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PREFACE

The Manual of Clinical Microbiology (MCM) is the most
authoritative reference text in the field of clinical micro-
biology. This edition of the Manual benefited from the tal-
ents of a team of 22 editors and almost 250 authors who
were supported by a very capable production team at ASM
Press. This, the 11th edition, is presented after the usual
4-year publication cycle following the 10th edition. All
of the editorial team are proud members of the American
Society for Microbiology and strong supporters of its book
publishing arm, ASM Press. We have followed in the
footsteps of previous authors and editors of the Manual
and remain steadfastly committed to the utmost quality
and timeliness that the MCM readership has come to ex-
pect. For the first time, we have had co-editors in chief of
MCM. The length and scope of the Manual now require
this division of labor to ensure thoroughness and timeli-
ness of the editing process. We hope that readers of the
Manual will recognize the commitment to excellence by
everyone associated with its production.

We represent only the fifth and sixth editors in chief
in the 45-year history of the Manual. We are grateful for
the example set by our predecessors and by the sage ad-
vice offered by recent editors in chief Patrick Murray and
James Versalovic. We offer our deep appreciation to Ken
April, the production editor at the outset of this edition,
and to Ellie Tupper, who succeeded him and completed
the editorial production process.

This is only the second edition of the Manual to have
a full-scale, searchable, Web-based HTML electronic
edition. We hope that users of the Manual will find this
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electronic alternative to the print version of MCM to be
convenient and user friendly. It is likely that future edi-
tions of MCM will rely more heavily on the electronic
format for delivery of the vast content of the Manual.

This is a very dynamic era in clinical microbiology,
with new technical tools (MALDI-TOF, ribosomal and
total gene sequencing, and other molecular methods)
that are profoundly influencing our approaches to or-
ganism detection and identification. The Manual con-
tinues to include classic microbiological techniques
such as microscopy and culture as a foundation in addi-
tion to the newer methods cited above. Some organisms
have become prominent causes of disease recently, e.g.,
Ebola, enterovirus D-68, and Gram-negative bacteria
that produce carbapenemases. Every effort was made to
include up-to-date information in the Manual on these
recently emergent organisms. In addition, the studies of
the human microbiome have informed our understand-
ing of normal microbial communities and have posed
the possibility of polymicrobial rather than single-agent
infections.

In conclusion, we are profoundly grateful for the privi-
lege of guiding the Manual through the publication of
this 11th edition. We hope that the efforts of the editors
and authors will prove useful to the clinical microbiology
community until the next edition is available in about
4 more years.

JAMES H. JORGENSEN
MICHAEL A. PFALLER
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Introduction to the 11th Edition of the Manual of Clinical
Microbiology*

JAMES H. JORGENSEN AND MICHAEL A. PFALLER

The 11th edition of the Manual of Clinical Microbiology
(MCM11) marks a significant change from prior editions
in that there are co-editors in chief for the first time. There
has been only one editor in chief for all prior editions since
the first edition in 1970. However, as the Manual has grown
in size and scope, it has become a Herculean effort for a
single editor in chief. Since the 8th edition of the Manual,
it has been published as two volumes. We have divided
our duties primarily by volume: volume 1 (Jorgensen) and
volume 2 (Pfaller). This edition of the Manual contains
151 chapters comprising almost 2,600 pages. It includes a
comprehensive array of content on all aspects of microbiol-
ogy contributed by world experts on each subject, with their
chapters edited by a highly committed team of volume and
section editors working within the usual 4-year publication
cycle. This edition includes one new volume editor (Sandra
Rich-ter) and three new section editors in addition to the
new editors in chief. Four volume editors, Karen Carroll,
Guido Funke, Marie Louise Landry, and David Warnock,
served for the past edition of the Manual. Underscoring the
international importance of the Manual, 20% and 37% of
section editors and chapter authors, respectively, contrib-
uted content from countries outside the United States (up
from 19 and 30% in the previous edition). There were 88
authors who contributed content to the Manual for the first
time.

The overall organization of the Manual and the chapter
formats are quite similar to those of the 10th edition. How-
ever, readers will note some new or expanded content in
this edition. Since publication of the 10th edition, the
application of matrix-assisted laser desorption ionization—
time of flight mass spectrometry (MALDI-TOF MS) has
rapidly been developed and embraced by clinical microbiol-
ogy laboratories for identification of a vast array of bacteria
and fungi. Most of the “organism” chapters now include
comments on the utility of MALDI-TOF MS for the pat-
ticular genera and species under discussion. Microbiologists
have quickly joined this bandwagon due to the speed, accu-
racy of identifications, and low cost per test of this technique
(despite the high initial instrument acquisition cost). The
technology is still evolving, as the required extensive data-
bases needed for all of the relevant organism groups are
being painstakingly constructed. Assuming the adequacy of

*This chapter contains some information presented in chapter 1 by James
Versalovic in the 10th edition of the Manual.

the databases, this technology may supplant much of the
conventional phenotypic testing of the past and even the
use of sequence-based identification approaches. Having
said that, the cost and complexity of gene sequencing has
continued to decrease rapidly, making it likely to be acces-
sible to more clinical microbiology laboratories in the next
few years. We have learned that no one genomic, proteomic,
or phenotypic approach is perfect for the identification of
all organisms, and different approaches may need to be used
in concert to accurately identify some organisms.

Readers will note many new genus and species names
in this edition. These result from initial descriptions of some
species and reclassification of some genera and species from
a previous taxon to a new or different one based upon
16S or 23S gene sequencing studies, sequencing of certain
housekeeping genes, or DNA hybridization efforts that have
demonstrated new phylogenetic associations. Some of these
may seem bewildering at first due to the many new names
that are unfamiliar to both microbiologists and practicing
clinicians. Some of the newly designated organisms may
not be recognized by conventional phenotypic testing and
may not be found in the databases of FDA-cleared identifica-
tion devices. They may require gene sequencing, use of
microarrays, or perhaps mass spectrometry for accurate iden-
tifications. This will put pressure on clinical microbiology
laboratories to either adopt newer technologies or place
greater reliance on reference laboratories when it is impor-
tant to know the contemporary identities of significant or-
ganisms. This offers an opportunity for dialogue between
clinical microbiologists and the clinicians that they serve
regarding the situations in which intensive identification
efforts are justified.

The structure of volume 2 is largely the same as that
found in MCMI10. In Section IV (Virology), the chapter
on Hendra and Nipah viruses from the previous edition has
been folded into chapter 85 (“Parainfluenza and Mumps
Viruses”) and also includes other members of the Paramyxo-
viridae, and chapter 106 now highlights bocaviruses along
with parvoviruses to recognize the emergence of the former
as a human pathogen since its discovery in 2005. The Mycol-
ogy and Parasitology sections remain largely unchanged,
with the exception of the movement of the chapter on
microsporidia from the Parasitology section to the Mycology
section in recognition of the reclassification of these agents
to the kingdom Fungi. As with the Bacteriology chapters,

doi:10.1128/9781555817381.chl
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the chapters in volume 2 reflect the tremendous advances
in the area of molecular taxonomy which have resulted in
the reclassification of many different organisms, the recogni-
tion of several so-called “cryptic” species, and the discovery
of several “new” pathogens as molecular and proteomic tools
find their way from the research setting to the clinical
laboratory.

Now entering its 6th decade, the Manual strives to con-
tinue to be the leading, most authoritative reference for the
“real-world” practice of clinical microbiology. In order to
create and assemble each edition, this publication builds
on the content of past editions, and the process requires
about 3 years of careful planning, design, writing, and review
of chapters before the final phases of copyediting, composi-
tion, printing, and binding. In the intervening 1 to 2 years
from the time of chapter acceptances until printing, new

diagnostic trends, technologies, pathogens, and patterns of
infectious diseases may emerge or change in ways that af-
fect the timeliness and relevance of this comprehensive
reference. This sobering reality simply “goes with the terri-
tory” of compiling any authoritative body of work. Hopefully
the Manual continues to provide a highly respected bench-
mark and authoritative reference for the entire field of
clinical microbiology. In the era of mass collaboration and
rapid communication, our team at the Manual trusts that
our readership, each of you, will contribute to the future
of this field by pointing out errors, issues, and trends that
serve to strengthen the Manual and its next edition. The
work never stops, and the knowledge base keeps growing.
So let us all continue to enhance the practice and contribute
to the evolution of our cherished profession of clinical
microbiology.



Microscopy
DANNY L. WIEDBRAUK

The history of microscopy has been closely linked to the
beginning of microbiology since 1665, when Hooke pub-
lished his treatise Micrographica, which included illustrations
of mold forms and the anatomy of the flea (1). Today, light
microscopy is used not only in microbiology, pathology,
and cell biology but also in metallurgy, materials science,
computer chip design, and microsurgical applications. This
chapter will attempt to describe the basic concepts of
light microscopy as they are practiced in the microbiology
laboratory.

TECHNICAL BACKGROUND AND
DEFINITION OF TERMS

Aberration

Aberrations are unwanted artifacts in the microscopic image
that are caused by elements in the optical path. Aberration
can be caused by physical objects, such as dust or oils, on
the optical surfaces, by alterations in the light path caused
by improper alignment or aperture settings, and by lens
system imperfections. Two main types of optical aberration,
spherical aberration and chromatic aberration, can occur
when white light passes through a convex lens. Spherical
aberration is exhibited by images that appear to be in focus
in the center of the field and out of focus at the periphery
(2). Chromatic aberration occurs because shorter light
wavelengths are refracted to a greater extent than longer
wavelengths (2). This wavelength separation (also called
dispersion) produces color fringes within the image field.
Lenses that are not corrected for chromatic aberration can
cause difficulties when interpreting Gram and other staining
due to the presence of purple or green fringes around bacte-
ria. This is especially problematic when the bacteria are
very small.

Contrast

Contrast is a measure of the differences in image luminance
that provide gray scale or color information. Contrast is
expressed as the ratio of the difference in luminance between
two points divided by the average luminance in the field
(3). Under optimum conditions, the human eye can detect
the presence of 2% contrast (3).

Depth of Field and Depth of Focus

Depth of field is a subjective measure of the vertical distance
between the nearest and farthest objects in the specimen

N

that appear to be in sharp focus. Depth of field decreases
as the numerical aperture (NA) of the lens increases (4).
Depth of focus is the area around the image plane where
the image will appear to be sharply focused. The image
plane is formed within the microscope tube at or near the
level of the ocular lenses. Microscopes with greater depths
of focus allow the user to employ ocular lenses with different
working distances, magnification factors, and visual com-
pensation systems without losing image sharpness. Like
depth of field, depth of focus depends upon the numerical
aperture of the objective. However, depth of focus increases
as the numerical aperture increases (4).

Immersion Fluid (Immersion Oil)

Immersion fluid is a term used to describe any liquid that
occupies the space between the object and microscope ob-
jective lens. Immersion fluids are usually required for objec-
tives that have working distances of 3 mm or less (2).
Many microscopy applications employ immersion fluids that
possess the same refractive index as the glass slide (refractive
index = 1.515) (2, 4). This procedure produces a homoge-
neous optical path which minimizes light refraction and
maximizes the effective numerical aperture of the objective
lens. Immersion fluids are also used between the condenser
and the microscope slide in transmitted light fluorescence
microscopy and in dark-field microscopy to minimize refrac-
tion, to increase the numerical aperture of the objective,
and to improve optical resolution (2, 4).

Kohler IHlumination

Kohler illumination was first introduced in 1893 by August
Kohler of the Carl Zeiss Corporation as a method for
providing the optimum specimen illumination (2). In this
procedure, the collector lens projects an enlarged and
focused image of the lamp filament onto the plane of
the aperture diaphragm. Because the light source is not
focused at the specimen, the specimen is bathed in a
uniformly bright, glare-free light that is not seriously
affected by dust and imperfections on the glass surfaces
of the condenser. Kohler illumination is required to
produce the maximum optical resolution and high-quality
photomicrographs (2, 5).

Mechanical Tube Length

Mechanical tube length describes the light path distance
within the microscope body tube. Tube length is measured

doi:10.1128/9781555817381.ch2
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Manufacturer

- Aberration
Flat Field Nikon JAPAN |_Correction
Correction . Plan Apo/

Magnification —- 60 x/1 ,40ﬁ
| 00/0.17 WD 0.21

L— Numerical
Aperture

Tube Length — \Immersion

/‘ | Medium
Coverslip  Working
Thickness Distance

FIGURE 1 Objective lens labeling. Objective lenses are la-
beled with information about the manufacturer, correction
factors, numerical aperture, tube length, coverslip thickness,
working distance, and expected immersion medium. Objectives
without a listed aberration correction are considered achromats.
Objectives without a listed immersion medium (Oil, Oel, W,
Gly) are considered dry objectives and are intended for use
with air between the lens and the specimen.
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from the objective opening in the nosepiece to the top edge
of the observation tube. Tube length is usually inscribed on
the barrel of the objective as the length in millimeters (160,
170, 210 mm, etc.) for fixed lengths or the infinity symbol
(e0) for infinity-corrected tube lengths (Fig. 1). Many of
the newer objectives are infinity corrected, while older ob-
jectives are corrected for 160-mm (Nikon, Olympus, Zeiss)
or 170-mm (Leica) tube lengths (2).

Numerical Aperture

NA is a measure of the light-gathering capability of a lens
or condenser. Higher NA objectives have better resolving
power and brighter images than lower NA objectives.
Higher NA objectives also have a shallower depth of
field. The equation for determining NA is given by NA =
n X sin(0), where n is the refractive index of the imaging
medium between the objective and the specimen and 0
is one-half the angular aperture of the objective (Fig. 2)
(1,2, 4).

Refractive Index (Index of Refraction)

Index of refraction is the ratio of the velocity of light
in a vacuum to its velocity in a transparent or translucent
medium (2, 4, 6). As the refractive index of a material
increases, light beams entering or leaving a material are
deflected (refracted) to a greater extent. The refractive
index of a medium depends upon the wavelength of
light passing through it. Light beams containing multiple
wavelengths (e.g., white light) are dispersed when they
move into a different medium because the wavelengths
in the beam are refracted to slightly different degrees.
Light dispersion causes chromatic aberration in microscope
objectives (2). Refractive index is also an important
variable in calculating numerical aperture (see “Numerical
Aperture” above). Moving from a high dry microscope
objective that uses air as the imaging medium (refractive
index of air = 1.003) to an oil immersion objective of
the same power (refractive index of immersion oil = 1.515)
increases the maximum theoretical numerical aperture of
a given lens from 1.0 to 1.5, producing a 50% increase
in light-gathering capability (2, 4).

— Objective

gt A Working
N — Distance
: — Slide

— Diaphragm

— Condenser

FIGURE2 Typical configuration for bright-field microscopy.
The column of light generated by the field lens and the field
diaphragm enters the bottom of the condenser and is focused
on the slide by the condenser lens. The condenser diaphragm
controls the angle of the light, the numerical aperture of the
condenser, and the amount of contrast in the image. The
working distance is the vertical distance from the top of
the specimen to the leading edge of the objective lens. The
semiangle of the objective aperture (0) is used to calculate
numerical aperture. Modified from reference 4.
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Resolution (Resolving Power)

The resolution of an optical microscope is defined as
the shortest distance between two points that can be
distinguished as separate entities by the observer or camera
system (4). The resolving power of a microscope is the
most important feature of the optical system because it
defines our ability to distinguish fine details in a specimen.
The theoretical limit of resolution (r) for a given lens
is defined mathematically as r = «/(2ZNA), where ¥ is
the imaging wavelength and NA is the numerical aperture
of the lens (4). From this equation, it is obvious that
only the light wavelength and NA directly affect the
resolving power. Thus, a 40x oil objective with an NA
of 1.30 can have the same resolving power as a 100x
oil objective (Table 1). In the same manner, the resolving
power of a 100x oil objective will be higher when
ultraviolet (UV) wavelengths are used than when visible

light is used (Table 1).

Working Distance

Working distance is the distance between the leading edge
of the objective lens and the top of the cover glass when
the specimen is in focus (Fig. 2). The working distance of
an objective generally decreases as magnification increases
(4). The working distance of an objective may not be in-
scribed on the barrels of older objectives, but newer objec-
tives often contain the working distance in millimeters (Fig.
1). Longer working distance objectives are important when
examining the inside surfaces of glass tubes (tube cultures)
and cell culture flasks.

SIMPLE MICROSCOPE

Common objects, such as jeweler’s loupes, photographic
slide viewers, and simple magnifying or reading glasses, are
all examples of simple microscopes. A simple microscope
contains a single bi-convex magnifying lens which is
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TABLE 1 Resolving the power of selected lenses with different numerical apertures.

Lens system NA  Light color Avg wavelength (nm) Medium  Resolution (um)

Eye White 550 Air 700

Hand magnifier 0.03  White 550 Air 10

10x objective 030 White 550 Air 0.92
40x objective 0.75  White 550 Air 0.37
40x objective (oil) 1.30  White 550 Qil 0.21
100x objective 1.30  White 550 Oil 0.21
100x objective 1.30 UV 400 Oil 0.15

thicker in the center than at the periphery. In contrast,
with compound microscopes, simple microscopes produce
a magnified image that is in the same orientation as the
original object. Because of their low NA, simple micro-
scopes have limited resolution and magnifying power.
Most commercial magnifiers are able to produce a %2 to
30 magnification, and the better lenses will have a resolu-
tion of about 10 pm. Simple magnifiers are useful for
dissection, examination of bacterial colonies, and interpre-
tation of agglutination reactions.

COMPOUND MICROSCOPE

The first compound microscopes were constructed around
1590 by Dutch spectacle makers Zaccharias Janssen and
Hans Janssen. The Janssen microscope consisted of an object
lens (objective) that was placed close to the specimen and
the eye, or an ocular lens that was placed close to the eye.
The lenses were separated by a body tube. In this microscope,
the objective lens projected a magnified image into the
body tube and the eyepiece magnified the projected image,
thereby producing a two-stage magnification. Modern com-
pound microscopes still use this general design and have
two separate lens systems mounted at opposite ends of a
body tube.

The stereoscopic microscope combines two compound
microscopes, which produce separate images for each eye.
The three-dimensional stereoscopic effect is produced in
the brain when two images are viewed with slightly offset
viewing perspectives. Placing a camera on one of the eye-
pieces or on a dedicated camera port will not produce a
three-dimensional photo image. Stereoscopic microscopes
are used with reflected or transmitted illumination, but
the absence of a substage condenser limits their NA and
resolution. Stereomicroscopes are useful in examining the
colonial morphology of bacteria, fungi, and cell cultures.

Optical Train

The modern light microscope is composed of optical and
mechanical components that, together with the mounted
specimen, make up the optical train. The optical train of
a typical bright-field microscope consists of an illuminator
(light source and collector lens), a substage condenser, a
specimen, an objective, the eyepiece, and a detector. The
detector can be a camera or the observer’s eye.

Specimen illumination is one of the most critical ele-
ments in optical microscopy. Inadequate or improper sample
illumination can reduce contrast in the specimen and signifi-
cantly decrease the resolving power of any microscope (7).
Fifty or 100-watt tungsten halogen lamp systems have been
the most popular means of providing light for visible-light
microscopy because they have a relatively low cost and

provide a white light. Newer microscopy systems now use
light-emitting diode (LED) light matrices. These systems
have reduced energy requirements, do not heat the specimen
or the lower optical train, and last for decades.

Light generated by the light source is passed through a
collector and a field lens (Fig. 3) before being directed
into the substage condenser and onto the specimen. Image-
forming light rays are captured by the microscope objective
and passed into the eyepieces or a camera port. Alignment
of the optical components of a microscope is critical to
producing a good image.

Field Diaphragm

The field diaphragm is located in the light path between
the light source and the substage condenser (Fig. 3). This
iris-like mechanism controls the width of the light beam
that enters the substage condenser. The field diaphragm
does not affect the optical resolution, numerical aperture,
or intensity of illumination. However, the field diaphragm
should be centered in the optical path and opened far
enough that it just overfills the field of view. This adjustment
is important for preventing glare and loss of contrast in
the observed image. When the field diaphragm is opened

_ —— Camera
-
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=%

Camera
Focusing
Eyepiece

Camera Tube

Ocular —

Nosepiece

Objective Stage

Substage Sy, _ Lamp Housing
Condenser

) Fine Focus
Field

F
Diaphragm Coarse Focus
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/ Movement
Lamp Voltage Control

FIGURE 3 Anatomy of a typical clinical microscope with
an integral camera. doi:10.1128/9781555817381.ch2.f3
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too far, scattered light and reflections can degrade image
quality (1).

Substage Condenser

The substage condenser is typically mounted beneath the
microscope stage in a bracket that can be raised or lowered
independently of the stage (Fig. 3). The substage condenser
gathers light from the field diaphragm and concentrates it
into a cone of light that illuminates the specimen with
uniform intensity over the entire field of view. Adjustment
of the substage condenser is probably the most critical ele-
ment for achieving proper illumination, and it is the main
source of image degradation and poor-quality photomicro-
graphy. The condenser light cone must be properly adjusted
to optimize the intensity and angle of light entering the
objective. Because each objective has different light-gather-
ing capabilities (numerical aperture), the substage con-
denser should be adjusted to provide a light cone that
matches the numerical aperture of the new objective. This
is done by adjusting the aperture (or condenser) diaphragm
control. Substage condensers on newer microscopes have a
scale embossed on the condenser and an index mark on the
aperture control that allows the user to quickly switch from
one NA range to another. Many manufacturers are now
synchronizing the NA gradations to correspond with the
approximate numerical aperture of the objectives.

In clinical laboratory practice, the condenser aperture is
often made smaller to improve the contrast of wet mounts
and some stained preparations (1). This practice, while
effective for some applications, will result in decreased reso-
lution (3). It should be noted that the intensity of illumina-
tion should not be adjusted by opening and closing the
condenser aperture diaphragm or by moving the condenser
laterally in the light path. Illumination intensity should be
controlled through the use of neutral density filters placed
into the light path or by reducing voltage to the lamp. It
should be noted that reducing the voltage will also alter
the color of the light emanating from a tungsten halogen
bulb (5). The lighting intensity provided by LED light sys-
tems can be reduced without altering the color of the light.
The color of the incoming light will affect photomicroscopic
color balance, and it can influence the interpretation of
stained specimens.

Objectives

The objective lens is the most important single determinant
of the quality of the image produced by a particular micro-
scope (1). When choosing a microscope, the purchaser must
select the magnification factor, the NA, and the level of
correction for each objective. Lenses with higher NA values
will have higher resolution and produce a brighter field of
view. Choosing an appropriate level of optical correction
will depend upon the ultimate use of the microscope. Achro-
matic (achromat) objectives are the least expensive objec-
tives found on laboratory microscopes. Achromat objectives
are corrected for axial chromatic aberration in two wave-
lengths (red and blue), and they are corrected for spherical
aberration in one color (green) (2). The limited correction
of achromatic objectives can cause a number of optical
artifacts when specimens are examined and photographed
in color (e.g., green images often have a reddish-magenta
halo) (2). Achromat objectives produce the best results
when the light passes through a green filter and when black-
and-white photomicroscopy is performed. Flatness of field

is also a problem when using straight achromat objectives
because the center of the field is in focus while the edges
are out of focus (2). In the past few years, most manufactur-
ers have begun providing flat-field corrections for achromat
objectives. These objectives are called plan-achromats.

The next-higher level of correction and cost is found
in objectives called fluorites or semiapochromats. Fluorite
objectives are produced from advanced glass formulations
that allow for greatly improved correction of optical aberra-
tion. Like achromat objectives, fluorite objectives are cor-
rected chromatically for red and blue light (2). Fluorites,
like achromats, are corrected spherically for two or three
colors instead of a single color (2). The superior correction of
fluorite objectives compared to that of achromat objectives
enables these lenses to be made with a higher numerical
aperture. Fluorite lenses produce brighter images than achro-
mats. Fluorite objectives also have better resolving power
than achromats and provide a higher degree of contrast,
making them better suited for color photomicrography in
white light (2, 4).

Apochromats are the most highly corrected microscope
lenses and the most costly. Apochromats are corrected chro-
matically for three colors (red, green, and blue), which almost
eliminates chromatic aberration, and are corrected spheri-
cally for either two or three wavelengths (2). Apochromat
objectives are the best choice for color photomicrography
in white light. Because of their high level of correction,
apochromat objectives usually have, for a given magnifica-
tion, higher numerical apertures than do achromats or fluor-
ites (2, 4).

Fluorescence objectives are designed with quartz and
other special glasses that have high rates of transmission of
UV, visible, and infrared light. These objectives are ex-
tremely low in auto-fluorescence and use specialized optical
cements and antireflection coatings that protect the lens
and allow it to operate with a wide variety of excitation
wavelengths. Correction for optical aberration and numeri-
cal aperture values in UV fluor objectives usually approaches
that of apochromats, which contributes to image brightness
and enhanced image resolution (2, 8). The primary draw-
back of high-performance fluorescence objectives is that
many are not corrected for field curvature and produce
images that do not have uniform focus throughout the entire
field of view. This is not a large problem when performing
direct or indirect fluorescent antibody testing but it can be
troublesome if you have to use the same objectives for
bright-field or phase-contrast microscopy.

Microscope objectives that use air as the medium be-
tween the coverslip and the objective lens are considered
dry objectives. The maximum working numerical aperture
of a dry objective system is limited to 0.95, and greater
values can be achieved only with optics designed for immer-
sion media. Immersion media have the same refractive index
and dispersion values as glass (refractive index = 1.51). The
use of immersion media produces a homogeneous light path
from the coverslip to the lens so that light is not refracted
away from the objective. The use of immersion fluids and
lenses significantly increases the numerical aperture and the
optical resolution of the system. In addition to oil lenses,
specially corrected objective lenses designed for glycerin
and water immersion are available commercially. The proper
immersion fluid type is always stamped on the side of the
objective. The advantages of oil immersion objectives
are severely compromised if the wrong immersion fluid
is utilized. Microscope manufacturers produce immersion
objectives with tight refractive index and dispersion toler-
ances (2). It is therefore advisable to use only the immersion



fluid recommended by the objective manufacturer. Mixing
of immersion fluids from different manufacturers should be
avoided because mixing can produce unexpected crystalliza-
tion artifacts or phase separations that compromise image
quality.

Many high-power (NA > 0.8) dry objectives are engi-
neered to operate through 0.17-mm coverslips (designated
number 1 1/2). In practice, however, the total thickness of
the specimen/coverslip sandwich can be greater or less than
0.17 mm due to variations in coverslip and/or mounting
fluid thickness (2, 4). Under these conditions, there will
be noticeable spherical aberration in the microscopic image
(2,4). A 0.2-mm deviation in coverslip thickness will pro-
duce an 8% decrease in image intensity with a 0.79-NA
objective and a 57% decrease with a 0.85-NA high dry
objective (2). Therefore, some of the more advanced dry
objectives are engineered with a coverslip correction collar
that adjusts the objective lens elements to compensate for
coverslip thickness variations. Objectives with a coverslip
correction collar are labeled “Corr,” “w/Corr,” or “CR.”
However, this labeling is usually unnecessary because the
objective has a distinctive knurled ring and graduated scale
on the side. The expected coverslip thickness for an objec-
tive is etched on the barrel of the objective (Fig. 1).

The eyepiece or ocular objective contains the final lens
system in the optical train. The purpose of the ocular objec-
tive is to magnify and focus the projected image onto the eye
of the viewer. Ocular lenses generally have a magnification
factor of x10 to x20, and the total magnification of the
microscope is the product of the objective magnification
and the ocular magnification (1, 2, 6). Thus, a microscope
with a 40x objective and a 10x ocular would have a magnifi-
cation value of x400. Many eyepieces have a shelf at the
level of the fixed eyepiece diaphragm that allows for the
insertion of ocular micrometers, pointers, or crosshairs. This
shelf is located at the focal plane of the image projected by
the objective lens so that the inserted element is in focus
when the specimen image is in focus.

When upgrading microscope systems, the normal ten-
dency is to save old objectives and oculars as backups.
Check with your microscope manufacturer before doing this.
Oculars, especially those from a different manufacturer, can
have a different focal length than the one used in the
new microscope. In addition, many manufacturers include
optical corrections in the oculars that compensate for aber-
rations in their objective line. These corrections may cause
unwanted chromatic aberrations when the old lens is used
with the new microscope. Objectives with a standard tube
length cannot be used on infinity-corrected optical systems.

DARK-FIELD MICROSCOPY

Dark-field microscopy is a specialized illumination tech-
nique used to detect thin organisms, such as spirochetes
and Leptospira spp. High-resolution dark-field microscopy
utilizes a specialized high-NA cardioid dark-field condenser
that blocks the central light path light and produces a
hollow cone of illumination that is directed away from the
objective lens at an oblique angle (Fig. 4). Bacteria on
the slide have a slightly different refractive index than the
surrounding medium, and light rays passing through the
organism are refracted into the objective lens, producing
bright organism profiles against a dark background. Dark-
field microscopy requires careful alignment of the condenser
and placement of immersion oil between the slide and the
substage condenser. Dark-field microscopy, when done cor-
rectly, increases the resolution of the microscope to 0.1 um
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FIGURE 4 Dark-field illumination. The central light path
interacts with the silvered dome located at the bottom of the
condenser and is reflected away from the specimen. Peripheral
light is reflected into the condenser, and it is reflected again
by the internal condenser surfaces to produce a cone of light

that is directed obliquely away from the objective.
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or less (3). The resolution of bright-field microscopy is 0.2
pm (1).

PHASE-CONTRAST MICROSCOPY

Many unstained biological specimens are virtually trans-
parent when observed under bright-field illumination. To
improve visibility in wet mounts and cell cultures, micros-
copists often reduce the opening size of the substage con-
denser iris diaphragm, but this maneuver is accompanied
by a serious loss of resolution and the introduction of
diffraction artifacts (2, 3). Phase-contrast microscopy sig-
nificantly improves the contrast in these specimens with-
out significant loss in resolution (3).

In phase-contrast microscopy, a ring annulus is placed
directly under the lower lens of the condenser to produce
a hollow cylinder of light. This light is essentially unchanged
as it passes into the objective, and it arrives at the rear focal
plane of the objective in the shape of a ring. Light that
goes through the specimen is refracted and slowed slightly
so that it is out of phase with the unchanged light by about
1/4 wavelength. This light is spread over the entire focal
plane. Light passing through the rear focal plane of the
objective interacts with a ring-shaped phase plate that alters
the direct light path by 1/4 wavelength (3). When the direct
light and the refracted light arrive at the image plane, they
are out of phase by 1/2 wavelength. This out-of-phase light
interacts destructively, so that specimen details appear as
dark areas against a lighter background (3). Because the
phase-shifting calculations are based upon on a 1/4 wave-
length of green light, the phase image has the best resolution
when a green filter is placed in the light path (3). Green
filters also allow the microscopist to use less expensive ach-
romat lenses that are spherically corrected for green light.
Phase microscopy is an important tool for examining living
and/or unstained material in wet mounts and cell cultures.
However, phase-contrast microscopy has lower resolution
than bright-field microscopy of stained specimens (3). In
addition, viewed objects are often surrounded by halos that
can obscure boundary details. Phase-contrast microscopy
does not work well with thick specimens because the phase
shift may be greater than the expected 1/4 wavelength.



10 M DIAGNOSTIC STRATEGIES AND GENERAL TOPICS

FLUORESCENCE MICROSCOPY

The fluorescence microscope was developed in the early
1900s, and many of the initial microscopic studies involved
identification and localization of compounds that autofluor-
esced when irradiated with UV light. In the 1930s, a number
of investigators began using fluorescent compounds to iden-
tify specific tissue components and infectious agents that
did not autofluoresce (8). Examples of this type of stain
include acridine orange (intercalates into DNA and RNA),
auramine-rhodamine (for mycolic acids), Calcofluor White
(for fungal cell wall polysaccharides), Evans blue (for the
cytoplasm of fixed cells), and Hoechst 33258 (for the minor
groove of AT-rich double-stranded DNA).

The use of fluorochrome-antibody conjugates (immuno-
fluorescence) was first described in the 1940s, when Coons
et al. (9, 10) used fluorescein-labeled antibodies to detect
pneumococcal polysaccharide antigens in tissue sections of
infected mice. Fluorescent-antibody staining expanded sig-
nificantly with the development of fluorescein isocyanate
in 1950 (11) and the more stable fluorescein isothiocyanate
(FITC) derivative in 1958 (12-16).

Quantum dots have recently emerged as a new class
of fluorescent labels for biology and medicine (17). When
conjugated to antibodies and other biological ligands,
these tiny light-emitting particles can overcome many of
the disadvantages of traditional fluorophores used in clini-
cal pathology. Quantum dots have superior signal bright-
ness, they are resistant to photobleaching, and multiple
fluorescent colors can be excited by the same wavelengths
of light. The last property makes multicolor fluorescence
microscopy easy to perform and, when the wavelengths
are tuned properly, provides quantitative information about
ligand abundance (18). Quantum dots have been used
for staining live cells (18), fixed cells (17), and tissues
(17). Today, fluorescence microscopy is also used in
conjunction with nucleic acid hybridization to visualize
the locations of fluorescent in situ hybridization (FISH)
and multicolor FISH probes (19, 20).

Fluorescence microscopy is dependent upon the ability
of fluorescent substances to absorb near-UV energy and
reemit that energy (light) at a lower wavelength (8). To
work properly, the fluorescence microscope must irradiate
the specimen with UV excitation light and separate the
much weaker emitted light from the brighter excitation
light so that only the emitted light reaches the eye. The
resulting image consists of brightly shining areas against
a dark background (8). Older fluorescence microscopes
are configured for dark-field illumination or transmitted
light fluorescence (8). These systems were cumbersome
to use and lacked resolution. Most modern fluorescence
microscopes use reflected light (epifluorescence). In these
instruments, the excitation light is directed downward
through the objective and onto the specimen. The emitted
light and the reflected excitation light are collected by
the objective, and they pass through a dichromatic mirror,
which removes the excitation light and allows the longer-
wavelength emitted light to form an image. With epifluores-
cence, the objective acts as a condenser and the alignment
and oiling issues associated with a dark-field condenser are
eliminated (8). The visual field is brighter with epifluores-
cence, the resolution is higher, and fluorescence quenching
occurs only in the field of view (8).

Fluorescence microscopy requires high levels of illumi-
nation because the quantum yield of most traditional
fluorochromes is low. The most common lamps used in
fluorescence microscopy are mercury vapor (HBO) lamps

TABLE 2 Excitation and emission wavelengths of
commonly used fluorochromes*

Excitation Emission
Fluorescent compound wavelength wavelength
(nm) (nm)
Acridine orange (single-
stranded nucleic acid) 500 526
Acridine orange (double-
stranded nucleic acid) 460 640
Auramine O 460 550
Calcofluor White 440 500-520
Ethidium bromide 545 605
Evans blue 550 610
Fluorescein isothiocyanate
(FITC) 490 525
Hoechst 33258 352 461
Rhodamine B 540 625
Tetramethylrhodamine 555 580

isothiocyanate (TRITC)

“Excitation and emission wavelengths can vary depending upon the solvent
and the pH of the solution.

ranging in wattage from 50 to 200 watts or Xenon vapor
(XBO) lamps that range from 75 to 200 watts. It should
be noted that lamp wattage is not necessarily a measure
of usable brightness in a fluorescence lamp. The 100-
watt HBO lamp is 4 times brighter than the 200-watt
HBO lamp and 11 times brighter than the 150-watt XBO
lamp (8). HBO and XBO lamps are under high pressure,
and care must be taken to prevent the lamps from
exploding. One should never touch these lamps with bare
hands because oils on the fingers can etch or discolor
the glass.

Fluorochromes must be excited by specific light wave-
lengths in order to generate the maximum amount of
emitted light. Therefore, specific exciter and barrier filter
combinations are used to maximize the quantum yield of
the fluorophore. Exciter filters are used to select the
required light wavelengths from the spectrum of light
generated by the lamp (8). Excitation filters are provided
in narrow, medium, and wide bandpass configurations that
pass narrow, midsize, and wide ranges of light frequencies,
respectively. Barrier filters block shorter light wavelengths
and allow longer wavelengths to pass through the filter.
Barrier filters are important because they remove the
high-intensity excitation light, which can overwhelm the
low-intensity emitted light. Barrier filters also prevent
UV light from entering the eye, where it can cause
cataracts and retinal damage. Wide-bandpass barrier filters
generally produce brighter images, but care must be taken
to prevent the introduction of background light, which
can overwhelm the emitted light. Epifluorescence micro-
scopes also have a dichromatic mirror (beam splitter) that
reflects the incoming excitation light to the objective
and allows the emitted light to pass to the barrier filter and
on to the objectives (7). In most modern epifluorescence
microscopes, the barrier filter, excitation mirror, and beam
splitter are housed in removable optical blocks, and several
of these blocks can be installed in the microscope at one
time. This configuration allows the user to quickly change
the excitation and barrier filters to accommodate different
fluorochromes. Care must be exercised when selecting
optical blocks. The excitation filter should match the
excitation wavelength of the fluorophore (Table 2), and
the emission barrier should allow the emitted light to



pass through. For example, direct fluorescent-antibody
testing for viral antigens in cell smears typically employs
FITC-labeled antibodies and an Evans blue counterstain.
Choosing an optical block with a 450- to 490-nm excita-
tion filter and a 515-nm wide-bandpass barrier filter will
produce a bright field of view, and the counterstained
cells will appear orange-red. By selecting a more restricted
bandpass barrier filter (520 to 560 nm), the field of view
will be darker and the red emitted light from the Evans
blue counterstain will not be visible. The images produced
by this optical block will have more contrast because
the background is darker. Both filter combinations are
appropriate for this task, but the final choice will depend
upon user preference.

One of the major problems in the use and examination
of fluorescent microscopic images is the tendency of
traditional fluorophores to lose fluorescence when exposed
to excitation light for several minutes. This loss of fluores-
cence is caused by two mechanisms, photobleaching and
quenching. Photobleaching (fading) is a permanent loss
of fluorescence that is caused by chemical damage to the
fluorophore (8). Quenching is caused by the presence of
free radicals, salts of heavy metals, or halogen compounds
(8). Quenching can also be caused by transfer of emission
light energy to other fluorescent molecules in close proxim-
ity to the fluorophore in a process called fluorescent
resonance energy transfer (FRET). To lessen the effect
of quenching, slides should be stored in the dark at 2
to 8°C. In addition, the user should block the excitation
light path when not viewing or photographing the speci-
men. Most epifluorescence microscopes have a shutter in
the light path for this purpose. Quenching can be a
significant problem when photographing fluorescent im-
ages because the shutter may be open for a minute or
more. Quenching can be reduced somewhat by adding
free-radical scavengers, such as p-phenylenediamine (14),
1,4-diazabicyclo(2,2,2)-octane (DABCO) (21), or n-propyl
gallate (22) to the mounting fluid. p-Phenylenediamine
and n-propyl gallate can be used to reduce quenching in
FITC and rhodamine. DABCO is slightly less effective
than p-phenylenediamine for FITC fluorescence, but un-
like p-phenylenediamine, DABCO does not darken when
exposed to light and it is safer to use. Quench-resistant
mounting media are also available from Vector Laborato-
ries (Burlingame, CA), Molecular Probes Inc. (Carlsbad,
CA), and Bio-Rad Laboratories (Hercules, CA). The
major advantage of quantum dot fluorophores is their
resistance to photobleaching.

LINEAR MEASUREMENTS (MICROMETRY)

The first reported micrometric procedures were credited to
Antonie van Leeuwenhoek, who used fine grains of sand
as a gauge to determine the sizes of human erythrocytes.
Since then, a variety of methods have been used to deter-
mine the dimensions of microscopic organisms. The crudest
method involves comparing the object size to the measured
or calculated view field size. Another rough micrometric
method is to compare the sizes of larger organisms to the
size of a red blood cell (6 to 8 ym) in the image. Other
micrometric techniques include the addition of polystyrene
beads of known size into the specimen. Comparative mea-
surements are then performed by utilizing a photomicro-
graph or digital image. The accuracy of these methods is
variable and depends on the homogeneity of the comparison
objects.
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Microorganisms can be measured directly by placing
them on a calibrated microscope slide or a counting cham-
ber. The accuracy of this method depends upon the separa-
tion distance between ruled lines, but it averages between
10 and 50 um.

The most common procedure used in the clinical
laboratory utilizes a graduated scale (reticle) located within
one of the eyepieces (23). Reticles must be calibrated
against a stage micrometer for each objective (23). To
avoid unnecessary recalibrations, the calibration informa-
tion for each objective should be recorded and stored
near the microscope workstation. The accuracy of reticle
measurement is approximately 2 to 10 ym (3 to 5%),
depending on magnification and the resolution of the
stage micrometer (23).

PHOTOMICROSCOPY

Microscopists began capturing microscopic images on film
shortly after the photographic process was invented (5).
Micrographic images have long been used for investigations
of morphology, in scientific publications and lectures, and
in teaching. Modern film technologies have high resolution
and clarity, but the use of photomicrographs in day-to-
day microscopy has been hampered by long turnaround
times associated with film development and printing.
Reacquiring fluorescence images is a particular concern
because the fluorescence can fade (8). The availability
of high-quality digital cameras has significantly changed
how photomicrographs are used in the microbiology labora-
tory. Today it is not unusual for digital photomicrographs
to be shared with experts via the Internet. This process
significantly extends the capabilities of the on-site micro-
biologist and can enhance patient care. Microscope-based
digital cameras and video systems are also used to perform
“plate rounds” in remote hospitals and clinics within a
multihospital system. Newer Internet technologies involv-
ing robotic microscopes and high-resolution video systems
now allow microbiologists to change the focus and change
the slide positioning of a microscope located anywhere
in the world and to view the resulting images on a
monitor in their office. The availability of digital photomi-
croscopy has significantly enhanced the microbial identifi-
cation process, and it has helped to standardize microbe
identification.

A wide variety of microscopes can be purchased with
integrated camera systems and sophisticated light metering
and exposure controls. Accessory cameras are also available
from a large number of aftermarket manufacturers. However,
an expensive camera system does not automatically confer
the ability to produce high-quality images. Publication-
quality photomicrographs require proper specimen illumina-
tion and optical train alignment to achieve the microscope’s
ultimate potential (5). Color photography can be especially
demanding because specimens may appear yellow or blue
under tungsten halogen (3,200 K) light, depending upon
whether the lamp voltage is above or below the recom-
mended 9-volt setting. Newer camera systems have sophisti-
cated exposure, lighting, and white balance controls that
make image capture easier, but they cannot correct for poor
technique.

Not all microbiologists can afford a microscope with an
integrated camera system. Simple eyepiece cameras can be
used to capture bright-field images for Internet consults,
training manuals, and plate rounds. The simplest configura-
tion for eyepiece photography involves the use of a point-
and-shoot digital camera. A number of adapters that allow
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coupling a fixed-lens camera to a microscope eyepiece tube
are now available. Photographs taken in this manner are
often acceptable, but they may be dark and have some
chromatic aberration (due to different lens correction fac-
tors) and vignetting (pipe view effect).

Another method for photomicroscopy is to use the cam-
era port on microscopes fitted with a trinocular head. Olym-
pus and Nikon have introduced adapters that allow their
digital cameras to attach to the camera tube of their micro-
scopes. In addition, camera tube and eyepiece adaptors for
a number of digital cameras are available from Microscope
Depot (Tracy, CA). Photography under these conditions is
best done using a camera with through-the-lens exposure
metering. These devices work well if the exposure is not
longer than several seconds or shorter than 1/3 second (5).
Many of these cameras have built-in flashes that should be
turned off during photomicroscopy. Consumer-grade digital
cameras may have problems with fluorescence microscopy
due to the extreme contrast of fluorescent images and the
tendency of metering systems to average exposure values
over the entire field (5).

CARE AND USE OF THE MICROSCOPE

Proper care and maintenance of the microscope will
prolong the usable life of the instrument and allow for
more accurate interpretation of microbiological images.
The microscope should be kept in a low-vibration, low-
dust environment to facilitate viewing and to decrease
damage to the optical systems. The optical elements
should be kept completely free of dust, dirt, oil, solvents,
and other contaminants (23). Ideally, the microscope
should be covered and the lamp should be turned off
when the microscope is not in use. Do not touch the
optical surfaces with your fingers (23). Keep the lenses
clean, and be sure to remove oil or mounting fluid from
the objectives, condenser, and mechanical stage after each
session. Immersion oils act as a slow-acting solvent that
can weaken the optical mounting cement (7). Avoid
dragging the high dry objective through oil or fluorescence
mounting fluid. One way to avoid accidental contact with
these fluids is to place the high dry objective and the
oil immersion objective in the nosepiece on opposite sides
of the low-power objective (5). Lenses should be dusted
with a fine lens brush and a bulb syringe and cleaned
with lens paper and a commercial lens cleaner that is
approved by the microscope manufacturer (7). Compressed
air is not recommended because it can leave a residue
on glass surfaces (7). Commercial cleaners, such as Windex
and Sparkle, should not be used on optical surfaces because
they often contain acids or bases that can erode the
antireflection coatings on the lens (7). Organic solvents,
such as alcohols and acetone, should not be used on the
lenses because these solvents may dissolve the optical
mounting cement (7). Unused spaces in the nosepiece
(Fig. 3) should be plugged, and the eyepieces should
remain installed at all times to prevent introduction of
dust into the body tube. The stage should be cleaned
regularly, and any spilled immersion oil or mounting fluid
must be removed, or slides will stick when they are moved
across the stage. Qils and mounting fluids also collect
dust and grit, which can damage the optical and mechani-
cal parts. Microscopists should not attempt to remove or
disassemble the objectives, as this increases the potential
for damage (23). This is a job that is best left to profes-
sionals (23). Do not use lubricating oils on the gears or
bearing surfaces of the microscope because this may cause

the condenser and stage to sink from their own weight
(23). Annual or semiannual cleaning and adjustment by
a professional microscope repair person will also help to
extend the usable life of the microscope.

