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Human herpesviruses can cause significant morbidity
and mortality in pediatric solid organ transplant re-
cipients. It was hypothesized that viral burden quan-
tification by polymerase chain reaction using an in-
ternal calibration standard could aid in distinguishing
between viral disease and latency. Here we report the
results of a 2-year prospective study of 27 pediatric
solid organ (liver, kidney, or heart) transplant recip-
ients in which multiple samples were analyzed for
levels of all eight human herpesviruses by internal
calibration standard-polymerase chain reaction. Her-
pes simplex viruses 1 and 2, varicella-zoster virus,
and Kaposi’s sarcoma-associated herpesvirus were
not detected in any of these samples. Human herpes-
virus types 6 and 7 were detected in half of the pa-
tients, but were present at low levels, similar to those
found in reference populations. Epstein-Barr virus
(EBV) and cytomegalovirus (CMV) were detected in 89%
and 56% of the patients, respectively. Viral burden anal-
ysis suggested distinct patient populations for CMV,
with a natural cutoff of 10,000 viral targets/ml blood
strongly associated with disease. In some cases, a dra-
matic increase in CMV levels preceded clinical evidence
of disease by several weeks. EBV viral burden was rela-
tively high in the only patient presenting with an EBV
syndrome. However, two other patients without evi-
dence of EBV disease had single samples with high EBV
burden. Rapid reduction in both EBV and CMV burden
occurred with antiviral treatment. These data suggest
that viral burden analysis using internal calibration
standard-polymerase chain reaction for CMV, and pos-
sibly other herpesviruses, is an effective method for
monitoring pediatric transplant patients for significant
herpesvirus infection and response to therapy. (J Mol
Diag 2000, 2:191–201)

Transplantation is being used as an effective treatment
strategy for the correction of organ defects due to con-

genital malformation or the cytotoxic effects of chemicals
and infectious agents. This therapeutic approach relies
on the ability to shape the recipient’s immune system to
accept the foreign organ. This has been greatly facili-
tated by the use of a variety of immunosuppressive
drugs, including cyclosporin, FK506, prednisone, and
mycophenolate, which suppress the cellular arm of the
immune system. However, this approach to immunosup-
pression is associated with a serious side effect: an in-
creased incidence of life-threatening diseases caused by
infectious agents that are normally controlled by the im-
mune systems of immunocompetent individuals. Among
the agents that seriously affect immunocompromised in-
dividuals are the herpesviruses.

The eight human herpesviruses identified to date—
herpes simplex viruses 1 and 2 (HSV1 and HSV2), vari-
cella-zoster virus (VZV), Epstein-Barr virus (EBV), cyto-
megalovirus (CMV), human herpesvirus types 6 and 7
(HHV6 and HHV7), and Kaposi’s sarcoma-associated
herpesvirus (KSHV or HHV8)—have been associated
with significant morbidity and mortality in a variety of
immunosuppressed patient populations.1–7 For solid or-
gan transplant recipients, localized infection can lead to
inflammatory responses and tissue destruction in many
different target organs, especially lung, liver, and gastro-
intestinal tract. For example, 13 to 30% of liver transplant
recipients will develop pneumonia associated with CMV
infection.8 In many cases, herpesvirus infection targets
the transplanted organ and contributes to organ rejec-
tion.9–12 For example, 17% of liver allograft recipients
have been found to develop CMV-mediated hepatitis; in
the high-risk subgroup (seronegative recipients with se-
ropositive donors), the incidence of CMV disease ap-
proaches 50%.9–11 In this case, initial evidence of infec-
tion often comes from the detection of elevated levels of
liver enzymes in the circulation. Because elevated liver
enzymes are also associated with immune-mediated organ
rejection, histological evaluation of organ biopsy is often
necessary to distinguish between these etiologies.13 Finally,
EBV appears to be unique among the herpesviruses in that
it can also stimulate the proliferation of infected lympho-
cytes, in some cases leading to post-transplant lymphopro-
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liferative disorder (PTLD), with many characteristics similar
to malignant non-Hodgkin’s lymphoma.5,14–17

Fortunately, a variety of virus-specific antiviral drugs
and treatment approaches has been developed for pa-
tients with significant herpesvirus infection. Herpes sim-
plex esophagitis is effectively treated with acyclovir.18

Ganciclovir in combination with hyperimmune globulin is
an effective therapeutic approach for CMV-mediated dis-
ease.8,19,20 EBV-associated PTLD appears to be most
effectively treated by tapering of the doses of the immu-
nosuppressive drugs used to prevent transplant organ
rejection.17,21 Because different viruses can give rise to
similar organ pathologies,22–29 selection of the appropri-
ate therapeutic approach involves accurate diagnosis of
disease etiology.

