonly used
technique in children, particularly with the limited availability
of inulin and difficulties in collecting accurate timed urines in
children. Commonly used radioisotopes are **Tc-DTPA, B!I-
or W[-Hippuran, and **Tc-MAG3 (mercaptoacetyltriglycine).
Only the first compound is useful for GFR measurement. One
method calculates GFR from the uptake of labeled tracer in
each kidney and allows separate assessment of each kidney
(split functions).™ A second method utilizes the disappearance
of the labeled marker from the plasma, and, as noted above,
DTPA is variably accurate as a marker of GFR.

Hippuran is secreted and thus does not measure GFR, but
provides information on renal blood flow; because of its protein
binding, it is not as accurate as p-aminohippurate for this pur-
pose. But hippuran has been used as a dynamic radionuclide
renographic test of renal function that complements the
predominantly anatomic information provided by most other
imaging techniques. MAG3, because of its higher extraction
ratio, which results in better renal images, has now supplanted
hippuran for this purpose.”

Tests of tubular function

Unless there is a suspicion of specific transport defects (renal
bicarbonate wasting, persistent acidosis, a concentrating defect,
etc.), detailed evaluation of renal tubular functions is not rou-
tinely performed. Tests exploring specific functions of the renal
tubules under conditions in which the tubule must develop an
adaptive response may uncover disorders that are not readily
apparent under basal conditions.

Renal bicarbonate handling

Renal regulation of acid—base balance requires the reclamation
of bicarbonate that is filtered at the glomerulus, and this is pri-
marily achieved by the proximal tubular function. Failure to
reabsorb the filtered bicarbonate results in type I, or proximal
renal tubular acidosis (PRTA), a well-known cause of failure to
thrive in children. A second prominent tubular function is
excreting protons and generating new bicarbonate in order to
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replenish the bicarbonate pool in the body. This function is
primarily attributable to the distal nephron, mostly in the corti-
cal and medullary collecting ducts.

Detailed tubular acid—base handling can be studied by the
bicarbonate titration test, which provides information about:

e renal threshold for bicarbonate
e the fraction of filtered bicarbonate that is reabsorbed in the
kidney
e distal proton secretion.”’
The bicarbonate titration test is usually conducted after deter-
mining that the urine pH is below 5.8, and therefore contains
very little bicarbonate. At this point, the serum bicarbonate
concentration should be below its renal threshold. A baseline
sample of arterialized capillary blood or arterial blood is mea-
sured for bicarbonate, pH, and pCO,. Then, an intravenous
solution of 0.2-0.5mol/L is infused at a rate that is anticipated
to raise serum bicarbonate by ~2 mmol/L/h. Renal threshold for
bicarbonate is reached when the urine pH of 6.5-7 is attained.
This is confirmed by obtaining serum bicarbonate values at
that point.

Renal threshold for bicarbonate

Edelmann et al defined the renal threshold for bicarbonate
as the point at which there is significant urinary excretion of
bicarbonate, which corresponds to a urine pH between 6.5 and
7.0.°7 Qetliker and Rossi regarded urinary pH above 6.8 as a cri-
terion for renal threshold of bicarbonate.”® Normal renal thresh-
old for bicarbonate is 20-22 mmol/L in infants, 22—24 mmol/L
in children, and above 24 mmol/L in adolescents. Threshold for
bicarbonate is substantially reduced in PRTA.?*

Fractional excretion of bicarbonate

Information related to the fraction of filtered bicarbonate
excreted by the kidney is useful from both diagnostic as well
as therapeutic perspectives. Measuring fractional excretion of
bicarbonate (FEHCO3) at the time of the bicarbonate loading
test requires determination of GFR. Although inulin can be
employed as a marker in this test, endogenous creatinine clear-
ance is usually adequate to estimate GFR and FEHCO The
FEHCO3 is calculated by using the formula:

UHCO-/SHC03X SCr/LJCr>< 100

Uyco. is measured directly or determined from the Henderson—
Hasselbalch equation:

pH=pK+log (HCO3/0.03xpCO,)

where pK is corrected for cation concentrations from the
formula:

6.33-0.5x log +~/urine Na+K (mol/L)

Other parameters are measured in blood (sera) and urine, using
conventional autoanalyzer methods.

The expected FE, ., at a normal level of serum bicarbonate
is less than 5%, whichis also found in classical type I, or dis-
tal RTA (DRTA). FEHLO of 15%, or higher, occurs in type 11
or proximal RTA, and a value of 5-15% is seen in type IV or
hyperkalemic RTA. The information derived from calculation
of FEHLO at the normal level of serum bicarbonate threshold is
helpful i in planning appropriate bicarbonate therapy in a newly
diagnosed child with RTA. Clearly, this test must be done with-
out significant volume expansion, which is known to lower the
serum bicarbonate threshold and raise FEHLO , and hence the
slow rates of infusion.

Urine —Blood pCO,
In the setting of an alkaline urine (and a higher driving force)
during bicarbonate loading, the secretion of protons in the dis-
tal nephron segment is favored. The secreted protons combine
with filtered bicarbonate to generate carbonic acid. Because of
limited carbonic anhydrase activity in the luminal side of the
medullary collecting duct, the carbonic acid dehydrates very
slowly into CO, and water.” This medullary trapping of CO,
and the unfavorable surface-to-volume ratio of the lower uri-
nary tract limits the diffusion of CO, out of the tubular lumen.
Thus, the partial pressure of urinary CO, (U pCO,) remains
elevated with ongoing proton secretion, and this is used as a
reliable index of distal nephron proton secretion.”®

To study distal tubular proton secretion by urine—blood (U-
B) pCO,, the bicarbonate titration is further extended and the
rate of infusion is doubled in order to produce a sufficiently
alkaline urine. The U-B pCO, measured in the setting of
an alkaline urine (pH>7.5) is capable of detecting subtle
defects of distal nephron acidification.'®!! Normal U-B pCO,
is >20mmHg.'*"!** U-B pCO, in DRTA is <20 mmHg.

Tests of urinary acidification

Tests of proton secretory capability of the distal nephron are
often necessary in the evaluation of a patient with metabolic
acidosis and suspected RTA. Secreted protons are present free
in solution (as determined by urine pH), or bound to two major
urinary buffers, phosphate and ammonia. Titratable acid refers
to the amount of alkali needed to raise the urine pH to 7.4. Net
acid excretion equals the sum of titratable acid plus ammonium,
minus bicarbonate.

Minimum urinary pH and net acid excretion

Renal proton excretion is tested by the urinary acidification test
following an acid load. The acid load is usually given as oral
ammonium chloride (dose 75-150 mEq/m?) dissolved in lemon
juice and sugar, or as enteric-coated capsules, and is ingested
over | hour. This generally results in a state of moderate meta-
bolic acidosis with blood pH below 7.33, and serum bicarbonate
level below 16—18 mmol/L. Normal subjects lower urine pH
below pH 5.5 and increase net acid excretion above 70 LEq/min
per 1.73 m? (Table 5.6).°"!® Patients with type I or DRTA



Clinical assessment of renal function 85

Table 5.6 Maturation of the renal response to an acute acid load in infants and children?

Age UpH Titratable acid Ammonium Net acid excretion
Pre-term (1-3 weeks)' 6.0£0.1* 25+ 4% 29+2* 54+ 6"
Pre-term (4-6 weeks)' 5.2+0.4 36+9 40+8* 76+ 13*
Pre-term (3-4 months)? 5.2+0.2 54420 37+10* 90+ 24*
Term (1-3 weeks)" 50£0.2 3248 56+9* 88+8*
Infants (1-16 months)® 49+0.1 62+ 16 57 £14* 119+30
Children (7-12 years)® 49+0.2 50£10 80%12 13014

*Mean £ SD; minimum urine pH (UpH); maximal titratable acid, ammonium, and net acid excretion in timed urine collections given as pEg/min per 1.73 m2 Acute acid
load was NH,CI given orally at 3.9-5 mEqg/kg (75-100 mEq per m?) for infants and 5.4 mEq/kg (150 mEq per m? for children.

*Significantly different (P<0.05) from values in children by Tukey's test.
Data compiled from the following references:

'Svenningsen NW. Pediatr Res 8:659, 1974

*Schwartz GJ et al. J Pediatr 95:102, 1979

Edelmann CM Jr. et al. J Clin Invest 46:1309, 1967.

cannot decrease urine pH below 5.5, or increase net acid
excretion above 70 HEq/min/1.73 m?. In type II or PRTA, these
levels are achieved once serum bicarbonate falls below the
reduced renal threshold. Patients with type IV RTA have normal
ability to decrease urine pH but defective excretion of ammo-
nium and net acid.

A reliable screening tool for urinary acidification is to examine
the pH of the second fasting urine of the morning. An acidified
urine with a pH < 5.5 excludes incomplete or minor forms of distal
RTA. However, the range of urine pH in early morning urine of
normal children is 5.16-7.07, with a median pH of 6.0, clearly
underlining low specificity of this screening test.!® Children who
cannot concentrate the urine may also be unable to adequately
decrease urine pH. Similarly, in patients with decreased extracel-
lular volume, the urinary acidification defect may be a result of
lack of sodium within the lumen of the distal nephron. Other con-
ditions causing high urine pH during metabolic acidosis include:

urinary infections with urea-splitting organisms
severe potassium depletion, which stimulates ammoniagene-
sis, and excess ammonia buffers all free luminal protons

e gastrointestinal losses producing avid salt retention with
decreased distal sodium delivery, leading to an abnormal
distal luminal electrochemical gradient and subsequent
increased urinary pH.!910

Therefore, it is important to also measure urinary sodium and
osmolality, in addition to pH and ammonium, since a low pH
associated with reduced ammoniuria does not exclude a defective
distal acidification. Conversely, high ammoniuria may be respon-
sible for the fact that urine pH does not decrease below 5.5.

Surrogate markers of renal ammonium generation
In many clinical laboratories it is difficult to measure urinary
ammonium, and alternative tests have been suggested. Of

these, urinary net charge (UNC, formerly known as urinary
anion gap) provides a good estimation of urinary ammonia
content, 105107-109

UNC=UNa*"+UK*-UCI

A negative UNC is the appropriate response to chronic meta-
bolic acidosis, indicating that urinary NHj is present. A posi-
tive value suggests a lack of urinary NH and a defect in distal
urinary acidification. The UNC cannot be used in high serum
anion gap acidosis (because of excessive urinary organic
anions), or in severe volume depletion with avid Na* retention
(because of decreased distal Na* delivery). Caution should also
be used in interpreting the UNC in neonates.!''°

If excessive unmeasured urinary anions are suspected,
urinary ammonium concentration can also be estimated
from the difference between measured and calculated urine
osmolalities:'!!!

Urine NH} =0.5 x (Osmolality—[2(Na*+ K*) + urea/2.8 + glucose/18])

where [2(Na*+K"*) +urea/2.8 + glucose/18] is calculated osmo-
lality in mOsm/kg and NHJ, Na*, and K* are in mmol/L, and
urea and glucose are in mg/dl. A value <20 mOsm/kg is antici-
pated in a patient with distal RTA.

These tests help distinguish different forms of RTA. Patients
with distal RTA are unable to both maximally decrease uri-
nary pH and increase net acid excretion up to normal values.
In proximal RTA, minimal urinary pH and normal net acid
excretion are achieved once serum bicarbonate falls below
the renal threshold. Patients with type IV RTA show normal
ability to decrease urinary pH but defective excretion of
ammonium.
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Furosemide test
Furosemide increases distal sodium delivery, which generates an
electronegative lumen potential and favors proton secretion.
This principle has been used to test the distal tubular urinary
acidification. After furosemide is administered (dose 1 mg/kg)
intravenously or orally, within 2 hours a normal subject excretes
urine with pH below 5.2, associated with a kaliuretic response.
In 20 children given 1 mg/kg furosemide, Rodriguez-Soriano
and Vallo reported the mean urine pH to be 4.96 and FE, of
35.4%.112

Type 1, or DRTA patients, with intrinsic defect in the proton
pump cannot maximally decrease urine pH in response to
furosemide. On the other hand, patients with type IV RTA,
those with subnormal distal proton secretion secondary to
low distal delivery of sodium (i.e. nephrotic syndrome), or
reversible impairment of sodium distal reabsorption (i.e. sickle
cell anemia or lithium administration) respond normally.

Acetazolamide test

Acetazolamide inhibits carbonic anhydrase, reduces proximal
reabsorption of bicarbonate, and thereby causes bicarbonaturia
and an alkaline urine. Oral acetazolamide is given at a dose of
15-20 mg/kg and pCO, is measured in blood and urine. A nor-
mal response shows an increase in urine pCO,, and a U-B
pCO,>20 mmHg, suggestive of increased proton secretion.
Children with primary defects of the distal proton pump do not
increase urine pCO,. This test gives results similar to those from
patients subjected to bicarbonate loading.!”’

Test for renal glucose handling

Glucose is reabsorbed in the proximal tubule. Below a threshold
level, all filtered glucose is reabsorbed and there is none in the
urine. Once the filtered glucose load saturates the transport
systems, the maximum rate of reabsorption is attained. From
that point on, the urinary glucose elimination parallels the fil-
tered load. To test the proximal tubular reabsorption of glucose
the patient should be in the fasting state so that the urine is free
of glucose. A water load is given (5 ml/kg). The titration curve
can be obtained by infusing a 30% glucose solution at progres-
sively increasing flow rates.!'* The starting rate of infusion is
1.6 ml/m?/min. After a 20-minute equilibration period, two or
three 15-minute collections of urine are obtained. Serum sam-
ples are obtained at the midpoint of each urine collection period.
Accurate urine collections may require bladder catheterization
in young children.

The normal serum glucose threshold is 180 mg/dl, and the
maximum tubular reabsorption of glucose normalized to 1.73 m?
BSA averages 213 £73 mg/min and 362+ 96 mg/min for infants
aged 2.5-24 weeks and children aged 1.5-13 years, respec-
tively.'® When normalized to GFR, there is no difference in
maximum tubular glucose reabsorption (294 £ 74 mg/dl GFR)
for infants and (283 £47 mg/dl GFR) for children.'”

Maximal urinary concentrating ability

The simplest method to examine urinary concentrating capacity
is to measure urinary osmolality after an overnight fluid restric-
tion. If diabetes insipidus is suspected, water deprivation
should be performed under careful observation over a period of
6-8 hours because of a significant risk of dehydration. A loss of
3% of body weight indicates that the test should be terminated.
If the weight loss is less than 3%, the patient can usually tolerate
the rigors of overnight thirsting.

A normal noon meal is given the day of the test, following
which, except for a dry evening meal, the child does not ingest
water or food until the test is completed. The bladder is emptied
at bedtime and all urine passed from bedtime to 7 a.m. is pooled
as an overnight collection. Two subsequent urines are also col-
lected for osmolality. Urinary osmolality increases after 12
hours of water deprivation. In healthy children above 2 years of
age the mean values of urinary osmolality in the first and
second urine samples voided after the overnight collection
are > 1000 mOsm/kg water (Table 5.7).1!'¢ Infants during the
first month of life concentrate the urine to about 60% that of
older children. However, infants are able to increase urinary
osmolality to mature levels by ingesting a very high (8 g/day/kg)
protein diet and restricting fluids to 120 ml/kg.'"”

In the absence of heavy proteinuria or radiocontrast material
in the urine, the osmolality can be estimated from urine specific
gravity by multiplying the last two digits of the refractometric
measurement by 40.! For example, specific gravity of 1.027 cor-
responds to osmolality of 1080 mOsm/kg water, and signifies
normal concentrating capacity.

In primary polydipsia, prolonged fluid restriction is hazardous
because of an induced hypotonic medullary interstitium. In such
cases, a progressive reduction in fluid intake over days to weeks
is required before exposing the child to a concentrating test.

Table 5.7 Urinary concentrating capacity

Age Urinary osmolality

7-40 days 657+ 1157

2 months to 3 years 416x log (age days)
+63%145°

3-15 years 1069+ 128°

2-16 years 1089+ 110¢

Mean=£SD; concentration capacity progressively increases up to age 3 years.
Data from the following references:

Edelmann et al."”

®Winberg J. Acta Paediatr 48:318, 1959.

‘Edelmann et al."

Data from subjects in Reference’ obtained from overnight thirst combined with
intramuscular pitressin tannate.
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Vasopressin stimulation

If a concentrating defect is demonstrated or suspected, the
sensitivity of the kidney to exogenous antidiuretic hormone
(ADH) should be examined. The agent most commonly used is
1-desamino-8-D-arginine vasopressin (desmopressin, DDAVP),
which can be given intranasally at doses of 10 l1g in infants and
20ug in children.!® In infants, the usual fluid intake is
restricted by 50% in the 12 hours following DDAVP adminis-
tration to prevent overhydration and hyponatremia. Osmolality
is measured in individual urine samples over the 6-8 hours after
DDAVP administration. Assessment of urinary concentration
capacity by giving DDAVP at bedtime and collecting one urine
sample the following morning yields a reliable and easy to per-
form result in children.'®

Maximal urinary dilution ability

Water loading to induce maximal urinary dilution and sup-
pression of aldosterone and vasopressin requires extracellular
volume expansion. Maximal excretion of electrolyte-free water
is generated in the diluting segment of the tubule and an indi-
rect estimate of solute reabsorption in the different segments of
the nephron may be obtained by calculating a variety of urinary
indices, as shown in Table 5.8.'"?

Oral loading of water at 20ml/kg is followed by a con-
stant intravenous infusion of 0.45% saline (2000 ml/1.73 m?),
administered over 2 hours. Calculations are performed in the
most dilute samples (urine osmolality <70 mOsm/kg water)

with the highest free water clearance. Each urine collection is
factored by creatinine clearance (as an estimate of GFR). The
free water clearance is calculated from the following equations:

COsm: UOsm/SOsm X V

and

CHZO= V-Com

where V is the urine volume in ml/min, Uy and S, are urine
and serum osmolalities, and C__ is the osmolar fractional clear-
ance in ml/min, and these are factored by 1 dl of glomerular
filtrate (GF). This test can localize the site of defective reab-
sorption in tubular disorders, such as in Bartter syndrome char-
acterized by excessive loss of sodium, potassium, and chloride.
Clearances of sodium, potassium, and chloride are performed
similarly using the formula:

C.=U/S xV

where V is urine flow in ml/dl of glomerular filtrate. Whereas
the computed indices in Table 5.8 can provide useful informa-
tion about tubular transport based on theoretical assumptions,
some caution should be used in interpreting such tubular data
derived from clearance methodology.

Table 5.8 Normal urinary excretion indices in infants and children undergoing maximal free water clearance

Parameter

Urine osmolality (mOsm/kg water)

Urine volume (ml/d| GF)

Osmolar clearance (ml/dl GF)

Free water clearance (ml/dl GF)

Sodium clearance (ml/dl GF)

Potassium clearance (ml/dl GF)

Distal delivery (water+sodium, ml/d| GF)
Percentage of sodium reabsorbed distally (%)
Creatinine clearance (ml/min/1.73 m?)

Data are mean £SD; *significantly different from infants (p<0.05).

Infants Children
51.8+12.8 54.1+£13.3
22.8+3.6 17.2+2.7%
43+1.3 3.2+0.7*
18.5+2.9 14.0+2.6*
1.9+0.8 1.4+0.4*
19.9+12.0 12.9+5.2%
20.4+29 15.3+£2.6"

90.8+4.5 90.9+3.3
88.5x+27.1 124.8+25.2*

Data obtained at peak values of sustained water diuresis, resulting from an oral water load of 20 ml/kg over 30 minutes plus 0.45% saline at 1000 ml/h/1.73 m? over

2 hours.

Free water clearance, CHzO = volume —osmolar clearance, provides an estimate of sodium reabsorption by the diluting segments.
Distal delivery = free water clearance + sodium clearance. In the absence of bicarbonaturia or hyperkaliuria, distal delivery is nearly identical when using sodium or

chloride clearance.

Percentage of sodium reabsorbed distally = free water clearance/(free water + sodium clearances).

GF, glomerular filtrate; GFR is approximated by endogenous creatinine clearance.

Standard clearance formula: C,= U, x V[P and is corrected to glomerular filtrate or 1.73 m” BSA (body surface area).

Reproduced with permission from Rodriguez-Soriano et al."®
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Urinary solute excretion

The kidney controls the homeostasis of a variety of electrolytes.
Most of these solutes are freely filtered and either secreted
or reabsorbed by the tubules. The urinary excretion of such
solutes reflects such tubular transport functions of the kidney.
The following section briefly summarizes the normal handling
of a variety of such electrolytes.

Sodium, chloride, and potassium

On a normal Western diet, children excrete approximately
3—4 mmol/kg/day of sodium. Water and salt homeostasis requires
independent regulation of sodium and water, because of variabil-
ity in the intake. Urinary sodium concentration is dependent on
the degree of concentration or dilution of urine. For this reason,
the excretion of urinary solutes is frequently normalized to
that of creatinine. Under conditions of severe volume contrac-
tion, sodium can be undetectable in the urine. Normal sodium/
creatinine ratios are given in Table 5.9. The handling of sodium
is often expressed as a fractional excretion rate. The fractional
excretion of sodium (FE,) is calculated as:

UN;)/SN‘A
FEvi = —
Uc/Ser
FE,, in normal individuals ranges from 0.3 to 1.6%, depending
on salt intake.'?® In patients with prerenal azotemia, FE,, is less
than 1%, whereas it is above 3% in acute tubular necrosis.
Chloride is handled similarly to sodium. The measurement of
urinary chloride is useful in the diagnosis of metabolic alkalosis.
A urinary chloride above 10 mmol/L indicates metabolic alka-
losis of renal origin, whereas lower concentrations of urinary

chloride suggest volume contraction as the cause of metabolic
alkalosis.

Urinary potassium excretion is approximately 1-2 mmol/kg/day
and is primarily regulated in the distal nephron, under the
influence of aldosterone and by the amount of salt and
water delivered to the distal nephron. The renal ability to
conserve potassium is not as effective as for sodium. Therefore,
urinary potassium excretion does not decrease to< 15 mmol/L.
Normal potassium/creatinine ratios are shown in Table 5.9.
Normal FE, in children ranges from 10 to 30%.”

To estimate the action of aldosterone on the distal nephron,
one can calculate the transtubular potassium concentration

gradient (TTKG):

UK/SK

TIKG = ——
Uosm/sosm

The TTKG is>5 in the presence of normal aldosterone action
and decreases to< 3 in the absence of mineralocorticoid activity
or secretion of potassium into the distal nephron.!? The TTKG
rises> 11 with a potassium load, indicating increased potassium
secretion.

Calcium, phosphate, and magnesium

Urinary calcium excretion is often examined as a cause of
hematuria and kidney stones. Urinary excretion of calcium
is dependent on dietary intake as well as age (see Table 5.9),
being higher in infants.!?"'?? In a southern Italian study, the
urinary excretion of calcium was 3—4 mg/kg/day in children
aged 3-5 years and decreased to 1.5-2.5 mg/kg/day in children
aged 15-16 years.'” In children>5 years of age, hypercalciuria

Table 5.9 Age-dependent 5th and 95th percentiles for urinary solute/creatinine ratios

Age (years)

0.1-1 1-2 2-3 3-5 5-7 7-10 10-14 14-17
Solute/Cr (mol/mol) 5% 95% 5% 95% 5% 95% 5% 950 5% 95% 5% 95% 5% 950 5% 95%
Na/Cr 25 54 4.8 58 59 56 6.6 57 7.5 51 7.5 51 6 34 - 28
K/Cr 1 74 9 68 8 63 6.8 48 54 33 45 22 3.4 15 — 13
Ca/Cr 0.09 22 0.07 1.5 0.06 1.4  0.05 1.1 0.04 08 0.04 0.7 0.04 0.7 0.04 0.7
P/Cr 1.2 19 1.2 14 1.2 12 1.2 8 1.2 5 1.2 3.6 0.8 3.2 0.8 2.7
Mg/Cr 0.4 2.2 0.4 1.7 0.3 1.6 03 1.3 0.3 1 0.3 0.9 0.2 0.7 0.2 0.6
Ox/Cr 0.06 0.2 0.05 0.13 0.04 0.1 0.03 0.08 0.03 0.07 0.02 006 002 0.06 0.02 0.06
Ur/Cr 0.75 155 0.5 1.4 0.47 1.3 04 1.1 0.3 0.8 026 056 0.2 0.44 0.2 0.4

Cr, creatinine; P, phosphate; Ox, oxalate; Ur, urate. For conversion to mg units: T mmol = 113 mg Cr; 23 mg Na; 39 mg K; 40 mg Ca; 32 mg P; 24 mg Mg; 90 mg Ox;

168 mg Ur.

Adapted from the following references:
e Guignard and Santos.”

Matos et al.'

Matos et al.™”!
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is usually defined as the excretion of more than 4 mg/kg/day, or a
urine calcium (mg)/creatinine (mg) ratio above 0.2 12415

Urinary phosphate excretion decreases with maturation (see
Table 5.9).126 Older children normally excrete 15-20 mg/kg/day,
compared with 35-40 mg/kg/day in young children.!” After age
4, the fractional excretion of phosphate is approximately
743%.126

Urinary magnesium excretion also shows a maturational
decrease, as shown by the magnesium/creatinine ratios (see
Table 5.9). Older children excrete 1.5-2.0 mg/kg/day, compared
with 2.3-2.6 mg/kg/day in younger children.'"” The FE,_ is
normally about 5%, but decreases to <1% in the setting of
magnesium deprivation.!’

Uric acid, oxalate, and citrate

Elevated concentrations of uric acid and oxalate and low levels
of urinary citrate are also risk factors for the development of
kidney stones. Both oxalate and uric acid show maturational
decreases in urinary excretion (see Table 5.9).125% Uric acid
excretion decreases from 10-20mg/kg/day in 3-5-year-old
[talian children to 5-10 mg/kg/day in older children.!” Brazilian
children show a decrease from 5-15 mg/kg/day in preschoolers to
4-10mg/kg/day in adolescents.!” Hyperuricosuria is also diag-
nosed by examining urinary uric acid concentration factored by
creatinine clearance (U, XS .,./U....o €ach in mg/dl); hyper-
uricosuria is defined by a value >0.54-0.56 mg/dl of glomerular
filtrate.!”>! Alternatively, hyperuricemia is defined as the
excretion of uric acid above 815 mg/24 hours/1.73 m?.!*

Urinary oxalate excretion was 1-2mg/kg/day in Italian
children aged 3-5 years old and decreased to 0.3-0.7 mg/kg/day
in older children.'”® Table 5.9 shows the decrease in urinary
oxalate/creatinine ratios with age.!” Hyperoxaluria is also
defined as urinary oxalate exceeding 0.5 mmol (45 mg)/24 hours/
1.73 m?, or 0.048 mg oxalate/mg creatinine (0.06 mol/mol) in
children older than 5 years of age.!?

Urinary citrate excretion normally averages 0.03 mmol
(6.3 mg)/kg per 24 hours."”® The range of urinary excretion
of citrate does not show maturational changes, but it is clear
that females excrete more urinary citrate than males."** Hypo-
citraturia predisposes to kidney stone formation. Hypocitraturia
is defined as a urinary citrate/creatinine ratio <300 mg/g
(0.176 mol/mol) in girls and 128 mg/g (0.074 mol/mol) in
boys.*
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Diagnostic imaging
- of the urinary tract

Dorothy Bulas, Bruce Markle, and Eglal Shalaby-Rana

Radiologic imaging plays a vital role in the evaluation of the
urinary tract in children. Multiple imaging modalities are avail-
able for the diagnostic work-up of renal disorders in children.
Ultrasonography is particularly useful in the evaluation of the
structure of the kidneys and bladder without the use of ionizing
radiation. Fetal ultrasound examination has been instrumental
in the identification of urologic abnormalities long before they
become clinically evident. Computed tomography (CT) as well
as magnetic resonance imaging (MRI), with their excellent spa-
tial resolution, are useful in the evaluation of the kidneys and
vascular structures. These imaging modalities are often comple-
mentary, each with their clinical indications and applications,
as well as limitations.

Conventional radiology

Conventional imaging techniques include the KUB (Kidneys,
Ureter, Bladder) X-ray, the intravenous pyelogram (IVP), and
the voiding cystourethrography (VCUG). The KUB is used to
assess for the presence of calculi along the urinary tract, as well
as examine the spine for dysraphism. IVP has largely been
replaced by nuclear medicine techniques and its indications in
clinical use in children are only few. In the past, IVP has been
used in the evaluation of hydronephrosis, calculi, and compli-
cated duplex collecting systems and has been replaced by a com-
bination of ultrasonography, nuclear medicine, CT, and MRI.

Voiding cystourethrography

The VCUG is primarily indicated for detection of vesico-
ureteric reflux (VUR), and for delineating anatomy of the
urinary bladder and urethra.

Technique

The VCUG needs no specific patient preparation. After the
initial scout KUB is taken, using sterile technique, the bladder
is catheterized with a feeding tube. Presence of parents in the
procedure room and using water-soluble topical anesthetic
gel may facilitate the procedure in an apprehensive child.
Radioiodinated contrast (Cystoconray) is instilled into the

bladder under gravity drip. The approximate volume of the
radiocontrast to be used can be calculated by the formula:

Bladder volume (ml) = (Age in years + 2) x 30

An initial filling film is taken to evaluate for bladder-filling
defects, such as ureterocele, which may be obscured by a contrast-
filled bladder. Signs of a full bladder should be observed in the
patient during contrast instillation. These include slowing of
the contrast drip, patient discomfort, and upturning of the toes.
Images are taken of the full bladder, the ureterovesical junc-
tions, the kidney fossae, and the urethra.

Complications of VCUG include urinary tract infection,
chemical cystitis, vasovagal attack, and retrograde spread of
infection leading to acute pyelonephritis. A urine culture is
usually obtained during procedure and before withdrawal of the
catheter.

Interpretation

The normal urinary bladder is a centrally placed smooth-walled
globular structure. The urethral walls are smooth and the poste-
rior urethra is visualized as a non-distended smooth-walled
passage (Figure 6.1). Ectopic ureteroceles, which are frequently
associated with duplex collecting systems, are seen as a filling
defect low in the bladder in the early bladder-filling image
(Figure 6.2). Bladder wall trabeculation (Figure 6.3) occurs as a
result of functional (neuropathic bladder) or mechanical bladder
outlet obstruction (posterior urethral valve). Diverticuli of the
bladder can also be seen in the above clinical circumstance
(Figure 6.4). Posterior urethral valves seen in males show a
dilated posterior urethra and obstructed flow of contrast below
the level of the valves (Figure 6.5).

Classification of VUR

Vesicoureteral reflux, if present, can be classified into five grades
according to the International System of Grading (Table 6.1).!
Intrarenal reflux may be seen with grades IV and V reflux.
Reflux into duplex collecting systems, usually into the lower
pole moiety, can be detected with its more inferior and lateral
placement, the ‘drooping lily’ sign (Figure 6.11).
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Bladder

Bladder neck

Posterior urethra Prostatic

urethra

Membranous /

urethra

Penile urethra

Bulbous urethra

Figure 6.3 Contrast VCUG in a patient with long-standing bladder outlet
obstruction. Severely trabeculated bladder with a narrow lumen, the so-called
Figure 6.1 Contrast VCUG showing normal radiologic anatomy in male urethra. ‘Christmas tree' appearance is evident.

Bladder

é}

Diverticulum

Figure 6.2 Contrast VCUG showing a ureterocele (arrows). Figure 6.4 Contrast VCUG demonstrating a bladder diverticulum.

Renal ultrasound radiation, requires no sedation, can assess organs in multiple

planes, and can evaluate arterial and venous flow with the use
Ultrasound is an ideal modality for the evaluation of the of Doppler ultrasound. Ultrasonography can evaluate renal size,
genitourinary system of the fetus, children, and adults. It is  position, anatomy, urinary bladder masses, anomalies, and pre-
a minimally invasive procedure that is inexpensive, uses no  and postvoid bladder volume and function. Ultrasound is useful
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Figure 6.5 Contrast VCUG showing posterior urethral valves. Marked dilatation
of the prostatic urethra with focal narrowing in the distal posterior urethra
(arrow), due to the valve.

Figure 6.7 Contrast VCUG demonstrating grade Il vesicoureteric reflux. The
calyces are sharp with deep papillary impressions.

Figure 6.8 Contrast VCUG showing grade IlI vesicoureteric reflux. Calyces
Figure 6.6 Contrast VCUG demonstrating grade 1 vesicoureteric reflux (arrows). blunted but papillary impressions are preserved.
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Table 6.1 Grading of vesicoureteric reflux

Grade |I: Reflux into the ureter only (Figure 6.6)

Grade II: Reflux into the collecting system, without blunting of calyces (Figure 6.7)

Grade IIl: Reflux into the collecting system, with mild blunting of calyces and preservation of papillary impressions; ureter may be mildly
dilated (Figure 6.8)

Grade IV: Reflux into the collecting system, with moderate blunting of calyces, some loss of papillary impressions, and occasional
complete loss of papillary impressions (clubbing); ureter dilated and tortuous (Figure 6.9)

Grade V: Clubbing of most of calyces. Ureter is dilated and tortuous (Figure 6.10)

From Lebowitz et al.’

Figure 6.9 Contrast VCUG demonstrating grade IV vesicoureteric reflux.
Calyces are significantly blunted with very shallow papillary impressions. Ureter
is also dilated.

for the evaluation of structures around the urinary tract that
may obstruct the kidney and bladder. Ultrasound is also used in
the guidance of percutaneous procedures such as renal biopsies
or drainages.

Limitations of ultrasound include the inability to penetrate
gas or bone. Crying infants and obese patients may also restrict
resolution. It also needs to be pointed out that the recorded
observations of ultrasound are highly operator-dependent.
Despite these limitations, ultrasound is a cornerstone in the
evaluation of renal and bladder anatomy.

Figure 6.10 Contrast VCUG demonstrating grade V vesicoureteric reflux. Note
dilated and tortuous ureters, along with clubbing of most calyces.

Renal size

Evaluation of the kidney begins with an assessment of size.
Normal data for renal size are available prenatally through ado-
lescence (Table 6.2). Graphic representation of renal size in
relation to age and height is shown in Figure 6.12. Table 6.3
lists the causes of abnormal kidney size.

Evaluation of renal architecture
Location and configuration of the kidney is important in the
identification of pelvic, horseshoe, and duplex kidneys. Renal
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Figure 6.11 Vesicoureteric reflux into the lower pole moiety of a duplex
system. Note the downward displacement and lateral position of the collecting
system, the 'drooping lily' appearance.

parenchyma should be assessed for masses, cysts, calcifications,
and echogenicity. Loss of corticomedullary differentiation, also
referred to as medical renal diseases (MRD), can be seen in
varied disorders, such as acute tubular necrosis, infections,
glomerulosclerosis, or autosomal recessive polycystic kidney

disease (ARPKD).

Evaluation of renal vessels

Utilizing duplex, color, and power Doppler imaging, renal ultra-
sound can characterize renal vascular flow. The renal arteries
and veins, as well as smaller arcuate vessels, can be assessed for
renal artery stenosis, renal vein thrombosis, or renal transplant
rejection.

Fetal urogenital ultrasonography

Congenital anomalies of urogenital tract are found in 3-4%
of the population.’ Lethal urinary tract anomalies account
for 10% of spontaneous pregnancy terminations.” A systematic
prenatal sonographic approach includes evaluation of the amni-
otic fluid volume, characterization of genitourinary anomalies,
and search for associated abnormalities such as VACTER
(Vertebral, Anal atresia, Tracheoesophageal fistula, Radial
and Cardiac). Normal fetal kidney has a lobulated appearance,
with distinct pyramidal structures and variable corticomedullary
differentiation (Figure 6.13).

Table 6.2 Renal length in children using ultrasound

Age Mean renal length (cm) SD
0-1 week 4.48 0.31
1 week to 4 months 5.28 0.66
4-8 months 6.15 0.67
8 months to 1 year 6.23 0.63
1-2 years 6.65 0.54
2-3 years 7.36 0.54
3-4 years 7.36 0.64
4-5 years 7.87 0.50
5-6 years 8.09 0.54
6-7 years 7.83 0.72
7-8 years 8.33 0.51
8-9 years 8.90 0.88
9-10 years 9.20 0.90
10-11 years 9.17 0.82
11-12 years 9.60 0.64
12-13 years 10.42 0.87
13-14 years 9.79 0.75
14-15 years 10.05 0.62
15-16 years 10.93 0.76
16-17 years 10.04 0.86
17-18 years 10.53 0.29
18-19 years 10.81 1.13

Reproduced with permission from Rosenbaum DM, Korngold E, Teel RL.
Sonographic assessment of renal length in normal children. Am J Roentgenol
142:467-9, 1984.

Amniotic fluid

Prior to the 16th gestational week, amniotic fluid volume is
partially independent of urine production, but a lack of fetal
urine output after 16 weeks results in a rapid decline in amniotic
fluid volume. Under these circumstances, the fetus develops
classic ‘Potters sequence’, which includes low-set ears, beaked
nose, clubfeet and hands, as well as growth retardation.
Pulmonary hypoplasia is also a common secondary organ
failure and is often the cause of significant morbidity and death
in these patients. Lethal genitourinary anomalies are associated
with minimal or no urine production, and include renal
agenesis, bilateral multicystic dysplastic kidneys, infantile
ARPKD, and severe posterior urethral valves.

Antenatal hydronephrosis
Antenatal dilatation of the renal collecting system is a common
finding in the fetus. Dilatation of the collecting system is graded
as pyelectasis or pelvic dilatation (Figure 6.14), caliectasis or
calyceal dilatation (Figure 6.15), and hydroureter. It is impor-
tant to note that sonography is unable to differentiate between
a dilated urinary collecting system due to urinary obstruction
and a non-obstructed dilated system due to abnormal ureteric
muscle development, or vesicoureteral reflux.

Measurement of the anterior—posterior renal pelvic diameter
(RPD) is commonly used to assess fetal hydronephrosis. In the
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Figure 6.12 Renal size in children as determined by sonography. Age is represented in years unless otherwise specified. (Reproduced with permission from Am J
Radiol Han BK, Babcock DS. Sonographic measurements and apperance of normal kidneys in children. Am J Roentgenol 145(3) 611-16.)

Table 6.3 Causes of abnormal renal size

Small kidney(s)

Renal hypoplasia and dysplasia
Renal arterial stenosis

Reflux nephropathy

Chronic kidney disease

Unilateral nephromegaly

Acute pyelonephritis

Renal vein thrombosis

Renal tumor

Hematoma

Renal abscess

Urinary tract obstruction, hydronephrosis
Beckwith-Weidemann syndrome

Bilateral nephromegaly

Polycystic kidney disease

Acute glomerulonephritis

Bladder outlet obstruction, hydronephrosis
Bilateral Wilms' tumor

Glycogen storage diseases

Acute lymphatic leukemia (leukemic infiltrates)
Lymphomas

second trimester, cut off for abnormal RPD is 4—6 mm, whereas
in the third trimester cut off for abnormal ranges from
7-10mm. Factors such as maternal hydration and size of the
fetal bladder can affect the RPD measurement.* Calyceal
or ureteral dilatation should always be regarded as an abnor-
mal sonographic finding in a fetus, regardless of the renal
pelvic size.”

Fetuses with mild hydronephrosis (RPD 4-7 mm at 18-23
weeks gestation) typically resolve prenatally (80%). Fetuses
with moderate to severe pyelectasis (RPD>7 mm or presence of
caliectasis at 18-23 weeks) typically do not resolve prenatally,
but up to 44% have been reported to resolve postnatally without
any surgical intervention.*

When a fetus is diagnosed with unilateral or bilateral hydro-
nephrosis, it is important to estimate its severity by the degree
of dilatation. Also, a note is made of the state of the renal
parenchyma, and whether the calyces and ureters are dilated. If
both kidneys are affected, and the parenchyma is thinned or
cortical cysts are noted, close prenatal follow-up is necessary
due to the risk of oligohydramnios and progressive renal failure
in the fetus.

Most infants identified prenatally with hydronephrosis
are asymptomatic at birth. Treatment and postnatal imaging
protocols continue to evolve. The infant should be placed on
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Lt Kidney

Figure 6.15 Renal ultrasound in an infant showing moderate pyelectasis and

Figure 6.13 Renal ultrasound in a normal term infant. Fetal lobulations
(arrows) are seen on the surface of the kidney. The renal cortex is more echogenic
than the liver and the prominent renal pyramids are hypoechoic.