ERGONOMICS

Peering into a microscope eyepiece for long periods is not
an activity for which the body is well adapted. Microscope
work requires the head and arms to be locked in a forward
position and inclined toward the microscope with rounded
shoulders. This unusual positioning is further exaggerated
when the feet are placed on the ring-style footrests that
are common on many laboratory stools. Poor posture and
awkward positioning during microscopy can cause pain or
injury to the neck, wrists, back, shoulders, and arms (24).
In one regional survey of cytotechnologists, Kalavar and
Hunting (25) found that 70.5% of respondents reported
neck, shoulder, or upper back pain during microscopy and
that 56% had an increased prevalence of hand/wrist symp-
toms. Eyestrain, leg discomfort, and foot discomfort have
also been documented with long-term microscope use (26).
With older microscopes, users often have their heads in-
clined up to 45 degrees from vertical and their upper backs
may be inclined by as much as 30 degrees. Even 30-degree
inclinations of the head can produce significant muscle
contractions, fatigue, and pain (26). For this reason, micros-
copists should be taught to sit upright and hold their head
in a neutral position (27).

During microscopy, the laboratorian should sit erect
while maintaining the natural curve of the spine (27).
The lower back and shoulder blades should be supported
by the chair, and a lumbar support cushion should be
used if necessary. The legs and feet should rest firmly on
the floor or a footrest. The chair should have a pneumatic
height adjustment (23), and the seat should have a sloping
front edge to prevent undue pressure on the thighs. The
backrest should be adjustable for both height and angle.
The chair should have a five-pointed star base with caster
wheels. Knee spaces, which are often used for laboratory
storage, should be free from obstructions, and there should
be a minimum of 2 inches of clearance between the
thigh and the bottom of the desk or counter (25).
Obstructions that prevent the microscopist from holding
his or her shoulders perpendicular to the ocular axis of
the microscope should be removed (24). The upper arms
should be perpendicular to the floor with the elbows
close to the body. The forearms should be parallel with
the floor, and the wrists should be straight. The head
should be upright, and the neck should bend as little as
possible, preferably no more than 10 to 15 degrees. The
eyepieces should be just below the eyes, and the eyes
should look downward at a 30- to 45-degree angle. The
use of tilting microscope heads can significantly improve
the comfort of the microscopist (25, 28, 29). Repetitive
motions of the hands and the contact stress of arms
resting on (the edge of) a hard surface can cause pain
and nerve injury, leading to repetitive stress injuries and/
or carpal tunnel syndrome (24). The use of padded
armrests can moderate some of these problems. In addition,
microscopes should not be placed under an air vent
in order to prevent stiffening of the muscles during
microscopy.

Most laboratory microscopes are used by multiple indi-
viduals, and it is often a challenge to find conditions or
microscope configurations that satisfy everyone. Some labo-
ratories place microscopes on books or heavy blocks of wood



to accommodate taller microscopists (23). This configura-
tion creates a number of problems. If the microscope is
raised to a sufficient height to prevent neck flexion, users
may be forced to bend their wrists into an unnatural position.
If the microscope is lowered to allow the forearms to remain
parallel to the floor, the neck is forced to bend. Lowering
the chair to its lowest position causes leg discomfort. Shorter
individuals may have to raise the chair to a level where
their feet no longer touch the floor. Footrests can ameliorate
this problem, but some individuals may have insufficient
space under the benchtop to accommodate their legs. In
practice, most laboratories will elect to use a suboptimum,
but workable, microscope configuration that all users can
employ. Under these conditions, microscopists can reduce
stress and fatigue by taking 1-min “microbreaks” every 10
to 15 min during which they can stand, stretch, and allow
the eyes to focus at a distance.

Eye fatigue can be a major problem for microscope users,
especially if they have poor vision. The diopter adjustment
provided on most microscope eyepieces can be adjusted to
compensate for minor near- and far-sightedness and allow
the user to remove his/her glasses during microscope use.
The diopter adjustments do not adjust for astigmatism, and
users with moderate to severe astigmatism should wear
glasses when using the microscope. Most microscope manu-
facturers now produce high-eyepoint eyepieces that move
the visual observation point further from the eyepiece,
thereby facilitating the use of glasses during microscopy.
Ensuring that the microscope images are as bright, sharp,
and crisp as possible will also help to reduce eye fatigue and
associated headaches. The importance of proper alignment
of the microscope and optical components cannot be overs-
tressed. Proper optical alignment and the use of newer objec-
tives with higher NA values will produce brighter images
and better resolution, which eases the strain of searching
for tiny specimen details. The use of a neutral blue (daylight)
filter during bright-field microscopy can also help to lessen
eye strain when examining microbiological specimens. In
the future, many new microscopes will display the specimen
image on a computer monitor. This innovation may allevi-
ate many of the eyestrain problems that develop during
extended microscope use (29).

Microscopes are as different as the people who use them,
and the previous comments should not be construed as a
prescription for alleviating strain or repetitive-motion inju-
ries in every situation. When purchasing a microscope, every
effort should be made to allow microscopists to evaluate
the new microscope under their normal working conditions.
Some microscopes will be comfortable for some users and
uncomfortable for others. In the long run, the fit and feel
of the microscope is just as important as the optical charac-
teristics.

CONCLUSIONS

Advances in the design, resolution, and ergonomics of mod-
ern microscopes have greatly enhanced our ability to study
and identify microorganisms. Microscopy still has a central
role in the detection of infectious agents despite highly
publicized advances in DNA and RNA detection systems.
Microscopic examination of clinical specimens provides a
rapid and inexpensive “first pass” in the detection and iden-
tification of infectious agents. Thus, clinical microscopy will
continue to be a core competency in clinical microbiology
laboratories for the foreseeable future.
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Laboratory Detection of Bacteremia and Fungemia
MICHAEL L. WILSON, MELVIN P. WEINSTEIN, AND L. BARTH RELLER

The laboratory detection of bacteremia and fungemia re-
mains one of the most important—and complex—roles of
clinical microbiology laboratories. This is, in part, because
the attributable mortality for bacteremia and fungemia re-
mains as high as 12% (1) but also because rapid, accurate,
and reliable identification of patients with bacteremia or
fungemia is of critical importance in influencing treatment.
Blood culture results guide antimicrobial therapy and also
subsequent surgical procedures, removal of vascular access
lines, and other clinical interventions. Moreover, diagnosis
of bacteremia and fungemia requires more than just a single
test. It requires more than one blood culture, drawn from
different sites, identification of isolates recovered from blood
specimens, antimicrobial susceptibility testing of isolates,
and interpretation of results in conjunction with other tests
and cultures.

The goal of this chapter is to provide a summary of
the clinical importance of bacteremia and fungemia, the
scientific and medical principles underlying current diagnos-
tic methods, a summary of alternative diagnostic approaches,
and a brief review of those tests that are emerging as poten-
tial additions to or replacements for traditional procedures.

ASSESSMENT OF METHODS FOR
DETECTING MICROORGANISMS IN BLOOD

No method has been shown to be an ultimate standard for
the detection of either bacteria or fungi from blood. It has
been recognized for decades that even with the best blood
culture systems, use of optimal methods for collecting blood
specimens, and limiting collection of blood specimens from
patients with a high pretest probability of bacteremia or
fungemia, usually only 8 to 12% of blood cultures will yield
microbial isolates, of which one-third to one-half will be
contaminating skin flora. The reasons for this are not fully
understood. The single biggest cause is that many blood
cultures are obtained from patients who are at low or no
risk for bacteremia or fungemia. A recent study, using a
Bayesian prediction model of objective clinical and labora-
tory risk factors, showed the likelihood of true bacteremia
to range from 0.4 to 18.4%, with a mean prevalence of
6.9% in a large cohort of patients (2). Other causes also play
arole: (i) many patients are receiving empiric antimicrobial
therapy at the time blood specimens are collected, thereby
reducing the yield from blood cultures; (ii) patients may
have temporarily cleared microorganisms from blood; (iii)

'

specimens may be mishandled, leading to falsely negative
results; (iv) some microorganisms cannot be recovered ade-
quately using broth-based blood cultures; (v) the number
of microorganisms in a given specimen may be too low to
be recovered by current methods; and (vi) current use of
4- or 5-day incubation and testing cycles on automated
systems will result in a small number of isolates being unde-
tected.

[t was long expected that molecular methods would pro-
vide a gold standard test for the detection of bacteremia or
fungemia, but this has not been the case. As will be reviewed
below, some molecular methods are not even as sensitive
as cultures, some have been shown to detect nucleic acids
in persons without bacteremia or fungemia, and some pro-
teins in blood have been shown to act as inhibitors to some
nucleic acid amplification assays.

One approach has been to use composite standards, such
as the use of combined results from different assays. From
a statistical standpoint, this is a flawed analysis because any
given assay cannot be compared against itself (as part of
the gold standard). Moreover, the entire point of developing
a standard is to be able to use the standard in many different
studies; these “combined” gold standard assays preclude that
for the obvious reason that it quickly becomes impractical
to use multiple assays as a standard in every evaluation.
Assays also change over time, or are no longer marketed at
all, which would eliminate their use as part of a combined
gold standard.

For all these reasons, and despite their shortcomings,
blood cultures remain the imperfect gold standard laboratory
test for the diagnosis of bacteremia and fungemia.

DIAGNOSTIC IMPORTANCE

Determining which patients have bacteremia or fungemia
and subsequent identification of pathogens and their antimi-
crobial susceptibility profiles are the most important objec-
tives for using blood cultures as a diagnostic test. However,
the identity of pathogens and the pattern of recovery from
blood cultures provide important diagnostic clues as to the
location and type of infection. There are strong associations
between sites of infection and which pathogens are re-
covered from the bloodstream (3), observations that give
critically important information to providers as to the nature
of the infection. It should be remembered that up to 29%
of blood culture isolates do not have an identifiable source
of infection (1).

doi:10.1128/9781555817381.ch3
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PROGNOSTIC IMPORTANCE

The attributable mortality rate of about 12% is an overall
rate for hospitalized adult patients with bacteremia or
fungemia. When the site of infection, type of service, and
other variables are used to further categorize patients, mor-
tality rates have been shown to vary widely (1, 3). There
is less known about the prognostic importance of blood
culture isolates recovered from outpatients as a group, pri-
marily due to a lack of controlled studies but also because
most patients with bacteremia or fungemia are sick enough
to be admitted to the hospital and therefore become inpa-
tients. Moreover, the frequency of community-acquired oc-
cult bacteremia in children has been greatly reduced or
eliminated where conjugate pneumococcal and Haemophilus
influenzae type b vaccines are used. What data have been
published indicate that, for bacteremic patients with uncom-
plicated pyelonephritis or other uncomplicated infections
that do not require subsequent hospitalization, blood cul-
tures generally are not needed because the results have
minimal prognostic (and little or no diagnostic) value (4-7).

CRITICAL FACTORS

During the past 40 years, a number of studies established
and clarified which factors were most important in the
recovery of pathogens from patients with bacteremia or
fungemia. Many of the findings are pertinent today, while
others now largely have historic interest only. The factors
that remain the most important are described in the
following paragraphs, but it should be emphasized that opti-
mal recovery of pathogens from blood requires that all of
these factors be addressed together, not in isolation.

Volume of Blood Cultured

For adult patients and older children, the volume of blood
cultured is the most important factor in recovery of patho-
genic microorganisms from blood. It is still important in
younger children, but there are practical limits to the vol-
umes of blood that can be withdrawn for laboratory tests
such as blood cultures (8). This importance stems from the
observation that there is a direct relationship between the
total volume of blood cultured and the likelihood of recovery
of pathogens (8—12). The research that established this often
was done in conjunction with controlled clinical evalua-
tions of different blood culture bottles and systems, which
guided development of many of the commercial products
that are available today. The outcome of many studies was
that, for adult patients, 8 to 10 ml of blood should be
inoculated into each of two bottles per blood culture, for a
total of 16 to 20 ml of blood. This observation, combined
with the finding that 2 to 4 blood cultures are needed to
detect bacteremia or fungemia during a septic episode,
means that up to 80 ml (four blood cultures of 20 ml each)
should be drawn to optimize microbial recovery. Although
this is a large amount of blood, and the full 80 ml is not
necessary for all patients, it may be necessary to establish
whether or not a patient is bacteremic or fungemic depend-
ing on the clinical situation and causative organism. This
volume of blood may be reduced by half to 40 ml with use
of blood culture bottles containing certain additives. For
patients with anemia or other reasons for concern about
the overall volume of blood drawn for laboratory testing,
it is of no benefit to decrease the volume of blood drawn
per culture; to do so will only result in decreased recovery
of pathogens. A better diagnostic alternative is to modify
the number of blood cultures drawn (as discussed below)

and to limit the overall number of blood draws to those
that are essential for patient care.

For older children, the volume of blood that should be
drawn for culture differs little or not at all from that specified
for adults. There are no controlled clinical trials that provide
guidance, but broadly speaking, children age 12 and older
(except for very small children) should have blood cultures
drawn according to the criteria used for adult patients. For
younger children, the total volume of blood that should be
drawn for culture is lower than that for adult patients. For
neonates, infants, and very young children, the volume
of blood drawn for culture needs to be reduced by two
mechanisms: the volume drawn per culture as well as the
number of cultures. The volume of blood drawn should not
exceed 1% of the patient’s blood volume, but this may need
to be modified if the patient is anemic at the time of the
blood draw (8). As discussed in the following section, the
number of blood cultures drawn at one time is critical for
proper interpretation of blood culture results. Therefore, no
fewer than two blood cultures should be drawn from pediat-
ric patients.

Number of Blood Cultures

Collecting the correct number of blood cultures has two
benefits. First, it helps ensure that an adequate volume of
blood is drawn for culture. Second, it allows providers to
correctly interpret results of blood cultures. Single blood
cultures yield information that is difficult to interpret, unless
the isolate is one that rarely, if ever, is recovered as a
contaminant (e.g., pathogenic fungi such as Histoplasma
capsulatum). Aside from examples such as that, however,
most isolates recovered from blood cultures require the isola-
tion from more than one blood culture to be considered a
cause of sepsis. Contaminants generally occur in only one
blood culture of a series, whereas pathogens typically occur
in more than one of the blood cultures in a series. For
patients with intravascular foci of infection, such as infective
endocarditis, all blood cultures in a series should yield the
pathogen.

A common question concerns the diagnostic sensitivity
and specificity of a blood culture. Because the clinical pre-
sentation of patients with bacteremia or fungemia is so
varied, clinical signs and symptoms cannot be used as a
gold standard against which blood cultures can be prepared.
There also is no other laboratory test (or combination of
tests) that can serve as a surrogate gold standard. In the
absence of another gold standard test, then, only estimates
can be made regarding diagnostic sensitivity and specificity.
Four studies have addressed this question directly (9,13—
15). Because these studies were conducted during the period
from 1975 to 2007, only rough comparisons should be made
of the results. This is because (i) the studies used different
blood culture systems; (ii) different volumes of blood were
cultured; (iii) the relative distribution of pathogenic species
changed during this time; (iv) markedly different classes of
antimicrobial agents were in use; (v) this time period was
the one in which a large number of intravenous devices,
implants, and prostheses were introduced and later used
widely; (vi) new pathogens were discovered; and (vii) the
study designs all were different. A summary of the results
from these four studies is shown in Table 1.

The question, then, is whether the traditional recom-
mendation of drawing two to three blood cultures for the
detection of common pathogenic bacteria and yeasts re-
mains valid. Clearly, a single blood culture is insufficient.
Because two blood cultures will only recover 80 to 90% of
pathogens, at least three blood cultures are necessary, as



TABLE 1 Cumulative percentage of recovery of
pathogenic microorganisms by number of blood cultures

cljl(')c ur(::fs % Recovery of microorganisms in study by:
Washington Weinstein ~ Cockerill Lee
et al? et al.c et ald
1 80 91.5 67.4 73.1
2 88 >99 81.8 85.7
3 99 95.7 98.2
4 100 99.8

“Data from reference 13. Of the four groups in this table, this is the only
set that excluded patients with infective endocarditis.

PData from reference 3.

Data from reference 9.

4Data from reference 15.

that will recover 96 to 98% of pathogens. Although four
blood cultures will recover close to 100% of pathogens,
routinely drawing this number of blood cultures has several
drawbacks: (i) it is not necessary for all patients, (ii) it adds
substantially to costs if done on all patients, and (iii) it isn’t
practicable for some patients. One recommended approach
is to draw two blood cultures in the first 24 h, followed by
an additional two blood cultures during the subsequent 24
h (9). The main criticism of this approach is that it can
delay detection of bacteremia for an additional 24 h. Because
this approach also suffers from the aforementioned draw-
backs, the available evidence supports drawing three blood
cultures in the first 24 h.

Although adult patients vary substantially in both height
and weight, in general the number of blood cultures drawn
does not need to be adjusted by either parameter for previ-
ously healthy adult patients. For patients with anemia, for
whom withdrawing blood for laboratory testing may worsen
their anemia, the most important decision is whether blood
cultures (or other laboratory tests) are necessary at all. If
blood cultures are clinically indicated, it makes neither
clinical nor laboratory sense to decrease the number of blood
cultures or volume drawn; to do either is not in the patient’s
best interest.

Dilution of Blood

Dilution of blood was more important with older blood
culture media, where the antimicrobial effects of blood per
se, and antimicrobial agents in the blood, needed to be
diluted by higher volumes of broth medium. Over time it
became clear that, with modern blood culture systems using
standardized blood culture media, anticoagulants, and other
factors, a blood-to-broth ratio of between 1:5 and 1:10 was
sufficient. With the addition of additives to the broth me-
dium that bind or sequester antimicrobial agents, a blood-
to-broth ratio of as little as 1:4 may be sufficient.

Anticoagulants

In the past, a number of different anticoagulants have been
considered for blood culture bottles, since clotted blood
diminishes yield (16). Almost all have now been abandoned
based on bacterial inhibition studies with seeded blood cul-
tures. Most commercial blood culture bottles today contain
sodium polyanethol sulfonate (SPS) in a narrow range of
concentrations; some also have sodium citrate alone or in
combination with SPS. SPS, in addition to its anticoagulant
property, inhibits complement activity, inactivates clini-
cally achievable concentrations of some aminoglycoside an-
tibiotics, inactivates lysozyme, and blocks phagocytosis. The
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relative effects these four properties have on recovery of
pathogenic microorganisms from blood cultures is unknown;
however, controlled clinical trials have shown improved
recovery of Gram-negative rods and streptococci with ade-
quate concentrations of SPS.

Agitation

Agitation of aerobic blood culture bottles, by any mecha-
nism, has been shown to increase recovery of pathogens,
and all automated systems include agitation of aerobic bot-
tles and most anaerobic bottles as well.

Medium and Additives

Although at one time there were many types of broth media
used for blood cultures, today most commercial blood culture
bottles contain soybean casein digest broth, also known as
Trypticase soy broth (BD). Other types of media have shown
comparatively little advantage over soybean casein digest
broth, even those that were designed to recover specific
groups of pathogens.

In the past, a wide variety of additives were added to
broth media, many of which are no longer available. Current
additives, which were designed to improve recovery of
pathogens primarily from patients receiving antimicrobial
therapy at the time of culture, clearly are beneficial in terms
of recovery of pathogens and have the added advantage of
allowing for use of smaller volumes of blood without a
concomitant decrease in microbial recovery. Use of some
additives may also result in increased recovery of bacterial
contaminants.

SPECIMEN COLLECTION

Skin Disinfection

Trials of different skin disinfectants have been published
for half a century, with development of reasonable conclu-
sions as to which disinfectants perform better. It cannot
be overemphasized, however, that the margin of difference
between disinfectants is small and that what is by far more
important is the technique used to disinfect skin (17). As
a general guide, the best skin disinfectant is chlorhexidine,
followed by tincture of iodine, povidone-iodine, and then
various alcohols. Specific procedures for disinfection of skin
are provided with each product, and so will not be presented
here, but should be followed closely by users. For infants
less than 2 months of age, chlorhexidine should not be used
but rather alcohol swabs should be used. Perhaps the single
most important point to be made is that skin disinfection
takes time: time to perform the procedure and adequate
time for the disinfecting solution to work. As noted below,
adequacy of disinfection can easily be audited by monitoring
contamination rates.

For most adults and older children, blood should be
drawn from veins in the antecubital fossae. Not only are
these veins readily accessible by venipuncture, but also they
are sufficiently large to allow for drawing blood by a needle
and syringe (i.e., a “butterfly” apparatus is not needed) and
the veins are less likely to collapse. Although the practice
is common, as a best practice, blood cultures should not be
drawn through indwelling vascular access lines, owing to
higher contamination rates. For patients with suspected
line-related infection, blood should be drawn through the
line and from venipuncture sites and the results compared

(8, 18), as described below.
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Number and Timing of Cultures

As stated previously, three to four blood cultures should be
drawn simultaneously to detect bacteremia or fungemia. A
single blood culture lacks sufficient sensitivity to detect
bacteremia, and for many isolates, the result cannot be
interpreted (e.g., coagulase-negative staphylococci). There
is no benefit to waiting an arbitrary amount of time between
drawing blood cultures (19), even though that practice was
widely used for decades.

For patients with suspected infective endocarditis, or
other intravascular foci of infection, three microbiological
factors are of importance: documenting bacteremia, deter-
mining the identity of the infecting pathogen, and charac-
terizing the antimicrobial susceptibility profile. Document-
ing continuous bacteremia, while necessary in some cases,
is probably of less relative importance for most patients.
In cases where it is necessary because of a confusing
clinical or microbiological presentation, drawing three to
four blood cultures spaced 30 to 60 min apart is a
reasonable approach. For patients with prosthetic valves
or an implanted device, for whom infections are likely
to be caused by coagulase-negative staphylococci, skin
disinfection is of critical importance to minimize the risk
of contamination. It is also important to not draw blood
cultures through indwelling vascular catheters in these
patients. Most cases of infective endocarditis are caused
by common bacterial pathogens, and therefore, blood
cultures do not require use of special media or prolonged
incubation and monitoring. For patients who are more
likely to have infection caused by Abiotrophia spp. or
Granulicatella adiacens, although special media are not
necessary, it is important to notify the laboratory so that
the pattern of growth on agar plates can be monitored
(e.g., lack of growth on sheep blood agar plates) (8).
The duration of incubation does not need to be more
than 5 days; two studies have documented that all isolates
from patients with infective endocarditis are recovered

within that time (9, 20).

INTERPRETATION OF BLOOD CULTURE
RESULTS

Unlike straightforward laboratory tests that yield a binary
test result of positive or negative, blood cultures yield a
complex set of data that can only be interpreted in the
context of the clinical scenario that prompted their collec-
tion. The information generated by blood cultures includes
the identity of any bacteria or fungi isolated from the speci-
men (or combination of microorganisms), the number of
positive and negative cultures, and the time for detection
of microbial growth, all of which must be interpreted in
light of the pretest probability for bacteremia or fungemia;
the results of other clinical, laboratory, or radiographic find-
ings; type(s) of isolates recovered from other body sites;
response (or lack of response) to therapy; clinical signs
and symptoms; and the clinical judgment of the ordering
physician.

In routine clinical practice, interpretation should not
rely solely on the identity of the microorganism(s) isolated.
While some isolates almost never are contaminants (e.g.,
Brucella spp., Francisella tularensis, and Histoplasma capsula-
tum) and are easy to interpret, isolation of most bacteria
and fungi requires further interpretation. Isolates such as
Staphylococcus aureus, Streptococcus pneumoniae, Escherichia
coli, other members of the family Enterobacteriaceae, Pseu-
domonas aeruginosa, and Candida albicans are usually

pathogens but, in a minority of cases, can represent
contaminants (3). In contrast, isolation of many other
species (e.g., Propionibacterium spp., Bacillus spp. other than
Bacillus anthracis, and most Corynebacterium spp.) almost al-
ways represents contaminating flora. Determining the clin-
ical importance (if any) is often difficult for the coagulase-
negative staphylococci, as the identity of isolates per se
is of little or no help. This is particularly true for patients
with indwelling catheters, implants, or prosthetic devices,
for whom the coagulase-negative staphylococci are one
of the most common causes of infection. Another good
example is isolation of Staphylococcus lugdunensis, which
can cause infections of foreign devices or of host tissue
in a manner similar to that of S. aureus, but it also can
be a contaminant (21). Isolation of this bacterium from
blood cultures, as with other coagulase-negative staphylo-
cocci, requires additional information for proper clinical
interpretation. Isolation from even a single culture can
be clinically important.

Interpretation of blood culture results collected by veni-
puncture is more straightforward than that for blood cultures
collected from indwelling venous lines. For blood cultures
collected via lines, interpretation involves analysis of the
additional factors of the type of line, where it is inserted
in the body, how long it has been in place, and whether
isolates are recovered from the line only, from an accompa-
nying blood culture collected via venipuncture, or from
both. A number of interpretive criteria have been proposed,
but the multiplicity of studies with various methodologies
makes interpretation and comparison difficult. Although
complex by necessity, the current CLSI criteria (8) remain
useful and are shown in Table 2.

Other criteria have been suggested for making the inter-
pretation of blood culture results more accurate and reliable.
The time required for an automated blood culture system
to flag a bottle as positive (i.e., to detect a growth signal),
or so-called “time to positivity,” has been studied in a num-
ber of settings. Although there is a correlation between
the earlier detection of pathogens compared with that of
contaminants, as documented many years ago, there is so
much overlap between the time needed to detect growth
of both groups that the information is of minimal clinical
use. Moreover, time to positivity obviously is not useful for
slowly growing microorganisms and probably is not useful
in patients who are receiving antimicrobial therapy, which
can delay detection of microbial growth. One exception to
this principle is that most isolates recovered after more than
72 h of incubation represent contaminants, with the obvious
exceptions of some slowly growing pathogenic bacteria and
yeasts.

Another commonly used criterion is that of considering
the number of positive bottles, rather than the number
of positive cultures. Although there are conflicting data
regarding this issue, the most thorough study, by Mirrett
and colleagues (22), showed that, for coagulase-negative
staphylococci, there is no correlation between the number
of bottles positive in blood culture sets and the clinical
importance of the isolates. This observation held true for
sets that consisted of two, three, or four blood culture bottles
(22). Fewer data are available regarding other types of blood
culture isolates, but because microorganisms in blood cul-
tures show a Poisson distribution, there is no reason that
the principle for coagulase-negative staphylococci should
not hold true for other types of isolates.

Last, the issue of quantitative blood cultures still arises
on occasion. Although methods for quantitation (or semi-
quantitation) have been devised and there are some data to
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TABLE 2 Interpretive criteria for CRBSI®
Short-term peripheral® catheters
Method

Obtain two sets of peripheral blood cultures via venipuncture
Remove catheter aseptically and culture using semiquantitative method of Maki
Interpretation
If one or more peripheral blood culture sets are positive AND the catheter segment culture is positive (>15 colonies) for
the same microorganism: suggestive of CRBSI
If one or more blood peripheral culture sets are positive AND the catheter segment culture is negative: inconclusive
(except for Staphylococcus aureus or Candida spp.)
If both peripheral blood culture sets are negative AND the catheter segment culture is positive (any colony count):
suggestive of catheter colonization
If both peripheral blood culture sets are negative AND the catheter-segment is negative: CRBSI is unlikely
Nontunneled and tunneled central venous catheters and VAP¢
Method
Obtain two sets of peripheral blood cultures with at least one set drawn via venipuncture; the other set should be drawn
aseptically from the catheter hub or through the VAP septum

Interpretation

If both sets are positive for the same microorganism: suggestive of CRBSI
If both sets are positive for the same microorganism AND the set drawn through the catheter becomes positive >120

min earlier: suggestive of CRBSI

If both sets are positive for the same microorganism AND the set drawn through the catheter becomes positive <120
min earlier: CRBSI is still possible if both sets yield the same microorganism with an identical antimicrobial

susceptibility profile

If both sets are positive AND the set drawn through the catheter has at least a 5-fold-greater colony count than the
peripheral culture (for laboratories using a manual quantitative method such as lysis-centrifugation): suggestive of

CRSBI

If only the blood culture set drawn from the catheter becomes positive: inconclusive for CRBSI and suggests either
colonization of the catheter or contamination during specimen collection

If only the blood culture set drawn peripherally becomes positive: inconclusive for CRBSI except if S. aureus or Candida
spp- is isolated; in those cases, documentation of CRBSI requires isolation of the same microorganism by culture of
the catheter tip segment or additional positive catheter or peripheral blood cultures

Alternative method

Obtain two sets of peripheral blood cultures via venipuncture
Remove catheter aseptically and culture by semiquantitative method of Maki

Interpretation

If one or both of the peripheral blood culture sets AND the catheter segment culture are positive with the same

microorganism: CRBSI is likely

If one or both of the peripheral blood culture sets are positive AND the catheter-segment culture is negative: this may
represent CRBSI if positive for S. aureus or Candida spp.; in those cases, documentation of CRBSI requires further
isolation of the same microorganism by additional peripheral blood cultures

If the peripheral blood culture sets are negative AND the catheter segment culture is positive: suggests colonization

If the peripheral blood culture sets and the catheter segment culture are negative: CRBSI is unlikely

9For all categories, interpretations are in the absence of any other identifiable source of infection. CRBSI, catheter-related bloodstream infections.

bText modified from reference 8.

“The term “peripheral” in this table refers to blood specimens obtained via venipuncture of a peripheral vein.

4V AP, venous access ports.

support this approach, in reality, the approach is not practi-
cable for routine use. Moreover, as newer technologies are
developed with increasing analytical sensitivity, it is possible
that methods will be devised to quantitate the number of
pathogens in blood via surrogate markers.

LABORATORY DETECTION—
CULTURE-BASED METHODS

Conventional detection of bacteremia or fungemia has been
either direct, via recovery of pathogenic microorganisms by
culture of blood specimens, or indirect, by identification of
surrogate markers. The latter method was investigated
widely during the 1970s and 1980s by attempts to identify
methods such as detection of limulus endotoxin assays, or
detection of bacterial antigens in blood, but these efforts
are largely only of historic interest. As a result, culture

remains the only widely used laboratory method for detec-
tion of bacteremia or fungemia.

Blood cultures were first described more than a century
ago and, by the 1930s, had prompted a number of investiga-
tions that defined some of the methods still used today. By
the 1960s, blood cultures were widely used, but methods
varied considerably, a multiplicity of methods were in use
(with varying degrees of success), and it became increasingly
clear through time that the overall approach left much to
be desired. During the 1970s, John Washington and other
investigators began a series of experiments and controlled
clinical trials to define the critical factors in the detection
of bacteremia and fungemia, identify best practices for blood
cultures, and establish scientific evidence upon which future
blood culture systems could be developed and used on a
widespread basis. Out of these studies emerged a growing
body of knowledge regarding the critical factors for recover-
ing pathogenic microorganisms from blood, knowledge that
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has resulted in more refined clinical approaches to blood
cultures and to development of commercially available
blood cultures systems that incorporate these critical factors
into their design and use.

Manual Blood Culture Systems

Relatively few nonautomated blood culture systems are still
manufactured and sold commercially in the United States.
Those that are available commercially are well characterized
as to their diagnostic strengths and limitations. These sys-
tems are adequate for the detection of common bacterial
and fungal pathogens, are easy to use, require only a non-
CO, incubator, and are inexpensive (12). The main draw-
back to manual systems is that they are labor-intensive,
which precludes their use in laboratories processing even
moderate numbers of blood cultures. Moreover, with the
availability of smaller instrumented blood culture systems,
even laboratories processing low numbers of blood cultures
can opt for using an automated system.

The first manual blood culture systems consisted of little
more than blood culture bottles containing various medium
formulations, an anticoagulant, and occasionally additives
or supplements. Detection of microbial growth was via two
methods: subcultures after 24 or 48 h and at the end of
the incubation period (so-called terminal subcultures) and
visual observation of bottles for hemolysis (color change),
gas production, or turbidity. This approach was not practica-
ble for laboratories performing more than a small number
of blood cultures. Because early instrumented/automated
blood culture systems had their own issues with practicabil-
ity, a number of alternative manual blood culture systems
were developed and marketed. Of these, only two remain
available in most markets: Septi-Chek (BD Biosciences,
Sparks, MD) and Oxoid (Remel, Lenexa, KS).

Septi-Chek is a variation of the biphasic system originally
developed by Castaneda to recover Brucella spp. from blood.
These systems are called biphasic because there is the tradi-
tional liquid broth medium phase combined with a solid
phase consisting of various agar media. In biphasic systems,
blood is inoculated into the culture bottle and mixed with
the broth medium. By one of several devices, the blood-
broth mixture is then flooded over the solid media that acts
as a direct subculture. The Septi-Chek variant of a biphasic
system consists of a plastic paddle that is attached to the
bottle after receipt in the laboratory. This obviously is an
aerobic system, and for recovery of anaerobic bacteria, there
is a separate bottle that does not have a corresponding
paddle. Bottles are then incubated (with or without agita-
tion) and inspected visually once or twice each day for
evidence of microbial growth. The agar-coated paddle not
only provides a second means of detecting microbial growth
but also provides for early isolation of microbial colonies.
Aerobic bottles are inverted following each inspection, pro-
viding further subcultures of the blood-broth mixture.

Current versions of Septi-Chek bottles contain one of
several broth media with 0.05% SPS as an anticoagulant.
Two bottle sizes are available: bottles containing 70 ml of
broth, accommodating blood specimens of up to 10 ml (to
maintain an adequate blood-to-broth ratio), and bottles
containing 20 ml of broth accommodating blood specimens
of up to 3 ml. Bottles are available that contain soybean-
casein digest broth, soybean-casein digest/Columbia broth,
soybean-casein digest/thioglycolate broth, or brain heart in-
fusion broth. Agar paddles use chocolate, MacConkey, and
malt agars.

In controlled clinical evaluations, Septi-Chek has been
shown to perform well and to be an acceptable manual

system for routine practice (23-27). It is not practicable for
use in laboratories processing large numbers of blood cul-
tures, but cost-effectiveness studies defining the practical
upper limit of Septi-Chek bottles that can be handled before
labor costs become prohibitive have not be performed.

In contrast to Septi-Chek, the manual blood culture
system Oxoid Signal is a one-bottle system without an anaer-
obic version. Oxoid is another variant of the Castaneda
bottle. With Oxoid Signal, bottles are inoculated with blood
through a rubber septum in a lid. The Signal device consists
of an empty plastic cylinder attached to a needle, which
when inserted into the bottle extends to below the surface
of the blood-broth mixture. During microbial growth, re-
lease of gases into the blood-broth mixture increases the
concentrations of those gases, which reach equilibrium with
those in the bottle headspace. Through time, this increases
the atmospheric pressure within the bottle, eventually forc-
ing some of the blood-broth mixture upward through the
needle into the attached Signal device. Although this pro-
vides a second mechanism for detecting microbial growth,
unlike Septi-Chek it does not provide for earlier isolation
of microbial colonies. In controlled clinical evaluations, the
Oxoid Signal system has not performed as well as other
blood culture systems (28-31).

Lysis-Centrifugation

Only one commercial lysis-centrifugation blood culture sys-
tem has been marketed, the Isolator blood culture system
(Wampole Laboratories, Cranbury, NJ). With lysis-centrifu-
gation, the blood specimen is inoculated into tubes contain-
ing a mixture of the lysing agent saponin, an anticoagulant,
and a fluorocarbon-cushioning agent. The blood is then
lysed by the saponin, and the mixture is centrifuged to
separate the components. The supernatant is then removed
and discarded, and the suspended pellet is used to inoculate
whatever culture media are deemed necessary to recover
specific pathogens. The system has been used for detection
of routine bacterial pathogens, but because delayed process-
ing has been reported to reduce recovery of anaerobic bacte-
ria, some Haemophilus species, and Streptococcus pneumoniae,
other commercial broth-based systems are likely better for
routine use (32-36). Although at one time Isolator was a
good method for recovery of pathogenic yeasts, dimorphic
fungi, mycobacteria, and Bartonella spp., other systems (see
below) are at least equal for recovering these pathogens.
Detection of Bartonella spp. is best achieved by use of nucleic
acid amplification; if not available, serologic testing can be
used. These issues, combined with the manual nature of
lysis-centrifugation, have made it less practicable for routine
use.

Automated Blood Culture Systems

As the number of blood cultures performed began to increase
during the 1960s and 1970s, with the resulting need for
methods that were less labor-intensive, there developed a
growing interest in development of automated blood culture
systems. A number of these were developed and tested, but
only a few have been commercially successful.

The first of these was the Bactec 460 radiometric system
(Becton Dickinson, Sparks, MD), a derivative of the original
Bactec 220 system that was developed in the late 1960s and
first marketed in the early 1970s. During the next two
decades, the Bactec 660, 730, and 860 systems in turn
succeeded the 460 system. All of these systems had in com-
mon the detection of microbial growth by monitoring CO,
production by growing microorganisms. The 220 and 460
systems used radiometric detection of *C-labeled COs,



whereas the 660, 730, and 860 systems detected CO, pro-
duction by infrared spectrophotometry. Because both radio-
metric and nonradiometric detection methods required re-
moval of an aliquot of the atmosphere in the bottle
headspace, monitoring more than once or twice per day was
not possible. This is because an equal volume of sterile gas
had to be added to bottles after sampling to maintain the
appropriate pressure in each bottle. This, in turn, reduced
slightly the CO, present in the atmosphere, thereby limiting
the frequency of sampling. Because once or twice daily
sampling did not allow for detection of microbial growth
at the earliest possible time, a newer generation of blood
culture technology was needed.

The next generation, conceived in the late 1980s and
introduced in the 1990s, was that of the continuous-moni-
toring blood culture systems (CMBCS). These systems take
their name from the fact that, unlike previous automated
blood culture systems, which monitored bottles for CO,
production only a few times each day, the newer systems
monitor CO, production much more frequently, typically
once every 10 to 15 min (12). Unlike older automated
systems, which flagged potential microbial growth when the
CO, level in a bottle exceeded an arbitrary threshold level,
CMBCS use one of several computer algorithms to detect
microbial growth. The first is use of a threshold level, second
is a sustained linear increase in CO, production, and third
is an increase in the rate of CO, production (although
specific computer algorithms used by each manufacturer are
proprietary). Because the latter two criteria depend upon
actively growing microorganisms, delayed placement of bot-
tles in instruments, which allows microorganisms to grow
and thereby produce CO, prior to testing, can result in
delayed (or lack of) detection of microorganisms in bottles.
Because of the large amount of data to be analyzed for each
bottle, and for the many bottles in each incubator, the
success of CMBCS is as much due to the development of
more powerful computer processors and memory as it is to
anything else.

For CMBCS to monitor CO, levels on a frequent basis,
two other barriers to testing had to be removed. The first
was to eliminate the need for sampling and replenishing
the atmosphere in the bottle headspace. This was achieved
by the development of sensors that could be read through
the wall of the bottles without need for invasive testing.
The second was to eliminate the need for repeated manual
loading and loading of bottles onto instruments for testing.
Although this was achieved to some degree by the Bactec
860 system, each bottle still had to be moved to the testing
apparatus. In contrast, CMBCS have a mechanism for moni-
toring the sensor of each bottle individually, thereby elimi-
nating the need to ever move bottles during incubation and
testing. Overall, the change to more frequent testing with
CMBCS reduced the time to detect microbial growth by 1
to 1.5 days compared with Bactec radiometric and nonradio-
metric systems (12).

BacT/Alert

The first of the CMBCS was BacT/Alert, with prototypes
under development in 1988 and the first limited clinical
trials conducted by 1990 (37). BacT/Alert is a colorimetric
system, detecting changes in CO, concentration in bottles
via changes in color of a pH-sensitive device in the base
of bottles. Since it was introduced, the system has undergone
several changes in style and configuration, with the BacT/
Alert 3D being the most current version of the instrument.
Sequential medium formulations include standard aerobic
and anaerobic media; aerobic, anaerobic, and pediatric (aer-
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obic only) fastidious antimicrobial neutralization (FAN)
media (which include activated charcoal and Fuller’s earth
[Ecosorb] designed to inactivate or bind antimicrobial
agents); FAN aerobic (FA), FAN anaerobic (FN), and pedi-
atric FAN (PF) bottles; FA Plus, FN Plus, and PF Plus media
(which contain proprietary adsorbent polymeric beads); and
the Mycobacteria Process (MP) bottle designed to recover
mycobacteria. Since it was introduced more than 20 years
ago, a number of clinical evaluations of BacT/Alert have
been published that have established the performance char-
acteristics of the system and different bottle types that have
been produced. These findings are summarized in Table 3.

Broadly speaking, these characteristics hold true for all
of the bottles available with CMBCS: bottles with additives
outperform bottles without additives, only a 4- to 5-day
incubation and testing cycle is necessary, blind and/or termi-
nal subcultures are not necessary, and bottles containing
additives increase recovery of contaminating microbial flora.

Bactec 9000 Series

In 1992, Becton Dickinson introduced the second of the
CMBCS, the Bactec 9000 series. Initially there were two
versions, the Bactec 9120 (holding 120 bottles per cabinet)
and the Bactec 9240 (holding 240 bottles per cabinet).
Several years later, the Bactec 9050 (holding 50 bottles)
was introduced for laboratories needing an automated system
with a smaller capacity (38). The Bactec technology is
similar to that of BacT/Alert, the main difference being
that Bactec CMBCS use a fluorescence-sensing mechanism
to detect CO, production.

Bactec systems make use of several medium formulations,
including standard aerobic/F and anaerobic/F bottles, Plus
aerobic/F and Plus anaerobic/F bottles, which contain anti-
biotic-binding resins attached to tiny glass beads, lytic/10
anaerobic/F medium bottles, Peds Plus/F bottles, and Myco/
F lytic bottles that are designed to increase recovery of fungi
and mycobacteria (39). Each of these bottle types accepts
up to 10 ml of blood, except for the Peds Plus/F bottles,
which accept 1 to 3 ml of blood. A large number of clinical
evaluations of Bactec Standard and Plus/F bottles used on
the 9050, 9120, and 9240 systems have been published. The
performance characteristics of these systems are summarized
in Table 4.

In contrast to Standard/F and Plus/F bottles, Bactec
Myco/F lytic bottles were developed to allow for recovery
of mycobacteria and fungi as well as common bacterial
pathogens. Myco/F lytic bottles differ from all other Bactec
9000 bottles in that the fluorescent sensor in the bottle
detects decreasing oxygen concentration (i.e., detects oxy-
gen consumption) as opposed to detecting increased concen-
trations of carbon dioxide. In a number of clinical trials,
Myco/F lytic bottles have been shown to compare favorably
with other systems for detection of mycobacteria and fungi.
In an early study, the Myco/F lytic bottle detected fewer
H. capsulatum isolates but more Cryptococcus neoformans
isolates than the Isolator system (40). Myco/F bottles have
been shown to be equivalent to ESP II bottles for recovery
of mycobacteria overall, with significantly better recovery
of Mycobacterium avium complex in Myco/F lytic bottles
(40). More recent studies have shown Myco/F lytic bottles
and BacT/Alert MB bottles to be equivalent to but apprecia-
bly faster than the Isolator 10 system for recovery of Myco-
bacterium tuberculosis and Mycobacterium avium complex

clinical isolates (41, 42).

