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of immunocompromised patients in whom opportunistic
viral infections are life-threatening, and the cost pressures
on pathology services.

This chapter will provide, Þrstly, an overview of di-
agnostic techniques set against this background and pre-
sented in order of historicaldevelopment. Secondly, it
will highlight the ways in which these techniques may
be applied to arrive at accurate diagnosis thereby facili-
tating effective management of virus infections, including
prevention of their onward spread.

ELECTRON MICROSCOPY

Electron microscopy (EM) is the only technique available
for directly visualizing viruses, and therefore has many
applications beyond purely diagnostic ones. With the
advent of alternative diagnostic methods, EM retains a
limited role in the clinicalsetting for the diagnosis of
viral gastroenteritis and examination of skin lesions for
herpes and pox viruses.

Preparation of specimens for EM and the technique
of negative staining are straightforward and quick, and
the method is a Ôcatch-allÕ approach to detecting viruses.
However, it has a limit of sensitivity of approximately
106 viral particles per millilitre of ßuid, making negative
results unreliable. Vast numbers of virions are present
during acute skin and gastrointestinal disease and a
diagnosis is easily made,but later in the course of
infection viral shedding is reduced below the level of
detection. Although sensitivity can be enhanced by
antibody-induced clumping of virus (immune EM) or
ultracentrifugation, it is unrealistic to undertake these
methods routinely. The advantages and disadvantages of
EM are summarized in Table 1.1.

The survival of EM within the routine clinical virology
laboratory hinges on the emergence of alternative, more
sensitive methods of diagnosis. Many centres now use
latex agglutination for rotavirus diagnosis, and PCR is
more sensitive than EM for detection of herpesviruses
in vesicular ßuid (Beardset al., 1998) and for the
detection of noroviruses (previously called Norwalk-like

Table 1.1 Electron microscopy

Advantages Disadvantages

ÔCatch-allÕ Requires skilled staff
Detects unculturable viruses Large capital outlay
Economical running costs Poor sensitivity
Adaptable, for example

immunoelectron microscopy
conÞrms cytopathic effect

Rapid (same day)

viruses ) (OÕNeillet al., 2001). Thus, the future of EM
in clinical virology is in some doubt. However, one of
the Þrst indications for EM was for the rapid diagnosis
of smallpox and, in the era of bioterrorism, EM may
continue to play a role in specialist centres in the event
of a bioterrorist attack.

HISTOLOGY/CYTOLOGY

Direct microscopic examination of stained histology or
cytology specimens can on occasion provide the Þrst
indication that a virus may be responsible for a patho-
logical process, for examplethe intranuclear (early) or
basophilic (late) inclusions seen in interstitial nephritis in
renal transplant biopsies dueto BK virus, changes in cer-
vical cytology seen in association with human papilloma
virus (HPV) and the nuclear inclusions seen in erythroid
precursor cells in Parvovirus B19 infection. Moreover,
the particular viral aetiology can be conÞrmed by speciÞc
antigen/genome staining using labelled antibody orin situ
hybridization techniques (see below).

VIRUS ISOLATION

Many of the advances in clinical virology have come
about because of the ability to grow viruses in the labora-
tory. Historically, viruses were propagated in laboratory
animals and embryonated eggs, but most virus-isolation
techniques now rely on cultured cells. With appropriate
specimens and optimal cell lines, this technique can be
highly sensitive and speciÞc, with a presumptive diagno-
sis made on the basis of a characteristic cytopathic effect
(CPE). The particular diagnosis can then be conÞrmed by
haemadsorption (certain viruses, inßuenza and measles for
example, cause adherence of erythrocytes to infected cells
in a monolayer because the viral antigens expressed in-
clude a haemagglutinin) or by immunoßuorescence (IF)
using a virus-speciÞc antibody labelled with a ßuorescent
dye. The judicious selection of two or three cell lines, such
as a monkey kidney line, a human continuous cell line and
a human Þbroblast line will allow the detection of the ma-
jority of cultivable viruses of clinical importance, such as
herpes simplex virus (HSV), Varicella zoster virus (VZV),
cytomegalovirus (CMV), enteroviruses, respiratory syn-
cytial virus (RSV), adenovirus, parainßuenza viruses and
inßuenza viruses. In addition, the ability to grow virus
from a clinical specimen demonstrates the presence of vi-
able virus (albeit viable within the chosen cell line)Ñthis
is not necessarily the case with detection of a viral antigen
or genome. For example, following initiation of antivi-
ral therapy for genital herpes, HSV antigen can be de-
tected from serial genital swabs for longer than by virus
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propagation in cell culture. This implies that antigen is
persisting in the absence of viral replication and under-
lines the importance of correct interpretation of laboratory
results. However, failure to isolate a virus does not guar-
antee that the virus is not present. Virus isolation has
also been shown to be diagnostically less sensitive than
molecular ampliÞcation methods such as PCR for HSV
and several other viruses (see below), for example for the
diagnosis of herpes simplex encephalitis.