Monitoring transplant recipients for significant herpes-
virus infections has proved to be a diagnostic challenge
for two reasons. First, the results of serology tests com-
monly used to diagnose viral infection can be dramati-
cally influenced by the immunosuppressed state of the
patient in ways that are not easily predicted. Second,
there is a high prevalence of past infection by some of
these viruses, which enter a latent state after primary
infection, such that most humans are asymptomatic but
continue to harbor latent virus. This is especially true for
four of these viruses that cause significant problems for
the transplant population: EBV, CMV, HHV6, and HHV7.
Thus, sensitive techniques like polymerase chain reac-
tion (PCR) to identify viral nucleic acids can often detect
viral genomes in plasma and circulating lymphocytes of
asymptomatic individuals. For these reasons, serology
and standard PCR approaches have been problematic
for the diagnosis of acute infections that are clinically
relevant in this population.30–33

A number of groups have developed PCR-based ap-
proaches to quantify the number of specific nucleic acid
targets.34–39 The approaches that appear to be the most
accurate and precise use an internal calibration standard
(ICS) that is included at known quantities in each reaction
and amplified with the same primers as the viral target;
these approaches have been termed ICS-PCR or com-
petitive PCR. In theory, the development of these ap-
proaches will allow investigators to test the hypothesis
that viral burden analysis in a clinical sample might be
able to distinguish positive PCR results that are clinically
relevant from those associated with viral latency in
asymptomatic patients. Here we present the results of a
2-year prospective study of a cohort of pediatric solid
organ transplant recipients in which all eight human her-
pesviruses were quantified in whole blood using ICS-PCR
to determine whether viral burden analysis correlates with
disease onset and/or response to antiviral therapy in this
patient population.

Materials and Methods

Patient Population

A total of 264 blood samples were collected from 27
pediatric patients receiving a solid organ transplant at

Children’s Medical Center (Dallas, TX) between Septem-
ber 1997 and September 1999. These included 16 liver,
6 kidney, and 5 heart transplant recipients. Blood sam-
ples were collected monthly while the patients were en-
rolled in the study. The median number of samples ana-
lyzed per patient was 8, with a range of 1 to 26 samples/
patient. The median patient age at the time of transplant
was 3 years, with a range of 5 months to 19 years.
Patients received standard immunosuppressive therapy
including cyclosporin or FK506 with or without mycophe-
nolate. Some patients received acycolvir as an antiviral
prophylactic agent. Upon diagnosis of a probable acute
CMV infection using standard laboratory tests (antigen-
emia, serology, or histology), patients were usually
treated with a combination of ganciclovir and CMV-hy-
perimmune globulin. None of the results from this study
was used for patient management. The study was per-
formed with approval by the local Institutional Review
Board.

Reference Population

The reference population analyzed was composed of
patients presenting to the Children’s Medical Center
emergency room in September, 1999 who were having
blood drawn as part of the routine diagnostic workup.
Only patients with a normal CBC were included within this
reference group. These patients ranged in age from 4
weeks to 17 years, with a median age of 4 years. Of the
51 patients analyzed, 25 had some evidence of acute
infection, usually a fever.

Sample Preparation

Three milliliters of blood were collected in a purple-top
collection tubes containing EDTA as the anticoagulant
and stored at 4°C until processed (usually ,24 hours, but
never .72 hours). DNA was isolated from 0.2 ml of whole
blood using the QIAamp DNA Mini Blood kit (QIAGEN
Inc., Valencia, CA) according to the manufacturer’s cur-
rent protocol.