VersaTREK Blood Culture System

The third CMBCS introduced during the 1990s was the
ESP system (Difco Laboratories), now marketed by Thermo
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TABLE 3 Summary of performance characteristics of BacT/Alert blood culture system

BacT/Alert standard bottles are equivalent to other commercial bottles without additives for recovery of common pathogenic

bacteria and yeasts (38, 66, 67)

BacT/Alert aerobic FAN bottles are superior to BacT/Alert aerobic standard bottles for recovery of common pathogenic bacteria and

yeasts (68)

BacT/Alert anaerobic FAN bottles are superior to BacT/Alert anaerobic standard bottles for recovery of common pathogenic
bacteria and yeasts with the exception of strict aerobes such as Gram-negative nonfermenters and yeasts (69)
BacT/Alert FA Plus and FN Plus bottles are superior to FA and FN bottles for recovery of common pathogenic bacteria and yeasts

with earlier time to detection (70)

BacT/Alert PF Plus bottles are superior to PF bottles for recovery of common pathogenic microorganisms with earlier time to

detection (71)

BacT/Alert FA Plus and FN Plus bottles are superior to BacT/Alert standard bottles for recovery of common pathogenic bacteria
and yeasts with earlier time to detection for FA Plus bottles (70, 72)
BacT/Alert FAN bottles are equivalent to other commercial bottles with additives for recovery of common pathogenic bacteria and

yeasts (73, 74)

BacT/Alert FAN bottles are equivalent to other commercial bottles for improving recovery of pathogens from patients who are

receiving antimicrobial therapy when cultures are drawn

BacT/Alert FAN bottles are superior to BacT/Alert standard bottles for detection of episodes of bacteremia and fungemia (68, 69,

75)

BacT/Alert FAN bottles recover more contaminating bacteria than do BacT/Alert standard bottles
BacT/Alert bottles can be processed using a 5-day rather than a 7-day incubation period without a significant decrease in recovery

of pathogenic bacteria and fungi (76, 77)

Terminal subcultures of bottles shown to be negative by the instrument do not increase recovery of pathogenic bacteria or yeasts
BacT/Alert aerobic standard bottle inoculated with 10 ml of blood detects more microorganisms than the same bottle inoculated

with 5 ml of blood (78)

Scientific (Cleveland, OH) as VersaTREK. VersaTREK dif-
fers from the BacT/Alert and Bactec systems in several
fundamental ways. First, VersaTREK uses a different system
for detecting microbial growth. Once received in the labora-
tory, bottles are fitted with an adapter mechanism before
being loaded into the instrument. The detector mechanism
allows for the system to monitor pressure changes within
the headspace of each bottle as oxygen, hydrogen, nitrogen,
and carbon dioxide are consumed or produced by growing
microorganisms. Second, the blood broth mixture within
aerobic bottles is agitated by use of a stir bar contained
within each bottle. Anaerobic bottles are not agitated.
Third, the broth medium in VersaTREK Redox 1 aerobic
bottles is soy casein peptone broth, whereas the broth me-
dium in Redox 2 anaerobic bottles is proteose-peptone

TABLE 4 Summary of performance characteristics of
Bactec blood culture systems

Bactec standard bottles are equivalent to other commercial
bottles without additives for recovery of common pathogenic
bacteria and yeasts (79)

Bactec Plus/F bottles are superior to BacT/Alert standard bottles
for recovery of common pathogenic bacteria and yeasts (80)

Bactec anaerobic Plus/F bottles are superior to Bactec standard
anaerobic bottles for recovery of common pathogenic bacteria
and yeasts (80)

Bactec Plus/F bottles are equivalent to other commercial bottles
with additives for recovery of common pathogenic bacteria
and yeasts (74, 81)

Bactec Plus/F bottles are equivalent to other commercial bottles
with additives for improving recovery of pathogens from
patients receiving antimicrobial therapy when cultures are
drawn

Bactec Plus/F bottles are superior to bottles without additives for
detection of episodes of bacteremia and fungemia (80)

Bactec Plus/F bottles recover more contaminating bacteria than
do Bactec standard bottles

broth. Fourth, bottles are monitored for growth less fre-
quently: at 12 min for aerobic bottles and 24 min for anaero-
bic bottles. Last, unlike BacT/Alert FAN and Bactec Plus
bottles, both of which contain additives to minimize or
negate antimicrobial activity in blood specimens, VersaT-
REK Redox 1 and Redox 2 bottles contain 80 ml of broth
medium, the larger volumes providing greater dilution of
blood and any antimicrobial agents contained therein. The
smaller Redox 1 EZ Draw and Redox 2 EZ Draw bottles,
which are marketed to allow for direct collection of blood
specimens into the bottles, still contain 40 ml of broth
medium for greater dilution of blood specimens compared
with BacT/Alert and Bactec bottles. A number of clinical
evaluations of VersaTREK have been published. Based on
the results of these evaluations, the performance characteris-
tics of this system are summarized in Table 5.

Pediatric Blood Culture Bottles

A number of blood culture bottles intended for use with
pediatric patients have been developed and marketed. Be-
cause of the practical difficulties in conducting clinical trials
involving large numbers of hospitalized children, these prod-
ucts have not been evaluated to the same extent as those
for adult patients. While there is no drawback to using these
bottles (other than cost differences), there appears to be
little advantage to using them in regions where immuniza-
tion with pneumococcal conjugate and Haemophilus influen-
zae type b vaccines are given widely.

LABORATORY DETECTION—
NON-CULTURE-BASED METHODS

Surrogate Markers for Sepsis

A number of nonmicrobiological tests have been evaluated
for their ability to detect bacteremia or fungemia. Although
most of these evaluations state that assays were evaluated
for the ability to detect sepsis, it should be remembered that
sepsis is foremost a clinical diagnosis. What most of these



TABLE 5 Summary of performance characteristics of
VersaTREK blood culture system

VersaTREK bottles are superior to Bactec standard bottles for
recovery of common pathogenic bacteria and yeasts

A number of studies have shown VersaTREK bottles to be
inferior for recovery of Staphylococcus aureus compared with
bottles from other systems containing additives (33, 73, 82,
83), whereas one study found the opposite (84)

Several studies have reported decreased recovery of
contaminants from VersaTREK bottles (11); another study
found the opposite (85)

Several studies have reported increased recovery of streptococci
and enterococci from VersaTREK bottles (82, 83, 86);
another study found the opposite (84)

In some studies, VersaTREK bottles have been reported to
detect significantly more pathogens in blood taken from
patients receiving antimicrobial therapy at the time of blood
culture (82, 83, 86)

VersaTREK bottles can be processed using a 4- or 5-day rather
than a 7-day incubation period without a significant decrease
in recovery of pathogenic bacteria and fungi (87, 88)

studies were evaluating, in fact, was the ability to detect
patients with bacteremia or fungemia who subsequently de-
veloped the clinical signs and symptoms of sepsis.

Early assays, such as the limulus amoebocyte assay,
showed promise but were never fully developed or marketed.
Perhaps the most widely studied assays have been those
that measure procalcitonin and serum lactate levels. For
procalcitonin, the available evidence shows that the assay
is not useful for the detection of bacteremia or fungemia,
due to a lack of both sufficient sensitivity and specificity.
The assay has been shown to be useful, however, when
used to monitor patients with a diagnosis of bacteremia or
fungemia as a guide to stopping antimicrobial therapy. The
findings with serum lactate levels are similar. The assay
lacks both sensitivity and specificity for the diagnosis of
bacteremia or fungemia, but serial measurements may be
of use both for prognosis and for modifying antimicrobial
therapy.

Nucleic Acid Amplification Methods

A number of laboratory-developed assays designed for the
direct detection of bacteremia or fungemia from blood speci-
mens have been evaluated and reported (43). As presented
elsewhere in this chapter, although laboratory-developed
assays may serve a role as a proof of concept, they are of
little use to the community at large because the assays
cannot be marketed or distributed to other laboratories.
Moreover, development and use of such assays is likely
prohibitively expensive and beyond the expertise available
in most clinical laboratories.

SeptiFast (Rotkreuz, Switzerland) is currently available
in parts of the European Union but not in the United States.
The system is a real-time PCR assay designed to detect,
directly from blood, 10 species of Gram-negative bacilli, 6
species of Gram-positive cocci, 5 species of yeasts, and 1
filamentous fungus. The method uses the LightCycler sys-
tem; although this technology is available for use in the
United States, SeptiFast reagents are not.

Opverall, the system has shown mixed results in clinical
evaluations (44). Taken together, the data from these evalu-
ations indicate that SeptiFast shows comparatively low sen-
sitivity for detecting pathogens in blood. The number of
studies, conflicting study designs and definition, and other
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factors make interpretation of the data difficult, but overall,
the assay lacks sufficient sensitivity to be used as a stand-
alone test. SeptiFast has been evaluated as an adjunct to
blood cultures, in which a positive result from SeptiFast
between days 3 and 7 following a positive blood culture
result predicted an increased risk of patients developing
complicated bloodstream infections (45). Whether the same
risk stratification could be achieved using other laboratory
tests has not been evaluated.

Another molecular assay, Xpert MTB/RIF (Cepheid,
Sunnyvale, CA), has been evaluated for detection of Myco-
bacterium tuberculosis directly from blood specimens. In one
small clinical evaluation, the calculated sensitivity of Xpert
was only 21% (a figure notably similar to some of the data for
SeptiFast, as described above), but in this group of patients,
a positive Xpert test result was useful for stratifying patients
into those who were or were not at increased risk for early
death (46).

At this time, therefore, the data are clear that no molecu-
lar assay is available that can act as a substitute for blood
cultures, but these tests may be useful as adjuncts to blood
cultures.

RAPID IDENTIFICATION OF MICROBIAL
ISOLATES

A number of rapid identification methods have been intro-
duced over the years, with increasingly effective results.
Early attempts were largely modifications of biochemical
tests or early molecular methods (e.g., DNA probes) that
did not have the desired effect. More-recent methods have
yielded substantially better results for rapid identification
of select groups of microbial pathogens. Moreover, there is
evidence that earlier detection and identification of blood-
stream pathogens, or antimicrobial resistance, improves out-
comes (47) and facilitates antimicrobial stewardship (48,

49).

Peptide Nucleic Acid-Fluorescent In Situ
Hybridization
The peptide nucleic acid-fluorescent in situ hybridization
(PNA-FISH) method (AdvanDx, Woburn, MA), although
limited to a few select pathogens, has been shown to reduce
the time needed to identify microbial pathogens present in
blood cultures. The principle of the method is simple, being
based on the widely used principle of in situ hybridization.
Unlike DNA and RNA probes, which have negatively
charged sugar-phosphate backbone structures, the PNA
backbone structure is composed of an electrically neutral
polyamide (peptide) structure. The neutral electrical charge
allows for more-rapid, tighter, and more-specific hybridiza-
tion with nucleic acid targets. The probes are labeled with
fluorescent dyes, which can be observed by using a fluores-
cent microscope. Once a blood culture bottle is flagged as
positive, a smear is made of the blood-broth mixture and a
Gram stain is performed. Based on those results, the appro-
priate PNA-FISH probe(s) can be selected for testing.
The method is easy to use, only modestly expensive,
and requires little in the way of infrastructure beyond that
already present in most clinical microbiology laboratories
(other than a fluorescent microscope) (50). However, to
take full advantage of the method, it is necessary to perform
the test on an ad hoc basis for individual isolates, which
is not practicable in many microbiology laboratories. The
method does not provide any data regarding antimicrobial
susceptibility or resistance.
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Nucleic Acid Amplification Tests

Although nucleic acid amplification test technology would
appear to lend itself to this application, surprisingly few
commercial assays have been developed. In contrast, a large
number of laboratory-developed assays have been reported,
but their usefulness is limited by that of all user-developed
assays: assays may not be adaptable for use in other laborato-
ries, development and validation costs may be prohibitively
expensive, and regulatory issues limit use of these assays in
some countries (43). Their usefulness at this time is also
limited by the relatively small number of pathogens that
can be detected, preliminary evidence indicating that the
assays are not as useful when more than one type of microor-
ganism is in the blood-broth mixture (polymicrobial iso-
lates), and the ability to test for only a small number of
antimicrobial resistance determinants. Thus, the number of
commercial assays available for this purpose is limited, as
are clinical evaluations as to their effectiveness.

Multiplex Assays

Two commercial systems have been developed, the Verigene
assay (Nanosphere, Northbrook, IL) and the Film Array
(Biofire, Salt Lake City, UT). The Food and Drug Adminis-
tration has cleared both for marketing in the United States.
For Verigene, separate assays for detection of either Gram-
positive or Gram-negative bacteria directly in blood cultures
are FDA cleared; an assay for detection of common patho-
genic yeasts is under development. The FilmArray product,
called the blood culture identification panel, detects a com-
bination of 24 Gram-positive bacteria, Gram-negative bac-
teria, and yeasts and three antimicrobial resistance genes
in a single combined assay.

Verigene is a multiplex assay based on PCR amplification
of nucleic acid targets with subsequent detection by hybridi-
zation with oligonucleotides bound to nanosphere particles,
followed by signal amplification using what the manufac-
turer calls a silver staining process. FilmArray also is a
multiplex assay, with an initial nucleic acid extraction and
purification step followed by PCR-based amplification in
two stages. The first is a multiplexed reaction; this is fol-
lowed by individual PCR amplification reactions designed
to detect specific products from the first-stage amplification
step. Final detection is based on use of endpoint melting
curves.

The Verigene Gram-positive blood culture assay, which
is cleared for detection of 12 genera or species and three
antimicrobial resistance genes, has been evaluated in several
clinical trials. In the first, blood cultures processed on the
VersaTREK blood culture system were used for the analysis.
The evaluation of 203 total positive blood cultures showed
94% concordance for microbial identification and 97% con-
cordance for detection of drug resistance for 178 monomi-
crobial isolates, with 92% and 96% concordance for 25
polymicrobial isolates (51). Results were available 24 to 48
h sooner than with conventional identification and suscep-
tibility test methods. In the second study, blood cultures
were processed using the BacT/Alert system (52). Results
from this study of 186 blood cultures were similar to those
of the first, in that for 176 monomicrobial cultures the
concordance for identification was 96% for microbial identi-
fication and 99% for detecting drug resistance. Results were
available 31 to 50 h sooner than with conventional methods.
A third study showed overall concordance of 95% with
conventional identification methods: 99% for monomicrob-
ial isolates but only 33% for a small number of polymicrobial
isolates (53). A fourth study was more specific and limited in
scope, evaluating use of the assay as part of an antimicrobial

stewardship program targeting patients with enterococcal
bacteremia (49). In this study of 74 patients, compared with
the preintervention use of conventional identification and
antimicrobial susceptibility testing, the postintervention
phase when Verigene was used showed shortening of the
time required for appropriate antimicrobial therapy to be
given, shortened length of hospitalization, and lower hospi-
tal costs. Finally, in an evaluation of the assay in a pediatric
hospital, the findings reported were similar to those of the
first three studies: the assay showed 95.8% concordance with
conventional methods for identification of Gram-positive
bacteria (54). The assay also showed 100% correlation for
detection of methicillin-resistant S. aureus isolates, 100%
correlation for detection of vancomycin-resistant E. faecium
isolates, and 98% detection of methicillin-resistant Staphylo-
coccus epidermidis isolates (54). As in earlier studies, time to
detection was substantially shorter with the Gram-positive
blood culture assay than with conventional methods (54).

The Verigene Gram-negative blood culture test, which
is cleared to detect eight genera or species and six antimicro-
bial resistance genes, has been evaluated in only one pub-
lished clinical trial (55). In this evaluation of 102 isolates,
the Gram-negative blood culture test showed 97.9% concor-
dance with conventional identification methods. The re-
ported performance characteristics for detecting antimicro-
bial resistance or susceptibility were a positive predictive
value of 95.8% and a negative predictive value of 100%
(55).

Only one clinical evaluation of FilmArray blood culture
identification has been published (56). In this study, Film-
Array showed 91.6% concordance with conventional iden-
tification methods for samples with monomicrobial growth
and 71% concordance for polymicrobial samples. The assay
did detect additional microorganisms in 3.6% of samples for
which isolates were not recovered by conventional culture
methods.

Other Nucleic Acid Amplification Tests

The Gene Xpert (Cepheid, Sunnyvale, CA) has several
assays that can be used in conjunction with blood cultures
for identification of blood culture isolates or for detecting
antimicrobial resistance. The two assays that would fit into
this category are an assay for detecting the mecA gene in
methicillin-resistant strains of Staphylococcus epidermidis and
Staphylococcus aureus and one for detecting the vanA gene in
vancomycin-resistant strains of enterococci. As with other
methods for detecting pathogens or antimicrobial drug resis-
tance in blood culture isolates, these assays do not replace
blood cultures but are only an adjunct.

Antigen Detection
The BinaxNOW Staphylococcus aureus test (Alere Scarbor-

ough, Inc., Scarborough, ME) is an immunochromato-
graphic assay that uses polyclonal antibodies to detect an S.
aureus-specific protein, thereby allowing for differentiation
between S. aureus and other Gram-positive cocci in blood
culture bottles. Current FDA clearance is for use with BacT/
Alert blood culture bottles. In one off-label study using
VersaTREK blood culture bottles, the test showed 95.8%
sensitivity and 99.6% specificity compared with culture and
a direct tube coagulation test, both performed on aliquots
of the blood-broth mixture (57). In a second off-label evalu-
ation, the assay was compared with conventional methods
using Bactec blood culture bottles (58). In this study, the
BinaxNOW assay showed 97.6% sensitivity and 100% speci-
ficity.



MALDI-TOF (MS)

Matrix-assisted laser desorption ionization—time of flight
(mass spectrometry) (MALDI-TOF [MS]) has been the most
widely evaluated approach to rapid microbial identification
of blood culture isolates. Currently two manufacturers of
MALDI-TOF (MS) systems have instruments cleared by
the FDA for marketing in the United States to identify
microbial isolates from solid media (i.e., not directly from
blood culture bottles): the Microflex LT Biotyper (Bruker
Daltonics, Bremen, Germany) and the Vitek MS IVD (bio-
Mérieux, Marcy I’Etoile, France). In an early study, 90% of
bacterial isolates were identified directly from positive blood
culture bottles (59). Other early studies of this technology
also showed good results for identifying bacteria and fungi
directly from blood culture broth specimens. One evaluation
of the Biotyper evaluated the ability of MALDI-TOF (MS)
to identify bacterial pathogens in 212 blood cultures (60). Of
these, 42 (19.8%) showed insufficient numbers of bacteria in
the blood-broth mixtures for MALDI-TOF (MS) to identify
the bacteria (61). Of the other 170 blood cultures, MALDI-
TOEF (MS) showed 95.3% concordance in correctly identify-
ing the bacteria compared with conventional identification
methods (61). In another evaluation using the Biotyper
(62), 330 positive blood culture bottles were analyzed, of
which 318 showed growth on subcultures and 12 were con-
sidered to be false-positive signals by the blood culture in-
strument. Of the latter group, the MALDI-TOF (MS) results
were fully concordant with culture results (62). For the 318
blood cultures that yielded growth on cultures, all were
monomicrobial. When compared with results of conven-
tional identification methods, MALDI-TOF (MS) results
were concordant to the species level for 83.3% and to the
genus level for 96.6% of blood cultures (62).

In the most comprehensive comparison of the two
MALDI-TOF (MS) systems, a total of 202 positive blood
culture bottles processed on the Bactec system were tested
with both versions of MALDI-TOF (MS) (62). In this
evaluation, there were 181 monomicrobial and 21 polymi-
crobial isolates. Biotyper correctly identified 177 of 181
(97.8%) monomicrobial isolates compared to 167 of 181
(92.3%) identified by the Vitek system (62). Neither system
performed well for identification of polymicrobial isolates
(62). Although time to identification was not evaluated in
this study, two previous studies showed a reduction in the
time to identification of between 26.5 and 34.3 h compared
to conventional methods (63, 64). Despite this, the inability
to perform antimicrobial susceptibility testing limits the
usefulness of this method.

DIRECT RAPID ANTIMICROBIAL
SUSCEPTIBILITY TESTING FROM
BLOOD CULTURE BOTTLES

A large number of studies have attempted to answer whether
direct testing of the blood-broth mixture (without the inter-
vening step of subcultures) using conventional (not molecu-
lar) methods can be used to decrease the time needed for
susceptibility test results. Theoretical obstacles to this ap-
proach are straightforward. The main obstacle is the inabil-
ity to standardize the number of microorganisms in the
blood-broth mixture to be used for testing. None of the
CMBCS flag bottles as positive based on the number of
microorganisms present. Depending on which system is
used, the initial number of microorganisms present in the
blood specimen, the metabolic characteristics of the micro-
organism (e.g., growth rate and gas production), and the
number of microorganisms per milliliter when bottles are
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flagged as positive may vary. Second, testing aliquots of
the blood mixture, with or without additives, introduces a
complex liquid matrix (i.e., blood, broth, anticoagulant, and
any additives) that was not intended for use in commercial
antimicrobial susceptibility assays. Even with centrifuga-
tion, or other procedures, this “matrix effect” cannot be
eliminated or mitigated fully. A third issue, although per-
haps not as important, concerns the presence of antimicro-
bial agents present in blood. Because these agents are given
in dosages to achieve blood concentrations at or above levels
designed to inhibit bacterial growth, even with dilution by
the broth medium, there may still be residual antimicrobial
activity in the blood-broth mixture (65). Fourth, this is
a moving target. Interpretive criteria for breakpoints may
change over time, thereby requiring repeated validation of
the method, which would not be practicable in most set-
tings. A fifth obstacle is regulatory: most commercial anti-
microbial susceptibility assays do not include direct testing
of a blood-broth mixture in the package insert, making such
use off-label and, in some cases, not reimbursable. Last, the
published evidence on these approaches is not persuasive:
some published studies have shown these approaches to
work, but others have arrived at the opposite conclusion. In
an era that emphasizes evidence-based laboratory medicine,
objective analysis of the literature yields the conclusion that
current evidence does not support this practice.

QUALITY AUDITS AND BENCHMARKS

The most commonly studied, documented, and reported
quality metric regarding blood cultures is the contamination
rate. There has been a long-standing recommendation that
blood culture contamination rates be kept at or below 3%
for hospitalized patients. This figure is not derived from
anything more than the belief that it generally is not possible
to maintain rates below 1% and that rates above 5% result
in a confounding of the clinician’s ability to distinguish
between contaminants and pathogens. Because blood cul-
ture contaminants result in increased health care costs,
contamination rates above 5% also are associated with in-
creased costs. Whether the 3% figure is realistic for outpa-
tient settings, particularly in emergency departments, is
another unanswered question. For patient safety, quality,
and costs, it makes sense to target the lowest possible con-
tamination rates, but targeting specific rates should be done
with the understanding that different contamination rates
occur in different settings.

Another common assessment of quality is the number of
blood cultures drawn per septic episode. As noted previously,
interpretation of blood culture results depends heavily upon
drawing both an adequate volume of blood and more than
one culture. Determining the clinical importance of isolates
recovered from single blood cultures can be impossible de-
pending on the type of isolate recovered. At the same time,
collecting more blood cultures than is necessary is wasteful,
contributes to phlebotomy-caused anemia, and results only
in recovery of more contaminants. For both reasons, labora-
tories should monitor the number of blood cultures collected
per septic episode.

A third important measurement is the adequacy of fill of
blood culture bottles. Weighing filled bottles and comparing
weights against those of a known standard most readily
achieve this goal. Bottles filled with inadequate volumes of
blood diminish yield and should be reported to the provider,
with a recommendation to recollect the blood culture. Ade-
quacy of filling should be monitored through time and by
site so that any patterns of underfilling (or overfilling) can
be identified and the appropriate corrective action taken.
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SUMMARY

Detection of bacteremia and fungemia remains one of the
most important roles of clinical microbiology laboratories.
Despite the development and introduction of a number of
novel technologies, the blood culture using liquid-based
media still remains the only practicable approach for routine
patient care. Molecular detection methods show promise,
but the available methods do not have the sensitivity of
blood cultures (except for a select few pathogens), provide
only limited information regarding antimicrobial suscepti-
bility testing, if used alone would not allow for retention
of isolates for epidemiologic investigations, at this time are
not effective for detecting polymicrobial isolates, and are
more expensive to use on a routine basis. Other methods
such as MALDI-TOF (MS) also can achieve similar results
for rapid identification of microorganisms isolated on solid
media but currently are not cleared by the FDA for identifi-
cation of pathogens directly from blood cultures. Experience
has shown that novel technologies rarely replace older tech-
nologies but rather serve as adjunct methods to enhance
older technologies. Because the isolation of pathogens from
blood serves multiple clinical roles—prognosis, guiding ther-
apy, monitoring response to therapy, and epidemiology—
any approach to the laboratory detection of bacteremia and
fungemia must be able to fulfill each of these roles. It is
unlikely that any new technology will replace blood cultures
entirely in the foreseeable future. What already is happening
is that newer technologies are being integrated with blood
cultures into an algorithmic approach that takes advantage
of the benefits of each method.
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Systems for Identification of Bacteria and Fungi*
KAREN C. CARROLL AND ROBIN PATEL

Traditionally, the identification of bacteria and fungi
has been based on conventional tube-based biochemical
reactions, with results compared to historical charts of
expected biochemical reactions. Due to the need for faster,
simpler methods, manual biochemical-based testing kits
and instrument-based semiautomated or automated meth-
ods were introduced. Automation in microbiology first
occurred in the early 1970s with the introduction of
semiautomated blood culture instruments (see chapter 3),
followed by instrumented systems for identification and
antimicrobial susceptibility testing of bacteria. More rapid
semiautomated and automated systems for antimicrobial
identification and susceptibility testing followed, relying
on microorganisms’ biochemical characteristics, fatty acid
patterns, and/or other metabolic properties for their identi-
fication. Commercially available biochemical platforms
may include decision support software integrating identifi-
cation and susceptibility test results with surveillance
strategies for antimicrobial resistance and guidelines for
therapy. A recently introduced automated technique for
microorganism identification relies on proteomic analysis
of bacterial or fungal cells using matrix-assisted laser
desorption ionization—time of flight mass spectrometry
(MALDI-TOF MS). Nucleic acid-based approaches, typi-
cally used for bacterial and fungal identification when
biochemical and/or proteomic strategies fail, include broad-
range DNA target sequencing or array-based approaches
and organism-specific amplification techniques. Whether
a laboratory uses manual or automated, biochemical-,
protein- or DNA-based methods, the scientific approach
to identify microorganisms relies on the same fundamental
principles. This chapter provides an overview of technolo-
gies used for the identification of bacteria and fungi
recovered from clinical specimens. Discussions relevant
to systems for automated blood cultures (chapter 3),
antimicrobial susceptibility testing (chapter 72), immuno-
assays (chapter 7), molecular diagnostics (chapter 6), and
detection of Mycobacterium species (chapter 30) are found
elsewhere in this Manual.

*This chapter contains information presented by Caroline Mohr O’Hara,
Melvin P. Weinstein, and ]. Michael Miller in chapter 14 of the 8th edition of
this Manual, by Melvin P. Weinstein and Karen C. Carroll in chapter 15 of the
9th edition of this Manual, and by Cathy A. Petti, Melvin P. Weinstein, and
Karen C. Carroll in chapter 3 of the 10th edition of this Manual.

4

ORGANISM IDENTIFICATION SYSTEMS

Overview of Methods and Mechanisms of
Identification

Historically, microorganisms have been identified by what
we now refer to as “conventional procedures,” which include
reactions in tubed media and observation of physical charac-
teristics, such as colonial morphology and odor, coupled
with results of Gram staining, agglutination tests, and anti-
microbial susceptibility profiles. Over the years, identifica-
tion methods miniaturized commonly used biochemical re-
actions into a more convenient format (http://www.asmusa
.org/index.php/guidelines/sentinel-guidelines ) and devel-
oped into a system-dependent approach that became the
industry standard. The system-dependent method relies on
a set of substrates that are carefully selected for their positive
and negative reactions. These patterns create metabolic
profiles that are compared with established databases.

Biochemical profiles are determined by reactions of indi-
vidual organisms with each of the substrates in the system.
The accuracy of the reactions is dependent upon users
following the directions of the manufacturer regarding inoc-
ulum preparation, inoculum density, incubation conditions,
and test interpretation. Most systems rely upon one or a
combination of several indicators. These include (i) pH
changes resulting from utilization of a substrate, (ii) enzy-
matic reactions that release a chromogenic or fluorogenic
compound, (iii) tetrazolium-based indicators of metabolic
activity in the presence of a variety of carbon sources, (iv)
detection of volatile or nonvolatile compounds, and (v)
recognition of visible growth (Table 1). Additional bio-
chemical tests for microbial identification that use other
means of detecting a positive response for a given substrate
may also be included.

Although no formal definition of “rapid” exists for de-
scribing the time required for results to be generated, most
microbiologists expect rapid systems to provide usable results
within 4 h. Clearly, the generation times of microbes (typi-
cally 30 min or longer) will not allow growth-dependent
methods to generate detectable biochemical responses
within this time. To overcome the problem of generation
times, manufacturers of rapid systems use novel substrates
with which preformed enzymes, produced by the organisms
to be tested, may react to elicit responses detectable within
1 to 4 h.

Proteomic analysis using MALDI-TOF MS, which
enables identification of bacteria and fungi in a matter of
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TABLE 1 Technologies for microorganism identification

Need
System reactivity for Analyte Indicator(s) of positive result Example(s) of system
growth
pH-based reactions Yes Carbohydrate Color change due to pH indicator; API panels, Crystal panels, Vitek
(mostly 15-24 h) utilization carbohydrate utilization = acid pH; cards, MicroScan conventional
protein utilization or release of nitrogen- panels, Phoenix panels,
containing products = alkaline pH Sensititre panels
Enzyme profile (mostly No Preformed Color change due to chromogen or MicroScan rapid panels, IDS
2-4 h) enzymes fluorogen release when colorless complex panels, Crystal panels, Vitek

is hydrolyzed by an appropriate enzyme

cards, Phoenix panels,

Sensititre panels

Carbon source Yes Organic products Color change as a result of metabolic Biolog
utilization activity transferring electrons to colorless
tetrazolium-labeled carbon sources and
converting the dye to purple
Volatile or nonvolatile  Yes Cellular fatty Chromatographic tracing based on MIDI

detection of end products, which are

then compared to a library of known

compound detection acids
patterns
Visual detection of Yes Various
growth substrates

DNA target sequencing No Nucleic acid

PCR/ESI MS No
MALDI-TOF MS Yes

Nucleic acid
Protein

Turbidity due to growth of organism in the
presence of a substrate

Electropherogram or raw sequence of
nucleotide bases

Patterns of mass signals in a spectrum
Patterns of mass signals in a spectrum

API 20C AUX panels

Laboratory developed; MicroSeq,
GenBank, RDP, RIDOM,

SmartGene
IRIDICA (Abbott)

Bruker, bioMérieux, Andromas

minutes, is rapidly being adopted into clinical microbiology
laboratories (2). Molecular methods that amplify particular
gene targets novel enough to distinguish among genera and
species and automated sequencing technology are used for
identification of difficult-to-identify microorganisms. Pro-
teomic and molecular methods have expanded our know-
ledge of pathogenesis and have, in some cases, resolved
erroneous taxonomic classifications.

System Construction

Microbial identification systems are either manual or auto-
mated. Manual methods use the analytical skills of the tech-
nologists for reading and interpreting the tests, whereas
automated systems offer a hands-off approach, providing
technologists more time for other duties and providing the
laboratory with increased standardization. For all systems,
the backbone of accuracy is the strength and utility of the
database. Databases are constructed using known, clinically
relevant strains as well as type strains of most taxa. In some
cases, before an organism is added to the database, it is
evaluated to confirm its relationship to other strains in the
same taxon by using the likelihood fraction. This compares
the characteristics of the new strain to those of a typical
culture of the same species. Unusual microorganisms or
common microorganisms with atypical properties often
cannot be reliably identified by commercial systems unless
they are well-represented in the system’s database.

The number of species included in a database may vary
from just a few for some manual assays to thousands for
automated instruments. For most commercial systems, data-
base maintenance is a continuous process and software up-
grades incorporating major taxonomic changes are provided
by the manufacturer at regular intervals. Some systems may
allow users to make minor changes at the local workstation.

System identifications are supported by algorithm-based
decision making that is generally available through a com-
puter. Occasionally, these identifications are compiled into
a preprinted index, which is used to manually convert the
organism’s profile number into identification. Bayes’s theo-
rem, or modifications of it, is often the basis of algorithm
construction from data matrices.

Bayes’s theorem is one of the statistical methods that
manufacturers of biochemical identification systems use to
arrive at an identification of a certain taxon based on the
biochemical reaction profile produced by the unknown clin-
ical isolate (3). Bayes’s theorem considers two important
issues in order to arrive at an accurate conclusion: (i) P (t/
R) is the probability that an organism exhibiting test pattern
R belongs to taxon t;, and (ii) P (R/t;) is the probability
that members of taxon t; will exhibit test pattern R. Before
testing, we make the assumption that an unknown isolate
has an equal chance of being any taxon and that each test
used to identify the isolate is independent of all other tests.
In this case, Bayes’s theorem can be written as

P(t/R) = R/E)
2P(R/ t)
4

By observing reference identification charts derived by
conventional biochemical tests, we know the expected pat-
tern of the population of taxon t; (e.g., Escherichia coli is
indole positive and citrate negative). R in the formula is
the test pattern composed of Ry, Ry, . . . R,, where R; is
the result for test 1 and R, is the result for test 2, etc., for
a given taxon. We can then incorporate the percentages
(likelihoods that t; will exhibit Ry, etc.) into Bayes’s theorem
to arrive at an accurate taxon.



Clinical microbiologists must not, however, become de-
pendent upon these likelihoods and percentages when in-
terpretive judgment would suggest an alternative taxonomic
conclusion. Bacteria often tend to stretch the rules of no-
menclature when isolated from clinical specimens, and they
may not react as expected in a commercial system, even
though a legitimate result is produced (e.g., lactose-positive
Salmonella species or H,S-positive Escherichia coli). The re-
sult from the most reliable systems can be misleading. In
these cases, an alternative method of identification must
be used. D’Amato et al. have described how the systems
use the database profiles and probability matrices to arrive
at an identification of an unknown taxon (4).

The manufacturers of commercial identification systems
rely heavily on input from their customers. Laboratories are
encouraged to communicate with product manufacturers
about problems, such as unusual organism identifications
that develop when a method or system is being used. Manu-
facturers depend on customer satisfaction, and most are
willing to assist in problem solving or in projects that could
add strength to their systems. These companies, like their
users, are clearly interested in the highest quality of cost-
effective patient care.

CRITERIA FOR SELECTING INSTRUMENTED
SYSTEMS

When selecting a method for identification and antimicro-
bial susceptibility testing, the laboratorian must consider
several important issues. Laboratory supervisors and man-
agers should make such major decisions carefully and with
expert consultation. The process begins by answering key
questions about the needs for a new system in the context
of laboratory versus patient benefits.

Once these questions are answered, the next step is to
begin the search for the right instrument or system to meet
the needs of the laboratory and the medical staff. As a
general rule, it is best not to be the first to purchase a new
system without having seen in the peer-reviewed literature
the results of evaluations performed by reputable clinical
laboratories. The manufacturer’s representative can be asked
to supply peer-reviewed articles about the ability of the
system to correctly identify the range of isolates usually seen
in the user’s laboratory. This phase requires demonstrations
and conversations regarding space requirements, technical
applications, manufacturer issues such as interface capabili-
ties and service contracts, and personnel-related concerns
such as sample preparation and throughput.

It is often helpful to visit other laboratories similar to
one’s own that are using the system under consideration to
ask if they like the system, whether they would buy it again,
how much downtime they have experienced, whether the
service from the manufacturer has been acceptable, and
whether the system has been mechanically reliable.

The laboratory should select a system that has been fully
evaluated and whose accuracy exceeds 90% in its overall
ability to identify common and uncommon bacteria nor-
mally seen in that particular hospital or laboratory. The
system should be able to identify commonly isolated organ-
isms with at least 95% accuracy compared with conventional
methods.

The accuracy of antimicrobial susceptibility testing for
combination panels is as important as the accuracy of identi-
fication, perhaps more so. Chapter 72 of this Manual dis-
cusses the issues involved in instrument susceptibility test
methods. Finally, with increasing use of automation in clini-
cal microbiology laboratories, it is important to understand
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how automated identification systems fit in with other auto-
mated systems in the laboratory and with the laboratory
information system (see chapter 5 of this Manual).

EVALUATING AN INSTRUMENT OR SYSTEM

Validating a New Instrument or Method

Several references provide useful information on the ap-
proach to evaluation, verification, and validation of kits,
assays, and instruments in the clinical laboratory (5-9).
When an identification system is added to the laboratory,
laboratories must demonstrate that the system performs as
described by the manufacturer (10, 11). Published reports
by other laboratories that have evaluated the system in a
sound, scientific manner provide the first level of evidence
of acceptable performance (9). Next, the purchasing labora-
tory must provide evidence of acceptable performance of the
new identification instrument by in-laboratory verification.
Verification involves documentation of test accuracy in
the laboratory where the instrument will be used (6). The
Clinical Laboratory Improvement Amendments of 1988
(12) specify the conditions for systems placed into service.

Although smaller laboratories may have fewer resources
than larger laboratories for verification of the accuracy of
an identification system, laboratory size has no bearing on
the need to ensure the accuracy of laboratory identification
methods and of the work performed by a laboratory in
support of patient care. The role of verification by the
purchasing laboratory ensures that personnel can use the
system at performance levels of accuracy already docu-
mented by the manufacturer and published in the literature.
The laboratorian should expect a level of 95% agreement
with the existing system or reference method and accept,
in the final analysis, no less than 90% agreement. This takes
into account the fact that the new system may be more
accurate than the old one.

As of 1998, the Food and Drug Administration (FDA) no
longer performs premarket [510(K)] evaluations to “clear”
automated or manual phenotypic identification systems, nor
does it receive or approve quality control protocols from
these devices to meet the 1988 Clinical Laboratory Improve-
ment Amendment requirements. Laboratorians must be
aware that the identification component of the new or
modified system that they are using is not cleared by the
FDA because this approval is no longer required. This makes
it even more important for laboratorians to search the litera-
ture for valid evaluations of their chosen instrument and
to conduct their own in-house validation to make sure
that the instrument meets the claims of the manufacturer
regarding identification. Devices and methods incorporating
probes, nucleic acid amplification and other genetic meth-
ods, MALDI-TOF MS, and the antimicrobial susceptibility
test component of commercial instruments will continue
to be reviewed by the FDA for clearance.

LIMITATIONS OF MICROORGANISM
IDENTIFICATION SYSTEMS

The databases of microbial identification systems must be
revised frequently to accommodate newly named species.
For example, had Cronobacter sakazakii (the yellow-pig-
mented variant of Enterobacter cloacae) not been added to
the databases of these instruments, the clinical correlation
of C. sakazakii with neonatal meningitis would likely be
obscured if only E. cloacae had been reported. Laboratorians
must be aware that the accuracy of a system is limited to the
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claims of the manufacturer for the version of the database
currently in the instrument and that the database may be
outdated.

The laboratory procedure manual must stipulate the ac-
tion to be taken when a result is questionable either because
of the unusual biochemical profile of the organism or be-
cause of the appearance of an unexpected susceptibility
profile. A backup method must be used to achieve an accu-
rate identification profile. Otherwise the isolate should be
sent to a reference laboratory for analysis.

Closely related species may be difficult or impossible to
distinguish using certain systems; however, the inability to
accurately identify all species within a genus does not always
have a negative effect on patient outcome. For example,
correct identification of all of the newly recognized Citro-
bacter species may not be possible for some of the systems.
In this case, the effect on patient outcome because of the
inability of a system to recognize Citrobacter werkmanii may
be negligible, and a simple report of “Citrobacter species”
may provide adequate data for patient management. Labora-
torians should recognize when they might be handling a
potential agent of bioterrorism; when such pathogens are
suspected, laboratories should follow Laboratory Response
Network protocols and not place these organisms on auto-
mated instruments (see chapter 14, “Biothreat Agents”).
Users of automated systems should be aware of the limita-
tions of commercial products with respect to their bioprepar-
edness plans and substitute other tests for presumptive diag-
nosis per recommended guidelines (http://www.asmusa.org/
index.php/guidelines/sentinel-guidelines). Microorganisms
suspected of being biothreat pathogens should be referred
to a public health or reference laboratory for definitive
identification. Likewise, organisms that are potentially haz-
ardous to laboratory personnel (e.g., Brucella species) should
not be placed on automated systems unless this can be
done in such a fashion as to eliminate any risk of disease
acquisition to laboratorians.

As pathogens continue to evolve and taxonomic classifi-
cations are revised, laboratorians must pay attention to the
manufacturer’s communications about products, such as let-
ters, notices, or test exclusions regarding the accuracy of
their methods, as well as the published literature describing
the potential problems encountered by others using these
identification systems. Likewise, the user has a responsibility
to report continued problems with a system or product where
poor performance may lead to adverse patient outcomes.

PHENOTYPIC IDENTIFICATION SYSTEMS

Automated Instruments (Vitek, Phoenix,
MicroScan, TREK)

The last five decades have witnessed an evolution of sophis-
tication in automated organism identification and antimi-
crobial susceptibility testing systems. There are several sys-
tems available, and this section will highlight their features
with respect to organism identification. Chapter 72 will
discuss their antimicrobial susceptibility testing perform-
ance. The interested reader is encouraged to seek out the
latest information provided by the manufacturer, as compa-
nies are constantly updating their products and, with the
advent of MALDI-TOF MS, will be enhancing expert sys-
tems to link identification by proteomics with updated and
expanded susceptibility testing panels.

The first automated identification system to become
available for clinical laboratories more than 40 years ago
was the Vitek system (bioMérieux, Inc., Durham, NC).

This system was developed by NASA to test astronauts for
unusual organisms acquired during the burgeoning space
expeditions. The current versions, called the Vitek 2 sys-
tems, consist of a personal computer (PC), reader/incubator,
and smart carrier station. The smart carrier station is a
sample preparation module that standardizes the inoculum
and identifies the specimen through a barcode label prior
to loading the cassettes. There are several available systems
depending upon the desired instrument footprint and vol-
ume of testing needed (Table 2). Depending upon the size,
the instruments can accommodate 15, 30, 60, or 120 cards
(Vitek 2XL). Two reader/incubator instruments can be con-
nected to one computer. The PC has a bidirectional inter-
face capability with the laboratory information system
(www.biomerieux-usa.com).

The Vitek system has cards for the identification of
anaerobes and coryneforms; yeast; Neisseria species, Haemo-
philus species, and other fastidious organisms; Gram-positive
organisms; and Gram-negative pathogens (Enterobacteria-
ceae, non-Enterobacteriaceae, and highly pathogenic organ-
isms such as Brucella and Francisella species) (Table 2).

The system also contains an advanced expert system that
matches 2,000 organism phenotypes with 100 resistance
mechanisms. Organisms for which the phenotype and MIC
values match are flagged green and do not require user
verification. Isolates that flag yellow (inconsistent results),
red (unknown phenotype), or purple (phenotype is not in
the database) require user review and problem resolution
(www.biomerieux-usa.com).

The Vitek 2 system, as well as the other automated
systems, continues to be reviewed in the literature as new
features are added and software versions are updated. New
publications revisit these systems in the context of compari-
sons to novel molecular array platforms and MALDI-TOF
MS. A few recent papers have compared the performance of
several platforms; this information is useful for laboratories
seeking to purchase one of these systems (13-17).

Siemens Healthcare Diagnostics, Inc. (Deerfield, IL)
manufactures the MicroScan WalkAway system. The avail-
able instruments include the WalkAway-40 plus and the
WalkAway-96 plus, which accommodate 40 and 96 panels,
respectively. The autoSCAN-4 system is a small instrument
designed for low-volume laboratories; it accommodates and
reads one panel at a time within several seconds. The instru-
ments have front panel controls, and the systems include a
PC keyboard, monitor, and LabPro software. The MicroScan
uses system-wide bar code authentication of panels to mini-
mize potential errors from manual labeling and/or keystroke
entry when placing panels into the instrument (www.sie-
mens.com/diagnostics).

There are a variety of MicroScan panels—conventional,
rapid, specialty, and Synergies plus—which are available in
over 60 configurations. The conventional panels contain
traditional biochemicals for identification and broth mi-
crodilution MICs and can be read visually. The rapid panels
provide organism identifications as early as 2 to 2.5 h and
broth microdilution susceptibility results between 4.5 and
16 to 18 h. Results are finalized within 18 h. Synergies plus
panels also provide identification within 2 to 2.5 h, and
broth microdilution resistance results are flagged when
ready. Specialty panels are available for identification of
yeast, anaerobes, fastidious Gram-negative rods, and strepto-
cocci (www.siemens.com/diagnostics). Conventional panels
contain modified biochemical and chromogenic tests for
the identification of a broad range of species (Table 2)
(18). Rapid panels utilize fluorogenic substrates or fluoro-
genic indicators to detect pH changes following substrate
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TABLE 2 Features of automated systems for identification of bacteria and yeasts®
Organisms
Manufacturer  Instruments Principle(s) Panels’ in database  No. of ~ Incubation Software/expert
(no. of tests (h) systems
taxa)
bioMérieux Vitek 2 XL Colorimetric carbon GP 119 43 8 Advanced Expert
Vitek 2 60 source utilization; GN 143 System, Observa
Vitek 2 enzymatic activity; NH 26
Compact 60 resistance ANC 61
Vitek 2 Yeast 52
Compact 30
Vitek 2
Compact 15
Siemens MicroScan Overnight panels GN Convent. 116 34 2.5 LabPro
WalkAway turbidimetric detection GN Rapid 139 36 16-18
plus of carbon source GN Synergies 139
utilization; enzymatic ~ GP Convent. 51 27
activity GP Rapid 53 36
Rapid panels use GP Synergies 53
fluorometric detection  Yeast 42 27
of preformed enzymes  Anaerobe 54 25
NH 20 18
BD Diagnostics BD Phoenix  Colorimetric and GP 140 48 8-16 BDXpert, BD
fluorometric detection GN 161 EpiCenter
Streptococcus 27
Yeast 1D 64
TREK ARIS Fluorometric detection GP 41 32 5-18 SWIN
Diagnostic GN 137 31
Systems
Biolog OmnilLog Carbon source utilization GP 2,500 95 4-24° GEN 11
detection by reduction GN
of tetrazolium violet
MIDI, Inc. Sherlock Cell wall fatty acid GP 1,500 NA 24¢ CLIN 50 database
microbial analysis using gas GN
identification chromatography Yeast

system

“Derived from: http://www.bd.com/ds/productCenter/IS.asp; www.biomerieux-usa.com; www.siemens.com/diagnostics; www.biolog.com; http://www.midi-inc.com/;

http://www.trekds.com/products/sensititre/c_standardid.asp.