The beneÞts of virus isolation (Table 1.2) include: the
ability to undertake further characterization of the isolate,
such as drug susceptibility (see later) or phenotyping;
and the identiÞcation of previously unrecognized
viruses, for example humanmetapneumovirus (van den
Hoogenet al., 2001), severe acute respiratory syndrome
(SARS)-associated coronaviruses (Drostenet al., 2003)
and human enteroviruses 93 and 94, associated with
acute ßaccid paralysis (Junttilaet al., 2007). On the
other hand, routine cell culture techniques available in
most laboratories will not detect a number of clinically
important viruses such as gastroenteritis viruses, hepatitis
viruses, EpsteinÐBarr virus (EBV), human herpesvirus
6, 7 and 8 (HHV-6, -7, -8) and HIV. Other than HSV
and some enteroviruses, most isolates of which will
grow in human Þbroblast cells within three days, the
time taken for CPE (or, for example, haemadsorption)
to develop for most clinical viral isolates is between 5
and 21 days, which is often too long to inßuence clinical
management. For this reason, a number of modiÞcations
to conventional cell culture have been developed to
yield more rapid results. These include centrifugation of
specimens on to cell monolayers, often on cover slips,
and immunostaining with viral protein-speciÞc antibodies
at 48Ð72 hours post inoculation (shell vial assay) (e.g.
Stirk and GrifÞths, 1988). Such techniques can also be
undertaken in microtitre plates (OÕNeillet al., 1996).
Certain changes, for example in haemadsorption or pH,
may precede the CPE and therefore can be used to
expedite detection of virus. Similarly, PCR techniques
(see later) can be used to detect virus in cell culture
supernatants before the appearance of CPE.

The role of conventional cell culture for routine diag-
nosis of viral infections has been a subject of active debate
within the virology community (Carman, 2001; Ogilvie,
2001). Many laboratories are discontinuing or downgrad-
ing virus isolation methods in favour of antigen or genome
detection for the rapid diagnosis of key viral infections,
for example respiratory and herpes viruses. Nevertheless,
it is important for certain reference and specialist labora-
tories to maintain the ability to employ this methodology
to obtain live virus isolates and allow unexpected and
emergent viruses to be grown and recognized.

SEROLOGY

This term is often used to refer to diagnostic tests for
the detection of speciÞc antibodies. More properly, the
term encompasses any testing of blood serum samples for
the presence of a speciÞc antigen or antibody. However,
as both antigen and antibody assays are often applied to
whole blood or plasma, or indeed to body ßuids other
than blood (e.g. cerebrospinal ßuid (CSF), oral crevicular
ßuid), it is helpful to use the term to span all such testing.
As will be seen, most of the techniques used for viral
antigen detection can also be used for detection of speciÞc
antibody, and vice versa.

Antigen Detection

Immunofluorescence

IF is one of the most effective rapid diagnostic tests. Di-
rect IF involves the use of indicator-labelled virus-speciÞc
antibody to visualize cell-associated viral antigens in clini-
cal specimens. The indirect method utilizes a combination
of virus-speciÞc antibody (of a nonhuman species) and
labelled anti-species antibody.Usually, the label used is
ßuorescein. The indirect method is more sensitive, since
more label can be bound to an infected cell. Results can be
available within 1Ð2 hours of specimen receipt. The suc-
cess of the technique dependson adequate collection of

Table 1.2 Virus isolation

Advantages Disadvantages

ÔCatch-allÕ (as long as viable within
the chosen cell line(s))

Only detects ÔviableÕ virus

Sensitive Slow (conventional cell culture)
Generates isolate for further study, for

example phenotyping
Multiple cell lines required

Can be adapted for a more rapid result Labour intensive andrequires skilled
staff

Safety concerns, laboratory security
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Table 1.3 Antigen detection by immunoßuoresence

Advantages Disadvantages

Rapid (same day) Labour intensive and
requires skilled staff

Sensitive for some viruses
(e.g. RSV)

Dependent on high-quality
specimen

Interpretation is subjective

cells in the particular sample to be examined, for example
epithelial cells for respiratory virus antigens or peripheral
blood mononuclear cells (PBMCs) for CMV. An advan-
tage of IF is that microscopic examination of the Þxed
cells can determine the presence of adequate cell num-
bers for analysis (Table 1.3). Whenever it is employed,
however, a trained microscopist is required to interpret
results, which remain subjective.

The most common use of this technique is for the
diagnosis of respiratory viral infections. A panel of
reagents can be used to detect RSV, parainßuenza viruses,
inßuenza A and B, metapneumovirus and adenovirus
in multiple wells of a microscope slide. Compared
to cell culture this technique is rapid and sensitive,
especially for detection of RSV. The ideal specimen is
a nasopharyngeal aspirate ora well-taken throat/nasal
swab, most usually obtained from infants with suspected
bronchiolitis, in whom a rapid result is invaluable for
correct clinical management and implementation of infec-
tion control measures. There is increasing evidence that
community- or nosocomial-acquired respiratory viruses
lead to severe disease in immunocompromised patients
(reviewed in Ison and Hayden, 2002), and it is important
that bronchoalveolar lavage specimens from such patients
with respiratory disease are also tested for these viruses,
in addition to bacterial and fungal pathogens.