Lt Kidney

Figure 6.14 Renal ultrasound showing longitudinal image of the left kidney
with mild dilatation of the renal pelvis.

prophylactic antibiotics until the work-up is completed, if there
is a concern that obstruction or VUR is present. Sonography
should be avoided on the first day of life, since the neonate may
be in a state of dehydration, which can underestimate the
degree of hydronephrosis and result in a falsely negative ultra-
sound study.>®

Sonographic evaluation soon after birth should be considered
in all patients with bilateral severe fetal hydronephrosis, so that
any required intervention can be provided. Because ultrasound
does not screen for VUR, cystography should be considered in
cases of hydronephrosis without any evidence of urinary obstruc-
tion. Need for a cystogram is less clear in cases where postnatal
evaluation shows resolution of antenatal hydronephrosis. In
the presence of a significant hydronephrosis and a normal

caliectasis. Cystogram and diuretic renal scan were normal, suggesting non-
obstructive hydronephrosis.

i T
o ada. . T
Figure 6.16 Renal ultrasound showing longitudinal view of the left kidney.
Significant pelvic and calyceal dilatation and cortical thinning resulting from
ureteropelvic junction obstruction is seen.

cystogram, an isotope scan with furosemide is useful for further
evaluation of the severity of obstruction.’

Obstructive uropathy

The most common anatomic level of obstruction within the
urinary tract is at the level of the ureteropelvic junction (UP]).
Sonographically, the central pelvis and calyces are dilated with
varying degrees of cortical thinning (Figure 6.16). The ureter is
normal in size and usually not visualized. Obstruction at the
ureterovesical junction is often due to a stricture, ureteroceles
(Figure 6.17), or an ectopic ureteric insertion. Bilateral hydro-
nephrosis can result from bladder outlet obstruction, such as
posterior urethral valves. A thick trabeculated bladder wall
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Bladder lumen

Figure 6.17 Prenatal ultrasound at 24 weeks gestation demonstrates a trans-
verse image of bladder containing a cyst consistent with a ureterocele.

Figure 6.18 Ultrasound image of the urinary bladder showing thickened
bladder wall and trabeculations of the mucosa (arrows) in a patient with
neurogenic bladder.

noted on ultrasonography is suggestive of neurogenic bladder
(Figure 6.18), and dilated posterior urethra may be indicative of
posterior urethral valves.

Cystic diseases

A variety of inherited syndromes, genetic and chromosomal
disorders, are associated with renal cystic disease.® Meckel—
Gruber syndrome has cystic dysplastic kidneys, encephaloceles,
and polydactyly. Trisomy 13 and 18 have cystic kidneys in
30% and 10%, respectively. Jeune’s syndrome, short rib poly-
dactyly, and Zellweger syndrome are autosomal recessive syn-
dromes associated with cystic kidneys. Cysts of varying size and
location can be found in autosomal dominant diseases such as
tuberous sclerosis and von Hippel-Lindau disease. Tuberous

Figure 6.19 Transverse image of the right kidney in a patient with multicystic

dysplastic kidney (MCDK) demonstrating multiple cysts of varying size that do
not connect with each other. No normal renal parenchyma is present.

sclerosis is associated with mental retardation, seizures,
adenoma sebaceum, and ectodermal lesions. Approximately
40% of such patients have renal lesions that include cysts and
angiomyolipomas. Angiomyolipomas are identified sonogra-
phically by their echogenic foci due to fat. Von Hippel-Lindau
disease is associated with renal cysts and patients with the
disease have an increased risk of renal cell carcinoma.

Multicystic dysplastic kidney (MCDK) is felt to be the result
of failure of the ureteric bud to unite with or properly divide
and stimulate the metanephric blastema. Sonographically,
multiple non-communicating cysts of varying size are identified
with minimal surrounding echogenic tissue (Figure 6.19).
Unilateral MCDK is associated with contralateral renal anom-
alies in up to 25% of cases.” Complete urologic work-up is
necessary in order to differentiate MCDK from severe UP]
obstruction in the affected kidney, and to exclude VUR in the
contralateral kidney."

Autosomal recessive polycystic kidney disease has a wide
spectrum of clinical presentation, ranging from perinatal severe
renal disease to the juvenile form with minimal renal disease,
and dominant hepatic fibrosis. Kidneys are enlarged, echogenic
as a result of microcysts, and corticomedullary differentiation is
poor (Figure 6.20). Prenatal sonographic diagnosis of ARPKD
can be made only in the second trimester. Kidneys may appear
normal earlier in the gestation. The ARPKD locus has been
mapped to proximal chromosome 6p, so families at risk can be
evaluated with genetic testing in the first trimester.!!

Autosomal dominant polycystic kidney disease (ADPKD)
is characterized by the presence of cysts in the kidney and
liver. Cysts may also be detected in the pancreas and spleen.
Prenatally, the kidneys may appear normal, or large and
echogenic with variable presence of cysts. Multiple cysts scat-
tered throughout the parenchyma are the hallmark of ADPKD
(Figure 6.21). Hemorrhage and calcifications can develop
within larger cysts that appear heterogeneous sonographically.
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Figure 6.20 Renal ultrasound in an infant with autosomal recessive polycystic
kidney disease (ARPKD). Longitudinal view of the kidney demonstrates an
echogenic kidney. No clear evidence of cysts is seen.

Renal neoplasms

Ultrasound may be the first study to detect a renal tumor.
Congenital renal neoplasms are rare. The most common fetal
or neonatal tumor is the mesoblastic nephroma, also known as
fetal renal hamartoma. Prenatally, it may present as a solid
unilateral vascular mass with a whorled appearance. This
benign tumor cannot be differentiated from a Wilms’ tumor
radiographically, and nephrectomy is generally indicated.!

Wilms’ tumor, also known as nephroblastoma, usually pre-
sents as a large mass distorting the collecting system and the
renal capsule. By ultrasound, the mass is typically solid, hype-
rechoic, and homogeneous. The mass may obstruct the collect-
ing system and the renal tissue may be severely compressed into
a thin rim. Hemorrhage and necrosis may make the tumor
heterogeneous in appearance, and cysts have been reported.
A Doppler ultrasound study is particularly useful in assessing
the spread of the tumor into the renal vein and the inferior
vena cava.

Cystic nephroma is a rare lesion seen in children and is con-
sidered to be benign. It is composed of multiple cysts of varying
size. This mass is difficult to distinguish from a cystic Wilms’
tumor, since both may appear well circumscribed, with multi-
loculated cysts and septations.

Lymphomatous involvement of the kidney is noted as single
or multiple relatively hypoechoic masses. These may appear
as discrete lobulated masses, although diffuse infiltration can
also occur.

Computed tomography and
magnetic resonance imaging

Computed tomography and magnetic resonance imaging
are well-established cross-sectional imaging methods used for

Figure 6.21 Renal ultrasound showing multiple cysts scattered throughout
the renal parenchyma in a patient with autosomal dominant polycystic kidney
disease (ADPKD).

diagnosis of renal and retroperitoneal disease in children. Both
methods yield relatively high spatial resolution images of
the kidneys and the surrounding retroperitoneal structures.
Thin section data sets obtained with CT can be used to recon-
struct coronal, sagittal, and oblique imaging planes. However,
a higher radiation exposure dose is needed for very thin
acquisitions. Three-dimensional surface renderings can also be
obtained when large density differences allow separation of
various tissues, e.g. the high-density renal collecting system
or contrast-enhanced renal vessels. MRI has the advantage of
acquiring sectional images directly in virtually any anatomic
plane without any radiation exposure.

Radiation exposure in CT

In general, basic CT data acquisition is fast, and newer versions
of multidetector scanners can cover the abdomen of a child
in only a few seconds. This acquisition gives a single phase of
vascular and renal contrast enhancement. Multiple phases
require additional acquisitions, incurring an additional radia-
tion exposure. Even with the best of radiation reduction tech-
niques, exposures remain in the order of hundreds of millirads
to a full rad for every data acquisition.

Contrast nephrotoxity in CT and MRI

The intravenous contrast agents used in CT can cause nephro-
toxicity. This risk is enhanced in patients with compromised
renal function, dehydration, diabetes, and compromised
systemic perfusion, and in those patients already on other
nephrotoxic drugs.!>!

lonic, high osmolality contrast agents have osmolality in the
range of 1400-2070 mOsm/kg water, whereas ‘low’ osmolality,
non-ionic agents range from 700 to 800 mOsm/kg water. Current
recommendations for contrast administration include the use of
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low osmolality and iso-osmolar agents, adequate hydration, and
administration of the lowest possible contrast dose necessary for
an adequate examination. N-acetyl cysteine, an antioxidant,
may be used to ameliorate the nephrotoxic effects of the contrast
drugs.®

MRI contrast agents have no demonstrable nephrotoxi-
city when given in doses that are typical of clinical use.!
Gadolinium has been utilized successfully in adults with renal
insufficiency.!” The risk of serious adverse or allergic reactions is
also lower than that of radiographic agents. For these reasons,
MRI studies may be the preferred alternative to contrast-
enhanced CT when renal function is compromised. It is impor-
tant to note that no large-scale studies have analyzed the risk of
rapid intravenous gadolinium contrast agent injections at the
higher doses that are typically employed for MR angiographic
studies in children.

Limitations of MRI

The dominant limitation of MRI arises from the longer overall
imaging time required for a complete study. The procedure
usually requires sedation for a minimum of 30-45 minutes in
infants and young children. In addition, longer imaging times
introduce a significant artifactual element engendered by
physiologic motion from respiration, from gastrointestinal
peristalsis, and even from cardiovascular pulsations.

Assessing renal function with CT and MRI

Whereas nuclear medicine studies have forged the early path to
clinical application of imaging for determination of renal func-
tion, dynamic studies of renal perfusion and function have also
been performed using MRI and CT.!®! CT use is limited
because of a high radiation exposure required for serial sampling
of the kidneys during passage of contrast through the kidneys.
In MRI, serial sampling of signal intensity of kidneys can yield
time—signal intensity curves of the transit of the contrast from
which the glomerular filtration rate (GFR) can be calculated.?®
Gadolinium DTPA (gadolinium complexed with diethylenetri-
amine pentaacetic acid), which is filtered by glomeruli, is nei-
ther reabsorbed nor secreted by the renal tubules, is used as an
imaging marker for studying renal perfusion, and GFR.

CT and MRI angiography

Rapid thin-section imaging, improved data reconstruction
techniques, and rapid contrast injections have made it possible
to create angiographic images from cross-sectional data sets.
This obviates the need for invasive catheter angiography in
children, and allows relatively low-risk performance of CT and
MR angiograms. The spatial resolution and temporal resolution
of these methods does not, however, approach that of tradi-
tional catheter angiography. However, demonstration of the
aorta and central, first-, and second-order branch vessels can be
achieved.

CT angiography involves a rapid intravenous injection of
radiographic contrast material, combined with a rapid spiral
volume acquisition. This is typically done in sedated, free-
breathing infants and young children. Older children and
adolescents can be coached to breath-hold, producing more
accurate data with less bulk motion artifact. Three-dimensional
images of the vessels are created from the acquired data.
Limitations to the anatomic accuracy include uncompensated
bulk motion, intrinsic pulsatile vascular motion, and some
intrinsic CT artifacts.

MR angiography is a highly developed technique in adult
imaging, and is used for evaluation of intrinsic aortic disease
and evaluation of patients with possible renovascular hyper-
tension.”! With a rapid intravenous injection of gadolinium as
the contrast agent, three-dimensional images of the central
arterial and venous structures can be achieved (Figures 6.22 and
6.23). The small size of the vessels of small children make them
more difficult to image than adults; nonetheless, parenchymal
perfusion defects can be well demonstrated in smaller lobar and
segmental vascular territories.

CT and MRI urography

The urine-filled collecting system can also be imaged for
combined anatomic and physiologic information in dilated/
obstructed and dilated/non-obstructed systems by performing
MRI urography.?*# Following injection of gadolinium and its
excretion into the urinary tract, T1-weighted images show
strong signals from the collecting structures, whereas most other
tissues show moderate or low signal intensity (Figure 6.24).

Figure 6.22 MR angiogram. (A) An arterial-phase image in a 4-year-old
child showing the major central vascular structures of the abdominal arterial
tree. (B) Filling of the venous structures and a general opacification of the
parenchymal organs.
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Figure 6.23 MR angiogram in a 4-month-old infant: (A) arterial, (B) venous/nephrographic, and (C) excretion phases.

Thus, the collecting systems can be imaged from the calyces up
to the level of the urinary bladder. Differential uptake in the
two kidneys, excretion, and clearance of the contrast can be
demonstrated with rapid serial image sequences.

CT and MRI imaging in renal infections

CT and MRI are infrequently used modalities in the diagnosis
of urinary tract infections. They can both be used as sensitive
methods for detecting acute pyelonephritis as well as renal scar-
ring. Ischemic focal defects in the renal parenchyma associated
with acute pyelonephritis can be demonstrated with contrast-
enhanced CT (Figure 6.25), as well as with contrast-enhanced
MRI (Figure 6.26). A wedge-shaped parenchymal defect in
renal cortex representing ischemic parenchyma can be seen in
acute pyelonephritis. MRI has been shown to have diagnostic

accuracy similar to cortical scintigraphy in a controlled blinded
study in experimental animals.?* The clinical utility of contrast-
enhanced MRI studies has been documented in children with
urinary tract infections.”” Severe acute pyelonephritis may
occasionally give rise to swelling and a sizeable mass lesion in
the kidney, or ‘lobar nephronia’, which may mimic a neoplasm.
The mass can be seen as arising from the renal cortex with vari-
able contrast-enhancement patterns. Renal scars may also be
detected with CT or MRI (Figure 6.27).

Renal abscess is recognized by CT as a poorly enhancing
renal mass with a necrotic center. Diffuse bacterial or fungal
microabscesses, or miliary renal infection, may be difficult
to diagnose with CT or MRI. The kidneys may be enlarged but
show a poor degree of enhancement. Discrete parenchymal
lesions may not be evident on CT or MRI, especially in the
early stage.
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Figure 6.24 MRI, nephrogram, and urographic phases. (A) The early nephro-
gram is visible in this patient with right reflux nephropathy and contralateral
renal hypertrophy. (B) The calyces, pelvis, and proximal ureters are well seen on
the urographic phase as the gadolinium contrast agent is concentrated in the
collecting system, and as the nephrogram fades.

Diagnosis of mass lesions by CT and MRI

Most patients with a known, palpable, or suspected abdominal
mass lesion undergo CT or MRI cross-sectional imaging follow-
ing preliminary anatomic ‘triage’ provided by ultrasonography.
This serves to separate hydronephrosis and recognizable cystic
lesions from solid, mixed cystic and solid, and lesions arising
from perirenal tissues.

Tumors

Both CT and MRI provide a global anatomic view of the entire
abdomen, as well as delineation of bowel, vascular structures,
and normal renal parenchyma as distinct from pathologic renal
tissue. Demonstration of bilateral renal masses or the presence
of one dominant lesion with additional foci of parenchymal

Figure 6.25 Contrast-enhanced CT in a patient with acute pyelonephritis
showing the characteristic wedge-shaped defects in the right kidney. In addition,
subtle defects are present in the left kidney.

Figure 6.26 Gadolinium-enhanced inversion recovery MRI showing numerous
wedge-shaped zones of abnormal high signal intensity throughout the right
kidney. The abnormal perirenal, peripelvic, and periureteric high signal indicates
perirenal inflammation.

nodules suggests the presence of rests of metanephric blastema,
or nephroblastomatosis (Figure 6.28). These are important
diagnostic clues for early detection and risk assessment for
Wilms’ tumor, since nephrogenic rests are considered to be

precursors of Wilms’ tumor.”¢%
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Figure 6.27 MRI coronal T2-weighted images showing irregularly dilated and
clubbed calyces adjacent to focal zones of thinned renal parenchyma in a patient
with inflammatory renal scarring.

The CT and MRI provide important information about
Wilms’ tumor and its extension into the surrounding tissues.
CT also provides a ‘one-stop’ investigation of the thoracic and
abdominal cavities for detection of metastases. CT and MRI in
Wilms’ tumor usually demonstrate a renal mass that often com-
presses the surrounding tissue. Bilateral lesions may be present,
and areas of hemorrhage or cyst formation may be seen within
the tumor (Figure 6.29).

Renal cysts

CT and MRI play an important role in the evaluation of cystic
masses of the kidney.?”*°® The dominant imaging features of a
benign or simple cyst is its smooth, thin, and discrete outline.
There are usually no internal debris, septations, or mural nodu-
larity within the cyst. On CT or MRI studies, there is a homo-
geneous internal fluid character. Simple cyst fluid has a CT
attenuation of less than 20 Hounsfield units on non-contrast
images. Mural enhancement following intravenous injection of
contrast agents is either minimal or completely absent. Very
slight enhancement may represent compressed normal renal
parenchyma around the wall of the cyst, or may result from
imaging artifacts such as partial volume effect within adjacent
tissue. Following any acute hemorrhage, simple cysts may
develop a single thin internal septation and may have some
internal debris following. Acute hemorrhage may be seen as a

Figure 6.28 Wilms' tumor and nephroblastomatosis. CT shows multiple renal
masses. One exophytic lesion is present in each kidney and represents nephro-
blastomatosis (white arrows). Grey arrows define the rim of renal tissue around
the mass.

Figure 6.29 Contrast-enhanced CT scan in a patient with Wilms' tumor
showing a necrotic but well-circumscribed mass arising from the left abdomen.
The mass expands the normal renal tissue, creating a ‘claw’ appearance at the
boundary between the mass and the normal renal tissue (grey arrow).

high attenuation value on CT (Figure 6.30 A,B) or as typical
hemoglobin degradation products on MRI.

Some cystic masses may communicate with the renal collect-
ing system. These are diagnosed when contrast agents opacify
the cyst on delayed images, indicating a calyceal diverticulum
or a pyelogenic cyst (which communicates directly via the renal
pelvis). A non-enhancing cystic mass at the renal pelvis
indicates a parapelvic cyst, which is an encysted lymphatic
collection that often follows trauma or surgery.

In ARPKD, the methods of CT and MRI also play a largely
supportive imaging role following ultrasonography. The charac-
teristic pattern consists of diffusely enlarged kidneys with
uniformly high signal intensity on T2-weighted images.’!
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Figure 6.30
attenuation value of the mass, suggestive of acute hemorrhage.

In ARPKD, CT and MRI provide a more global anatomic view
of the associated liver disease and its complications. Biliary
disease can also be demonstrated by CT and MRI studies.
Multiple renal cysts may be the primary renal manifestation
of important heritable multi-organ disorders such as ADPKD,
tuberous sclerosis, Von Hippel-Lindau disease, Jeune’s
syndrome, and Zellweger syndrome.*> Whereas ultrasound may
demonstrate only a few lesions in early ADPKD, CT and MRI
may be more helpful in demonstrating the diagnostic renal
lesions.”” In addition, CT and MRI allow visualization of
pancreatic, splenic, or hepatic cysts associated with ADPKD.
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Radionuclide imaging
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The chief advantage of radionuclide imaging in pediatric
nephrourology over other imaging modalities is its ability
to provide quantitative functional data. These imaging tech-
niques include renal scintigraphy, radionuclide cystography,
and pheochromocytoma imaging. Pharmacologic interven-
tions, such as the administration of furosemide or captopril in
association with renal imaging, can further improve diagnostic
accuracy. Additionally, overlying gas, stool, or plastic tubing
does not hamper acquisition of imaging data. In some radionu-
clide imaging procedures, the ionizing radiation exposure is sig-
nificantly less than with other similar radiographic procedures.

Renal scintigraphy

Radiopharmaceuticals

Several different ™ Tc-labeled radiopharmaceuticals are cur-
rently available for imaging of the kidneys. The clinical indica-
tion determines which of the following radiopharmaceuticals is
used.

1. ™ Tc-Mercaptoacetyltriglycine (MAG3)

PmTe-MAG3 is primarily cleared by tubular secretion, allowing
excellent visualization of the collecting systems, ureters, and
bladder. Evaluation of the renal parenchyma may also be
adequately performed with this agent.

2. ¥"Tc-Diethylenetriamine pentaacetic acid (DTPA)
#mTe-DTPA is primarily filtered by the glomeruli, allowing
visualization of the collecting systems, ureters, and bladder.
#mTe.DTPA is the agent of choice for determination of
glomerular filtration rate (GFR).

3. ¥mTc-Dimercaptosuccinic acid (DMSA)

Approximately 40% of *™Tc-DMSA is filtered by glomerular
filtration and excreted in urine, while 60% is fixated in the cor-
tical tubular cells. Selective tubular handling and absence of
interference from pelvicalyceal activity makes *™Tc-DMSA
an ideal imaging agent for the evaluation of renal parenchyma.
Delayed imaging can define focal parenchymal abnormalities,
such as those seen with acute pyelonephritis, renal scarring,
infarcts, and masses.

4. *"Tc-Glucoheptonate (GHA)

#nTe-GHA is cleared primarily by glomerular filtration
(80-90%), with 10-20% cortical tubular fixation. This allows
for cortical imaging. However, the cortical fixation is about
one-third that of **Tc-DMSA, making this compound less
desirable for renal cortical scans.

Imaging techniques

With radiotracers that are primarily filtered or secreted (DTPA,
MAG3, and GHA), sequential dynamic posterior images of
the kidneys are obtained immediately after injection of the
radiotracer, for 20-30 minutes. This constitutes a conven-
tional renal scan. With cortical radiotracers (DMSA, GHA),
imaging is done 1.5-2 hours after injection. Planar imaging,
using high-resolution parallel hole and pinhole collimators,
and/or SPECT (single-photon emission computed tomography)
may be carried out.

Differential renal function

Differential renal function can be calculated on renal scans with
any of these renal agents. The calculation is based on the rela-
tive amount of radiopharmaceutical extracted by each kidney.
Regions of interest are drawn around each kidney and the total
number of counts are then added. The relative percentages of
counts in the two kidneys are calculated, and used to determine
differential renal function. This may also be performed for seg-
mental regions in the kidney, such as upper and lower moieties
of a duplex system. When using **Tc-DTPA or *"Tc -MAGS3,
the differential renal function is estimated from the early images
that precede entry of tracer into the collecting system, usually
during the second minute after radionuclide injection. With the
use of " Tc-DMSA or P™Tc-GHA, the differential function is
calculated on the cortical phase, 1.5-2 hours after radionuclide
injection.

Glomerular filtration rate

The use of radionuclide techniques eliminates the need for
urine collection and is the method of choice for determining an
accurate GFR in infants and children. The radioactive tracers
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used for the determination of GFR are carbon-14 (**C) inulin,
iodine-125 (**’I) iothalamate, chromium-51 (*'Cr) ethylenedi-
aminetetraacetic acid (EDTA), and *™Tc-DTPA. °'Cr EDTA is
commonly used in Europe, but **Tc-DTPA is the most widely
used tracer in the United States. DTPA meets the criteria for an
ideal GFR agent except for the fact that 5-10% of the injected
dose becomes protein-bound.

Several radionuclide imaging techniques are available for cal-
culating GFR.! The most commonly used method in children
involves injection of a radiotracer, followed by drawing of 2-3
blood samples, 2-3 hours after injection. These blood samples
are centrifuged to yield plasma, and radioactivity is counted in
the samples, using a well counter. Calculation of GFR is based
on plasma clearance of the tracer. Another method uses volume
distribution to calculate GFR in children. This technique uses a

single plasma sample taken 2 hours after the injection of a dose
of >'Cr-EDTA.*

Renal transplant evaluation

Radionuclide imaging using **Tc-MAG3 or *™Tc-DTPA
provides an accurate, non-invasive, and non-nephrotoxic
technique for evaluation of renal blood flow and function of
the transplanted kidney (Figure 7.1).>

Vascular obstruction

Absence of flow in the initial post-transplant scan indicates
either vascular obstruction (arterial or venous) or hyperacute
rejection. These entities cannot be distinguished on renal scan,
although hyperacute rejection is almost non-existent now due
to extensive preoperative testing of the recipient.

Acute tubular necrosis

Scintigraphically, the blood flow to the renal transplant is nor-
mal, but the function is diminished in acute tubular necrosis

(ATN). This is manifested by progressive parenchymal tracer
accumulation and delay in excretion, and in severe cases by
lack of any tracer excretion over the 30-minute imaging
sequence (Figure 7.2). Toxicity from calcineurin inhibitors,
cyclosporine, and tacrolimus may also cause similar scinti-
graphic changes. The distinguishing feature is the time of onset,
being much later (2-3 weeks postoperative) with calcineurin
inhibitor nephrotoxicity, and during immediate post-transplant
period in the case of ATN.

Allograft rejection

The scintigraphic findings of acute rejection are decreased per-
fusion and decreased function, in contrast to ATN, where renal
perfusion is preserved. ATN and acute allograft rejection may
coexist, and differentiation may be difficult. Chronic rejection
occurs a few months to years after renal transplantation
and evolves slowly. Serial renal scans demonstrate a gradual
decrease in perfusion and function.

Perinephric fluid collection

Perinephric fluid collections leading to partial obstruction of
the urinary tract or compression of the vascular pedicle can
occur in renal transplants. On the early scintigraphic images
(first 30 minutes), perinephric fluid collections appear as a
photopenic defect surrounding the kidney or its vicinity.
Delayed imaging usually shows accumulation of tracer in this
photopenic area if the collection is a urinoma. In the case of
hematoma or lymphocele, the area remains photopenic.

Captopril-enhanced renography

In the presence of renovascular hypertension (RVH), angio-
tensin Il causes constriction of the efferent arterioles, and
GFR may remain at or near normal level. Therefore, the
conventional " Tc-DTPA or " Tc-MAGS3 renal scan is often

..

Figure 7.1  Renal transplant showing normal MAG3 renal scan. (A) Flow images
(1-second images) show prompt flow to the kidney, within 2 frames of the aorta.
(B) Dynamic functional images demonstrate good parenchymal extraction,
excretion, and drainage.
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Figure 7.2 Renal transplant showing acute tubular necrosis (ATN) of a transplanted kidney. (A) Normal MAG3 flow images (1-second images). (B) MAG3 dynamic
functional images showing good cortical uptake with almost no excretion of tracer by 30 minutes and significant cortical retention.

normal. Following administration of an angiotensin-converting
enzyme inhibitor (ACEI) such as captopril, the efferent
arterioles become dilated, which causes deterioration of renal
function, detectable on the renal scan.

Technique

Although the original work in children was performed using
PoTe-DTPA,® P Te-MAG3 and #Tc-DMSA have also been
used for captopril enhanced renography.” For blockade of the
renin—angiotensin system, either captopril (1 mg/kg, maximum
dose 50 mg, given orally), or enalaprilat (0.03-0.04 mg/kg, given
intravenously) may be used. Use of calcium channel blocking
agents at the time of the study may cause false-positive/false-
negative results. Therefore, these medications should be dis-
continued prior to the study.!

If the patient is not on ACEI therapy, a conventional base-
line renal scan is obtained. A repeat renal scan is then obtained
1 hour after oral administration of captopril or 10 minutes
after intravenous administration of enalaprilat. Renogram
curves are generated for both the pre- and the post-ACEI scans
(Figure 7.3A-D). A commonly used adaptation in adults is
to do a post-ACEI scan first, and if normal, the examination is
finished. If any abnormality is seen, the patient returns at a later
time for a repeat scan without the ACEI.

Interpretation

The scintigraphic manifestation of decreased renal function
after administration of ACEI depends on the radiotracer
used. With *™Tc-DTPA, there is decreased extraction and
delayed appearance of tracer in the collecting system. With

9mTe-MAGS3, there is prolonged cortical retention of tracer. A
positive study is strongly suggestive of renovascular hyper-
tension and requires further investigation by arteriography
(Figure 7.3E,F). A negative study after a single dose of ACEI
does not necessarily exclude the diagnosis of RVH. In patients
in whom there is a strong clinical suspicion, the scan may be
repeated after the patient has been on ACEI for several days.
Occasionally, the follow-up scan may become positive after
3—4 days of therapy.

Cortical imaging

Renal cortical scans are primarily used for the diagnosis of acute
pyelonephritis and renal cortical scars. Other indications
include search for an ectopic kidney, renal infarct, and evalua-
tion after renal trauma. Renal cortical scintigraphy is obtained
by high-resolution planar imaging or SPECT, 1.5-2 hours
following the injection of *™Tc-DMSA or " Tc-GHA.

Acute pyelonephritis

The diagnosis of acute pyelonephritis may not always be reli-
ably made on the basis of standard clinical criteria alone.!!
Cortical scintigraphy has been shown to be a useful adjunct in
the diagnosis of acute pyelonephritis,'!* and is comparable in
accuracy to both CT and MRI."

The scintigraphic features of acute pyelonephritis consist
of decreased uptake without loss of cortical volume. There may
be three different patterns: focal, multifocal, or diffuse (Figure
7.4B,C). Cortical defects are not specific for acute pyelo-
nephritis and must be interpreted within the clinical context.
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Figure 7.3 Right renal artery stenosis. (A) Pre-captopril MAG3 images showing normal renal scan. (B) Pre-captopril time-activity curve demonstrating normal and
symmetric clearance from both kidneys. (C) Post-captopril MAG3 renal scan showing significant cortical retention on the right side and normal clearance on the left
side. (D) Post-captopril curve showing rising time-activity curve on the right as compared to B. (E) Renal arteriogram demonstrating stenosis in right renal artery in
this patient. (F) Post balloon angioplasty injection showing successful dilatation with now normal caliber of previously stenotic segment.
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Renal scars

Photopenic defects associated with volume loss represent renal
scars that are indicative of previous episodes of acute
pyelonephritis (Figure 7.4D).">!¢ Patients with *Tc-DMSA
evidence of acute pyelonephritis should have a repeat renal
scan 6—12 months later in order to assess long-term outcome of
the infection. It has been shown that approximately 60% of
all foci of acute pyelonephritis, in the absence of high-grade
vesicoureteral reflux (VUR), resolve without scar formation."?

Ectopic kidney

The use of cortical scintigraphy is also helpful in the detection
of ectopic kidney associated with ectopic ureteral insertion in
girls who present with urinary incontinence.'™® Such an
ectopic kidney is typically small, located in the pelvis, and may
be difficult to locate by sonography due to overlying bowel
loops. Although the function is usually poor, the ectopic kidney

can be easily detected by anterior planar or SPECT cortical
imaging.

Diuresis renography

Diuresis renography is utilized for determining the presence
and level of obstruction within the urinary tract. It has been
shown to be nearly as sensitive in detecting urinary tract
obstruction as pressure perfusion studies, such as the Whitaker
test.!” Diuresis renography is indicated if significant hydro-
nephrosis and/or hydroureter is present, and VUR has been
excluded as the cause. Diuresis renography plays a vital role in
the management of hydronephrosis/hydroureter in children,
especially in neonates. Unlike hydronephrosis in the older
child and adults, neonatal hydronephrosis is often dynamic,
and may worsen or improve over time.?® Therefore, serial
imaging is often needed.

Figure 7.4 DMSA cortical renal scans. (A) Normal bilateral kidneys. (B) Focal acute pyelonephritis, upper pole left kidney. (C) Diffuse acute pyelonephritis, right

kidney. (D) Focal scar, upper pole left kidney.
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Technique

The technique used in our institution has been adopted and for-
mulated into recommendations by the Society for Fetal Urology
and the Pediatric Nuclear Medicine Council.?! Institutional
variations in the techniques may, however, exist. The parents
are instructed to maintain the child’s normal hydration status,
and feedings are not withheld. An intravenous catheter is
placed and intravenous hydration is begun. Placement of an
indwelling bladder catheter is recommended in order to elimi-
nate the effect of increased intravesical pressure on post-diuresis
drainage. In addition, the catheter serves to alleviate patient
discomfort, decrease the likelihood of VUR, and reduce gonadal
radiation exposure from radioactive urine. " Tc-MAG3 is then
injected and a conventional renal scan is obtained. When the
dilated system is completely filled with the tracer, furosemide
(1mg/kg, maximum dose 40 mg) is injected intravenously and
sequential dynamic renal images are obtained for 30 minutes.
Furosemide can be injected simultaneously with MAG3, known
as the ‘F+0’ method.?

Urine output is recorded during the 30 minutes after diuretic
administration to assess adequacy of response by the kidneys.
If significant residual tracer is noted in the dilated collecting
system after the furosemide renogram, static renal images are
obtained before and after the patient is held upright for 15 min-
utes to assess the effect of gravity on drainage.” After comple-
tion of imaging, time—activity curves are generated from the
diuretic renogram and clearance half-times are generated by the
computer. The half-time represents the time needed for half of
the activity to clear from the collecting system after administra-
tion of diuretic.

Interpretation

Interpretation is made by examining the images in conjunction
with the quantitative data, including half-times, post-upright
clearance, and the shape of the curve (Figure 7.5). It may be
difficult to establish the diagnosis of urinary obstruction based
on the quantitative data obtained on a single renal scan, espe-
cially in the neonate. Rather, the initial renal scan often pro-
vides a baseline for follow-up renal scans and a trend in the
quantitative data is used to establish the diagnosis of urinary
tract obstruction.

Factors affecting the shape of the renogram curve and the
rate of washout of tracer from the kidney include the degree of
obstruction, renal function, capacity and compliance of the
dilated system, state of hydration, bladder fullness, dose and
timing of diuretic injection, and patient position.

Scintigraphy in pheochromocytoma

The localization of pheochromocytoma may be accomplished
using 'PI-MIBG m-iodobenzylguanidine or '"'In octreotide

scintigraphy. The detection of this tumor by '»I-MIBG is
based upon uptake by the pheochromocytoma cells of the
MIBG, which is a pharmacologic analog of the false neurotrans-
mitter guanethidine. The uptake, however, appears to be size-
dependent. Improved diagnostic sensitivity is noted with
tumors that are more than 1cm in size.”* The sensitivity is even
less with octreotide, a somatostatin receptor, but the comple-
mentary use of this radiotracer with '2?I-MIBG may be useful.**
Recent data have shown positron emission tomography (PET)
imaging utilizing 'SF DOPA to be extremely sensitive (100%)
compared with '®I-MIBG scanning (71%) in the diagnosis of
primary pheochromocytoma.?

Radionuclide cystography

Whereas VUR is often diagnosed using fluoroscopic voiding
cystourethrography (VCUG), radionuclide cystography (RNC)
is an alternative method that can be used. Two types of RNC
are used in clinical practice:

e the more commonly used direct (retrograde) RNC
e the indirect (intravenous) RNC.

Direct radionuclide cystography
The technique for direct RNC is similar to that of VCUG,

except that radioisotope and saline are used instead of
radiopaque contrast media. Imaging is begun immediately and
continues through the end of voiding. Thus, intermittent or
transient reflux is imaged. If reflux is seen, the volume at which
reflux occurred is recorded (Figure 7.6). Direct RNC offers sev-
eral advantages over VCUG. By far the greatest of these is the
significantly low gonadal radiation dose, less than 5 mrads in
girls and less than 2 mrads in boys.?® Because of the continuous
monitoring, RNC may be more sensitive than VCUG in
the detection of reflux.?” The major disadvantage of direct
RNC, due to its limited spatial resolution, is its inability
to evaluate the urethra and grade reflux accurately. Minor
bladder wall abnormalities such as diverticula may also remain
undetected.

Due to its relatively low radiation burden,?® direct RNC is
the imaging method of choice for follow-up in patients with
known VUR, especially since these children undergo serial
evaluations. Direct RNC is also an ideal screening tool in the
evaluation of asymptomatic siblings (both girls and boys) of
patients with known VUR. The prevalence of sibling reflux in
an index case may be as high as 32%.? Finally, direct RNC is
best suited in the initial work-up of VUR in girls, in whom
urethral anomalies are rare. Direct RNC is not recommended
for the initial evaluation in boys, because of its inability to eval-
uate the urethra.
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Figure 7.5 Left ureteropelvic junction obstruction, MAG3 renal scan. (A) Initial images showing tracer accumulation in a dilated left collecting system and normal
clearance on the right. (B) Post-Lasix images showing poor drainage from left collecting system. (C) Prolonged half-time of left collecting system and slow washout as
seen on time-activity curve.

Indirect (intravenous) radionuclide emptied and most of the tracer is in the bladder, the patient is

cystography then instructed to void and dynamic images are obtained during
voiding.

Indirect radionuclide cystography is another method for the Although this technique obviates the need for catheteriza-

detection of VUR which does not require bladder catheterization.  tion and provides renal functional information, only VUR that
This technique utilizes an intravenously injected radionuclide,  occurs during voiding is detected. Also, the radiation dose is
PnTe.DTPA or *Tc-MAG3, and a conventional renal scan  higher than that from the direct RNC. Success of indirect RNC
is obtained. The bladder continues to fill and the patient is  depends on adequate renal function, rapid clearance of tracer
instructed not to void. Once the renal collecting systems have  from the upper tracts, urinary continence, and the ability of the



118 Clinical Pediatric Nephrology

-

2

Figure 7.6  Nuclear cystogram demonstrating moderate bilateral reflux to both
collecting systems.

patient to void upon request. Thus, this method is not suitable
for children with decreased renal function, or those who are not
toilet-trained. Comparative studies using DTPA have shown
that the indirect RNC is not as sensitive as the direct RNC
in detecting VUR.® This is especially the case with the lower
grades of reflux. The use of "Tc-MAGS3 for indirect cysto-
graphy has not increased the sensitivity for the detection of
reflux.’!
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Renal biopsy

Mihail M Subtirelu and
Frederick J Kaskel

Renal biopsy is an important tool for establishing the morpho-
logic diagnosis, prognosis, as well as guiding therapy of renal
disease in children and adults. Although a renal biopsy can be
performed by an open surgical procedure, the percutaneous
method is the preferred manner of obtaining the renal biopsy
sample in most children. Although percutaneous renal biopsy
of palpable tumors was first performed in 1934 by Ball, its use
for the diagnosis of medical disease was introduced by Iversen
and Brun in 1951.1? Since then, the technique has been con-
tinuously enhanced by better guidance and instruments. The
advent of real-time ultrasound and automated biopsy needles
during the last two decades has simplified the procedure and
further improved its success and safety.’

Indications for renal biopsy

Renal biopsy is indicated to establish the morphologic nature
of the renal disease and to predict prognosis and disease evolu-
tion, as well as in developing the appropriate therapy plan.
Renal biopsy may also be utilized to monitor the response to
therapy and the disease progression. Renal biopsy has been
reported to influence the management of the disease state in as
many as 42% of cases undergoing the procedure.

A common indication for renal biopsy in children is
poorly responsive nephrotic syndrome. Corticosteroid respon-
sive nephrotic syndrome in children is considered to be due to
minimal change disease, and a renal biopsy is not necessary in
such patients.” A diagnostic renal biopsy is generally considered
in patients with corticosteroid-non-responsive, or corticosteroid-
resistant nephrotic syndrome, and where an underlying glomeru-
lonephritis is suspected.>® Focal segmental glomerulosclerosis
(FSGS) can be a common form of glomerulonephritis in such
patients.” Persistent, non-orthostatic proteinuria may be indi-
cative of an underlying primary glomerulonephritis, such as
FSGS, membranous glomerulonephritis (MGN), or membra-
noproliferative glomerulonephritis (MPGN). Renal biopsy is
commonly performed for histologic diagnosis of these protein-
uric disorders.

Another common indication for renal biopsy is persistent
isolated hematuria, when the diagnosis of IgA nephropathy
(Berger disease), Alport’s syndrome, or thin basement mem-
brane disease is being considered.’ Renal biopsy is also indicated
in children with acute glomerulonephritis who exhibit a rapidly

progressive clinical course. Renal biopsy in such cases needs to
be considered as an urgent diagnostic procedure and to guide
therapy. Renal biopsy is generally not considered in patients
with well-established acute postinfectious glomerulonephritis.

Renal biopsy can be of immense diagnostic value in patients
with acute renal failure, where intrinsic renal diseases such as
rapidly progressive glomerulonephritis, interstitial nephritis,
and vasculitis are being considered. In most cases with acute
renal failure of hemodynamic or nephrotoxic origin, a renal
biopsy is generally unnecessary. In children with chronic renal
insufficiency of unknown etiology, a renal biopsy is indicated to
establish the underlying etiology. This is especially helpful in
predicting the risk of recurrence of the original disease after
renal transplantation. However, in advanced renal disease, the
kidneys may be small, and densely echogenic and a renal biopsy
may show only atrophic renal tissue and glomerulosclerosis,
‘end-stage kidney’.

Renal biopsy is routinely used for the evaluation of renal
transplant allograft dysfunction, which may be due to acute and
chronic allograft rejection, drug toxicity, recurrence of original
disease, or de-novo renal disease. Protocol renal allograft biop-
sies are useful for the diagnosis and post-treatment monitoring
of acute rejection and for the surveillance of chronic allograft
nephropathy.® Table 8.1 lists indication for renal biopsy.