PGP, Gram positive; GN, Gram negative; NH, Neisseria, Haemophilus; ANC, anaerobe; Convent., conventional; ID, identification; NA, not applicable.
“Overnight growth on particular media is required; assay takes about 2 h to perform.

utilization and the production of specific metabolic products
(19). Similar to other systems, identification is based on
detection of substrate utilization, pH changes, and growth
in the presence of certain antimicrobial agents. Depending
upon the panel used, results may be available from 2 to 42
h after incubation at 35°C (18, 19). Results can be read
manually, which is useful for resolving aberrant reactions
and for smaller facilities that do not have automation.
Some of the panels can be stored for up to 1 year at room
temperature.

The company offers a device called the PROMPT system
for inoculating panels in place of having to create a 0.5
McFarland standard. The user touches three well-isolated
colonies that are as large as the unique wand tip. The wand
is then placed into a small bottle containing 30 ml of
aqueous Pluronic-D solution. After mixing well by shaking,
the suspension is poured into a seed tray for inoculation into
a MicroScan panel. There is also the RENOK rehydrating
inoculator that can be used to simultaneously inoculate all
96 wells of any available MicroScan panel from the seed
tray created by the PROMPT device (www.siemens.com/
diagnostics).

The LabPro with Alertgx contains a database of prede-
fined rules based upon Clinical and Laboratory Standards

Institute (CLSI) recommendations (20). The user can cus-
tomize the rules as needed to match formularies and infec-
tion control alerts and for other uses. The software automati-
cally notifies the user when an isolate requires attention.
This may include the need for supplemental testing, a quality
control issue, or another actionable item. The epidemiology
management feature can provide information to infection
control and pharmacy. Antibiogram tools are based on the
CLSI M39 document (18) (www.siemens.com/diagnostics).

The BD Phoenix Automated Microbiology System (BD
Diagnostics, Sparks, MD) became available in Europe in
2001 and in the United States in 2004. Currently, the
complete system consists of the Phoenix instrument, numer-
ous test panels, the AP instrument for panel inoculation
(introduced in 2008), and the BD EpiCenter system for
data management (http://www.bd.com/ds/productCenter/
[S.asp). The Phoenix instrument can test up to 99 test
panels and one control panel simultaneously. There are
numerous panels available for Gram-positive and Gram-
negative pathogen identification (ID) and/or antimicrobial
susceptibility testing (AST); a yeast identification panel
was introduced in 2011. The combined ID and AST panels
consist of 136 wells divided into 51 wells on the ID side
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and 85 wells on the AST side. Organisms are identified on
the basis of 48 individual biochemical tests using a combina-
tion of fluorometric and colorimetric detection of the var-
ious substrate reactions. Identification of Gram-negative
and Gram-positive organisms requires 2 to 12 h, whereas
yeast identification requires 4 to 15 h. Once results are
available by the Phoenix instrument, the BDXpert system
software manages the interpretation of the results. Users
can finalize results directly at the Phoenix instrument, using
the EpiCenter, or through the laboratory’s information
system.

The BD EpiCenter System is a data management software
system. It has a bidirectional laboratory information system
interface and tools that allow the user to create specific
institutional rules for AST and other types of reporting.
These tools or programs also allow the user to analyze epide-
miological trends and generate reports from multiple BD
instruments, not just the Phoenix instrument, including the
new BD Bruker MALDI Biotyper.

One of the initial problems with the workflow using the
Phoenix compared to other systems was the manual set up
of the panels which resulted in a longer mean time of
setup than for other instruments (e.g., 3 min for Phoenix
compared to 1.5 min for Vitek 2) (21). In 2008, BD intro-
duced the AP instrument to reduce the hands-on time re-
quired to set up Phoenix panels and to better standardize
the inoculum preparation. The user places ID and AST
broth for up to 5 isolates into a rack that gets loaded onto
the AP system for automated standardization of the ID broth
inoculation and subsequent inoculation of the AST broth
and addition of the AST redox indicator. The user must
manually transfer the rack to an inoculation station, scan
the bar code labels, pour the ID and/or AST broths into
the panel, seal them, and place them into the Phoenix
instrument (http://www.bd.com/ds/productCenter/IS.asp).
A study by Junkins et al. reports a reduction in hands-on
time by 50% using the AP instrument (22).

Trek Diagnostic Systems (now part of Thermo Fisher
Scientific) are best known for the extensive and customiza-
ble microbroth dilution panels for susceptibility testing (dis-
cussed in chapter 72). The company manufactures identifi-
cation panels (Sensititre ID plates) that contain fewer
substrates than the larger systems discussed above and are
designed to identify the most commonly encountered aero-
bic Gram-negative and Gram-positive pathogens. The sepa-
rate Gram-negative and Gram-positive plates contain 32
reaction wells containing fluorogenic substrates that allow
for identification in as short a time as 5 h, and which can
be extended to overnight incubation if needed. Each 1D
microtiter plate can test three separate organisms. ID panels
can be read on the same instrumentation used to read the
susceptibility MIC plates. In addition, laboratories can pur-
chase an auto inoculator called the Sensititre AIM and a
nephelometer to enhance inoculum standardization. The
Sensititre ARIS 2X is a fully automated benchtop instru-
ment that incubates and reads the bar-coded plates. The
system has a 64-plate capacity and accommodates all TREK
plates: MIC, breakpoint, and identification. Up to 192 tests
per day can be run on a single instrument. The ARIS
instrument is connected to a computer that contains the
SWIN software, an expert system used for interpretation of
the plates. In addition, the company has an epidemiology
module on SWIN that allows the user to design five customi-
zable reports for tracking workload, MIC values, and organ-
isms of epidemiological significance. There are no recent
publications evaluating the Sensititre Gram-negative iden-
tification panels. A publication by Staneck et al. comparing
the Sensititre Gram-negative identification panel to API

20E and Rapid NFT using a large number of isolates demon-
strated comparable performance for the more common gen-
era of Enterobacteriaceae and nonenterics (23). A study from
Mexico evaluated the Sensititre Gram-positive ID plate
to assess its utility for identifying common staphylococci
compared to APl STAPH v4.1 (10). Discordant isolates
were resolved by PCR and sequencing of partial sequences
of the 16S rRNA, sodA, and tuf genes. The Sensititre plates
correctly identified only 69% of the isolates compared to
90% by API STAPH, indicating limited utility for identifi-
cation of this group of Gram-positive organisms (24).

The Biolog OmniLog ID System (Biolog, Hayward, CA),
introduced in 1989, is a fully automated instrument based
upon the ability of an organism to utilize or oxidize a panel
of 95 carbon sources. The 96-well microtiter plate uses
reduction of tetrazolium violet that is incorporated into
each substrate as an indication of utilization of the carbon
source (25). The “carbon fingerprint” is analyzed by the
software of the instrument and compared to an extensive
database (GEN III) of over 2,500 species of aerobic and
anaerobic bacteria, yeasts, and fungi (26). Similarity indices
are used to identify the test organism as follows: similarity
index of <0.5, no identification; similarity index of 0.50 to
0.75, good identification; similarity index of >0.75, excel-
lent identification (25). A variety of configurations, levels
of automation, and identification databases are available
(26). The fully automated GEN III OmniLog ID system
has the capacity to incubate and monitor up to 50 Biolog
MicroPlates (26). A requirement for testing is subculture
of isolates to be tested to Biolog universal growth agar (25).
The Biolog system has been evaluated in the literature
over the last two decades (25, 27, 28). The most recent
publication evaluated the accuracy of the system for identifi-
cation of “atypical” clinical isolates, that is, isolates not
routinely included in routine identification databases such
as certain aerobic actinomycetes, Bacillus species, and fastidi-
ous Gram-negative rods (25). In this study of 159 bacterial
isolates, the OmniLog system was compared to 16S rRNA
gene sequencing and an extensive panel of biochemical
assays; compared to conventional methods, the overall accu-
racy of the Biolog system was 68.3% (25). The best perform-
ance was seen with the aerobic actinomycetes (100 versus
74% accuracy with 16S rRNA gene sequencing), while the
performance for fastidious Gram-negative rods was poor (20
versus 100%) (25). At least one study has also demonstrated
variable performance of the Biolog system for identification
of Gram-positive cocci (27).

The Sherlock microbial identification system (MIDI,
Inc., Newark, DE) has been available since 1991 and spun
out of a partnership between Hewlett-Packard Co. (now
Agilent Technologies) and the University of Delaware’s
Plant Pathology Department (www.midi-inc.com). The sys-
tem can identify a broad range of bacterial pathogens (ap-
proximately 1,500 species) using gas chromatographic analy-
sis of cellular fatty acids. The traditional method of
identification requires about 1.5 to 2 h perform. Organisms
to be tested are subcultured to specific media and incubated
for 24 h, and then a defined biomass is transferred to tubes for
fatty acid extraction before gas chromatography is performed
(29). The Sherlock software identifies organisms using quali-
tative and quantitative pattern matching of fatty acid
methyl esters (29). A more recently developed rapid system
for aerobes and anaerobes called Q-FAME requires less bio-
mass and less time (approximately 24 min), but it is not
FDA cleared. The Sherlock system is used as a reference
method in food microbiology, by environmental laborato-
ries, and in some clinical laboratories. Some users have
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expanded the manufacturer’s library by incorporating their
own strains over time, and this has been shown to enhance
identification and differentiation of genera such as Coryne-
bacterium (30). In 2005, MIDI received FDA clearance for
its aerobic bioterrorism library (http://www.midi-inc.com/).

The BIOMIC V3 is a digital imaging system that auto-
mates the reading and interpretation of disk diffusion tests
and the results of other commercial manual identification
and AST Kkits or tests. This system requires off-line incuba-
tion after which the user manually places the plate or test
onto the instrument. The BIOMIC is programmed to read
API panels, RapID tests (Remel), and Crystal panels (Bec-
ton Dickinson). It also automates the reading of Etest MICs
and broth microdilution panels (www.biomic.com).

Manual Kits, Assays, and Nonautomated Platforms

An array of kits, assays, and nonautomated platforms are
available for identification of a variety of common and
unusual pathogens. In many circumstances, these are used
to supplement automated systems for identification of fastid-
ious organisms that may fail to adequately grow in the panels
of those systems or as a backup for unusual or failed results.
These assays work on the principles of turbidity due to
growth of organism in the presence of a substrate. Table 3
contains the list of many of the more commonly used assays
stratified by the organism groups that they identify. It is
recommended that the interested reader contact manufac-
turers for the most up to date information regarding avail-
ability and performance.

PHENOTYPE-INDEPENDENT METHODS FOR
IDENTIFICATION

Phenotypic microbial identification can be limiting and is
often not rapid. MALDI-TOF MS is being adopted into
clinical microbiology laboratories as a rapid, cost-effective
method for identification of a wide range of bacteria and
fungi. For challenging organisms, nucleic acid-based meth-
ods may still be required, including broad-range DNA target
sequencing or arrays and organism-specific detection tech-
niques. Amplified DNA sequence-based methods do not
necessarily require optimal growth or even a viable microor-
ganism, enable data exchange between laboratories, and
may help define taxonomic relationships between microor-
ganisms.

PROTEOMIC IDENTIFICATION SYSTEMS:
MALDI-TOF MS (BASED IN PART ON
REFERENCE 31)

MALDI-TOF MS provides rapid, inexpensive identification
of bacterial and fungal colonies (32). MALDI stands for
matrix which assists in desorption and ionization of highly
abundant bacterial and fungal proteins through energy from
a laser (2). Although protein extraction may be performed,
the most user friendly approach is to test colonies directly
by moving whole cells from a bacterial or fungal colony
(using a plastic or wooden stick, loop, or pipette tip) to a
“spot” on a MALDI-TOF MS target plate (a disposable or
reusable plate with test spots) (Fig. 1). Spots are overlaid
with matrix (or first with a formic acid solution, which is
allowed to dry, and then with matrix) (33-36) and dried,
and the target plate is placed into a mass spectrometer
(Fig. 2). The matrix (e.g., 0-cyano-4-hydroxycinnamic acid
dissolved in 50% acetonitrile and 2.5% trifluoroacetic acid)
isolates bacterial or fungal molecules from one another,
protecting them from fragmentation and enabling their de-
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sorption by laser energy; the majority of the laser energy is
absorbed by the matrix, converting it to an ionized state.
As a result of random collision in the gas phase, charge
is transferred from matrix to microbial molecules; ionized
microbial molecules are then accelerated through a posi-
tively charged electrostatic field into a time of flight, or
TOF, tube. Inside the tube, which is under vacuum, the
ions travel toward an ion detector, with small analytes trav-
eling the fastest, followed by increasingly larger analytes; a
mass spectrum is produced, representing the number of ions
of a given mass impacting the detector over time. It is
highly abundant (predominantly ribosomal) proteins which
generate the mass spectrum. Although they are not individ-
ually characterized, together they provide a profile unique
to individual types of microorganisms, with peaks specific
to genera and species. Computer software compares the
generated mass spectrum to a database of reference spectra,
generating a list of the most closely related organisms with
numeric rankings. Depending on how high the value (per-
cent or score) of the top match is (and considering the next
best matches), the organism is identified at the family, genus,
or species level.

Commercial MALDI-TOF MS systems are available from
bioMérieux, Inc. (Durham, NC) and Bruker Daltonics, Inc.
(Billerica, MA). Another system, called Andromas (Paris,
France), is primarily used in France and will not be further
discussed. AnagnosTec (Zossen, Germany) marketed a mi-
crobial database called Spectral Archiving and Microbial
Identification System (SARAMIS) used with Shimadzu’s
AXIMA Assurance mass spectrometer (Shimadzu, Colum-
bia, MD), which bioMérieux acquired in 2010 and changed
the name to VITEK MS RUQO; bioMérieux then developed
a new database, software, and algorithms called VITEK MS
IVD (including a prerelease version of the VITEK MS v1.1
database, the v1 system/v1.1 database, the v2.0 system/v2.0
database and algorithms, and the v3.0 system/v3.0 database
and algorithms). The FDA-cleared platform is called Vitek
MS. VITEK MS Plus incorporates the VITEK MS and
SARAMIS v4.0 databases. The Bruker Biotyper system in-
cludes a mass spectrometer, software, and library. The FDA-
cleared platform is called the MALDI Biotyper CA System.
At the time of this writing, there are more published studies
using the Bruker than the bioMérieux system. The systems
differ in databases, identification algorithms, and instrumen-
tation. Numeric rankings, reported on different scales, are
not directly comparable. Bruker’s Microflex LT mass spec-
trometer is a desktop instrument, whereas bioMérieux’s is
a larger floor model.

Rapidly implemented progressive improvements in both
systems render it difficult to compare studies because of
diverse specimen preparations, organism test sets (i.e., en-
riched for unusual organisms or not), reference identifica-
tion methods, mass spectrometers, software, interpretive
guidelines, and databases. In general, the technology per-
forms at least as well as, if not better than, automated
biochemical systems for identification of common bacteria
and yeast (Table 4) and better for many unusual organisms
(37). Usually, organisms are either correctly identified or
yield a low score/percent, indicating that identification has
not been achieved; the latter typically implies no “match”
in the database but can occur due to technically poor prepa-
ration. Misidentifications are unusual but occur with closely
related organisms; Escherichia coli and Shigella species are
notably not well-differentiated by MALDI-TOF MS.

Richter et al. performed a multicenter study comparing
VITEK MS v2.0 to 16S rRNA gene sequencing (with sup-

plemental phenotypic testing as needed) for identification
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TABLE 3 Summary of nonautomated identification systems for bacterial identification available in 2013¢

Assay Manufacturer

Organisms targeted

Storage No.

temp(°C)  oftests Incubation

Systems for anaerobe identification

API 20A bioMérieux Anaerobes 2-8 21 24-48 h, anaerobic
BBL Crystal Anaerobe BD Anaerobes 2-8 29 4 h, aerobic
RapID ANA 11 Thermo Scientific (Remel) Anaerobes 2-8 18 4-6 h, aerobic
Rapid ID 32A bioMérieux Anaerobes 2-8 29 4 h, aerobic
Systems for Enterobacteriaceae and other Gram-negative bacilli
API 20E bioMérieux Enterobacteriaceae and 2-8 21 18-24 h, aerobic
nonfermenting Gram-negative
bacteria
API Rapid 20 E bioMérieux Enterobacteriaceae 2-8 20 4h
API 20 NE bioMérieux Non-Enterobacteriaceae 2-8 20 24-48 h, aerobic
API NH bioMérieux Neisseria species, Haemophilus 2-8 12 2 h, aerobic
species, Moraxella catarrhalis
BBL Crystal Enteric/ BD Diagnostics Enterobacteriaceae, some Gram- 2-25 30 18-20 h
Nonfermenter 1D negative nonfermenters
BBL Crystal Neisseria/  BD Diagnostics Neisseria species, Haemophilus 2-8 29 4h
Haemophilus ID kit species, other fastidious
organisms
BBL Enterotube 11 BD Diagnostics Enterobacteriaceae, oxidase-negative 2-8 15 18-24 h
Gram-negative rods
Microbact 12A, 12Eb Oxoid Enterobacteriaceae, miscellaneous 2-8 12 18-48 h
Gram-negative rods
Microbact 12B? Oxoid Supplements 12A for identification 2-8 12 24-48 h
of other Gram-negative rods
Microbact 24EP Oxoid Enterobacteriaceae and other Gram-  2-8 24 24-48 h
negative rods
RapID NF Plus Thermo Scientific (Remel) Nonfermenting and selected 2-8 17 4h
fermenting Gram-negative rods
RapID NH Plus Thermo Scientific (Remel) Neisseria, Haemophilus, Moraxella 2-8 13 4 h
RapID ONE Thermo Scientific (Remel) Enterobacteriaceae 2-8 19 4h
Systems for identification of Gram-positive cocci
API Staph bioMérieux Staphylococci and micrococci 2-8 20 18-24 h
RAPIDEC Staph bioMérieux Staphylococci 2-8 4 2 h, aerobic
API 20 Strep bioMérieux Streptococci and enterococci 2-8 20 4-24 h, aerobic
BBL Crystal Gram- BD Diagnostics Gram-positive organisms 2-8 29 18-24 h
positive ID kit
BBL Crystal rapid BD Diagnostics Gram-positive organisms 2-8 29 4h
Gram-positive 1D kit
RapID Staph Plus Thermo Scientific (Remel) Staphylococcal species 2-8 18 4h
RapID STR Thermo Scientific (Remel) Streptococci and other Gram- 2-8 14 4h
positive cocci
Systems for identification of Gram-positive bacilli
API Coryne bioMérieux Corynebacterium and 2-8 20 24 h, aerobic
corynebacteria-like organisms
RapID CB Plus Thermo Scientific (Remel) Coryneform bacilli (40 taxa) 2-8 18 4 h

“Compiled from: http://vgdusa.com/bbl-crystal-identification.htm; http://www.oxoid.com; thermoscientific.com/oxoid; http://www.biomerieux-usa.com/.
"The 12A and 12B are in a strip format; the 12E and 24E have microplate formats.

of 965 Enterobacteriaceae isolates representing 17 genera and
40 species (38). MALDI-TOF MS results agreed with the
reference methods for 96.7% of isolates, with 83.8% cor-
rectly identified to the species level, 12.8% limited to genus-
level identification, and 1.7% vyielding no identification.
Seven isolates had wrong genus identification, including
three Pantoea agglomerans isolates misidentified as Enterobac-
ter species and single isolates of Enterobacter cancerogenus,
Escherichia hermannii, Hafnia alvei, and Raoultella ornithinolyt-
ica misidentified as Klebsiella oxytoca, Citrobacter koseri, Obe-

sumbacterium proteus, and Enterobacter aerogenes, respec-
tively. Eight isolates were misidentified at the species level.
In general, the Enterobacter cloacae complex is accurately
identified using MALDI-TOF MS, although some species
within the complex may not be discriminated from one
another (39, 40). Mass spectra of Raoultella planticola,
Raoultella ornithinolytica, and Klebsiella oxytoca may be similar
(41). MALDI-TOF MS can identify Campylobacter species,
Arcobacter butzleri, Yersinia enterocolitica (42), and Aeromonas
species (43) and differentiate Capnocytophaga canimorsus


http://vgdusa.com/bbl-crystal-identification.htm
http://www.oxoid.com
http://www.biomerieux-usa.com/
thermoscientific.com/oxoid

4. Systems for Identification of Bacteria and Fungi B 37

FIGURE 1 MALDI-TOF MS workflow (from reference 2). A colony from a culture plate is
placed on a “spot” on a MALDI-TOF MS target plate (a reusable or disposable plate with a number
of test spots). One or many isolates is tested at a time. In this example, the Bruker Biotyper system
is shown. Cells are treated with formic acid on the target plate. Following drying, the matrix is
added (34). After drying of the matrix, the plate is placed into the mass spectrometer for analysis
(Fig. 2). A mass spectrum is generated and compared by the system’s software against a database
of mass spectra, resulting in identification of the organism (Candida parapsilosis in position A4 in

the example). Reproduced by permission of Mayo Foundation for Medical Education and Research.
All rights reserved. doi:10.1128/9781555817381.ch4.f1

from Capnocytophaga cynodegmi (44). Salmonella enterica
subsp. enterica serovar Typhi may be distinguished from
other S. enterica serovars, although typing within the genus
Salmonella is generally not possible (45). It may be possible
to identify Burkholderia cepacia complex members, including
Burkholderia cenocepacia, Burkholderia cepacia, Burkholderia
stabilis, and Burkholderia vietnamiensis (46). With database
enhancement, HACEK organisms (Haemophilus, Actino-
bacillus/Aggregatibacter, Cardiobacterium, Eikenella, Kingella;
47) and Legionella species (48) can be identified. Francisella
tularensis and Brucella species may be accurately identified;
however, the Bruker Biotyper library does not contain and
will not identify these organisms. Use of Bruker’s “Security
Relevant” database enables their identification (49).
Rychert et al. reported findings from a multicenter study
evaluating the Vitek MS v2.0 system for the identification
of 1,146 isolates of aerobic Gram-positive bacteria (50). For
92.8%, a single accurate, species-level identification was
provided. With MALDI-TOF MS; overall identification of
staphylococci (51), B-hemolytic streptococci (52), aero-
cocci (53), and enterococci is excellent. Some o-hemolytic
streptococci are problematic. S. mitis and S. oralis may be
poorly differentiated from S. pneumoniae, at least with the
Bruker system (54, 55); the VITEK MS system may over-
come this limitation (56, 57). While MALDI-TOF MS
reliably identifies viridans group streptococci to the species
group level, it may not be able to discriminate some closely
related species (58). Other streptococci, such as S. canis, S.
dysgalactiae, and S. pyogenes and S. infantarius, S. equinus,

and S. lutetiensis may not be well differentiated from one
another (33). Arcanobacterium haemolyticum and Rhodococ-
cus equi can be reliably identified, as can all but select closely
related Corynebacterium species (using lower score cutoffs
than recommended by the manufacturer) (59).

MALDI-TOF MS can be used to identify many clinically
relevant anaerobic bacteria (60, 61). Jamal et al. reported
species-level identification of 89 and 100% of 274 routinely
isolated anaerobic bacteria (enriched in Bacteroides fragilis)
using the Biotyper DB Update-V3.3 and the VITEK MS
vl system/v1.1 database, respectively (62). Identification of
more esoteric anaerobes, including Prevotella species, has
been successful in 83% of cases with user supplementation
of Bruker’s Reference Library 3.2.1.0 (63). Schmitt et al.
evaluated a diverse collection of 253 clinical anaerobic iso-
lates using the Bruker system and a user-supplemented data-
base; 92 and 71% of isolates were correctly identified to
the genus and species levels, respectively (64). Barreau et
al. tested 1,325 anaerobic isolates using the Bruker system
and correctly identified 92.5% to the species level (using
lower score cutoffs than recommended by the manufacturer)
(61). Garner et al. evaluated 651 anaerobic bacterial isolates
using the VITEK MS v2.0 system and reported correct
species-level identification in 91.2% (65).

A small number of studies have reported using MALDI-
TOF MS for mycobacteria, an endeavor which requires
special processing to kill tested bacteria (for safety), disrupt
clumped cells, and break down cell envelopes. Current
commercial libraries inadequately address Mycobacterium
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FIGURE 2 MALDI-TOF MS (from reference 2). The target
plate is placed into the mass spectrometer. Spots to be analyzed
are shot by a laser, desorbing microbial and matrix molecules
from the target plate. Charge is transferred from matrix to
microbial molecules, and the ionized molecules are accelerated
through a positively charged electrostatic field into the mass
analyzer, a tube under vacuum. The ions travel toward an ion
detector with the smallest analytes traveling fastest, followed
by progressively larger analytes. As ions emerge from the mass
analyzer, they run into the ion detector, thereby generating a
mass spectrum representing the number of ions hitting the
detector over time. Although separation is by mass-to-charge
ratio, since the charge is typically single for the described appli-
cation, separation is by molecular weight. Reproduced by per-
mission of Mayo Foundation for Medical Education and Re-
search. All rights reserved.
doi:10.1128/9781555817381.ch4.f2

species, but with appropriate library construction, MALDI-
TOF MS should be able to identify most clinically-
relevant species, with a few caveats. Members of the Myco-
bacterium tuberculosis complex will likely be identifiable
at the complex level only (66), and some species (e.g.,
Mycobacterium abscessus and Mycobacterium massiliense; My-
cobacterium mucogenicum and Mycobacterium phocaicum; and
Mycobacterium chimaera and Mycobacterium intracellulare)
may not be well differentiated from one another (66). With
enhanced databases, Nocardia species (67) may be identified,
but as with Mycobacterium species, specific extraction proce-
dures may be required.

MALDI-TOF MS can identify yeast (68), outperforming
some conventional phenotypic systems, and distinguishing
Candida dubliniensis and Candida albicans; Candida rugosa
and Candida pararugosa; Candida norvegensis, Candida krusei,
and Candida inconspicua; Candida parapsilosis, Can-
dida orthopsilosis, and Candida metapsilosis (69); and (with

database supplementation) Cryptococcus neoformans and

Cryptococcus gattii (70-72). Dhiman et al. evaluated the
Bruker system for identification of 138 common and 103
unusual yeast isolates and reported 96 and 85% accurate
species-level identification, respectively (73). Although
older studies used preparatory extraction for yeasts, we and
others have used a direct colony testing strategy with formic
acid overlay (Fig. 1) (34, 74). Westblade et al. performed
a multicenter study assessing the Vitek MS system v2.0
for identification of 852 yeast isolates, including Candida
species, Cryptococcus neoformans, and other clinically rele-
vant yeasts, using direct application to a target plate followed
by a formic acid overlay; 96.6% were identified to the genus
level and 96.1% to the species level (74). MALDI-TOF
MS may outperform current systems for esoteric species,
such as Candida famata (69).

Filamentous fungi exhibit variable phenotypes and pro-
tein spectra may vary with growth conditions and with the
zone of fungal mycelium analyzed; few are represented in
current commercial databases. De Carolis et al. developed a
library of Aspergillus species, Fusarium species, and Mucorales
using the Biotyper system and identified 97% of 94 isolates
to the species level (75). Using the VITEK MS v1 system/
v1.1 database and direct on-plate testing, Iriart et al. identi-
fied 82% of 44 Aspergillus isolates (including all isolates with
species in the database) (76). With appropriate database
building, dermatophytes can be identified (77, 78). Prelimi-
nary studies indicate that Pseudallescheria/Scedosporium com-
plex species are identifiable (79). Lau et al. used a special
fungal extraction procedure and their own mass spectral
database comprising 294 isolates representing 76 genera and
152 species to test 421 mold isolates; they achieved accurate
species- and genus-level identifications with 88.9% and
4.3% of isolates, respectively (80).

Turnaround time for MALDI-TOF MS is 3 or fewer
minutes per isolate. Compared to standard methods, turn-
around time for bacterial and fungal identification is shorter
by an average of 1.45 days (81), and since only a small
amount of organism is required, testing can be performed on
single colonies on primary culture plates without subculture.
MALDI-TOF MS has a low reagent cost (81), and compared
to conventional phenotypic identification and sequencing,
reduces costs by 5- and 96-fold, respectively (37). An esti-
mated 87% of isolates may be identified on the first day
(compared with 9% with standard techniques), with final
identifications several days earlier for biochemically inert,
fastidious, or slow-growing organisms (81). DNA sequenc-
ing expenses can be avoided for some esoteric organisms,
waste disposal decreased, and tests for screening for certain
enteric pathogens (e.g., triple sugar iron agar for Salmonella
species) and quality control and laboratory technologist
training/labor for replaced/retired tests eliminated (82, 83).

MALDI-TOF MS has several limitations. Unlike pub-
licly available sequence databases such as GenBank,
MALDI-TOF MS databases are proprietary. Although low
identification percentages for some organisms may be im-
proved by user addition of mass spectral entries of underrep-
resented species or strains (to cover intraspecies variability),
or even readdition of reference strain spectra to the database,
doing so may be beyond the capability of some laboratories.
Because of low scores/percentages, repeat testing may be
required for ~10% of isolates (81). Growth on some media
may be associated with low scores/percentages (84), and
small or mucoid colonies may fail identification (40, 85).
Refined criteria may be needed to distinguish closely related
species and differentiate them from the next best taxon
match (86). For certain species of organisms, genus- or
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TABLE 4 Evaluations of MALDI-TOF MS for routine bacterial identification (2)
Isolates % Identification to level:
S Period of c o Ref
ystem . ountry omparator eference
No. Type 15012‘@ Genus Species
collection
Bruker Biotyper 1,013 Bacteria 2 mo 99 97 France Phoenix, API, 94
Biochemical
Bruker Biotyper 468 Bacteria 3 mo 97 92 Japan MicroScan, AP, 95
Phoenix
Bruker Biotyper 2,781 Bacteria 1 mo 96 85 Australia VITEK2, API, 96
Biochemical
Vitek MS¢ 767 Bacteria 6 wk 95 87 France VITEK2 97
Bruker Biotyper 986 Bacteria 3 mo 96 93 Belgium Bruker Biotyper 1
compared to
Vitek MS
Vitek MSP 94 93

ay1 system/v1.1 database.
bPrerelease version of v1.1 database.

species-specific (including lowered) cutoffs may be appropri-
ate (51, 59, 87). Errors may occur, including colony inocula-
tion in erroneous target plate locations, testing impure colo-
nies, smearing between spots, failure to clean target plates,
and wrong result entry into laboratory information systems.
There is a learning curve to applying ideal colony amounts
to target plates (40). Although results are generally reprodu-
cible, sources of variability include the mass spectrometer,
matrix and solvent composition, technologists, culture con-
ditions, and biological variability; quality control strategies
are incompletely developed. Instrument (e.g., laser) and
software failure may occur.

GENOTYPIC IDENTIFICATION SYSTEMS
DNA Target Sequencing

DNA target sequencing may be performed on organisms
growing in pure culture. For a comprehensive review, refer
to articles and guidelines that specifically address this topic
(88, 89). The selection of DNA targets to identify bacteria
and fungi relies on the concept that some genes have con-
served segments flanking variable regions. Conserved re-
gions of gene targets are locations where PCR and DNA
sequencing primers anneal. Variable regions have unique
nucleotide sequences, enabling sequence-based identifica-
tion of a particular genus and species. The gene target most
commonly used for bacterial identification is the 16S rRNA
gene (16S ribosomal DNA), an ~1,500 bp gene that encodes
a portion of the 30S ribosomal subunit. Partial (500 bp)
16S rRNA gene sequencing is commonly used for sequence-
based identification of Gram-negative and Gram-positive
bacteria, anaerobic bacteria, and mycobacteria (88). For
genera with high conservation of the partially sequenced
16S rRNA gene, full-length 16S tRNA gene sequencing or
sequencing of an alternative DNA target may be useful.
Examples of alternative DNA targets for sequence-based
bacterial identification include rpoB (the B-subunit of bacte-
rial RNA polymerase), tuf (elongation factor Tu), gyrA or
ayrB (gyrase A or B), sodA (manganese-dependent superox-
ide dismutase), and heat shock proteins. Although alterna-
tive targets may provide better discrimination between spe-
cies than the 16S rRNA gene, because they are less
conserved, genus- or group-specific PCR and/or DNA se-
quencing primers may be required, and there may be less
available sequence data than exists for the 16S tRNA gene.

Potential targets for identification of yeasts and medically
relevant molds include the internal transcribed spacer re-
gions ITS1 and ITS2, which are variable regions located
between conserved genes encoding 18S, 5.8S, and 28S
rRNAs, and the D1-D2 region of 28S rRNA.

To identify the microorganism, its DNA sequence is
compared to reference sequences found in public (e.g., Gen-
Bank) and/or private (e.g., MicroSeq [Applied Biosystems,
Calrsbad, CA], SmartGene [Lausanne, Switzerland]) data-
bases. After comparing the query and reference sequences,
the number of nucleotide mismatches between the query
and reference sequences is used to determine relatedness,
and the final result is reported as percent identity. The
acceptable percent identity to identify a microorganism to
the genus or species level is variable and depends on the
DNA target and microorganism. 16S rRNA genes are mul-
ticopy targets in most bacteria, and variations in sequence
amongst 16S rRNA genes in single organisms can result in
difficultly interpreting sequence data. A computer program
called RipSeq Mixed (iSentio, Bergen, Norway) can be used
to computationally decatenate underlying sequences in such
cases. Nucleotide databases must be carefully evaluated for
accuracy, quality of sequence data, frequencies of database
updates, software, cost, and breadth of nucleotide entries.
The Clinical and Laboratory Standards Institute published
a comprehensive consensus document for identifying micro-
organisms to the genus and species levels by DNA target
sequencing; this document can serve as a useful guide for
laboratorians who wish to pursue or have already imple-
mented DNA target sequencing (88). In the future, whole-
genome sequencing will become more routine for clinical
laboratories, providing information about the diversity of
species, their virulence properties, epidemiology, and anti-
microbial resistance mechanisms, and disease causation.

PCR Electrospray lonization Mass Spectrometry

Another technique to characterize bacteria is the applica-
tion of electrospray ionization-MS to analyze PCR products
(PCR/ESI-MS) (90-92). Rather than measuring the mass
of bacterial proteins, masses of amplified DNA from broad-
range (e.g., rRNA) and specific genes are measured. The
masses of amplified DNA are measured with sufficient accu-
racy to enable unambiguous calculation of the nucleotide
compositions of the amplified DNA. Typically, a number
of PCR assays are performed and analyzed as a panel. By
considering which PCR assays yield amplification products,
along with their nucleotide compositions, the identity of
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the microorganism may be defined. This is conceptually
similar to broad-range PCR followed by sequencing, except
that here MS provides the base composition without know-
ing the order of the nucleotides. Analyzing multiple target
sites on the microbial genome can compensate the lower
information content of nucleotide composition over se-
quence. Simner et al. recently evaluated the PLEX-ID Broad
Fungal assay (Abbott Laboratories, Abbott Park, IL) for
identification of 91 characterized fungal isolates; 95.6% and
81.3% were identified to the genus and species levels, respec-
tively (93). The advantage of PCR/ESI-MS over sequencing
is that it is fast and has a high throughput; however, it is
currently quite costly. PCR/ESI-MS is being developed as
IRIDICA by Abbott (Abbott Park, IL).
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Automation and Design of the Clinical Microbiology

Laboratory
CHRISTOPHER D. DOERN AND MARTIN HOLFELDER

Clinical microbiology laboratories (CML) are central to the
operations of any health care system and take many different
forms depending on the type of system they serve. There is
no one right way to design a laboratory because appropriate
design will be dictated by the space available, staffing re-
quirements, services provided, test volume, and many other
factors. Despite institution-to-institution differences in lab-
oratory design, a few elements should be common to all
laboratories.

First, the laboratory should be a safe environment for
employees and visitors. The microbiology laboratory can be
a dangerous environment, as the diagnosis of infectious
diseases often requires that pathogens be propagated to high
concentrations and processed for identification. Laboratory
design should be optimized to ensure that the diagnostic
process can take place as efficiently and safely as possible.
Guidance for safely operating and designing a laboratory
can come from many resources. The Centers for Disease
Control first published the Biosafety in Microbiological and
Biomedical Laboratories in 1984. Although the information
provided in this document is advisory in nature, legislation
and regulations have in some cases made compliance with
this document mandatory (1). At baseline, all CMLs must
meet biosafety level 2 criteria and, depending on the services
rendered and pathogens encountered, may need to meet
biosafety level 3 criteria (1).

Second, laboratories should be designed to efficiently
handle specimens from initial processing to final result with-
out contaminating the specimen or culture. The efficiency
with which a specimen can be processed is an increasing
challenge as the centralized laboratory model becomes more
common. In these models, a central laboratory provides
testing for external institutions that ship specimens to a
single location. This model helps to reduce redundancy of
resources but at the possible expense of testing efficiency.
The time and manner of transport within a hospital and
within a system should be considered when designing a
laboratory so as to optimize turnaround time (TAT) and
reduce contamination.

Third, laboratories should be designed so that their con-
figuration can be flexible and accommodate emerging tech-
nologies and changing demands.

The goal of this chapter is to provide information regard-
ing the proper design of a laboratory, bearing in mind that
each institution requires something different from its labora-

1%

tory. Microbiology is rapidly changing and so too are the
spatial and geographical demands placed on facilities. The
chapter is presented in two sections. The first will focus on
laboratory design and workflow. This section will focus on
some key elements of laboratory design, including the geog-
raphy of a laboratory (i.e., where testing is performed),
preanalytical considerations, staffing strategies, workflow,
process improvement, and clinical impact. The second will
address a new and important subject for clinical microbiolo-
gists, laboratory automation. Some historical perspective
will be provided along with a discussion of currently avail-
able options for laboratory automation and considerations
for implementation.

GEOGRAPHY OF THE LABORATORY

Almost every clinical service is a customer of the laboratory.
It is therefore critical that the laboratory be well connected,
both electronically and physically, to the facilities for which
it provides testing. A wide variety of laboratory information
systems (LISs) and electronic medical records can be found
among institutions. These systems are now a vital compo-
nent of laboratory testing and will likely become even more
important as digital microbiology and total laboratory auto-
mation (TLA) become more common. A review of these
numerous systems is beyond the scope of this chapter. The
Association for Pathology Informatics provides a toolkit
which can be used to assess currently available LISs (http://
www.pathologyinformatics.org/toolkit).

In any health care setting, but especially teaching hospi-
tals, convenient access to the laboratory is an important
factor that encourages physicians and trainees to interact
with the hospital directly. It is difficult to quantify the
clinical benefit of this interaction, but most microbiologists
and infectious disease practitioners agree that being able to
readily access the laboratory for personal consultation is of
great benefit.

Clearly, there can be real advantages to locating a labora-
tory within the hospital it serves. However, there can be
significant benefits to the centralized model as well. The
primary advantage is one of scale. Centralizing a laboratory
service, while cumbersome from the perspective of specimen
transport, simplifies spatial, technological, and staffing
needs. By centralizing services, laboratories can focus all
of their resources in a single area, thus minimizing the
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significant costs of maintaining redundant laboratory infra-
structure in external laboratories. Furthermore, in an age
where more laboratorians are retiring than entering the
work force, highly skilled expertise can be hard to find (2).
Where expertise is sparse, centralization allows for many
laboratories to take advantage of the skills of the very few.
For example, in the United States, parasitic disease is rare.
The diagnostic methodology of choice for most parasitic
gastrointestinal disease (other than Cryptosporidium and Gi-
ardia spp.) is a microscopic ovum and parasite exam. This
testing is time-consuming and difficult to maintain pro-
ficiency due to low prevalence. Many laboratories have
realized they can no longer justify performing this testing
in-house because they simply don’t have the expertise. As
a result, it is estimated that nearly 60% of laboratories in
the United States currently send their ovum and parasite
exams to a reference laboratory (3).

LOCATION OF TESTING

Traditional models of laboratory structure, where the ana-
lyte, rather than the test method, dictated the location of
a given test, are now being challenged. There are many
examples of infectious disease testing that now occur in
the clinical chemistry lab or point-of-care tests that are
performed in the Emergency Department rather than in the
CML. As diagnostic methods are simplified, it is possible
that home testing will become more common.

INFECTIOUS DISEASE TESTING IN THE
CHEMISTRY AND CORE LABORATORIES

Technology continues to advance and simplify the perform-
ance of testing. Many tests that had previously existed in
one section of the lab can now be moved to the location
of greatest convenience. A good example of this phenome-
non is the simplification of molecular testing. Instruments
like the GeneXpert (Cepheid, Sunnydale, CA) and the
FilmArray (Biofire Diagnostics, Inc., Salt Lake City, UT)
have reduced molecular biology to simple specimen manipu-
lation. It is no longer necessary to have skilled molecular
biologists performing these tests. This allows institutions to
consider relocating testing to a section of the laboratory that
may not have previously been an option. Some microbiology
laboratories are not staffed 24 h/day, 7 days/week (24/7),
and in those scenarios, these “walk-away” molecular tests
could be moved to a section of the laboratory that could
handle them around the clock if necessary.

Deciding on the location of point-of-care testing (POCT)
can be a contentious and controversial process. Traditionally,
microbiologists have resisted requests to allow nonlaboratori-
ans (such as Emergency Department providers) to perform
POCT on the grounds that testing personnel will not adhere
to the rigorous standards of protocol and quality control (QC)
utilized by trained laboratory staff. In addition, it is sometimes
the case that nonlaboratory departments do not fully under-
stand the complexities of performing even a technically un-
complicated test. Tasks such as proper ordering, resulting,
competency and proficiency testing, and inventory manage-
ment must be considered when determining whether nonla-
boratory departments should perform POCT. In cases where
this is allowed, a rigorous system to monitor the quality of
testing should be put in place. In addition to these practical
matters, regulatory considerations may also dictate who can
perform tests and where testing can be performed.
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One advance that has greatly improved the ability to
perform high-quality POCT outside the laboratory is instru-
ments that autoverify results. In some cases, these instru-
ments can be programmed for QC lockout, automated result
interpretation, and autoverification of results. These instru-
ments aid busy individuals in reading results at the appropri-
ate time and automatically sending the information to the
information management system. Lastly, the QC lockout is
a function that forces proper QC testing by locking the
instrument until QC is performed and passed.

PREANALYTICAL MICROBIOLOGY

A critical aspect of laboratory operations is the interaction
with the client. Interactions include ordering, specimen
tracking, and result reporting, all of which should be deliv-
ered electronically. The most obvious interaction with a
laboratory involves specimen transport. There are three
main forms of specimen transport utilized: manual, pneu-
matic tube, and robotic. Hospitals with internal laboratories
commonly rely on a combination of all three transport
modalities, although for most specimens, pneumatic tubes
are often preferred. Transportation is a much bigger chal-
lenge for the centralized laboratory model. This applies both
to commercial reference laboratories and to hospital systems
which serve a network of external clients. Efficient transport
of specimens is imperative to providing reliable and accurate
results. With labile pathogens present in specimens that
constitute less-than-ideal environments for maintaining or-
ganism viability, minimizing specimen transport time is crit-
ical. Although there is surprisingly little literature addressing
the importance of specimen transport time, Table 2 in chap-
ter 18 of this Manual provides guidance on the matter. Table
2 recommends that specimens such as cerebrospinal fluid,
blood culture bottles, abscess material, and body fluids all
be transported (collection to processing) in less than 2 h
(4). In scenarios where specimens must be transported to
distant laboratories, whether across town or across the coun-
try, it would seem unlikely that these recommendations
could be met. In light of this fact, some laboratory systems
have elected to inoculate and preincubate select, high-prior-
ity cultures (such as cerebrospinal fluid) so they can be
transported at regular intervals rather than on a STAT
basis. Organism viability is one reason that minimizing
transport time is critical. A secondary reason is simply that
results can be provided faster when specimens are trans-
ported efficiently.

STAFFING MODELS

The most important resources in a CML are the personnel
that perform testing. It is well documented that there is a
shortage of skilled medical technologists entering the field.
It is estimated that 39% of United States laboratories have
budgeted openings, with 57% of those openings being for
medical technologists (MT) or clinical laboratory scientists
and 14% for medical laboratory technicians (MLT) (2). It
is also estimated that laboratories must hire approximately
12,000 new employees annually to keep up with test volume
growth. However, training programs are disappearing and
only about 5,000 medical technologists enter the field each
year. As a result, institutions utilize a number of different
staffing models to optimize the effectiveness of their work-
force.

Most laboratories break down their workday into three
8-h shifts which generally include a daytime, early evening,
and night shift. Another approach is the “7 on, 7 off” or
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“8 on, 6 off’ schedule in which employees work 7 or 8
straight days of 10-h shifts and then get 7 or 6 days off,
respectively. It is not uncommon for laboratories to use a
combination of 8- and 10-h shifts to cover the workload.

In many laboratories, the majority of staff are deployed
to the first shift where most of the high-complexity testing
is conducted. Second and third shift staff in this model may
help to complete daytime work but will in many cases be
responsible for performing only Gram stain interpretation
and STAT laboratory functions.

An alternative approach to the traditional model is
24/17 staffing. In these laboratories, staffing is evenly distrib-
uted throughout the day and cultures are read continuously.
The idea for this model was born out of lean/Six Sigma
analyses which observed that some cultures were ready to
be read during evening and night shifts. It followed that
the TAT was unnecessarily delayed when these cultures
weren’t attended to until the following morning. In the
24-h staffing model, cultures are first read approximately
16 to 20 h after inoculation. Benches can then be subdivided
by time of reading rather than by patient last name or by
specimen source.

There is a paucity of peer-reviewed literature addressing
the effectiveness of this approach. However, at least one
lab has shared its experience with 24-h culture reads and
shown that TATs are improved by almost 24 h for positive
cultures (5). Some other benefits from this experience ap-
pear to be that work is more evenly distributed throughout
the day. As a result, the morning shift staff do not get
overwhelmed by cultures that have accumulated overnight.
Lastly, there may also be some financial benefit in both
staffing and supply expenses (J. Campos, personal communi-
cation).