IF has been used widely for the direct detection of
HSV and VZV in vesicle ßuid, and has advantages over
EM in both sensitivity and speciÞcity. Detection and
semi-quantiÞcation of CMV antigen-containing cells in
blood can also be undertaken by direct IF (CMV/pp65
antigenaemia assay). This technique involves separating
PBMCs and Þxing them on a slide, followed by staining
with a labelled monoclonal antibody directed against
the matrix protein pp65. Thefrequency of positive cells
can predict CMV disease in the immunocompromised
patient (van der Bijet al., 1989) and has been used
quite extensively, though it is labour intensive. It needs
large numbers of PBMCs, making it unsuitable for some
patients. In addition, it requires a rapid processing of
blood specimens if a reduction in sensitivity of detection
is to be avoided (Boeckhet al., 1994). PCR has therefore

become the method of choice for qualitative and quanti-
tative detection of CMV as well as several other viruses.

Enzyme-linked Immunoassay (EIA),
Chemiluminescent and Fluorescence-based
Immunoassay

Solid-phase systems for antigen detection are still used
widely. EIA is based on the capture of antigen in a
clinical specimen to a solid phase (such as the base and
walls of a well in a microtitre plate, or multiple magnetic
microparticles/beads) via a capture antibody, and subse-
quent detection uses an enzyme-linked speciÞc antibody
that produces a colour change in the presence of a suit-
able substrate. EIA is also readily used for the detection
of speciÞc antibody as well as antigen (see later).

Elaboration of capture and detector antibody species
has increased the sensitivity of EIA antigen-detection as-
says, which are widely used for hepatitis B virus (HBV)
surface antigen (HBsAg) and ÔeÕ antigen (HBeAg) detec-
tion and for HIV p24 antigen detection. Neutralization of
the antigen reactivity by the appropriate immune serum
can be used to conÞrm the speciÞcity of the antigen re-
activity. In primary HIV infection, HIV p24 antigen is
present in the blood prior to the development of antibod-
ies. Therefore, assays which detect this antigen in addition
to anti-HIV antibodies reduce the diagnostic Ôwindow pe-
riodÕ, that is the time from acquisition of infection to its
Þrst becoming detectable (Hashidaet al., 1996). Similar
assays that detect hepatitis C core antigen in addition to
anti-HCV (hepatitis C virus) antibodies have been pro-
posed for testing donated blood.

Molecules with chemiluminescent properties, for
example acridinium ester, which produces chemilumi-
nescence in the presence of hydrogen peroxide, can be
conjugated to antibodies/antigens and used instead of
enzymes for immunoassay detection. Fluorescent labels
are another alternative. The ßuorescence emissions of
chelates of certain rare earth metalsÑlanthanides, for
example EuropiumÑare relatively long-lived. Thus,
the presence of an antigen or antibody labelled with
a lanthanide chelate can be detected by measuring
ßuorescence intensity at a delayed time point after
excitation, background ßuorescence having completely
died away. This is the principle of the time-resolved
ßuorescence assay (TRFA). Both chemiluminescent and
TRF methods are very sensitive and highly amenable to
automation in commercial systems.

Particle Agglutination Assays

Small latex particles coated with speciÞc antibody will
agglutinate in the presence of antigen, and their clumping
together can then be observed by the naked eye. This
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case for CMV. In these cases, past infection can better be
distinguished from recent infection by antibody avidity
tests. These are based on the principle that antibody
responses mature over time, with high-avidity antibodies
predominating at the later stage. By using a chaotropic
agent (e.g. urea) during the EIA washing stage,
low-afÞnity antibodies (representing recent infection)
will be preferentially dissociated from antigen compared
to higher-afÞnity antibodies (Blackburnet al., 1991).

Antibody detection is also essential for diagnosis of,
and screening for, persistent infections where antibodies
are detectable in the presence of virus replication, such as
HIV and HCV. The availability of sensitive and speciÞc
assays allows widespread screening for immunity against,
for example, HBV, rubella, VZV and hepatitis A.

Despite recent advances in antibody-detection tech-
niques, there remain inherent limitations to this form of
virological diagnosis (Table 1.4). It is highly dependent
on the ability of the individual to mount appropriate
immune responses to infection. Thus, these methods
have a limited role for diagnosing viral infections in
severely immunocompromised patients (Payaet al.,
1989). Every effort must then be made to detect the virus
itself. Transfusion or other receipt of blood products
may lead to spurious serological results; for instance,
leading to a false interpretation that a seroconversion,
indicating acute infection, has occurred. The major role of
antibody-detection tests in transplant patients is in iden-
tifying immune status at the baseline in order to forecast
the risk of primary infection, re-infection or reactivation
during subsequent immunosuppression (see later).