Table 8.1 Indications for renal biopsy in children

Absolute indications

Steroid-resistant nephrotic syndrome

Persistent, non-orthostatic proteinuria

Persistent glomerular hematuria

Atypical or non-resolving acute glomerulonephritis
Rapidly progressive glomerulonephritis

Acute renal failure with nephrotic/nephritic syndrome
Systemic diseases with renal involvement (vasculitis, metabolic
diseases like Fabry disease)

e Renal allograft dysfunction

e Chronic renal failure of unknown etiology

Relative indications

e Monitoring response to therapy

e Monitoring drug nephrotoxicity

e Protocol biopsies of renal allograft
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Contraindications to percutaneous
renal biopsy

Percutaneous renal biopsy is an invasive, elective procedure,
with well-defined risks. Absolute contraindications are those
situations where the risks are extraordinarily high. Relative
contraindications are those conditions that directly affect the
safety of the procedure, or increase the level of difficulty and
thereby indirectly increase the risk of complications. The physi-
cian must balance the benefits and risks of the procedure in
each patient and decide if the procedure is indicated. An open
surgical diagnostic renal biopsy may be considered if the patient
has well-established contraindications to the percutaneous pro-
cedure. Table 8.2 lists absolute and relative contraindications
for percutaneous renal biopsy.

Table 8.2 Contraindications to percutaneous renal biopsy

Absolute contraindications

Uncontrolled coagulation abnormalities
Uncontrolled severe hypertension
Uncooperative patient

Solitary kidney (not transplant)

Acute pyelonephritis

Relative contraindications
e Severe azotemia/end-stage renal failure

e Anatomic abnormalities of the kidney

e (Coagulopathy

e Concurrent use of drugs affecting coagulation
(e.g. aspirin, dipyridamole)

e Chronic pyelonephritis

e Concurrent urinary tract infection

e Tumors

e Pregnancy

e Extreme obesity

Preparing the patient

Adequate preparation for the renal biopsy is the key for a
successful and safe procedure. It should start with a thorough
prebiopsy evaluation consisting of four elements: history
taking, physical examination, laboratory evaluation, and ultra-
sonographic evaluation of the kidneys. Important elements of
the history are bleeding diathesis (personal or family history);
allergies to agents used during the renal biopsy; use of aspirin,
nonsteroidal anti-inflammatory drugs, or other anticoagulation
therapy; and a history of severe hypertension. Key elements of
the physical examination are blood pressure evaluation, biopsy
site assessment, and assessment of anatomic abnormalities
that may interfere with imaging or positioning the patient
during the biopsy. Laboratory evaluation should include a

complete blood count and platelet count, biochemical profile,
coagulation profile, and urinalysis. A complete ultrasono-
graphic evaluation of the kidneys should be done in advance, to
evaluate for anatomic abnormalities that might constitute
absolute or relative contraindication for a percutaneous renal
biopsy.®

The procedure needs to be scheduled in advance in order to
assure a collaboration of the teams involved (nephrology, ultra-
sonography, pathology). Depending, on the institutional prac-
tices and prevailing patient needs, the patient may be admitted
overnight prior to the procedure or come on the morning of the
procedure. Medications that may affect coagulation must be
interrupted for an appropriate duration in order to assure a safe
procedure. The patient must be instructed to take nothing by
mouth (NPO) for 6 hours prior to the biopsy.

The renal biopsy procedure is generally performed in a radiol-
ogy procedure room that is appropriate for anesthesia and
conscious sedation support. Current clinical practice is to guide
the renal biopsy with a real-time ultrasound probe. This
requires the help of a renal ultrasound technician in the proce-
dure. The pathology department must be notified in advance
so the biopsy specimen can be processed in a timely fashion. An
intravenous access is placed before the procedure and mainte-
nance intravenous fluids appropriate for age are provided. An
informed consent, appropriate for the patient’s age, needs to be
obtained prior to the procedure. The type of sedation as well as
the premedication varies according to institutional protocol.
A young or uncooperative patient may require general anesthe-
sia. This is prearranged with the anesthesiologist. Continuous
cardiorespiratory monitoring should be started before the proce-
dure and continued until the recovery phase. In the absence
of any complications, patients are returned to their rooms for
postbiopsy care. Table 8.3 provides suggested prebiopsy orders.

Table 8.3 Prebiopsy order sheet

Admit patient
Obtain consent for the procedure
Patient to take nothing by mouth (NOP) for 6 hours - or as
appropriate for conscious sedation/anesthesia
e Send and follow results for:
Complete blood count with platelet count
Basic metabolic panel
Coagulation profile (PT, PTT)
Bleeding time, only if clinically indicated
Urinalysis

Type and hold one unit of packed red blood cells
Place an intravenous line

Start intravenous maintenance fluids

Transport the patient, accompanied by nurse and with
continuous cardiorespiratory monitoring, to the
procedure room or the operating room
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Biopsy imaging

Since the introduction of the percutaneous renal biopsy more
than 50 years ago, the safety and use of the procedure has been
enhanced by the technologic progress in imaging and guidance
instruments. Intravenous pyelography with fluoroscopy, the
initial modality used to image the kidney for the biopsy, was
largely replaced by ultrasound in the mid 1980s.*° The 1990s
witnessed the introduction of the ultrasound-guided biopsy
devices.!o!!

Biopsy instruments

Vim-Silverman needle

In the mid 1950s Kark and Muehrcke revolutionized the field
by using a new technique for percutaneous renal biopsy.!**
Besides changing the patient’s position from sitting to prone,
they replaced the aspiration needle, used by Iversen and Brun,’
with a Franklin-modified Vim-Silverman needle (Figure 8.1).
Their technique increased the success rate of the biopsy from
less than 40% to above 90%, and significantly decreased the
associated morbidity.’

The Franklin-modified Vim—Silverman needle consists of
a trocar, a fitting obturator, and a cutting needle with prongs.
The trocar and the fitting obturator are introduced together
into the renal cortex, after which the obturator is removed and
the cutting needle with prongs is introduced through the trocar.
The cutting needle is advanced into the renal parenchyma fol-
lowed quickly by the trocar. While maintaining the relative
position of its components, the biopsy needle is quickly
removed. The biopsy core is collected between the prongs of
the cutting needle. The Vim-Silverman needle is not dispos-
able and has now been abandoned, as automatic biopsy needles
have been developed.

True-Cut needle

The True-Cut needle (Figure 8.2) became popular in the late
1970s and 1980s. This was the first ‘semi-automatic’ disposable
needle introduced for renal biopsy procedures. The True-Cut
needle consists of a cutting needle encased in a trocar. The cut-
ting needle slides into the trocar to a preset depth. The trocar
and the cutting needle are introduced together into the renal
cortex. Once in the renal tissue, the cutting needle is advanced
rapidly into the renal parenchyma, followed by the trocar. The
needle and trocar are removed together, and the biopsy core is
collected from the cutting needle.

Spring-loaded automated biopsy devices

Automatic biopsy devices were introduced in the late 1980s."
Several variations of the automated devices are available for
clinical use today (Figures 8.3-8.6). These devices, when used
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Figure 8.1  Franklin-modified Vim-Silverman biopsy needle. The obturator (0)
fits into the trocar (T). The cuttings prongs (CP) are shown separately.
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Figure 8.2 Disposable True-Cut biopsy needle (Baxter Health Care Corporation,
Valencia, California).

/

Figure 8.3 Bard Monopty biopsy instrument (CR Bard, Inc., Covington, Georgia).
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Figure 8.4 Meditech ASAP with Delta Cut biopsy system (Meditech Boston
Scientific Corporation, Watertown, Massachusetts).

Figure 8.5 BioPince® full core biopsy instrument (Inter V, Gainesville, Florida).
BioPince is a registered trademark of Medical Device Technologies, Inc.
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Figure 8.6 Easy-Core biopsy needle (Boston Scientific Corporation, Natick,

Massachusetts).

with real-time ultrasound guidance, have diminished the
operator error and improved the success of the procedure.>!®!?
The automated systems were initially semi-reusable (disposable
needle and reusable spring-loaded device), but the currently
available devices are fully automatic, for single use, and are
disposable. The instrument consists of a trocar encasing a
cutting needle; both are mounted on a spring-loaded handle.
The needle is armed into the trocar, introduced until the renal
cortex is reached, and then is advanced by releasing the loaded
spring with the push of a button, or a release switch. One of the
disadvantages of the automatic biopsy needles is that the length
of the cutting core cannot be adjusted, making it hazardous to
use these devices in very small infants, especially those with a
thin cortical core. BioPince (see Figure 8.5) is the only com-
mercially available biopsy needle that allows adjustment of the
stroke length of the cutting core, from 13 mm to 33 mm.

Biopsy procedure

The patient is brought to the procedure room accompanied by a
nurse and with continuous cardiorespiratory monitoring. The
patient is placed in a prone position on the biopsy table, with a
roll of sheets placed under the abdomen to stabilize and push
the kidney towards the operator.!*"* The lower pole of the left
kidney, the optimal biopsy area, is localized by ultrasound and
the corresponding point is marked on the skin on the back of
the patient (Figure 8.7). The distance from the skin to the renal
capsule is recorded from the ultrasound data. The anesthesiol-
ogy support personnel give conscious sedation to the patient.

The biopsy area is prepped with povidone-iodine and draped.
Local skin anesthesia is done with 1% lidocaine. A spinal tap
needle is used to anesthetize the biopsy tract and to confirm
orientation of the biopsy needle by ultrasound. A small incision
of the skin, sufficient to allow the passage of the biopsy needle,
is made using a scalpel. Under real-time ultrasound guidance,
the biopsy needle is introduced and advanced, using the
recorded angle and length of passage, until it reaches the outer
kidney cortex. The patient is instructed to hold the breath and
a maneuver to obtain the core of tissue is performed (dependent
on the biopsy instrument used). The biopsy needle containing
the tissue core is quickly removed.

The biopsy tissue obtained is immersed in normal saline
and observed under a dissecting microscope for quality and
glomerular content. Usually two cores are sufficient to obtain

LEFT
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Optimal biopsy area

lliac crest

Figure 8.7 Diagram showing landmarks for localization of renal biopsy site in
the left kidney.

an appropriate biopsy sample. A successful renal biopsy should
have at least 20 glomeruli. The biopsy core is then divided and
prepared for light microscopy, immunofluorescence, and
electron microscopy.

Biopsy in a renal transplant

The presence of a single kidney in the renal transplant is
not a contraindication for percutaneous renal biopsy. The
kidney allograft is usually located in an anterior position, in
the right or left lower quadrant, and is easily palpable. In pre-
paration for the procedure, the patient is placed in the supine
position. Depending on the position, usually the upper pole is
located by ultrasound, marked on the skin, and the depth from
skin to the renal capsule is recorded. The rest of the procedure is
essentially identical to native renal biopsy. One needs to be
cautious because the fibrous tissue (capsule) around the kidney
allograft can be more difficult to penetrate. An open biopsy is
generally indicated if the kidney allograft is located in an
unusual/inaccessible position. In highly experienced centers,
percutaneous renal biopsies of allografts placed extraperi-
toneally or intraperitoneally have been reported to have similar
complication rates.'®

Postrenal biopsy care

Once the percutaneous renal biopsy is completed, the kidney
may be examined by ultrasound in search for any hematoma.
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This examination may be postponed or repeated later in appro-
priate cases to increase the chance of detecting a hematoma.’
Once the ultrasound is completed, the skin is cleaned with
povidone-iodine and a pressure dressing is applied. The patient
is positioned on the back and transported to an observation
area, accompanied by a nurse and with continuous cardiorespi-
ratory monitoring.

The postbiopsy procedure observation orders should be
instituted immediately, especially for monitoring the vital signs
for any evidence of hypovolemia (Table 8.4). The observation
period is needed for the immediate detection of any complica-
tions, particularly hemorrhage and anesthesia-related events.
The length of postbiopsy hospital stay is debatable. There is
evidence to point that a shorter observation period (8 hours)
with same day discharge from the hospital is sufficient in
selected patients and is more economical.!*?

Table 8.4 Postbiopsy order sheet

e Lie patient flat on the back for 6 hours without bathroom
privileges
o Continuous cardiorespiratory monitoring until awake from
sedation
e Monitor vital signs:
Every 15 minutes for 1 hour
Every 30 minutes for 2 hours
Every 1 hour for 4 hours
Check biopsy site with each set of vital signs
Inform physician if changes outside set parameters, back pain,
abdominal pain, active bleeding at the biopsy site
Obtain hemoglobin/hematocrit at 4 hours postbiopsy
Strict intake and output monitoring
Inform physician if no urine output for 6 hours
Check for macroscopic or microscopic hematuria and, if
present, inform the physician
e Normal diet once the patient is awake; encourage oral
fluid intake
Discharge patient after (8-24 hours), if stable
Follow-up in pediatric nephrology clinic in 1 week

Complications following renal biopsy

Complications following a renal biopsy can be separated into
minor, major, and severe categories. While the incidence of
minor complications are common, and may reach 100%, major
complications have been reported in 5-10% of cases.® Severe
complications are rare. Depending on the era of studies, the
reported complication rate is variable. Most complications are
the result of bleeding into the collecting system, with sub-
sequent hematuria, or at the biopsy entry point into renal
cortex, resulting in perinephric hematoma. Significant post-
biopsy bleeding may occasionally result in drop in hematocrit,
with need for transfusion and/or surgical intervention. Severe
bleeding with the need for nephrectomy occurs extremely

rarely. In a literature review of 19459 percutaneous renal biop-
sies, need for nephrectomy was reported in 13 cases (0.06%).”
Death directly attributable to renal biopsy is exceptionally rare,
with a reported frequency of up to 0.08% in older reviews and
0.02% in the more recent reviews.>?* Tables 8.5 and 8.6 list
complications associated with kidney biopsy.

Microscopic hematuria

Microscopic hematuria is the most common complication of
renal biopsy, and occurs in almost all patients.” It usually resolves
without any intervention and has no clinical significance.

Macroscopic hematuria

The incidence of macroscopic hematuria after native or
allograft biopsies in children ranges from 2.7 to 26.6%.224¢
Macroscopic hematuria is not usually clinically significant
and resolves spontaneously within 24-48 hours. Rarely,
macroscopic hematuria may produce a significant drop in
hematocrit, with the need for transfusion. The need for an
intervention (radiographical or surgical) to stop the bleeding
is extremely rare. Infrequently, significant gross hematuria
may result in formation of clots with subsequent urinary tract
obstruction.””* In most patients, observation and good intra-
venous hydration may be sufficient in preventing the formation
of large clots.

Perinephric hematoma

The reported incidence of perinephric hematoma following
renal biopsy is dependent on the modality of evaluation. Prior
to the advent of ultrasound and computed tomography (CT),
the reported incidence of clinically detectable perinephric
hematoma was 1.4%.% It is now known that the incidence of
perinephric hematoma, assessed by CT, is up to 91%.> Most
perinephric hematomas are clinically insignificant and self-
limiting. Caution should be used in transplant biopsies where
significant subcapsular hemotomas may cause impairment of

Table 8.5 Complications following kidney biopsy

1. Minor
e Microscopic hematuria
e Macroscopic hematuria (transient)
e Perinephric hematoma (not clinically significant)

2. Major
e Macroscopic hematuria (requiring observation/intervention)
e Perirenal hematoma (clinically significant)
e Arteriovenous fistula

3. Severe
e Need for a major surgical intervention
e Death
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Table 8.6 Incidence of complications following kidney biopsy

Complication

Microscopic hematuria
Macroscopic hematuria
Urinary tract obstruction due to blood clots
Perinephric hematoma:
o Clinical examination
e Ultrasound
e CTscan

Renal arteriovenous fistula

Clinically significant drop in hematocrit requiring blood transfusion
Nephrectomy for complications of renal biopsy

Death directly attributable to renal biopsy

renal function with oligo-anuria.”>*® Flank pain or abdominal
pain may be encountered in some patients with a perinephric
hematoma.

Arteriovenous fistula

Renal arteriovenous fistula is a well-recognized complication
of percutaneous renal biopsy. The reported incidence of arterio-
venous fistula following renal biopsy is 6-18%, as diagnosed
by angiography, and 5-12%, as diagnosed by color Doppler
ultrasound.*”* Development of hypertension, hematuria, and
abdominal bruit after renal biopsy are clinical clues to the pres-
ence of an arteriovenous fistula. Most of these fistulas resolve
spontaneously, but it is recommended that even small asympto-
matic arteriovenous fistulas should be followed by color Doppler
ultrasound.’ Large symptomatic arteriovenous fistulas may need
to be corrected by radiologic or surgical intervention.’?

Miscellaneous complications

Infectious complications such as bacteremia, sepsis, perirenal
abscesses, fistulas, and gastrointestinal tract injury as well as
severe hemorrhage and death resulting from injury to the
lumbar artery have been described. 475

Concluding remarks

The technical advances in imaging and instruments have made
the percutaneous renal biopsy a safe diagnostic procedure. Use
of real-time ultrasound guidance and advanced instruments
are the standard of care now. In spite of all the advancements,
there are still a group of well-defined contraindications for a
percutaneous renal biopsy, which the clinician must consider
carefully. Finally, the success and safety of the percutaneous

Incidence (%) References
100 3
2.7-26.6 22,24-36
0.5-5 37-45
1.4 46
6-70 3
57-91 3
5-18 47-53
0.9-4.1 27,31, 34, 36, 54
0.06 23
0.02-0.08 3,23

renal biopsy in children requires a knowledgeable and experi-
enced pediatric nephrologist familiar with the technique.
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Hematuria and

proteinuria

Marva Moxey-Mims

Hematuria and proteinuria are the two most common
abnormalities in the urinalysis that lead to referral of children
to pediatric nephrologists or urologists. Use of test-strips (dip-
sticks) to perform screening urinalysis in office practice has
enhanced the rate of detection of these urinary abnormalities.
Although isolated microscopic hematuria or low-grade protein-
uria may not always be indicative of an underlying serious renal
disease, when present together a detailed evaluation of the
patient is necessary.

Hematuria

Although hematuria is a common manifestation of many
disorders of the kidney and the urinary tract, its mere presence
does not necessarily signal a progressive illness. The finding of
isolated microscopic hematuria in children may be of minor
clinical significance. Concern is, however, warranted when the
hematuria is accompanied by proteinuria, hypertension, renal
insufficiency, or physical abnormalities.!

Definition

By clinical description, hematuria can be isolated and asympto-
matic, or associated with symptoms such as dysuria, abdominal
pain, or systemic disease.

Gross hematuria

Hematuria is referred to as being macroscopic or gross
when blood in the urine is visible to the naked eye. Depending
on the site and type of renal or urinary tract disease, gross
hematuria can be rusty, or tea colored pink, or frank red
in color.

Microscopic hematuria

Microscopic hematuria is defined as =5 erythrocytes/HPF
(high-power field) of a centrifuged urine specimen.’ Micro-
scopic hematuria is considered to be persistent if present in 2-3
urinalysis over a 2—3 week period.>**

Detection

The urine test strips (or dipstick) used for detection of blood
employ paper impregnated with ortho-toluidine buffered with
organic peroxide. Hemoglobin in the urine, or in the red cells,
catalyzes the oxidation of ortho-toluidine with peroxide to a
blue color. The intensity of the color is evaluated against a color
chart supplied by the manufacturer of the test strips to quantify
the degree of hematuria.

The dipstick test detects heme molecules and is not specific
for hematuria. A positive dipstick test could also indicate
hemoglobinuria or myoglobinuria. Microscopic analysis and
documentation of red blood cells in the urinary sediment
will differentiate hematuria from these two pigmenturias. A
false-positive dipstick result can occur if the urine sample is
very concentrated, contains high concentrations of ascorbic
acid, is contaminated with cleaning agents such as povidone-
iodine or hypochlorite, or has microbial peroxidase. Red discol-
oration of urine, suggestive of gross hematuria, can also result
from certain medications, food or vegetable dyes, bilirubin,
porphyrins, or inborn errors of metabolism (Table 9.1)°.

Epidemiology of hematuria

Gross hematuria is estimated to occur in 1.3/1000 children.®
Persistent microscopic hematuria in two or more urine samples
occurs in 1-2% of children between 6 and 15 years of age.?

Etiology of hematuria

The list of potential causes of hematuria is extensive, and the
common causes in children are listed in Table 9.2. Urinary tract
infection is the most common cause of hematuria in general
practice.® The more serious diagnoses of acute glomerulonephri-
tis and tumors of the urinary tract account for 4% and 1% of
causes of hematuria, respectively.® Trauma (even minor trauma
in cases of renal malformation), urolithiasis, and sickle cell
disease/trait can also result in gross hematuria. When hematuria
isaccompanied by other urinary abnormalities, or systemic symp-
toms, the differential diagnosis includes glomerulonephritis,
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Table 9.1 Causes of ‘red’ or dark-colored urine

Macroscopic hematuria
Myoglobinuria
Hemoglobinuria
Biologic pigments:

e Bilirubin

e Urates

e Melanin

Inborn errors of metabolism:
e Alkaptonuria

o Tyrosinosis

e Porphyrinuria

Drugs and food colors:
Chloroquine
Desferrioxamine
Diphenylhydantoin
Levodopa
Methyldopa
Metronidazole
Nitrofurantoin
Phenolphthalein
Pyridium

Rifampin

Sulfa drugs
Food/dyes

Beets

Blackberries

acute tubular necrosis, hypercalciuria, urinary tract infection,
trauma, sickle cell disease/trait, tumors, and malformations.

Evaluation of hematuria

The aims of evaluation of hematuria in a pediatric patient are:

e to determine if it is glomerular (due to nephritis) or non-
glomerular (or urologic)

e to conduct appropriate investigations to determine the
underlying cause.

A thorough medical and family history, physical exami-
nation, and urinalysis with microscopic evaluation of the
sediment are key to determining further investigative steps
necessary for evaluation of hematuria.” Once the presence of
red blood cells has been confirmed in the urine, a directed
history and physical examination should take place (Table 9.3).
Urinalysis, with microscopy of the spun urinary sediment, is
helpful in determining whether the hematuria is glomerular or
non-glomerular in nature.

Urine color
Generally, gross hematuria of glomerular origin is associated
with a brownish, tea, or cola-colored urine, as opposed to the

Table 9.2 Etiology of hematuria

Glomerular hematuria

Acute glomerulonephritis

Chronic glomerulonephritis:

¢ |gA nephropathy

e Mesangali proliferative glomerulonephritis
e Membranoproliferative glomerulonephritis
e Focal segmental glomerulosclerosis

e Membranous nephropathy

o Systemic lupus erythematosus

e ‘Shunt' nephritis

e Goodpasture's syndrome

Inherited nephropathies:

Alport's syndrome

Benign familial hematuria
Nail-patella syndrome

Fabry disease

Polycystic kidney diseases
Medullary cystic disease
Congenital nephrotic syndrome

Hemolytic uremic syndrome
Henoch-Schénlein purpura
Minimal change disease
Systemic vasculitis
Diabetes mellitus
Amyloidosis

Non-glomerular hematuria

Urinary tract disorders:

e Urinary tract infection (bacterial, viral, parasitic)
Urinary calculi

Hypercalciuria

Chemical cystitis

Urethral/bladder foreign body
Hydronephrosis

Obstructive uropathy

Urinary tract trauma

Renal and urinary tract tumors

Specific parasitic infections (schistosomiasis)

Tubulointerstitial diseases:

e Acute pyelonephritis

e Nephrocalcinosis

e Interstitial nephritis

e Nephrotoxins (including heavy metals, radiocontrast medium,
analgesics, antiretrovirals)

o Tuberous sclerosis

e Acute tubular necrosis

Vascular disorders:

e Renal vein/artery thrombosis
Malignant hypertension

o Nutcracker syndrome

e Loin pain hematuria

e Congestive heart failure

Hematologic disorders:
e Sickle cell trait/disease
o Coagulopathies
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Table 9.3 Important aspects of history and physical
examination in evaluation of hematuria

Patient history

Exercise

Menstruation

Trauma

Medication

Recent URI/impetigo

Dysuria/frequency/urgency

Suprapubic/abdominal/costovertebral angle pain

Myalgias/arthralgias

Stone passage

Timing of hematuria (throughout/initiation/termination
of urine stream)

Family history

Chronic kidney disease
Hematuria

Deafness
Hypertension
Nephrolithiasis
Hemoglobinopathy
Coagulopathy

Physical examination
Hypertension

Fever

Edema

Rash

Arthritis

Costovertebral angle tenderness
Abdominal mass

URI, upper respiratory tract infection.

pink or bright red color seen if hematuria is non-glomerular
(urinary tract bleed or urologic hematuria) in origin. In a
patient with visibly ‘red’ or dark-colored urine, but without evi-
dence of blood on dipstick testing, other causes of urinary dis-
coloration need to be ruled out (see Table 9.1). If the dipstick is
positive for blood, but no erythrocytes are seen on microscopic
examination, then hemoglobinuria or myoglobinuria need to be
considered as the diagnostic possibilities (Table 9.4). The
patient’s history and physical examination are helpful in dif-
ferentiating these two entities. Pallor and icterus are seen in
hemoglobinuria, whereas a history of severe exercise, myalgia,
and demonstration of muscle tenderness favor the diagnosis of
myoglobinuria, but urine spectrophotometry is necessary for
confirming the diagnosis.

Urine microscopy

Microscopic analysis of the spun urine sediment also helps to
differentiate between glomerular and non-glomerular hema-
turia.’'° Glomerular hematuria results from disruption of the
glomerular filtration barrier and that leads to the formation of
dysmorphic erythrocytes, which are characterized by variable
size and irregular outlines (Figure 9.1). Additional features of

Table 9.4 Causes of hemoglobinuria and myoglobinuria

Hemoglobinuria

Hemolytic anemia

Mismatched blood transfusions

Mechanical erythrocyte damage (artificial cardiac valves)
Sepsis/disseminated intravascular coagulation (DIC)
Freshwater near drowning

Toxins:

e (Carbon monoxide
e |ead

e Turpentine

e Phenol

e Naphthalene
Myoglobinuria
Rhabdomyolysis
Myositis

Severe muscle injury

glomerular hematuria are proteinuria and red blood cell and
granular casts. Non-glomerular hematuria, on the other hand,
is characterized by eumorphic erythrocytes (uniform size and
shape), a lack of casts, and often an absence of accompanying
proteinuria.

Focused investigations of non-glomerular hematuria
Historical information is helpful in the diagnosis and possible
localization of the site of lesions in non-glomerular or urologic
hematuria. Hematuria associated with red or pink-colored urine
throughout the act of urination is referred to as total hematuria.
It usually arises from a source of bleeding in the bladder or at a
higher anatomic level. Initial hematuria is a term used to indicate
bleeding that occurs at the initiation of urination, sometimes as
a distinct drop of fresh blood. The source of such hematuria is
the penile urethra. Hematuria arising out of lesions in the pos-
terior urethra, bladder neck, or trigone (base of the bladder)
leads to hematuria at the end of urination, and is designated as
terminal hematuria.

Urine culture should be obtained in all children with the
diagnosis of non-glomerular hematuria to rule out urinary tract
infection. A renal and bladder ultrasound should also be con-
sidered in these patients to rule out structural urinary tract
anomalies, calculus disease, or tumors. Sickle cell status should
be determined if hematuria is detected in an African-American
child. Hypercalciuria is a common cause of non-glomerular
microhematuria in children, and should be ruled out by measur-
ing the calcium/creatinine ratio in a spot urine sample or
24-hour urine collection for a ‘stone risk analysis’. In order
to standardize our evaluation, we recommend obtaining a fast-
ing, second morning urine sample for calcium excretion. A
CAT scan and urinary ‘stone risk analysis’ will be necessary in
patients with suspected or documented urolithiasis.

Referral to a urologist for cystoscopy is warranted if bladder
pathology such as bladder hemangioma or a tumor of the bladder
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or urethra is suspected as the cause of hematuria. Cystoscopy
may also be helpful in localizing the site of gross hematuria to
one of the ureteral orifices, so that further investigations can
then be focused on that side.

Focused investigations of glomerular hematuria

Various glomerulonephritides can cause glomerular hematuria.
Due to the concerns about long-term renal damage, chronic
kidney disease (CKD), and hypertension, investigations and
treatment should be expedited in these patients. A positive test
for hematuria in parents can help to establish the diagnosis of a
familial disorder such as benign familial hematuria or Alport’s
syndrome. With a positive family history of hematuria and renal
failure, a hearing test should be done to assist in the diagnosis of
Alport’s syndrome.

Since postinfectious glomerulonephritis still occurs fre-
quently in children, patients with glomerular hematuria should
undergo a panel of tests to rule out this diagnosis (C3, ASO
titer, and anti-DNAse B titer). Proteinuria should be quantified
in all patients found to have glomerular hematuria: this can be
achieved by determination of the protein/creatinine ratio in a
spot sample of urine. In order to standardize our approach, we

Figure 9.1

Red blood cell (RBC) morphology in hematuria. (A) Eumorphic
RBCs: the cell outlines are smooth and hemoglobin is uniformly distributed in
the cells. (B) Dysmorphic RBCs with a doughnut shape: the hemoglobin is
marginated towards the periphery of the red cell. (C) Dysmorphic RBC with
target shape: hemoglobin is marginated into the center and along the periphery
of the RBC. (D) Dysmorphic RBC with irregular cell wall: margination of
hemoglobin in these areas gives rise to the ‘mickey mouse' RBC shape.

recommend that proteinuria be assessed in the first morning
sample of urine when the patient wakes up. A diagnostic renal
biopsy may be considered in patients when glomerular hema-
turia is associated with renal dysfunction, hypertension,
and nephrotic syndrome. Flow diagrams of investigations in
patients with gross and microscopic hematuria are shown in
Figures 9.2 and 9.3, respectively.

Proteinuria

Normal urinary protein excretion is approximately 150 mg/day
in adults, which is used as a general ballpark figure for older
children as well.!! Urinary protein excretion is, however, vari-
able in younger children. Table 9.5 lists the normal values of
urinary protein excretion in children.

Glomerular capillary barrier

The glomerular capillary is a complex and selective filtration
barrier that is made of three layers:

endothelium with fenestrations
glomerular basement membrane (GBM)

o the epithelial cells and the complex network of podocytes
(Figure 9.4).

Gross hematuria I

Coke/Tea colored urine
Proteinuria

Dysmorphic red cells
Cellular casts

Bright red/pink colored urine
Non-dysmorphic RBCs

No casts

No/Minimal proteinuria

Dysuria Painless hematuria
Abdominal/Flank pain
Y
Urologic hematuria Consider renal disease
9 (Nephrologic hematuria)

Urine culture

Renal ultrasound

Urine calcium/creatinine
Sickle cell status

Investigate as for
microehmaturia

A

Urologic consultation
Cystoscopy

Figure 9.2  Algorithm for evaluation of gross hematuria.
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Microscopic hematuria
(> 5 RBC/HPF)

No proteinuria

BP normal

No family H/O chronic renal disease
No family H/O deafness

Normal physical examination

Urine culture negative

A

Proteinuria

Hypertension

Abnormal renal function

Family H/O chronic renal disease
Family/patient H/O deafness

Check parents and sibs for
hematuria

Negative family

Evaluation for hematuria

Consider Alport syndrome
Glomerulonephritis
Tubulointerstitial nephritis

I_,

hematuria e Renal ultrasound

Positive family evaluation for I

e Urine calcium/creatinine '

Elevated urine calcium/creatininel

Abnormal renal ultrasound I

A

Consider benign familial
hematuria

Hypercalciuria

Further investigate
Urologic hematuria
Structural renal disease

e Detailed hearing test
e Investigate for glomerulonephritis
¢ Renal biopsy

Figure 9.3  Algorithm for evaluation of microscopic hematuria.

Table 9.5 Normal 24-hour urinary protein excretion by age

Total urinary protein excreted (mg)

Premature babies 14-60
Full-term babies 15-68
Infants 17-85
Children:
2-4 years 20-121
4-10 years 26-194
10-16 years 29-238

Adapted from data in Reference 11.

The endothelial fenestrations (EF) are 70—100 nm in size and
permit contact between plasma within the capillary lumen and
the GBM. The endothelium is not believed to provide a signif-
icant barrier to transglomerular migration of fluid and macro-
molecules. The GBM, a gel-like acellular structure is composed

of tightly woven type IV collagen, laminin, and heparin sulfate
proteoglycans. Ultrastructurally, the GBM has three distinct
layers, the thin lamina rara interna and lamina rara externa,
with the lamina densa sandwiched in between.

The final barrier to the transcapillary passage of fluid and
macromolecules is the epithelial cell. The epithelial cells are
large, with specialized cytoplasmic extensions known as foot
processes, which firmly anchor them to the GBM. The adjacent
foot processes do not come into contact with each other and are
separated by ~40 nm wide spaces known as filtration slits.!?
These slits are bridged by a continuous membrane-like structure
known as the slit diaphragm (SD) (Figure 9.5).

Based on electron microscopy findings, Rodewald and
Karnovsky proposed in 1974 that the SD consisted of a central
filamentous structure running parallel to the surface of the
podocytes and interdigitating extracellular processes running
across in a ‘zipper design’ towards the adjacent podocyte.!
The functions of the epithelial cell and its various extensions
have remained a mystery until recently. Understanding of the
structure and function of the podocytes and the SD has been
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Bowman space

Epithelial
podocytes

Filtration slit Slit
(40 nm) diaphragm

Glycocalyx

Endothelium Fenestrae

T Capillary lumen T

Figure 9.4 Conceptual representation of the glomerular filtration barrier.
(Reproduced with permission from J Clinical Invest 114:1412, 2004.)

exponentially advanced in the last decade. Discovery of several
key proteins that localize to the SD and the podocytes has
provided an understanding of the function of the podocytes and
the SD. These proteins include nephrin and podocin.'*

Nephrin has been proposed to be one of the molecules that
extend as an extracellular rod-like structure from the foot
processes. Nephrin from the two adjacent foot processes meet in
the middle of the fenestration to form the zipper-like structure
of the SD proposed by Rodewald and Karnovsky.">!¢

The SD plays an important role in providing selective perme-
ability characteristics for the glomerular capillaries. Indeed,
abnormalities in specific proteins present in the SD caused by
inherited gene mutations result in specific clinical disorders
associated with proteinuria. Of these, mutation in the nephrin
gene NPHSI1, which results in the Finnish type of congenital
nephrotic syndrome, was the first one to be described.!”

Macromolecular transport through GBM

Despite the complex structural attributes of each component
of the glomerular capillary wall, it functions as a single filtration
unit. Plasma ultrafiltrate and macromolecular transport through
the GBM, including that of plasma proteins, is influenced by
molecular size, shape, and charge. Passage of glomerular ultrafil-
trate is thought to occur across the GBM, through the SD and
extracellular spaces of the epithelial cell, and into the urinary
space of the Bowman capsule.

The glomerular filter does not allow free passage of macro-
molecules, and its function as a selective barrier is well charac-
terized. Using neutral dextran and other single macromolecular
species of uniform shape, it has been shown that the glomerular
passage of molecules is increasingly restricted as the molecular
size increases beyond 20 A. Albumin, which has a molecular

Figure 9.5

Electron micrograph showing a filtration slit with adjacent
podocytes P1 and P2; double-layered slit diaphragm (arrows) bridges between
the two podocytes, and the glomerular basement membrane (GBM). (Reproduced
with permission from J Clin Invest 114:1475-1483, 2004.)

size of 36 A, is almost completely prevented from passing
through the glomerular capillary barrier. At a molecular size of
42 A, there is almost no clearance of molecules from the
glomerular capillaries. As a result, none of the high molecular
weight (HMW) proteins, such as 1gG, IgM, and o,-macroglob-
ulin, are allowed passage by the glomerular filtration barrier. On
the other hand, low molecular weight (LMW ) proteins, such as
B,-microglobulin (molecular size 11.8 A), and immunoglobulin
light chains are filtered readily.!?

In addition to molecular size, molecular charge has also been
shown to influence the clearance of macromolecules from the
glomerular capillary. In comparison with neutral dextran,
cationic dextran has a higher glomerular clearance and anionic
dextran has reduced glomerular clearance. Similar results have
been obtained with other molecular markers. This has led to
the concept that the passage of anionic molecules such as
plasma proteins is actively hindered by the anionic surface
charge of the glomerular filter."?

Tubular metabolism of filtered protein

The glomerular filtrate reaching the proximal tubule contains
mostly filtered LMW proteins and minor amounts of albumin
(1-3 mg/dl). Therefore, in an adult with a glomerular filtration
rate (GFR) of 125 ml/min, or 180 L/24 hours, the total amount
of albumin filtered is 1800-5400 mg/day. However, normal uri-
nary protein excretion under physiologic circumstances in an
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adult is <150 mg/24 hours, suggesting that tubular processing
reabsorbs most of the filtered albumin. Histochemical and
ultrastructural investigative techniques have established that
proteins are reabsorbed primarily in the proximal tubular
cells by a process of endocytosis. After internalization, the
endocytosed protein vesicles fuse with the lysosomes, where
the proteins undergo hydrolysis.'®!” Cubilin and megalin, two
membrane proteins present on the surface of the proximal tubu-
lar cells, appear to have a key role in the transport of ultrafil-
tered proteins from the tubular lumen into the cell cytoplasm.?
Congenital cubilin deficiency, or Grisbeck—Imerslund disease,
is associated with proteinuria.?! Cationic proteins are more
avidly bound to the tubular receptor transport mechanisms and
are removed more efficiently from the glomerular ultrafiltrate in
the proximal tubules than non-cationic proteins.”?

Types of proteinuria

The source of urinary protein excretion can be divided into
three categories: glomerular proteinuria, tubular proteinuria,
and overflow proteinuria.

Glomerular proteinuria

Proteinuria resulting from diseases of the glomerular ultrafiltra-
tion barrier (minimal change, other glomerulonephritides) is
referred to as glomerular proteinuria. Glomerular proteinuria is
detected by most clinically used tests, including dipsticks.?
Urine protein electrophoresis (UPEP) analysis of glomerular
proteinuria shows a pattern similar to serum protein analysis,
with albumin constituting a dominant fraction (Figure 9.6A).

Tubular proteinuria

Many inherited tubulopathies (e.g. Fanconi syndrome) and
acquired tubular disorders (e.g. nephrotoxins) are characterized
by a failure to reabsorb the LMW proteins from the glomerular

Ar
[ 1 1
Fraction %

Albumin 79.5
Alpha 1 8.0
Alpha 2 2.8
Beta 8.0
Gamma 1.7

ultrafiltrate. Proteinuria seen in such clinical circumstances
is referred to as tubular proteinuria.’* In contrast to glomerular
proteinuria, the standard urinary dipstick method utilized in
urinalysis does not detect LMW proteins. Therefore, specific
analytical methods are necessary to uncover tubular protein-
uria. Three markers commonly used as indicators of tubular
proteinuria in clinical practice are B,-microglobulin, o-
microglobulin, and retinol-binding protein.”” UPEP in tubular
proteinuria demonstrates o and B globulin peaks, with albumin
forming only a minor fraction of the total protein excretion
(Figure 9.6B). LMW proteinuria has recently been suggested
to be a more reliable predictor of outcome in chronic glomeru-
lar disease when compared with total daily urinary protein

excretion.?

Overflow proteinuria

Overflow proteinuria is the least common type of proteinuria
found in children. Monoclonal gammopathies characterized by
high plasma concentrations of monoclonal immunoglobulin
fractions in the serum lead to elevated concentrations of
these LMW proteins in the glomerular ultrafiltrate. Once the
proximal tubular reabsorption capacity of these filtered plasma
proteins is exceeded, they begin to appear in the urine. Such
proteinuria is known as owverflow proteinuria. Bence Jones
protein, which is seen in multiple myeloma and other B cell
lymphomas, is an example of such overflow proteinuria. Bence
Jones protein was originally detected by heat precipitation
methodology, but immunoelectrophoresis is now generally used
to detect the monoclonal (M peaks) urinary protein excretion.

Tamm-Horsfall protein

Another component of normal urine that has attracted atten-
tion recently is the glycoprotein called Tamm-Horsfall protein
(THP), or uromodulin. THP constitutes 50% of the urinary
protein excretion in normal subjects, and is produced by

B r
Fraction %
ALBUMIN 5.3
ALPHA 1 13.0
ALPHA 2 10.1
BETA 55.9
GAMMA 15.6

Figure 9.6  Urine protein electrophoresis (UPEP). (A) Patient with glomerular proteinuria: of note is the large albumin peak. The UPEP pattern is similar to the plasma
electrophoresis pattern. (B) Patient with tubular proteinuria: the globulin peaks dominate in this type of proteinuria.
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the cells of the thick ascending loop of Henle and early
distal convoluted tubule.”” THP is not detected by the routine
urinalysis techniques and is measured by immunoassay or high-
performance liquid chromatography (HPLC).