There are some significant challenges to implementing
24/7 culture reading. It may be difficult to find experienced
technologists to work on evening and night shifts. Employee
turnover is typically higher on these shifts and may make
it difficult to maintain trained personnel. Likewise, these
shifts are generally unsupervised and without medical direc-
tion. Laboratories will want to ensure that they have the
same resources for troubleshooting and guidance as are avail-
able during day shifts. Another consideration is whether
the laboratory will be over-functioning by moving to 24/7
culture reading. Will results released during off-shifts be
acted upon? Lastly, change management when moving to
24/7 microbiology will pose a significant challenge. Labora-
tories may experience resistance when moving from tradi-
tional to 24/7 microbiology.

STAFF TRAINING LEVEL

Laboratory staff can have various levels of education and
experience which dictate the tasks they can perform. Be-
coming an MT (also referred to as a clinical laboratory
scientist, biomedical scientist, or medical laboratory scien-
tist) generally requires a bachelor’s degree in medical tech-
nology or in a science such as biology or chemistry. MT
programs are usually offered through a university and in-
volve hospital setting internships, and some states may
require that MTs pass an exam to be licensed. MTs are
qualified to perform complex testing and analyses, including
direct specimen microscopy, culture interpretation, organ-
ism identification, and susceptibility testing, to perform
high-complexity molecular testing, and to supervise others.
MTs are expected to understand the underlying scientific
principles of laboratory testing as well as the causes of disease
and the importance of test selection (6).

An MLT is defined as someone who has a working com-
prehension of technical and procedural aspects of laboratory
tests. The technician correlates tests with disease processes,
understands basic physiology, and recognizes abnormal test
results (6). The tasks that can be performed by MLTs will
vary by institution but generally include quality assurance
monitoring, computer applications, and instrumentation
troubleshooting and require an understanding of specimen
collection and processing. The American Society of Clinical
Pathologists states that a technician may make technical
decisions related to testing but should be supervised by a
technologist, supervisor, or laboratory director. MLTs usu-
ally have an associate degree from a community or junior
college or a vocational school. MLTs may become MTs
through additional education and experience.

Medical laboratory assistants are individuals who receive
on-the-job training and may have specialized education,
but that is not required. The primary task of the medical
laboratory assistant is specimen processing and using preana-
lytical systems. These professionals must have in-depth
knowledge of specimen acceptability.

WORKFLOW

Batch Versus Immediate Testing

The organization of workflow and the selection and extent
of batching procedures depend on several factors. Specimens
that have direct diagnostic or therapeutic consequences can
be batched only to a limited extent. When analytical process
automation is involved to a high degree, specimens can be
combined in larger series. The effects on TAT must be deter-
mined and accordingly taken into consideration. It should
also be determined when the findings should be made avail-
able to the clinician. When the above conditions are met,
the ideal size of a batch can be determined on the basis of
the number of specimens, specimen type, time allotted for
transport, distribution of specimens after arrival at the labora-
tory, desired tests, and selected laboratory equipment. The
effects of an order entry system or the various options of digital
transmission of the findings must also be taken into account.

The use of matrix-assisted laser desorption—ionization
time of flight (mass spectrometry) (MALDI-TOF [MS]) and
molecular methods for organism identification can shorten
the TAT (7). Identification using MALDI-TOF (MS) is
possible with only a single colony from the primary culture,
and fewer subcultures are needed to obtain a pure culture.
It thus becomes possible to identify bacteria 1 to 2 workdays
earlier than with current phenotypic methods (8, 9). The
TAT can be further shortened by changing the reading
intervals for the culture plates. Instead of reading the plates
only at a fixed time, traditionally in the morning, they could
also be read at regular intervals in the afternoon and/or
evening. This is particularly true for specimens arriving at
the laboratory in the afternoon or evening. Batching the
specimens according to the above reading modalities and
deploying staff as described above make it possible to maxi-
mize laboratory efficiency.

Introduction of digital image processing into diagnostic
microbiology offers new opportunities for organizing work-
flows and shortening TAT. Reading plates digitally results
in earlier recognition of colony growth. Consequently, sub-
sequent identification and susceptibility testing can be ac-
celerated. The pictures of the plates are taken at individually
defined intervals and times for further processing. The com-
puter can be supportive in preselection of culture-negative



plates. The plates showing growth are sent through further
diagnostic procedures. Imaging technology can detect even
the smallest of colonies, which are difficult for the human
eye to differentiate. Chromogenic media for diagnosing
multidrug-resistant organisms such as methicillin-resistant
Staphylococcus aureus, vancomycin-resistant enterococci,
and multidrug-resistant Escherichia coli, Acinetobacter spp.,
or Salmonella spp. are particularly suitable for imaging tech-
nology, since results of the cultures can be documented
earlier. Adapting work hours to conform to the above proce-
dures should be considered. Incubation and digital image
processing can also be applied to manually inoculated plates.
The benefits of automation can be put to full use by batching
the specimens for the process described.

The rapid development of easy-to-use molecular diagnos-
tic test systems for detecting pathogens like methicillin-
resistant S. aureus, Clostridium difficile, enterovirus, and re-
spiratory viruses has led to progressively smaller batch sizes.
Batching specimens for such tests would thwart the advan-
tages of these systems (e.g., time savings and easy handling).

Role of Process Improvement

Economic pressure and new approaches in the domain of
laboratory automation, as described below, open up opportu-
nities for reconsideration and possible revision of the entire
laboratory process.

Potential areas for improvement range from analyzing
and developing solutions for the current laboratory situa-
tion, concerning workflow, staff utilization, and certain se-
lected methods, up to introducing entirely new laboratory
concepts and equipment. Changes in these areas can lead
to increased capacity and flexibility within the laboratory
and enable it to deal with unforeseen or planned increased
numbers of specimens for processing. Another reason for
evaluating the entire laboratory organization is to compen-
sate for a dwindling laboratory work force. For instance, in
Germany, the number of graduates from schools for medical
technologists decreased from 2,273 between 1994 and 1995
to 1,471 between 2009 and 2010 (10).

The following steps should be taken to achieve sustained
optimization. First, a list of laboratory processes should be
compiled. Then an implementation plan should be drawn
up. The plan should describe the individual steps: the neces-
sary resources, organization, productivity, target TAT, and
ways to deal with additional workload. Sustainability of the
new process is achieved by regularly and closely tracking the
implemented changes and by monitoring them to determine
whether or not objectives have been achieved.

The entire process should be preceded by a comprehen-
sive informatory phase: visits to other laboratories and ex-
changes with colleagues. One can also seek the advice of
external consulting firms. Manufacturers of medical equip-
ment for diagnostic purposes also offer concepts. These firms
provide a baseline evaluation and analysis of the laboratory’s
equipment in its entirety, including the work organization
and the work processes, the stock of devices, and the com-
puter systems and their usage. The proposed solutions gener-
ally lead to a greater degree of automation, which, along with
potentially recommended middle software, provide better
coordination of the devices and processes. Various methods
for process analysis and optimization are being used in this
context. The methods have been adopted from the automo-
bile and shipping industries and are based on presentations
from lean management and Six Sigma.

The lean management method originates from the auto-
mobile industry and was first used by Toyota. The aim was
to identify all of the characteristics that enhance the value
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of the company and increase customer satisfaction. At the
same time, superfluous activities and processes were to be
discontinued. Lean management as it pertains to health
care can be described in four components: (i) methods for
analyzing processes, and thereby identifying and analyzing
problems; (ii) methods for designing processes more effec-
tively and efficiently; (iii) methods for better detecting
errors, implementing solutions, and preventing damaging
effects; and (iv) methods for managing these changes and
problems and for finding solutions using a scientific ap-
proach (11).

A practical example is the implementation of lean man-
agement using the concept of the five Ss: exclusively, very
necessary materials are allowed in the work area (sorting),
the entire laboratory area is straightened up and each piece
of working equipment is assigned its own designated place
(straightening), the area is cleaned systematically on a regu-
lar basis (sweeping), the processes in the laboratory are
standardized (standardizing), and sustainability is achieved
through regular evaluation and analysis of these processes
(sustaining).

The aim of the Six Sigma method is to reduce process
variance and simultaneously reduce errors and deviations
in the analysis to a minimum. This is achieved through
implementation of control mechanisms that link workers,
work processes, quality requirements, responsibilities, and
costs. The method was developed in the 1970s in Japan for
the shipbuilding industry and is used today in many branches
of industry worldwide. Six Sigma is based on statistical
methods for quality improvement aimed to increase organi-
zation success and customer satisfaction. The most fre-
quently used Six Sigma method is the so-called DMAIC
cycle (define, measure, analyze, improve, and control).
Using DMAIC, processes become measured variables, which
can be improved in a sustainable manner. The sigma value
describes how often an error is expected to occur. The best
sigma value in use is 6; this signifies that fewer than 3.4
defects or errors per million opportunities (DPMO: defects
per million opportunities) are expected to occur. A sigma
value of 1 for laboratory processes would signify that 691,462
defects are expected to occur per million analyses. A labora-
tory implementing Six Sigma was able to increase its sigma
value from 3.9 (7,210 DPMO) to 4.5 (1,387 DPMO) (12).

The methods described above are used in various combi-
nations to improve the laboratory organization as part of
the optimization process and the implementation of high-
grade automation. There are a number of publications on
this subject that describe how this process can be applied
successfully in many sectors of health care (11, 13-19).
Rutledge et al. demonstrated in a clinical laboratory a de-
creased walk pattern for technologists by 70% and a mean
TAT reduction of more than 50% for creatinine, complete
blood count, urine analysis, and ionized calcium after imple-
menting lean management and Six Sigma (13). Persoon
et al. used the lean production system from Toyota to im-
prove the preanalytic processes in a clinical chemistry labo-
ratory (20). The median preanalytic processing time was
reduced from 29 to 19 min. Overall, these process improve-
ment systems promise to increase staff efficiency and reduce
costs and errors with the ultimate goal of improving patient
outcomes.

LABORATORY AUTOMATION: HISTORICAL
PERSPECTIVES

The microbiology laboratory has changed very little over
the past 30 years with respect to laboratory automation.
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The field, though, is now poised to undergo a shift to auto-
mate what has traditionally been a very manual discipline.
Despite the fact that clinical chemistry laboratories adopted
TLA over 20 years ago, the concept has been slow to be
accepted in microbiology (21). A number of factors have
contributed to the delay in automating clinical microbiology
laboratories.

First, the complexity of the microbiological specimen has
hindered the development of TLA solutions. The clinical
chemistry specimen is of relatively uniform volume and
consistency and, perhaps most importantly, is collected in
standardized containers. These factors are conducive to au-
tomation and are in sharp contrast to the specimen received
in CMLs. The CML must be able to process and analyze
an enormous variety of specimen types which are collected
in highly variable containers.

Second, the nature of diagnosing an infectious disease
is complicated by nonspecificity of clinical manifestations.
The diagnostic process must therefore include testing for a
large number of pathogens, and automated platforms must
be able to accommodate this reality. Artificial intelligence
programs may one day be able to replicate the complex
interpretations required by microbiology technologists. Cur-
rently, though, culture interpretation requires human judg-
ment and cannot be automated.

Third, the cost of automation is a significant barrier
to entry into the CML. Relative to chemistry testing,
microbiology specimen volumes are much smaller, thus
reducing the need for automation and making for less
appealing returns on investment. However, the high-
volume, centralized laboratory model is becoming common
and may be an attractive setting for automation. How
these systems will fit into the smaller laboratory is yet
to be determined.

CURRENT SYSTEMS FOR MICROBIOLOGY
LAB AUTOMATION

Organism Identification and Susceptibility Testing

Microbiologists have a number of different options for per-
forming organism identification and susceptibility testing.
Susceptibility testing systems are reviewed in chapter 72 of
this Manual. MALDI-TOF (MS) is a technology capable
of providing identifications based on assessment of protein
profiles and database comparison. In actuality, these systems
are semiautomated, although they currently require signifi-
cant manual manipulation prior to analysis. The two major
platforms for MALDI-TOF (MS) organism identification
are the Vitek MS (bioMérieux) and the Biotyper (Bruker
Daltonic, Billerica, MA). These are discussed in more detail
in chapter 4.

Molecular Automation

Traditional molecular biology is a tedious and labor-inten-
sive process requiring experience and great care to prevent
contamination. The future of molecular biology is going to
look very different as manual molecular processes are being
automated and consolidated into single systems. These sys-
tems are commonly referred to as being “sample-to-answer”
or “walk-away.” In addition to fully automated systems,
a number of manufacturers offer automated nucleic acid
extraction platforms. Discussing each product individually
is outside the scope of this chapter.

Automated molecular testing platforms are reviewed in
chapter 6 of this Manual.

Automated Specimen Processing

Automated inoculation of clinical specimen has been the
center of research and development for several years (22).
Just recently, these devices became available on the market.
Automation of microbiological specimen processing prom-
ises to improve the quality of the streaking process, avoid
cross-contamination, alleviate ergonomic issues, and reduce
processing time and costs. It is expected that the automated
streaking process will be reproducible and reliably yield
isolated colonies. This will reduce the number of subcultures
necessary for identification and susceptibility testing. Avail-
able devices have been scientifically evaluated in only a
few cases (23-26). The systems usually process swabs in
liquid transport media such as E-Swab (Copan Diagnostics,
Murrieta, CA) or Sigma swab (Medical Wire, Corsham,
United Kingdom). These swab systems consist either of an
open-pore polyurethane foam tip and a modified Amies
medium (Sigma swab) or a nylon flocked swab with Amies
medium (E-Swab). These systems lead to a significantly
improved transition of microorganisms from the swab to
the transport medium and allow better evaluation of the
microorganisms from the Gram stain (20, 25). Swabs in
solid or half-solid transport media can only be processed in
semiautomatic devices. The devices available are divided
according to different inoculation techniques using the loop,
comb applicator, or bead technique. In Table 1, the auto-
mated inoculation systems are compared regarding specimen
type processed, inoculation technique, capacity (inoculated
plates/hour), and additionally required disposables.

Innova

Innova (Becton Dickinson, Sparks, MD) has five specimen
drawers that can accept a total of 200 specimens. A specimen
drawer can only accept one type of specimen at a time. The
specimens are decapped and recapped automatically and
agitated. Up to 270 whole plates as well as biplates of up
to six different types can be loaded simultaneously into the
device. The streaking pattern can be defined according to
the material and selected from a variety of streaking options.
The inoculating loop is thermally sterilized. Each loop can
be used for up to 15,000 inoculations. For inoculation vol-
umes of 200 ul, a pipette is available. The inoculated plates
are sorted according to the type of media into five different
groups. The device is a closed system, containing air that
is cleaned by a HEPA filter system.

InoqulA FA/MI

InoqulA (BD-Kiestra) FA/MI (full automation/manual in-
teraction) can process liquid media in FA mode, and swabs
or other types of specimen in MI mode. A barcode is at-
tached to the side of the plates. In MI mode, the swab or
the material to be inoculated is placed manually on the
agar plate and streaking is performed with magnetic beads
as in FA mode. Slides are prepared in MI mode. Processing
can be carried out in MI mode or in FA mode but not
in both simultaneously. In FA mode, the specimens are
automatically agitated as well as decapped and recapped. A
magnetic rolling bead (Fig. 1) is used for streaking, and a
maximum of five whole plates or biplates can be inoculated
at one time. The streaking pattern can be either selected
from a variety of patterns or defined by the customer for
each material. The inoculated plates can be presorted into
four different cassettes for incubation. The system is
equipped with a HEPA filter system.



TABLE 1 Automated inoculation systems
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Instrument (manufacturer) Specimen type

Inoculation
technique

Capacity (no. of
inoculated plates
according to
manufacturer)

Additionally required
disposables

Innova (BD-Diagnostics, Liquid-based specimen

Sparks, MD)

InoqulA FA, MI (BD-Kiestra Liquid-based specimen (FA); Bead

B.V,, Drachten, The
Netherlands)
PREVI Isola, (bioMérieux,
Marcy IEtoile, France)
WASP (Copan Italia Spa,
Brescia, Italy)

swab specimen (MI)
Liquid-based specimen

Liquid-based specimen

Loop (1, 10,30 ul)  180¢

Comb applicator 180°

Loop (1, 10, 30 pl) —*

None; for volumes >200 pl,
pipette
4004 Pipette, bead

Pipette, comb

None

4Capacity depends on the number of inoculated plates or biplates per specimen and chosen streaking pattern.
b capacity depends on the number of inoculated plates or biplates per specimen.

PREVI Isola

PREVI Isola (bioMérieux, Marcy I’Etoile, France) has five
racks designed for various types of specimen. A rack can
accept only one type of specimen container at a time. How-
ever, the device only processes liquid media. Whole plates
and biplates can be loaded into five input cassettes, each
of which can accept 30 plates. The specimens must be
decapped and recapped manually. The type of streaking
pattern is predefined by the comb applicator (Fig. 2). The
inoculated plates are stored in three output cassettes (30
plates/cassette). A HEPA filter system is provided.

WASP

The WASP (walk-away specimen processor; Copan) pro-
cesses various specimen types; the specimens are auto-
matically decapped and recapped as well as agitated or
centrifuged. Between 342 and 370 whole plates and
biplates can be stored in up to nine-plate silos; only one
plate type should be used per silo. The streaking pattern
can be selected from a variety of options. The inoculating
loop is thermally sterilized. The inoculum in the loop is
documented per photo. An agar plate can be inoculated
one-half each with two different specimens. The inoculated
media are sorted according to the plate type. The plates
are labeled on the side or on the base. Gram slide
preparation, inoculation of enrichment broths, and an
antibiotic disk dispenser for susceptibility testing are avail-

able. Cultured plates can be reloaded in the WASP for

FIGURE 1 InoqulA magnetic bead.
doi:10.1128/9781555817381.ch5.f1

disc diffusion susceptibility testing. The WASP is equipped
with a HEPA filter system.

Total Laboratory Automation

TLA in microbiology aims to improve quality, reduce time
to result, better manage an increasing number of specimens,
compensate for reduction in skilled staff, and be more eco-
nomically effective (27-30).

Three companies provide different solutions for TLA in
microbiology: BD-Kiestra, bioMérieux, and Copan. The
field is evolving quickly. More methods and devices are
expected to be automated in the near future. These include
automated colony picking for MALDI-TOF MS identifica-
tion and preparation of dilutions for susceptibility testing.

BD-Kiestra TLA Concept

The BD-Kiestra TLA Concept is a conveyer-connected sys-
tem (Fig. 3). This system comprises the following work steps:
inoculation of liquid specimen as well as swabs and other
nonliquid specimens using InoqulA, incubation in aerobic
and CO, atmospheres, and digital imaging. Each incubator
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FIGURE 2 PREVI Isola-inoculated agar plate.
doi:10.1128/9781555817381.ch5.f2
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FIGURE 3 BD-Kiestra TLA with barcoding, inoculation (InoqulA) (depth, 93.5 cm; width,
417.2 cm; weight, 770 kg), and incubation (ReadA) (depth, 164.0 cm; width, 87 cm; weight, 430—

730 kg). doi:10.1128/9781555817381.ch5.f3

has a capacity of 1,152 plates. The plates are stored individ-
ually in the incubator. Automated colony picking for identi-
fication with MALDI-TOF (MS), automated susceptibility
tests, and expansion with molecular diagnostics equipment
(BD-Max) are in the planning stage. Actual concepts are
individualized with respect to the size and capacity of the
installation. In this way, the laboratory can gradually ap-
proach full automation and remain open for future develop-
ments.

bioMérieux Concept FMLA

The bioMérieux Concept FMLA (full microbiology lab au-
tomation) (Fig. 4) is a modular design. The instruments are
connected and regulated by the middle software Myla. This
system automates the following processes: inoculation of
fluid specimen on agar plates using PREVI Isola, incubation
in aerobic and CO, atmospheres, and digital imaging in a
smart incubator system. An incubator has a capacity of

cc€l

=

1,000 plates with single-plate location. These instruments
can be connected by a conveyor system. At present, mea-
sures are being taken to automate the colony picking from
agar plates for identification using MALDI-TOF (MS) and
susceptibility testing. Additional instruments can be con-
nected to the system using the middle software Myla. These
include blood culture systems, Gram-staining devices, Vitek
2, and others.

WASP Lab

The WASP Lab (Copan) (Fig. 5) is a modular construction
and connects the individual machines through a conveyer-
connected system. The system processes smears, sputum,
stool, and liquid samples. It includes specimen processing
with the WASP, incubation in aerobic and CO, atmo-
spheres, and digital imaging. An incubator has a capacity
of 800 to 1,760 plates with single-plate location. Preparation
is being made to incorporate identification (using MALDI-

FIGURE4 FMLA, bioMérieux, smart incubation unit (depth, 145.7 cm; width, 128.0 cm; weight,
850 to 950 kg); PREVI Isola (depth, 90.7 cm; width, 144.5 cm; weight, 298 kg).

doi:10.1128/9781555817381.ch5.t4



5. Laboratory Design and Workflow B 51

FIGURE 5 WASPLab, Copan: WASP (depth, 119.1 cm; width, 194.9 cm; weight, 700 kg);
double incubator (depth, 83.0 cm; width, 174.0 cm; weight, 700 kg); imaging system (depth, 121.3
cm; width, 37.5 cm; weight, 250 kg). doi:10.1128/9781555817381.ch5.f5

TOF [MS]) and automated susceptibility testing into the
WASP Lab system.

Digital Imaging

Digital imaging is one of the central components in TLA.
The methods will be described collectively, since all of the
manufacturers adhere to similar principles of image assess-
ment. Digital imaging software is designed to simulate and
improve the visual assessment of organism growth. Each
system (BD-Kiestra, bioMérieux, and Copan) can take pic-
tures of plates with several exposures and at various angles.
With the incorporation of digital imaging and the automa-
tion of MALDI-TOF (MS) identifications, the percentage
of plates needing manual processing can be greatly reduced.
In each system, colonies of bacteria can be labeled for further
processing on a screen. Digital processing facilitates early
detection of organism growth and shortens the time of iden-
tification. Decision making can be automated for certain
criteria, e.g., growth or no growth. In addition, all samples
from one patient, e.g., urine, sputum, and multidrug-resis-
tant organism screening, can be evaluated simultaneously
with computer-assisted processing. Lastly, images can be
archived and later used for training or for QC programs.

Limitations of the Systems

The strength of the automatic systems described lies in the
processing of standardized and uncomplicated specimens.
Those specimens needing special processing methods, such
as organ or tissue biopsies, are not easily accommodated
by such systems. However, the possibilities for automatic
processing can be expanded considerably through the use
of liquid-based specimen transport systems. This effectively
converts a very high volume specimen, the swab, into a

liquid specimen that can be easily managed with an auto-
mated specimen processor (25, 27, 31, 32).

A high level of flexibility and system compatibility is
especially necessary for small laboratories. The modular na-
ture of the automation systems described enables the labora-
tories to achieve various levels of automation. The combina-
tion of modular automation and process improvement, as
explained, promises scalability of the current automation
systems for laboratories independent of their size. For this
reason, the costs of automation for small laboratories may
not outweigh the benefits.

Criteria for Evaluation and Selection of an
Automation System

Prior to choosing an automation system, the daily routine in
the laboratory should be evaluated. Data regarding specimen
volume, arrival time of specimen, and workflow must be
determined to negotiate the future lab design with the man-
ufacturers being considered. If possible, it is recommended
that institutions conduct a thorough assessment of the sys-
tems installed in other institutions to determine whether
or not each system is capable of fulfilling a laboratory’s
needs. All types of laboratory personnel should be involved
in the project to incorporate their suggestions and ideas as
well as to increase general support for the necessary changes.
There are only a few publications addressing this issue (27,
29, 30, 33).

Factors to consider when selecting an automated system
are outlined below.

Productivity
The productivity of the automation systems depends upon
the number of specimens processed and the TAT for the
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entire analysis process. Productivity is affected by a number
of factors. Specimen type and the number of plates per
sample must be considered. Respiratory material, urine,
wound swabs, genitourinary tract specimens, and screening
swabs for multidrug-resistant organisms are processed with
different types of media (34). The productivity is influenced
by the choice of a streaking pattern, the number of pictures
taken by digital imaging, and whether a whole plate or a
biplate is inoculated.

Reliability, Stability, and Durability

Indicators showing possible malfunction of a system should
be used. Contingency plans for possible failures of the system
should be planned in advance. Allowance for a certain
number of inspections and service procedures should be
considered, allotting time for their duration. Staff to service
the system should be available on weekends and during

holidays.

Technical Aspects

In the beginning, do a survey of the buildings and determine
the infrastructure of the rooms: calculate the required space
and the weight of the machines; determine the power supply
and, if necessary, the compressed-air outlets. At present,
the dimensions of the devices and systems are continually
decreasing in size. Future developments must also be taken
into account. The possible integration of more devices, e.g.,
PCR equipment, should also be considered.

Software Applications

The instruments should be connected with a bidirectional
interface to the LIS. It might be necessary to use middleware.
Coordinating the middleware software and LIS is essential.
If required, instruments from other manufacturers should
be integrated.

Safety and Hygiene

The automated specimen processors should be closed and
an appropriate air filter system, e.g., HEPA filter, applied.
The risk of contamination must also be taken into account,
and protocols for cleaning and disinfecting the incubators
and conveyors should be established. Occupational health
and safety regulations should be taken into account. There
are no current regulations or guidelines addressing the issue
of safety in laboratory automation. Of significant concern
is the matter of containing exposures generated through
errors in automatic incubation.

Quality Control and Scientific Aspects

The entire system should be integrated into the quality
management program. The individual work steps must be
monitored in compliance with the laboratory regulations:
from reading the barcode on the samples and plates to
inoculating and transporting the plates, digital image pro-
cessing, and waste disposal. Inoculators should ensure that
particles and air bubbles in the specimen are detected to
avoid false-negative inoculations. Measures against transpo-
sition and cross-contamination of the samples should be
ensured. Only one study evaluating cross-contamination by
automated systems has been published (24). In this study,
sterile and E. coli-inoculated Vacutainer tubes as well as
E-Swab tubes were alternately loaded on the WASP. No

colonies were observed from the sterile specimen.

Costs
Laboratories must take into consideration not only the
amount invested in the purchase of the devices, but also

the consumable supplies, e.g., pipettes, combs, or beads. It
might be necessary to purchase agar plates and broths from
different manufacturers. Changes in workflow can lead to
alterations in the staffing requirements on different shifts
and may necessitate installing a night shift if one does
not currently exist. This must be taken into account when
budgeting expenses. Service and repair charges, as well as
the costs of the interfaces, must also be included. Possible
structural changes in the laboratory should also be repre-
sented in the financial plan.

The Final Decision

The choice of the type and extent of lab automation is, of
course, dependent upon the individual circumstances and
the financial resources available. It has been a long time
since diagnostic medical microbiology has experienced such
an enormous innovative surge. It is therefore necessary to
take into account future innovations in organism identifica-
tion and susceptibility testing. New methods can influence
procedures in the work process and drastically change the
demands on capacity.

FUTURE PERSPECTIVES

The degree of automation as well as the variability of the
procedures that can be automated will continue to increase.
Continued development will make the systems more flexible
and result in products that can better accommodate the
conditions of each individual lab. Automated technology
is evolving quickly. It will soon include additional testing,
e.g., direct testing of blood culture systems and molecular
diagnostics.

The primary objective of automating microbiology labo-
ratories is to improve the quality and consistency of processes
that suffer from high variability and are labor-intensive.
The hope is that these technologies will allow the laboratory
staff to concentrate on the processing of more technically
demanding specimens. Software solutions for integrating
POCT devices will further improve the analytic process.

Lastly, digital image processing as an integral part of
bacteriological clinical diagnostics will promote further de-
velopment in telemedicine. In many centralized laboratory
models, sample processing and plate reading may not take
place in the same location. In such situations, quality stan-
dards can still be maintained in small labs or in remote
areas by offering access to experienced personnel. Telemedi-
cine can help counter the lack of skilled personnel in these
areas.

Further scientific evaluation of TLA could also facilitate
an appraisal of its clinical relevance and its impact on pa-
tient care. It could reduce errors and improve the quality
of diagnostic microbiology.

SUMMARY

New advances in technology as well as staffing shortages
are causing microbiologists to rethink laboratory design. It
may be that the traditional laboratory model as we know
it today will cease to exist in the near future. TLA will
certainly become commonplace in high-volume laboratories
and may eventually be found in smaller laboratories. Auto-
mation is unlikely to replace medical technologists, but it
will change requirements in two important ways. First of
all, manual processing of the plates will be replaced by
digital imaging. Second, the efficiency of automation may
cause more laboratories to adopt the 24-h culture-reading
strategy. Clinical microbiology is changing at a rapid pace,



primarily due to a surge in technological advances. Labora-
tory designs will need to be more flexible to accommodate
future developments.
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Molecular Microbiology*
FREDERICK S. NOLTE

Since the publication of the 10th edition of this Manual,
significant changes have occurred in the practice of diagnos-
tic molecular microbiology. Nucleic acid amplification tech-
niques are now commonly used to diagnose and manage
patients with infectious diseases. The growth in the number
of Food and Drug Administration (FDA)-cleared/approved
test kits and analyte-specific reagents (ASRs) has facilitated
the use of this technology in the clinical laboratory. Techno-
logical advances in nucleic acid amplification techniques,
automation, nucleic acid sequencing, and multiplex analysis
have reinvigorated the field and created new opportunities
for growth. Simple, sample-in, answer-out molecular test
systems are now available that can be deployed in a variety
of laboratory and clinical settings.

Molecular microbiology remains the leading area in mo-
lecular pathology in terms of both the numbers of tests
performed and clinical relevance. Nucleic acid-based tests
have reduced the dependency of the clinical microbiology
laboratory on more traditional antigen detection and cul-
ture-based methods and created new opportunities for
the laboratory to affect patient care. This chapter covers
nucleic acid probes, signal and target amplification tech-
niques, postamplification detection and analysis, clinical
applications of these techniques, and the special challenges
and opportunities that these techniques provide for the
clinical laboratory. Applications of molecular methods used
in epidemiological investigations, metagenomics, and new
pathogen discovery are covered in chapters 10, 15, and 16,
respectively.

NONAMPLIFIED NUCLEIC ACID PROBES
Nucleic acid probes are segments of DNA or RNA labeled

with radioisotopes, enzymes, or chemiluminescent reporter
molecules that can bind to complementary nucleic acid
sequences with high degrees of specificity. Although probes
can range from 15 to thousands of nucleotides in size, syn-
thetic oligonucleotides of <50 nucleotides are most com-
monly incorporated into commercial kits. The probes can
be designed to identify microorganisms at any taxonomic
level. A number of commercially available DNA probes
have been developed for direct detection of pathogens in
clinical specimens and identification of pathogens after iso-
lation by culture.

*This chapter contains some information presented by Angela M. Caliendo
in chapter 4 of the 10th edition of this Manual.
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The commonly used formats for probe hybridization in-
clude liquid-phase, solid-phase, and in situ hybridization.
The leading method used in clinical microbiology laborato-
ries is a liquid-phase hybridization protection assay (Hologic
Gen-Probe, Inc., San Diego, CA). In this method, a single-
stranded DNA (ssDNA) probe labeled with an acridinium
ester is incubated with the target nucleic acid. Alkaline
hydrolysis follows the hybridization step, and probe binding
is measured in a luminometer after the addition of peroxides.
For a positive sample, the acridinium ester on the bound
probe is protected from hydrolysis and, upon the addition
of peroxides, emits light. The hybridization protection assay
can be completed in several hours and does not require
removal of unbound single-stranded probe or isolation of
probe-bound double-stranded sequences (1).

In solid-phase hybridization, target nucleic acids are
bound to nylon or nitrocellulose and are hybridized with a
probe in solution (2). The unbound probe is washed away,
and the bound probe is detected by means of fluorescence,
luminescence, radioactivity, or color development. Al-
though solid-phase hybridization is a powerful research tool,
the length of time required and the complexity of the proce-
dure limit its application in clinical practice.

In situ hybridization is another type of solid-phase hybrid-
ization in which the nucleic acid is contained in tissues or
cells that are affixed to microscope slides and is governed
by the same basic principles described previously (3). In
most clinical applications, formalin-fixed, paraffin-embed-
ded tissue sections are used. The sensitivity of in situ hybridi-
zation is often limited by the accessibility of the target
nucleic acid in the cells.

In general, due to the poor analytical sensitivities of
nonamplified-probe techniques, the application of these
techniques to direct detection of pathogens in clinical speci-
mens is limited to those situations in which the number of
organisms is large. Such situations include cases of group
A streptococcal pharyngitis and agents associated with vag-
inosis and vaginitis. These techniques are used most effec-
tively in culture confirmation assays for mycobacteria and
systemic dimorphic fungi. These culture confirmation tests
have a positive effect on patient management by providing
rapid and accurate detection of these slowly growing, often
difficult-to-identify pathogens.

Nucleic acid probes for direct detection of group A strep-
tococci, Chlamydia trachomatis, and Neisseria gonorrhoeae are
available from Hologic Gen-Probe. Probes for identification
of Blastomyces dermatitidis, Coccidioides immitis, Histoplasma

doi:10.1128/9781555817381.ch6
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capsulatum, campylobacters, enterococci, group A strepto-
cocci, group B streptococci, Haemophilus influenzae, Listeria
monocytogenes, mycobacteria, N. gonorrhoeae, Staphylococcus
aureus, and Streptococcus pneumoniae isolated in culture are
also available from Hologic Gen-Probe.

A solid-phase nucleic acid probe test for detection and
identification of Gardnerella vaginalis, Trichomonas vaginalis,
and Candida albicans in vaginal fluid from patients with
vaginosis or vaginitis is available from BD Diagnostic Sys-
tems (Sparks, MD). It uses two distinct probes for each
organism, a capture probe and a color development probe,
in an easy-to-use format.

Peptide nucleic acid (PNA) probes are DNA mimics in
which the negatively charged sugar phosphate backbone of
DNA is replaced with a noncharged polyamide or “peptide”
backbone. PNA probes contain the same nucleotide bases
as DNA and follow standard Watson-Crick base-pairing
rules when hybridizing to complementary nucleic acid se-
quences (4). Because PNA probes are noncharged, they do
not have to overcome the destabilizing electrostatic repul-
sion that occurs when two negatively charged DNA mole-
cules hybridize. As a result, PNA probes bind more rapidly
and tightly to nucleic acid targets. In addition, the relatively
hydrophobic character of the PNA probes enables them to
penetrate the hydrophobic cell membrane following prepa-
ration of a standard smear.

PNA fluorescent in situ hybridization probes targeting
rRNA sequences for rapid, direct identification of S. aureus,
coagulase-negative staphylococci, Enterococcus faecalis, se-
lected other species of enterococci, Escherichia coli, Pseudom-
onas aeruginosa, Klebsiella pneumoniae, and several Candida
spp. from positive blood culture bottles are available from
AdvanDx (Woburn, MA) (5-7). Figure 1 shows an image
of a mixture of E. coli, K. pneumoniae, and P. aeruginosa
stained with PNA fluorescent in situ hybridization probes
for each organism labeled with three different-colored fluor-
ophores and examined by fluorescence microscopy.

AMPLIFIED NUCLEIC ACID TECHNIQUES

The development of the PCR by Saiki et al. (8) was a
milestone in biotechnology and heralded the beginning of
the modern era of molecular diagnostics. Although PCR is
the most widely used nucleic acid amplification strategy,
other strategies have been developed, and several have clini-
cal utility. These strategies are based on signal, target, or
probe amplification. Examples of each category are discussed
in the sections that follow. These techniques have sensitiv-
ity unparalleled in laboratory medicine, have created new

FIGURE 1 PNA probes for E. coli (green), K. pneumoniae
(yellow), and P. aeruginosa (red). Reprinted with permission
of AdvanDx from http://www.advandx.com/Technology/
image-gallery. doi:10.1128/9781555817381.ch6.f1
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opportunities for the clinical laboratory to have an effect
on patient care, and have become the new gold standards
for laboratory diagnosis of many infectious diseases.

SIGNAL AMPLIFICATION TECHNIQUES

In signal amplification methods, the concentration of the
probe or target does not increase. The increased analytical
sensitivity comes from increasing the concentration of la-
beled molecules attached to the target nucleic acid. Multiple
enzymes, multiple probes, multiple layers of probes, and
reduction of background noise have all been used to enhance
target detection (9). Target amplification systems generally
have greater analytical sensitivity than signal amplification
methods, but technological developments, particularly in
branched-DNA (bDNA) assays, have lowered the limits of
detection to levels that rival those of some earlier target
amplification assays (10).

Signal amplification assays have several advantages over
target amplification assays. In signal amplification systems,
the number of target molecules is not altered, and as a
result, the signal is directly proportional to the amount of
the target sequence present in the clinical specimen. This
reduces concerns about false-positive results due to cross
contamination and simplifies the development of quantita-
tive assays. Since signal amplification systems are not de-
pendent on enzymatic processes to amplify the target se-
quence, they are not affected by the presence of enzyme
inhibitors in clinical specimens. Consequently, less cumber-
some nucleic acid extraction methods may be used. Typi-
cally, signal amplification systems use either larger probes
or more probes than target amplification systems and, conse-
quently, are less susceptible to errors resulting from target
sequence heterogeneity. Finally, RNA levels can be mea-
sured directly without the synthesis of a cDNA intermediate.

bDNA Assays

The bDNA signal amplification system is a solid-phase,
sandwich hybridization assay incorporating multiple sets of
synthetic oligonucleotide probes (11). The key to this tech-
nology is the amplifier molecule, a bDNA molecule with
15 identical branches, each of which can bind to three
labeled probes.

The bDNA signal amplification system is illustrated in
Fig. 2. Multiple target-specific probes are used to capture
the target nucleic acid onto the surface of a microtiter well.
A second set of target-specific probes also binds to the
target. Preamplifier molecules bind to the second set of
target probes and up to eight bDNA amplifiers. Three alka-
line phosphatase-labeled probes hybridize to each branch
of the amplifier. Detection of bound labeled probes is
achieved by incubating the complex with dioxetane, an
enzyme-triggerable substrate, and measuring the light emis-
sion in a luminometer. The resulting signal is directly pro-
portional to the quantity of the target in the sample. The
quantity of the target in the sample is determined from an
external standard curve.

Nonspecific hybridization of any of the amplification
probes and nontarget nucleic acids leads to amplification
of the background signal. In order to reduce potential hy-
bridization to nontarget nucleic acids, isocytidine (isoC) and
isoguanosine (isoG) were incorporated into the preamplifier
and labeled probes were used in the third-generation bDNA
assays (12). IsoC and isoG form base pairs with each other
but not with any of the four naturally occurring bases (13).

The use of isoC- and isoG-containing probes in bDNA
assays increases target-specific signal amplification without
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a concomitant increase in the background signal, thereby
greatly enhancing the detection limits without loss of speci-
ficity. The detection limit of the third-generation bDNA
assay for HIV-1 RNA is 75 copies/ml. bDNA assays for the
quantification of hepatitis B virus (HBV) DNA, hepatitis
C virus (HCV) RNA, and HIV-1 RNA are commercially
available (Siemens Healthcare Diagnostics, Deerfield, IL).
The SiemensVersant 440 analyzer for bDNA assays auto-
mates the incubation, washing, reading, and data-processing
steps.

Hybrid Capture Assays

The hybrid capture system is a solution hybridization-anti-
body capture method that uses chemiluminescence detec-
tion of the hybrid molecules (Fig. 3). The target DNA in
the specimen is denatured and then hybridized with a spe-
cific RNA probe. The DNA-RNA hybrids are captured by
antihybrid antibodies that are used to coat the surface of a
tube. Alkaline phosphatase-conjugated antihybrid antibod-
ies bind to the immobilized hybrids. The bound antibody
conjugate is detected with a chemiluminescent substrate,
and the light emitted is measured in a luminometer. Multiple
alkaline phosphatase conjugates bind to each hybrid mole-
cule, amplifying the signal. The intensity of the emitted
light is proportional to the amount of target DNA in the
specimen. Hybrid capture assays for detection of N. gonor-
rhoeae, C. trachomatis, and human papillomavirus (HPV)

(14) in clinical specimens are available from Qiagen (Ger-
mantown, MD). There are manual and automated (Rapid
Capture System) versions of these assays.

Cleavase-Invader Technology

Invader assays (Hologic, Bedford, MA) are based on a signal
amplification method that relies on the specific recognition
and cleavage of particular DNA structures by cleavase, a
member of the FEN-1 family of DNA polymerases. These
polymerases cleave the 5" single-stranded flap of a branched,
base-paired duplex. This enzymatic activity likely plays
an essential role in the elimination of the complex nu-
cleic acid structures that arise during DNA replication and
repair. Since these structures may occur anywhere in a repli-
cating genome, the enzyme recognizes the molecular struc-
ture of the substrate without regard to the sequence of the
nucleic acids making up the DNA complex (15, 16).

In the invader assays, two probes are designed that hybri-
dize to the target sequence in an overlapping fashion (Fig.
4). Under the proper annealing conditions, the probe oligo-
nucleotide binds to the target sequence. The invader oligo-
nucleotide probe is designed such that it hybridizes upstream
of the probe with a region of overlap between the 3" end
of the invader and the 5" end of the probe. Cleavase
cleaves the 5" end of the probe and releases it. It is in this
way that the target sequence acts as a scaffold upon which
the proper DNA structure can form. Since the DNA
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structure necessary to serve as a cleavase substrate occurs
only in the presence of the target sequence, the generation
of cleavage products indicates the presence of the target.
Use of a thermostable cleavase enzyme allows reactions to
be run at temperatures high enough for a primer exchange
equilibrium to exist. This allows multiple cleavase products
to form off of a single target molecule. Fluorescence reso-
nance energy transfer (FRET) probes and a second invasive
cleavage reaction are used to detect the target-specific prod-
ucts. FDA -cleared assays for detection of pools of high-risk
genotypes and types 16 and 18 of HPV in cervical samples
are available from Hologic (17, 18).

TARGET AMPLIFICATION TECHNIQUES

All of the target amplification systems share certain funda-
mental characteristics. They use enzyme-mediated pro-
cesses, in which a single enzyme or multiple enzymes synthe-
size copies of target nucleic acid. In all of these techniques,
the amplification products are detected by two oligonucleo-
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tide primers that bind to complementary sequences on oppo-
site strands of double-stranded targets. All the techniques
result in the production of millions to billions of copies of
the targeted sequence in a matter of hours, and in each
case, the amplification products can serve as templates for
subsequent rounds of amplification. Because of this, all of
the techniques are sensitive to contamination with product
molecules that can lead to false-positive reactions. The
potential for cross contamination is real and should be ade-
quately addressed before any of these techniques are used
in the clinical laboratory. However, the occurrence of false-
positive reactions can be reduced through special laboratory
design, practices, and workflow.

Polymerase Chain Reaction

PCR is a simple, in vitro chemical reaction that permits
the synthesis of essentially limitless quantities of a targeted
nucleic acid sequence. This is accomplished through the
action of a DNA polymerase that, under the proper condi-
tions, can copy a DNA strand (Fig. 5). At its simplest, a
PCR consists of target DNA, a molar excess of two oligo-
nucleotide primers, a heat-stable DNA polymerase, an
equimolar mixture of deoxyribonucleoside triphosphates
(dNTPs; dATP, dCTP, dGTP, and dTTP), MgCl,, KCl,
and a Tris-HCI buffer. The two primers flank the double-
stranded DNA (dsDNA) sequence to be amplified, typically
<100 to several hundred bases, and are complementary to
opposite strands of the target.

To initiate a PCR, the reaction mixture is heated to
separate the two strands of target DNA and is then cooled
to permit the primers to anneal to the target DNA in
a sequence-specific manner. The DNA polymerase then
initiates extension of the primers at their 3’ ends toward
one another. The primer extension products are dissociated
from the target DNA by heating. Each extension product,
as well as the original target, can serve as a template for
subsequent rounds of primer annealing and extension.

At the end of each cycle, the PCR products are theoreti-
cally doubled. Thus, after n PCR cycles the target sequence
can be amplified 2"-fold. The whole procedure is carried
out in a programmable thermal cycler that precisely controls
the temperature at which the steps occur, the lengths of
time that the reaction mixture is held at the different tem-
peratures, and the number of cycles. Ideally, after 20 cycles
of PCR a 10°-fold amplification is achieved and after 30
cycles a 10%-fold amplification occurs. In practice, the ampli-
fication may not be completely efficient due to failure to
optimize the reaction conditions or the presence of inhibi-
tors of the DNA polymerase. In such cases, the total amplifi-
cation is best described by the expression (1 + )", where
e is the amplification efficiency (0 < e < 1) and n is the
total number of cycles.

Reverse Transcriptase PCR

As it was originally described, PCR was a technique for
DNA amplification. Reverse transcriptase PCR (RT-PCR)
was developed to amplify RNA targets. In this process,
cDNA is first produced from RNA targets by reverse tran-
scription and then the cDNA is amplified by PCR. As it
was originally described, RT-PCR used two enzymes, a heat-
labile RT, such as avian myeloblastosis virus RT, and a
thermostable DNA polymerase. Because of the temperature
requirements of the heat-labile enzyme, cDNA synthesis
had to occur at temperatures below the optimal annealing
temperatures of the primers. This presented problems in
terms of both nonspecific primer annealing and inefficient
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primer extension due to the formation of RNA secondary
structures. These problems have largely been overcome by
the development of a thermostable DNA polymerase de-
rived from Thermus thermophilus that under the proper con-
ditions can function efficiently as both an RT and a DNA
polymerase (19). RT-PCRs with this enzyme are more spe-
cific and efficient than previous protocols with conven-
tional, heat-labile RT enzymes.