Interpretation of Serological Assays

Viral serology should take account of the patientÕs history
and symptoms, and sometimes additional information
may need to be sought. For example, the detection of
very low levels of HBsAg in the absence of any other
markers of hepatitis B infection might be explained by
very recent immunization (because the vaccine itself is
recombinant HBsAg) rather than hyperacute infection
with this virus. The diagnosis of a primary virus infection
can be made by demonstrating seroconversion from a
negative to a positive speciÞc IgG antibody response, or
by detecting virus-speciÞc IgM. A fourfold rise in IgG
antibody titre between acute and convalescent samples
can also be indicative of a primary infection (e.g. by
CFT). Detection of virus-speciÞc IgG without IgM in
a single sample, or no change in virus antibody titre
between acute and convalescent phase sera, indicates
exposure to the virus at some time in the past. Results
of antibody-detection assays can be complicated by a
number of factors: the age of the patient (the production
of serum IgG or IgM antibodies can be absent or
impaired in the immunocompromised, neonates and
the elderly), receipt of blood products with passive
antibody transfer, maternal transfer of IgG antibodies and
nonspeciÞc elevation of certain virus antibodies due to
recent infection with other viruses. The last phenomenon
is particularly common with herpes virus infections,
which have group-speciÞc cross-reacting epitopes. IgM
antibodies may persist for extended periods of time
following primary infection, and may also be produced
as a result of reactivation of latent infection, although
not reliably so (e.g. CMV, EBV). The production of

Table 1.4 Serology

Advantages Disadvantages

SpeciÞc IgG assays good indicator of prior infection Retrospective (e.g. rising CFT titres). CFTs
insensitive, especially to assess previous
infection

Capture IgM assays good indicator of recent
infection

Cross-reactivity and interference

May allow retrospective diagnosis if no acute
specimen obtained

Poor sensitivity for diagnosing some
congenital infections, for example CMV

Readily automated Not appropriate for the imunocompromised
Rapid (same day) Spurious results possible following receipt of

blood products
Diagnosis of unculturable or poorly culturable

viruses, for example hepatitis B
Can use non-invasive samples such as saliva or

urine

CFT = complement Þxation test.
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Primers

The correct choice of primers is an important determinant
of the success of any PCR. The nucleic acid sequence of at
least a part of the viral genome needs to be known, and
primers must target a very well-conserved region. This
can be done using multiple alignment programs; however,
the Þnal success of the PCR depends on the availability
of sequence data from a range of different viral isolates.
Otherwise, unusual viral variants may not be detected.
This issue is as important for commercial assays as it is
for Ôin-houseÕ assays, as was demonstrated by suboptimal
HIV subtype detection by a commercial quantitative PCR
(qPCR) assay (Arnoldet al., 1995). Other important as-
pects of primer design include the avoidance of secondary
structure or complementarity between primers (leading to
so-called primer-dimer ampliÞcation artefacts). Computer
programs used to design primer sequences address these
problems.

Preparation of Clinical Specimens for PCR

Viral gene detection methodsdo not rely on persistence
of viral infectivity within the clinical specimen and in one
respect this is a major advantage over traditional methods
of virus detection. Specimens should be transported and
stored in the refrigerator or freezer prior to analysis, but
less meticulousness is required than to achieve virus iso-
lation. However, viral RNAs are susceptible to nucleases,
present in all biological material, and certain specimen
types (e.g. intraocular ßuids (Wiedbrauket al., 1995) and
urine (Cherneskyet al., 1997)) contain inhibitors of PCR.
PCR is therefore susceptible to false-negative results, and
specimens for qualitative and especially qPCR require
careful preparation. Each assay needs to be evaluated for
individual specimen type and patient group. For blood
samples, the anticoagulant heparin is contraindicated be-
cause it inhibits the PCR reaction. It is generally rec-
ommended that for viral quantiÞcation ethylenediamine
tetraacetic acid (EDTA) anticoagulated blood is separated
as soon as possible, after which the plasma can be stored
frozen until analysis. If multiple tests are to be undertaken
on one sample, it should be aliquoted on receipt to avoid
multiple freeze-thawing. A number of different nucleic
acid extraction methods are available. The choice depends
on the nature of the clinical specimen and whether the
target is RNA or DNA.

Detection of Conventional PCR Product

The PCR product of any speciÞc reaction has a known
size, and can therefore be detected on an agarose gel,
usually by staining with ethidium bromide (or other, po-
tentially safer, ßuorescent stains such as SYBR Green)
in comparison with a molecular weight ladder. However,

more than one speciÞc band may be seen, or the band may
not be of the expected size. For this reason, detection of
the product by hybridization with a speciÞc nucleic acid
probe is desirable. A microtitre plate format with a col-
orimetric end point read by a standard spectrophotometer
may be used, for example (Goret al., 1996). Many com-
mercial PCR assays employ this system. The addition of
such a step enhances the speciÞcity of the assay, and may
improve sensitivity.