The role played by THP under physiologic conditions is
not fully clear. THP may play a protective role against urinary
tract infections by binding to Escherichia coli,”® and it may also
protect against stone formation.”’” THP forms the matrix of
hyaline and other urinary casts. Because of its affinity for binding
hemoglobin and immunoglobulin chains, and the property of
gelation and aggregation, THP has been considered to play
a role in the pathogenesis of pigment nephropathy, as well
as cast nephropathy associated with multiple myeloma.*® THP
has also been implicated in the pathogenesis of tubulointerstitial
nephritis, but the role is less certain than previously thought.

Quantification of proteinuria

Dipstick test

The urinary dipstick examination for proteinuria is a con-
venient method for detection of proteinuria. This method is
able to provide a semiquantitative estimate of the degree of
proteinuria. The test is affected by the urinary concentration
and pH. Concentrated urine may give a positive reading even
when the daily protein excretion is normal, whereas a dilute
urine may result in a negative, or only slightly positive reading
even in the presence of elevated daily protein excretion. False-
positive results may also occur if the urine is highly alkaline,
and false-negative results can be seen in the presence of high
levels of ascorbic acid. Sulfosalicylic acid precipitation of pro-
tein can provide a semiquantitative estimation of urinary pro-
tein excretion that is not affected by pH or ascorbic acid.

Timed collection

The ‘gold standard’ of urinary protein quantitation is the
measurement of protein in a carefully timed urine collection,
usually over 24 hours. Calculation of the creatinine excretion
index in the collected urine is often employed by nephrologists to
judge the completeness of the collected 24-hour urine sample.
The creatinine excretion index, or creatinine excretion per kilo-
gram of body weight (total urinary creatinine/patient’s weight),
should be 15-20mg/kg/24 hours for the urine collection to be
considered adequate.

Protein/creatinine ratio

Since collection of timed urine is often difficult in children,
an acceptable alternative is the measurement of the urine
protein/creatinine ratio in a spot sample of urine.’'?? A
protein/creatinine ratio of <0.2mg/mg is considered normal
in children older than 2 years, while a ratio of <0.5 is consid-
ered normal in those younger than 2 years of age. The protein/
creatinine ratio as a measure of urinary protein excretion
has been validated in adults as well as in children.’'?* An
approximate value of the 24-hour urinary protein excretion
(mg/m?/day) can be obtained by multiplying the urine
protein/creatinine ratio by 0.63.” The protein/creatinine ratio

has been shown to be superior to a measurement of the protein/
osmolality ratio.**

Quantification of urinary albumin has been a matter of
debate recently. Conventional immunoassays may not be able
to quantify all of the albumin present in urine, since non-
reactive or non-immunogenic albumin may not be assayed.**
Research efforts are underway to develop better analytical
methods to quantitate total albumin, which can be used to
predict renal disease in early stages.

Selectivity of proteinuria

Selectivity of proteinuria index (SPI) was introduced in the
early 1960s as a test to predict the outcome of nephrotic
syndrome.’” SPI compares the fractional excretion of a LMW
protein such as albumin (MW 60000) or transferrin (MW
90000) with a HMW protein such as immunoglobulin G (IgG,
MW 160000). Highly selective proteinuria correlates with dis-
eases associated with good clinical outcome, such as minimal
change disease. Intermediate or poorly selective proteinuria is
predictive of poor clinical outcome.

Urine IgG  Serum transferrin

SPI = % 100

Serum IgG  Urine transferrin

Highly selective proteinuria : SPI<0.10
Moderately selective proteinuria : SPI>0.11<0.20
Poorly selective proteinuria : SPI>0.21

As renal biopsy techniques became available for investiga-
tion of nephrotic syndrome and direct correlation of pathology
with outcome was established, the value of SPI became less
evident. However, some emerging recent data have shown that
SPI may be a useful tool in evaluating patients with proteinuria,
especially if more modern methods of protein assay are applied.
A stronger predictor of outcome of proteinuric disorders has
been shown by using a larger molecular marker, IgM, instead
of 1gG.*® Bazzi and colleagues found that SPI correlated
well with interstitial disease present in patients with proteinuric
disorders.** However, since considerable over lap exists between
results from different clinical groupings, SPI should be consid-
ered to be an adjunctive test.

Epidemiology of proteinuria

The prevalence of proteinuria in children is 5-6%, with an
incidence of 1-5%.**#! Proteinuria occurs more often in
adolescents, and is more common in girls.’?

Etiology of proteinuria

Artifactual proteinuria can result from vulvovaginitis,
urethritis/prostatitis, and contamination by menstrual blood.
Transient proteinuria can be seen after exercise, dehydration, or
fever.*>*# Orthostatic proteinuria is a common condition
encountered in older children and adolescents and is discussed
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below in detail. Persistent proteinuria is a manifestation of
nephrotic syndrome and can be an important clue for acute
or chronic glomerulonephritides and interstitial nephritis.
Table 9.6 lists the causes of proteinuria.

Evaluation of proteinuria

History

A thorough history, physical examination, and urinalysis
are necessary. The essential historical aspects to be established
are the duration of documented proteinuria, presence of any
symptoms of nephrotic syndrome, history of any drug intake or
exposure to toxins, and evidence of any primary collagen vascu-
lar disorder characterized by rash, fever, joint pains, or any pul-
monary symptoms. Family history of any renal disease needs to
be ascertained in order to determine if inherited disorders such
as Alport’s syndrome need to be considered.

Physical examination

The purpose of a physical examination is to establish a baseline
state of health, including blood pressure, evidence of edema,
and any clinical manifestations of rash that may be indicative of
vasculitis or collagen vascular diseases. The respiratory system,
including the sinuses, should be looked at for any evidence of
clinical disease, sinusitis, or polyps.

Laboratory studies

Once proteinuria has been confirmed, and if it is isolated (i.e.
no other urinary abnormalities), the first step should be evalua-
tion for possible orthostatic proteinuria (see below). If orthosta-
tic proteinuria is ruled out, the next steps are a directed set of
laboratory tests, based on the results of the history and physical
examination (Figure 9.7). If hematuria is present along with
proteinuria, evaluation should proceed along the lines previ-
ously indicated for a patient with the combination of hematuria
and proteinuria (see Figure 9.3).

Orthostatic proteinuria

Orthostatic, or postural proteinuria, is seen in about 60% of
children evaluated for proteinuria.* Orthostatic proteinuria is
characterized by mild, selective proteinuria that is seen only
when the subject is upright. It is generally seen in preteens,
teenagers, and young adults.

Pathogenesis

The cause of orthostatic proteinuria is unknown. Several stud-
ies have noted compression of the renal vein, or nutcracker phe-
nomenon, in patients with orthostatic proteinuria.***’ One case
report has shown that the urine obtained from the ureter of
the kidney involved in venous compression is responsible for
abnormal urine protein excretion. In an interesting report from
Devarajan, a renal transplant donor was found to have ortho-
static proteinuria.*® At surgery the left kidney (donor kidney)
was noted to have a kink in the renal vein. After nephrectomy,
the orthostatic proteinuria resolved completely. The recipient

Table 9.6 Causes of proteinuria

Artifactual
Vulvovaginitis
Infections
o Non-sexually transmitted
o Sexually transmitted diseases
e Fungal infection

Foreign body

Contact irritation
Menstrual blood contamination
Urethritis
Prostatitis

Glomerular diseases (see also Table 9.2)
Nephrotic syndrome

o Glomerulonephritis

e Hypertension

e Diabetes mellitus

e HIV nephropathy

Tubular diseases - inherited

o (Cystinosis

e Wilsons disease

e lowe syndrome

Tubular diseases - acquired
e |Interstitial nephritis

e Reflux nephropathy

e Acute tubular necrosis
e Heavy metal poisoning

Non-pathologic proteinuria
e Qrthostatic proteinuria
e Fever

e Exercise

of the kidney also has no evidence of proteinuria. The inference
drawn is that a kink in the left kidney was responsible for
venous compression on that side and the resultant orthostatic
proteinuria.

In one study, renal biopsy in 12 patients with well-
documented orthostatic proteinuria showed a subtle and focal
increase in mesangial matrix, and deposition of C3 complement
and IgG was seen in 10 of the 12 patients.* Electron
microscopy was normal in 11 of the 12 cases and foot-process
fusion was noted in one patient. Although no clear histologic
criterion was diagnostic of postural proteinuria, the authors
speculated that the presence of C3 in blood vessels might indi-
cate some form of glomerulonephritis. Devarajan has presented
an integrated hypothesis that an exaggerated renin—angiotensin
response in the upright posture could be the trigger for protein-
uria in these individuals, and that an underlying subtle
glomerular pathology may be a predisposing factor as well.*®

Diagnosis

The diagnosis of orthostatic proteinuria employs a simple test.
The principle of the test is to document proteinuria in the
upright position, and its absence in recumbence. One can
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Proteinuria I

v

A

Urinalysis + microscopy
Proteinuria quantification
Serum albumin

Orthostatic proteinuria test

Non-orthostatic proteinuria I

|

)

Positive test for orthostatic

Significant Proteinuria
(>1gram/1.73 m?/day)
Nephrotic syndrome

Non-nephrotic range proteinuria
Normal renal function
No hypertension

proteinuria Hypertension
Renal dysfunction
(
' Further investigations for
No further workup I glomerulonephritis
and nephrotic syndrome

Investigate for tubular
proteinuria and tubulointerstitial
diseases

May follow for 3—-6 months

A

Renal biopsy
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Figure 9.7  Algorithm for evaluation of proteinuria.

obtain differential timed urine collections of 12 hours
each — while the patient is resting and in the upright posture.
Protein is estimated in each of these urine collections. The
diagnosis of orthostatic proteinuria is established by document-
ing normal (calculated 24-hour) urine protein excretion in the
recumbent sample, while the upright sample has significant
proteinuria.

Alternately, a spot urine collection is obtained after 8—10
hours of flat overnight rest (first morning void after waking up),
and another sample is requested later in the day after 4-6 hours
of ambulation. It is important to remind the patients to empty
their bladder prior to sleeping. Both samples of urine are then
evaluated for protein/creatinine ratio. Normal urinary protein/
creatinine ratio in the first morning sample (<0.2), coupled
with an abnormal protein/creatinine ratio in the afternoon
sample, is suggestive of orthostatic proteinuria.

Prognosis

Orthostatic proteinuria is considered to have a benign prog-
nosis.’®! Rytand and Spreiter followed 6 patients with ortho-
static proteinuria originally diagnosed by Thomas Addis.*

After 50 years of follow up, none of them had evidence of renal
disease or worsening of their proteinuria.

Microalbuminuria

Microalbuminuria is defined as urinary excretion of albumin
above normal values, but less than that detected by a traditional
dipstick.” A persistent elevation of urinary albumin excretion
of 30-300 mg/day (20-200 pg/min) is quantitatively considered
as microalbuminuria.’® Although persistent microalbuminuria
is well known to be a harbinger of renal morbidity in patients
with diabetes mellitus or hypertension,’ microalbuminuria has
also been shown to be a predictor of early glomerular injury in
children with sickle cell disease, correlating with increasing age
and lower hemoglobin levels.”*® While a 24-hour collection of
urine is considered the ‘gold standard’ for assessing microalbu-
minuria, quantitation of microalbuminuria/urinary creatinine
in a random spot urine collection (U,,,/U.,) has been shown to
be comparable to a 24-hour urine collection.””>’ A normal
Uy/Ug, is <30 mg/g creatinine, and a value between 30
and 299 mg/g creatinine is suggestive of microalbuminuria.®
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The American Diabetes Association (ADA) recommends
microalbumin/creatinine ratio as the preferred method for eval-
uating microalbuminuria in diabetic patients.' This screening
may also be performed by a 24-hour urine collection, or a timed
collection of less than 24 hours. The ADA and the American
Kidney Foundation recommend screening type 1 diabetics for
microalbuminuria after 5 years of disease, type 2 diabetics at the
time of diagnosis, and both groups annually thereafter.®!

Screening for renal disease

The American Academy of Pediatrics (AAP) has not recom-
mended routine screening urinalysis, except as part of the
physical examination at age 5 years and then once during ado-
lescence (between 11 and 21 years).®? However, in Asia, several
countries perform mass screenings of schoolchildren annually
and claim to have seen an impact on the incidence of end-stage
renal disease (ESRD).®* The cost-effectiveness of such pro-
grams has been questioned, however.* Despite the increasing
incidence of CKD in the United States, an analysis of screening
adults for proteinuria did not find the tests to be cost-effective.”
There was improvement in the cost-effectiveness ratio, pro-
vided the screening was selectively directed toward high-risk
groups or conducted at 10-year intervals. A similar analysis in
children also concluded that multiple screening dipstick urinal-
ysis in asymptomatic patients was not cost-effective.®® There-
fore, the AAP guidelines appear to be reasonable, although a
modified screening schedule in patients with a known family

history of CKD should be considered.

Proteinuria and progression of renal disease

Because of direct correlation of urinary protein level with pro-
gression to CKD,*"® proteinuria has traditionally been consid-
ered to be a consequence of progressive renal injury and a
marker of the severity of renal disease. However, there has been
a paradigm shift in recent years, to think of urinary protein as a
contributory cause of renal disease progression.”’ Experimental
evidence suggests that urinary proteins may elicit proinflamma-
tory and profibrotic effects that play a role in tubulointerstitial
damage. Several potential mechanisms of proteinuria-induced
tubule cell injury have been proposed. First, is the concept of
‘misdirected’ filtration, which proposes that podocyte injury
causes adhesion of the glomerular tuft to Bowman capsule, and
accumulation of the filtrate outside of Bowman space and
into the periglomerular space, ultimately leading to glomeru-
losclerosis.”™” Another proposed mechanism is luminal obstruc-
tion by protein casts.”* Finally, excessive protein uptake by the
proximal tubular cells in proteinuric states may lead to focal
extravasation of cell contents into the neighboring interstitium,
followed by an inflammatory reaction and tubulointerstitial
fibrosis.” It is largely unclear whether proteinuria is simply
the result of, or a culprit in, progressive renal disease. However,
it is generally felt that an inverse relationship between level of
proteinuria and long-term renal survival validates an aggressive
use of antiproteinuric therapies.”®”""" The possible role of

proteinuria in causing progressive renal injury also raises a
cautionary flag regarding overzealous intravenous albumin
infusions in the treatment of nephrotic edema.’®%

Concluding remarks

The evaluation of hematuria and proteinuria in children
requires a directed approach based on history and physical
findings. Every child does not require the whole battery of
potential tests. Recent data show that intervention in cases of
significant fixed proteinuria is warranted, and that perhaps
some caution ought to be exercised in aggressive administration
of intravenous proteins.

References

1. Feld LG, Meyers KE, Kaplan BS et al. Limited evaluation of
microscopic hematuria in pediatrics. Pediatrics 102:e42, 1998.

2. Meyers KEC. Evaluation of hematuria in children. Urol Clin
North Am 31:559, 2004.

3. Dodge WE West EF, Smith EH et al. Proteinuria and hema-
turia in schoolchildren: epidemiology and early natural history.
J Pediatr 88:327, 1976.

4. Diven SC, Travis LB. A practical primary care approach to hema-
turia in children. Pediatr Nephrol 14:65, 2000.

5. Koff SA. A practical approach to hematuria in children. Am Fam
Physician 23:159, 1981.

6. Ingelfinger JR, Davis AE, Grupe WE. Frequency and etiology
of gross hematuria in a general pediatric setting. Pediatrics 59:
557, 1971.

7. Lieu TA, Grasmeder M, Kaplan BS. An approach to the evalua-
tion and treatment of microscopic hematuria. Pediatr Clin North
Am 38:579, 1991.

8. Fairley KE Birch DE Hematuria: a simple method for identifying
glomerular bleeding. Kidney Int 21:105, 1982.

9. Stapleton FB. Morphology of urinary red blood cells: a simple
guide to localizing the site of hematuria. Pediatr Clin North Am
34:561, 1987.

10. Tomita M, Kitamoto Y, Nakayama M et al. A new morphological
classification of urinary erythrocytes for differential diagnosis of
glomerular hematuria. Clin Nephrol 37:84, 1992.

11. Miltenyi M. Urinary protein excretion in healthy children. Clin
Nephrol 12:216, 1979.

12. Deen WM, Lazzara M], Myers BD. Structural determinants of
glomerular permeability. Am ] Physiol Renal Physiol 281:F579,
2001.

13. Rodewald R, Karnovsky M]. Porous structure of the glomerular
slit diaphragm in the rat and mouse. Cell Biol 160:423, 1974.

14. Chugh SS, Kaw B, Kanwar YS. Molecular structure—function
relationship in the slit diaphragm. Semin Nephrol 6:544, 2003.

15. Tryggvason K. Unraveling the mechanisms of glomerular ultra-
filtration: nephrin, a key component of the slit diaphragm. ] Am
Soc Nephrol 10:2440, 1999.



140 Clinical Pediatric Nephrology

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

Khoshnoodi ], Tryggvason K. Unraveling the molecular make-up
of the glomerular podocyte slit diaphragm. Exp Nephrol 9:355,
2001.

Kestila M, Lenkkeri U, Mannikko M et al. Positionally cloned
gene for a novel glomerular protein — nephrin — is mutated in
congenital nephrotic syndrome. Mol Cell 1:575, 1998.

Abbate M, Remuzzi G. Novel mechanism(s) implicated in
tubular albumin reabsorption and handling. Am ] Kidney Dis
38:196, 2001.

Gekle M. Renal tubule albumin transport. Ann Rev Physiol
67:573, 2005.

Christensen EI, Birn H. Megalin and cubilin: synergistic
endocytic receptors in renal proximal tubule. Am ] Physiol 280:
F562, 2001.

Wahlstedt-Froberg V, Pettersson T, Aminoff M, Dugue B,
Grausbeck R. Proteinuria in cubilin-deficient patients with selec-
tive vitamin B, malabsorption. Pediatr Nephrol 18:417, 2003.
D’Amico G, Bazzi C. Pathophysiology of proteinuria. Kidney Int
63:809, 2003.

Barratt TM, Niaudet P. Clinical evaluation. In: Avner ED,
Harmon WE, Niaudet P, eds. Pediatric Nephrology, 5th edn.
Philadelphia: Lippincott, Williams and Wilkins; 2004: 387.

Alt JM, Von der Heyde D, Assel E et al. Characteristics of protein
excretion in glomerular and tubular disease. Contrib Nephrol
24:115, 1981.

Bergon E, Granados R, Fernandez-Segoviano P et al. Classification
of renal proteinuria: a simple algorithm. Clin Chem Lab Med
40:1143, 2002.

D’Amico G, Bazzi C. Urinary protein and enzyme excretion
as markers of tubular damage. Curr Opin Nephrol Hypertens
12:639, 2003.

Serafini-Cessi F, Malagolini N, Cavallone D. Tamm-Horsfall
glycoprotein: biology and clinical relevance. Am ] Kidney Dis
42:658, 2003.

Pak J, PuY, Zhang ZT, Hasty DL, Wu XR. Tamm-Horsfall protein
binds to type 1 fimbriated Escherichia coli and prevents E. coli
from binding to uroplakin Ia and Ib receptors. ] Biol Chem
276:9924, 2001.

Mo L, Huang HY, Zhu XH, Shapiro E, Hasty DL, Wu XR. Tamm-—
Horsfall protein is a critical renal defense factor protecting against
calcium oxalate crystal formation. Kidney Int 66:1159, 2004.
Wangsiripaisan A, Gengaro PE, Edelstein CL, Schrier RW. Role
of polymeric Tamm-Horsfall protein in cast formation: oligosac-
charide and tubular fluid ions. Kidney Int 59:932, 2001.
Ginsberg JM, Chang B, Matarese RA et al. Use of single voided
urine samples to estimate quantitative proteinuria. N Engl ] Med
309:1543, 1983.

Houser M. Assessment of proteinuria using random urine samples.
J Pediatr 104:845, 1984.

Abitbol C, Zilleruelo G, Freundlich M et al. Quantitation of pro-
teinuria with urinary protein/creatinine ratios and random testing
with dipsticks in nephritic children. ] Pediatr 116:243, 1990.
Morgenstern BZ, Butani L, Wollan P et al. Validity of protein—
osmolality versus protein—creatinine ratios in the estimation
of quantitative proteinuria from random samples of urine in

children. Am ] Kidney Dis 41:760, 2003.

35.

36.

37.

38.

39.

40.

41.

42.

43.

4.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Osicka TM, Comper WD. Characterization of immuno-
chemically nonreactive urinary albumin. Clin Chem 50:2286,
2004.

Becker GJ. Which albumin should we measure? Kidney Int Suppl
92:S16, 2004.

Cameron ]S, Blanford G. The simple assessment of selectivity of
heavy proteinuria. Lancet 2:242, 1966.

Bakoush O, Torffvit O, Rippe B, Tencer J. High proteinuria
selectivity index based upon IgM is a strong predictor of poor
renal survival in glomerular diseases. Nephrol Dial Transplant 16:
1357, 2001.

Bazzi C, Petrini C, Rizza V, Arrigo G, D’Amico G. A modern
approach to selectivity of proteinuria and tubulointerstitial
damage in nephrotic syndrome. Kidney Int 58:1732, 2000.
Vehaskari VM, Rapola J. Isolated proteinuria: analysis of a
school-age population. ] Pediatr 101:661, 1982.

Yoshikawa N, Kitagawa K, Ohta K et al. Asymptomatic constant
isolated proteinuria in children. ] Pediatr 119:375, 1991.

Marks MI, McLaine PN, Drummond KN. Proteinuria in children
with febrile illnesses. Arch Dis Child 45:250, 1970.

Campanacci L, Faccini L, Englaro E et al. Exercise-induced
proteinuria. Contrib Nephrol 26:31, 1981.

Poortmans JR. Postexercise proteinuria in humans. JAMA 253:
236, 1985.

Norman ME. An office approach to hematuria and proteinuria.
Pediatr Clin North Am 34:545, 1987.

Cho BS, Choi YM, Kang HH et al. Diagnosis of nut-cracker
phenomenon using renal Doppler ultrasound in orthostatic
proteinuria. Nephrol Dial Transplant 16:1620, 2001.

Lee S], You ES, Lee JE, Chung EC. Left renal vein entrapment
syndrome in two girls with orthostatic proteinuria. Pediatr
Nephrol 11:218, 1997.

Devarajan P. Mechanisms of orthostatic proteinuria: lessons from
a transplant donor. ] Am Soc Nephrol 4:36, 1993.

von Bonsdorff M, Tornroth T, Pasternack A. Renal biopsy find-
ings in orthostatic proteinuria. Acta Pathol Microbiol Immunol
Scand 90:11, 1982.

Rytand DA, Spreiter S. Prognosis in postural (orthostatic)
proteinuria: forty to fifty-year follow-up of six patients after
diagnosis by Thomas Addis. N Engl ] Med 305:618, 1981.
Springberg PD, Garrett LE Jr, Thompson AL et al. Fixed and
reproducible orthostatic proteinuria: results of a 20-year follow-up
study. Ann Intern Med 97:516, 1982.

American Diabetes Association. Diabetic nephropathy. Diabetes
Care 26(Suppl 1):S94, 2003.

Bakris GL. Microalbuminuria: What is it? Why is it important?
What should be done about it? ] Clin Hypertens 3:99, 2001.
Jones CA, Francis ME, Eberhardt MS et al. Microalbuminuria in
the US population: Third National Health and Nutrition
Examination Survey. Am ] Kidney Dis 39:445, 2002.

Datta V, Ayengar JR, Karpate S et al. Microalbuminuria as a
predictor of early glomerular injury in children with sickle cell
disease. Indian ] Pediatr 70:307, 2003.

McBurney PG, Hanevold CD, Hernandez CM et al. Risk factors
for microalbuminuria in children with sickle cell anemia.

J Pediatr Hematol Oncol 24:473, 2002.



Hematuria and proteinuria 141

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Nathan DM, Rosenbaum C, Protasowicki VD. Single-void
samples can be used to estimate quantitative proteinuria. Diabetes
Care 10:414, 1987.

Shield JP, Hunt LP, Baum JD et al. Screening for diabetic micro-
albuminuria in routine clinical care: which method? Arch Dis
Child 72:524, 1995.

Assadi FK. Quantitation of microalbuminuria using random urine
samples. Pediatr Nephrol 17:107, 2002.

American Diabetes Association (ADA). Diabetic nephropathy.
Diabetes Care 20:S24, 1997.

American Diabetes Association. Standards of medical care in
diabetes. Diabetes Care 28:S4, 2005.

Committee on Practice and Ambulatory Medicine. Recommenda-
tions for preventive pediatric health care. Pediatrics 105:645,
2000.

Yap HK, Quek CM, Shen Q et al. Role of urinary screening pro-
grammes in children in the prevention of chronic kidney disease.
Ann Acad Med Singapore 34:3, 2005.

Murakami M, Hayakawa M, Yanagihara T et al. Proteinuria
screening for children. Kidney Int Suppl 94:S23, 2005.

Boulware LE, Jaar BG, Tarver-Carr ME et al. Screening for
proteinuria in US adults: a cost-effectiveness analysis. JAMA
290:3101, 2003.

Kaplan RE, Springate JE, Feld LG. Screening dipstick urinalysis:
a time to change. Pediatrics 100:919, 1997.

Burton C, Harris KPG. The role of proteinuria in the progression
of chronic renal failure. Am ] Kidney Dis 27:765, 1996.

Remuzzi G, Bertani T. Pathophysiology of progressive
nephropathies. N Engl ] Med 339:1448, 1998.

Ruggenenti P, Perna A, Gherardi G et al. Renoprotective pro-
perties of ACE-inhibition in non-diabetic nephropathies with
non-nephrotic proteinuria. Lancet 354:359, 1999.

70.

71.

72.

73.

74.

75.

76.

1.

78.

79.

80.

Eddy AA. Proteinuria and interstitial injury. Nephrol Dial
Transplant 19:277, 2004.

Zandi-Nejad K, Eddy AA, Glassock R] et al. Why is proteinuria
an ominous biomarker of progressive kidney disease? Kidney Int
Suppl 92:S76, 2004.

Kriz W, Hosser H, Hahnel B et al. From segmental glomeruloscle-
rosis to total nephron degeneration and interstitial fibrosis: a
histopathological study in rat models and human glomeru-
lopathies. Nephrol Dial Transplant 13:2781, 1998.

Kriz W, Hartmann I, Hosser H et al. Tracer studies in the
rat demonstrate misdirected filtration and peritubular filtrate
spreading in nephrons with segmental glomerulosclerosis. ] Am
Soc Nephrol 12:496, 2001.

Meyer TW. Tubular injury in glomerular disease. Kidney Int
63:774, 2003.

Bertani T, Zoja C, Abbate M et al. Age-related nephropathy
and proteinuria in rats with intact kidneys exposed to diets with
different protein content. Lab Invest 60:196, 1989.

Zoja C, Morigi M, Remuzzi G. Proteinuria and phenotypic change
of proximal tubular cells. ] Am Soc Nephrol Suppl 1:S36, 2003.
Ruggenenti P, Perna A, Remuzzi G. Retarding progression of
chronic kidney disease: the neglected issue of residual proteinuria.
Kidney Int 63:2254, 2003.

De Zeeuw D, Remuzzi G, Parving HH. Proteinuria, a target for
renoprotection in patients with type 2 diabetic nephropathy:
lessons from RENAAL. Kidney Int 65:2309, 2004.

Chiurchiu C, Remuzzi G, Ruggenenti P. Angiotensin-converting
enzyme inhibition and renal protection in nondiabetic patients:
the data of the meta-analysis. ] Am Soc Nephrol Suppl 1:S58, 2005.
Orbach H, Tishler M, Shoenfeld Y. Intravenous immunoglobulin
and the kidney — a two-edged sword. Semin Arthritis Rheum
34:593, 2004.






Part 111

Parenchymal diseases







=EEE Acute
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- and rapidly progressive
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A child manifesting acute onset of kidney disease, or with
rapidly deteriorating kidney function, is often a diagnostic chal-
lenge. Management of these patients involves establishing diag-
nosis, need for a renal biopsy, and consideration for urgent
dialysis and other medical therapies. Both acute postinfectious
glomerulonephritis and rapidly progressive glomerulonephritis
can present with a rapid clinical onset. It is also important
to note that chronic glomerulonephritides, such as systemic
lupus erythematosus (SLE) nephritis or membranoproliferative
glomerulonephritis (MPGN), may manifest an acute onset and
need to be considered in the diagnostic evaluation of patients
with acute nephritis.

Acute postinfectious
glomerulonephritis

Epidemiology

Acute postinfectious glomerulonephritis (AGN) may occur at
any age, but it is more commonly encountered between the ages
of 2 and 15 years.!* Most studies report a male preponder-
ance.** Geographical variations in the incidence of AGN are
well known. With improving living standards, the incidence
has decreased in most Western countries over the past half
century,”® but AGN is still a major health concern in many
geographic regions of the world.>%7

Because AGN follows upper respiratory or skin infection with
group A B-hemolytic streptococcus in over 90% of cases, the
term ‘acute poststreptococcal glomerulonephritis’ (APSGN) is
often used synonymously with AGN. APSGN associated with
pharyngotonsillitis is more common in temperate climates,

especially during winter, while impetigo-associated disease is
more common in warm and humid climates during summer.?’
Epidemic outbreaks of APSGN may occur under crowded and
poor sanitary conditions.'"*!%!! Studies during epidemics have
shown that cases with asymptomatic disease outnumber those
with overt nephritis.'%!? In some populations, scabies-associated
streptococcal skin infections are responsible for a large pro-
portion of APSGN.! The overall risk of developing APSGN
after a streptococcal infection is probably less than 2%, but the
risk rises to 5-25% if the infecting streptococcal strain is known
to be nephritogenic.!%!?

Although much less common, AGN may result from a vari-
ety of other bacterial and viral infections, such as staphylococci,
pneumococci, Yersinia, Mycoplasma pneumoniae, influenza virus,
adenovirus, coxsackie virus, cytomegalovirus, Epstein—Barr
virus, varicella virus, mumps virus, measles virus, and parvovirus
B19 (Table 10.1).1-" Rarely, AGN can occur with chronic bac-
terial infections, such as subacute endocarditis, ventriculoatrial

shunt infections, and deep-seated abscesses.!>!®

Clinical presentation

The onset of APSGN typically occurs 7-14 days after an upper
respiratory tract infection, and as long as 6 weeks after impetigo.
The primary infection may remain undetected in some cases.
The presentation of AGN varies according to disease severity.
A typical presentation is the combination of oliguria, hyper-
tension, mild lower extremity or periorbital edema, hematuria,
and proteinuria, with a modest impairment of renal function.
Pulmonary edema due to fluid overload may be present in
moderately severe cases (Figure 10.1). Gross hematuria with
brownish (coke-or-tea-colored) discoloration of urine is present
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Table 10.1 Conditions that present as acute nephritic
syndrome

1. Acute postinfectious glomerulonephritis
Bacterial infections:
e Poststreptococcal glomerulonephritis
e Staphylococci
e Pneumococci
e Yersinia
e Mycoplasma pneumoniae

Viral infections:
Influenza virus
Adenovirus
Coxsackie virus
Cytomegalovirus
Epstein-Barr virus
Varicella virus
Mumps virus
Measles virus
Parvovirus B19

Membranoproliferative glomerulonephritis
IgA nephropathy

Henoch-Schénlein purpura nephritis
Systemic lupus erythematosus nephritis
Vasculitis

e Microscopic polyangitis

e Wegener's granulomatosis

o Churg-Strauss syndrome

RIS

7. Rapidly progressive glomerulonephritis

in up to 50% of the patients. Significant leukocyturia may be seen
in some patients with AGN. Dull abdominal or flank pain and
malaise may be present. Severe hypertension and hypertensive
encephalopathy, manifesting as headache or even seizures, may be
the initial presenting symptoms in a rare patient. Less severe cases
manifest microscopic or gross hematuria without edema, hyper-
tension, proteinuria, or decreased kidney function. Nephrotic
syndrome and acute renal failure are uncommon, but may occur.

Pathology

Light microscopy in the acute phase of APSGN shows diffuse
endocapillary cell proliferation, swelling, and narrowing of
glomerular capillary lumens (Figure 10.2A). Infiltration of the
glomeruli with neutrophils and monocytes is a common find-
ing. The hallmark of APSGN is the electron microscopy find-
ings of large subepithelial deposits (‘humps’), believed to be
immune complexes (Figure 10.2B). Immunofluorescence
microscopy reveals coarsely granular staining of the capillary
loops for IgG and complement C3." The presence of IgM
and IgA is variable. After the acute phase, mesangial hypercellu-
larity with positive immunofluorescence may persist for months
to years, despite clinical recovery.>!” In non-streptococcal AGN,
the renal pathology is more variable and may include sub-
endothelial deposits in addition to mesangial and endothelial
cell proliferation.-°

Figure 10.1
tis showing pulmonary edema.

Chest X-ray of a patient with poststreptococcal glomerulonephri-

Pathogenesis

AGN is believed to result from the host immune response to
the preceding infection. Only a few streptococcal serotypes are
capable of causing APSGN. M serotypes 1, 2, 3, 4, 12, 18, 25,
and 49 are most commonly seen with pharyngitis-associated
ASPGN, whereas types 2, 49, 55, 57, and 60 are seen
commonly with skin infection-associated ASPGN.'® Glomeru-
lar immune complexes may represent ‘trapped’ circulating
antigen—antibody complexes, or immune complexes formed in
situ within the glomerular capillary wall.'’"# In-situ immune
complex formation may be initiated by antibodies cross-react-
ing with glomerular capillary wall components,'® or by circulat-
ing microbial antigens with affinity for the capillary wall, such
as streptococcal M protein or endolysin.?*?*-% Once formed, the
immune complexes activate complement, cytokines, and other
mediators of glomerular injury.?

Rapidly progressive
glomerulonephritis

Definition

Rapidly progressive glomerulonephritis (RPGN), or crescentic
glomerulonephritis, is a clinicopathologic condition that is
characterized by a rapid deterioration of renal function and
demonstration of ‘crescents’ affecting at least 50% of the
glomeruli in an adequate biopsy specimen.?"*® However, the def-
inition is arbitrary and patients with lesser degrees of crescent
formation may progress into full-blown RPGN. Crescents form
in the Bowman space surrounding the glomerular capillary tuft,
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Figure 10.2 Acute postinfectious glomerulonephritis. (A) Light micrograph showing a glomerulus in a patient with acute poststreptococcal glomerulonephritis.
Glomerular capillaries are obliterated in many areas due to endothelial cell swelling. Numerous neutrophils (arrows) are noted in the glomerulus. (B) Electron
micrograph showing a large subepithelial deposit or ‘nump' (arrow) in a patient with poststreptococcal glomerulonepbhritis. (Both photographs courtesy of Dr. Randall

Craver, Louisiana State University.)

and are initially composed of infiltrating macrophages and pro-
liferating glomerular epithelial cells. Later, these organize into
fibroepithelial crescents, and eventually into fibrotic crescents.
Severely affected glomeruli may eventually progress to global
sclerosis (Figure 10.3).

Epidemiology

RPGN is an uncommon disorder in children and its precise
incidence is unknown. Although adolescents are affected more
commonly,”~* RPGN may occur in younger children, includ-
ing infants.”*’ Since severe APSGN may lead to RPGN,
increased incidence of RPGN may be observed during large
epidemics of streptococcal infection.?’* A few familial cases
of RPGN have been reported.*

Classification

RPGN is not a single disease entity. Rather, the crescents
are believed to be the result of severe non-specific glomerular
injury, with numerous underlying causes. Current classification
of RPGN is based on the nature of immune deposits seen in the
renal biopsy. It is categorized as:

immune complex-mediated
anti-glomerular basement membrane (anti-GBM) antibody-
mediated or

e pauci-immune.?

The distribution of these subtypes in children differs from that
in adults (Table 10.2).

Figure 10.3
The arrows point to fibrocellular crescents. (Photograph courtesy of Dr. Randall
Craver, Louisiana State University.)

Light microscopy in a patient with crescentic glomerulonepbhritis.

Immune complex-mediated RPGN

In a large series from the United States, immune complex-
mediated RPGN accounted for 45% of all RPGN in children
less than 20 years of age, in contrast to 35% in the 21-60-year
group, and only 6% in patients over 60.® Also, geographical
variations in the distribution have been reported. Renal biopsy
in immune complex-mediated RPGN is characterized by the
presence of glomerular immune complexes, that can be docu-
mented by immunofluorescence and electron microscopy. The
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Table 10.2 Rapidly progressive glomerulonephritis (RPGN): distribution of subtypes in children and in adults

Age 1-20 years (73 patients)

Immune complex-mediated RPGN
Pauci-immune RPGN

Anti-GBM antibody-mediated RPGN
Other

Modified and reproduced with permission from Jennetle JC*

localization of the immune complexes within the glomeruli is
dependent on the underlying etiology. Most pediatric cases
of immune complex-mediated RPGN are associated with
chronic glomerulonephritides, such as MPGN, IgA nephro-
pathy, Henoch—Schénlein purpura nephritis and SLE nephritis,
or with APSGN.

Anti-glomerular basement membrane

antibody-mediated RPGN

Anti-glomerular basement membrane (anti-GBM) antibody-
mediated RPGN is the most aggressive form of RPGN, and
accounts for approximately 12% of pediatric cases.’® The
disease is mediated by binding of circulating autoantibodies
to the glomerular basement membrane. Immunofluorescence
microscopy reveals linear deposits of [gG, with or without
accompanying C3 along the capillary loops. Anti-GBM anti-
body cross-reacts with pulmonary basement membrane, result-
ing in pulmonary injury and pulmonary hemorrhage, this
condition being known as Goodpasture syndrome. Isolated
renal disease without pulmonary manifestations is present in
approximately 50% of the cases.’®*

Pauci-immune RPGN
Pauci-immune RPGN is the second most common type of
RPGN in children (see Table 10.2). The diagnosis is made by
demonstration of extensive glomerular crescent formation
without evidence of immune complex or anti-GBM antibody
deposition. Pauci-immune RPGN is often associated with sys-
temic small-vessel vasculitis, such as Wegener’s granulomatosis
(WG), microscopic polyangiitis, and Churg—Strauss syndrome.
In a minority of cases, the disease is limited to the kidney.
Approximately 80% of patients with pauci-immune RPGN
have circulating antineutrophil cytoplasmic antibodies
(ANCA).*** In WG, ANCA are directed against proteinase
3 (PR3) and give a cytoplasmic staining pattern in neutrophils
(c-ANCA). Perinuclear staining (p-ANCA) correlates with
anti-myeloperoxidase antibodies and is typical of the other,
non-WG forms of pauci-immune RPGN, although p-ANCA
may be seen in a minority of patients with WG.* Atypical
ANCA staining patterns due to other antibodies are occasion-
ally present.*! It is now believed that ANCA plays a role in
the pathogenesis of RPGN by participating in neutrophil
activation that ultimately results in endothelial damage. 4
The primary causes of ANCA formation, however, remain

All ages (632 patients)

4500 2400
42% 60%
12% 15%
0 1%

unclear. Anti-GBM antibodies and ANCA may coexist in
some patients.® Rarely, drugs, such as propylthiouracil and
hydralazine may induce ANCA-positive RPGN.?#6-48

Clinical manifestations

The manifestations of RPGN can vary from asymptomatic
proteinuria and hematuria, or increased serum creatinine, to
life-threatening renal failure or hypertensive crisis. Nephritic
features such as hypertension, oliguria, hematuria, or nephrotic
syndrome are also frequently present. Renal failure, requiring
dialysis, may be present at the time of initial diagnosis, or
develop subsequently over days to weeks. A more protracted
course is also seen at times. Even in asymptomatic cases, pro-
gressive renal disease and declining kidney function is common.

If RPGN is associated with systemic disease, extrarenal symp-
toms may dominate at presentation, and may precede the onset
of renal disease. The organ systems commonly involved in
systemic disease-associated RPGN are listed in Table 10.3. In
SLE and Henoch-Schénlein purpura-associated RPGN, mani-
festations of systemic disease are often seen in conjunction
with RPGN. In ANCA -positive RPGN, such as WG, systemic
manifestations may lag behind the first signs of renal disease.
Pulmonary hemorrhage, a life-threatening complication, may
accompany RPGN, especially those associated with systemic
disorders. Chronic upper and lower respiratory tract disease
consisting of chronic sinusitis and ear infections, hearing loss,
oral or nasal ulcers and inflammation, nasal septal perforation
or nasal bridge collapse, and pulmonary nodules or cavitation is
characteristically seen in WG. Granulomas in the respiratory
tract are present in the areas of the affected portions of the
respiratory tract. Musculoskeletal symptoms, especially arthral-
gias, are common in all forms of ANCA-positive RPGN.
Cutaneous nodules and other skin involvement may occur
in WG and Churg-Strauss syndrome. Eosinophilic gastro-
enteritis frequently accompanies the acute phase of Churg—
Strauss syndrome.