Nested PCR

Nested PCR was developed to increase both the sensitivity
and the specificity of PCR. It uses two pairs of amplification
primers and two rounds of PCR. Typically, one primer pair
is used in the first round of PCR for 15 to 30 cycles. The
products of the first round of amplification are then sub-
jected to a second round of amplification with the second
set of primers, which anneal to a sequence internal to the
sequence amplified by the first primer set. The increased
sensitivity arises from the high total cycle number, and the
increased specificity arises from the annealing of the second
primer set to sequences found only in the first-round prod-
ucts, thus verifying the identity of the first-round product.
The major disadvantage of nested PCR is the high rates of
contamination that can occur during the transfer of first-

round products to the second tube for the second round of
amplification. This contamination can be avoided either
by physically separating the first- and second-round amplifi-
cation mixtures with a layer of wax or oil or by designing
single-tube or completely contained amplification protocols.
In practice, the enhanced sensitivity afforded by nested PCR
protocols is rarely required in diagnostic applications, and
the identity of an amplification product is usually confirmed
by hybridization with a nucleic acid probe.

Multiplex PCR

In multiplex PCR, two or more primer sets designed for
amplification of different targets are included in the same
reaction mixture (20). By this technique, more than one
target sequence in a clinical specimen can be coamplified
in a single tube. The primers used in multiplexed reactions
must be carefully selected so that they have similar annealing
temperatures and lack complementarity. Multiplex PCRs
have proved to be more complicated to develop and may
be less sensitive than PCRs with single primer sets.

Many multiplex assays have been developed, especially
for the detection of central nervous system (21, 22), respira-
tory (23-26), bloodstream (27-29), and gastrointestinal (30,
31) infections. The scale of the multiplexing can range from



6. Molecular Microbiology M 59

Denatured DNA template Key
5 3 Double-stranded M Faresid prines
3 5 DNA template (target) 3 Reverse primer
l Denaturation C—1 Probe
OCCO 1st strands
synthesized
Denatured DNA template X000 2nd strands
synthesized
= ) ) OO Additional strands
2 Primer annealing synthesized
==
3 cf— Lo P
(¥}
5 . 3 s
_ = 6
Primer extension 7]
(polymerization) =
— — —
EE00000000000000000000000000000000
Denaturation and primer annealing
to variable length strands
i W
=g .
o -g @ — [EEN00000000000000000000000000000000
o sE
g i Primer extension
&) e ‘éia (polymerization)
33
o
%)
-
l Denaturation, primer annealing, I3 5’:,—.
t; primer extension ge
35
o -n:mm:m% 23
T
(=13 &
=]
—— =
@ Exponential amplification of amplicon
B (reproduction of target)
o
®
=
O | OO 30000 ]
= | _S=esssmssssssmssssssmnssmanss]
£ N T CI I LI {IT (OO LEED)
i= CTTITITTTILT T IT T I TS T T T T L) TT T T T T T T T T TT T ITIT T TT I IT T
< - 00CO000000O000ONOOOROOC00: I T T TITTITITTTIITTITIITITIIIN]

FIGURE 5 PCR target amplification. Reprinted with permission of Elsevier from reference 219.
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several to 20 or more targets depending on the method
used to identify the individual amplicons. Technological
developments in multiplex nucleic acid amplification and
detection have allowed an organ system-based approach to
molecular microbiology that matches or exceeds the ability
of culture methods to provide a comprehensive diagnostic
result. One of the first platforms for high-order multiplex
PCR analysis was the xMAP system (Luminex Corp., Aus-
tin, TX). The xMAP system incorporates a proprietary pro-
cess to internally dye polystyrene microspheres with two
spectrally distinct fluorochromes. By using precise ratios of
these fluorochromes, an array is created consisting of 100
different microsphere sets with specific spectral addresses.
Each microsphere set can possess a different reactant on its
surface. For nucleic acid analysis, oligonucleotide probes
would be covalently bound to the microsphere surface by
carbodiimide coupling. Since each microsphere set can be

distinguished by its spectral address, the sets can be com-
bined, allowing up to 100 different analytes to be measured
simultaneously in a single reaction vessel. A third fluoro-
chrome coupled to a reporter molecule quantifies the biomo-
lecular interaction that occurs at the microsphere surface.

Microspheres are interrogated individually in a rapidly
flowing liquid stream as they pass by two separate lasers
in the Luminex xMAP flow cytometer. High-speed digital
signal processing classifies each microsphere based on its
spectral address and quantifies the reaction on its surface.
Thousands of microspheres are investigated per second, re-
sulting in an analysis system capable of analyzing and report-
ing up to 100 different reactions in a single reaction vessel
in a few seconds.

Multiplex assays run on the Luminex platform typically
consist of three major steps: nucleic acid amplification by
PCR, target-specific extension, and liquid bead array decod-
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ing. After PCR amplification, the amplicons are mixed with
a second set of tagged primers specific for each target. If
the target is present, the tagged primer will be extended
through a process called target-specific extension. During
this extension, a label is incorporated into the extension
product. The color-coded beads are added to identify the
tagged and labeled extension products. Attached to each
different-colored bead is oligonucleotide complementary to
the tag sequence for each target. Samples are then placed
in the Luminex xMAP flow cytometer, where the beads are
read by two color lasers. One laser identifies the color of
the bead and the other laser detects the presence or absence
of a labeled extension product on that bead. Luminex re-
cently introduced a more streamlined protocol that reduces
analysis time from 8 to 5 h with fewer hands-on steps, but
this “fast” protocol may reduce sensitivity (32).

The technology has been adapted to a wide variety
of applications in bacteriology (33), mycology (34), and
virology (35, 36). Systems for the multiplex detection of
respiratory viruses based on the Luminex xMAP system
have been developed by Luminex Molecular Diagnostics,
EraGen Biosciences (Madison, WI), and Qiagen (25, 37,
38). FDA-cleared assays for the Luminex xMAP system
include those for respiratory viruses and gastrointestinal
pathogens (32, 39).

Another promising technology for high-order multiplex
PCR is the FilmArray, developed by BioFire Diagnostics
(Salt Lake City, UT) (26). It is a completely automated,
integrated, and self-contained lab-in-a-pouch system. The
film portion of the pouch has stations for cell lysis, nucleic
acid purification, reverse transcription to detect RNA tar-
gets, first-stage PCR, multiplex PCR, and an array of up to
120 second-stage nested PCRs. After extracting and purify-
ing nucleic acids from the unprocessed sample, the FilmAr-
ray performs a nested multiplex PCR that is executed in two
stages. During the first-stage PCR, the FilmArray performs a
single, large-volume, massively multiplexed reaction. The
products from first-stage PCR are then diluted and combined
with a fresh, primer-free master mix. Aliquots of this second
master mix solution are then distributed to each well of the
array. Each well of the array is prespotted with a single set
of primers. The second-stage, small-volume PCR is per-
formed in singleplex fashion in each well of the array. At
the end of the second-stage PCR analysis, melting-curve
analysis is used identify each target. Though this assay uses
nested PCR, the entire test is performed within a sealed
pouch, thus eliminating concerns of carryover contami-
nation. Using amplification and melting-curve data, the
FilmArray software automatically generates a result for each
target. FilmArray panels for detection of 20 different respira-
tory pathogens and identification of organisms in positive
blood cultures are FDA cleared, and a gastrointestinal patho-
gen panel is in development.

Real-Time (Homogeneous, Kinetic) PCR
The term “real-time PCR” describes methods in which the
target amplification and detection steps occur simultane-
ously in the same tube (homogeneous). These methods
require special thermal cyclers with precision optics that
can monitor the fluorescence emission from the sample
wells. The computer software supporting the thermal cycler
monitors the data throughout the PCR at every cycle and
generates an amplification plot for each reaction (kinetic).
Figure 6 shows a representative amplification plot and
defines the terms used in quantitative real-time PCR. The
amplification plot shows the normalized fluorescence signal
from the reporter at each cycle number. In the initial cycles
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FIGURE 6 Real-time PCR amplification plot with com-
monly used terms and abbreviations. Cr, cycle threshold; Ry,
normalized fluorescent signal from reporter dye. From TagMan
Universal PCR Master Mix Protocol, p 5-4 (Applied Biosystems,
Foster City, CA, 2010). Reprinted with permission.
doi:10.1128/9781555817381.ch6.f6

of PCR, there is little change in the fluorescence signal.
This initial signal level defines the baseline for the plot.
An increase above the baseline indicates the detection of
accumulated PCR product. A fixed fluorescence threshold
can be set above the baseline. The cycle threshold (Ct) is
defined as the cycle number at which the fluorescence passes
the fixed threshold. A plot of the log of the initial target
concentration versus Cr for a set of standards is a straight
line (40). The amount of the target in an unknown sample
is determined by measuring the sample Ct and using a
standard curve to determine the starting copy number. Al-
ternatively, the cycle number corresponding to the maximal
change in fluorescence, the second derivative maximum,
has a similar relationship to the initial target concentration.

In its simplest format, the PCR product is detected as it
is produced by using fluorescent dyes that preferentially bind
to dsDNA. SYBR green I is one such dye that has been
used in this application (41). In the dye’s unbound state,
the fluorescence is relatively low, but when the dye is bound
to dsDNA, the fluorescence is greatly enhanced. The dye
binds to both specific and nonspecific PCR products. The
specificity of the detection can be improved through melt-
ing-curve analysis. As the temperature is slowly raised, the
two strands of the amplicon melt apart and the amount
of fluorescence decreases. The data are transformed and
analyzed by plotting the first derivative of the fluorescence
on the y axis and the temperature on the x axis. The specific
amplified product will have a characteristic melting peak at
its predicted melting temperature (T,,), whereas the primer
dimers and other nonspecific products should have different
T,.s or give broader peaks (42).

The specificity of real-time PCR can also be increased
by including FRET probes in the reaction mixture. These
probes are labeled with fluorescent dyes or with combina-
tions of fluorescent and quencher dyes. In 5" exonuclease
PCR (TagMan) assays, the 5-to-3” exonuclease activity of
Tag DNA polymerase is used to cleave a nonextendable
hybridization probe during the primer extension phase of
PCR (43). This approach uses dual-labeled fluorogenic hy-
bridization probes and is illustrated in Fig. 7. One fluorescent
dye serves as a reporter, and its emission spectrum is
quenched by the second fluorescent dye. The nuclease deg-
radation of the hybridization probe releases the reporter dye,
resulting in an increase in the peak fluorescent emission.
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The increase in fluorescent emission indicates that specific
PCR product has been made, and the intensity of fluores-
cence is related to the amount of the product (44). The
specificity is increased because a signal is generated only
when the primer and probe are bound to the same template
strand.

The use of dual hybridization probes is another approach
to real-time PCR (45). This method uses two specially
designed sequence-specific oligonucleotide probes (Fig. 8).
These hybridization probes are designed to hybridize within
1 to 5 nucleotides apart on the product molecule. The
3" end of the anchor probe is labeled with a donor dye,
and the 5" end of the reporter probe is labeled with
an acceptor dye. The 3’ end of the reporter probe is
phosphorylated to prevent extension during PCR. The
donor dye is excited by an external light source, and
instead of emitting light, it transfers its energy to the
acceptor dye by FRET. The excited acceptor dye emits
light at a longer wavelength than the unbound donor
dye, and the intensity of the acceptor dye light emission
is proportional to the amount of PCR product.

Real-time detection and quantification of amplification
products can also be accomplished with molecular beacons
(46). Molecular beacons are hairpin-shaped oligonucleotide
probes with an internally quenched fluorophore whose fluo-
rescence is restored when the probes bind to a target nucleic
acid (Fig. 9). The probes are designed in such a way that
the loop portion of each probe molecule is complementary
to the target sequence. The stem is formed by the annealing

6. Molecular Microbiology M 61

Denatured DNA template

1800000000008 000808I |

HORY N

l Probe annealing

External light «
source
em— Primer site
Key
| Forward primer Q000 Synthesized DNA Reporter dye
[ Reverse primer  @@@@ Probe target ‘ & .
— uorescen
Frake @ Donor dye emission of
reporter dye

FIGURE 8 Dual hybridization probes for real-time PCR ap-
plications. Reprinted with permission of Elsevier from reference
219. doi:10.1128/9781555817381.ch6.£8

of complementary arm sequences on the ends of the probe.
A fluorescent dye is attached to one end of one arm, and
a quenching molecule is attached to the end of the other
arm. The stem keeps the fluorophore and quencher in close
proximity such that no light emission occurs. When the
probe encounters a target molecule, it forms a hybrid that
is longer and more stable than the stem and undergoes a
conformational change that forces the stem apart, causing
the fluorophore and the quencher to move away from each
other, restoring the fluorescence.

Scorpion probes combine a PCR primer with a molecular
beacon (47, 48). Intramolecular hybridization of the loop
structure to a downstream portion of the amplification prod-
uct separates the reporter and quencher dyes. The hybridiza-
tion kinetics of Scorpion probes are generally faster than
those of molecular beacons because the primer and probe
are located on the same molecule (Fig. 10).

Dark quencher probes are also used in real-time PCR
applications (ELITech Group, Princeton, NJ). Dark
quencher probes contain a fluorophore on the 5" end and
a nonfluorescent quencher molecule on the 3" end (49).
The fluorescence is quenched when the probe is a random
coil and emitted when the probe anneals to the target
sequence. Unlike fluorogenic 5 nuclease probes, these
probes are not degraded by the DNA polymerase during
target amplification. Since the dark quencher is not
fluorescent, it does not contribute to the background
signal. This trait has the advantage of improving the
signal-to-noise ratio for the detection system, which may
improve sensitivity. These probes also incorporate a hybrid-
ization-stabilizing compound, known as a minor groove
binder. It is a small, crescent-shaped molecule that is
covalently linked to the 3” end of the probe that spans
about 3 or 4 nucleotides and snugly fits into the minor
groove of DNA, where it forms hydrogen bonds with the
template. Minor groove binders increase the T,, of the
probe. The minor groove binder allows for the use of
shorter probes because of the increased T,,s and enables
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improved T,, leveling, which increases the specificity of
the detection reaction.

Another approach to detection, characterization, and
quantification of real-time PCR amplicons involves the use
of a nonstandard DNA base pair constructed from isoG and
isoC (50-52). These synthetic bases pair with each other,
but not with the natural bases guanine and cytosine, and
can be covalently coupled to a wide variety of reporter
groups. In the MultiCode-RTx assays (Luminex Corp.), the
target is amplified using a forward primer with a single
isoC nucleotide with fluorescent label at the 5" end and an
unlabeled standard base reverse primer. Amplification is
performed in the presence of isoG coupled to a fluorescence
quencher molecule, and site-specific incorporation by the
DNA polymerase places the quencher in close proximity

A

B—

Qe

FIGURE 10 Scorpion probes. (A) The primer element binds
to the DNA target. The probe element is in the closed, nonfluo-
rescent configuration. (B) The primer is extended and incorpo-
rates a probe-binding site into the new strand. The probe ele-
ment remains in the closed, nonfluorescent configuration. (C)
After a cycle of denaturation and reannealing, the probe flips
forward to bind its target site on the same molecule. The
fluorophore and quencher are now separated, and the fluores-
cence increases. Reprinted with permission from reference 220.
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to the fluorophore, resulting in a decrease of fluorescence
with every PCR cycle. The number of cycles in which the
fluorescence change can be detected is dependent on the
initial number of target molecules in the reaction. The
decrease in fluorescence is easily monitored by a number of
different standard real-time PCR instruments. Postreaction
amplicon melting-curve analysis can be performed to con-
firm the identity of the amplicon and to detect sequence
variants. MultiCode-RTx ASRs for detection and/or quanti-
fication of a variety of bacteria, viruses, fungi, and parasites
are available from Luminex.

A novel class of asymmetric, partially double-stranded,
linear probes can be used in real-time PCR assays (53). A
schematic representation of their design and principles is
shown in Fig. 11. The partially double-stranded probe is
composed of two complementary oligonucleotides of very
different lengths. The long, target-specific strand is 5" la-
beled with a fluorophore and is blocked on the 3” end to
prevent extension. The shorter strand is complementary to
the 5" end of the long strand and has quencher dye attached
to its 3’ end. In the absence of the target, the quencher
oligonucleotide hybridizes to the target-specific oligonucle-
otide and the duplex does not fluoresce due to the close
proximity of the reporter and quencher dyes. When the
target is present, the long strand binds preferentially to the
target, resulting in increased fluorescence due to separation
of the reporter and quencher dyes. Partially double-stranded
probes are better able to detect targets with a high level
of genetic heterogeneity (e.g., HIV-1 and HCV) than are
molecular beacons and TagMan probes due primarily to
their increased length and less stringent hybridization condi-
tions (54). Partially doubled-stranded probes are used in
HIV-1 and HCV viral load assays manufactured by Abbott
(Abbott Park, IL).

Real-time PCR methods decrease the time required to
perform nucleic acid assays because there are no post-PCR
processing steps. Also, since amplification and detection
occur in the same closed tube, these methods eliminate the
postamplification manipulations that can lead to laboratory
contamination with the amplicon. In addition, real-time
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PCR methods lend themselves well to quantitative applica-
tions because analysis is performed early in the log phase
of product accumulation, and as a result, they are less prone
to error resulting from differences in sample-to-sample am-
plification efficiency. However, the multiplexing capabili-
ties of these methods are limited due to the overlapping
absorption and emission spectra of available fluorophores,
thus restricting the number of multiplexed targets to four

or five (55).
Digital PCR

PCR exponentially amplifies nucleic acids and the number
of amplification cycles, and the amount of amplicon allows
the computation of the starting quantity of targeted nucleic
acid. However, many factors complicate this calculation,
often creating uncertainties and inaccuracies, particularly
when the starting concentration is low. Digital PCR at-
tempts to overcome these difficulties by transforming the
exponential data from conventional PCR to digital signals
that simply indicate whether or not amplification occurred
(56-59). An additional benefit of digital PCR is that it
can provide absolute quantification of target nucleic acid
without reference standard curves.

Digital PCR is accomplished by capturing or isolating
each individual nucleic acid molecule present in a sample
within many chambers, zones, or regions that are able to
localize and concentrate the amplification product to de-
tectable levels. After PCR amplification, a count of the
areas containing PCR product is a direct measure of the
absolute quantity of nucleic acid in the sample. The capture
or isolation of individual nucleic acid molecules may be
done in capillaries, microemulsions, arrays of miniaturized
chambers, or on surfaces that bind nucleic acids (Fig. 12).
Digital PCR has many applications, including detection and
quantification of low levels of pathogen sequences, rare

genetic sequences, gene expression in single cells, and clonal
amplification of nucleic acids for sequencing mixed nucleic
acid samples. Clonal amplification enabled by digital PCR is
a key element of many of the “next-generation” sequencing
methods described later in this chapter. Digital PCR systems
are available from RainDance Technologies (Billerica,
MA), Bio-Rad Laboratories (Hercules, CA), Life Technolo-
gies (Carlsbad, CA), and Fluidigm Corp. (South San Fran-
cisco, CA).

Transcription-Based Amplification Methods

Nucleic acid sequence-based amplification (NASBA) and
transcription-mediated amplification (TMA) are both iso-
thermal RNA amplification methods modeled after ret-
roviral replication (60-62). The methods are similar in that
the RNA target is reverse transcribed into cDNA and then
RNA copies are synthesized with an RNA polymerase.
NASBA uses avian myeloblastosis virus RT, RNase H, and
T7 bacteriophage RNA polymerase, whereas TMA uses an
RT enzyme with endogenous RNase H activity and T7
RNA polymerase.

Amplification involves the synthesis of cDNA from the
RNA target with a primer containing the T7 RNA polymer-
ase promoter sequence (Fig. 13). The RNase H then de-
grades the initial strand of target RNA in the RNA-cDNA
hybrid. The second primer then binds to the cDNA and is
extended by the DNA polymerase activity of the RT, result-
ing in the formation of dsDNA containing the T7 RNA
polymerase promoter. The RNA polymerase then generates
multiple copies of single-stranded, antisense RNA. These
RNA product molecules reenter the cycle, with subsequent
formation of more double-stranded cDNA molecules that
can serve as templates for more RNA synthesis. A 10°-fold
amplification of the target RNA can be achieved in <2 h
by this method.
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The single-stranded RNA products of TMA in the Gen-
Probe tests are detected by modification of the hybridization
protection assay. Oligonucleotide probes are labeled with
modified acridinium esters with either fast or slow chemilu-
minescence kinetics so that signals from two hybridization
reactions can be analyzed simultaneously in the same tube.
The NASBA products in the bioMérieux (Durham, NC)
tests are detected by hybridization with probes labeled with
tris(2,2’-bispyridine)ruthenium and electrochemilumines-
cence. NASBA has also been used with molecular beacons
to create a homogeneous, kinetic amplification system simi-
lar to real-time PCR (63).

Transcription-based amplification systems have several
strengths, including no requirement for a thermal cycler,
rapid kinetics, and a single-stranded RNA product that
does not require denaturation prior to detection. Also,
single-tube clinical assays and a labile RNA product may
help minimize contamination risks. Limitations include
the poor performance with DNA targets and concerns
about the stability of complex multienzyme systems. Gen-
Probe has developed FDA-cleared, TMA-based assays
for detection of Mycobacterium tuberculosis, C. trachomatis,
N. gonorrhoeae, HPV, and T. vaginalis. NASBA -based kits
(bioMérieux) for the detection and quantification of
HIV-1 RNA and detection of enterovirus and methicillin-
resistant S. aureus are commercially available. A basic
NASBA kit is also available for the development of other
applications defined by the user. In its latest iteration,
NucliSENS EasyQ, NASBA is coupled with molecular
beacons for real-time amplification and detection of target
nucleic acids (64).

Strand Displacement Amplification

Strand displacement amplification (SDA) is an isothermal
template amplification technique that can be used to detect
trace amounts of DNA or RNA of a particular sequence.
SDA, as it was first described, was a conceptually straightfor-
ward amplification process with some technical limitations
(65). Since its initial description, however, it has evolved
into a highly versatile tool that is technically simple to
perform but conceptually complex. SDA is the intellectual
property of BD Diagnostics.

In its current iteration, SDA occurs in two discrete
phases, target generation and exponential target amplifica-
tion (66). Both are illustrated in Fig. 14. In the target
generation phase, a dsSDNA target is denatured and hybri-

dized to two different primer pairs, designated as bumper
and amplification primers. The amplification primers in-
clude the single-stranded restriction endonuclease enzyme
sequence for BsoBl located at the 5" end of the target-
binding sequence. The bumper primers are shorter and an-
neal to the target DNA just upstream of the region to be
amplified. In the presence of BsoBl, an exonuclease-free
DNA polymerase, and a INTP mixture consisting of dUTP,
dATP, dGTP, and thiolated dCTP (C,), simultaneous ex-
tension products of both the bumper and amplification
primers are generated. This process displaces the amplifica-
tion primer products, which are available for hybridization
with the opposite-strand bumper and amplification primers.

The simultaneous extension of opposite-strand primers
produces strands complementary to the product formed by
extension of the first amplification primer, with C, incorpo-
rated into the BsoB1 cleavage site. This product enters the
exponential target amplification phase of the reaction. The
BsoB1 enzyme recognizes the double-stranded site, but be-
cause one strand contains C,, it is nicked rather than cleaved
by the enzyme. The DNA polymerase then binds to the
nicked site and begins synthesis of a new strand while simul-
taneously displacing the downstream strand. This step recre-
ates the double-stranded species with the hemimodified
restriction endonuclease recognition sequence, and the iter-
ative nicking and displacement process repeats. The dis-
placed strands are capable of binding to opposite-strand
primers, which produces exponential amplification of the
target sequences.

These single-stranded products also bind to detector
probes for real-time detection. The detector probes are
ssDNA molecules with fluorescein and rhodamine labels.
The region between the labels includes a stem-loop struc-
ture. The loop contains the recognition site for the BsoB1
enzyme. The target-specific sequences are located 3" of the
rhodamine label. In the absence of a specific target, the
stem-loop structure is maintained with the fluorescein and
rhodamine labels in close proximity. The net effect is that
very little emission for the fluorescein is detected after exci-
tation. After SDA, the probe is converted to a double-
stranded species, which is cleaved by BsoBl. The cleavage
causes physical separation of the fluorescein and rhodamine
labels, which results in an increase in emission from the
fluorescein label.



RNA target

o 5 + 3 IS5 Key

¥ Primer annealing

4N

DNA copy (cDNA)
L

cocoocococmmm s AN PNA dulex

l RNA degradation by RNase H

Reverse transcriptase (RT) creates a

6. Molecular Microbiology M 65

[ RNAtarget
I Primer #1

1 Primer #2
(can be used with or
without T7 promoter
sequence)

g Bacterial phage T7
polymerase binding site
(T7 promoter sequence)

0000 Synthesized DNA

0000 Synthesized RNA

OOCCOCOCCCES + & (1%

Primer annealing
RT creates cDNA

eooccocoee &

(0000080000

Primer annealing
RT creates cDNA

4

Primer annealing
RT creates cDNA

Double-stranded cDNA

RNA (100-1000 copies) transcribed from
DNA template by T; RNA polymerase
v (copies used as substrate for further cycles)

(00000000 CONINN00000800080)
(0000000000000 0C00CONNNNNCO08000000

0000000000000
000000000000 ~  OCOCCOCOOCEEZ) i duplesas

l RNA degradation by RNase H

(30000000000 + COOCCOOCOCEES

FIGURE 13 Transcription-based target amplification. NASBA and TMA are examples of tran-

scription-based amplification systems. Reprinted with permission of Elsevier from reference 219.

doi:10.1128/9781555817381.ch6.f13

SDA has a reported sensitivity high enough to detect as
few as 10 to 50 copies of a target molecule (65). By using
a primer set designed to amplify a repetitive sequence with
10 copies in the M. tuberculosis genome, the assay is sensitive
enough to detect 1 to 5 genome copies from the bacterium.
SDA has also been adapted to quantify RNA by adding an
RT step (RT-SDA). In this case, a primer hybridizes to the
target RNA and an RT synthesizes a cDNA molecule. This
cDNA can then serve as a template for primer incorporation
and strand displacement. The products of this strand dis-
placement then feed into the amplification scheme de-
scribed above. RT-SDA has been used for the determination
of HIV viral load (67). FDA-cleared tests using SDA for
the direct detection of C. trachomatis, N. gonorrhoeae, and
herpes simplex virus (HSV) 1 and 2 in urogenital specimens
are available from BD Diagnostics. These assays can be run
on either a semiautomated (ProbeTec) or fully automated
(Viper) system.

The main advantage of SDA is that it is an isothermal
process that, unlike PCR, can be performed at a single

temperature after initial target denaturation. This elimi-
nates the need for expensive thermal cyclers. Furthermore,
samples can be subjected to SDA in a single tube, with
amplification times varying from 30 min to 2 h. The main
disadvantage of SDA lies in the fact that, unlike those at
which PCR is performed, the relatively low temperature at
which SDA is carried out (52.5°C) can result in nonspecific
primer hybridization to sequences found in complex mix-
tures such as genomic DNA. Hence, when the target is in
low abundance compared to background DNA, nonspecific
amplification products can swamp the system, decreasing
the sensitivity of the technique. However, the use of organic
solvents to increase stringency at low temperatures and
the recent introduction of more thermostable polymerases
capable of strand displacement have alleviated much of this
problem.

Loop-Mediated Amplification

Loop-mediated amplification (LAMP) is an isothermal
method that relies on autocycling strand displacement DNA
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synthesis by Bst DNA polymerase and a set of four to six
primers (68). Two inner and two outer primers define the
target sequence, and an additional set of loop primers is
added to increase the sensitivity of the reaction. The final
products of the LAMP reaction are DNA molecules with
a cauliflower-like structure of multiple loops consisting of
repeats of the target sequence (Fig. 15) (69). The products
can be analyzed in real time by monitoring the turbidity in
the reaction tube resulting from production of magnesium
pyrophosphate precipitate during the DNA amplification.
Amplification products can also be visualized in agarose gels
after electrophoresis and staining with ethidium bromide
or SYBR green.

LAMP has been used successfully in a number of labora-
tory-developed assays to detect DNA and RNA viruses (70—
73) and diagnose mycobacterial infections (74). Since
LAMP is an isothermal process and positive reactions can
be detected by simple turbidity measurements or visualized
directly with the naked eye, it requires no expensive equip-
ment. These attributes make it an attractive technology for
resource-poor settings and field use (75). However, primer
design for LAMP is more complex than for PCR, with
specialized training and software required for their design.
Meridian Bioscience, Inc. (Cincinnati, OH) has licensed
LAMP technology from Eiken Chemical Company, Ltd.
(Tokyo, Japan) for the development of infectious-disease

diagnostics in the United States. Meridian currently has
FDA -cleared tests for detection of Clostridium difficile, Myco-
plasma pneumoniae, and group A and group B beta-hemolytic
streptococci (76).

Helicase-Dependent Amplification

Helicase-dependent amplification (HDA) is an isothermal
process developed by BioHelix (Beverly, MA) that uses
helicase to separate dsDNA and generate single-stranded
templates for primer hybridization and subsequent extension
by a DNA polymerase (77). As the helicase unwinds dsDNA
enzymatically, the initial heat denaturation and subsequent
thermocycling steps required by PCR can all be omitted.
In HDA, strands of dsDNA are separated by the DNA
helicase and the ssDNA-coated ssDNA-binding proteins.
Two sequence-specific primers hybridize to each border of
the target sequence, and a DNA polymerase extends
the primers annealed to the target sequence to produce
dsDNA. The two newly synthesized products are used as
substrates by the helicase in the next round of amplification.
Thus, a simultaneous chain reaction proceeds, resulting in
exponential amplification of the selected target sequence
(Fig. 16).

HDA is compatible with multiple detection technolo-
gies, including qualitative and quantitative fluorescence
technologies, and with instruments designed for real-time



6. Molecular Microbiology

b .. FcFxFic B1 82 B3
3 == - 5
St
=
F3 Primer l
Fle
~ P2 2
- ..
- 1 - &
o = 3
[ e d l
F3c F2c Fic B1 B2 B3
S Se— 3.
T ——— B ¥ Sow me e o 3
PR ‘remetonls’ B16.82¢ R Fic F2 F1 BicB2c B3c
B3
B3 Primer a.
- = . = ¥
B2 % - -
Bic o
l B3 Primer
5.
Fle B1
-31 A\’
Foe Fi B1c'g,
c 10.
-— - -
T e—
/ - -5

= 5a.
5, /
_/‘F' Fie 81
\;5 {13' B?:'E'z
Flc
6. / \ 8.
= - - = fan—<
- =
ﬁ-‘- 3,-_' -3' 'ﬁ
F1 ACESN /
- -
T Fic '?B’l-_%’f
/ El1r:
= i / ,-—'/.!
. og R 1. >-
-- - / 5\
s
I
!

L

L8

L

FIGURE 15 (a) Primer design of the LAMP reaction. For ease of explanation, six distinct regions
are designated on the target DNA, labeled F3, F2, F1, Blc, B2c, and B3 from the 5" end. As ¢
represents a complementary sequence, the Flc sequence is complementary to the F1 sequence.
Two inner primers (FIP and BIP) and outer primers (F3 and B3) are used in the LAMP method.
FIP (BIP) is a hybrid primer consisting of the Flc (Blc) sequence and the F2 (B2) sequence. (b)
Starting structure-producing step. DNA synthesis initiated from FIP proceeds as follows. The F2
region anneals to the F2c region on the target DNA and initiates the elongation. DNA amplification
proceeds with BIP in a similar manner. The F3 primer anneals to the F3c region on the target
DNA, and strand displacement DNA synthesis takes place. The DNA strand elongated from FIP
is replaced and released. The released single strand forms a loop structure at its 3" end (structure
3). DNA synthesis proceeds with the ssDNA as the template and BIP and B3 primer, in the same
manner as described earlier, to generate structure 5, which possesses the loop structure at both
ends (dumbbell-like structure). (c) Cycling amplification step. Using self-structure as the template,
self-primed DNA synthesis is initiated from the 3’-end F1 region, and the elongation starts from
FIP, annealing to the single strand of the F2c region in the loop structure. Passing through several
steps, structure 7 is generated, which is complementary to structure 5, and structure 5 is produced
from structure 8 in a reaction similar to that which led from structures 5 to 7. Structures 9 and
10 are produced from structures 6 and 8, respectively, and more elongated structures (11, 12) are
also produced. Reprinted with permission of Nature Publishing Group from reference 69.
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FIGURE 16 HDA amplifies target sequences using two sequence-specific primers flanking the
fragment to be amplified and a mixture of enzymes for DNA strand separation and polymerization.
In the first step of the HDA reaction, the helicase enzyme loads onto the template and traverses
along the target DNA, disrupting the hydrogen bonds linking the two strands. Exposure of the
single-stranded target region by helicase allows primers to anneal. The DNA polymerase then
extends the 3 ends of each primer using free deoxynucleotides (ANTPs) to produce two DNA
replicates. The two replicated DNAs independently enter the next cycle of HDA, resulting in
exponential amplification of the target sequence. Reprinted with permission of BioHelix from
http://www.biohelix.com/HDA_mechanism.asp. doi:10.1128/9781555817381.ch6.f16

PCR (78). Furthermore, HDA has shown potential for the
development of simple, portable DNA diagnostic devices
to be used in the field or at the point of care (79-81). FDA-
cleared tests for detection of HSV 1 and 2 DNA in oral
and genital lesions are available from BioHelix and for
detection of C. difficile from Quidel (San Diego, CA).

POSTAMPLIFICATION DETECTION AND
ANALYSIS

Gel Analysis

Visualization of amplification products in agarose gels after
electrophoresis and ethidium bromide staining was the earli-
est detection method. After gel electrophoresis, DNA is
often transferred onto a nitrocellulose or nylon membrane
and hybridized to a specific probe to increase both the
sensitivity and the specificity of detection. Membranes
with bound radiolabeled probes are placed in proximity to
X-ray film, and the hybrids are visualized as dark bands.
Enzyme-labeled probes can be visualized through either light
or color production after the addition of the appropriate
chemiluminescent or chromogenic substrates. Many of these
nonisotopic approaches are at least as sensitive as isotopic
methods and are faster. In addition, the enzyme-labeled
probes are more stable. Although gel electrophoresis and
blotting remain important research tools, these techniques
are being replaced by faster and simpler methods in the
clinical laboratory.

Single-strand conformation polymorphism (SSCP) anal-
ysis and restriction fragment length polymorphism (RFLP)
analysis have been used to ascertain information about the
base compositions of the amplification products visualized
in a gel. In SSCP analysis, the PCR product is denatured
and then subjected to electrophoresis in a nondenaturing
gel (82). Variations in the physical conformations of the
PCR products are related to the base compositions and are
detected by differential gel migration. This technique has
successfully been used to detect mutations causing rifampin
resistance in M. tuberculosis (83).

RFLP analysis uses restriction endonucleases to cleave
amplification products at specific recognition sites. The frag-
ments are separated by electrophoresis, and the resulting
banding pattern provides information about the nucleic
acid sequence. When coupled with a hybridization reaction,
RFLP analysis can also provide information about the loca-
tion and number of loci homologous to the probe. Both
SSCP analysis and RFLP analysis of short products have
largely been replaced by direct DNA sequencing as this
technology has improved and the costs have decreased.

Capillary Electrophoresis

Capillary electrophoresis allows for accurate size discrimina-
tion of fluorescently labeled nucleic acids from 50 to 1,000
bases with single-base precision. PCR and capillary electro-
phoresis have been functionally integrated by PrimeraDx
(Mansfield, MA) to produce highly multiplexed assays that
can simultaneously detect up to 60 targets whose identities
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are defined by the specific size of the corresponding ampli-
cons (84, 85).

PrimeraDx developed a multiplexed assay for the simul-
taneous quantification of cytomegalovirus (CMV), HSV,
BK virus, human herpesvirus 6 (HHV-6), and HHV-7 viral
loads that integrates PCR and capillary electrophoresis. In
this assay, amplification of the nucleic acid targets is moni-
tored by sampling the PCR during sequential cycles and
separating and quantifying the PCR products by capillary
electrophoresis. These data are used to construct amplifica-
tion curves. Similar to real-time PCR amplification, a cycle
threshold is determined from the amplification curve for
each of the targets in the exponential phase of amplification.
Unlike real-time PCR, where standards in a separate reac-
tion are used, the PrimeraDx assay uses multiple internal
standards in each reaction to generate calibration curves for
each individual assay in the multiplex reaction. Qualitative
assays for detection of fungal pathogens and respiratory vi-
ruses have also been developed. PrimeraDx’s ICEPlex system
is an automated, high-throughput instrument that performs
the multiplex real-time PCR and capillary electrophoresis.

Seegene, Inc. (Seoul, South Korea) has developed a wide
variety of multiplexed infectious-disease assays, including
sexually transmitted disease, HPV genotyping, mycobacte-
rial, and respiratory pathogen panels (23, 86). The targets
of these multiplexed assays are designed to be discriminated
by size and are compatible with several different microfluidic
and capillary electrophoresis systems, including the Agilent
2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA)
and Applied Biosystems (Foster City, CA) sequencers.

Colorimetric Microtiter Plate Systems

Colorimetric microtiter plate (CMP) systems are conven-
ient alternatives to traditional gel and blotting techniques
for detection of amplified products. In these systems, the
amplified product is captured in microtiter plate wells by
specific oligonucleotide probes coating the plastic surface.
Bound product is detected by a color change that takes place
after addition of an enzyme conjugate and the appropriate
substrate. These systems resemble enzyme immunoassays
and use microtiter plate washers and readers commonly
found in clinical laboratories. CMP systems are more practi-
cal and faster than the traditional membrane hybridization
techniques described above.

Several variations of CMP systems are commercially
available. In one popular approach, biotinylated primers are
used to amplify the target, and the biotin-containing PCR
product is denatured and added to the microtiter well. After
hybridization with a capture probe, the bound product is
detected with a streptavidin-enzyme conjugate and a chro-
mogenic substrate (87). Enzyme-conjugated antibodies di-
rected against dsDNA have also been used to detect PCR
products in CMP systems (88). Another approach uses
digoxigenin-dUTP to label the PCR product and enzyme-
conjugated antidigoxigenin antibodies to detect the cap-
tured product (221). With the development and widespread
adoption of real-time amplification and detection systems,
CMP systems are now used infrequently in clinical labora-
tory settings.

Allele-Specific Hybridization

Line probe assays are manufactured by Innogenetics (Ghent,
Belgium) for genotyping of HCV, HPV, and HBV; identifi-
cation of mycobacteria; and analysis for drug resistance mu-
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tations in HBV and M. tuberculosis (89-94). The HCV line
probe assays are distributed by Siemens. In these assays, a
series of probes with poly(T) tails are attached to nitrocellu-
lose strips. Biotin-labeled PCR product is then hybridized
to the immobilized probes on the strip. The labeled PCR
product hybridizes only to the probes that give a perfect
sequence match under the stringent hybridization condi-
tions used. After hybridization, streptavidin labeled with
alkaline phosphatase is added and binds to the biotinylated
hybrids. Incubation with a chromogen results in a purple
precipitate. The pattern of hybridization provides informa-
tion about the nucleic acid sequence of the amplicon. This
method is capable of detecting single-nucleotide polymor-
phisms.

A line probe for identification of 37 HPV genotypes is
available from Roche Diagnostics (Indianapolis, IN) and is
registered for use in the European Union (95). The method
employs multiplex PCR with biotinylated primers targeted
to the L1 region of the HPV genome and a linear array of
L1 sequence-specific probes fixed to a nitrocellulose strip.
The pattern of hybridization provides the genotype and is
determined as described above.

Nucleic Acid Sequencing

The combination of PCR and Sanger dideoxynucleotide
chain termination methods can be used to determine DNA
sequences in clinical samples (96). The application of capil-
lary electrophoresis techniques to the separation of PCR
and dideoxy chain termination products has streamlined
the sequencing process by eliminating some of the labor-
intensive steps, which makes the technology a better fit for
diagnostic applications (97). The current detection method
for automated Sanger sequencing involves size-dependent
separation of fluorescently labeled DNA fragments by capil-
lary electrophoresis. The different fluorescent tags on the
fragments are interrogated by a laser as the fragments pass
in single file in the gel-filled capillary tube. The information
is collected by a computer, which generates chromatograms
using a different color for each of the four bases, from which
the template DNA sequence can be determined. Typically
automated Sanger sequencing is accurate for sequences up
to 800 bp in length. To obtain a full sequence of longer
regions of DNA, it is necessary to break it into smaller
pieces and sequence them individually. This is typically at
random (shotgun sequencing) or in an ordered stepwise
fashion (primer walking).

CLIP, a coupled amplification and sequencing method,
uses oligonucleotide primers labeled with different fluores-
cent dyes, standard dideoxynucleotide termination reagents,
and PCR to produce extension products that end with a
chain-terminating nucleotide (98). The nucleic acid se-
quence is deduced from the electrophoretic mobilities of
the different extension products from a set of four reactions,
each product containing a different chain-terminating nu-
cleotide. A unique feature of CLIP sequencing is that one
reaction produces sequence information for both nucleic
acid strands. CLIP sequencing serves as the basis for com-
mercially available assays for HIV-1 drug resistance (Sie-
mens Medical Solutions, Malvern, PA).

The ViroSeq HIV-1 genotyping assays (Celera Diagnos-
tics, Alameda, CA; distributed by Abbott Molecular,
Des Plaines, IL) also use dideoxy chain-terminating se-
quencing, but each dideoxynucleotide is labeled with a
different fluorescent dye. Each reaction mixture contains
one primer but all four uniquely labeled dideoxynucleotides.
Separation of the terminated PCR products is done by capil-
lary electrophoresis.
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Although direct sequencing of PCR products by capillary
electrophoresis is a powerful research tool, its routine use
in the clinical laboratory depends on the development of
high-throughput systems with integrated databases and data
analysis software. Such systems are available for HIV-1 and
HCV genotyping and for identification of bacteria and fungi
by rRNA gene sequence analysis.

Pyrosequencing (Qiagen) represents an alternative ap-
proach to conventional sequencing and is useful for genotyp-
ing and short-read-length sequencing (99). Pyrosequencing
is based on the luminometric detection of pyrophosphate
that is generated during DNA synthesis.

A sequencing primer is hybridized to a single-stranded
PCR amplicon and incubated with the enzymes DNA poly-
merase, ATP sulfurylase, luciferase, and apyrase and the
substrates adenosine 5’-phosphosulfate and luciferin. The
first of four dNTPs is added to the reaction mixture. DNA
polymerase catalyzes the incorporation of the dANTP into
the DNA strand. Each incorporation event is accompanied
by release of pyrophosphate (PP;) in a quantity equimolar to
the amount of incorporated nucleotide. The ATP sulfurylase
quantitatively converts PP; to ATP in the presence of aden-
osine 5’-phosphosulfate. This ATP drives the luciferase-
mediated conversion of luciferin to oxyluciferin, which
generates light in amounts that are proportional to the
amount of ATP. The light produced in the reaction is
detected by a charge-coupled device camera. A program is
produced in which the height of each peak is proportional
to the number of nucleotides incorporated. Apyrase, a nu-
cleotide-degrading enzyme, continuously degrades ATP and
unincorporated dNTPs. This degradation switches off the
light and regenerates the reaction solution. The next ANTP
is added, and the process is repeated.

Pyrosequencing has been used in microbiology to detect
drug resistance mutations and to identify and type bacteria,
viruses, and fungi (100-103). Unlike conventional sequenc-
ing strategies, pyrosequencing provides reliable data for
sequences adjacent to the sequencing primer termini. Pyro-
sequencing provides a simple-to-use and robust platform for
short-read-length sequencing.

Multiple new sequencing technology platforms have
emerged since 2005 and have greatly surpassed conventional
dideoxynucleotide chain termination methods in terms of
increased total sequence production and decreased cost.
Collectively, these new sequencing methods are referred to
as next-generation or massively parallel sequencing, and
they have considerable potential for clinical diagnostics
(104-106). The major next-generation sequencing plat-
forms as of this writing are the Roche 454 GS-FLX (454,
Branford, CT), the Illumina HiSeq and MiSeq (Illumina,
San Diego, CA), the ABI SOLiD (Applied Biosystems),
and the Ion Torrent (Life Technologies). The sequencing
methods, read lengths, depths of coverage, run times, total
bases per run, sequence accuracies, usability, and costs vary
for each of these platforms.

The Roche 454 platform, using the pyrosequencing tech-
nology described earlier to carry out hundreds of thousands
of sequencing reactions simultaneously on independent
beads, works as follows. Target DNA is first randomly
sheared into fragments and then ligated to adapters. Single-
stranded template DNA is isolated, mixed with beads, and
then subjected to emulsion PCR to clonally amplify the
template on each bead. The beads are then distributed
into a “picotiter plate” that contains millions of tiny wells.
Within each well that receives an individual bead, an iso-
lated environment is created for the sequencing of each

template, resulting in massively parallel sequencing of differ-
ent templates simultaneously.