Multiplex PCR

Since more than one viral target is frequently sought in
each specimen, multiplex assays have been devised in
which multiple sets of primers (against different targets)
are combined within one PCR reaction (for example Din-
gle et al. 2004). Each set of primers requires speciÞc
conditions for optimal ampliÞcation of the relevant tar-
get, and the development of a multiplex system requires
a detailed evaluation of these conditions to ensure that
the efÞciency of ampliÞcation for any one target is not
compromised. IdentiÞcation of the speciÞc product in this
system may be based on the different size of amplicons, or
the use of different probes. Figure 1.4 illustrates a mul-
tiplex PCR for RSV A (RA), RSV B (RB) and human
metapneumovirus with agarose gel-based detection. In-
creasingly, conventional multiplex PCR has been replaced
by multiplex real-time PCR (see below).

Quantification

Conventional PCR is inherently a qualitative assay. Initial
attempts to quantify with PCR involved the simultane-
ous analysis of samples with a known target genome
copy number and comparing the intensity of bands on
an agarose gel with that of the test specimen. However,
the efÞciency of ampliÞcation within any one PCR reac-
tion can be exquisitely sensitive to changes in reaction
conditions and inhibitory factors present in the clinical
specimen. It is therefore important that internal standards
(within the same PCR reaction) are used for quantita-
tive competitive (qcPCR) assays. These control sequences
should mimic the target genome as closely as possible, yet
be detectable as a distinct entity on Þnal analysis. This
can involve the incorporation of restriction enzyme sites
at which the control amplicon, but not the target sequence,
can subsequently be cleaved (Foxet al., 1992), or involve
use of a control sequence of different size (Piataket al.,
1993). Commercial assays often use a jumbled sequence
as a control, with subsequent use of probes against both
control and target sequences. In all cases, since the num-
ber of input control genomes is known, simple proportions
can be applied to the signals to generate a quantitative
value for the clinical specimen (Figure 1.5a). Real-time
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Table 1.6 PCRÑrecommended controls

Negative controls
Extraction control to control for contamination during extraction (use

negative clinical material)
Reagent control to control for contamination of reagents (use solvent

in which extracted nucleic acid is suspended)
Positive controls
Extraction control Use positive clinical material
Control genome/run control To control forPCR efÞciency, speciÞcally to assess

sensitivity
Alternate target/internal control to control for inhibition of reaction

of a tissue culture supernatant of known median tissue
culture infective dose (TCID 50) or virion concentration
(as measured by EM), or of a preparation of puriÞed viral
genome provided at a standardized concentration. Alterna-
tively, plasmid containing the target genome may be used,
but many laboratories are reluctant to introduce plasmids
into the molecular biology area because of the risk of
widespread contamination with plasmid amplicons.

There are two speciÞc procedures designed to reduce
PCR contamination. Firstly, extraneous DNA contami-
nating PCR reagents can be inactivated by subjecting
ÔcleanÕ PCR reagents to ultraviolet irradiation. This intro-
duces thymidine dimers into the DNA chain, rendering it
unampliÞable. More effective is the substitution of dUTP
for dTTP in the PCR reaction (Longoet al., 1990); this
does not affect speciÞc product detection. The use of
uracil DNA glycosylase in any subsequent PCR reaction
prevents DNA polymerization of any uracil-containing
DNA, but has no effect on thymidine-containing DNA
template. Thus any contaminating DNA from a previous
reaction is not ampliÞed.

Physical Organization of the Laboratory for PCR

The physical requirements for undertaking Ôin-houseÕ
PCR reactions are demanding (Victoret al., 1993). A
Ôclean roomÕ is required for preparation and aliquoting of
reagents. This must be protected from any possible con-
tamination with viral nucleic acid. A separate area is also
required for nucleic acid extraction, although this can be
undertaken in a diagnostic area. A dedicated PCR room
is required for setting up reactions and siting thermal cy-
clers. Finally, another room is required for any post-PCR
analyses, such as running gels. Dedicated laboratory coats
and equipment are required for each of these areas, and
strict adherence to protocol by all staff is essential.

The provision of such a dedicated set of rooms for
molecular biology is a challenge for busy, crowded, diag-
nostic virology laboratories.Nevertheless,it is paramount
that diagnostic PCR reactions are undertaken with the

risk of contamination minimized, and every effort must
be made to provide the relevant space if such assays are
to enter the routine diagnostic armamentarium. Some of
the newer automated commercial assays incorporate sev-
eral of the above steps within a self-contained machine.
However, it is unwise to use such assays outside of a lab-
oratory environment in which staff are well trained in this
type of work.

The Range of Other Amplification Systems

Other, mostly commercial, ampliÞcation systems include
the ligase chain reaction (LCR), which, as with PCR,
requires a thermal cycler. Nucleic acid sequence-based
ampliÞcation (NASBA), transcription mediated ampliÞ-
cation (TMA), strand displacement ampliÞcation (SDA)
and branched chain DNA (bDNA) do not require any spe-
cialized thermal cycler. A number of newer technologies
particularly suited to the simultaneous detection of multi-
ple viral (and nonviral) targets in individual samples are
also coming into use.