Diagnostic evaluation

Investigations of nephritic syndrome (oliguria, edema, hyper-
tension, proteinuria, and hematuria) should be initiated
towards ruling out the possibility of APSGN and whether or
not the patient has RPGN. A renal biopsy will be necessary in
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Table 10.3 Differential diagnosis of acute nephritic syndrome

APSGN MPGN IgA-GN SLE HSP aGBM RLV WG MPA C-S
Symptoms
Constitutional +/— + +/— + + + +
Gastrointestinal 4 =
Pulmonary + + + +
Upper respiratory +
Joint + + +/—- +/- +
Skin + + +/—- +/- +/—
Laboratory
Low C3 + + +
ASQ/Streptoz. +
ANA +
a-GBM ab i = o=
c-ANCA +
p-ANCA + + +
Eosinophilia +— +

+ denotes observed in most patients; +/—, denotes observed in less than 50% of patients.

APSGN, acute postinfectious glomerulonephritis; MPGN, membranoproliferative glomerulonephritis; IgA-GN, immunoglobulin A nephropathy; SLE, systemic lupus
erythematosus nephritis; HSP, Henoch—Schénlein purpura nephritis; aGBM, anti-glomerular basement membrane antibody-mediated glomerulonephritis; RLV,
renal-limited vasculitis; WG, Wegener's granulomatosis; MPA, microscopic polyangiitis; C-S, Churg—Strauss syndrome; C3, complement C3; ASO, antistreptolysin O
antibody; Streptoz., streptozyme test; ANA, antinuclear antibody; c-ANCA, cytoplasmic staining with antineutrophil cytoplasmic antibody; p-ANCA, perinuclear staining

with antineutrophil cytoplasmic antibody.

order to ascertain the diagnosis of RPGN. Follow-up investiga-
tions are needed to determine any underlying systemic disorder
that may accompany renal disease, so that appropriate therapy
can be advocated for the patient.

Historical data

Streptococcal pharyngitis precedes development of gross
hematuria and other symptoms of APSGN by 2—4 weeks. Acute
nephritic syndrome, including gross hematuria, may also be
a manifestation of IgA nephropathy. However, gross hematuria
in IgA nephropathy occurs within 24-48 hours of onset of
upper respiratory tract infection, and is often referred to as
‘synpharyngitic hematuria’.

In temperate climates, history of recent skin infection should
also be ascertained. Symptoms of systemic disorders such as fever,
joint pains, purpuric rash, and malar rash, symptoms of sinusitis,
cough, and pulmonary symptoms, should be documented.

Throat culture

Throat culture for group A B-hemolytic streptococcal infection
should be obtained, even though positive findings may not be
always be present by the time of the patient’s presentation.

Streptococcal antibody titers

A positive streptococcal antibody titer is considered evidence
supportive of recent streptococcal infection, but does not con-
firm the existence of glomerulonephritis. Streptozyme panel,
which includes antibodies against four streptococcal antigens,
is a more sensitive test than the commonly used antistreptolysin

O (ASQO) titer. In APSGN resulting from skin infection, the
anti-DNase B antibody titer (included in streptozyme panel)
may be positive in the absence of the ASO titer being signifi-
cantly elevated.® In AGN due to non-streptococcal infections,
specific antibody titers should be obtained when warranted by
clinical suspicion.

Complement studies

Low C3 complement is central in the diagnosis of APSGN. In
some cases of APSGN, C3 complement returns to a normal
level in less than 2 weeks, whereas C3 complement returns to
normal by 8 weeks in all cases with this disorder.’®>* Persistence
of low complement C3 beyond 8 weeks should indicate a diag-
nosis other than APSGN. It is important to recognize that
approximately 15% of patients with APSGN do not demon-
strate a low C3 level,’® perhaps reflecting a transient comple-
ment utilization and recovery in these patients. Apart from
APSGN, low complement C3 is also be seen in SLE and in
MPGN (see Table 10.3). Complement C4 level is usually nor-
mal in APSGN, but can be slightly decreased in some cases.’®*

Directed evaluation

If the initial clinical and laboratory assessment in a patient with
nephritic syndrome does not support the diagnosis of APSGN,
further evaluation for other types of glomerulonephritis, espe-
cially RPGN, should be pursued (Table 10.4). Signs of systemic
disease should be looked for (see Table 10.3).
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Table 10.4 Evaluation of acute nephritic syndrome

Initial evaluation

Blood count (rule out HUS)

BUN, creatinine, electrolytes, serum albumin

Quantify proteinuria (urine protein:creatinine ratio)

Culture of throat and skin lesions

Streptococcal antibody titers (ASO, anti DNase B,
antihyaluronidase)

Complement C3, C4

Further evaluation

(If the diagnosis of APSGN is ruled out)

Monitor BUN, creatinine, electrolytes

Hepatitis B panel, hepatitis C titer

ANA (full lupus panel if ANA positive)

ANCA

Anti-GBM antibody titer (if pulmonary involvement)

Renal biopsy

HUS, hemolytic-uremic syndrome; BUN, blood urea nitrogen; ANA, antinuclear
antibody; SLE, systemic lupus erythematosus; APSGN, acute postinfectious

glomerulonephritis; ANCA, antineutrophil cytoplasmic antibody; GBM, glomeru-
lar basement membrane.

Anti-nuclear antibody

The antinuclear antibody (ANA) test has a high negative
predictive value for SLE, but low-level false-positive titers are
common. A positive ANA test should be pursued with further
antibody diagnostic tests for SLE.

ANCA

ANCA titers may be helpful, but negative titers do not rule out
RPGN. A positive titer for ccANCA is suggestive of WG and
positive p-ANCA may be indicative of pauci-immune RPGN.
An ANCA titer can be utilized as a test for measuring the
clinical course during follow-up and therapy.

Anti-GBM antibody

In patients with suspected Goodpasture’s syndrome, an anti-
GBM antibody assay can provide an objective measure that can
be followed during therapy.

Renal biopsy

When RPGN is suspected, arriving at a histologic diagnosis
is necessary in order to guide therapy. Therefore, if severe renal
failure or rapidly rising serum creatinine is noted, and the diag-
nosis remains uncertain, a renal biopsy should undertaken.

Pulmonary disease evaluation

If Wegener’s granulomatosis is suspected in a patient with
RPGN, examination of the nose and sinuses, as well as a CAT
scan to evaluate the sinuses should be conducted for evidence
of granuloma. Radiologic examination of the chest should
also be undertaken in suspected cases of WG and Goodpasture’s
syndrome.

Management

Acute postinfectious glomerulonephritis

The treatment of AGN consists of supportive therapy only.
Children without volume expansion, hypertension, electrolyte
problems, or decreased kidney function need only close follow-
up. Patients who develop significant renal impairment or
hyperkalemia generally require hospitalization for monitoring
and appropriate fluid and electrolyte management.

Antibiotics
Antibiotic treatment after the onset of APSGN does not alter

the course of the disease. Antibiotic prophylaxis given to family
members may reduce the risk of spread of APSGN.*>

Fluid overload and hypertension

When present, hypertension is the result of sodium retention
and volume expansion. Therefore, treatment is directed at
sodium restriction and diuretic therapy, in addition to antihy-
pertensive medication, if necessary. The combination of a
loop or thiazide diuretic with a calcium channel blocker is
usually effective. Caution should be exercised with the use of
angiotensin-converting enzyme inhibitors or angiotensin recep-
tor blockers because of the risk of hyperkalemia or renal failure.

Hyperkalemia

Potassium intake should be restricted. If serum potassium is ris-
ing, potassium exchange resin, sodium polystyrene sulfonate
(Kayexalate), can be administered orally. Life-threatening
hyperkalemia should be treated as an emergency using intra-
venous bicarbonate, glucose, and insulin, or calcium gluconate,
as appropriate. Rare cases of severe or symptomatic hyper-
kalemia should be treated with dialysis.

Dialysis

Hemodialysis or continuous venovenous hemofiltration may
be necessary in severe cases with uremia, especially if diuretic-
unresponsive anuria or oliguria is present.

Rapidly progressive glomerulonephritis

Early prompt and effective treatment of RPGN is necessary for
bringing the disease into remission. Recovery of renal function
can occur even in patients on prolonged dialysis.>* Because of
limited data in children,*>® current therapeutic recommen-
dations are mostly derived from adult experience.’**

The standard treatment of RPGN consists of glucocorticoids
and cytotoxic drugs. Because patients with only mild renal
impairment and lesser percentage of crescentic glomeruli, or
patients with RPGN due to AGN, tend to do better, their
immunosuppressive regimen may not need to be as intense as
that of more severely affected cases of RPGN.*
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Glucocorticoids

Treatment of RPGN is usually initiated with intravenous
methylprednisolone ‘pulses’ (10mg/kg/day) for 7-10 days,
followed by high-dose oral steroids (1-2 mg/kg/day, up to a max-
imum of 80 mg/day). The steroid dose is gradually tapered over
several months to a year, based on the patient’s clinical response.
Low maintenance therapy with steroids may be considered in
the most severe cases, depending on clinical response and the
disease activity. In other cases, steroids are eventually discontin-
ued once an improvement in the disease activity is achieved.

Cytotoxic therapies

Early oral or intravenous cyclophosphamide treatment is
recommended for all forms of RPGN. Many centers prefer the
intravenous route for cyclophosphamide administration, but its
superiority to oral therapy has not been convincingly demon-
strated. The argument for intravenous cyclophosphamide is a
lower cumulative dose of the drug, compared with oral therapy.

When used as intravenous therapy, cyclophosphamide is
given monthly in a dose of 500-1000 mg/m?* for 3-6 months. A
dose of 2mg/kg/day is commonly used for oral therapy. Drug-
induced neutropenia may be a dose-limiting factor and must
be monitored. The frequency of other side effects, including
interstitial cystitis, may be lower with the intravenous route of
administration. The combination of high-dose steroids and
cyclophosphamide is effective in inducing remission in up to
90% of adult patients with RPGN.

Because of the high rate of complications associated with
long-term cyclophosphamide treatment, switching to mainte-
nance therapy with azathioprine or methotrexate has been
advocated once the disease is in clinical remission.”* The
optimal length of azathioprine or methotrexate treatment
has not been defined, but discontinuation of the therapy should
be considered after a patient has been in remission for 1 year.
Mycophenolate mofetil (CellCept), a newer cytotoxic agent,
may be useful in maintenance therapy of patients with RPGN.
However, no data are available yet for efficacy of this therapy in
the treatment of RPGN.

ANCA titer may be useful in following disease activity
and as a guide to therapy.”® The relapse rate of RPGN on main-
tenance therapy is high, with up to 50% or more requiring
re-institution of aggressive treatment.

Therapeutic plasma exchange

Therapeutic plasma exchange (TPE) may be beneficial as an
adjuvant therapy in the acute phase, but its role remains poorly
defined because of a lack of large controlled studies. Its use has
been advocated especially in Goodpasture’s syndrome and in
ANCA -positive RPGN that is accompanied by pulmonary
hemorrhage #6768

Other therapies

Other potential treatments include calcineurin inhibitors
(cyclosporine or tacrolimus), leflunomide, deoxyspergualin, and
intravenous immunoglobulin, but the role of these agents in the

therapeutic regimen is not established.’®**** More recently,
limited uncontrolled reports have suggested that treatment
with antibodies against B or T cells, or with tumor necrosis
factor-o antagonists, in addition to conventional treatment,
may benefit some patients.®*

Clinical course and prognosis

Acute postinfectious glomerulonephritis

Despite some earlier reports to the contrary, the overwhelming
majority of children with APSGN are believed to make a full
recovery without significant long-term consequences.!™7®
Recurrences of APSGN are rare.” Progression to chronic
kidney disease (CKD) and end-stage renal disease (ESRD) may
occur in exceptionally severe cases of APSGN.®8! Despite lack
of long-term follow-up data in children, AGN due to other
infectious agents (non-streptococcal) is generally considered to
have a favorable prognosis.

Follow-up of AGN is important to document full recovery.
Proteinuria associated with APSGN usually resolves by
6-8 weeks. Prolonged proteinuria for more than 3 months may
indicate irreversible renal injury, and should be viewed with
concern. Gross hematuria usually improves within 1-3 weeks
but microscopic hematuria can persist for up to 1 year and is not
an indicator of poor prognosis. Recovery of serum complement
C3 to normal usually takes 6-8 weeks.*® Persistent hypocomple-
mentemia beyond 8 weeks requires a careful search for other

diagnoses, such as MPGN and SLE nephritis.

Rapidly progressive glomerulonephritis

Untreated non-immune complex RPGN carries a high risk for
ESRD, and mortality can be as high as 80%.>”% With treatment,
remission of RPGN can be achieved in most patients, but the
relapses occur in 30-50% patients.****®*® Prognosis of immune
complex-associated RPGN is somewhat better, especially in
children.’®*® Indicators of poor renal prognosis are impaired
renal function at onset and large percentage fibrous crescents on
renal biopsy.*

Heavy immunosuppressive regimens used for treatment of
RPGN introduce risks of their own for acute life-threatening
infections and concern for long-term complications, including
infertility and malignancies.32%

Case history

A 10-year-old boy was admitted with complaints of facial
puffiness and decreased urine output for four days. He denied
having any other systemic symptoms or taking any medications
during the past several months. Physical examination was signif-
icant for hypertension (150/102mmHg), and 2+pretibial pitting
edema. There was no evidence of any facial rash or petechia on
the skin. Hemoglobin 11.8 mg/dl, electrolytes normal, serum
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albumin 3.0 mg/dl, blood urea nitrogen (BUN) 60 mg/dl, serum
creatinine 2.0 mg/dl, and urinalysis demonstrated large blood
and 3+ (300 mg/dl) proteinuria. Two days after admission, his
serum creatinine rose to 4.5 mg/dl and BUN was 95 mg/dl. The
ASO titer was positive (1400 U/ml), and serum complement
C3 level was normal.

Comment

The apparent short duration of the illness pointed towards an
acute disease, such as AGN (despite normal C3) or RPGN, but
exacerbation of undiagnosed chronic disease could not be ruled
out. Absence of signs of systemic disease made generalized
vasculitis less likely. Rapidly declining kidney function raised
the concern of RPGN, and a renal biopsy was performed. Renal
biopsy showed cellular crescents affecting 17 of 25 glomeruli
(68%). Immunofluorescence microscopy was negative for any
immune deposits or linear staining of the GBM. The ANCA
titer sent on admission was positive for p-ANCA. Based on
these renal biopsy findings, the patient was diagnosed as having
renal-limited pauci-immune RPGN.

Because the patient’s crescents were cellular, he may have
had a good chance of responding to therapy. Treatment was
begun with intravenous methylprednisolone pulses, 20 mg/kg
on alternate days for six doses. Thereafter, oral prednisone was
begun at 2 mg/kg/day, recommended for 1 year, and would be
tapered slowly. Monthly intravenous cyclophosphamide infu-
sions at a dose of 500 mg/m?*/dose was initiated and continued
for 6 months.

At 6 months of follow-up, his serum creatinine was 1.5 mg/dl,
BUN 25 mg/dl, urine protein/creatinine ratio 0.7 mg/mg,
and the ANCA titer was negative. The patient was considered to
be in remission of RPGN, with residual renal damage.
Maintenance therapy with azathioprine (2 mg/kg/day) was recom-
mended for 12 months while tapering him off prednisone. Renal
function, urinary protein excretion, and ANCA titers were moni-
tored monthly for any evidence of relapse of the disease.

Concluding remarks

Despite a decrease in incidence, AGN is still one of the most
common kidney diseases in children. The disease is relatively
benign in most children. Whereas prevention is possible by
antibiotic prophylaxis, improving overcrowding and poor living
conditions can reduce the burden of the disease worldwide.
RPGN is uncommon in children. Because prompt treatment
is essential, a high index of suspicion is necessary, and renal
biopsy should be considered early in patients with declining
kidney function. The current empirical treatment of RPGN is
unsatisfactory, and the relapse rate is unacceptably high.
Replacing the non-specific broad-based immunosuppressive
treatment with targeted therapy with greater efficacy and fewer
side effects should be the future goal. Ideally, the therapy should
be based on better understanding of the pathophysiology of
each type of RPGN. The use of specific antibodies is a step in

that direction, but truly tailored antibody treatment will require
better delineation of the immune and non-immune mecha-
nisms involved in each subtype of RPGN.
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Nephrotic syndrome

Rudolph P Valentini and William E Smoyer

Nephrotic syndrome is among the most common types of
kidney diseases seen in children. It is characterized by massive
proteinuria, hypoalbuminemia, and edema, although additional
clinical features such as hyperlipidemia are usually also present.
Children with this condition often present with sudden devel-
opment of periorbital swelling, with or without generalized
edema. Although nephrotic syndrome most often occurs as a
primary disorder in children, it can also be associated with a
variety of systemic illnesses. Structural and functional abnor-
malities in the glomerular filtration barrier resulting in severe
proteinuria are responsible for the clinical manifestations of
nephrotic syndrome.

Historical perspective

Historically, both edema and proteinuria have been clinically
recognized for over 2000 years. Roelans has been credited with
the clinical description of children with nephrotic syndrome in
1484, and Zuinger described its clinical deterioration to chronic
renal failure.! The term ‘nephrotic syndrome’, however, was
coined by Henry Christian in 1929. Prior to the introduction of
antibiotics and immunosuppressive therapies for nephrotic syn-
drome, it was well recognized that many patients died of their
disease, in some cases the edema would remit spontaneously, or
could even be cured.? In the 1700-1800s, treatments included
such approaches as the induction of malaria or measles, as well as
the administration of mercury-containing compounds.

The mortality rate for children with nephrotic syndrome in
the pre-corticosteroid era was high (67%).> In 1939 the mortal-
ity rate first dropped significantly to 42% after the introduction
of sulfonamides, and then again to 35% following the introduc-
tion of penicillin in 1944.% Use of adrenocorticotropic hormone
and cortisone in the 1950s resulted in a more profound drop in
the mortality rate to 9% in association with dramatic resolution
of proteinuria in these patients.’

Definitions and clinical classification

Nephrotic syndrome

The diagnosis of nephrotic syndrome requires the presence of
edema, severe proteinuria (>40 mg/m?/h, or a protein:creatinine
ratio >2.0), hypoalbuminemia (< 2.5 g/dl), and hyperlipidemia.*

Remission of nephrotic syndrome

Remission represents a marked reduction in proteinuria
(to <4 mg/m?*/h, or urine albumin dipstick of O to trace for
3 consecutive days) in association with resolution of edema.*’

Relapse of nephrotic syndrome

Relapse of nephrotic syndrome is defined as recurrence of
severe proteinuria (>40mg/m?*/h, or urine albumin dipstick
>2+ on 3 successive days), often with a recurrence of edema.*’

Steroid-sensitive nephrotic syndrome

Patients who enter remission in response to corticosteroid
treatment alone are referred to as having steroid-responsive or
steroid-sensitive nephrotic syndrome (SSNS).

Steroid-resistant nephrotic syndrome

Patients with nephrotic syndrome who fail to develop remission
after 8 weeks of corticosteroid treatment are referred to as hav-
ing steroid-resistant nephrotic syndrome (SRNS).* It should
be noted, however, that significant discrepancies exist in the
literature about the definition for SRNS. Whereas some authors
define this state as a failure to develop remission after 4 weeks of
prednisone at a dose of 60 mg/m?/day, others define it as failure
to develop remission after 4 weeks of prednisone at a dose of
60 mg/m?/day followed by 4 weeks of alternate-day prednisone at
a dose of 40 mg/m?/dose,® or as 4 weeks of prednisone at a dose
of 60 mg/m?*/day followed by three intravenous pulses of methyl-
prednisolone at a dose of 1000 mg/1.73 m*/dose.® These discrep-
ancies in definition make a direct comparison of efficacy of
therapy for nephrotic syndrome more difficult. The implication
of SRNS, however, is that these patients are at significantly
higher risk for development of complications of the disease
and also for progression to chronic kidney disease (CKD) or

end-stage renal disease (ESRD).

Steroid-dependent nephrotic syndrome

Some patients respond to initial steroid treatment by dev-
eloping complete remission, but develop a relapse either while
still receiving steroids, or within 2 weeks of discontinuation of
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treatment following a steroid taper. Such patients typically
may require continued low-dose treatment with steroids to
prevent this rapid development of relapse, and are therefore
referred to as having steroid-dependent nephrotic syndrome

(SDNS).

Frequently relapsing nephrotic syndrome

If patients develop 4 or more episodes of nephrotic syndrome
in any 12-month period, they are referred to as having fre-
quently relapsing nephrotic syndrome (FRNS).” Both steroid-
dependent and frequently relapsing patients are at increased
risk of developing complications of nephrotic syndrome, as well
as disease progression to CKD or ESRD. However, these risks are
generally considered intermediate between those of steroid-
sensitive patients and the significantly increased risks of steroid-
resistant patients. In addition, the need for prolonged or more
frequent steroid treatment in these patient groups places them
at increased risk for steroid-induced side effects when compared
with steroid-sensitive patients.

Epidemiology

The annual incidence of nephrotic syndrome has been estimated
to range from 2 to 7 new cases per 100000 children,**!! and the
prevalence is about 16 cases per 100000 children, or 1 in 6000
children.*® In younger children, boys are about twice as likely to
develop nephrotic syndrome as girls, but this imbalance disap-
pears by adolescence such that the incidence in adolescents and
adults is equal among males and females.*8 The histologic
lesion associated with nephrotic syndrome also differs between
genders. In a large multicenter study of childhood nephrotic
syndrome carried out by the International Study of Kidney
Disease in Children (ISKDC), females represented 39.9% of
children with minimal change nephrotic syndrome (MCNS)
and 30.6% of those with focal segmental glomerulosclerosis
(FSGS). In marked contrast, females represented 64.1%
of those with membranoproliferative glomerulonephritis
(MPGN).12

Ethnic differences in nephrotic syndrome are well known.
Idiopathic nephrotic syndrome is six times more common
among Asian children than in Caucasian children in the United
Kingdom, with an incidence of 16 new cases per 100000
children per year.” In contrast, idiopathic nephrotic syndrome
is relatively less common among African children, in whom
steroid-unresponsive structural glomerular lesions are more
common.'

In the United States, nephrotic syndrome appears to occur
relatively proportionately among children of various ethnic
backgrounds. A recent review of nephrotic syndrome from
Texas indicated that the distribution of patients closely resem-
bled the ethnic composition of the surrounding community.
The racial distribution of the disorder was 49% Caucasian,
20% African-American, and 24% Hispanic.!

Race, however, appears to have an important bearing on the
histologic lesion associated with nephrotic syndrome. In this
same study, the authors found that whereas only 11% of
Hispanic and 18% of Caucasian patients with nephrotic
syndrome had FSGS, 47% of African-American children had
this less-favorable diagnosis.'” In another study from Kansas
City, FSGS was found in 44% of African-American patients
and in only 16.7% of Caucasian children.” African-American
children seem to be at a dramatically increased risk for devel-
oping FSGS.

Familial occurrence of idiopathic nephrotic syndrome is also
a well-recognized phenomenon and the disorder has been
reported in identical twins.'® In a report of 1877 children with
idiopathic nephrotic syndrome in Europe, 3.3% of children
were found to have affected family members, most often sib-
lings.!” The disorder tended to occur in the siblings at the same
ages, and with similar biopsy findings and clinical outcomes.'8
At least one locus for SSNS has been mapped to chromosome
1q25, which is near, but distinct from, the NPHS2 gene locus
encoding the podocyte protein podocin.®

The peak age of presentation of nephrotic syndrome is
2 years, and 70-80% of cases of nephrotic syndrome occur in
children less than 6 years of age.*® Age of onset may also be
predictive of the underlying histologic lesion causing nephrotic
syndrome. MCNS is seen in 80% of children diagnosed with
nephrotic syndrome before 6 years of age. In comparison, only
50% of those with FSGS, and 2.6% of those with MPGN pre-
sent before 6 years.!? In the same study, the median age at
presentation of MCNS was 3 years, compared with 6 years for
FSGS, and 10 years for MPGN.!* These findings suggest that
the likelihood of having MCNS decreases with increasing age
at onset, whereas the likelihood for having the less-favorable
diagnoses of FSGS or MPGN increases.!>?°

Failure to respond to steroid treatment (SRNS) has an
important ramification for the risk of developing progressive
renal failure later in life. Within 5 years of diagnosis, 21% of
children with FSGS developed ESRD and another 23% devel-
oped CKD.?! Thus, in a child diagnosed as having FSGS, the
risk of developing CKD or ESRD within 5 years is almost 50%.

Although the overall prevalence of nephrotic syndrome has
remained relatively stable over the last 20 years, a dramatic
increase in the incidence of FSGS and decrease in the inci-
dence of MCNS has been reported.””® The reported increased
incidence of FSGS needs, however, to be interpreted cautiously,
since renal biopsies are generally obtained only in a preselected
group of children with atypical presentations, or those exhibit-
ing steroid resistance. It is possible that an increased incidence
of FSGS merely represents the fact that a larger percentage of
children with SRNS undergo renal biopsies in the present era.
This is in marked contrast to an early ISKDC study where
all children underwent a renal biopsy at the time of presenta-
tion, prior to the institution of treatment.'? Because renal biop-
sies are no longer routinely performed in steroid-responsive
patients, it is unlikely that the ISKDC observations can be
replicated.?
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Pathogenesis of primary
nephrotic syndrome

One of the kidney’s most important functions is filtration of
the blood by glomeruli, allowing excretion of fluid and waste
products, while retaining all blood cells and the majority of
blood proteins within the bloodstream. Each glomerulus is com-
posed of numerous capillaries which have evolved to permit
ultrafiltration of the fluid that eventually forms urine. The
capillary walls are composed of an inner endothelial cell cyto-
plasm, with pores known as ‘fenestrations’, the glomerular base-
ment membrane (GBM), and outer glomerular epithelial cells
(podocytes) whose distal ‘foot’ processes are attached to the
GBM. Under normal conditions, molecules greater than 42 A
in diameter, or more than 200 kDa, are unable to cross the filtra-
tion barrier.”?

Electrical charge (discussed in Chs 5 and 9) is also an impor-
tant determining factor for the passage of protein molecules
through the glomerular filtration barrier.?**> Several reports
have indicated a reduction in the negative charge of the GBM
in nephrotic syndrome.?*® Analysis of size and charge selectiv-
ity in 12 children with nephrotic syndrome due to either FSGS
or MCNS was, however, unable to demonstrate any differences
in charge selectivity between children with FSGS and MCNS.?
Since reduction in membrane negative charge in nephrotic syn-
drome has also been reported to occur in erythrocytes and
platelets, and it has been postulated that SSNS may be a gener-
alized disorder affecting cell membrane negative charge.”

The podocyte as a vital cell

The role played by podocytes in glomerular function in renal
disease and pathogenesis is evolving. Several morphologic
changes have been reported in podocytes in nephrotic syn-
drome. These changes include cell swelling; retraction and
effacement of the podocyte foot processes, resulting in the for-
mation of a diffuse cytoplasmic sheet along the GBM; vacuole
formation; occurrence of occluding junctions with displace-
ment of slit diaphragms; and detachment of the podocyte from
the GBM. 5101220 These structural alterations in podocytes,
often associated with detachment from the underlying GBM,
have been shown to result in proteinuria.”!*!3

Minimal change nephrotic syndrome

Despite extensive investigation over the last several decades,
the pathogenesis of MCNS has remained largely elusive.
Several reports have indicated qualitative and quantitative
abnormalities in both the humoral and cellular immune systems
in MCNS.

Depressed levels of immunoglobulin G (IgG) and increased
levels of IgM have been well documented in MCNS.*! In addi-
tion, decreased levels of factor B and factor D have also been
noted during relapses.”” Although these observations indicate

an abnormality of B-cell function, in MCNS, their role in the
pathogenesis of the disorder is largely uncertain.’!

Abnormalities in the cell-mediated immune system have
long been implicated in the pathogenesis of MCNS. In 1974,
Shalhoub first proposed that idiopathic nephrotic syndrome
might be due to a disorder of T-lymphocyte function.’? His
hypothesis suggested that a clonal T-cell population might pro-
duce a soluble mediator capable of increasing the permeability
of the glomerular filtration barrier. Several findings presented
to support this view were:

e the disease responded to corticosteroids and alkylating agents
e infections such as measles, which are known to depress
cell-mediated immunity, often induced remission

e MCOCNS had been associated with Hodgkin disease.

A potentially important role of the cell-mediated immune
system in nephrotic syndrome is further supported by depressed
cell-mediated immunity during relapses of MCNS,* alterations
in T-cell subsets during relapses,*** and increased cell surface
expression of interleukin-2 (IL-2) receptor on T cells, reflecting
T-cell activation.**

Alterations in numerous cytokines of T lymphocyte origin
have been reported in nephrotic syndrome. These abnormali-
ties in cytokine expression include tumor necrosis factor o
(TNF-a.), vascular permeability growth factor (VPGF), IL-1,
IL-2, IL-4, IL-8, IL-10, IL-12, IL-13, and IL-18.3%7 Despite
extensive study of these cytokines, however, none has been
shown to be present consistently in MCNS, or has been found
to reliably induce significant proteinuria upon injection into
animals. Soluble immune response suppressor (SIRS) is another
T-cell-derived cytokine isolated from the urine and serum
of patients with SSNS.*** Although capable of suppressing
both T-cell and B-cell function, it was not found to be present
in the urine of patients with SRNS, and was unable to induce
proteinuria following injection into animals.

Further evidence suggestive of T-cell involvement in MCNS
has been recently described. Screening of genes expressed in
peripheral blood mononuclear cells from patients during relapse
revealed high levels of NF-xB DNA-binding activity, and
reduced expression of IkBa protein, and these abnormalities
reversed during remission.”! These changes are consistent with
an increased expression of cytokines by T cells during MCNS,
but do not clarify whether the changes are the cause or result of
relapse of disease.

Evidence has recently been presented to show that corticos-
teroids may act directly on the podocytes, rather than through
modulation of the immune system. Treatment of cultured
podocytes with dexamethasone in concentrations similar to
that achieved in the patient’s serum during treatment for
nephrotic syndrome revealed a dramatic protection against, and
enhanced recovery, from podocyte injury.*” These findings may
shed an important light on the pathogenesis of MCNS, and
need to be investigated further.
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Focal segmental glomerulosclerosis

The pathogenesis of FSGS may be distinct from that of MCNS.
FSGS may occur either as a primary or a secondary disease
such as in association with reflux nephropathy, hereditary
nephropathies, sickle cell disease, HIV nephropathy, obesity,
and nephropathy associated with heroin use. The pathogenesis
of primary FSGS can be separated into four categories:

podocyte injury
genetic mutations
soluble mediators
hemodynamic factors.

Podocyte injury

Podocyte injury is now well recognized as a cause for FSGS.#
Such an injury may occur via immunologic, toxic, or inflamma-
tory pathways, and typically results in effacement or spreading
of the podocyte foot processes along the GBM. More severe
injury may lead to shedding of podocyte apical cell membranes
or detachment of the injured or dead podocyte from the GBM,
resulting in podocyturia.** Since podocytes are believed to be
terminally differentiated cells and are unable to replicate, their
detachment from the GBM results in exposure of the GBM
directly to the urinary space, where it can adhere to the parietal
epithelial cell of Bowman capsule. Adherence of these cells to
the GBM leads to the formation of a synechia, the earliest
‘committed’ lesion in the evolution of FSGS. Once synechiae
have formed, two self-perpetuating processes begin to take
place. The first is the filtration of plasma from functional capil-
laries into the areas of synechiae and accumulation of plasma
proteins underneath the parietal epithelial cell, leading to cre-
ation of a periglomerular space. This space allows the filtered
proteins to escape into the interstitial tissues and initiate inter-
stitial inflammation. Secondly, the filtered plasma proteins also
accumulate in the subendothelial space beneath the GBM, ini-
tiating hyalinosis and segmental sclerosis seen in FSGS. Once
these two processes have been initiated, the affected glomeruli
are at high risk for progressive accumulation of filtrate in the
subendothelial and periglomerular spaces, interstitial inflamma-
tion and fibrosis, and global sclerosis.*+’

Genetic mutations

Mutations in numerous podocyte and podocyte-related proteins
have recently been shown to play pivotal roles in the develop-
ment of SRNS and/or FSGS. These mutations include:

e the slit diaphragm protein nephrin (encoded by NPHS1),
which results in the development of congenital nephrotic
syndrome of the Finnish type (CNF) in infants*

e the podocyte protein podocin (encoded by NPHS2), which
results in FSGS in young children*

e the Wilms’ tumor suppressor gene WT1, which results in
Denys—Drash syndrome in children®*’!

e the actin bundling protein o-actinin (encoded by
o ACTN4), which results in FSGS in adults*

e the LIM-homeodomain protein (encoded by LMXIB),
which results in nail-patella syndrome®
the chromatin regulator encoded by SMARCALIL, which
results in FSGS associated with Schimke immuno-osseous
dysplasia.’*

Soluble mediators
Soluble mediators also appear to play important roles in some
forms of FSGS. Evidence in support of this includes:

e isolation of a 30-50kDa ‘FSGS factor’ from the serum
of patients with FSGS which is able to induce proteinuria
following injection into rats*>>®

e a marked reduction in proteinuria using protein A
immunoadsorption columns®’

e development of recurrent nephrotic syndrome after trans-
plantation which is also responsive to protein A immunoad-
sorption, presumably by removing the circulating factor(s).*®

Additionally, inhibitors of permeability that retard protein
permeability through the glomerular capillary have also been
isolated from children with recurrent FSGS after renal trans-
plantation. These inhibitors have been identified as apolipopro-
teins and may imply that an imbalance between permeability
promoting factors (FSGS factor) and permeability inhibitors
may play a role in the pathogenesis of FSGS.*

Hemodynamic factors

Glomerular hypertension has been linked to the development
of FSGS. The mechanism by which glomerular hypertension
leads to FSGS is proposed to be the capillary stretch and
mechanical stress on the podocytes induced by increased trans-
glomerular pressure.***" Although direct in-vivo evidence
demonstrating the relationship between mechanical stress and
podocyte injury is lacking, mechanical stretch of cultured
podocytes has recently been shown to induce their hypertro-
phy.®® Repeated or severe stress to podocytes could lead to their
detachment from the GBM and initiate the sequence of events
discussed above that culminate in the development of FSGS.

Pathophysiology of edema

Edema is the dominant clinical manifestation of nephrotic syn-
drome in children. Edema, a state of total body water and
sodium excess, is the result of fluid accumulation in the intersti-
tial space. The pathogenesis of edema in nephrotic syndrome
has been attributed to hypoalbuminemia and an impaired
sodium and water excretion.

Hypoalbuminemia

The pathogenesis of edema in nephrotic syndrome and the
role of hypoalbuminemia can be understood by examining the
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Starling equation, which governs the movement of fluid in the
peripheral tissue capillaries:®"¢?

Net filtration

LpS (Ahydraulic pressure — A oncotic pressure)
LpS [(P,,=Py) =s (m, —7,)]

where Lp is the capillary permeability, S is the surface area of
the capillary wall, P is the capillary hydrostatic pressure, P, is
the interstitial fluid hydrostatic pressure, &, is the capillary
oncotic pressure and 7, is the interstitial fluid oncotic pressure,
s is the reflection coefficient for proteins (O=complete perme-
ability and 1 =complete impermeability).

Formation of edema is prevented in healthy individuals by
a close balance between forces that favor transcapillary passage
of plasma fluid (capillary hydrostatic pressure — P_ ) and those
opposing it (capillary oncotic pressure — 7t ). The net result of
these forces, however, marginally favors the passage of fluid
from capillary lumen into the interstitial tissue, which is even-
tually returned into the systemic circulation by the lymphatics.
Hypoalbuminemia in nephrotic syndrome results in low capil-
lary oncotic pressure (m,, ), and the capillary hydrostatic
pressure (P_ ) remains relatively unopposed. This change in
Starling forces in the peripheral tissue capillary beds favors
development of edema.

Sodium and water excretion

Whereas it is well accepted that patients with nephrotic
syndrome have an excess of total body sodium and water, there
is considerable controversy regarding mechanisms involved
in sodium and water retention, as well as the state of their
intravascular volume. The ‘underfill hypothesis’ proposes the
existence of a reduced effective circulating blood volume in
nephrotic syndrome, whereas the ‘overfill hypothesis’ proposes
the presence of an expanded intravascular volume. Support
for both of these views comes from clinical and experimental
observations.

Proponents of the underfill hypothesis point to the fact that
in the presence of clinical edema, urinary sodium excretion
is low in nephrotic patients. It is proposed that low circulat-
ing intravascular volume stimulates the renin—angiotensin—
aldosterone system (RAAS), and results in renal sodium
retention under the influence of aldosterone. Suppression of
atrial natriuretic peptide (ANP) additionally contributes to low
urinary sodium excretion in these patients.”> The observation
that urinary sodium excretion in nephrotic patients improves
following intravenous albumin infusion, or by head-out of water
immersion, has been cited as the evidence pointing to sodium
and water retention being the consequence of poor intravascu-
lar volume. This mechanism may be operative in patients with
MCNS.

The overfill hypothesis postulates that patients with
nephrotic syndrome have suppression of the RAAS associated
with an expanded circulatory blood volume, due to avid sodium
reabsorption from the distal convoluted tubule. This distal

tubular sodium reabsorption has been suggested to be secondary
to ANP resistance.®* Sodium excretion is not affected by albu-
min infusion or head-out of water immersion. Some authors
have argued that the overfill hypothesis is seen more in animal
models of nephrosis than in the human clinical setting.®’

Because the management of edema in children with nephrotic
syndrome will likely differ if patients are deemed volume-
expanded as opposed to volume-contracted, establishing
whether the patient is ‘overfilled’ versus ‘underfilled’ is clinically
relevant. One group has advocated measuring the fractional
excretion of sodium (FE,;,) as well as the relative urinary potas-
sium excretion [U,/(Ug+U,,)].°® Nephrotic patients with
low FE,, (<1%) and high [U. /(U +U,,)] (>60%) would fit
the profile of a patient with a low intravascular volume, and
these urinary tests have been shown to correlate with elevated
plasma renin, aldosterone, norepinephrine, and vasopressin
levels.®*

Clinical approach

In a child with periorbital or generalized edema the clinician
needs to establish the diagnosis of proteinuria by a dipstick
urinalysis. The presence of a 3—4* (300-2000 mg/dl) measure-
ment for protein on a urine dipstick test in the presence
of edema establishes a preliminary diagnosis nephrotic syn-
drome. Proteinuria can be quantified by obtaining urine
protein/creatinine ratio in a spot urine sample, and hypoalbu-
minemia and hypercholesterolemia should be confirmed.

Clinical history

While primary glomerulopathies are usually responsible for
childhood nephrotic syndrome, secondary causes associated
with systemic diseases may be uncovered by historical data
(Table 11.1). The review of systems should focus on extrarenal
symptoms that may uncover secondary causes of nephrotic
syndrome. Lastly, because nephrotic syndrome can result as a
complication of drugs such as non-steroidal anti-inflammatory
drugs (NSAIDs), gold, and penicillamine, a thorough review of
medication exposure is also crucial.®’

Physical examination

Hypertension can be seen in children with nephrotic syndrome,
but it is more often seen with histologic lesions other than
MCNS. The ISKDC data demonstrated that 21% of children
(less than 6 years old) with biopsy-confirmed MCNS had sys-
tolic hypertension and 14% had diastolic hypertension. This
contrasted with children whose nephrotic syndrome was associ-
ated with FSGS and MPGN who exhibited systolic hyperten-
sion in approximately 50% of cases and diastolic hypertension
in roughly 30%.'? Periorbital edema, ascites, and peripheral
edema are also expected findings in nephrotic syndrome.
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Table 11.1 Primary and secondary causes of nephrotic
syndrome in children

Primary causes
Minimal change nephrotic syndrome (MCNS)
Focal segmental glomerulosclerosis (FSGS)
Mesangial proliferative glomerulonephritis
Membranoproliferative glomerulonephritis (MPGN)/
mesangiocapillary glomerulonephritis:
e MPGN type |
e MPGN type Il (dense deposit disease)
e MPGN type Il

Membranous nephropathy (MN)

Secondary causes
Systemic diseases associated with nephrotic syndrome:
Henoch-Schénlein purpura
e Systemic lupus erythematosus
e Diabetes mellitus
e Sarcoidosis

Infectious diseases associated with NS:
e Hepatitis B (usually associated with MN, rarely MPGN)
e Hepatitis C (usually associated with MPGN)
e HIV (often with collapsing variant of FSGS)

Hematology/oncology:
o |eukemia
e Lymphoma (Hodgkin disease usually MCNS)

Sickle cell anemia

Drugs:

e Non-steroidal anti-inflammatory drugs (MCNS)
e Gold

e Penicillamine

e Captopril

Other:

Bee stings (MCNS)

Food allergies

Obesity (usually with FSGS)
Pregnancy-toxemia

Laboratory evaluation

The laboratory evaluation of children with nephrotic syndrome
begins by confirming the presence of hypoalbuminemia, hyper-
cholesterolemia, and assessment of renal function. Mild azotemia
is not unusual in childhood nephrotic syndrome. In the ISKDC
study, serum creatinine elevation was noted in 32% of children
with MCNS, compared with 41% of children with FSGS and
50% of those with MPGN.!? Macroscopic hematuria is unusual
in childhood nephrotic syndrome, but microscopic hematuria
is not infrequently seen. Microscopic hematuria was seen in 23%
of children with MCNS, in 48% with FSGS, and in 59% with
MPGN.!? Macroscopic hematuria in a patient with nephrotic
syndrome should raise the suspicion of renal vein thrombosis.
Serologic evaluation of children presenting with nephrotic
syndrome is undertaken to look for secondary causes of nephrotic

syndrome. Hypocomplementemia (low serum C3 complement)
is seen in MPGN and systemic lupus erythematosus (SLE),
as well as in postinfectious glomerulonephritis. Low serum
C4 also characterizes SLE. Serum antinuclear antibody (ANA)
and anti-double stranded DNA tests can help to establish the
diagnosis of SLE.