DNA templates sequenced with the Illumina systems are
ligated to adapter sequences that incorporate a sequence
complementary to anchor oligonucleotides, which are cova-
lently linked to the surface of a flow cell. After annealing
to the anchor oligonucleotides, the template DNA mole-
cules are clonally amplified in a modified isothermal PCR
termed a “bridge PCR,” in which the DNA molecules are
free to flex and form a bridge with an adjacent anchor
oligonucleotide. Bridge amplification generates clusters of
amplified template on the solid surface, where each cluster
represents a different template. Next, the clusters are dena-
tured to provide a single-stranded template, and a sequenc-
ing primer is hybridized to the strand. It uses a unique
sequencing chemistry that incorporates fluorescently la-
beled, reversible terminator nucleotides. These nucleotides
are labeled with different-colored fluorophores so that all
four nucleotides can be added to the reactions simultane-
ously. Only one terminator nucleotide can be incorporated
into each sequence during one sequencing cycle, and the
color of the fluorescent label incorporated into the se-
quences of each cluster is recorded. Removal of the termina-
tor group on the nucleotide just added enables incorporation
of the next complementary nucleotide, and the cycle is
repeated.

The ABI SOLiD system chemistry starts with emulsion
PCR of adapter-modified ssDNA molecules. After PCR, the
templates are denatured and bead enrichment is performed
to select beads with extended templates. The template on
the selected beads undergoes a 3" modification to allow
covalent binding to a glass slide. The modified beads are
deposited randomly on the slide. The sequencing occurs by
ligation. Primers hybridize to the adapter sequence within
the library template. A set of four fluorescently labeled di-
base probes compete for ligation to the sequencing primer.
Specificity of the di-base probe is achieved by interrogating
every first and second base in each ligation reaction.
Multiple cycles of ligation, detection, and cleavage are per-
formed, with the number of cycles determining the eventual
read length. Following a series of cycles, the extension prod-
uct is removed and the template is reset with a primer
complementary to the n —1 position for a second round of
ligation cycles. Five rounds of primer resets are completed
for each sequencing tag. Consequently, each base is interro-
gated in two independent ligation reactions by two different
primers. This dual interrogation provides highly accurate
sequences.

The Ion Torrent system employs an integrated circuit to
directly perform nonoptical DNA sequencing in a massively
parallel fashion (107). Genomic DNA is fragmented and
ligated to adapters, and adapter-ligated libraries are clonally
amplified onto 2-um acrylamide beads. Template-bearing
beads are enriched through a magnetic bead process. Se-
quencing primers and DNA polymerase are then bound to
the templates and pipetted into the ion chip’s loading port.
The chip contains millions of sensor wells. Individual beads
are loaded into the individual sensor wells by spinning the
chip in a centrifuge. The well depth allows only a single
bead to occupy a well.

In ion sequencing, all four nucleotides are provided in
a stepwise fashion during an automated run. When the
nucleotide in the flow is complementary to the template
base directly downstream from the sequencing primer, the
nucleotide is incorporated into the nascent strand by the
bound polymerase. This increases the length of the sequenc-
ing primer by one base, or more if a homopolymer stretch



is directly downstream from the primer, and results in hy-
drolysis of the incoming nucleotide triphosphate, which
causes the liberation of a single proton for each nucleotide
incorporated during that flow. The release of the proton
produces a shift in the pH of the surrounding solution pro-
portional to the number of nucleotides incorporated in the
flow. This is detected by the sensor on the bottom of each
well, converted to a voltage, and digitized by off-chip elec-
tronics. After the flow of each nucleotide, a wash is used
to ensure that nucleotides do not remain in the well. To
change raw voltages into base calls, signal processing soft-
ware converts the raw data into measurements of incorpora-
tion in each well for each successive nucleotide flow using
a physical model. The use of most widely used technology
for constructing integrated circuits allows the manufacturer
to produce a more scalable and lower-cost alternative to
many of the currently available massively parallel sequenc-
ing systems.

Next-generation sequencing will have a major impact
on genomics research. In the field of medical microbiology,
applications are evolving in the areas of metagenomics,
microbial identification, and detection of rare mutations.
Ultradeep sequencing can detect rare viral variants consist-
ing of as little as 1% of the population, levels far deeper
than those achievable with traditional Sanger sequencing
methods, and the detection of these low-abundance drug
resistance mutations may significantly affect treatment out-
comes in HIV-1 and HCV infections (108-110). The CLSI
has recently developed guidelines for nucleic acid sequenc-
ing in clinical laboratories (106).

Hybridization Arrays

High-Density Arrays

High-density DNA hybridization arrays are produced by
attaching or synthesizing hundreds or thousands of oligonu-
cleotides on a solid support in precise patterns. A labeled
amplification product is hybridized to the probes, and hy-
bridization signals are mapped to various positions within
the array. If the number of probes is sufficiently large, the
sequence of the PCR product can be deduced from the
pattern of hybridization (resequencing arrays). A number
of manufacturers have developed high-density DNA mi-
croarrays and the instrumentation required to acquire and
analyze the data, including Affymetrix (Santa Clara, CA),
Roche NimbleGen (Madison, WI), and Agilent Technolo-
gies. Hybridization arrays have a number of applications in
microbiology, including microbial and host gene expression
profiling, pathogen identification, antimicrobial resistance
detection, viral discovery, molecular surveillance, strain typ-
ing, and diagnostic sequencing (111). The CLSI has pub-
lished a guideline for the use of diagnostic nucleic acid
microarrays (112).

One of the most developed approaches brings together
advances in synthetic nucleic acid chemistry with photoli-
thography, a process used in the manufacture of semiconduc-
tors for the computer industry (Affymetrix). This approach
uses light to direct the synthesis of short oligonucleotides
(20 to 25 bp) on a silica wafer (113). On a 15-mm-square
chip, thousands of individual sites or features can be estab-
lished. At each feature, specific oligonucleotides are assem-
bled one nucleotide at a time by light-activated chemistry.

NimbleGen’s approach to in situ synthesis of oligonucleo-
tide probes on silica wafers is similar to that of Affymetrix,
but photolithographic masks are replaced by virtual or digi-
tal masks. The array synthesizer uses an array of programma-
ble micromirrors to create digital masks that reflect the
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desired pattern of UV light to deprotect the features where
the next nucleotide will be coupled with probe size up to
85 bp. Each array contains >10° features.

Agilent microarrays use glass slides and ink-jet printing,
which eliminates the need for either lithographic or digital
masks. The in situ synthesis of 60-mer oligonucleotides is
achieved using five-“ink” (four bases plus catalyst) printing
of nucleotide precursors combined with coupling and depro-
tection steps (111). Agilent microarrays are available in a
number of formats with up to 244,000 features.

Due to the complex nature of the chemical synthesis
and the expense involved in production of in situ-synthesized
arrays, this is limited to commercial manufacturers. Conse-
quently, they are not conducive to user-defined or labora-
tory-developed applications.

Another method of producing DNA hybridization arrays
involves the precise micropipetting of premade dsDNA
probes (typically 200 to 2,000 bp in length) onto glass
slides with a robotic device (114, 115). These arrays are
not suitable for mutation detection due to the size and
density of the arrayed DNA probes but have facilitated gene
expression profiling. DNA arrays of this type can be used
to determine the activation states (mRNA levels) of thou-
sands of genes simultaneously. Gene expression profiling of
pathogens by use of arrays may provide new insights into
pathogenic mechanisms and help identify new therapeutic
and vaccine targets.

High-density microarrays coupled with sequence-inde-
pendent PCR have also been used in the discovery and
characterization of pathogens and have the potential to
provide rapid, unbiased, differential diagnosis of infectious
diseases. Wang et al. described the first microarray designed
to detect large numbers of viruses (116). The microarray
consisted of 1,600 70-mer oligonucleotides derived from 140
different virus species, with an average of 10 oligonucleo-
tides per virus species. They demonstrated that a wide vari-
ety of viruses could be detected by the microarray with
sensitivities and specificities similar to those of individual
virus-specific PCR assays (117). In addition, this approach
has facilitated the discovery of a number of novel viruses
from humans and animals, including the severe acute respi-
ratory syndrome coronavirus (118). The current version of
the panviral microarray contains 60,000 probes representing
all viral species in GenBank. The field of diagnostic microar-
rays is rapidly developing, with multiple broad-range mi-
croarrays described (119-122).

There are a variety of sample preparation methods for
the different array types, but all share a few fundamental
characteristics. All methods start with extraction of total
RNA, poly(A), or genomic DNA that is then converted
to either cDNA or cRNA by enzymatic methods that mod-
estly amplify the sample with tagging or incorporating
biotinylated or fluoresceinated nucleotides. In expression
applications, the amplification must maintain the relative
abundance levels of the different transcripts present,
whereas for resequencing applications, the relative abun-
dance of information is rarely important. The DNA chip
is hybridized in a flow cell with the sample for 2 to 12 h.
After hybridization, a scanning laser confocal microscope
evaluates the surface fluorescence intensity of the chip.
Automated scanning by the microscope takes only a few
minutes to acquire an image of the entire surface of the
chip, and computer software analyzes the fluorescent image
and determines the nucleic acid sequence or gene expression
profile of the sample.

High-density microarrays hold much promise for molecu-
lar diagnostics. However, the complexity of fabricating the
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arrays, limited commercial availability, and high test costs
are obstacles to their routine use in clinical laboratories.

Low- to Moderate-Density Arrays

Recent developments of new detection techniques and sim-
plified methodologies have facilitated the transition from
expensive high-density arrays to cost-effective low- to me-
dium-density systems for clinical diagnostics. The three mi-
croarray systems described in the following paragraphs all
are FDA-cleared platforms.

The INFINITI analyzer (AutoGenomics, Carlsbad, CA)
is a fully automated, multiplexing platform that uses novel
BioFilmChip microarrays for a wide range of molecular diag-
nostic applications. Fluorescent-labeled PCR amplicons are
hybridized to probes immobilized on a BioFilmChip microar-
ray. The microarray is film-based microarray, which consists
of multiple layers of thin hydrogel matrices on a polyester
solid support. Each spot on the array is scanned with a built-
in confocal microscope. The system has integrated controls
for all steps and automatically processes and analyzes data.
Infectious-disease applications available as research-use-
only (RUQ) assays include microarrays for detection of drug
resistance in M. tuberculosis, respiratory viruses, sexually
transmitted disease agents, and nontuberculous mycobac-
teria (123).

The Verigene system (Nanosphere, Inc., Northbrook,
IL) uses gold nanoparticle-labeled probes to detect target
nucleic acid hybridized to capture oligonucleotides arrayed
on a glass slide. Silver signal amplification is then performed
on the gold nanoparticle probes that are hybridized to the
captured DNA targets of interest. The Verigene Reader
optically scans the slide for silver signal, processes the data,
and produces a qualitative result. Tests for the detection of
influenza A, influenza B, respiratory syncytial virus, and C.
difficile and for the identification of Gram-positive bacteria
and selected antimicrobial resistance genes from positive
blood culture bottles have been cleared by the FDA for
the Verigene system (124, 125). A Gram-negative bacteria
panel for positive blood cultures, an enteric pathogen panel,
and an expanded respiratory pathogen panel are in the
development pipeline.

The eSensor system (GenMark Dx, Carlsbad, CA) uses
electrochemical-detection-based DNA microarrays (126).
These microarrays are composed of a printed circuit board
consisting of an array of 76 gold-plated electrodes. Each
electrode is modified with a multicomponent, self-assembled
monolayer that includes presynthesized oligonucleotide cap-
ture probes. Nucleic acid detection is based on a sandwich
assay principle. Signal and capture probes are designed
with sequences complementary to immediately adjacent
regions on the corresponding target DNA sequence. A
three-member complex is formed between capture probe,
target sequence, and signal probe based on sequence-specific
hybridization. This process brings the 5" end of the signal
probe containing electrochemically active ferrocene labels
into close proximity to the electrode surface.

The ferrous ion in each ferrocene group undergoes cyclic
oxidation and reduction, leading to loss or gain of an elec-
tron, which is measured as current at the electrode surface
using alternating-current voltammetry. Higher-order har-
monic signal analysis also facilitates discrimination of ferro-
cene-dependent faradic current from background capacitive
current.

The eSensor cartridge consists of a printed circuit board,
a cover, and a microfluidic component. The microfluidic
component includes a diaphragm pump and check valves in
line with a serpentine channel that forms the hybridization

channel above the array of electrodes. The eSensor instru-
ment consists of a base module and up to three cartridge-
processing towers, each with eight slots for cartridges. The
cartridge slots operate independently of each other. The
throughput of a three-tower system can reach 300 tests in
8 h. A respiratory pathogen panel for the eSensor system
that detects 14 different types and subtypes of respiratory
viruses is FDA cleared (127), and an HCV genotyping test
is in the development pipeline.

Mass Spectrometry

One of the most exciting developments in clinical microbi-
ology is the application of mass spectrometry (MS) to identi-
fication and characterization of pathogens (128, 129). All
MS applications are based on direct measurement of two
intrinsic properties of the analyte, molecular mass and
charge. The mass spectrometer consists of three functional
units. The first unit, the ion source, is used to ionize the
analyte and transfer it to the gas phase. The second unit is
the mass analyzer, which serves to separate the ions by
their mass-to-charge ratio, which defines their time of flight
(TOF). The analyzer can use a vacuum chamber and a static
or dynamic magnetic/electric field to separate the ions. The
third unit uses an electron multiplier or fast oscilloscope to
detect the ions. A wide variety of ionization methods can
be used, but matrix-assisted laser desorption ionization
(MALDI) and electrospray ionization (ESI) are used for
analysis of proteins and nucleic acids that are too fragile to
be ionized by older conventional methods.

MALDI-TOF MS of whole bacterial cells has greatly
reduced the time needed to identify bacteria and fungi grown
in culture and is increasingly being deployed in clinical
laboratories. Two commercially available systems, the
MALDI Biotyper (Bruker Daltronics, Billerica, MA) and
VITEK MS (bioMérieux), are FDA cleared and are reviewed
in chapter 4. MALDI-TOF and ESI MS can also be used
to analyze PCR amplicons. Two fully integrated systems
for infectious-disease applications are available from Ibis
Biosciences/Abbott Molecular (Carlsbad, CA) and
Sequenom (San Diego, CA) and are described below.

The T5000 Universal Biosensor/PLEX-ID (Ibis/Abbott
Molecular) is a commercially available system capable of
identification and characterization of a broad range of
pathogens (130). In this system, all nucleic acids present
in a clinical sample are extracted and aliquoted into
wells of a microtiter plate that each contain one or more
pairs of broad-range primers for PCR. The primers are
designed to amplify a product from a selected group of
microorganisms, for example, all bacteria, specific species, or
individual strains. The PCRs produce a mixture of products
reflecting the complexity of the original mixture of microor-
ganisms present in the clinical sample.

The PCR products are desalted and sequentially elec-
trosprayed into a mass spectrometer for TOF analysis. The
spectral signals are processed to determine the masses of
each of the PCR products present with sufficient accuracy
that the base composition of each amplicon can be unambig-
uously deduced. Using the combined base compositions from
multiple PCRs, the identities of the pathogens and their
relative concentrations in the sample can be determined.
Although it is not immediately intuitive, nucleic acid com-
position (i.e., the numbers of A’s, G’s, C’s, and T’s) in
specific regions of the genome is equally as informative as
the nucleic acid sequence. MS is remarkably sensitive and
can measure the weight and determine the base composition
from small quantities of nucleic acids in complex mixtures
essentially instantaneously.



A key element of the Ibis system is a curated database
of genomics that associates base counts with primer pairs
for thousands of organisms. Broad-range PCRs are capable
of producing products from groups of organisms rather than
single species. That, coupled with the ability of the mass
spectrometer to rapidly and accurately derive base composi-
tions from PCR amplicons, provides high information con-
tent and obviates the need to anticipate which pathogen
is present in the sample. The Ibis system has been used for
the rapid identification and strain typing of a variety of
bacteria, viruses, fungi, and protozoa (131). Although the
PCR ESI MS system is no longer commercially available,
Abbott plans to launch a new platform in 2014.

Sequenom developed comparative sequencing by base-
specific cleavage and MALDI-TOF MS for automated, high-
throughput microbial DNA sequence analysis in its iPlex
MassArray system (132). In this innovative genotyping
method, PCR-amplified signature sequences are subjected
to in witro transcription and base-specific RNA cleavage by
RNase A. Mass signal patterns of the resulting cleavage
products, a mixture of RNA fragments known as com-
pomers, are acquired and provide a fingerprint of the micro-
organism. Each RNA compomer is defined by its nucleotide
composition with the cleavage base terminating its 3" end
and thus by its mass in the resulting mass spectrum.

The list of detected experimental compomer masses is
compared with a calculated list of molecular weights derived
from an in silico digest of a set of reference sequences in the
system database. The simulated patterns of the reference
set are used to identify the microorganism by its best match
to a reference sequence. Small differences between the best-
matching reference and sample sequence show up as a differ-
ence between the in silico and detected sample spectra. They
can be used to identify and localize sequence differences
down to a single base change and identify novel sequences.
Depending on the gene target, MALDI-TOF MS can pro-
vide high-level discrimination of individual microbial taxa
or be used to identify lineages within a species (133-137).

QUANTITATIVE METHODS

Many of the methods discussed above can be used to quantify
the amount of RNA or DNA in a clinical sample. The
most commonly used methods include PCR and RT-PCR,
transcription-based amplification, and bDNA assays. The
principle of quantitative molecular methods is that there is
a linear relationship between the quantity of the input
template and the amount of the product or signal generated.
Competitive PCR (cPCR) is a reliable and robust method
that was the basis of the first generation of viral load assays
for HIV-1 and HCV (Amplicor Monitor System; Roche
Diagnostics) that were commonly used in clinical laborato-
ries. These assays, based on conventional standard PCR,
are still in use by clinical laboratories but are rapidly being
replaced by real-time amplification methods. The basic con-
cept behind cPCR is the coamplification in the same reac-
tion tube of target and calibrator templates with equal or
similar lengths and with the same primer-binding sequences
(138). Since both templates are amplified with the same
primer pair, identical thermodynamics and amplification
efficiencies are ensured. The amount of the calibrator must
be known, and after amplification, products from both tem-
plates must be distinguishable from each other. Different
types of calibrators have been used in cPCR, but in general
those calibrators similar in size and base composition to the
target work most effectively. RNA competitors should be
used in quantitative RT-PCRs to address the problem of
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variable RT efficiency. This competitive amplification ap-
proach has also been used effectively with transcription-
based amplification methods using RNA targets and RNA
calibrators.

For cPCR, the concentration of the target template in
the clinical sample can be determined by a simple calcula-
tion. The yield of the PCR product is described by the
equation Y = I(1 + ¢)", where Y is the quantity of the PCR
product, I is the quantity of the template at the beginning
of the reaction, e is the efficiency of the reaction, and n is
the number of cycles. In cPCR, this equation is written for
both templates, as follows: competitor, Y. = [.(1 + ¢)™; target,
Y, = I(1 + e)". Since e and n are the same for both the
competitor and the target, the relative product ratio, Y./Y,,
directly depends on the initial concentration ratio, I./I,, and
the function Y./Y, = I /], is linear.

Real-time amplification and detection methods are par-
ticularly well suited for quantification of nucleic acid be-
cause the amount of the fluorescent signal generated is
proportional to the concentration of the target DNA or
RNA in the original sample. Real-time PCR and transcrip-
tion-based amplification methods are the most commonly
used quantitative methods. For real-time PCR, the fluores-
cent signal is measured during the exponential phase of
amplification, which is where the amplification plot crosses
the threshold (Fig. 6). This is in contrast to standard PCR
methods that measure the endpoint signal. There are advan-
tages to measuring the fluorescent signal during the expo-
nential phase of amplification; the reaction components are
not limiting, and the assay is less sensitive to the effects
of inhibitors. As a result, real-time PCR assays are more
reproducible than standard PCR assays. Both internal and
external calibrators can be used with real-time assays, but the
improved precision of real-time assays allows more reliable
results to be obtained with an external calibration curve
than would be obtained with standard PCR. When external
calibrators are used, a calibration curve is generated by
plotting the log;o concentration of the external calibrator
versus the Cr, and this plot is used to calculate the concen-
tration of nucleic acid in the sample. The concentration of
nucleic acid in the sample is inversely related to the Ct:
the higher the concentration of the nucleic acid, the lower
the Ct (40). In general, quantitative real-time PCR assays
are not more sensitive than standard PCR assays; however,
they have a much broader linear range, typically 6 to 7
orders of magnitude.

Digital PCR is the next advance in nucleic acid quantifi-
cation. It can provide a lower limit of detection than
real-time PCR methods with better precision at the very
low concentrations. As opposed to relative quantification,
digital PCR provides absolute quantification with no need
for reference standards. Currently, digital PCR is used as
a research tool, but it may find applications in clinical
laboratories to resolve ambiguous results obtained with
quantitative real-time PCR assays or for creating accurate
viral reference standards as the technology becomes less
costly (139-141). The CLSI has published guidelines for
quantitative molecular methods for infectious diseases that
address the development and application of quantitative
PCR assays and other nucleic acid amplification methods

(142).

AUTOMATION AND INSTRUMENTATION

Molecular assays consist of three major steps: specimen pro-
cessing, nucleic acid amplification, and product detection.
Sample processing is usually the most labor-intensive step
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and has represented the biggest challenge for manufacturers
of automated test systems. However, in the past several
years there have been considerable advances in this area
with the availability of both semiautomated and fully auto-
mated systems. Automation of the nucleic acid extraction
process offers laboratories several advantages, including ease
of use, limited handling of the sample, improved reproduc-
ibility, reduced opportunity for cross contamination, and,
for some systems, postelution functions such as adding sam-
ples into the master mix. These advantages need to be
weighed against the costs of automated systems, the inflexi-
bility of batch size, and the large sizes of many of the auto-
mated instruments. The systems vary in the types of nucleic
acid extraction methods that they provide and include total
nucleic acid, DNA-only, and RNA-only protocols. Other
features of automated extraction systems to consider are
the availability of protocols for various specimen types and
volumes, variable elution volumes, the availability of target-
specific and/or generic target extraction methods, and speci-
men throughput. The available automated systems range
from fully automated high-throughput systems such as the
MagNA Pure and COBAS AmpliPrep systems (Roche),
m2000sp (Abbott), and QIAsymphony (Qiagen) to those
designed for a small number of specimens such as BioRobot
EZ1 (Qiagen) and NucliSENS (bioMérieux).

There are a wide variety of instruments commercially
available for real-time PCR testing. These instruments vary
as to speed, capacity of samples per test run, reaction volume,
optics, and support for different fluorescence probe types.
The time required for analysis depends to a great extent
on the time required for thermocycling, and the speed of
thermocycling depends on how quickly the instrument can
change temperature over time. For example, some instru-
ments can change the temperature at 20°C per s, permitting
instrument analysis of up to 32 samples in as little as 30
min. Capacity may offset thermocycling speed. Although a
higher-capacity instrument may have a longer thermocy-
cling time than a lower-capacity instrument, potentially
more samples may be analyzed by the high-capacity instru-
ment in a specific time period than by the low-capacity
instrument.

The reaction mixture volume assayed may also vary from
one system to another. If target nucleic acid is present in
extremely small amounts in a sample, an instrument that
permits higher-volume analysis may be preferred.

Real-time PCR instruments utilize a variety of optics
for fluorescence detection. A tungsten source lamp for exci-
tation and selectable filters for excitation and emission
wavelength detection are used in a number of instruments.
Light-emitting diodes or laser excitation devices coupled
with emission wavelength detection may also be used. The
new real-time PCR instruments allow up to six different
fluorogenic dyes to be used simultaneously in one reaction.
The Prism series of sequence detection systems (Applied
Biosystems), LightCycler (Roche), SmartCycler (Cepheid,
Sunnyvale, CA), and Rotor-Gene (Qiagen) are examples
of instruments designed initially for research applications
that now find widespread use in molecular diagnostics labo-
ratories. The COBAS TagMan analyzer (Roche) and the
m2000rt system (Abbott) were the first real-time instru-
ments designed specifically for use in clinical laboratories
(143).

Many manufacturers are coupling automated nucleic acid
extraction instruments with amplification and detection
systems to create high-throughput, fully automated nucleic
acid analyzers. The TIGRIS and Panther systems (Hologic
Gen-Probe), the COBAS AmpliPrep/COBAS TagMan and

COBAS 4800 systems (Roche), the m2000 system (Abbott),
and the Viper and BD MAX systems (BD Diagnostics) are
examples of fully automated and integrated systems designed
to perform sample processing, nucleic acid amplification,
and product detection.

The GeneXpert system (Cepheid) represents the other
end of the automation spectrum, in which a single sample
is added to a disposable fluidic cartridge that fully automates
and integrates sample preparation, amplification, and real-
time detection. The instrument has a random-access design,
amenable to on-demand molecular diagnostic testing. Other
examples of simple, sample-in, answer-out systems designed
to be performed on demand include FilmArray (BioFire)
and AmpliVue (Quidel/BioHelix).

A number of criteria need to be considered before select-
ing and implementing a new molecular microbiology instru-
ment platform (144). These include vendor support by way
of test menu, technical support, pricing, and kit configura-
tion. The functionality of the instrument platform should
be also be assessed by workflow, reliability, flexibility, and
ease of use. Finally, the specifications for the instrument
in terms of environmental conditions (e.g., temperature,
humidity, and airflow) and utility requirements should be
carefully reviewed prior to the final selection.

CURRENT APPLICATIONS

Molecular methods have created new opportunities for the
clinical microbiology laboratory to affect patient care in the
areas of initial diagnosis, disease prognosis, and monitoring
of response to therapy. Over time the methods have become
more automated, the cost of testing has decreased, and
clinical utility has been proven for the diagnosis and man-
agement of a variety of infectious diseases. As a result,
molecular testing is now routinely performed in many clini-
cal microbiology laboratories, and clinical applications will
continue to expand in the future. A number of near-patient
or point-of-care nucleic acid amplification tests for a variety
of infectious diseases are commercially available or close to
market. These point-of-care tests could extend molecular
microbiology into resource-poor settings and potentially
drive innovation in global public health programs for con-
trol of HIV and M. tuberculosis infections.

Initial Diagnosis

With the development of molecular methods, the clinical
microbiology laboratory is no longer reliant solely on the
traditional culture methods for detection of pathogens in
clinical specimens. Culture-based methods have long been
the gold standard for infectious-disease diagnosis, but for
several diseases, nucleic acid-based tests have replaced cul-
ture as the gold standard. HCV infection, enteroviral men-
ingitis, pertussis, HSV encephalitis, and genital infections
due to C. trachomatis and N. gonorrhoeae are some examples
of infectious diseases in which nucleic acid-based tests are
the new gold standards for diagnosis. In other diseases such
as tuberculosis, nucleic acid amplification tests are useful
adjuncts to culture that can provide more rapid initial diag-
nosis and permit timelier public health interventions. This
technology has been used to best advantage in situations
in which traditional methods are slow, insensitive, expen-
sive, or not available. These techniques work particularly
well with fragile or fastidious microorganisms that may die
in transit or be overgrown by contaminating biota when
cultured. N. gonorrhoeae is an example for which the nucleic
acid can be detected under circumstances in which the
organism cannot be cultured. The use of improper collection



media, inappropriate transport conditions, or delays in trans-
port can reduce the viability of the pathogen but may leave
the nucleic acid still detectable. It is beyond the scope of
this chapter to review all of the possible applications or to
provide a compendium of methods for detection of various
pathogens. The reader is directed to another excellent re-
source for this information (145).

Opportunities to actually replace culture for bacterial
pathogens in routine practice are limited by the need to
isolate the organisms for antibiotic susceptibility testing. In
those applications in which culture has actually been re-
placed by nucleic acid testing, the pathogens are of predict-
able susceptibilities and, consequently, routine susceptibility
testing is not performed, or the genetics of resistance are
well defined and simple to detect, such as methicillin resis-
tance in S. aureus. Since the last edition of this book, most
clinical microbiology laboratories have replaced antigen de-
tection with nucleic acid amplification methods for diagno-
sis of C. difficile-associated disease because the nucleic acid
amplification tests have performance characteristics similar
to toxigenic culture but with a much shorter analysis time
(146).

Molecular methods have had the biggest impact in clini-
cal virology, in which the molecular approaches are often
faster, more sensitive, and more cost-effective than the tradi-
tional methods. The diagnoses of enteroviral meningitis,
HSV encephalitis, and CMV infections in immunocompro-
mised patients are examples of clinically relevant and cost-
effective applications of nucleic acid-based tests. There are
greater opportunities to replace the conventional methods
in virology than in bacteriology because the culture-based
methods are costly and antiviral susceptibility testing is not
routinely performed. In those situations in which antiviral
susceptibility testing is required, such as identification of
ganciclovir-resistant CMV, molecular methods (i.e., se-
quencing) are the method of choice for rapid identification
of mutations. The diagnostic role of molecular tests has
been further expanded with a new HIV diagnostic testing
algorithm proposed by the Centers for Disease Control and
Prevention (CDC) (147). In this new algorithm, HIV-1
RNA testing with either the Aptima HIV-1 RNA qualita-
tive assay (Hologic Gen-Probe; FDA approved for HIV
diagnosis) or an HIV-1 viral load assay can be used to
facilitate prompt diagnosis of acute HIV-1 infection when
faced with discordant fourth-generation screening (antigen
and antibody combination assays) and supplemental anti-
body test results to differentiate acute HIV-1 infection from
false-positive immunoassay results. Similarly, HCV RNA
testing has replaced the recombinant immunoblot assay as
a supplemental test for HCV infection (148). Clinical labo-
ratories will be performing more HCV RNA tests with the
adoption of the CDC’s amended testing recommendations
for one-time HCV testing for all persons born from 1945
through 1965 regardless of risk factors (149).

Until recently a major limitation of molecular tests for
infectious diseases was the clinical need for simultaneous
identification of multiple pathogens associated with defined
syndromes such as respiratory tract infections, sepsis, gas-
troenteritis, and meningoencephalitis (150). This syn-
dromic approach to molecular microbiology was facilitated
by the technological developments of multiparametric or
multiplex analysis described earlier in this chapter. At the
time of this writing, there are FDA-cleared highly multi-
plexed panels for the detection of respiratory, gastrointesti-
nal, and bloodstream infections. It is likely that this trend
in development and deployment of syndromic molecular
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microbiology tests on multiparametric platforms will in-
crease in the future.

Perhaps the greatest impact of molecular methods has
been in the discovery of previously unrecognized or uncul-
tivable pathogens. During the past 25 years, a number of
infectious agents were first identified directly from clinical
material by using molecular methods. HCV, the principal
etiologic agent of what was once known as non-A, non-B
hepatitis, was discovered in 1989 through the application
of molecular cloning techniques by investigators from the
CDC and the Chiron Corporation (151). Cloning and anal-
ysis of the HCV genome led to production of viral antigens
that now serve as the basis of the specific serologic tests
used to screen the blood supply and to diagnose hepatitis
C. To date, HCV has resisted all attempts at sustained in
vitro propagation. As a result, RT-PCR is used to detect,
quantify, and genotype HCV in infected individuals.

Tropheryma whipplei, the causative agent of Whipple’s
disease, is another example of a microorganism that was
initially identified by molecular methods (152). It was dis-
covered by the use of broad-range PCR, in which primers
are directed against conserved sequences in the bacterial
16S rRNA gene. Sequence analysis of the PCR product and
comparison with known 16S rRNA gene sequences were
used to characterize the organism and establish its disease
association. This approach provides a new paradigm for
discovery of unrecognized pathogens that is of value in other
diseases with features that suggest an infectious etiology.

Molecular methods are very powerful tools for the identi-
fication of emerging pathogens and are covered in detail in
chapter 16. RT-PCR with consensus primers and a panviral
DNA microarray was used to rapidly identify the etiologic
agent of severe acute respiratory syndrome as a coronavirus
(153, 154). Within a few months of the recognized outbreak,
the virus was identified and sequenced and the molecular
assays were developed that played an essential role in diag-
nosing the infection and defining the epidemiology of the
infection.

Similarly, high-throughput shotgun sequencing offers
important new opportunities for discovery of microbial
pathogens. It was used to identify a novel polyomavirus,
WU virus, from a nasopharyngeal aspirate from a 3-year-
old with pneumonia (155). Using a specifically designed
real-time PCR assay, this virus has been shown to be present
in 0.7 to 3.0% of patients with acute respiratory infections;
the majority of patients were coinfected with other respira-
tory viruses (156). This approach has also been used to
detect previously known and unknown viruses in feces of
children with gastroenteritis and a novel Old World are-
navirus that caused fatal disease in three recipients of organs
from a single donor (157).

Identification of Bacteria and Fungi by Nucleic
Acid Sequencing

Nucleotide sequence analysis of the 16S bacterial TRNA
gene has expanded our knowledge of the phylogenetic rela-
tionships among bacteria and is the new standard for bacte-
rial identification. RNA contains several functionally dif-
ferent regions, with some regions having highly conserved
and others having highly varied nucleic acid sequences
(158). The sequence of the 16S rRNA gene is a stable
genotypic signature that can be used to identify an organism
at a genus or species level. The 16S gene sequence can be
determined rapidly and provides objective results independ-
ent of phenotypic characteristics. As discussed in the preced-
ing section, it can also be used to characterize previously
unrecognized species. A similar approach that targets the
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nuclear large subunit of the rRNA gene can be used for the
identification of fungi (159). This gene is universally found
in all fungi and contains sufficient variation to identify most
fungi accurately to the species level.

The DNA sequencing approach to microbial identifica-
tion involves extraction of the nucleic acids, amplification
of the target sequence by PCR, sequence determination,
and a computer software-aided search of an appropriate
sequence database. The major limitations of this approach to
microbial identification include the high cost of automated
nucleic acid sequencers, the lack of appropriate analysis
software, and limited databases.

Applied Biosystems has developed ribosomal gene se-
quencing kits for bacteria and fungi. A sequence from an
unknown bacterium is compared with either full or partial
16S rRNA sequences from >1,000 type strains by using the
MicroSeq analysis software (160). The software analysis
provides percent base pair differences between the unknown
bacterium and the 20 most closely related bacteria, align-
ment tools to show differences between the related se-
quences, and phylogenetic tree tools to verify that the
unknown bacterium actually clusters with the 20 closest
bacteria in the database. The MicroSeq fungal identification
system is similar to the bacterial identification system but
targets D2 large-subunit rRNA (161, 162). Continued im-
provements in automation, refinements of analysis software,
and decreases in cost should lead to more widespread use
of nucleic acid sequence-based approaches to microbial
identification.

More recently, pyrosequencing, or sequencing by synthe-
sis, has been used for the identification of infectious patho-
gens. Since the length of high-quality sequence generated
is limited to 50 to 100 bp, it is very useful for single-
nucleotide polymorphism analysis, but it has also been ap-
plied to taxonomic categorization of microorganisms. This
approach requires identifying a variable region that contains
a unique sequence for the different microorganisms within
the group. Pyrosequencing has been successfully used to
classify mycobacteria and nocardiae into clinically impor-
tant groups and to identify yeast and filamentous fungi (163,
164). CLSI has published a guidance document focused on
interpreting and reporting results for microbial identifica-
tion by DNA sequencing (165).

DNA-based microbiome studies frequently fall into two
categories (166). Targeted amplicon studies focus on one
or a few marker genes and use these markers to reveal the
composition and diversity of the microbiota. Others use a
shotgun metagenomic approach in which genomic se-
quences are randomly obtained. The gene used most often
in targeted amplicon studies is the 16S rRNA gene because
of the availability of large databases of reference sequences
and taxonomies of bacteria. A variety of sequencing tech-
nologies, including massively parallel sequencing, have been
used for taxonomic profiling. See chapter 15 for a more
complete discussion of the experimental and analytical tools
used for studying the human microbiome.

Disease Prognosis

Molecular techniques have created opportunities for the
laboratory to provide important information that may pre-
dict disease progression. Probably the best example is HIV-
1 viral load as a predictor of progression to AIDS and
death in infected individuals. This predictive value was first
demonstrated in 1996 as part of a multicenter AIDS cohort
study (167). The investigators showed that the risk of pro-
gression to AIDS and death was directly related to the
magnitude of the viral load in plasma at study entry. The

viral load in plasma was a better predictor of disease progres-
sion than the number of CD4* lymphocytes. Subsequent
studies have confirmed that baseline viral load critically
influences disease progression.

Subtyping of certain viruses by molecular methods may
also have prognostic value. Subtyping of respiratory syncy-
tial viruses may provide information about the severity of
infection in hospitalized infants, with those infected with
group A viruses having poorer outcomes (168). HPV causes
dysplasia, intraepithelial neoplasia, and carcinoma of the
cervix in women. HPV types 16 and 18 are associated with
a high risk of progression to neoplasia, and types 6 and 11
are associated with a low risk of progression (169). The
clinical utility of molecular testing for high-risk HPV DNA
has been established for managing women with the cervical
cytologic diagnosis of atypical squamous cells of undeter-
mined significance. Women with this condition can be
referred for colposcopy based on the detection of high-risk
HPV DNA (170). HPV DNA testing is approved by the
FDA for use as an adjunct to cytology for cervical cancer
screening in women aged 30 years or more (171). The most
recent consensus screening guidelines for the prevention
and early detection of cervical cancer emphasize the impor-
tance of HPV testing in women 30 to 65 years of age even
in the absence of cervical cytological abnormalities (172).

CMYV viral load testing is useful for deciding when to
initiate preemptive therapy in organ transplant recipients
and distinguishing active disease from asymptomatic infec-
tion. The level of CMV DNA can predict the development
of active CMV disease (173, 174), with higher viral load
values increasing the risk of symptomatic disease. Quantita-
tive assays are also useful in distinguishing disease from
infection with other herpesviruses such as Epstein-Barr virus

(EBV) and HHV-6.

Duration of and Response to Therapy

Molecular methods have been developed to detect the genes
responsible for resistance to single antibiotics or classes of
antibiotics in bacteria and in many cases are superior to
the phenotypic, growth-based methods. The detection of
methicillin resistance in staphylococci, vancomycin resis-
tance in enterococci, carbapenem resistance in Enterobac-
teriaceae, and rifampin resistance in M. tuberculosis provides
examples of where molecular methods are used to supple-
ment the growth-based methods (175, 176). However, it is
difficult to imagine, given our current state of knowledge
of the molecular genetics of antimicrobial resistance and
the technological limitations, that a genotypic approach to
routine antimicrobial susceptibility testing of bacteria could
rival the phenotypic methods in terms of information con-
tent and cost in the near future.

Molecular techniques are playing an increasing role in
predicting and monitoring patient response to antiviral ther-
apy. The laboratory may have a role in predicting response
to therapy by detecting specific drug resistance mutations,
determining viral load, and genotyping. Both viral load
and genotype are independent predictors of response to
combination therapy with pegylated interferon and ribavirin
in chronic HCV infections, although genotype is the main
predictor of response (177-180). Those patients with high
pretreatment viral load values (>2 million copies/ml or
600,000 IU/ml) or genotype 1 infections have lower sus-
tained response rates compared with those with genotype
2 and 3 infections (177-179). Genotype is also used to
determine the duration of therapy, with genotype 1 infection
requiring a longer course of therapy than genotype 2 or 3
infections (180, 181). Recent studies have more closely



defined duration of therapy based on the extent of the viral
response. Patients who do not reach a >2-log;q drop in viral
load at 12 weeks after initiating therapy are very unlikely
to respond to pegylated interferon and ribavirin. Moreover,
patients with a rapid virologic response (HCV RNA level
of <50 IU/ml 4 weeks after initiating therapy) may require
a shorter duration of therapy, provided they have a low
baseline HCV RNA level (<400,000 IU/ml) and minimal
hepatic fibrosis (180).

The FDA approval of the first direct-acting antiviral
agents for treatment of chronic HCV genotype 1 infections
in 2011 changed the paradigm for treatment and monitoring
the response to treatment (182). Both drugs, boceprevir
and telaprevir, are serine protease inhibitors to be used
in conjunction with pegylated interferon and ribavirin. A
number of other compounds encompassing at least five dis-
tinct drug classes are currently under development or in
clinical trials (183). In patients treated with boceprevir,
HCV viral load is determined at baseline and at weeks 8,
12, and 24 of therapy. If the HCV viral load is undetectable
at weeks 8 and 24, then patients should be treated for a
total of 24 weeks. If HCV viral load is >100 IU/ml at
week 12 or detectable at week 24, then therapy should be
discontinued. The algorithm is similar for patients receiving
triple therapy with telaprevir. HCV viral load is determined
at weeks 4, 12, and 24. If HCV RNA is undetectable at
weeks 4 and 12, then patients should be treated for a total
of 24 weeks. If the HCV viral load is >1,000 IU/ml at
week 4 or 12 and/or detectable at week 24, then therapy
should be discontinued. Currently, there is no clinical indi-
cation for viral resistance testing, but that may change as
different classes of direct-acting antiviral agents are used
for treatment.

Quantitative tests for HIV-1 RNA are the standard of
practice for guiding clinicians in initiating, monitoring, and
changing antiretroviral therapy. Several commercially avail-
able HIV-1 viral load assays have been FDA approved,
and guidelines for their use in clinical practice have been
published (184). Viral load assays have also been used in
monitoring response to therapy in patients chronically in-
fected with HBV (185) and in predicting the risk for devel-
oping BK virus-associated nephropathy in renal transplant
recipients (186). In organ transplant recipients, the persis-
tence of CMV viral load after several weeks of antiviral
therapy is associated with the development of resistance

(187).

LABORATORY PRACTICE

The unparalleled analytical sensitivity of nucleic acid ampli-
fication techniques coupled with their susceptibility to cross
contamination presents unique challenges to the routine
application of these techniques in the clinical laboratory.
There are special concerns in the areas of specimen process-
ing, workflow, quality assurance, and interpretation of test
results. Additional information can be found in the CLSI
documents MM3-A2, Molecular Diagnostic Methods for Infec-
tious Diseases; Approved Guideline—2nd Edition (188); MM6-
A2, Quantitative Molecular Methods for Infectious Diseases;
Approved Guideline—2nd Edition (142); MM13-A, Collec-
tion, Transport, Preparation, and Storage of Specimens and
Samples for Molecular Methods; Approved Guideline (189);
and MM19-A, Establishing Molecular Testing in Clinical Labo-
ratory Environments; Approved Guideline (190).

Specimen Collection, Transport, and Processing

Proper collection, transport, and processing of clinical speci-
mens are essential to ensure reliable results from molecular
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assays. Nucleic acid integrity must be maintained through-
out these processes. Important issues to consider in specimen
collection are the timing of specimen collection in relation-
ship to disease state and the proper specimen type. Other
factors that come into play include the use of the proper
anticoagulant, transport and storage temperatures, and time
to processing of the specimen. HIV-1 viral load testing is
an example in which the proper conditions for specimen
collection, transport, and processing have been well de-
scribed and has provided insight into the importance of
these factors. For HIV-1 viral load testing, the plasma needs
to be separated from the cells within 6 h of collection to
minimize degradation of RNA. Once the plasma has been
separated, it can be stored at 4°C for several days, but —=70°C
is recommended for long-term storage (191). Most types of
specimens are best stored at =20 to —70°C prior to pro-
cessing.

Molecular methods have several advantages over con-
ventional culture with regard to specimen collection. It may
be easier to maintain the integrity of nucleic acid than the
viability of an organism. Molecular tests for the detection
of C. trachomatis and N. gonorrhoeae are an example in
which DNA is stable on dry cervical swabs for a week at
room temperature or refrigeration temperatures, which is in
stark contrast to the conditions required to maintain organ-
ism viability for culture. Nucleic acid persists in specimens
after initiation of treatment (192, 193), thus allowing detec-
tion of a pathogen even though the organism can no longer
be cultured. Also, due to the increased sensitivity of molecu-
lar assays, it may be possible to test a smaller volume of
specimen or use a specimen that is collected using a less
invasive method.

The major goals of specimen processing are to release
nucleic acid from the organism, maintain the integrity of
the nucleic acid, render the sample noninfectious, remove
inhibiting substances, and in some instances concentrate
the specimen. These processes need to be balanced with
minimizing manipulation of the specimen. Complex speci-
men processing methods are time-consuming and may lead
to the loss of target nucleic acid or result in contamination
between specimens. Care must be taken to avoid carrying
over inhibitory substances, such as phenol or alcohol, from
the nucleic acid isolation step to the amplification reaction.

There are several general methods for nucleic acid extrac-
tion. Different methods may be used depending on whether
the desire is to purify RNA or DNA or both. Another factor
to consider when deciding on a nucleic acid extraction
method is the type of pathogen sought. Some pathogens,
such as viruses, can be very easy to lyse, while mycobacteria,
Gram-positive bacteria, and fungi can be very difficult to
lyse. Enzyme digestion, harsh lysis conditions, or mechanical
disruption may be required to disrupt the cell walls of these
organisms.

DNA isolation methods often use detergents to solubilize
the cell wall or membranes, a proteolytic enzyme (such
as proteinase K) to digest proteins, and EDTA to chelate
divalent cations needed for nuclease activity (194, 195).
The lysate can be used directly in amplification assays, or
additional steps may follow to purify the nucleic acid. These
additional steps remove proteins and traces of organic sol-
vents and concentrate the specimen. In order to successfully
use a crude lysate, the target DNA must be present in a
relatively high concentration and there must be minimal
inhibitors of amplification in the sample. If these criteria
are not met, additional purification steps should be used.