Ligase Chain Reaction

LCR involves hybridization of two oligonucleotide probes
at adjacent positions on a strand of target DNA, which
are joined subsequently by a thermostable ligase. The
reaction also takes place on the complementary strand so
multiple rounds of denaturation, annealing and ligation
lead to an exponential ampliÞcation of the viral DNA
target (Hsuihet al., 1996). RNA targets require prior
reverse transcription.

Nucleic Acid Sequence-based Amplification

This technique uses RNA as a target, utilizing three
enzyme activities simultaneously: reverse transcriptase
(RT), RNase H and a DNA-dependent RNA polymerase
(Guatelli et al., 1990). A DNA primer incorporating the
T7 promoter hybridizes to the target RNA and is extended
by RT. RNase degrades the RNA strand, and the RT then
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utilizes a second primer to produce double-stranded DNA.
Subsequently, T7 polymerase forms multiple copies of
RNA from this DNA template. This method is suited to
the detection of RNA viruses, or mRNA transcripts of
DNA viruses. In addition, it can be turned into a quantita-
tive assay using internal controls (Figure 1.5b). Different
detection formats for the ampliÞed RNA product have
been developed, including electrochemiluminescence and
molecular beacon detection technologies, and adapted for
rapid detection of various viruses, for example West Nile
and St Louis encephalitis (Lanciotti and Kerst, 2001).
TMA techniques are very similar. Commercial TMA sys-
tems have been used to detect and quantify HIV and HCV
nucleic acid sequences.

Strand Displacement Amplification

In this technology, an oligonucleotide primer contain-
ing a restriction enzyme site binds to its complementary
(target) nucleic acid. An exonuclease-deÞcient DNA poly-
merase is used in the presence of dGTP, dATP, dUTP
and a dCTP containing anα-thiol group (dCTPαS)
to produce double-stranded DNA containing a restric-
tion enzyme site. Upon binding,the restriction enzyme
nicks the strand without cutting the complementary thi-
olated strand. The exo-DNA polymerase recognizes the
nick and extends the strand from the site, displacing the
previously-created strand. The recognition site is repeat-
edly nicked and restored by the restriction enzyme and
exo-DNA polymerase, with continuous displacement of
DNA strands containing the target segment. The process
becomes exponential with the addition of an antisense
primer containing the appropriate recognition site. SDA
technology has been established in a fully-automated sys-
tem known as BDProbeTec.

Hybridization Methods

These methods are based on the hybridization of a la-
belled oligonucleotide probeto a unique complementary
piece of viral genome, and can be undertaken either on a
solid phase orin situ. The short probes are 20Ð30 bases
in length and can be RNA (riboprobe) or DNA. The
bDNA assay is a modiÞcation of the probe assay prin-
ciple and, unlike the other molecular methods described
so far, it uses asignal ampliÞcation system rather than
amplifying a target genome. A single-stranded genome
(RNA or DNA) is hybridized to an assortment of hybrid
probes, which in turn are captured on to a solid phase
by further complementary sequences. Branched DNA am-
pliÞer molecules then mediate signal ampliÞcation via
enzyme-labelled probes witha chemiluminescent output.
This method can also provide quantitative results (De-
war et al., 1994; van Gemenet al., 1993) (Figure 1.5c).

The hybrid-capture assay is another hybridization-based
signal-ampliÞcation system in which riboprobes hybridize
with DNA targets. These RNA-DNA hybrids are captured
and detected by means of a labelled monoclonal antibody,
which has been developed commercially and used ex-
tensively for the detection of HPV genome in cervical
brushings/washings.

New Molecular Techniques

Loop-mediated Isothermal Amplification Assay

The loop-mediated isothermal ampliÞcation assay
(LAMP) is another method for rapid ampliÞcation
of DNA under isothermal conditions. It is based on
the principle of autocycling strand-displacement DNA
synthesis (Notomiet al., 2000). The enzyme required
is a DNA polymerase with high strand-displacement
activity. A high degree of target speciÞcity is achieved
by the use of two outer primers and two inner primers,
with each of the inner primers recognizing independent
target sequences. The LAMP reaction results in the
production of a mixture of stem-loop DNAs of different
stem lengths, and caulißower-like structures comprizing
multiple loops. These products can be detected by gel
electrophoresis and appropriate staining, or (because
pyrophosphate ion is a by-product of DNA synthesis) by
monitoring the accumulation of precipitated magnesium
pyrophosphate in a simple turbidometer (Moriet al.,
2004). Further assay reÞnements include the employment
of an initial RT step, so as to be able to apply the
technique to an RNA target, and the use of an additional
pair of Ôloop primersÕ to accelerate the LAMP reaction
(Nagamine et al., 2002). Very sensitive, speciÞc and
fast LAMP assays have beenreported for detection of
West Nile virus (Paridaet al., (2004)) and noroviruses
(Yoda et al., 2007). As the technique does not require
sophisticated equipment, it is potentially valuable for use
in resource-poor countries.