Additional laboratory tests include screening for viral infec-
tions associated with nephrotic syndrome, such as hepatitis B
surface antigen and hepatitis B core antibody, hepatitis C anti-
body, and HIV antibody. A complete blood count (CBC) should
also be performed, since abnormalities can be seen in the setting
of malignancies (leukemia or lymphoma) as well as in SLE.

Since immunosuppressive therapy is the mainstay of treat-
ment for most forms of childhood nephrotic syndrome, a
PPD (purified protein derivative) test to screen for previously
undiagnosed tuberculosis is recommended before institution
of immunosuppression. Varicella IgG titer to assess the state
of immunity may be considered. This can aid in the effective
management of varicella-naive patients with varicella zoster
immunoglobulin (VZIG), in case of any exposure to the infec-
tion.®® Renal ultrasound is not necessary in the evaluation of
childhood nephrotic syndrome. However, in the setting of a
child with nephrotic syndrome who develops gross hematuria, a
renal ultrasound should be done to exclude the possible devel-
opment of renal vein thrombosis.

Consideration of renal biopsy

The role of a renal biopsy in children with nephrotic syndrome
has long been debated. The clinical indication for a renal
biopsy in childhood nephrotic syndrome differs today from his-
torical studies. In the ISKDC studies in the early 1970s, a renal
biopsy was performed before the initiation of treatment, but the
guidelines for a renal biopsy have become less rigid since then.
In current practice, some pediatric nephrologists argue that the
decision to biopsy a child with nephrotic syndrome should be
age-based, with those older than 10 years undergoing a biopsy
because of the higher likelihood of finding a histologic lesion
other than MCNS. Others suggest a need for renal biopsy in
only those with clinical or serologic suspicion for underlying
glomerulonephritis.

Most pediatric nephrologists consider performing a diag-
nostic renal biopsy in all children with SRNS. An additional
indication for a biopsy is to establish ‘a baseline’ histologic pic-
ture before transitioning a child with nephrotic syndrome to an
immunosuppressive agent with significant nephrotoxic risks,
such as cyclosporine or tacrolimus. Such patients may also
require periodic subsequent biopsies to assess for potential
treatment-induced nephrotoxicity.

Histologic classification

The development and refinement of the renal biopsy has
allowed nephrologists and pathologists to better understand
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the natural history and prognosis of nephrotic syndrome by
correlating patients’ clinical courses with the histologic lesions.
The histologic lesions associated with childhood nephrotic
syndrome can be separated into glomerulopathies that occur
in isolation, primary glomerulopathies, and those associated
with systemic diseases that accompany the glomerulopathy,
secondary glomerulopathies.

Primary glomerulopathies

Primary glomerulopathies are those glomerular diseases that are
not the result of any underlying systemic disorders. A list of pri-
mary glomerulopathies associated with childhood nephrotic
syndrome is shown in Table 11.1. The histologic criteria and
clinical features of each glomerulopathy will be discussed in
detail below.

Minimal change nephrotic syndrome
The histologic definition of minimal change nephrotic syn-
drome, also known as nil disease, is a renal biopsy specimen fea-
turing no obvious glomerular or tubular abnormalities on light
microscopy (Figure 11.1). This lesion, as defined by the ISKDC,
permits a slight increase in mesangial matrix or cellularity,
an occasional sclerosed glomerulus, or slight tubular atrophy,
although the presence of a segmental scar or evidence of glomeru-
lar collapse on light microscopy should exclude patients from this
category.” It is important to note that the histologic lesion of
MCNS may in some cases precede the subsequent development
of the sclerotic lesion of focal segmental glomerulosclerosis
(FSGS). Whether these cases demonstrate a true transformation
of MCNS into FSGS, or merely represent the unaffected region
of the renal tissue in early biopsies of FSGS, is debatable.
Minimal change disease is the most common histologic
lesion seen in children with nephrotic syndrome who undergo

renal biopsies at the outset of diagnosis. In the ISKDC study,
77% of the 127 children with untreated nephrotic syndrome
who underwent a renal biopsy met the histopathologic criteria
of MCNS.% Similarly, White et al found that 88% of their
unselected children with nephrotic syndrome had MCNS by
renal biopsy.**

The most representative clinical correlate of biopsy-proven
MCNS in an untreated child with nephrotic syndrome is one of
a younger-age child, predominantly male, with low likelihood
of hypertension and hematuria. In most studies, nearly 80% of
children with biopsy-proven MCNS are less than 6 years of age,
60% are male, 13-23% have microscopic hematuria, and 14%
have systolic and 21% have diastolic hypertension.'>** White
et al noted that due to the high incidence of MCNS (77%), a
child with new-onset nephrotic syndrome, even if accompanied
by hematuria and/or hypertension, was more likely to have
MCNS than any other histologic lesion. These investigators
reported steroid-responsiveness in 97% of patients, with relapse
rates of as high as 94% in steroid-sensitive cases.”” In the cur-
rent era, relapse rates are generally lower than in those early
reports, primarily due to the longer durations of initial steroid
treatments used today.

Focal segmental glomerulosclerosis

Another histologic lesion associated with the childhood
nephrotic syndrome is FSGS. This lesion is characterized by
scarring within the glomerulus (glomerulosclerosis) that is seen
in some but not all glomeruli (focal distribution). Furthermore,
the glomerular scars when present are only seen in a portion of
the involved glomeruli (segmental distribution) (Figure 11.2).
Regional damage to the glomerulus with obliteration of
the capillary lumina is associated with a segmental increase
in mesangial matrix. One or more lobules of the glomerular
tuft may be involved by sclerosis. Formation of segmental

Figure 11.1

Light microscopy showing histologic appearance for minimal change nephrotic syndrome (MCNS). (A) The glomerulus (Jones silver stain) shows normal

size and cellularity filling the urinary space (US). The capillary loops are thin and without any deposits. The mesangium is not expanded. The vascular pole is depicted
as VP. (B) Electron microscopy showing podocytes (P) with effacement (spreading) of the foot processes over the urinary aspect of the GBM (arrows). The endothelial
cells (E) are unremarkable, and the mesangium (M) is not expanded and does not have any deposits or matrix.
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glomerular scars has been proposed to be initiated by formation
of synechiae between the glomerular capillary tuft and the pari-

etal cells of Bowman capsule.™!

In early reports, the incidence of FSGS among children with
untreated nephrotic syndrome who underwent a renal biopsy
ranged from 5 to 9%.!2**¢ About 50% of these patients were
less than 6 years of age, 70% were male, microscopic hematuria
and systolic hypertension were seen in nearly one-half of these
patients, and one-third exhibited diastolic hypertension. High
incidence of resistance to treatment with corticosteroids is
well known to be associated with the diagnosis of FSGS. In one
study of 12 children with FSGS, 83% of patients were found to
be steroid resistant.**

Classifying a glomerulopathy as FSGS appears to have some
notable limitations. McAdams et al. performed a retrospective
clinicopathologic analysis of 134 children with FSGS who pre-
sented with nephrotic syndrome or asymptomatic proteinuria.
They found that the focal sclerosis lesion can be very non-
specific, and the appearance of the non-sclerotic glomeruli may
portend more regarding the disease prognosis. In this study,
those children with FSGS and otherwise normal-appearing

Figure 11.2  Renal biopsy findings in a child with nephrotic syndrome due to
focal segmental glomerulosclerosis (FSGS). (A) Low-power photomicrograph of
a glomerulus (trichrome stain) showing a normal segment of the glomerulus
(horizontal arrow) and the sclerotic (vertical arrow) glomerular segment.
(B) High-power photomicrograph of a glomerulus showing segmental adhesions
or synechiae (S) to Bowman capsule. The collapsed glomerular segments show
enhanced staining with Jones silver stain, indicative of sclerosis. (C) An electron
micrograph of a typical lesion showing confluent effacement of the podocyte (P)
foot processes over the urinary aspect of the glomerular basement membrane
(GBM). No subepithelial deposits are present. The GBM has normal thickness and
architecture. The endothelium (E) is unremarkable. The mesangium (M) is not
expanded, but there was abundant lipid-rich hyalin inspissated in the vascular
lumen of one of the capillaries.

remaining glomeruli (defined as ‘primary FSGS’) tended to
present with either asymptomatic proteinuria or nephrotic
syndrome, were of older age, African-American, and exhibited
no disease recurrence post-transplant. Those children with
FSGS and generalized podocyte effacement in the non-sclerotic
glomeruli were classified in this study as ‘minimal change’ with
FSGS; whereas those with FSGS and mesangial proliferative
changes in the non-sclerotic glomeruli were classified as ‘mesan-
gial proliferation’ with FSGS. Those with FSGS and either min-
imal changes or mesangial proliferative changes were younger,
Caucasian children who presented with nephrotic syndrome
and incurred a high risk of disease recurrence post-transplant.’

The focal global glomerulosclerosis (FGGS), is a distinct his-
tologic lesion where the sclerosis involves the entire glomeru-
lus, rather than a segmental distribution as seen in FSGS. This
lesion appears to be more benign than FSGS, if it occurs by
itself and without associated interstitial changes.”™™

The collapsing variant of FSGS, or collapsing glomerulopathy,
is another glomerulopathy that may be seen in children with
nephrotic syndrome. Although the pathogenesis is unknown,
this lesion is characterized by marked podocyte hyperplasia
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with compression of the glomerular tuft, often mimicking
an epithelial crescent formation. The FSGS Working Group’s
definition of the collapsing variant of FSGS requires at least
1 glomerulus to demonstrate segmental or global collapse and
overlying podocyte hypertrophy and hyperplasia.”! Barisoni
et al have demonstrated by immunohistochemistry that biopsy
specimens from adults with idiopathic collapsing FSGS and
HIV nephropathy showed an abnormal podocyte phenotype.
They hypothesized that these ‘dysregulated podocytes’ may arise
as a result of infection.” Collapsing glomerulopathy has been
reported in patients with HIV infection,” parvovirus B19
infection,”"® and also as an idiopathic disorder. Its prognosis in
adults is significantly worse than that of FSGS.”

Finally, FSGS can be either a primary or a secondary disorder.
The secondary type of FSGS can be seen in reflux nephropathy,
glycogen storage disease, sickle cell disease, and cyanotic
congenital heart disease.®® This lesion can also be seen in
children with nephrotic-range proteinuria in the absence of
nephrotic syndrome. Those patients with FSGS and absence of
nephrotic syndrome tend to have a better prognosis compared
to those presenting with nephrotic syndrome.3*

Mesangial proliferative glomerulonephritis
A less common histologic lesion associated with the childhood
nephrotic syndrome is mesangial proliferative glomerulonephritis
(MesPGN). This glomerulopathy is characterized by increased
mesangial matrix and cellularity, but glomerular crescents
and adhesions may sometimes be seen. Immunofluorescence is
usually negative, but may show mesangial IgM deposition. As
has been noted above, FSGS may also accompany this lesion.
The incidence of biopsy-proven MesPGN in untreated
children with nephrotic syndrome is approximately 2-5%.!>*
Clinical features of children with nephrotic syndrome and
MesPGN include microscopic hematuria (100%) and hyper-
tension (25%).% Garin et al noted in a cohort of 23 patients
that nearly 70% were steroid resistant.%

Membranoproliferative glomerulonephritis

Another uncommon histologic lesion associated with the
childhood nephrotic syndrome is MPGN. Three forms of
MPGN have been described based on using immunofluores-
cence and electron microscopic observations, serology, and by
their differing effects on the complement cascade.®* On light
microscopy, all forms of MPGN are characterized by an
increased mesangial matrix and cellularity, capillary wall thick-
ening, and a characteristic lobular appearance of the glomeruli.
Apparent duplication (railroad or tram track appearance) of the
GBM due to mesangial interposition is also seen. Immuno-
fluorescence staining is positive for C3 and IgG in MPGN types
I and III, and C3 alone are seen in dense deposit disease
(MPGN type II). Based on the nature and location of the
electron-dense deposits, MPGN is classified into three subtypes.
Subendothelial deposits are seen in MPGN type I (Figure 11.3),
whereas intramembranous electron-dense deposits characterize
dense deposit disease or MPGN type Il (Figure 11.4), and

transmembranous (subendothelial, intramembranous, and
subepithelial), paramesangial, and mesangial deposits have
been described in MPGN type III (Figure 11.5).5"%

From a clinical perspective, MPGN in early reports
accounted for 2-8% of children with new-onset nephrotic
syndrome.'??*% Characteristic clinical features of these chil-
dren included an older age at presentation, a slight female
predominance, systolic hypertension in approximately 50% and
diastolic hypertension in 25%. Nearly 60% had microscopic
hematuria at onset, 75% had hypocomplementemia (low C3),
and 50% had azotemia.'? Often, the clinical presentation is one
of nephritic syndrome (macroscopic hematuria, hypertension,
and azotemia) in addition to nephrotic syndrome. These
patients also tended to respond poorly to corticosteroids.?**

Three types of nephritogenic autoantibodies have been
associated with the pathogenesis of various forms of MPGN.
Because of their action on the complement cascade, persis-
tently low serum complement C3 is seen in approximately
70-80% of all cases with MPGN. Since the autoantibodies act
at different sites along the complement cascade, resultant
changes in serum complement C4 and C5 are helpful in differ-
entiating the three subtypes of MPGN. The antibody associated
with MPGN type [ acts through the classical complement cas-
cade and results in low C3 and C4, with some degree of depres-
sion of C5. The antibody associated with type Il stabilizes the
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Figure 11.3  Electron micrograph of a patient with membranoproliferative
glomerulonephritis (MPGN) type I. The arrow points to the mesangial matrix
interposing between the endothelial cell and the glomerular basement
membrane (GBM). This results in a thickened appearance of the GBM, with the
‘tram track’ appearance in light microscopy.
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Figure 11.4  Electron micrograph of renal biopsy in a child with membranopro-
liferative glomerulonephritis (MPGN) type Il. Intramembranous dense deposits in
a ribbon-like pattern are prominently seen.

C3 convertase (C3b, Bb), resulting in chronic activation of the
alternative complement cascade and very low C3 levels, with
normal C4 and C5 levels. The nephritogenic autoantibody
associated with type I acts on the terminal cascade, resulting
in low C3 and C5 levels, with normal C4 levels.”

While primary MPGN is more common, MPGN has also
been described as a consequence of other disorders. Both
hepatitis B and hepatitis C infections have been associated with
MPGN, but these are uncommon in the pediatric age group.”
It may also be seen in association with chronic bacterial
infections, such as ventriculoatrial shunt infection (shunt
nephritis) and deep-seated chronic abscesses. Circulating
immune complexes appear to be involved in the pathogenesis
of MPGN types I and 111, and have been seen in patients with
shunt nephritis, as well as chronic hepatitis. MPGN associated
with partial lipodystrophy is also characterized by hypocomple-
mentemia (low C3) in approximately 70% and C3 nephritic
factor in 83% of cases. The median age of onset in one study
was 7 years, with females being 4 times more likely to be
affected than males.”” Twenty-two percent of patients devel-
oped MPGN within a median of 8 years after diagnosis, and
those with renal disease were younger and had hypocomple-
mentemia in 95% of cases.”” The histologic subtype of MPGN
associated with acquired partial lipodystrophy is usually dense-
deposit disease (MPGN type I1), but other forms have also been
described.”

Membranous nephropathy

Primary membranous nephropathy or membranous glomeru-
lonephritis (MGN) is the least common histologic lesion seen
in childhood nephrotic syndrome. This glomerulopathy is more
commonly seen in adults as a cause of nephrotic syndrome.
Heymann nephritis is a rat model of human membranous
glomerulonephritis. Antibodies directed toward megalin
(gp330), a membrane glycoprotein located at the base of the
microvilli in the proximal tubular brush border and along

Figure 11.5 Electron micrograph of a renal biopsy in a child with membrano-
proliferative glomerulonephritis (MPGN) type . Subepithelial deposits (short
arrows) and a solitary subendothelial/paramesangial deposit (long arrow) are
seen.

the sides and bases of the podocyte foot processes, result in
subepithelial immune deposits within the glomerulus.”** The
pathogenesis of MGN in humans is unknown, but it is believed
to be an autoimmune disorder mediated by immune complexes
formed in situ. The antibody responsible for this lesion is prob-
ably directed against an antigen within the kidney, resulting in
the formation of subepithelial deposits.

The renal biopsy features of MGN on light microscopy
demonstrate almost normal glomeruli with diffuse thickening of
the glomerular capillary walls. Mesangial proliferation is char-
acteristically absent (Figure 11.6A). Basement membrane stain
(silver stain) shows typical ‘spikes’ on the GBM. Subepithelial
and intramembranous electron-dense deposits are characteristi-
cally seen on electron microscopy (Figure 11.6B). The subep-
ithelial deposits are eventually incorporated into the GBM and
electron-dense deposits may appear predominantly intramem-
branous in location in the later stages of the disease. Mesangial
electron-dense deposits are less common, but have been
reported in 31% of children with MGN by the Southwest
Pediatric Nephrology Group.”® Immunofluorescence reveals dif-
fuse granular IgG and C3 staining along the GBM, whereas
mesangial immunostaining is negative.

Early studies indicated the incidence of MGN to be less than
3% of all new cases of nephrotic syndrome in children.?®
MGN in children is commonly seen in patients with hepatitis B
infection.”” In children with hepatitis B-associated MGN,
serologic evidence of Hep B surface antigen (HepBsAg) is
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Figure 11.6

reported in 100%, hepatitis Be antigen (HepBeAg) in 73%,
and hypocomplementemia (low C3) in 31% of cases.”” Histo-
logically, HepBeAg can be identified in all biopsies of hepatitis
B-associated MGN, whereas HepBsAg is not detected consis-
tently. Other common secondary causes of MGN include SLE
and drugs such as penicillamine and gold.*®

Secondary glomerulopathies

Glomerulonephritis associated with an underlying systemic dis-
order can result in the childhood nephrotic syndrome. These
renal lesions are known as secondary glomerulopathies. The
histopathology and pathogenesis of the secondary glomeru-
lopathies are variable, depending on the primary inciting
process. A list of the secondary glomerulopathies associated
with childhood nephrotic syndrome is given in Table 11.1.

Systemic lupus erythematosus

Systemic lupus erythematosus, a multisystem autoimmune
disorder, has been reported to be associated with renal involve-
ment in approximately two-thirds of newly diagnosed pediatric
cases.” The glomerulonephritis associated with SLE can mani-
fest clinically as asymptomatic hematuria and/or proteinuria,
acute glomerulonephritis, or nephrotic syndrome.'*!! It has
been estimated that half of children with SLE and renal
involvement have nephrotic syndrome.!® As compared to
adults, renal disease is more often present at onset in juvenile-
onset of SLE.”” Renal disease is also usually accompanied by
a cutaneous vasculitis and arthritis at the time of diagnosis.
Occasionally, the renal disease may be the dominant manifesta-
tion of SLE, particularly in an adolescent with non-specific
joint pain.

(A) Light microscopy renal biopsy findings in a child with membranous nephropathy. A glomerulus (trichrome stain) shows thickening of the glomerular
basement membrane (GBM). Subepithelial fuchsinophilic deposits (arrows) are seen. The mesangium is not expanded. Inset shows the details of GBM subepithelial
deposits, giving the appearance of ‘spikes. (B) Electron micrographs demonstrating thicked glomerular capillary wall with extensive subepithelial electron-dense
deposits (arrows). Spikes are formed by partial enveloping of the deposits by the basement membrane. The podocytes (P) foot processes are effaced.

Five histologic subclasses of lupus nephritis are recognized
by a classification system proposed by the World Health
Organization (WHO), and nephrotic syndrome is most com-
monly seen with membranous lupus nephritis (WHO class V)
and diffuse proliferative lupus nephritis (WHO class V).
Nephritic-nephrotic syndrome (nephrotic syndrome with
microscopic or gross hematuria, azotemia, and hypertension) is
common in SLE nephritis, especially in the diffuse proliferative
disease.

Henoch-Schonlein purpura

Henoch-Schonlein purpura (HSP) is a small-vessel vasculitis,
that can be associated with renal involvement. The extrarenal
clinical manifestations of HSP include an urticarial or purpuric
rash involving the buttocks and lower extremities, joint pain,
or abdominal pain. The renal manifestations may consist of
microscopic hematuria; acute glomerulonephritis, with or with-
out acute renal failure; and in some cases nephrotic syndrome.
Renal biopsies reveal an [gA-associated mesangial glomerulo-
nephritis, with or without crescentic involvement.

Diabetes mellitus

Patients with diabetes mellitus are at increased risk for
nephropathy. These patients may also have other glomerular
diseases that can coexist with diabetic nephropathy. Diabetic
nephropathy resulting in overt clinical disease typically occurs
in patients with at least 10 years duration of diabetes mellitus,
often with poor glycemic control. Diabetic nephropathy also
tends to correlate well with the presence of diabetic retinopa-
thy.'” Recent observations suggest that the severity of diabetic
retinopathy also correlates with preclinical glomerular morpho-
logic changes of diabetic nephropathy.!® Steroid-sensitive
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MCNS, as well as immune complex glomerulonephritis,
has also been described in association with insulin-dependent
(type I) diabetes.!®>1%

Sarcoidosis

Sarcoidosis is a systemic granulomatous disorder that can be
occasionally associated with renal involvement, including
nephrotic syndrome. Various glomerular lesions, including
MCNS and MGN, %1% have been reported in sarcoidosis.
Granulomatous interstitial nephritis has also been seen in adults
with coexisting membranous nephropathy.!” Less commonly,
renal disease (granulomatous interstitial nephritis) may be the
only manifestation of sarcoidosis — also known as renal limited
sarcoidosis.

Human immunodeficiency virus infection

Human immunodeficiency virus (HIV) infection can cause
nephrotic syndrome in both children and adults.!™® The histo-
logic lesions associated with HIV disease are variable, with the
glomerular lesions ranging from mesangial proliferation to that
of FSGS. Those cases with FSGS often occur in the setting of
nephrotic syndrome and carry a worse prognosis.!!"''? Another
glomerular lesion associated with HIV nephropathy is collaps-
ing glomerulopathy. Electron microscopy characteristically
reveals tubuloreticular inclusions, which are not specific for
HIV infection but are suggestive of the diagnosis. Immune
complex-mediated glomerulonephritis has also been reported,
and can mimic SLE.!

Hepatitis B

Infection with hepatitis B can result in nephrotic syndrome
associated with either MGN or MPGN. The clinical picture of
children with these histologic lesions can include nephrotic
syndrome, acute glomerulonephritis, or a combination of these
findings. The MPGN histologic lesion appears to have a higher
prevalence in the pediatric age group.!'* Hepatitis B-associated
nephropathy in children may be amenable to treatment.
Bhimma et al demonstrated clearance of HbeAg, and remission
of proteinuria in 10 of 19 children treated with a 16-week course
of interferon-a,,.'"

Hepatitis C

Infection with hepatitis C has also resulted in glomeru-
lopathies, including MPGN and MGN. The MPGN lesion is
the most common lesion; it is characterized by immune com-
plex deposition and can be associated with cryoglobulinemia.''®
A combination of interferon-o,, and ribavirin has proven
effective for hepatitis C-associated glomerulopathy.!'” Recently,
ribavirin monotherapy has also been reported to be successful in
inducing remission in a patient with hepatitis C-associated
membranous nephropathy.''®

Viral causes of collapsing glomerulopathy

As discussed earlier, HIV infection should be strongly consid-
ered in patients with collapsing glomerulopathy. In addition,
other viral infections have been associated with collapsing

glomerulopathy, including parvovirus B19, hepatitis C, and
CMYV infection.’6!1120

Leukemia

Acute lymphoblastic leukemia (ALL) has also been associated
with the childhood nephrotic syndrome. A few cases of ALL
have been reported following treatment for nephrotic syn-
drome."?! MCNS has also been reported following hematopoi-
etic stem cell transplant for acute myelogenous leukemia.!?
MGN with nephrotic syndrome has also been described in asso-
ciation with graft-versus-host disease following allogeneic stem
cell transplant for chronic myelogenous leukemia in adults.'??

Lymphoma

Hodgkin lymphoma has been associated with nephrotic
syndrome, usually due to MCNS on renal biopsy. Remission of
nephrotic syndrome in this disorder usually follows response of
the Hodgkin disease, in both adults and children.!?*1%

Non-steroidal anti-inflammatory drugs

Nephrotic syndrome in association with the use of NSAIDs has
been well reported. Both MCNS and MGN have been reported
in association with NSAIDs.!?¢127 Recently, cyclooxygenase
2 inhibitors (celecoxib) have also been reported to cause
nephrotic syndrome, which on renal biopsy was associated with
minimal change disease and interstitial nephritis.'?®

Angiotensin-converting enzyme inhibitors

Although angiotensin-converting enzyme inhibitors (ACElIs)
are commonly utilized for their antiproteinuric effects in
patients with nephrotic syndrome and refractory proteinuria, a
number of reports have linked nephrotic syndrome to the use of
captopril in patients with hypertension. MGN is the usual his-
tologic lesion in captopril-associated nephrotic syndrome.'?’

Miscellaneous drugs

Patients with rheumatoid arthritis may be treated with gold or
penicillamine. Both of these medications have been associated
with glomerulopathies and proteinuria. MGN comprises nearly
three-fourths of the associated renal lesions, although MesGN
and MCNS have also been seen.’®® Most cases have been
reported in adults, but gold nephropathy has also been reported
in a 2-year-old child with juvenile rheumatoid arthritis."!

Sickle cell disease

Sickle cell disease may be associated with either glomerular or
tubular lesions. Patients with this hemoglobinopathy may occa-
sionally develop nephrotic syndrome. The glomerular lesions
associated with sickle cell disease include FSGS and MesGN,
with the former more often presenting with nephrotic syn-
drome.® An additional glomerular lesion, sometimes referred to
as sickle glomerulopathy, is characterized by mesangial expan-
sion and glomerular basement membrane duplication. Its inci-
dence is estimated to be 4% in patients with sickle cell anemia
and it is associated with a high likelihood of progressing to
chronic kidney disease.'*
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Obesity

Obesity, defined as a body mass index (BMI) >30kg/m?, has
been associated with a glomerulopathy that is FSGS accompa-
nied by large glomeruli, or glomerulomegaly. This condition may
present with either nephrotic syndrome, or merely isolated pro-
teinuria. Adults with obesity-related glomerulopathy have been
reported to have a slower progression of their renal disease com-
pared with primary FSGS.!** Obesity-related glomerulopathy
has also been reported in adolescents with marked proteinuria
without nephrotic syndrome.**

Pregnancy

Pre-eclampsia can be associated with either nephrotic-range
proteinuria or overt nephrotic syndrome. The prognosis of
pre-eclampsia-associated nephrotic syndrome is generally good,
as the disease tends not to progress in the postpartum period.
Those adults who have undergone renal biopsies have typically
been found to have an FSGS-like lesion.!*

Bee stings

Although rare, bee stings have been reported to be associated
with nephrotic syndrome. Tasic reported a young child who
developed SSNS after a bee sting, and the patient remained
relapse-free for 13 years of follow-up.”® Others have reported
patients with a known diagnosis of nephrotic syndrome who
relapsed following a bee sting.!*’

Food allergies

Unrecognized food allergies have also been associated with the
nephrotic syndrome. Lagrue et al reported sensitization to food
antigens with elevated IgE levels in approximately one-third of
42 patients with nephrotic syndrome."”® Dietary manipulation,
which included the use of a strict oligoantigenic diet, was effec-
tive at inducing a remission in patients with SDNS, although
subsequent relapses were noted.

Treatment

For the last 50 years, corticosteroids have been the mainstay of
therapy for nephrotic syndrome. The majority of children who
develop nephrotic syndrome respond to corticosteroid treat-
ment by entering complete remission. Although most pediatric
nephrologists initiate corticosteroids immediately following
the diagnosis of nephrotic syndrome, spontaneous remissions
have been noted in about 5% of cases, usually within the first
8-15 days.”* Consequently, delaying the initiation of corticos-
teroid treatment has been suggested by some.

The initial episode of nephrotic syndrome in children over
1 year of age is generally treated with high-dose daily oral corti-
costeroids (prednisone 2 mg/kg/day) for 4-8 weeks. Failure to
enter into complete remission following this course of treat-
ment identifies the subset of patients who are at higher risk
for potential development of progressive renal disease, and
generally prompts consideration of a renal biopsy. In this

context, the treatment strategies for nephrotic syndrome are
mostly divided into categories based on the child’s response to
initial oral corticosteroid treatment.

Steroid-sensitive nephrotic syndrome

Steroid sensitivity has been reported in 89% of children with
nephrotic syndrome.?* Approximately 95-98% of children with
MCNS are steroid-sensitive, compared with only 20% of those
with FSGS.>1»

The first widely accepted recommendations for the initial
treatment of the childhood nephrotic syndrome came from the
ISKDC, and suggested that treatment begin with prednisone at
a dose of 60 mg/m?*/day (or 2 mg/kg/day up to a maximum of
80 mg/day) in divided doses for 4 weeks, followed by taper to
40 mg/m?/day (or 1.5 mg/kg/day up to a maximum of 60 mg/day)
for 3 consecutive days per week for the next 4 weeks.” The first
study by the German collaborative group Arbeitsgemeinschaft
fur Padiatrische Nephrologie reported that alternate-day corti-
costeroids for the second 4 weeks of initial treatment, rather
than 3 consecutive days per week resulted in significantly fewer
patients with relapses, as well as fewer relapses per patient, than
the ISKDC regimen.!*® These authors also found that the
alternate-day doses of prednisone could be given as a single
daily dose rather than in divided doses. In light of these
improved results, this approach subsequently became the domi-
nant treatment regimen for nephrotic syndrome.

A prospective, randomized trial performed later by the
Arbeitsgemeinschaft fur Padiatrische Nephrologie compared
the efficacy of a ‘short term’ initial prednisone treatment (the
same initial dose as the ISKDC regimen, followed by taper after
the urine protein became negative for 3 consecutive days) to
the standard ISKDC regimen. This study found that the ‘short-
term’ regimen resulted in a 50% shorter mean duration of
remissions, as well as 50% fewer complete remissions at 2-year
follow-up, compared with the standard ISKDC regimen. 4!

The apparent effectiveness of longer duration of initial ther-
apy for nephrotic syndrome with corticosteroids was further
substantiated in other subsequent studies, where it was demon-
strated that use of a longer duration of initial treatment for
nephrotic syndrome lasting 12-16 weeks, resulted in both
higher rates and longer durations of remission compared with
the standard regimen.'*"'* Based on these findings, a pro-
longed initial course of steroids (6 weeks of daily therapy fol-
lowed by 6 weeks of alternate-day therapy) is now used by most
pediatric nephrologists for children with newly diagnosed
nephrotic syndrome, with shorter steroid courses reserved for
subsequent relapses. A summary of some selected steroid treat-
ment protocols reported for the initial episode and subsequent
relapses of nephrotic syndrome is shown in Table 11.2.

Most children (~75%) enter remission within approximately
2 weeks of initiation of prednisone treatment, and 90-95%
of children with responsive disease entering remission within
the initial 4 weeks of treatment.>'* Only a small percentage
of children not responding within the initial 8 weeks enter
remission if steroids are continued for up to 12 weeks. This
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Table 11.2 Selected corticosteroid treatment protocols for nephrotic syndrome

Authors/reference

Makker and Heymann

ISKDC®

Arbeitsgemeinschaft fur
Padiatrische Nephrologie

Initial episode
ik Prednisone 2 mg/kg/day (max=60 mg/day)
given tid-qid until urine protein-free x 3
days, then continued x 2 more weeks at same
dose, then tapered over 2-4 weeks

Prednisone 60 mg/m?/day (max=280mg/day)
given in divided dosesx 4 weeks, then
tapered to 40 mg/m?/day given on

3 consecutive days each weekx 4 weeks

Prednisone 60 mg/m?/day (max=80 mg/day)
given in divided dosesx 4 weeks, then
tapered to 40 mg/m?/48 h (i.e. alternate
mornings) x 4 weeks, then tapered

340

Subsequent relapses

Prednisone 2 mg/kg/day (max =60 mg/day)
given tid-qid until urine protein-free x 3
days, then twice the daily dose
(max=80mg/day) as single a.m. dose on
alternate days x 8 weeks, then tapered over
5-6 weeks

Prednisone 60 mg/m?/day (max=280mg/day)
given in divided doses x 4 weeks, then
tapered to 40 mg/m?/day given on

3 consecutive days each week x 4 weeks
(same as initial episode)

Prednisone 60 mg/m?/day (max=80 mg/day)
given in divided doses until urine protein-
free X 3 days, then tapered to

40 mg/m?/48 h (i.e. alternate mornings)

contrasts sharply to the effectiveness of prolonged daily steroids
(3-6 months) reported to induce remission of nephrotic
syndrome in adults.!**!47 Subsequent to entering remission and
completion of one of the above initial steroid protocols, the
alternate-day oral steroids should be gradually tapered off over
approximately 6 weeks (~0.25 mg/kg/dose/week until off). Rapid
taper or abrupt discontinuation of steroids greatly increases the
risk for early relapse and should be avoided.

Steroid-dependent and frequently
relapsing nephrotic syndrome

The majority of children with nephrotic syndrome (50-70%)
develop one or more relapses of the disease. These relapses may
be transient, with spontaneous remission occurring within 414
days in some.'*® Despite prolonged initial steroid use, about
40-50% of those with complete remission of nephrotic
syndrome subsequently develop either frequent relapses or
steroid-dependence.*"** The resultant requirement for addi-
tional courses of steroids often leads to the undesirable outcome
of an increased overall steroid exposure compared to those with
fewer relapses.'*!

Several factors appear to be associated with an increased risk
for relapses of nephrotic sundrome. The risk for frequent
relapses is generally greater in children who present at less than
5 years of age, and among boys.'* This risk is particularly high
during intercurrent infections, which are the most common
causes for relapses of nephrotic syndrome. Indeed, approxi-
mately 70% of relapses have been reported to be preceded
by an upper respiratory tract infection.”®! A multi-center study
in 218 children of a wide variety of factors which might be

predictive for frequent relapses in children with MCNS found
no correlation between any clinical, histologic (MCNS sub-
groups), or laboratory findings, and also no correlation with
either the time to initial response to steroids or the time
between initial response and first relapse.'* However, this
analysis identified a clear correlation between the number of
relapses in the first 6 months of diagnosis and the subsequent
clinical course. Of those children with no relapses in the first
6 months, 94% had fewer than 3 relapses during the following
18 months. In sharp contrast, of those children with 3 or more
relapses during the first 6 months, only 19% had fewer than
3 relapses in the next 18 months, whereas 46% had greater than
6 relapses in the same period.!*’ Although early studies suggested
that most patients with FRNS had MCNS, one prospective study
found that only 4 of 16 (25%) of such children had MCNS;
whereas 44% had IgM nephropathy, and 12% had FSGS.'*
Long-term follow-up of these 16 children revealed remission in
10 (62%), persistent proteinuria in 4 (25%), and progression
to ESRD in 1 (6%). These findings suggest that, in addition to
gender and age at presentation, a child’s early pattern of relapses
can be helpful in predicting the clinical course over the first
2 years.

Management of relapses generally includes reinstitution
of oral daily steroids at a dose of 2mg/kg/day divided bid
(maximum of 80 mg/day) until the urine protein is trace or
negative for 3—4 consecutive days, followed by tapering of
the steroids to 1.5 mg/kg as a single dose on alternate mornings,
and gradual taper over approximately the following 6 weeks
(~0.25 mg/kg/dose/week until off). Among children with FRNS;,
the initial taper to 1.5 mg/kg on alternate mornings is often
continued for 2 weeks, and then very gradually tapered off over
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5-6 months to try to reduce the frequency of relapses. Even
with this approach, however, some children develop relapses
either prior to, or within 2 weeks of, discontinuation of the
steroids, and are labeled as having SDNS. These children
are usually treated in one of two manners. The first approach,
proposed by the ISKDC, includes treatment with prednisone
at 60 mg/m?/day until the urine is protein-free for 3 days, fol-
lowed by taper to 40 mg/m?*/day on alternate days for 4 weeks.’
A second approach includes treatment with prednisone at
2 mg/kg/day divided bid (or 40-60 mg/m?/day) until the urine is
protein-free for 3—4 consecutive days, followed by taper to
1.5 mg/kg/day every other morning for 2 weeks, and then grad-
ual taper by 0.25 mg/kg/dose every 2 weeks until reaching the
lowest alternate-day dose which has historically kept that child
in remission (usually 10-20 mg/dose, or 15-20 mg/m?/dose).”
This ‘prophylactic’ dosage can then be continued for anywhere
from 6 to 18 months, and then tapered by 0.25 mg/kg/dose
every 2 weeks until discontinuation of therapy. In general,
this second approach is thought to result in fewer relapses
and a lower overall exposure to steroids, although this has not
been rigorously verified. The use of low-to-moderate doses of
alternate-day steroids is generally not associated with significant
side effects, although a decreased growth velocity is sometimes
seen in adolescents.”” Overall, the management strategies above
are directed at striking a delicate balance between minimizing
the overall steroid exposure for children with SSNS and mini-
mizing the frequency of relapses.

Steroid-sparing agents

Many frequently relapsing and steroid-dependent children
either fail to have an adequate response to the above approaches
or develop clinically significant side effects of steroid therapy. In
this situation, alternative treatments are frequently used. These
treatments include the use of cyclophosphamide, chlorambucil,
cyclosporine, and levamisole, and more recently mycopheno-
late mofetil. There is no clear best choice for second line
therapy for these children, as cyclophosphamide, chlorambucil,
cyclosporine, and levamisole have all been shown to be effective
in reducing the risk of relapse at 6~12 months after treatment.'>®
However, while the reduction in risk was sustained after the
course of treatment for cyclophosphamide and chorambucil, it
was not sustained after discontinuation of either cyclosporine or
levamisole treatment.

Alkylating agents  Although cyclophosphamide (2 mg/kg/day for
8-12 weeks) and chlorambucil (0.2 mg/kg/day for 8—12 weeks)
have both been reported to induce long-term remissions
in approximately 75% of children with FRNS, both agents
are, however, less effective in inducing long-term remissions
in children with SDNS, with long-term remissions seen in
only 30-35% of children.”*">> Both of these cytotoxic agents
have well-known dose-related toxicities, including leukopenia
(~33%), hair loss (2-18%), thrombocytopenia (2-6%), seizures

(3.4% — chlorambucil only), hemorrhagic cystitis 2.2% -
cyclophosphamide only), severe bacterial infections (1.5-6.3%),
malignancies (0.2-0.6%), and fatalities (0.8-1.1%). A recent
comparison of these agents by meta-analysis revealed an
increased risk for seizures and for severe bacterial infections
with chlorambucil compared with cyclophosphamide.'*®

Given the generally similar efficacies of these two agents
for FRNS and SDNS, the lower toxicity profile associated
with cyclophosphamide has led to it being more widely used in
recent years. At cumulative cyclophosphamide doses above
200-250 mg/kg, however, there is a notably increased risk for
gonadal toxicity, particularly in males, who appear to be more
sensitive than females.!*® Because of this, alternative agents
are now usually considered if a single 12-week course of 2 mg/kg
day cyclophosphamide (cumulative dose 168 mg/kg) does
not induce long-term remission of nephrotic syndrome. More
recently, there have been a few reports suggesting that cyclo-
phosphamide can be equally effective, with less risk for toxicity,
in both FRNS and SDNS patients, if given as 6 monthly intra-
venous infusions of 500 mg/m?/dose compared with daily oral
dosing for 12 weeks."">® However, this approach needs to be
studied further.