Another commonly used method of nucleic acid isolation
involves disruption of cells or organisms with the chaotropic



78 M DIAGNOSTIC STRATEGIES AND GENERAL TOPICS

agent guanidinium thiocyanate and a detergent (196). After
a short incubation, the nucleic acid can be precipitated
with isopropanol. Guanidinium thiocyanate denatures pro-
teins and is also a strong inhibitor of ribonucleases, making
it a very useful tool for RNA isolation, although it is also
used for purification of DNA. The Boom extraction method
is also based on the lysing and nuclease-inactivating proper-
ties of guanidinium thiocyanate but utilizes the acid-binding
properties of silica or glass particles to purify nucleic acid
(197).

Detection of target organisms that are present in small
numbers in a large-volume clinical sample requires that
target organisms be concentrated to a detectable level. One
way to accomplish this is to isolate the particular nucleic
acid of interest by binding it to a solid phase, which allows
the support, with the target bound to it, to be separated
from the original sample. These techniques are referred
to as target capture. Target capture techniques immobilize
nucleic acids on magnetic beads by the use of a capture
probe that attaches to the bead and to the target nucleic
acid. A magnetic separation device is used to concentrate
the target by drawing the magnetic beads to the sides of
the sample tube, while the remainder of the sample is washed
away and removed. Target capture techniques also remove
materials in the sample that might otherwise interfere with
amplification.

Over the past several years, various manufacturers have
developed commercially available reagents using one of
these basic methods or a modification of these methods.
Many of these methods rely on the use of spin column
technology, are easy to use, and provide a rapid, reproducible
method for purification of nucleic acid from a wide variety
of clinical specimens. In recent years, further advances have
been made with the introduction of magnetic silica particles
that are coupled with instruments providing various degrees
of automation, thus further simplifying nucleic acid extrac-
tion and purification. These reagents tend to be expensive,
but the additional cost can be offset by labor savings. Labora-
tories are increasingly using automated systems for nucleic
acid extraction, as they require less hands-on time, may
reduce the risk of cross contamination between specimens,
and provide more consistent yields. There are now many
automated systems available for use in clinical laboratories;
they should be thoroughly evaluated because not all isolate
nucleic acids with the same efficiency and purity. The qual-
ity of the nucleic acid can have a significant impact on the
performance of a molecular test.

Tissue samples need to be disrupted prior to the nucleic
acid extraction process. This can be accomplished by cutting
the tissue into small pieces or mechanically homogenizing
the tissue prior to proceeding with one of the above-de-
scribed extraction methods. Preserved tissue specimens re-
quire removal of the paraffin with solvents and slicing into
fine sections prior to processing.

Removing inhibitors of amplification is a key function
of the nucleic acid extraction process. Simple methods of
nucleic acid extraction that involve boiling of the specimen
have been used for relatively acellular specimens such as
cerebrospinal fluid (CSF). Though the boiling method is
fast and easy, there are problems with inhibitors of amplifica-
tion in CSF that are not inactivated by boiling (198). The
inhibition rate can be reduced to <1% by using a silica-
based extraction method. Similarly, crude lysates of urine
and cervical swab specimens are commonly used for the
detection of C. trachomatis and N. gonorrhoeae. Specimens
containing amplification inhibitors have been reported to
range from 1 to 5% for urine to as much as 20% for cervical

swabs (199). Common inhibitory substances include hemo-
globin, crystals, B-human chorionic gonadotropin, and ni-
trates. Blood samples are used commonly for detection and/
or quantification of a variety of viral pathogens, including
HIV-1, HCV, and CMV. HIV-1 viral load testing is an
example in which the effects of different anticoagulants
have been well studied. HIV-1 viral RNA is most stable
when collected in EDTA, and heparin has been shown to
be inhibitory to amplification and should be avoided
(200). In addition, very small volumes of whole blood (1%)
can be inhibitory to Tag DNA polymerase (201). Other
compounds such as acidic polysaccharides, which are com-
ponents of glycoproteins present in sputum and cervical
specimens and bile salts found in stool, can also inhibit
polymerase (202). Human DNA, when present in the sam-
ple in high quantities, for example, tissue or blood, may
also interfere with the detection of a low concentration of
pathogen nucleic acid. With the recognition of such a wide
array of inhibitors of amplification and the availability of
simple, reliable, semiautomated, and automated nucleic acid
extraction methods, the use of crude lysates for testing be-
comes more difficult to justify. Regardless of the nucleic
acid extraction method employed, the laboratory should
monitor inhibition rates for different specimen types and
nucleic acid extraction methods (see “Quality Control and
Assurance” below).

Contamination Control

Several types of contamination can occur with molecular
testing: cross contamination of specimens during the nucleic
acid extraction step, contamination of specimens with posi-
tive control material, and carryover contamination of ampli-
fied products. Contamination with amplified products can
occur with DNA or RNA target amplification and with
probe amplification methods. It does not occur with signal
amplification assays since nucleic acid molecules are not
synthesized with these methods. Cross contamination that
occurs during specimen processing or handling of positive
control material can occur with all amplification methods.
The approach to the control of contamination due to ampli-
fied products has changed dramatically with the widespread
use of real-time amplification and detection methods. Since
the reaction tube is not opened after amplification, there
is minimal risk of contamination from the amplified product.
Many laboratories using real-time methods continue to use
a variety of good laboratory practices to control for contami-
nation, but the focus is on minimizing cross contamination
between specimens rather than contamination from the
amplified product. Refer to CLSI document MM3-A2, Mo-
lecular Diagnostic Methods for Infectious Diseases; Approved
Guideline—2nd Edition (188), and Molecular Microbiology:
Diagnostic Principles and Practice, 2nd ed. (144), for detailed
descriptions of good laboratory practices to minimize con-
tamination.

Clinical microbiologists have long been concerned about
minimizing contamination between samples with microor-
ganisms during specimen processing. Molecular methods
have raised the level of concern considerably, and for good
reason, as current methods can detect a few molecules.
The previously undetected low levels of contamination that
occurred in processing specimens for routine culture can
lead to false-positive results in molecular assays. Prevention
of contamination due to target DNA or RNA is best done
by careful handling of specimens to avoid splashing, opening
only one specimen tube at a time, pulse-spinning tubes prior
to opening, using screw-top tubes rather than snap-cap tubes
to minimize aerosolization, bleaching work surfaces, and



using plugged pipette tips. Some of these approaches can
be difficult for high-volume laboratories, which is why auto-
mated extraction systems can be very useful. Care must be
taken with these systems to ensure that there is no cross
contamination during the automated process. This is often
done by alternating negative and high-titer specimens in a
checkerboard arrangement and monitoring for carryover of
sample into the negative specimens. These experiments
should be designed with an understanding of the concentra-
tion of the organism in the clinical specimen. For example,
the concentration of HSV in CSF from patients with menin-
gitis is quite low compared with the concentration of BK
virus in the urine of a patient with nephropathy.

Preventing contamination of the laboratory with DNA
from a clinical specimen or positive control material is very
important, because eliminating contamination with target
DNA once it occurs can be very difficult. This is why care
should be taken to use a positive control at the lowest
concentration that consistently amplifies. The enzymatic
and photochemical inactivation methods used to control
carryover contamination of amplified products are not effec-
tive in preventing contamination with target DNA.

Enzymatic inactivation of amplified product can be ac-
complished with uracil-N-glycosylase (UNG), a DNA repair
enzyme found in a variety of bacterial species. During the
PCR, dTTP is replaced with dUTP so that dUTP is incorpo-
rated into the newly synthesized DNA products. This allows
for a distinction between starting template DNA and ampli-
fied products; only newly synthesized PCR products will
contain deoxyuracil. If UTP-containing amplification prod-
ucts are present as contaminants, the addition of UNG to
the reaction mixture will result in the cleavage of deoxyura-
cil residues, thus destroying the contaminating DNA (203).
The use of UNG increases the amount of carryover DNA
needed to contaminate the reaction mixture by several or-
ders of magnitude (204). When UNG is used, it is important
to keep the annealing temperature above 55°C so that the
UNG remains inactive, thus avoiding degradation of newly
synthesized product. For the same reason, after completion
of amplification, the reaction mixture should be held at
72°C (205). UNG can be inactivated at 94°C, but pro-
longed inactivation at 94°C may also affect the activity of
the polymerase enzyme. UNG will not remove uracil from
RNA molecules and is therefore ineffective in controlling
contamination in RNA amplification assays, such as TMA
and NASBA.

When UTP and UNG are used, the PCR reaction condi-
tions should be reoptimized, as the magnesium requirement
may increase. The efficiency of amplification may be re-
duced when UTP is substituted for TTP. This can be over-
come by adding a mixture of dUTP and dTTP into the
master mix. The efficiency of inactivation using UNG de-
pends on the size of the amplified product and its G+C
content. Inactivation may not be effective with amplified
products of <100 bp, as maximum UNG efficiency requires
the DNA molecule to be 150 bp (206).

Contamination of laboratory work surfaces, equipment,
reagents, and clothing of laboratory personnel with previ-
ously amplified nucleic acid products is of particular concern
for clinical laboratories, since these products can accumulate
over time with routine testing and can be inadvertently
transferred to subsequent assay reactions, resulting in false-
positive test results. To minimize the potential for such
amplicon contamination and false-positive results, laborato-
ries performing molecular tests with target amplification
methods were designed traditionally to have physical sepa-
ration of preamplification (i.e., reagent preparation and
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sample processing), amplification-detection, and postampli-
fication (i.e., DNA sequencing) areas with separate ventila-
tion systems. In addition to the use of dedicated rooms,
biological cabinets, and dead-air boxes for various processes
involved in specimen testing, laboratories have also typically
employed a unidirectional workflow for the movement of
specimens, supplies, and personnel from preamplification to
postamplification areas through each phase of testing. The
physical separation of pre- and postamplification activities
and a unidirectional workflow are particularly important for
those laboratories performing postamplification analyses in
which the reaction vessel is opened and the amplicon trans-
ferred to another vessel or device (e.g., sequencing or liquid
bead microarrays). The strict separation of pre- and postam-
plification areas is less important for laboratories using real-
time amplification methods, particularly those using fully
automated systems that perform nucleic acid extraction,
amplification, and detection.

Quality Control and Assurance

“Verification” and “validation” are terms that are often used
interchangeably, but it is important to remember that they
are different processes (207). Verification is the process by
which assay performance is determined; parameters such
as sensitivity, specificity, positive and negative predictive
values, and accuracy are established. The verification of an
assay is completed before the assay is used for patient testing.
Validation is the ongoing process of proving that the assay
is performing as expected and achieves the intended result
or intended use.

The analytical verification of an assay provides informa-
tion on the performance characteristics of the assay, includ-
ing the limit of detection, linear and measuring ranges
(quantitative tests), trueness, precision, and specificity,
while the clinical verification determines the clinical utility
of the assay. The analytical performance characteristics of
a test should be well understood prior to determining the
clinical utility of a test, and any analytical limitations need
to be considered when determining clinical uses. For exam-
ple, a qualitative HSV DNA test may have adequate sensi-
tivity to detect cases of HSV encephalitis but have inade-
quate sensitivity to detect the lower levels of DNA found
in cases of HSV meningitis.

Determining the clinical utility of a molecular assay can
be difficult when the molecular assay is more sensitive than
the gold standard. This situation was seen with the commer-
cial assays designed to detect C. trachomatis in genital speci-
mens. Molecular assays proved to be much more sensitive
than the gold standard method of culture. An insensitive
gold standard can make a molecular assay appear to have
a falsely low specificity. In this situation, an expanded gold
standard can be used. For C. trachomatis, this included direct
fluorescent-antibody testing and/or another molecular
method (192, 193, 208). There are additional challenges
in determining the clinical utility of molecular assays that
detect rare pathogens. These assays are usually laboratory-
developed tests (LDTs), and any given medical center may
see very few cases of the disease, making clinical verifi-
cation difficult. Moreover, standards and control material
can be difficult to obtain for rare pathogens. Several compa-
nies now provide control material for the more common
molecular assays, such as those for C. trachomatis, N. gonorr-
hoeae, HIV-1, HCV, and CMV. A complete list of reference
materials and international standards for molecular microbi-
ology tests is maintained by the Genetic Testing Reference
Materials Coordination Program, CDC, and can be accessed
at http://www.cdc.gov/clia/Resources/GetRM/
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default.aspx. The availability of calibrators that are made
based on a consensus standard (such as the World Health
Organization international standards for HIV-1, HCV,
CMYV, and EBV) is very important in establishing the clini-
cal utility of viral load tests. The lack of such calibrators
makes standardization of LDTs very difficult. This has been
particularly problematic for CMV and EBV, for which the
presence of latent infection and asymptomatic reactivation
leading to low levels of viral replication underscores the
need to establish clinical cutoffs for initiating therapy or
reducing immunosuppression. With the lack of an interna-
tional standard, there is poor agreement of viral load values
between LDTs (209), so clinically important cutoffs to pre-
dict the development of disease need to be determined by
the individual laboratory. These standards are now available
and should improve the agreement of viral load values be-
tween LDTs, which will facilitate the establishment of clini-
cally relevant cutoffs.

A positive control is designed to ensure that the test
can consistently detect a concentration of target nucleic
acid at or near the limit of detection of the assay. The
positive control should be at the lowest concentration that
can be reproducibly amplified. A positive control that is
significantly greater than the cutoff of the assay may not
detect small decreases in amplification efficiency. In addi-
tion, use of large amounts of target DNA can increase
problems with contamination in the laboratory. For a quan-
titative test, two levels of positive control are required, a
low positive control near the lower limit of quantification
and a high positive control near the upper limit of quantifi-
cation. For real-time methods that have an upper limit of
quantification of 107 or 10% copies/ml, it may not be possible
to find adequate amounts of control material, so a sample
in the range of 10° copies/ml is often used. Depending on
the availability of material, the positive control may be
purified nucleic acid or lysed or intact organisms. An extrac-
tion control tests the ability of the nucleic acid extraction
or purification method to successfully release nucleic acid
from the organism. The extraction control, which should
be intact organisms, can also serve as a positive control if
it is used at the appropriate concentration.

Monitoring for the presence of inhibitors in a specimen
is important, particularly for complex specimens such as
blood or sputum. Several methods can be used to control
for inhibition. One method is to amplify two aliquots of a
clinical specimen, one directly and the second spiked with
an aliquot of positive control DNA. For a specimen to be
considered negative for the target analyte, testing results
for the direct specimen must be negative and those for
the spiked specimen must be positive. If an inhibitor of
amplification was present, the spiked specimen would be
negative. The concentration of positive control used for the
spike must be near the limit of detection of the assay to
ensure that low-level inhibition of amplification is detected.

Another approach to monitoring for inhibition of ampli-
fication is adding an internal control to the clinical speci-
men prior to nucleic acid extraction. As discussed in
“Quantitative Methods” above, the internal control mole-
cule may be designed with the same primer-binding sites as
the target molecule but modified in some manner so as to
allow detection separate from the target based on size or
sequence. An internal control may be designed that does not
share the same primer-binding sites as the target molecule;
in this situation a separate set of primers is needed for
amplification. An internal control is an effective way to
monitor for inhibition, but it may decrease the sensitivity
of the assay due to competition for assay components. Am-

plification of a human housekeeping gene such as the B-
globin gene may also be used as an internal control, but
the gene should not be present in vast excess of the target
molecule or inhibition of amplification of the target mole-
cule can occur without evidence of inhibition of the house-
keeping gene. Inhibition controls should be included in
assays that use a new specimen extraction method or speci-
men type. However, a cost-effective approach is to discon-
tinue these controls once the inhibition rate is determined
to be <1%. However, discontinuing the use of an internal
control limits the ability to detect inhibition due to preana-
lytical factors, such as collection of the specimen in a tube
containing heparin rather than EDTA.

Under certain conditions, there may be a need to deter-
mine if there is adequate nucleic acid in a specimen, for
example, when using paraffin-embedded tissue or when eval-
uating the quality of a specimen. In these situations, amplifi-
cation of housekeeping genes can be used to determine
if the specimen contains human DNA. The absence of
amplifiable human DNA from the specimen raises concern
about whether the specimen quality is adequate.

Negative controls should be included in all assays and
processed in a manner similar to the processing of the clini-
cal specimens. The negative control should be taken
through all steps of the assay, including the nucleic acid
extraction process. However, lack of target amplification
in the negative control does not ensure that there is not
contamination in the run, as contamination is often low
level and sporadic. Including multiple negative controls in
the run may provide additional assurance that there is no
contamination, but this approach may be cost prohibitive.
Ideally, the negative control should be a clinical specimen
that does not contain the analyte of interest. These types
of controls may be difficult to obtain, so water or buffer is
often substituted.

Currently, the College of American Pathologists (CAP)
is the only Centers for Medicare and Medicaid Services-
approved proficiency program for molecular testing for infec-
tious diseases. The CAP provides proficiency testing for
many common pathogens for which routine tests are done in
the clinical laboratory. The Quality Control for Molecular
Diagnostics proficiency program, which is jointly sponsored
by the European Society for Clinical Virology and the Euro-
pean Society for Clinical Microbiology and Infectious Dis-
eases (Glasgow, Scotland, United Kingdom), also provides
testing for a variety of pathogens. When formal external
proficiency testing programs are not available, laboratories
may split samples with other laboratories, split samples be-
tween a new method and an established laboratory-devel-
oped method, or clinically validate the test result by clinical
diagnosis. When exchanging specimens between laborato-
ries for proficiency testing, it is important that both labora-
tories use the same method, particularly for quantitative
methods, as viral load values may differ substantially among
the various assays.

Reporting and Interpretation of Results

The interpretation of molecular assays requires a basic
understanding of the strengths and limitations of these
technologies. There are unique problems in interpreting
molecular testing results that are not routinely encountered
with traditional microbiological assays, such as culture and
serology. Some of the problems that may occur in interpret-
ing molecular assays include recognizing false-positive re-
sults, distinguishing viable from nonviable organisms, and
correlating nucleic acid detection with the presence of
disease.
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For interpretation of a positive test result, the issues that
need to be considered are assay specificity and contamina-
tion. The specificities of most molecular assays are estab-
lished by the primers and probes used during amplification
and detection steps; if they cross-react with other pathogens,
then false-positive results are possible. For example, primers
designed to detect M. tuberculosis from respiratory specimens
must not cross-react with organisms that are part of normal
oral biota or other common respiratory pathogens, such as
S. pneumoniae. Although uncommon, problems with primer
specificity do occur. Rhinoviruses and enteroviruses are
closely related, and finding a conserved gene target that
will detect all rhinoviruses and all enteroviruses without
some cross-reaction is difficult. This would not be a problem
for testing of CSF specimens for enteroviruses since rhinovi-
ruses do not cause meningitis, but it can complicate the
interpretation of tests for rhinoviruses in respiratory speci-
mens since enteroviruses can be found in the oropharynx.
Problems with primer specificity have also been reported
for a commercially available PCR assay designed to detect
N. gonorrhoeae. The primers used in this assay cross-react
with Neisseria subflava, a nonpathogenic organism found in
the oropharynx (210). False-positive results can also be
due to contamination, which may occur during specimen
processing or as a result of carryover contamination of previ-
ously amplified products.

The interpretation of a negative result requires consider-
ation of assay sensitivity, specimen quality, nucleic acid
extraction efficacy, and amplification efficiency. Problems
with any of these factors can lead to a false-negative result,
which is why measures to control for each of these param-
eters should be included in assays whenever feasible.
Another source of false-negative results is sequence varia-
tion, which may prevent binding of either primers or probes.
To minimize this problem, one should perform a thorough
search of known sequences before designing the assay and
occasionally reexamine the available databases after the
assay is put into clinical use. False-negative results may also
occur when the specimen type is not optimal (throat swab
versus nasopharyngeal aspirate for the detection of respira-
tory pathogens) or when the specimen is collected at an
inappropriate time in the disease course.

Molecular assays detect pathogen nucleic acid but
cannot determine whether that nucleic acid is found in
a viable or nonviable organism. Pathogen nucleic acid
can be detected for long periods of time after appropriate
treatment is initiated. For example, C. trachomatis DNA
can be found in the urine of patients for up to 3 weeks
after completion of a course of therapy (192). Similar
results have been reported for the detection of HSV DNA
in the CSF of patients with encephalitis. DNA can persist
for 2 weeks or longer after the initiation of acyclovir
therapy (211). Due to the persistence of pathogen DNA
after initiation of therapy, qualitative molecular assays
should not be used to monitor response to therapy. One
notable exception is the use of an HCV RNA RT-PCR
assay to monitor the response to therapy. In this instance,
the absence of detectable viral RNA from plasma is used
to define treatment response (178, 179).

The detection of pathogen nucleic acid does not ensure
that the organism is the cause of disease. The organism may
be present as part of the normal biota, as a colonizer of a
particular area, or as a cause of infection. Distinguishing
between colonization and infection may be more difficult
when molecular techniques that are more sensitive than
culture are used. Organisms present in very low concentra-
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tions, which may have gone undetected by routine culture
methods, may be detected by using molecular techniques.

Distinguishing colonization from infection is easier when
testing a specimen from a normally sterile site such as CSF
or blood; however, this factor alone does not ensure that
the organism is a true pathogen. This distinction is a concern
with the detection of herpesviruses, which cause lifelong
latent infections. An important example of distinguishing
these two states is monitoring transplant recipients for
CMV disease using molecular methods. Initial studies used
very sensitive qualitative PCR assays (212, 213), and it was
clear that CMV DNA could be detected in the blood
of patients who never went on to develop symptomatic
disease. Quantitative molecular tests have been useful is
stratifying the risk of active disease; the higher the viral
load result, the higher the risk of active CMV disease (173,
174). Similar data are emerging for S. pneumoniae infections;
early studies showed that qualitative tests of respiratory
specimens could not distinguish pneumonia from asymp-
tomatic colonization of the respiratory tract. The clinical
utility of quantitative tests to differentiate infection from
colonization is under investigation (214).

Reporting the results of a qualitative molecular assay is
usually straightforward; results are often reported as DNA
detected or not detected. Several key parameters that may
also be reported are the limit of detection of the assay, data
pertaining to the rate of inhibition for a given sample type,
the gene target, and the amplification method used for
testing. Reporting results from quantitative assays is more
complex and requires consideration of several parameters,
including measuring range, units, and precision. Results of
quantitative assays can be expressed as copies, weight (nano-
grams or picograms), or international units of the target
nucleic acid in a defined volume, such as milliliters of plasma
or blood, grams of tissue, or number of leukocytes. Viral
load values are reported as integers, in scientific notation, or
as log;o transformed data. Ideally, log;o transformed results
should be reported, as this better reflects biologically rele-
vant changes in load of microorganisms that usually repli-
cate exponentially, and because most assays exponentially
amplify the target. Moreover, clinicians may be less likely
to overinterpret insignificant changes in viral load values
when results are reported as log;o transformed values. Since
patients and clinicians may not be as familiar with log;o
transformed results, laboratories may choose to report both
integers and log;o transformed numbers. For quantitative
tests, the number of significant digits reported for viral load
values should be limited due to the precision of the test.
Integers should be rounded to 10s or 100s (734 copies/ml
to 730 copies/ml; 52,321 copies/ml to 52,300 copies/ml),
and log;o transformed values should be limited to two deci-
mal places.

When the results of quantitative assays are reported,
the precision of the assays needs to be considered. For the
currently available HIV-1 viral load assays, the intra-assay
and biological variability are approximately 0.5 log;o (191).
Therefore, changes in viral load must exceed 0.5 log;q (3-
fold) in order to represent a biologically significant change
in viral replication. For HCV, the intra-assay variability is
about 0.1 to 0.2 log;o copies/ml, while the biological varia-
tion is 0.75 log;o copies/ml (215). So, a biologically impor-
tant change in viral load value is closer to 1.0 log; copies/
ml. Quantitative assays have a defined linear or measure-
ment range. Values below the lower limit of quantification
should be reported as less than the lower limit of the linear
range, rather than as negative. Values above the upper limit
of quantification should be reported as greater than the
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upper limit of the linear range. For values above the limit
of detection but below the limit of quantification, results
may be reported as detectable, less than the lower limit of
the linear range. For example, if the lower limit of quantifi-
cation of an HIV-1 viral load assay is 40 copies/ml, a value
of 25 copies/ml could be reported as “detectable, <40 copies/
ml.” Inclusion of the amplification method and specimen
type in the report is particularly important for quantitative
assays, as values from different assay types are not always
comparable.

Regulatory and Reimbursement Issues

The medical needs for new molecular microbiology tests
have exceeded the capacity of the diagnostic industry to
provide FDA-cleared test kits to fill these needs. A current
list of FDA-cleared/approved nucleic acid-based tests for
infectious diseases can be found at http://www.fda.gov/Medi
calDevices/ProductsandMedicalProcedures/InVitroDiagnos
tics/ucm330711.htm.

Notably absent from the list are many tests that have
become a standard of care in a variety of infections, includ-
ing Bordetella pertussis, EBV, varicella-zoster virus, and BK
polyomavirus. Many laboratories have developed tests to
fill these unmet needs. These LDTs must be appropriately
verified and validated as specified in the Centers for Medi-
care and Medicaid Services final rule for laboratory require-
ments, 42 CFR part 493 (216). Such tests are eligible for
reimbursement by Medicare and other payers if they are
determined to be part of a standard of care or to be of
proven clinical benefit.

LDTs often utilize a combination of reagents from differ-
ent manufacturers, some of which are ASRs. ASRs are
chemical substances, for example, antibodies or nucleic acid
sequences, that are used in diagnostic tests to detect another
specific substance in a specimen and are purchased from
manufacturers under this label. The value of ASRs is that
they ensure the quality of reagents used in LDTs. ASRs do
not include a protocol for use or information on analytical
performance or clinical indication. The FDA requires a
disclaimer on reports for LDTs using ASRs, and it reads as
follows: “This test result was developed and its performance
characteristics determined by [laboratory name]. It has not
been cleared or approved by the U.S. Food and Drug Admin-
istration.” This disclaimer was not intended to cover LDTs
not using ASRs or the off-label uses of FDA-cleared prod-
ucts.

A laboratory may want to include clarifying statements
in the reports of results from LDTs employing ASRs. These
statements may point out that FDA clearance is not nec-
essary for these tests and that they are used for clinical
purposes. Additional information may include that the labo-
ratory is certified under the Clinical Laboratory Improve-
ment Amendments of 1988 to perform high-complexity
testing and that, pursuant to the requirements of the amend-
ments, the laboratory has established and verified the test
accuracy and precision.

While the FDA assumes authority for regulating LDTs
and is currently exercising enforcement discretion, it has
indicated that it will be increasing oversight of these
tests in the near future. It is not clear when the FDA
will release its guidance on LDTs, but the FDA has stated
that the framework for oversight is complete and under
review.

The FDA released a draft guidance that clarified the
regulatory requirements applicable to in vitro diagnostic
products intended for RUO and investigational use only
(IUO). In addition, it emphasizes that products so labeled

should not be used in clinical diagnosis and patient manage-
ment (http://www.fda.gov/MedicalDevices/DeviceRegula-
tionandGuidance/GuidanceDocuments/ucm253307.htm).
RUO and IUO reagents, instruments, and systems have
been in use for many years as components of LDTs, and
limiting their use would disrupt clinical laboratory testing
and as a result negatively affect patient care. The CAP
and other professional organizations believe that the FDA
should adopt an enforcement discretion policy for RUO/
IUO reagents since it is expected that LDTs, which incorpo-
rate these components, will soon be under enhanced FDA
oversight.

Correct Current Procedural Terminology coding of
molecular microbiology tests is essential to coverage an
reimbursement by payers. In 1998, many analyte-specific
codes for tests using direct probes, amplified probes, and
amplified probes with quantification were established in
the microbiology section of the Current Procedural Termi-
nology coding manual, and this list of available codes
continues to expand (217). The introduction of analyte-
specific codes has simplified the coding process and in
many cases increased the reimbursement for molecular
microbiology procedures, although there continues to be
considerable regional variation in reimbursement rates for
the codes.

Credentials

Staffing a molecular diagnostics laboratory with individuals
who have an appropriate knowledge base and skill set re-
mains a challenge. Until recently, molecular diagnostics
was not part of the core curriculum in medical technology
programs. However, the situation is changing, and the acqui-
sition of credentials in this area is now available for medical
technologists and technicians from the American Associa-
tion of Bioanalysts, the National Credentialing Agency for
Laboratory Personnel, and the American Society for Clini-
cal Pathology. The National Credentialing Agency and the
American Society for Clinical Pathology merged their cre-
dentialing activities in July 2009. Laboratory directors may
receive credentials in molecular diagnostics through the
American Association of Bioanalysts (physicians and clini-
cal laboratory scientists), the American Board of Clinical
Chemistry (physicians and clinical laboratory scientists),
and jointly through the American Boards of Pathology and
Medical Genetics (physicians only).

FUTURE DIRECTIONS

Nucleic acid testing will continue to be one of the leading
growth areas in laboratory medicine. The number of applica-
tions of this technology in diagnostic microbiology will
continue to increase, and the technology will increasingly
be incorporated into routine clinical microbiology laborato-
ries as it becomes less technically complex and more
accessible. However, now more than ever clinical and finan-
cial outcome data will be needed to justify the use of this
expensive technology in an era of declining reimbursement
and increased cost consciousness.

The clinical utility of molecular testing is now well estab-
lished, and the gap between the availability of FDA-cleared/
approved tests and clinical need is improving. However,
the pending enhanced oversight of LDTs and restriction of
the use of RUO and [UO reagents and systems by the FDA
could limit the ability of laboratories to develop tests to
meet clinical needs not met by in vitro diagnostic products.
Although there has been considerable progress in recent
years, there are other important unmet needs, including the
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availability of international standards and traceable and
commutable calibrators that can be used for assay verifica-
tion and validation. These materials, when widely available,
should improve agreement of the results between different
tests and aid in the establishment of the clinical utility of
molecular tests. Another need is for the continued develop-
ment of effective proficiency testing programs that will help
ensure that the results of molecular tests are reliable and
reproducible among laboratories.

To a great extent, the future of molecular microbiology
depends on automation. Many of the available tests are
labor-intensive, with much of the labor devoted to tedious
sample processing methods. Several fully automated systems
for molecular diagnostics have been developed for high-
and mid-volume laboratories; however, most suffer from a
limited test menu. To increase access to molecular tests,
simple, affordable, fully automated, random-access platforms
with broad test menus are needed, particularly for laborato-
ries that perform low- to mid-volume testing. Nucleic acid
testing for infectious diseases at the point of care is beginning
to enter clinical practice in developed and developing coun-
tries, particularly for applications that require short turn-
around times and in settings where a centralized laboratory
approach is not feasible (218).

The use of multiplex nucleic acid-based assays to screen
at-risk patients for panels of probable pathogens remains
a goal for molecular microbiology. Several such tests are
currently available, but success to date has been limited by
the technical complexity of some systems. The development
of simpler, multiparametric technologies is a key to provid-
ing molecular tests with the same broad diagnostic range
provided by culture and other conventional methods for
diagnosis of syndromic infections.

Metagenomic studies have provided new insights into
the human microbiome, and alterations in these communi-
ties of microorganisms have been linked to a number of
disease states. With the continued decrease in the cost of
massively parallel nucleic acid sequencing and the increas-
ing availability of the necessary bioinformatics tools, it is
likely that our understanding of the human microbiome will
result in novel microbiome-related diagnostics and clinical
interventions.
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Immunoassays for Diagnosis of Infectious Diseases*
ELITZA S. THEEL, A. BETTS CARPENTER, AND MATTHEW ]. BINNICKER

By definition, immunoassays are biochemical assays that
detect the presence of an analyte, either antibody (Ab) or
antigen (Ag), using labeled antibodies as the analytical
reagent (1-6). Immunoassays can be adapted for detection
of analytes across laboratory disciplines and are often more
cost-effective than other diagnostic methods. In the clinical
microbiology laboratory, immunoassays often serve as con-
firmatory tests, and therefore, the results are typically not
intended to be used as the sole basis on which a diagnosis
is made. However, for certain infectious diseases, including
Lyme disease, cryptococcal meningitis, and syphilis, anti-
body/antigen detection by immunoassays is the primary
means by which the infection is established. Due to their
ease of use, rapid turnaround time, and generally high speci-
ficity, immunoassays are increasingly becoming available for
point-of-care testing.

This chapter summarizes the common immunologic test-
ing methods currently used in clinical microbiology labora-
tories and their application for the diagnosis of infectious
diseases. The following discussion emphasizes general assay
design, with important caveats relevant to test development
and interpretation. While some examples relating to clinical
testing are included, for an in-depth, pathogen-focused dis-
cussion, the reader is directed to the designated chapters in
this Manual.

HISTORIC PERSPECTIVE ON IMMUNOASSAY
DEVELOPMENT

The first immunoassays were developed in the early 1940s
and were dependent on the visualization of antigen-antibody
precipitation bands in various agar preparations. These types
of assays, referred to as immunodiffusion assays, were able
to detect milligram to microgram quantities of analyte
(Table 1) (7-9). Interpretations of immunodiffusion results
are notoriously subjective, requiring extensive technician
expertise, and assays are labor-intensive to set up and per-
form. These limitations, along with concurrent improve-
ment in antibody/antigen purification techniques and the
introduction of new detection systems, brought about the
development of increasingly more sensitive and objective
immunoassay methods (1-3, 5, 6, 10).

The first significant improvement of the immunoassay
occurred in the clinical chemistry arena in 1959. Solomon

*This chapter contains information from chapter 5 by A. Betts Carpenter in
the 10th edition of this Manual.

N

Berson and Rosalyn S. Yalow developed a novel radioimmu-
noassay (RIA) method for detection of human antibodies
to insulin and received the Nobel Prize in Medicine in 1977
(11). Using purified antibodies linked to one of a variety
of radioisotypes (e.g., 12°1, °H, or *C), results from RIAs
could be objectively evaluated using a scintillation counter
or photographic paper. The RIA dramatically improved
sensitivity and greatly expanded the repertoire of analytes
available for testing (Table 1). This was also the method
after which all future enzyme immunoassays were modeled.
The discovery of monoclonal antibodies and the develop-
ment of antibody-producing hybridomas by Kohler and Mil-
stein in 1975 enabled the production of RIAs with improved
specificity and further expanded the repertoire of analytes
available for measurement (12). While among the most
sensitive of immunoassay techniques, RIAs presented labo-
ratorians with a number of significant challenges, including
the needs for safe disposal of hazardous waste and well-
trained, attentive laboratory technicians. Due to these con-
cerns, the RIA detection method has subsequently been
replaced by avidin-biotin detection assays, chemilumines-
cence immunoassays (CLAs), and other enzyme-based de-
tection systems.

In recent years, laboratory automation has expanded into
the immunoassay arena, with many tests requiring only
limited technologist time. As the basic concept of the immu-
noassay has evolved, there has been increased utilization of
different solid-phase matrices for adherence of either anti-
gens or antibodies. While polypropylene test tubes were
used as the solid-phase matrix initially, these have largely
been replaced by microtiter plates. More recently, with the
influx of large, complex automated systems, smaller solid-
phase matrices, such as microdisks or -spheres, have become
increasingly popular. Collectively, immunoassay technology
has significantly advanced in both the level of sensitivity
of the assays and the breadth of their utilization to the point
that immunoassays are now some of the most popular and
widely used of all laboratory tests.

DEFINITION OF TERMS

The array of terms used for immunoassays can be a confusing
alphabet soup. This chapter discusses some commonly used
conventions in terminology; however, the reader may find
some references in which the terms are used differently.
Overall, most assays utilize the term “immuno-" coupled
with a second term, which describes the type of assay or label
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TABLE 1 Approximate sensitivities of various
immunoassays®

Approx sensitivity

Technique (per ml)
Tube precipitation 100 mg
Immunodiffusion 1-3 mg
Agglutination 1 pg
Complement fixation 1 pg
Hemagglutination 50 ng
Particle immunoassay 30-50 ng
EIA ~1 ng
Radioimmunoassay 1 pg

Chemiluminescence immunoassay 10718 to 1072 mol

“Data are from references 9 and 28.

used. For example, immunoprecipitation is an immunoassay
utilizing a precipitation reaction. RIA is an immunoassay
that utilizes radioactivity as the label. The term enzyme
immunoassay (EIA) is a more general term that can be
applied to any immunoassay which uses an enzyme label,
although EIA is often used to refer to reagent-limited, com-
petitive-type assays. The term enzyme-linked immunosor-
bent assay (ELISA) can also be used as a general term for
any assay utilizing an enzyme label. However, it is most
often used to refer to assays in which the antigen or antibody
is adhered to a solid-phase matrix and a second, enzyme-
labeled antibody is used for detection; this entire method
is also referred to as the “sandwich” assay. Finally, “immuno-
metric” is a term generally referring to any reagent used in
excess. For the purposes of this chapter, the term EIA is
used to refer to any assay using an enzyme, while ELISA
refers only to solid-phase sandwich-type assay formats.

GENERAL CONCEPTS OF ASSAY DESIGN

Categorization of Serologic Assays

There are a number of ways to characterize immunoassays.
One useful classification scheme stratifies assays based on
the amount of available label and reagent (13). There are
three major groups of immunoassays: assays that are label
free, reagent excess, and reagent limited. Label-free assays
rely upon the ability of antigen and antibody to bind and
form a detectable agglutination or precipitation reaction.
There are many classic agglutination assays used in the
diagnosis of infectious disease, including the Widal test for
typhoid fever and the Weil-Felix OX-K reaction for scrub
typhus. Reagent excess assay formats use solid-phase, ad-
hered antigen or antibody incubated with the sample. Subse-
quently, excess labeled secondary antibody is added to detect
the analyte of interest. These are the most commonly em-
ployed immunoassays in clinical microbiology laboratories
today. Finally, reagent-limited assays are competitive tests
in which sample antigen or antibody competes for binding
sites to a solid-phase reagent with an identical enzyme-
labeled analyte. The level of enzyme activity is inversely
proportional to the level of analyte in the sample. These
competitive assays may be performed using classic RIA and
EIA formats but are less often used in diagnosis of infectious
disease.

Alternatively, immunoassays can be categorized as either
heterogeneous (solid-phase assays) or homogeneous (free-
solution assays) (1, 3). Heterogeneous assays require the
separation of bound from free components, whereas homo-
geneous assays do not require this separation step. Therefore,

heterogeneous assays involve some type of solid phase (e.g.,
microtiter plate or polyacrylamide bead) to which the immu-
noreactants are attached. This is in contrast to homogeneous
reactions, which occur free in solution and are most often
applied for detection of drugs or hormone levels in clinical
chemistry laboratories. While the aforementioned classifica-
tion schemes are useful and can be applied to commonly
used immunoassays, the reader should be aware that not all
immunoassays strictly fit into either category.

Determination of Assay Performance
Characteristics

When choosing an assay for use in the clinical laboratory,
it is critical to understand the concepts of sensitivity, speci-
ficity, and predictive values (6). The sensitivity of an assay
is defined as the proportion of individuals with the disease
that are correctly identified by the particular test of interest;
these are the true positives (TP) (Table 2). Conversely,
false negatives (FN) are the patients with the disease whose
condition is not detected by the test. The formula to deter-
mine assay sensitivity is as follows: sensitivity = [TP/(TP +
FN)] x 100. The specificity of an assay is defined as the
proportion of individuals without the disease that are cor-
rectly classified; these are the true negatives (TN). False
positives (FP) are the proportion of patients without disease
who test positive. The formula to determine the specificity
of an assay is as follows: specificity = TN/(TN + FP)] x
100. Clinical tests that show high sensitivity ensure that
the majority of individuals with the disease will be detected,
and thus the number of false-negative results is very low.
In contrast, a highly specific test indicates that the majority
of individuals without disease will test negative, so the
number of false-positive results will be low. When an assay
is developed, the diagnostic cutoffs for a positive or negative
result can be modified to alter both the sensitivity and
the specificity. For example, if one lowers the cutoff, assay
sensitivity will increase, with a corresponding decrease in
specificity. The gain in sensitivity at the cost of specificity
(or vice versa) must be weighed for each individual assay,
as optimization of these components will depend on many
factors, including (i) disease prevalence in the test popula-
tion and (ii) whether the test is a screening or diagnostic
assay. Finally, it is important to note that when we discuss
sensitivity and specificity of an assay compared to a “gold
standard” laboratory method, we refer to analytical sensitiv-
ity and specificity, which is not the same as clinical sensitiv-
ity and specificity. Determination of the clinical perform-
ance characteristics requires comparison of assay results to a
patient’s clinical diagnosis. Unfortunately, this is not always
feasible for the laboratory to determine, and close collabora-
tion with health care providers may be necessary.

The probability of having the disease, given the results
of a test, is called the predictive value of the test. The
positive predictive value (PPV) determines the percentage
of patients with positive results who have the disease (PPV =
[TP/(TP + FP)] x 100), while the negative predictive value

TABLE 2 Assay performance characteristics

Result by new Result by gold standard method*

method Positive Negative
Positive TP FP
Negative FN TN

“TP, true positive; FP, false positive; FN, false negative; TN, true negative.



(NPV) calculates the percentage of patients with negative
test results who lack the disease (NPV = [TN/(TN + FN)]
x 100) (Table 2). The predictive value of a test incorporates
the prevalence of disease in a particular population with
the sensitivity and specificity of the assay of interest. Positive
and negative predictive values are important because they
assess the ability of a test to predict the presence or absence
of disease in a patient from a particular population. In this
context, disease prevalence, defined as the proportion of
the population with the disease in question, is a critical
component of assay evaluation. If a disease has a low preva-
lence in the target population, a positive result will most
likely be a false-positive result, whereas the opposite is true
in a high-prevalence population. The potential use of an
assay with a high negative predictive value is that a negative
test may be used to exclude disease. In addition to the values
discussed above, a variety of other statistical methods can
be used to evaluate laboratory tests, such as odds ratios,
receiver-operator curve (ROC) analysis, and likelihood ra-
tios. It is beyond the scope of this chapter to discuss these
statistical methods, and the reader is referred to other sources
for a more complete discussion (14, 15).

Screening versus Diagnostic Assays

An important component of assay design is based upon the
ultimate use of the test (16, 17). In other words, will the
test be used as a screening tool or for diagnostic purposes?
Screening tests are designed to detect infection in asymp-
tomatic individuals, whereas diagnostic tests are intended
for patients with specific indications of possible disease.
The ideal screening test should be both highly specific and
sensitive; however, this is often difficult to achieve, and
therefore, assays with high sensitivity are preferred as screen-
ing assays. Furthermore, for a screening test to be effective,
the prevalence of the disease in the test population should
be high, since a highly sensitive assay in a low-prevalence
population will lead to an increased number of false-positive
results and potentially unnecessary additional testing or
treatment. Though a highly sensitive screening assay is opti-
mal, assay specificity is also an important consideration,
since a significant number of people without the disease
may screen falsely positive. Due to the interplay of sensitivity
and specificity, the screening procedure itself should not
be used solely to diagnose the illness, but rather, those
individuals with a positive screening test should be evalu-
ated by other methods to confirm the result. This is often
accomplished by supplementary, reflex testing with a con-
firmatory or diagnostic assay. Implementation of screening
assays should also include prior consideration of assay cost
versus the impact of early disease detection. Overall, screen-
ing tests should be utilized in populations with high disease
prevalence, they should be inexpensive and easy to perform,
and perhaps most importantly, early detection of the disease
should have a measurable positive impact on patient out-
come.

GENERAL CONCEPTS OF SEROLOGIC
ASSAYS

Basic Principles of Immunology

In order to facilitate understanding of antibody titers, a brief
review of basic immunologic reactions is required (18-21).
Antibody production is a function of the humoral branch of
the immune system and, more specifically, of B lymphocytes.
These cells utilize membrane-bound immunoglobulin
(Ig) molecules, or antibodies, to recognize a wide array of
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antigens, which in the case of microbial agents are often
expressed on the pathogen surface. Based on their elec-
trophoretic mobility patterns, five different immunoglobulin
classes have been identified (IgA, IgD, IgE, IgG, and IgM),
though the infectious disease serology field focuses primarily
on detection of IgG-, [gM-, and, in some cases, IgA-class
antibodies.

The section of the antigen bound or recognized by the
antibody is referred to as the “epitope,” and the strength of
the antibody-epitope interaction is termed “affinity”; the
higher the affinity, the stronger the antibody-epitope bond.
Following primary exposure to a novel antigen, immature
B lymphocytes are stimulated and differentiate into either
plasma cells, which secrete soluble antibody, or resting mem-
ory B cells. Due to their prior priming, upon subsequent
exposure to the same antigen, resting memory B cells rapidly
transition to plasma cells and produce specific antibody
much sooner than during the initial exposure. Furthermore,
repeat exposure to an antigen leads to an increase in strength
of the antibody-epitope bond, a phenomenon called “affinity
maturation.” The strength of the antibody-antigen bond is
also dependent on the number of antigen binding sites per
immunoglobulin (i.e., in IgG, 2 sites; in polymerized IgA,
4 sites; and in IgM, 10ssites), and therefore, the total strength
of the complex is much greater than the affinity of a single
interaction. This is called “avidity.” Just as with affinity
maturation, there is an increase in avidity with additional
exposure to an antigen. For example, upon initial interac-
tion with an antigen, IgG avidity is low; however, upon
secondary exposure, IgG avidity increases. Measurement of
the avidity index can therefore be used as an aid to deter-
mine the stage of infection.

There are four phases of antibody response following
initial exposure to an infectious agent (i.e., the primary
antibody resp