Microarrays

Microarrays consist of arrays of single-stranded DNA
oligonucleotide probes spotted on to speciÞc locations on
a small glass slide, membrane or coated quartz microchip
surface. Tens of thousands of spots can be contained on
one microarray. DNA and RNA is extracted from ex-
perimental or clinical samples, and then target sequences
are ampliÞed and labelled with ßuorescent markers. When
these labelled nucleic acids are hybridized to complemen-
tary sequences in the array,the amount of label can be
monitored at each spot, thereby indicating whether or not
the complementary nucleic acid sequence was present in
the original sample. Microarrays, for example the Pneu-
moVir from GENOMICA SA are now entering routine
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laboratory use for the diagnosis of multiple viral respi-
ratory tract pathogens at reasonable economic cost com-
pared with multiple multiplexed conventional PCR-based
assays. In the future it is likely that they will be devel-
oped for the simultaneous detection of multiple infectious
agentsÑbacterial, viral andfungalÑin individual patient
samples. By detecting speciÞc target sequences, not only
should they be able to detect the presence of a speciÞc
pathogen but they should also determine whether that
pathogen demonstrates genotypic drug resistance.

Micro-bead Suspension Array Multiplex PCR

This technology combines multiplex PCR for simulta-
neous ampliÞcation of multiple target sequences with a
coloured micro-bead detection system. For each pathogen,
target-speciÞc capture probes are covalently linked to a
speciÞc set of colour-coded beads. Labelled PCR prod-
ucts are captured by the bead-bound capture probes in
a hybridization suspension. Adual-laser detection device
identiÞes the colour of each bead (corresponding to a par-
ticular pathogen) and determines whether labelled PCR
product is present on the bead or not, so indicating the
presence or absence of the particular pathogen in the
original sample. The technology offers the potential for
the rapid simultaneous detection and quantiÞcation of up
to 100 different analytes within a single sample. Recent
studies have applied it successfully to respiratory virus
diagnosis (Mahonyet al., 2007) and to determination of
HPV type (Schmittet al., 2006).

Quality Control for Molecular Methods

Compared to more traditional virological methods, molec-
ular biological ones are expensive. There have recently
been initiatives to make all molecular assays in Europe
compliant with thein vitro diagnostic directive (IVDD).
However, many laboratories in the United Kingdom and
elsewhere continue to use well-validated molecular assays
developed in-house. This makes it difÞcult for each labo-
ratory to evaluate each molecular assay, and there is likely
to be considerable inter-assay and inter-laboratory varia-
tion (Valentine-Thon, 2002). If a noncommercial assay
is employed, the critical reagents should be batch tested,
and it is vital that a known low-level positive Ôrun con-
trolÕ is used to monitor within- and between-analytical
run variability. To supplement these internal quality con-
trol measures, it is very important to participate in external
quality assessment (EQA), since major clinical and thera-
peutic decisions are made on the basis of molecular assay
results. An EQA service sends participating clinical lab-
oratories samples on a regular basis, which they test as
if they had come from patients. Results are returned to
the EQA centre, which provides a report that compares

a participantÕs performance with that of all laboratories
and/or groups of laboratories using similar test methods.
These may be commercial assays or developed Ôin-houseÕ.
Programmes such as Quality Control for Molecular Di-
agnostics (www.qcmd.com) provide EQA schemes for
blood-borne viruses and other pathogens such as CMV,
enterovirus and respiratory viruses. Participation in such
schemes represents a signiÞcant but essential expenditure
for diagnostic laboratories.

Automation of Molecular Techniques

With the use of highly-sophisticated robotics, the com-
ponent processes of molecular assaysÑextraction of nu-
cleic acid, real-time PCR reaction set-up, ampliÞcation
and detection Ðcan also be automated. Thus, it is possi-
ble for a single machine to perform a speciÞc diagnos-
tic nucleic acid test on a patient sample and deliver a
very rapid result without any technical expertise being re-
quired at all, for example the GeneExpert System. Such
self-contained, fully-integrated systems are currently very
expensive however, prohibiting widespread use.

Clinical Value of Molecular Techniques

The application of qualitative and quantitative molecular
analysis to human viral infections has provided new
insights into the natural history of infections such as
HIV, HBV, HCV and the herpesviruses. This includes the
nature of viral persistence and latency, viral replication
and turnover rate, and an understanding of the response
to antiviral therapies. Molecular diagnostic assays have
not merely increased sensitivity over alternative methods;
they have resulted in the identiÞcation of a number of new
viruses associated with respiratory disease: coronaviruses
NL63 (van deret al., 2004) and HKU1 (Wooet al., 2005),
and human bocavirus (Allanderet al., 2005).