Cryclosporine A Another important alternative agent in the
management of these patients is cyclosporine A. Although the
mechanism of action of cyclosporine in nephrotic syndrome is
not known, the mechanism of action of this immunosuppres-
sive agent is known to involve inhibition of T-lymphocyte
activation via inhibition of calcineurin-induced IL-2 gene
expression, a critical early event in T-lymphocyte activation.'”
The introduction of cyclosporine to the treatment of nephrotic
syndrome has resulted in a marked reduction in the frequency of
relapses in steroid-dependent children, with about 85% of chil-
dren responding to therapy.!®® Unfortunately, many children
relapse when the medication is tapered or stopped. A random-
ized, controlled trial comparing cyclosporine (5-6 mg/kg/day for
9 months and tapered off over 3 months) with cyclophos-
phamide (2.5 mg/kg/day for 8 weeks) in 73 children and adults
with FRNS and SDNS revealed similar efficacy for both drugs
at 9 months, but after 2 years only 25% of the cyclosporine-
treated patients remained in remission, compared with 63% of
those treated with cyclophosphamide.!®! Despite the frequent
development of apparent cyclosporine dependency, this med-
ication has proven very useful in reducing the cumulative
steroid exposure of children suffering from steroid toxicity.
Cyclosporine therapy can be associated with the development
of a variety of side effects. The more common side effects include
hypertension, mild increases in serum creatinine, hyperkalemia,
gingival overgrowth, and hypertrichosis. However, one of the
major drawbacks of the use of cyclosporine is the risk for devel-
opment of cyclosporine nephrotoxicity, which is manifested as
interstitial fibrosis, often in a striped pattern reflective of the
vascularization of the interstitium. In a recent study, tubulo-
interstitial lesions attributed to cyclosporine were found in 11%
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of children with MCNS treated with cyclosporine for less than
24 months, but in 58% of those who continued on this medica-
tion beyond 2 years.'®? Importantly, interstitial fibrosis can
develop without an apparent decline in renal function, and is
irreversible.'®® Because of this concern, a renal biopsy is usually
performed prior to initiation of treatment, as well as every two
years thereafter as long as treatment is continued, to screen for
the possible development of interstitial fibrosis. Identification of
significant interstitial fibrosis on follow-up renal biopsy should
prompt consideration of transition to an alternative therapy
from cyclosporine A. In light of this risk for development of irre-
versible renal injury as a side effect of the treatment of a disease
which is potentially reversible, children with FRNS or SDNS in
need of alternative therapy should generally be treated first with
cyclophosphamide or chlorambucil, prior to consideration of
cyclosporine.

Levamisole Levamisole is another alternative agent useful
in the management of FRNS and SDNS children.

Levamisole has been reported to prolong the duration of
remissions and to have steroid-sparing effects in children with
both FRNS and SDNS.!®-1% A recent retrospective compari-
son between levamisole (6-month treatment) and cyclophos-
phamide (8-12-week course) in 51 children with FRNS and
SDNS found that whereas both treatments reduced the
frequency of relapses and total steroid exposure, there was no
difference in efficacy between these treatments.'®” With the
dosing regimens used in most of the reported trials (2.5 mg/kg
on alternate days), levamisole was found to be safe for use in
children, with minimal reported side effects.!*! Potential side
effects of levamisole include flu-like symptoms, neutropenia,
agranulocytosis, an erythematous rash, vomiting, seizures, and
hyperactivity. As is the case with cyclosporine A, the beneficial
effects of levamisole appear not to extend beyond the duration
of treatment, which is usually 4-12 months.'®*

Mycophenolate mofetil and mizoribine Mycophenolate
mofetil (MMF) and the closely related compound mizoribine
have gained popularity in recent years for the management of
FRNS and SDNS. Like all of the other treatments described,
the mechanism of action of MMF in nephrotic syndrome
remains unknown. Despite this, it is known to inhibit lympho-
cyte DNA synthesis and proliferation via inhibition of a key
enzyme in purine biosynthesis, inosine monophosphate dehy-
drogenase (IMPDH).!®® In addition, MMF interferes with adhe-
sion of activated lymphocytes to endothelial cells via inhibition
of glycosylation of adhesion molecules.!® Clinically, these
effects are selective for T and B lymphocytes, because all other
cells have a ‘salvage pathway’ by which purines can still be
synthesized in the presence of MME' It is unclear if MMF
works in nephrotic syndrome via the above-mentioned
immunosuppressive pathway.

Mycophenolate and mizoribine have been used success-
fully to reduce proteinuria and stabilize renal function in a

variety of glomerular diseases, primarily in adults.!”!"

However, several reports have also demonstrated their effec-
tiveness in reducing the frequency of relapses in children with
FRNS and SDNS.!?-17 These studies have demonstrated that
MMEF permits a significant reduction in total steroid exposure.
Interestingly, one study found that mizoribine was more effec-
tive in children below 10 years of age.!” The typical treatment
dose used for MMF has been about 600 mg/m?/dose given twice
daily (maximum dose of 1000 mg bid in adult-sized patients).
Most patients have not had serious side effects in these reports.
However, the side effects of MMF and mizoribine include nau-
sea, vomiting, diarrhea, constipation, headache, edema, bone
marrow suppression, anemia, gastrointestinal bleeding, and
hyperuricemia (for mizoribine). Based on the above findings,
MMEF is increasingly being recognized as a safe and effective
alternative agent in the management of children with FRNS
and SDNS.

Steroid-resistant nephrotic syndrome

Despite optimal management of nephrotic syndrome, approxi-
mately 10% of children will prove to be steroid-resistant
and require alternative therapies. Before concluding that the
patient is steroid-resistant, it is important to verify adherence to
the treatment regimen, consider whether the patient is able to
absorb the medication, rule out underlying infection, and con-
sider the possibility of occult malignancy. This failure to enter
remission in response to an 8-week course of oral prednisone
may be present from the initial disease presentation (primary
steroid resistance) or may develop among children who had
previously had SSNS (secondary steroid resistance). In either
situation, development of resistance to steroid therapy identi-
fies children at dramatically increased risk for both the develop-
ment of extrarenal complications of nephrotic syndrome and
for the development of ESRD. Indeed, it is estimated that the
risk for development of CKD or ESRD in this population is
more than 40% within 5 years from the time of diagnosis.”*® In
addition SRNS is the underlying cause for more than 10% of all
children who develop ESRD.'"

Given these ominous statistics, a variety of alternative thera-
pies have been utilized to try to induce remission and thereby
reduce the risk for development of ESRD. Unfortunately, since
the majority of the data available have been from anecdotal
reports or uncontrolled clinical trials, it is difficult to directly
compare many reports or to generalize the findings for all
children with SRNS. This has understandably led to a lack of
consensus among pediatric nephrologists about the optimal
treatment for SRNS. A recent survey of pediatric nephrologists
about treatment of FSGS revealed significant variability in the
therapeutic approach.'” This study found that by 1999,
cyclosporine had become the most widely used alternative ther-
apy for these patients, with 73% using it often, or sometimes. In
contrast, only 44% reported using the previously published
intravenous methylprednisolone and oral alkylating agent
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protocol (Tune-Mendoza protocol), at least sometimes, with
27% never using this protocol, while 60% used oral cytotoxic
agents often or sometimes. Importantly, this study also revealed
that among non-immunologic therapies, 92% of the pediatric
nephrologists were treating their patients with ACEls, whereas
only 31% were using lipid-lowering agents to treat the hyper-
lipidemia associated with refractory nephrotic syndrome.
Within the last 2 years, a large prospective multi-center con-
trolled trial in children and young adults with FSGS has been
started to compare the efficacy in inducing remission of
cyclosporine to combination therapy with oral pulse dexa-
methasone and MMF (www.bio.ri.ccf.org/Research/fsgs/).

A list of the treatment options that have been used in the
management of SRNS in children is shown in Table 11.3. In
general, the management of SRNS can be divided into four
major categories:

supportive therapy
immunosuppressive therapy
immunostimulatory therapy
non-immunosuppressive therapy.

Supportive and adjunctive therapies

Supportive therapy includes meticulous general medical care,
dietary adjustments, alteration of immunizations, management
of edema, and management of hyperlipidemia. A summary of
the components of each of these aspects of care is shown in

Table 11.4.

Table 11.3 Treatment options for children with SRNS

Immuno- Non-
Immunosuppressive stimulatory  immunosuppressive
Pulse IV methylprednisolone  Levamisole  ACE inhibitors

Vitamin E
Non-steroidal
anti-inflammatory

Alkylating agents
(cyclophosphamide,

chlorambucil) druas*
_ rugs
Cyclosporine A Peﬂ%xacin*

Tacrolimus
Mycophenolate mofetil

Plasma exchange and
immunoadsorption®
Azathioprine*
Mercaptopurine®
Vincristine*

* Less commonly used or controversial.

General medical care

Careful general medical care plays an important role in the
management of children with refractory nephrotic syndrome.
Cutaneous infection and cellulitis can rapidly evolve in an ede-
matous patient with nephrotic syndrome and skin breakdown
should be prevented. Development of pain or asymmetric
swelling of an extremity, respiratory distress, acute oliguria or
gross hematuria, or neurologic symptoms may indicate venous
vein thrombosis. Abdominal pain may be due to peritonitis
and needs prompt attention. Hypovolemia and hypotension
responsive to intravascular volume expansion by a colloidal
solution, such as intravenously administered albumin, can be
seen, especially with an intercurrent illness. Intravenous albu-
min infusions can be complicated by the acute development of
hypertension or respiratory distress if infused too rapidly.'”

Immunizations

Each patient should undergo tuberculin testing with a PPD test
or tine test to exclude tuberculosis. Identification of this or any
other infection should prompt initiation of treatment of the
infection prior to initiation of steroid therapy. In addition, veri-
fication of immunity to varicella should also be performed prior
to initiation of steroid therapy, since prolonged immunosup-
pression increases the risk for development of a serious or even
life-threatening disseminated varicella infection, following
exposure.

In general, routine immunizations (including varicella), in
children with nephrotic syndrome should usually be delayed
until the child has entered stable remission and been tapered to
low-dose alternate-day steroids, since the response to immuniza-
tion can be suboptimal in immunosuppressed patients.!5%!8!
Immunization with live virus vaccines is not recommended by
the American Academy of Pediatrics for patients who have
received corticosteroids — in a dose of 2 mg/kg/day of prednisone
or its equivalent for more than 14 days — until the patients have
been off of steroids for at least 4 weeks. In contrast, children who
are on lower doses of steroids (less than 2 mg/kg/day) or alter-
nate-day steroids can generally receive live virus immunization
during steroid treatment.'®? For non-immune children exposed
to varicella while on immunosuppressive therapy, prophylactic
VZIG is recommended to prevent or minimize the severity of
infection.®® To be effective, however, it must be given within 96
hours after exposure, and earlier treatment is more efficacious.

Although there is a rare risk for induction of relapses by
immunizations,'®® children with nephrotic syndrome being
treated with either no or alternate-day steroids can be effec-
tively immunized with relatively little risk. This was recently
demonstrated in a multi-center study of the immunization of
29 nephrotic children with a two-dose regimen of varicella
vaccine, 45% of whom were receiving alternate-day prednisone
at doses up to 1.6 mg/kg.'®* These authors reported a 100%
seroconversion rate, with 91% retaining protective levels of
antibody for 2 years, and no adverse events. Thus, there does
not appear to be a contraindication to immunization in most
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Table 11.4 Components of supportive therapy for children with SRNS

General medical care

Identification and treatment of suspected
thrombosis:

e Asymmetric swelling in extremity

e Respiratory distress

e Acute oliguria

e Gross hematuria

e Neurologic symptoms
Identification and treatment of suspected
infection:

o Cellulitis

e Peritonitis

e Sepsis

Maintenance or restoration of intravascular
volume

Maintenance of adequate protein intake

(130-140% of RDA) edema)

Alteration of immunizations

children with nephrotic syndrome (i.e. those on no or alternate-
day steroids), since most can be expected to respond to routine
immunizations, and the benefits of immunization generally far
outweigh the risks of relapse.

Management of edema

General strategies for the management of edema in nephrotic
syndrome include moderate fluid restriction, salt restriction,
and the judicious use of diuretics. Additional dietary recom-
mendations include maintenance of reasonable protein intake
of 130-140% of the recommended daily allowance (RDA)
for age, and avoidance of saturated fats, as this may worsen the
hyperlipidemia.'

Relief of severe anasarca or disabling edema can be achieved
by initiating intravenous 25% albumin infusion at a dose of
1 g/kg/dose, given over 3—4 hours, followed immediately by
furosemide challenge (1-2 mg/kg/dose). This therapy may
be cautiously repeated in severely edematous patients. The risk
of aggressive albumin infusion therapy is sudden mobilization of
subcutaneous tissue fluid into the intravascular compartment,
pulmonary edema, and congestive cardiac failure.!” In general,
gradually increasing the serum albumin level to approximately
2.8 ¢/dl is adequate to restore intravascular oncotic pressure and
volume, and little additional clinical benefit results from
increasing the albumin level to normal values.

The most commonly used diuretic is the loop diuretic,
furosemide. This drug acts by inhibiting the sodium-potassium-
2 chloride transporter in the thick ascending limb of the loop of
Henle. Several factors, however, may impair the efficacy of
furosemide during nephrotic syndrome. Since loop diuretics

Management of edema

Avoidance of excessive fluid intake

Moderate restriction of dietary salt

Elevation of extremities

Judicious use of diuretics (only for severe

Management of hyperlipidemia

Avoidance of high fat intake

Regular exercise regimen
(30-45 minutes of moderately
intense exercise daily)

Use of HMG CoA reductase
inhibitors (statins)

LDL apheresis

Head-out water immersion

are highly protein bound, preventing their filtration in the
glomerulus, furosemide acts via delivery to the vascular side of
proximal tubular cells bound to albumin, where it is taken up and
secreted into the tubular lumen for delivery to the loop of
Henle.'® The presence of hypoalbuminemia, however, may result
in reduced delivery of albumin-bound furosemide to the proximal
tubular cells for secretion. Hypoalbuminemia also causes an
increased volume of distribution of furosemide, due to diffusion of
the free drug into the expanded interstitial compartment.'® Yet
another potential cause for the observed tubular resistance to
furosemide results from significant proteinuria, whereby urinary
albumin can bind to furosemide within the tubular lumen and
reduce the free drug available at the site of action.'®

A variety of approaches have been developed to overcome
the resistance to furosemide, including increased diuretic
dosage, co-administration with albumin, and co-administration
with distal tubular diuretics (thiazides). The use of dosage rang-
ing from 200-300% of normal can often achieve the desired
clinical effects, although high doses in the presence of unre-
sponsive oliguria greatly increase the risk for ototoxicity, which
has been correlated with high peak furosemide levels.!
Common clinically effective dosing regimens for intravenous
furosemide in nephrotic children with normal renal function
range from 0.5-1 mg/kg Q6-12h. However, several reports in
children without nephrotic syndrome have documented that
continuous infusion of furosemide results in a more efficient
diuresis compared to intermittent administration.'®”” An alter-
native approach is the co-administration of furosemide with
albumin, which has been reported to improve furosemide
efficacy by expanding the intravascular volume, resulting in
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improved renal perfusion and drug delivery to the kidney.!”™'¥

Yet another approach to improve the clinical efficacy of
furosemide in nephrotic syndrome has been co-administration
with the thiazide-type diuretic, metolazone, which has actions
primarily in the distal tubule but has some secondary effects
on the proximal nephron, or with a classic thiazide."”® This
approach has been suggested to produce synergy by inhibition of
sodium reabsorption at multiple sites in the nephron.'”"'%? It is
important to remember that although these strategies can
improve the efficacy of furosemide in the setting of nephrotic
syndrome, they also increase the risk for inducing complications,
as evidenced by the recent identification of furosemide as the
major iatrogenic risk factor for the development of thrombosis in
children with nephrotic syndrome.!” In addition, loop diuretics
have been associated with several other side effects, including
electrolyte disturbances such as hypokalemia and metabolic
alkalosis, hypercalciuria, nephrocalcinosis, and ototoxicity.'®
Based on these concerns, chronic outpatient use of diuretics in
children with nephrotic syndrome is generally avoided. Thus,
although diuretics can be a very important part of the manage-
ment of severe edema in nephrotic syndrome, the risks associ-
ated with this therapy should be kept in mind for both chronic
outpatient and aggressive inpatient use of diuretics.

Lastly, non-pharmacologic management of edema can also be
clinically useful. The edema in nephrotic syndrome is gravity-
dependent, appearing most commonly as periorbital or back
edema upon awakening, with gradual shifting of the fluid to the
lower extremities over the day while the child is upright. Since
the edema develops due to decreased intravascular oncotic pres-
sure, elevation of the extremities to the level of the heart or
higher increases the tissue hydrostatic pressure. This returns
fluid to the intravascular space and thus reduces the edema.
Another safe and effective alternative for the management of
edema, although not commonly practiced, is the use of head-
out water immersion.!** This treatment was found to induce a
potent diuretic and natriuretic response, with significant
increases in central blood volume and urine output, and reduc-
tions in plasma arginine vasopressin, renin, aldosterone, and
norepinephrine levels.

Management of hyperlipidemia

Hyperlipidemia is an almost universal clinical finding in chil-
dren with nephrotic syndrome. The lipid profile in nephrotic
syndrome is characterized by elevations in total plasma choles-
terol, very low-density lipoprotein (VLDL), and low-density
lipoprotein (LDL) cholesterol, and often triglyceride levels,
as well as variable alterations (more often decreased) in high-
density lipoprotein (HDL) cholesterol.'”” In addition, signifi-
cant increases in plasma levels of lipoprotein A [Lp (a)], which
is known to be both atherogenic and thrombogenic, are also
often seen in children with proteinuria.'*® Although in patients
with SSNS the hyperlipidemia resolves gradually upon develop-
ing a remission, children with SRNS who are refractory to
therapy are often exposed to prolonged hyperlipidemia and its
associated risks.

Chronic hyperlipidemia has been clearly associated with an
increased risk for cardiovascular complications in adults,'” and
may contribute to progressive glomerular damage in pre-exist-
ing renal disease.'”®?°! Moreover, adults with nephrotic syn-
drome have a significantly increased relative risk for myocardial
infarction (RR=5.5) and coronary death (RR=2.8) compared
to the general population,” and cardiovascular complications
due to atherosclerosis are the leading cause of death in the adult
dialysis and transplant population.'® In this light, treatment of
hyperlipidemia in children with refractory nephrotic syndrome
offers the potential for reducing the risk for disease progression,
as well as reducing the risk for cardiovascular complications
later in life.

A few uncontrolled trials have demonstrated the potential
usefulness of hydroxymethylglutaryl CoA (HMG CoA) reduc-
tase inhibitors (statins) in children with SRNS. The first study
analyzed the effects of treatment with simvistatin in 7 children
(ages 1.8-16.3 years; mean = 8 years) and found a 41% reduc-
tion in cholesterol and 44% reduction in triglyceride levels
within 6 months of treatment, which persisted in the majority
of children (71%) until 12 months and was well tolerated.”®
The second study analyzed 12 children (0.8—15 years) treated
with simvistatin or lovastatin for 0.8-5 years (mean = 2.7 years)
and found a marked reduction within 2—4 months in total cho-
lesterol (40%), LDL cholesterol (44%), and triglyceride (33%)
levels, but no significant changes in HDL cholesterol levels.?*
Treatment was found to be very safe, with no associated adverse
clinical or laboratory events. Despite this apparent efficacy,
however, the authors found no significant improvement in pro-
teinuria, hypoalbuminemia, or rate of progression of underlying
disease during the 1-5 year (mean = 2.7 years) follow-up period.
Although the long-term safety of statins in children has not yet
been established, statin therapy is generally well-tolerated in
the general population, and appears to be similarly well-toler-
ated among adults with nephrotic syndrome, in whom only
mild asymptomatic increases in liver function tests and creati-
nine kinase, and one case of diarrhea have been reported.’®
Despite these findings in adults, a recent comprehensive review
on the potential role of statin therapy in pediatric nephrotic
syndrome has emphasized the need for randomized, placebo-
controlled studies to be performed to clarify the efficacy and
safety of statin therapy in pediatric nephrotic syndrome.*%

Another approach to the management of hyperlipidemia in
refractory nephrotic syndrome is the use of LDL apheresis. A
prospective uncontrolled trial of LDL apheresis + steroid treat-
ment in 17 patients with FSGS revealed significant decreases in
serum total cholesterol and a significant increase in serum albu-
min, which was associated with significantly reduced protein-
uria and induction of either partial (33%; 4 of 12 patients) or
complete (67%; 8 of 12 patients) remission of nephrotic syn-
drome in 70% of patients (12 of 17 patients).?” A subsequent
study in 11 children with steroid-resistant, cyclosporine-resis-
tant nephrotic syndrome due to FSGS examined LDL apheresis
administered as 12 treatments over 9 weeks with prednisone
added in weeks 4-9, and found that 7 children (63%) entered
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into either complete (45%; 5 of 11 children) or partial (18%;
2 of 11 children) remission.?”® After an overall mean follow-up
of 4.5 years, all five (100%) of those children who entered com-
plete remission after LDL apheresis remained in remission with
normal renal function, while all four of those who failed to
respond to treatment progressed to ESRD in a median time of
1.3 years. Another recent prospective study compared LDL
apheresis to no pheresis among 18 adults with nephrotic
syndrome due to diabetic nephropathy.?”” These authors found
that, compared to the no pheresis group, LDL apheresis was
associated with significant reductions in total serum choles-
terol, LDL cholesterol, and lipoprotein A, as well as proteinuria
and urinary podocyte excretion. Similar to the previous report,
response to apheresis was also associated with a significant
increase in creatinine clearance. Together, these studies suggest
that in addition to its ability to ameliorate the hyperlipidemia
seen in nephrotic syndrome, LDL apheresis may be a reasonable
alternate strategy to try to induce at least a partial remission in
children with refractory nephrotic syndrome.

Immunomodulatory therapies

The early identification and treatment of complications,
management of edema and hyperlipidemia, alterations of
immunizations, and dietary considerations described above are
all essential to optimize the supportive management of children
with refractory nephrotic syndrome. However, the primary
effort in the management of children with SRNS should be
directed at induction of remission. The treatments that have
been used to try to induce remission in these children can
be divided into immunosuppressive, immunostimulatory, and
non-immunosuppressive therapies (see Table 11.3).

Pulse intravenous methylprednisolone

Methylprednisolone pulses have been used for many years in
the management of SRNS. The most widely known protocol
for IV pulse methylprednisolone was first proposed by Mendoza
and Tune in 1990?!° and included IV methylprednisolone
(30mg/kg) in the following schedule: Alternate days for
2 weeks, then weekly for 8 weeks, then every other week for
8 weeks, then monthly for 9 months, then every other month
for 6 months. This treatment was accompanied by oral pred-
nisone, and if needed, cyclophosphamide or chlorambucil. In
this initial report they found that after 46 months of follow-up,
12 of 23 children (52%) were in complete remission, and an
additional 6 children (26%) had mild to moderate proteinuria,
with all 18 of these responders (78%) retaining normal renal
function. A subsequent report by this same group described the
long-term follow-up (mean = 6.3 years) of 32 children with
steroid-resistant FSGS treated with this protocol, and found
that 21 children (65.6%) were in complete remission, 3 (9.4%)
had mild proteinuria, 2 (6.2%) had moderate proteinuria, and
6 (19%) remained nephrotic.?!' Although 25 children (78%)
had also received an alkylating agent as part of the protocol, all
of those who entered remission had no loss of renal function.

Importantly, the reported side effects included cataracts (22%),
impaired growth (17%), hypertension (17%), leukopenia
(19%), and gastrointestinal distress which was common.?1%?!!
Despite the initial success reported with this protocol, its
use became somewhat controversial after other investigators
were unable to reproduce these response rates. Differences in the
protocols used and in the patient populations may have been in
part responsible for these differences. However, complete remis-
sion rates ranging from 38-82% have been reported in several
subsequent studies, with similar or lower incidences of side
effects compared to that of Mendoza and Tune.?'*¢ Although
these responses have been impressive, and the reported side
effects reasonably modest, the use of IV pulse methylpred-
nisolone remains controversial among pediatric nephrologists,
due primarily to remaining concerns about the long-term side
effects of corticosteroids in children. Given the reported clinical
results, however, IV pulse methylprednisolone offers among the
highest reported rates of remission for the treatment of SRNS.

Alkylating agents
Alkylating agents such as cyclophosphamide and chlorambucil
have been widely used in the treatment of SRNS. A report from
the ISKDC,*" as well as some other subsequent reports have
found these agents to be generally ineffective in inducing remis-
sions in this group of patients, with either no improvement in
remissions compared to prednisone alone or a low rate of com-
plete remissions.’'®?' Despite this, one study noted a high rate
of partial remissions (45%) and reduced risk of progression to
ESRD among children treated with cyclophosphamide.?!8
Interestingly, one report noted that among 4 children with
SRNS who had entered remission after 2 courses of alkylating
agents, subsequent relapses for all 4 children were not only
infrequent, but also had become steroid-responsive again.??
Over the past 10 years, investigators have gravitated toward
the use of IV rather than oral cyclophosphamide. The rationale
for this was initially founded on a small randomized prospective
controlled trial in 13 children with SRNS comparing alternate-
day oral steroids combined with either oral or 6 monthly IV
pulses of cyclophosphamide.?”! These investigators found that
compared to those treated with oral cyclophosphamide, those
treated with IV cyclophosphamide received a lower cumulative
dose of therapy, yet had a dramatically higher rate of complete
remission (100% vs. 17%), as well as longer periods without
proteinuria and fewer significant side effects. Subsequent stud-
ies have reported variable responses to 6 monthly IV pulses of
500 mg/m?* cyclophosphamide. Although one study reported
achievement of complete remission in 7 of 10 (70%) South
African children with SRNS,??? a subsequent study using the
same dose of cyclophosphamide in 5 Saudi Arabian children
reported no complete remissions, and only 3 partial remissions
(60%), leading them to question the efficacy of this protocol.??
Importantly, these were both small studies and conducted
in different ethnic groups, which may have influenced the
results. In addition, the prednisone dosage used during these
trials was different, with the more favorable results obtained in
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the trial that included concurrent initial use of daily, rather
than alternate day, steroids.

Two reports have highlighted the potential clinical impor-
tance of primary versus secondary steroid resistance in the like-
lihood of response to IV pulse cyclophosphamide therapy. The
earlier study evaluated 5 children who had primary steroid resis-
tance and 5 who had developed secondary steroid resistance
who were treated with 6 monthly IV pulses of 500 mg/m?* of
cyclophosphamide.?”? These authors found that despite a 70%
complete remission rate, all 5 children with secondary steroid
resistance (100%) entered complete remission, while only 2
with primary steroid resistance (40%) entered complete remis-
sion during the trial. A more recent, larger study prospectively
evaluated 6 monthly IV pulses of a larger dose of cyclophos-
phamide (750 mg/m?) in 18 children with primary steroid
resistance and 6 children who developed secondary steroid
resistance.?”* These authors similarly found a 50% complete
remission rate among those with secondary steroid resistance,
compared to only 22% of those with primary steroid resistance.
Of interest, 86% of those who entered complete remission, and
57% of those who entered partial remission, did so within the
first 2 months of treatment. Together, these reports suggest that
primary steroid resistance increases the risk for unresponsive-
ness to IV cyclophosphamide compared to those children who
develop steroid resistance later in their clinical courses.

Chlorambucil has also been reported to have some efficacy
in treating SRNS in children. A prospective study of an
8-16-week treatment of this medication (0.2 mg/kg/day) in a
subset of 5 children with both steroid and cyclophosphamide
resistance revealed that 4 children (80%) achieved complete
remissions, and only 2 of these children (40%) developed
subsequent relapses.??> Together with the results noted above
for cyclophosphamide, these findings suggest that both monthly
IV cyclophosphamide pulses for 6 months and oral chlorambu-
cil continue to have significant potential utility in the manage-
ment of children with SRNS.

Cyclosporine A

In retrospective studies, cyclosporine A was found to be clini-
cally beneficial in approximately two-thirds of children with
SRNS. A recent review reported that cyclosporin A use in chil-
dren with SRNS induced a complete remission in 52%, and a
partial remission in an additional 12%."° Two randomized, con-
trolled trials evaluated the efficacy of cyclosporine in
SRNS.?627 In the first study 45 adults and children were ran-
domized to receive either supportive therapy or cyclosporine for
6 months, followed by a gradual taper over 6 months.??® After
one year the authors noted that 13 of 22 (59%) cyclosporine-
treated patients, compared to 3 of 19 (16%) control patients
had entered into complete remission. Among the 10 children
included in this study, 40% entered into complete remission,
and another 20% had a partial remission. In the second study,
25 children with biopsy-proven FSGS were randomized to
receive either cyclosporine or placebo for six months.??” After
the 6 months the authors found that 4 of the 12 children (33%)

treated with cyclosporine entered into complete remission,
while the remaining 8 children (67%) had a partial remission.
In contrast, none of the 12 who received placebo entered into
complete remission and only 2 (17%) had a partial remission.
Consistent with these findings, a recent meta-analysis of all
randomized controlled trials for the treatment of childhood
SRNS found that, compared to placebo or no treatment, treat-
ment with cyclosporine resulted in a relative risk for persistent
nephrotic syndrome of 0.69 (95% Confidence Intervals (CI)
0.47-0.88)).228 Thus the available literature overall suggests
that cyclosporine is similarly effective to IV pulse methylpred-
nisolone therapy in the management of SRNS, and is thus
among the most effective therapies currently available for the
management of this disease.

Despite its effectiveness, cyclosporine has a number of poten-
tially important side effects that can limit its usefulness. As
noted in the section above on FRNS, cyclosporine therapy can
be associated with a variety of side effects, including nausea,
vomiting, headaches, hypertension, mild increases in serum
creatinine, hyperkalemia, gingival overgrowth, and hypertri-
chosis. Its most worrisome side effect, however, development of
irreversible interstitial fibrosis (cyclosporine nephrotoxicity), is
of particular importance in the steroid-resistant population.
Approximately 42% (range 10-86%) of children in whom
remission is successfully induced with cyclosporine develop
relapses, either during tapering or withdrawal of the medica-
tion, leaving them cyclosporine-dependent and increasing the
risks for interstitial fibrosis."*®??? Several reports have docu-
mented this increased risk, reporting incidences of interstitial
fibrosis of 35-79%.16223%-32 However, one recent report that
included treatment of 20 adults and children with cyclosporine
for more than 4 years found no clear cyclosporine-induced
interstitial fibrosis.”>> While it should be noted that it is difficult
in some cases to discern whether the development of interstitial
fibrosis is due to the effects of cyclosporine or progression of the
underlying disease, in at least one study the incidence of fibrosis
was notably higher in a cyclosporine-treated group compared to
a non-cyclosporine-treated group.”! Because steroid-resistant
patients often require long-term cyclosporine use, it is impor-
tant to note that the risk for interstitial fibrosis appears to
increase with increasing duration of therapy. A recent study of
37 children found that only 11% of children treated with
cyclosporine for less than 24 months had interstitial fibrosis, as
compared to 58% of those treated with cyclosporine for more
than 24 months.'®? In addition to duration of treatment, other
factors which have been found to correlate with increased risk
for cyclosporine nephrotoxicity include previous impairment of
renal function, histologic diagnosis (FSGS >MCNS), dosage
more than 5.5 mg/kg/d, and duration of heavy proteinuria more
than 30 days.'®*% In light of these risks, many pediatric
nephrologists perform an initial renal biopsy prior to initiation
of cyclosporine, as well as follow-up surveillance biopsies
approximately every two years in children requiring long-term
cyclosporine use. In summary, while cyclosporine appears to
be clinically very helpful for many patients with SRNS; the
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long-term risk for cyclosporine nephrotoxicity underscores
the importance of efforts to taper and/or transition children
to alternate forms of therapy within two years of starting
cyclosporine whenever possible.

Mycophenolate mofetil

A few studies have reported the use of MMF in SRNS. In a
group of 16 adults with membranous nephropathy, treatment
with MMF (500-2000 mg/day) for a mean of 8 months resulted
in an approximately 50% reduction in proteinuria in 6 patients
(38%) after a mean duration of 6 months.?® Only 2 patients
(12%) had a partial remission, and although total cholesterol
was lower, no changes in proteinuria, creatinine, or albumin
were seen after MMF treatment. In a 6-month trial of MMF in
18 adults with steroid-resistant FSGS, a notable improvement
in proteinuria in 44% of patients by 6 months was found, which
was sustained for up to 1-year post-treatment in 50% of this
group.”® No patient had a complete remission, and relapses
were common.

Only two reports to date have evaluated the efficacy of MMF
in children with SRNS. The first study analyzed the efficacy of
MMF +angiotensin blockade for a mean treatment time of
3 years in 9 children and young adults (mean = 14 years; range
6-24 years).”’” Following confirmation of steroid resistance,
these authors noted an initial significant reduction in protein-
uria (mean urine protein/creatinine ratio from 13 to 8) after 4-8
weekly IV pulses of methylprednisolone, and an even further
reduction in proteinuria (mean urine protein:creatinine ratio
from 8 to 3.5) within 6 months after starting treatment with
MMF (250-500 mg/m?/day; maximum = 2000 mg/day) + ACEI
or ARB therapy. With continued treatment this level of protein-
uria (urine protein/creatinine ratio 3.5-4) was maintained for up
to 24 months, and was associated with preservation of renal
function, improvements in serum albumin, cholesterol and
triglycerides, and significant reduction in the number of hospi-
talizations per year (4.2 to 1.2). The second study evaluated the
use of MMF (800-1200 mg/m?/day) for 12 months in 14 children
(mean = 10 years; range 3.5-15 years) with SDNS and SRNS.!?
This study revealed a significant reduction in the mean number
of relapses per year (from 2.85 to 1.07) in the overall group
between the 12 months preceding and the 12 months following
introduction of MME Of note, however, within the subset of 5
children who were steroid-resistant and cyclosporine-dependent,
there was also a 50% reduction in the number of relapses per
year (from 2.8 to 1.4). The above findings in both adults and
children suggest that while MMF may have a moderately benefi-
cial role in the management of SRNS; it is not very effective
in inducing complete remission in this group of patients, and
may thus be most useful as an adjunct to the other alternative
therapies.

Tacrolimus

Tacrolimus is among the newer immunosuppressive medi-
cations to be used in the setting of SRNS. It is a macrolide
antibiotic that was isolated from the fungus Streptomyces
tsukubaensis. Similar to cyclosporine, it functions via inhibition

of calcineurin, leading to inhibition of IL-2 gene transcription
in lymphocytes. However, its mechanism of action in nephrotic
syndrome is also unknown. Tacrolimus has been used in SRNS
since about 1993, when a report in 7 children and adults with
this disease noted that tacrolimus monotherapy (i.e. without
steroids or other immunosuppressive medications) resulted in
induction of complete remission in 3 patients (43%), and
partial remission in another 3 patients (43%).”*® Also similar
to cyclosporine, withdrawal of therapy resulted in early relapses
in 2 patients (28%), both of which responded well to re-
introduction of tacrolimus. Although there was relatively little
published in this area for the next several years, two very recent
reports have again suggested tacrolimus as an effective therapy
for this disease. In the first report, six adults with FSGS
who were not previously treated with steroids, alkylating
agents, or calcineurin inhibitors were prospectively treated with
tacrolimus.”*’ This resulted in partial remissions (mean = 75%
reduction in proteinuria) in all six patients, but no complete
remissions. In addition, 5 other adults in stable complete or par-
tial remissions on cyclosporine (+ steroids) were converted to
tacrolimus. The three in complete remission remained in remis-
sion during a mean follow-up of 16 months, while the two in
partial remission had a further 47% decrease in proteinuria. The
second study is the largest report to date on tacrolimus, and
reports the results of tacrolimus treatment combined with
tapering doses of prednisone in 16 children with SRNS.?* After
a mean follow-up of 6.5 months (range =2.5-18 months) these
investigators found that 13 children (81%) entered complete
remission within an average of 2 months (range=0.5-5
months), while 2 children (13%) had partial remission, and one
(6%) failed to respond. Among the 13 complete responders,
3 children (23%) relapsed while on tacrolimus. Side effects
developed among 8 children (50%), and included new or
worsening hypertension (5 children), sepsis (1 child), seizure
(1 child), and anemia (1 child). The above reports, although
representing far fewer children than have been reported for IV
methylprednisolone or cyclosporine, suggest that tacrolimus
may be as or more effective in SRNS as the other currently
available options. It should be kept in mind however, that
although none of the reported patients to date have developed
diabetes or interstitial fibrosis, no long-term follow-up data
have been reported and these are important potential side
effects that could dampen enthusiasm for tacrolimus as more
experience is gained with long-term follow-up studies.

Plasma exchange and immunoadsorption

Despite continued uncertainty about the pathogenesis of
nephrotic syndrome, many reports have suggested that a circu-
lating factor may be responsible for the increased permeability
of the glomerular filtration barrier to protein.**?®*"24 Based on
this, plasma exchange and immunoadsorption have both been
attempted for this disease. A retrospective study that included
7 children with SRNS due to FSGS evaluated the efficacy
of plasma exchange, with or without subsequent plasma
immunoadsorption, who also were receiving simultaneous
treatment with a variety of other therapies.?*” The authors
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noted that 2 children (29%) entered complete remission, while
2 (29%) entered partial remission, and 3 (43%) failed to
respond. Among the complete responders who had subsequent
relapses, treatment with plasma immunoadsorption also effec-
tively reduced proteinuria. The authors suggested that the
response to this treatment supported the concept that a circu-
lating factor was responsible for proteinuria. Although several
other reports have shown dramatic effectiveness of plasma
exchange and immunoadsorption in nephrotic syndrome recur-
ring after renal transplantation,’™%*## it remains unclear if
the pathophysiologic mechanism(s) of disease recurrence after
transplantation is similar to that occurring in native kidneys.
Opverall, the use of plasma exchange and immunoadsorption
remains limited for management of childhood SRNS.

Aczathioprine

The effectiveness of azathioprine in SRNS is controversial. In
an early prospective, double-blind placebo-controlled clinical
trial in 1970 comparing azathioprine + steroids to steroids alone
for nephrotic syndrome in 197 children, the authors identified
31 steroid-resistant patients and determined that 12% of the
steroid-resistant children in each group entered full remission,
while 13% of each group experienced partial remission.**® Two
other reports?*®**" also did not support a benefit of azathioprine.
Thus, azathioprine appears to offer no advantage over several of

the other treatments discussed above for the management of
children with SRNS.

Levamisole

Levamisole is unique among the treatments for nephrotic syn-
drome in that it is the only drug used in this setting which has
known immunostimulatory, rather than immunosuppressive,
effects. Despite this unique attribute, however, like the other
medications discussed above, neither levamisole’s mechanism of
action nor the target cell involved in the response of patients
with nephrotic syndrome is known. There have been two
uncontrolled trials reporting the use of levamisole in SRNS. The
first study included five children with SRNS who had been pre-
viously treated with cyclosporine and/or a cytotoxic agent and
were subsequently treated with levamisole at a dose of 2.5 mg/kg
on alternate days for a mean of 7 months (range =2-16 months).
Although none of these children had side effects, none of them
subsequently entered remission.?*® As part of a larger more
recent study in 34 children with nephrotic syndrome, the long-
term efficacy of levamisole was also evaluated in six additional
steroid-resistant children.?* Treatment with levamisole at a
dose of 2 mg/kg daily resulted in significant reductions in both
mean proteinuria (1.53 to 0.11 g/day) and cumulative steroid
dose (9086 to 1505 mg) during the average 17 month follow-up
period. Although side effects were not specifically reported for
the steroid-resistant group, reversible neutropenia developed in
5 of 34 children (15%), but no cutaneous, gastrointestinal, or
neurological side effects were seen. Potential explanations for
the highly discrepant results between these studies might be the
differing dosing regimen for levamisole, as well as the prior or
simultaneous use of corticosteroids, cyclosporine, and alkylating

agents. In comparison to the other agents that have been better-
studied in SRNS above, however, levamisole does not appear to
offer any distinct clinical advantages in this patient group.

ACE inhibitors

Angiotensin-converting enzyme inhibitors (ACEIs) are being
increasingly used in the management of SRNS. The antipro-
teinuric effect of this class of medication has been attributed to
multiple factors, including a decrease in transcapillary hydraulic
pressure, a decrease in glomerular capillary plasma flow rate,
and alteration in the permselectivity of the glomerular filtration
barrier.?’!%%

Several uncontrolled studies involving both children and
adults with SRNS have reported significant reductions in pro-
teinuria in response to ACEL?%%* In general, the vast majority
of patients (70-100%) experienced a reduction in proteinuria.
A meta-analysis of 41 adult studies comprising 1124 patients
also confirmed that ACEI induced significantly greater reduc-
tion in proteinuria compared with equivalent blood pressure
reduction from other classes of antihypertensives.””> One
prospective study compared the use of low-dose (0.2 mg/kg/day)
and high-dose (0.6 mg/kg/day) enalapril in reduction of pro-
teinuria. They found that high-dose enalapril resulted in a
greater median reduction of proteinuria (52%) than low-dose
therapy (33%).”7 Another study reported a conversion from
non-selective proteinuria to albumin-selective proteinuria
during ACEI treatment, suggesting that ACEI may alter perm-
selectivity of the glomerular filtration barrier.”> Among the
side effects noted with ACEI therapy are transient acute renal
failure, cough, and hypotension.

Despite the above encouraging results, two recent reports
have provided some less enthusiastic support for ACE
inhibitors in SRNS. In the first study comparison was made
between 12 months of treatment with the ACE inhibitor
ramipril and the calcium channel blocker verapamil among 21
adults with steroid-resistant disease.””’ These authors found that
while both treatments reduced proteinuria (ramipril = 71%; ver-
apamil=48%), there was no statistically significant difference
in the reduction in proteinuria between the groups. Based on
these findings the authors suggested that verapamil may be a
reasonable substitute for ramipril in steroid-resistant patients
with contraindications to ACE inhibitors. The second study,
citing that almost all prior studies of ACE inhibitors had been
performed among primarily Caucasian patients, evaluated the
efficacy of lisinopril among an entirely African group of 14 chil-
dren with SRNS.?® Although the study was severely compro-
mised by the fact that no quantitative data were reported on the
reduction in proteinuria, these authors reported that only 2
patients (14%) entered into complete remission in response to
lisinopril after 4 and 4.5 months of treatment.

ACE inhibitors may also have important clinical benefits
with regard to the hyperlipidemia seen during nephrotic
syndrome. A few reports have noted improvement in serum
lipid levels in excess of that expected by the improvement
in proteinuria and serum albumin levels.”*?"** In addition, a
recent prospective study in 28 adults with chronic nondiabetic
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nephropathies and proteinuria >2 g/day analyzed the effects
of increasing doses of lisinopril on serum lipid abnormalities.?
These authors found that while proteinuria was significantly
reduced even at low doses of lisinopril (10 mg/day), serum lipids
(total and LDL cholesterol, triglycerides) progressively
decreased in a dose-dependent manner during up-titration
of the drug to maximal doses (40 mg/day). Importantly, these
benefits were achieved with only modest side effects, which
included reversible hypotension in 2 (7%) patients. These find-
ings suggest that, in addition to their anti-proteinuric effects,
ACE inhibitors also appear to have beneficial effects on the
hyperlipidemia known to complicate SRNS. Since chronic pro-
teinuria and hyperlipidemia are known risk factors for both pro-
gressive renal disease and cardiovascular complications,!”>~0%2%°
the combined benefits of ACE inhibitors in reducing both
proteinuria and hyperlipidemia provide significant support for
their routine use in SRNS.

Antioxidants

Vitamin E is a naturally occurring, lipid-soluble antioxidant
which may be of clinical benefit in children with SRNS. The
development of nephrotic syndrome has been correlated with
an early and transient induction of glomerular reactive oxygen
species (ROS),*! as well as a decrease in glomerular antioxi-
dant enzyme activity.?®> Moreover, patients with nephrotic
syndrome have been found to accumulate products of oxidative
damage to membranes (lipid peroxides) in the renal cortex,?’
in glomeruli?®**® and in urine.?**?%> In addition, in animal stud-
ies pre-treatment with ROS scavengers*®*® or the iron chela-
tor deferoxamine (which prevents iron-catalyzed production of
ROS)* prior to induction of experimental nephrotic syndrome
has been shown to markedly attenuate or completely prevent
both clinical and histologic disease. Serum levels of the anti-
oxidants vitamin E, vitamin C, and carotene in children with
nephrotic syndrome also have been found to be significantly
low during relapse, with improvement (but not normalization)
during remission, further supporting a correlation between
oxidative stress and nephrotic syndrome.?’ In a prospective
study, the specific effects of vitamin E (200 IU bid) on protein-
uria, serum cholesterol, serum albumin, and GFR were com-
pared between 11 children with nephrotic syndrome due to
FSGS (8 of which were steroid-resistant) and 9 children with
nephrotic-range proteinuria due to other glomerular and non-
glomerular diseases. After a mean of 2.9 months of therapy, the
authors found a significant reduction in first-morning urine pro-
tein:creatinine ratios in 10 of the 11 children with FSGS (the
mean protein:creatinine ratio decreased from 9.7 to 4.1 (58%)),
but no reduction in proteinuria among those children with
proteinuria due to other causes (the mean protein:creatinine
ratio decreased from 2.5 to 2.4). No side effects of vitamin E
treatment were noted, and there were no changes in serum cho-
lesterol, albumin, or GFR. Although these limited data do not
prove that vitamin E will induce a prolonged anti-proteinuric
effect in children with SRNS, evidence of reduction in protein-
uria, combined with the absence of reported side effects and a

favorable side effect profile of vitamin E, suggest that considera-
tion should be given to the use of vitamin E in these children.

Complications

Infection

Infections represent the most serious complication of nephrotic
syndrome. Prior to the development of antibiotics and corti-
costeroids, serious infections developed in as many as 75% of
children with nephrotic syndrome, and the mortality rate was
almost 60%."? Even in recent years, an estimated 70% of
deaths in children with nephrotic syndrome occur due to infec-
tion, 50% of which are due to peritonitis.*"

Because of this increased risk for potentially serious
infections in nephrotic syndrome, development of abdominal
pain or fever should prompt a careful evaluation for possi-
ble peritonitis or other infections. Despite the high risk for
infection during nephrotic syndrome, induction of remission
generally results in complete normalization of the functional
abnormalities in the immune system seen during relapses.?™*?
Since nearly all patients entering remission are also on immuno-
suppressive medications, however, they remain at somewhat
increased risk for infection due to the need for continued use of
these medications.

The most common forms of infection seen in nephrotic
patients are cellulitis, peritonitis, and sepsis (Table 11.5).
Meningitis and pneumonia occur less frequently. Most infec-
tions are caused by Streptococcus pneumoniae, although infec-
tion by Gram-negative organisms such as Escherichia coli
and Haemophilus influenzae, are also commonly seen. The basis
for the increased risk of infection among these patients is multi-
factorial, and likely results from both disease-related and treat-
ment-related issues as shown in Table 11.5. Patients with
nephrotic syndrome are known to have functional abnor-
malities in their immune system. These abnormalities include
low serum IgG levels, due to urinary loss of IgG, without
an apparent compensatory increase in IgG synthesis, and
abnormal function of T lymphocytes.?’”* In addition, decreased
levels of factors B (C3 proactivator) and D, both components of
the alternative complement pathway, result in a decreased abil-
ity to opsonize encapsulated bacteria such as S. pneumoniae.
Induction of remission generally results in complete normaliza-
tion of the functional abnormalities in the immune system and
reduces the risk of infections in these patients.””

The incidence of spontaneous peritonitis is about 5% in
children with nephrotic syndrome.?”® This condition is
believed to develop in the setting of ascites, which is a good cul-
ture medium. Peritonitis usually occurs in patients in relapse
and with ascites, and manifests with fever, abdominal pain and
tenderness, and leukocytosis.””” The diagnosis of peritonitis in
a child with nephrotic syndrome may be more difficult while
being treated with corticosteroids. However, Krensky et al
noted that treatment with corticosteroids did not mask clinical
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Table 11.5 Risk factors and clinical presentation of infections
in nephrotic syndrome

Risk factors Clinical presentation

Cellulitis (most often due
to Staphylococcus)

Low IgG levels

Peritonitis (most often due
to Pneumococcus)

Impaired T-lymphocyte
function

Impaired tissue perfusion
due to edema

Sepsis

Low factor B (C3 proactivator)
levels (decreased
bacterial opsonization)

Low factor D levels
(decreased bacterial
opsonization)

Immunosuppression
due to corticosteroids

Immunosuppression
due to other agents

manifestations of spontaneous peritonitis in nephrotic
children.?”” The laboratory evaluation of a child with suspected
peritonitis is usually notable for leukocytosis with a neutrophil
predominance. If the diagnosis is suspected, a paracentesis
should be performed to allow peritoneal fluid to be analyzed for
WBC count and sent for culture. Clinical features of peritonitis
accompanied by a peritoneal white blood cell count greater
than 250/mm’ are considered diagnostic of peritonitis.?’®?7 S.
pneumoniae and E. coli are the most common pathogens in peri-
tonitis, but other pathogens have been reported.?’*?%%28! Initial
treatment of peritonitis should consist of IV broad-spectrum
antibiotics. The antibiotic choice can be narrowed after culture
results are available. Gram stains have been shown to be mis-
leading and should not be relied upon for antibiotic decision
making. Negative cultures can occur if the bacterial load is low.
It has therefore been recommended that blood culture bottles
be used as a medium to increase the diagnostic yield.?*

Some patients with nephrotic syndrome experience recur-
rent episodes of peritonitis, suggesting a specific host risk
factor. In one study, levels of IgG were significantly lower
in nephrotic syndrome patients with peritonitis when com-
pared to age-matched controls with nephrotic syndrome in
relapse.?” In addition, a recent case-controlled series of chil-
dren with nephrotic syndrome with and without peritonitis
found that patients with a serum albumin <1.5 gm/dl at initial
presentation had a 9.8 fold higher likelihood of developing
peritonitis.?”

Prevention of peritonitis includes two approaches: immuniza-
tion against potential pathogens and prophylactic antibiotics.
Immunization against Pneumococcus is recommended, and has
been shown to be more effective in patients with steroid sensitive
nephrotic syndrome who are in remission.?®* Vaccination against
Pneumococcus has also been shown to be efficacious even when
children with nephrotic syndrome are on steroids.?* However, a
recent study also found that patients with SSNS immunized with
a polyvalent Pneumoccoccal vaccine had a reduction in anti-
Pneumoccoccal antibodies when followed for up to 36 months.*®

The 2000 American Academy of Pediatrics statement on the
use of heptavalent conjugated Pneumococcal vaccine recom-
mended universal vaccination of all children up to 23 months
old, while those children 24-59 months of age have been
recommended to only receive this vaccine if they are deemed
at moderate to high-risk, including patients with nephrotic
syndrome.?®?7 [t is hoped that the frequency of Pneumococcal
infections will decrease in susceptible individuals, as has been
recently shown in very young children (<24 months old).?

The use of prophylactic antibiotics is somewhat more con-
troversial. Although a recent review on this subject supported
its use, especially in high-risk patients (age <2 years, steroid-
resistant and frequent relapsing patients, children with a
previous Pneumococcal infection),”® others have noted that
prophylactic antibiotic usage may result in development of
resistant organisms.’*

Development of edema itself during nephrotic syndrome
can also increase the risk for infection. As edema develops, the
increased hydrostatic pressure in the interstitium can lead
to reduced perfusion of the interstitium. This can predispose
edematous patients to the development of skin breakdown, and
potential development of cellulitis.?™

Viral infections also can be serious for patients with nephrotic
syndrome who are taking corticosteroids or other immuno-
suppressive medications. Varicella represents the most serious
potential infection, and immunization or documentation of
varicella immunity is important in children with nephrotic
syndrome to minimize the risk for development of potential life-
threatening disseminated varicella infection.

Acute renal failure

Acute renal failure (ARF) is another complication of nephrotic
syndrome that occurs in a small percentage of children. This
reduction in renal function is usually transient, but case reports
of profound renal involvement exist in the literature. There are
reports of children requiring dialysis for short periods, and in
rare instances extensive periods, before resolving.?’! Possible
explanations for this include: renal vein thrombosis, reduced
renal perfusion, acute tubular necrosis, interstitial edema within
the renal parenchymal bed, and alterations in glomerular per-
meability. A recent report of 11 children with biopsy-proven
MCNS with oliguric ARF found that alterations in glomerular
permeability played a greater role than that of reduced renal
perfusion in these patients.?*?
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Thromboembolism

Thromboembolism is a potentially life-threatening complica-
tion of nephrotic syndrome. The incidence of thromboembolism
in children has been reported to range from 1.8 to 5%,'%+#7+%
with the incidence being twice as high among children with
SRNS as compared with SSNS.?* In adults, especially those
with membranous nephropathy, the cumulative incidence of
thrombosis reaches nearly 40-50%.%7%% It is possible that this
complication is underestimated in children due to subclinical
manifestations. In one study of 26 children with SSNS who were
systematically evaluated by ventilation—perfusion scans to look
for pulmonary emboli, findings consistent with pulmonary
embolism were reported in 28% of children.?®

The majority of episodes of thrombosis in children are venous
in origin, although arterial thrombosis has been reported in
19-45% of cases.!”*** The most common sites for thrombosis
are the deep leg veins, inferior vena cava, and ileofemoral veins,
although a variety of other veins and arteries have been reported
to be affected!*>?** (Table 11.6). In addition, central venous
catheters, which are sometimes used in the management of
patients with refractory nephrotic syndrome with poor vascular
access, can further increase the risk of thrombosis.

Pain and swelling of an extremity is suggestive of a deep
venous thrombosis, and upper extremity swelling accompanied
by neck and facial swelling in the setting of a central venous
catheter should raise clinical suspicions for a central venous
thrombosis. Similarly, development of acute renal failure
or gross hematuria should prompt a renal Doppler ultrasono-
graphic evaluation for possible renal vein or inferior vena cava
thrombosis. Finally, development of respiratory distress or car-
diovascular symptoms should prompt evaluation by chest X-ray
and consideration of a ventilation—perfusion or chest CT scan
to exclude possible pulmonary embolus.**3%!

This complication can be life threatening and has resulted in
some reported deaths in the pediatric age group.’® Reports in
adults have also implicated the concomitant use of diuretics as a
possible aggravating factor for patients who are already in a
hypercoagulable state.*®

Although no single laboratory abnormality can reliably
predict thrombosis in these patients, a number of risk factors for
thrombosis are present in most patients with nephrotic syn-
drome (Table 11.6). Intravascular volume depletion during
nephrotic syndrome can result in increased blood viscosity. This
hyperviscous state can be further increased iatrogenically if
diuretics are not used very judiciously in patients with nephro-
sis. Importantly, in the largest pediatric study to date furosemide
was found to be the major iatrogenic risk factor for thrombosis,
having been used in 78% of cases of thrombosis (7 of 9 chil-
dren).'” Increased platelet aggregation and/or thrombocytosis
can also increase the risk for thrombosis. Increased procoagu-
lant factors (Factors I, II, V, VII, VIII, X, and XIII) and fibrino-
gen levels are thought to occur as a result of increased hepatic
synthesis.?”** Decreased coagulation inhibitors such as
antithrombin III are also usually seen, due to urinary losses, and
appear to correlate with the degree of hypoalbuminemia.?’**"
Although low-dose aspirin has been used in some cases to try to
compensate for this abnormality, particularly in patients in
whom thrombosis has already occurred, no controlled trial has
yet demonstrated the efficacy of aspirin in reducing the risk for
thrombosis. Alterations in the fibrinolytic system (decreased
plasminogen and increased o.2-antiplasmin), hyperlipidemia,
and altered endothelial cell function have also been reported to
increase the risk for thrombosis.?>?*>** The role of the coagula-
tion inhibitors, protein C and protein S, in the risk for throm-
bosis is somewhat controversial. Urinary loss of these low
molecular weight coagulation inhibitors, in combination with
increases in the high molecular weight protein C and protein S
binding proteins (due to increased hepatic synthesis), have
been suggested to lead to reduced levels of free (biologically
active) protein C and protein S, and to thus also contribute to
the increased risk for thrombosis.?”* However, this concept is
inconsistent with a report of increased serum levels of protein C
antigen and its anticoagulant activity, as well as increased total and
free protein S levels, in patients with nephrotic syndrome com-
pared to a control group.’® When anticoagulant factors are lost in
the urine, the venous radicles draining the kidney are a prime loca-
tion for the development of renal vein thrombosis, as this is a site

Table 11.6 Risk factors and clinical presentation of thromboembolism in nephrotic syndrome

Risk factors

Intravascular volume depletion (results in increased blood viscosity)
Increased platelet aggregation (sometimes also thrombocytosis)
Increased procoagulatory cofactors (factors |, II, V, VII, VIII, X, and XIII)
Decreased coagulation inhibitors (antithrombin 1)

Fibrinolytic system alterations (decreased plasminogen, increased o,-antiplasmin)

Increased fibrinogen levels (results in increased blood viscosity)
Decreased zymogen factors (factor IX, factor XI)

Altered endothelial cell function

Hyperlipidemia

Clinical presentation

Deep venous thrombosis

Inferior vena cava thrombosis

Renal vein/artery thrombosis

Pulmonary vein/artery thrombosis
Pulmonary embolus

Peripheral vein/artery thrombosis

Cerebral venous thrombosis (sagittal sinus)
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where anticoagulant concentrations would be minimal, while
hemoconcentration would be maximal, increasing the risk for
thrombosis. It should be noted that these coagulation abnormali-
ties tend to correlate with disease severity, in that almost all of
them normalize once remission can be induced.

Respiratory distress

In some patients, initiation of an albumin infusion in the setting
of anasarca can lead to the development of acute respiratory
distress. Most often this is a result of rapid return of interstitial
fluid to the intravascular space, resulting in development of pul-
monary edema. High-risk patients include those with severe
edema, those receiving albumin without adequate diuretics, and
those with compromised renal function. However, other causes
for respiratory distress, such as pleural effusion and pulmonary
thromboembolism, should also be considered in any child with
nephrotic syndrome who develops tachypnea or hypoxia. In the
clinical setting of pleural effusion with respiratory compromise,
hospitalization for monitoring and diuresis (often with albumin)
is usually necessary. As noted above, in the setting of systematic
screening of asymptomatic children with nephrotic syndrome
using ventilation perfusion scans, 28% of children had findings
consistent with pulmonary embolism.?*

Cardiovascular disease

Cardiovascular disease is increasingly recognized as an important
complication of nephrotic syndrome in patients who require
long-term treatment. Recognized cardiovascular risk factors
include hyperlipidemia, hypertension, long-term exposure to
corticosteroids or other immunosuppressive agents which can
alter serum lipid levels, hypercoagulability, and oxidant stress.?”
This complication has been well recognized in adults, where
patients with nephrotic syndrome were found to have a relative
risk of myocardial infarction of 5.5 and a relative risk of coronary
death of 2.8 compared to a control group.?”?

Hyperlipidemia consisting of increased cholesterol and
triglycerides is a consistent feature in nephrotic syndrome. In
general, hyperlipidemia tends to improve when patients achieve
remission, making children with SSNS at low risk of sustained
hyperlipidemia. On the other hand, children with SRNS can
develop total cholesterol levels > 700 mg/dL. In addition to ele-
vated total cholesterol, low density lipoprotein (LDL) choles-
terol and very low density lipoproteins (VLDL) cholesterol are
consistently elevated in nephrotic syndrome.’® High density
lipoprotein (HDL) cholesterol levels, on the other hand, vary
from low to high.

Treatment of hyperlipidemia with the use of atorvastatin has
been reported to induce a 41% reduction in LDL cholesterol, a
31% reduction in triglycerides, and a 15% increase in HDL
cholesterol.*®” In addition, chronically nephrotic adults treated
with HMG CoA reductase inhibitors (statins) have been
reported to have improvements not only in their lipid profiles,

but also in their endothelial dysfunction, creatinine clearance,
proteinuria, and serum albumin levels compared to non-statin
treated control patients.’®*® In contrast, however, similar
treatment for chronically nephrotic children has not yet been
demonstrated in a controlled trial to be both safe and benefi-
cial, and was recently reported to be routinely used by only
31% of pediatric nephrologists for the management of refrac-
tory nephrotic syndrome.'” Despite this lack of proof in chil-
dren, however, the evidence accumulated in adults suggests that
serious consideration should be given to initiation of HMG-
CoA reductase inhibitors in children with persistent nephrotic
syndrome and demonstrated high lipid levels.

Anemia

Chronic nephrotic syndrome can also lead to the development of
anemia. This is thought to be due primarily to the loss of both ery-
thropoietin and transferrin into the urine. These losses, in combi-
nation with a reduced serum half-life for erythropoietin, and
increased transferrin catabolism, can result in the development of
an erythropoietin-responsive anemia or iron deficiency in patients
who remain chronically nephrotic.’'®*!! Although treatable with
erythropoietin, induction of remission of the nephrotic syndrome
is the most effective approach to correct the anemia.

Endocrine abnormalities

Loss of multiple binding proteins for hormones into the urine
during nephrotic syndrome can result in various endocrinologic
abnormalities. Because vitamin D-binding protein, largely
complexed with 25-hydroxycholecalciferol is lost in the urine
during nephrotic syndrome, patients can sometimes develop
low serum levels especially when unremitting nephrosis is
present.”” Perhaps not surprisingly, low levels of 1,25-
dihydroxycholecalciferol D3 have been reported in nephrotic
syndrome; which is explainable by ongoing losses of its substrate
(25, OH D3) in the urine. Modest hyperparathyroidism has also
been noted in nephrotic syndrome as well.?”?!? Vitamin D
supplementation in nephrotic syndrome is usually reserved
for patients with unremitting nephrosis, or those who develop
chronic kidney disease, secondary hyperparathyroidism, or
persistent significant hypocalcemia.’”®

Binding proteins for corticosteroid and thyroxine (T,) are
also lost into the urine during nephrotic syndrome. Decreased
levels of total 17-hydroxycorticosteroid have been noted, but
patients also have an increased percentage of free cortisol,
resulting in the absence of any clinical cortisol deficiency.?”
Similarly, although occasional low levels of total T, and
triiodothyronine Tj are seen, free T, and thyroid-stimulating
hormone (TSH) levels are typically normal, and clinical
hypothyroidism is not considered to be present.® Thus, despite
losses of both of these binding proteins into the urine during
nephrotic syndrome, clinical abnormalities resulting from these
losses appear not to occur. The exception to this, though is
congenital nephrotic syndrome where hypothyroidism can be
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severe, and supplementation of infants with levothyroxine
is commonly done to avoid the risks of hypothyroidism on
neurodevelopmental well being.*'**

Deficiencies of both copper and zinc have also been reported
in nephrotic syndrome. Decreased serum copper levels have
been attributed to loss of ceruloplasmin in the urine, while
decreased zinc levels have been attributed to loss of zinc into
the urine attached to albumin, its main binding protein.?”” The
potential clinical relevance of zinc deficiency to nephrotic
syndrome relates to its possible role in the immunologic abnor-
malities and growth impairment that have been associated with
nephrotic syndrome, although this role is as yet unproven.

Treatment-related side effects

In addition to complications resulting from nephrotic syndrome,
anumber of side effects can also result directly or indirectly from
the treatment of the disease.

Corticosteroids

Compared to children with SSNS, children with SDNS or
FRNS are at increased risk for steroid-induced side effects. In
addition, patients with SRNS in whom long-term alternate day
steroids are continued are also at significant risk for these side
effects. Although a detailed discussion of all of the side effects
of steroids is beyond the scope of this chapter, some of the more
common side effects, including growth impairment, bone dem-
ineralization, cataracts, and avascular necrosis of bone are dis-
cussed below.

Growth impairment

Although all children with nephrotic syndrome treated with
corticosteroids are at risk for decreased linear growth, this is usu-
ally only clinically significant in children with FRNS, SDNS,
and SRNS (if steroids are continued). Rees et al. reported linear
growth delay in boys and girls with SSNS, with a negative height
deviation score correlating with the duration of steroid use in
boys.*!® These male children were also found to have delayed
onset of secondary sexual characteristics and blunted pulsatile
release of growth hormone and gonadotropins. The authors con-
cluded that one explanation for linear growth impairment with
corticosteroids was a delayed onset of puberty. Further support for
the detrimental effects of corticosteroids on linear growth was
provided by Padilla and Brem, who demonstrated an increase in
linear growth rates from 4.3 cm/year to 8.7 cm/year in preadoles-
cent children with FRNS and SDNS who were treated with
alkylating agents in conjunction with a reduction in steroid dos-
ing.>!” More recently, a comprehensive study of long-term linear
growth in severe SSNS was performed by Emma et al.*!® These
authors found that prepubertal linear growth and final adult
height were adversely affected, and that the pubertal growth
spurt was delayed in males, but not in females. Diagnosis of
nephrotic syndrome before 3.5 years of age was associated with a
much greater negative effect on prepubertal linear growth. These

younger patients experienced more relapses and received pred-
nisone for a greater length of time and at a higher cumulative
dose when compared to those diagnosed after 3.5 years of age.
Prednisone treatment was the only variable found to correlate
with a negative height deviation score, while other variables
such as relapse rate or steroid sparing regimen did not alter
growth independent of their association with prednisone dosing.
Importantly, recovery of growth was seen when steroid with-
drawal occurred prior to the onset of puberty.

The association of alternate day steroids with growth impair-
ment is somewhat more controversial. Polito et al. found that the
use of alternate day corticosteroids in nephrotic syndrome did not
adversely affect linear growth or bone maturation (as assessed by
bone age measurements).”” In contrast, Emma et al. did see
growth impairment in children on alternate day steroids, but pri-
marily in those patients with severe disease and a high cumula-
tive dose of corticosteroids.”’® In general, transition to alternate
day dosing of steroids, preferably in the morning, is preferable to
try to minimize the risks of steroid-induced growth impairment.

Bone demineralization

Prolonged use of corticosteroids is well known to have signi-
ficant effects on bone mineralization. Corticosteroids cause
increased bone resorption: they act on bone by stimulating
osteoclast activity. More importantly, they also decrease bone
formation by reducing osteoblast number and function.*”® In a
recent study, however, the bone mineral content was not found
to be significantly different from controls.*?! This was attributed
in part to the increased body mass index (BMI) of steroid-
treated patients, since high BMI is associated with an increased
bone density. Despite many previous concerns, it appears that
the obesity risk resulting from corticosteroids may be at least
somewhat protective with regard to the risk of decreasing bone
mineral content.*!

Cataracts

Posterior capsular cataracts are the most common ocular abnor-
mality seen in children with nephrotic syndrome. They have
recently been reported to occur in 3 of 29 (10.3%) children
with nephrotic syndrome treated with corticosteroids.’”
Among those children with cataracts, nephrotic syndrome had
been diagnosed significantly earlier (2 years vs. 5.4 years), and
the authors suggested that those children diagnosed with
nephrotic syndrome earlier may be at increased risk for the
development of steroid-induced cataracts. It should be noted,
however, that cataracts in this setting do not usually result in
loss of visual acuity.’?® In general, children with nephrotic
syndrome treated with corticosteroids should be screened
for cataracts using an ophthalmoscope at each clinic visit.
Practically speaking, the eyes should be systematically scanned
by adjusting the diopter settings to look for any charcoal gray
or black defects located in the posterior chambers of the eyes.
If cataracts are seen, children should be referred to an ophthal-
mologist to document the size of the cataracts and allow close
follow-up of this complication.
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Avascular necrosis of the femoral head

Corticosteroid use also increases the risk of avascular necrosis
of the femoral head. The basis for this has been suggested by
an animal study using piglets that found that methylpred-
nisolone reduced the blood flow to the femoral head, which
may be an early risk factor for the development of osteonecro-
sis.*?* Although the overall incidence of this side effect in chil-
dren with nephrotic syndrome does not appear to be high, it
should always be considered in the differential diagnosis
of a child with nephrotic syndrome and previous or current
corticosteroid usage that develops hip pain, knee pain, or an
alteration of gait that is otherwise unexplained.

Alkylating agents

Alkylating agents used in nephrotic syndrome can induce
a number of side effects of which the clinician should be aware
and attempt to prevent. Hemorrhagic cystitis is a serious side
effect of cyclophosphamide which appears to be decreasing in
frequency due to efforts designed to prevent it. A recent meta-
analysis estimated its incidence at 2.2% among children with
FRNS.5¢ This side effect develops when acrolein, a toxic
metabolite of cyclophosphamide that causes chemical irritation
of the transitional epithelium of the bladder, is exposed to the
bladder for prolonged periods. The risk for this can be mini-
mized by aggressive hydration in association with either IV or
oral cyclophosphamide. Thus, oral cyclophosphamide is usually
administered in the morning with aggressive fluid intake
throughout the morning and encouragement for children to
void at least every 3-4 hours to prevent accumulation of
acrolein within the bladder. Other side effects which may be
seen during treatment with cyclophosphamide include an
increased risk of infections, leukopenia, nausea, thinning of hair,
dose-related oligo- or azoospermia, and an increased risk for
malignancies (lymphomas and bladder cancer).

Chlorambucil is another alkylating agent which has
been used somewhat less frequently than cyclophosphamide
for children with nephrotic syndrome. Like cyclophosphamide,
chlorambucil use has been associated with an increased risk
of infections and malignancies, but infections appear to be more
frequent with chlorambucil (6.8% vs. 1.5%).%¢ Other reported
side effects included seizures (3.4%; not seen with cyclophos-
phamide) and leukopenia (33%; same as for cyclophos-
phamide), although the hemorrhagic cystitis that can be seen
with cyclophosphamide has not been seen with chlorambucil.

Mycophenolate mofetil

Mycophenolate mofetil has become increasingly popular for the
management of FRNS, SDNS, and cyclosporine-dependent
nephrotic syndrome. Although gastrointestinal side effects
(vomiting/diarrhea) have occurred often when this drug is used
for renal transplantation, they have not occurred in a large
number of children when used for the treatment of nephrotic
syndrome. Baga et al studied 19 children with nephrotic
syndrome treated with MMF and reported only occasional

abdominal pain in one-fourth of the patients, whereas none
experienced vomiting or diarrhea.!’® In another report, 2 of
10 children with nephrotic syndrome experienced gastrointesti-
nal intolerance that was attributed to MME!™ Dose-dependent
leukopenia is another well known potential side effect of MME,
but this has not been a major reported problem, and can usually
be managed with manipulation of the dose, rather than discon-
tinuation of the drug.

Drug-induced hypertension

Clinically significant elevation of blood pressure requiring
antihypertensive medications is unusual in children with
the nephrotic syndrome in the untreated state. However, treat-
ment with medications such as corticosteroids and calcineurin
inhibitors can result in hypertension. Steroids are thought
to increase the vascular sensitivity to endogenous vasoconstric-
tors (angiotensin Il and catecholamines) and also to have some
modest mineralocorticoid activity, which can result in reten-
tion of sodium and water. Cyclosporine appears to increase the
systemic vascular resistance through a number of mechanisms,
including vasoconstriction due to the effects of endothelin 1,
angiotensin I, loss of vasodilating prostglandins and nitric
oxide, and increased intracellular calcium.

Antihypertensive agents used to treat drug-induced hyper-
tension usually consist of angiotensin converting enzyme
inhibitors or angiotensin II receptor blockers if the patient
is clinically stable, or a calcium channel blocker if the patient
is not yet hemodynamically stable with regard to intravascular
volume. Because patients with SRNS may still have anasarca
with low intravascular volume at the time that drug-induced
hypertension is recognized, however, clinicians should use cau-
tion when initiating ACE inhibitors or angiotensin II receptor
blockers in this setting, due to the potential for inducing ARF
and/or serious electrolyte abnormalities.

Drug-induced hyperlipidemia

Both cyclosporine and prednisone have been reported in
the transplant literature to independently contribute to post-
transplant hypercholesterolemia.’” In one study, further delin-
eation of the effects of each of these medications after transplant
was determined by analysis of monotherapy treatment arms.
These investigators found that only the patient group weaned
from prednisone and maintained on cyclosporine experienced
elevations of triglycerides and lipoprotein A levels, and a fall in
HDL cholesterol, suggesting that cyclosporine was the main
contributor to these patients’ hyperlipidemia.*?® Despite this,
clarifying the effects of these agents in children with unremit-
ting nephrotic syndrome can be difficult. Montané et al. utilized
a steroid-sparing protocol that included initial IV pulse steroids
that were tapered to low dose prednisone (20 mg/m’ on alternate
days) or discontinuation, combined with MMF and angiotensin
blockade for nine children with SRNS. Although no control
group was included, these investigators noted a 50% reduction
in both cholesterol and triglyceride levels among patients
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converted to this low-dose steroid protocol.?” Despite these
encouraging results, the relative contributions of the minimiza-
tion of steroids and the presence of MMF and angiotensin block-
ade could not be addressed in this study. Regardless of the
relative contributions of the disease or its treatment to the
hyperlipidemia seen in children with persistent nephrotic syn-
drome, however, treatment of the hyperlipidemia is increasingly
being recognized as an important aspect of the overall manage-
ment of these children.

Calcineurin inhibitor-related side effects

Cyclosporine has proven to be very effective in the treatment of
SRNS. However, this medication has several known potential
side effects, including gingival hyperplasia, hirsutism, increased
risk of infections, hypertension, and hyperkalemia. Toxicity of
the central nervous system, including fine tremor, anxiety,
headache, peripheral neuropathy, and seizures has also recently
been reported with the use of cyclosporine for SRNS, although
the pathogenesis of this toxicity is unknown.**” Perhaps of great-
est concern, long-term use of cyclosporine is also associated with
an increased risk for development of irreversible renal interstitial
fibrosis (cyclosporine nephrotoxicity). In light of the above
concerns, alternatives to cyclosporine have recently emerged.
Mycophenolate mofetil has recently been reported to be effec-
tive at maintaining remission while cyclosporine is stopped, and
this transition was reported to be associated with a 56% increase
in the mean measured glomerular filtration rate.*”® Concerns
about cyclosporine nephrotoxicity will almost certainly stimu-
late additional efforts to find non-nephrotoxic approaches
to induce and/or maintain remission among children with
cyclosporine-dependent nephrotic syndrome.

Tacrolimus is another calcineurin inhibitor which is becoming
a more popular alternative to cyclosporine for steroid-resistant
and cyclosporine-resistant nephrotic syndrome. The side effects
reported with this agent in nephrotic children have included
increased risk of infections, hypertension, and possibly increased
risk of seizures and anemia.’* Although it is similar to
cyclosporine with regard to calcineurin inhibition, tacrolimus
appears to differ from cyclosporine primarily in that it appears to
induce less gingival hypertrophy, but has a well known risk for
inducing new onset diabetes mellitus.

Prognosis

Likelihood of achieving remission

It is generally accepted that the initial response to corticos-
teroids (i.e. induction of complete remission) is the single best
indicator of the long-term prognosis for a child presenting
with nephrotic syndrome, as children who fail to respond to
an 8 week course of oral corticosteroids have a guarded progno-
sis. Steroid response has been reported to correlate with renal
biopsy findings if done at disease outset prior to the institution
of treatment (as was the clinical practice in the early 1970s).

In these early studies, while overall steroid responsiveness
was seen in 78% of newly-diagnosed children treated with cor-
ticosteroids, the likelihood of achieving remission varied
greatly by histologic diagnosis.” Steroid responsiveness was 93%
for MCNS, 30% for FSGS, 56% for mesangial proliferative
glomerulonephritis, 7% for MPGN, and 0% for membranous
nephropathy.® In addition, the likelihood of steroid responsive-
ness was decreased in older children, possibly related to the
increasing incidence of the steroid-resistant glomerulopathies
in later childhood. This was supported by the findings that the
median ages for clinical presentation with MCNS, FSGS, and
MPGN were 3 years, 6 years and 10 years old, respectively.'?

In contrast, it has historically been much more difficult
to induce complete remission among children with SRNS.
In 1990 Mendoza et al. reported a complete remission rate
of 52% in a group of 23 children with steroid-resistant FSGS.?1°
A subsequent larger series from the same center revealed a
66% complete remission rate using a triple therapy protocol of
pulse methylprednisolone infusion, oral alternate day corticos-
teroids, and an alkylating agent.?!! More recently, a response rate
of 60-78% has been reported for SRNS treated with
cyclosporine.??¢*** Even more recently, 81% of a group of 16 chil-
dren with treatment-resistant nephrotic syndrome entered com-
plete remission induced by tacrolimus, including a small number
of patients who failed to respond to oral corticosteroids, the triple
therapy protocol of pulse IV methylprednisolone + alternate day
oral corticosteroids + oral cyclophosphamide, and cyclosporine.**
Given these available therapies, a mathematical calculation
encompassing all of the current therapies available for nephrotic
syndrome would suggest that the likelihood of any child present-
ing with nephrotic syndrome never achieving a remission has
become very small. This is based on an estimated 78% overall
response rate to corticosteroids, an estimated 60% response rate
to cyclosporine for SRNS, an estimated 66% response rate to the
triple therapy protocol of IV methylprednisolone +alternate day
prednisone + alkylating agents, and an estimated 80% response
rate to tacrolimus for SRNS and cyclosporine-resistant nephrotic
syndrome. Despite these encouraging statistics, however, there
remain many children with nephrotic syndrome who have
proven unresponsive to all therapies attempted, and these chil-
dren remain at extremely high-risk for progression to ESRD.

Relapse rate

Relapses of nephrotic syndrome occur commonly in SSNS.
Only 30% patients with SSNS will never experience a relapse,
although the overall tendency to relapse decreases with time.
A large study of MCNS found that there was a gradual
tendency toward an increase in the number of non-relapsing
patients over time, reaching 80% eight years after onset of
disease.”” Moreover, 75% of those patients who remained
relapse-free for the initial six months after treatment either
continued in remission during their entire course or relapsed
only rarely. Such findings suggest that while the majority of
children (60%) with nephrotic syndrome experience one or
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more relapses, most patients experience a gradual decrease in
the frequency of relapses over time.

ESRD and transplant recurrence risk

Non-responsiveness to corticosteroids clearly identifies those
patients at high risk for progressive kidney disease. In one large
study of 389 children with nephrotic syndrome, 21% of children
with biopsy-proven MCNS who were unresponsive to the initial
8-week course of steroids subsequently progressed to ESRD.%
Among children with nephrotic syndrome due to FSGS
who progress to ESRD, renal transplantation can also pose seri-
ous challenges. Nephrotic syndrome recurs in the allograft
in approximately 30% of such cases, and results in graft loss
in approximately one-half of those patients affected.”® Because
FSGS is the most common glomerulopathy associated with
ESRD in children, this matter has received much attention in
the pediatric transplantation literature.’”! Disease recurrence
can be a devastating complication, and efforts are ongoing to
attempt to characterize patients at risk for disease recurrence.
Clinical and biopsy features of children at high risk for
recurrence of FSGS are: those who reached ESRD within
3—4 years following diagnosis, those with histologic features
of mesangial proliferation, and those with previous history of
recurrence.” %% Treatment strategies for recurrent nephrotic
syndrome post-transplant have included plasma exchange,
cyclophosphamide, and intravenous cyclosporine**** but none
of these have proven to be uniformly effective.

Mutations of the NPHS2 gene encoding the podocyte
protein podocin have been associated with SRNS and a high
rate of progression to ESRD.”® Some have suggested a low risk
for recurrence for this form of SRNS.**>¥ However NPHS2
mutations have also been associated with recurrence of protein-
uria following transplantation.”?*® Given this uncertainty, any
child with ESRD due to SRNS identified to have a mutation in
podocin should be observed carefully for potential recurrence
after renal transplantation.

Mortality risk

Since the introduction of antibiotics and corticosteroids several
decades ago, and the further refinement of immunosuppressive
agents in recent years, the mortality rate for nephrotic syndrome
has been reduced to <5% from 67% seen in the preantibiotic
era. In a large ISKDC series reported in 1984, the mortality rate
was only 1.9%.%° Importantly, 9 of the 10 deaths in this study
occurred in children who either had SRNS or in those who
relapsed within the first 8 weeks of steroid therapy, and six of
these children died of infections, emphasizing the continued
importance of this complication of nephrotic syndrome. Thus,
despite dramatic improvements in the mortality risk for children
with nephrotic syndrome over the last 50 years, it should be
remembered that children who prove to be steroid-resistant
remain at increased risk for potentially life-threatening compli-
cations of either nephrotic syndrome or its treatment.

Concluding remarks

Nephrotic syndrome is among the most common forms of
kidney disease seen in children. It continues to be a fascinating
and challenging problem for pediatric nephrologists, as neither
the pathogenesis nor the mechanism of action of the drugs
which have proven effective in treating it have yet been fully
defined. Despite this, unless children with nephrotic syndrome
develop resistance to corticosteroid therapy the long-term
prognosis is generally excellent. SRNS continues to present
significant challenges to pediatric nephrologists, however, since
many such children remain unresponsive to even the newest
and most effective therapies that have been attempted, leaving
them at increased risk for both ESRD and death. Further
research on both the pathogenesis and the mechanism of action
of effective therapies for nephrotic syndrome is needed to per-
mit the development of more effective and less-toxic therapies
for this very common childhood kidney disease.
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