Diagnosis of Virus Infection and Disease

Infection is revealed by the detection of virus in a clin-
ical specimen. The infection may be asymptomatic or
symptomatic (disease). However, the key determinant for
correct diagnosis is the sensitivity of the assay, with a
goal of detecting viral genome if it is present. A sen-
sitive qualitative assay is relevant, for instance, in the
diagnosis of HIV in infants (proviral DNA in PBMCs)
(Lyall et al., 2001) or acute HCV (plasma/serum RNA)
infection (Aaronset al., 2004). Before introducing such
an assay into routine use, the sensitivity and speciÞcity
of the new test must be established, according to the
formulae in Table 1.7. Note that in this instance, these pa-
rameters are compared to an existing gold standard assay
(true positives or negatives) and therefore relate purely
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Sequence-based methods have largely replaced selec-
tive PCR (or point mutation assays, PMAs), line probe
assays and RFLP assays for speciÞc mutations associated
with resistance. Recent advances in automated nucleic
acid sequencing, such as the use of capillary sequencers,
allow rapid high-throughput sequencing within a clinical
laboratory setting. This has been most widely utilized for
HIV and hepatitis B drug resistance assays, but it has other
applications, for example the study of nosocomial trans-
mission events. The biggest challenge of this technique is
the manipulation and analysis of the data generated. Se-
quence editing and interpretation is required. With regard
to HIV drug resistance, the identiÞcation of key resistance
mutations depends on interpretation of variable drug sus-
ceptibility patterns and on the software systems utilized.
When based on a product PCR ampliÞed from the plasma,
these techniques provide information only on the majority
population within the quasispecies. They cannot exclude
different mutations existing on separate genomes.

ÔVirtual phenotypingÕ, a technique developed by Virco
(www.vircolab.com), is a method of interpreting geno-
typic HIV resistance information with the aid of a large
database of samples with paired genotypic and phenotypic
data. By searching the database, viruses with genotypes
similar to the patientÕs virus are identiÞed and the aver-
age IC 50 of these matching viruses is calculated. This
information is then used to estimate the likely phenotype
of the patientÕs virus.

RECOMMENDED DIAGNOSTIC
INVESTIGATIONS

Making an accurate virological diagnosis is critically
dependent on receiving adequate specimens with infor-
mation relating to the onset of symptoms and the clinical
presentation. Swabs and tissue samples should be col-
lected by trained staff and placed into virus transport
media. If sample transport is delayed, samples should

be stored at 4◦C or on wet ice (for a maximum of
24 hours). Assays for quantifying virus in blood require
rapid specimen transport andappropriate processing and
storage prior to analysis. It is the role of the clinical vi-
rologist to decide on the most appropriate investigations
for any given clinical scenario. Laboratory request forms
are important in this respect, and should encourage full
documentation of clinical details. The practice of send-
ing a serum sample to the virology laboratory with a
request for a general ÔscreenÕ should be strongly discour-
aged. Instead diagnosis should be built upon the concept
of syndromic presentation, itsinitial and continuing in-
vestigation, and appropriatemanagement developing out
of clinical progress, diagnostic Þndings and response to
treatment. If the clinical presentation proves to be due to
a virus infection, the virologist may have a leading role,
but liaison with haematological, radiological, pharmaco-
logical and other clinical colleagues must be appropriate
and continued.

Test Selection

Much of the work presenting to a virology laboratory is
straightforward, taking the form of a particular screen
(Table 1.9). But in other cases clinicians are presented
with a patient whom they suspect may have a viral infec-
tion, yet they are unsure whichtests to request. In some
cases, they may request inappropriate tests. One of the
most important roles of the laboratory staff, both techni-
cal and medical, is to assist the clinician in obtaining the
correct diagnosis by choosing appropriate tests. In some
cases sufÞcient clinical details on request forms will al-
low test selection in the laboratory (not necessarily the
tests requested by the clinician!). In other cases, further
information and possibly additional and different sample
types will be needed. Many virology laboratories also pro-
vide serological testing for nonvirological infections, for
example syphilis, toxoplasma and chlamydia (serological
and nucleic acid-based testing).

Table 1.9 Examples of suggested screening assays for speciÞed patient groups

Pre-stem cell transplant screen (donor and
recipient)

HIV (i.e. combined testing for anti-HIV 1 and 2 and for HIV 1 p24
antigen), anti-HCV, HBsAg, anti-HBcore, anti-HTLV 1, CMV
IgG, EBV EBNA IgG, VZV IgG, anti-HSV, syphilis,
toxoplasma-Ab

Renal dialysis patients HIV (i.e. combined testing for anti-HIV 1 and 2 and for HIV 1 p24
antigen), anti-HCV, HBsAg pre-dialysis

Anti-HCV, HBsAg three-monthly. HIV repeat testing based on risk
assessment

Antenatal screening HIV (i.e. combined testing for anti-HIV 1 and 2 and for HIV 1 p24
antigen), HBsAg, Rubella IgG, syphilis
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