ICS-PCR Procedure

The design and validation of the PCR procedure used to
quantify the number of viral targets using an internal
calibration standard, ICS-PCR, has been described in
detail elsewhere.35 Briefly, each PCR reaction mix (50 ml)
contained 10 mmol/L Tris-HCl, pH 8.3, 50 mmol/L KCl,
1.5 mmol/L MgCl2, 0.001% gelatin, 200 mmol/L each of
dATP, dCTP, and dGTP, 400 mmol/L dUTP, 20 pmoles of
each oligonucleotide primer, 20 molecules of the
HHVQ-1 ICS standard, 2.5 units of Taq polymerase (PE
Applied Biosystems, Foster City, CA), and DNA from 10
ml of whole blood. Separate reaction vessels were pre-
pared with primers specific for each of the eight human
herpesviruses. The oligonucleotide primer sequences
were published elsewhere35 and are listed in Table 1. A
master mix was prepared that contained enough re-
agents for nine reactions without the oligonucleotide
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primers and then aliquoted into each of the eight PCR
reaction tubes containing the virus-specific primers.
Complete reactions were then placed in a GeneAmp PCR
System 9600 thermocycler (PE Applied Biosystems) and
amplified under the following conditions: 1 cycle of 2
minutes at 95°C, 36 cycles of 30 seconds at 94°C, 30
seconds at 65°C, and 1 minute at 72°C, followed by a
final extension of 9 minutes at 72°C. After amplification,
PCR products were separated by agarose gel electro-
phoresis, identified by staining with SYBR Gold (Molecu-
lar Probes, Eugene, OR) and quantified using a Fluorim-
ager SI (Molecular Dynamics, Sunnyvale, CA).

In this analysis, the limits of detection are largely de-
termined by the amount of DNA that can be included in
the PCR reaction without having an inhibitory effect on the
amplification process, and by the ability to detect a spe-
cific fluorescent band above the background fluores-
cence in the gel. Under the conditions described, DNA
isolated from 10 ml of whole blood can routinely be in-
cluded in a 50 ml PCR reaction without evidence of am-
plification inhibition.

The impact of fluorescence detection on the overall
limits of detection can be evaluated as follows. A weak
band present anywhere in the gel is chosen as repre-
senting the minimum detectable fluorescence signal
above background gel fluorescence in that experiment.
The intensity of this weak band (WBI) can then be com-
pared with the intensity of the band derived from the ICS
standard (SBI) in each sample to calculate the limits of
detection, in viral targets (VT) per milliliter, for each reac-
tion according to the equation:

~WBI/SBI! 3 ~20 molecules ICS/10 ml DNA!

3 ~1000 ml DNA/1 ml blood!

In the analysis presented in Figure 1A, the nonspecific
weak band present in the HSV2 lane was chosen as
representing the weakest signal detectable in this gel
and compared with the intensity of the different standard
bands. Quantitative fluorescence image analysis indi-
cated that this blood sample from this patient contained
,560 EBV VT/ml and ,680 CMV VT/ml based on the
intensities of these PCR product bands, indicating that
these samples either lacked virus or had levels below the
limits of detection for this assay.

Results

ICS-PCR was used to quantify human herpesvirus nu-
cleic acid targets in blood to determine whether viral
burden measurements were useful in the management of
pediatric transplant patients. In this method, an internal
standard is included in each PCR reaction and coampli-
fied with the specific herpesvirus in question using the
same oligonucleotide primers. This approach was ap-
plied in a prospective study of 264 samples from 27
pediatric solid organ transplant patients to determine
whether detection or quantification of virus in whole blood
by PCR correlated with viral disease, whether changes in
the level of virus would precede disease in individual
patients, and whether changes in the levels of virus were
found in response to antiviral therapy.

An example of the results from three representative
patients is presented in Figure 1. PCR reactions contain-
ing blood DNA from the first patient reveal single strong
bands of amplification using primers specific for each of
the eight human herpesviruses (Figure 1A). The sizes of
each of these bands indicate that these PCR products
are derived from the HHVQ-1 standard (Table 1). No
virus-specific bands were seen. A weak band at ;260 bp
is found in the HSV2 lane. This band is due to nonspecific
amplification, since it does not match the predicted size
for the HSV2 viral genome (445 bp) and does not hybrid-
ize to an HSV2-specific probe (data not shown). Indeed,
the size characteristics of the virus-specific bands pro-
vide an added layer of specificity to the analysis for all of
the viruses.

For the second patient, the same constellation of stan-
dard bands is observed (Figure 1B). In addition, three
new bands are found below the standard bands in sam-
ples amplified with primers specific for EBV, HHV6, and
HHV7. Each of these new bands is the size predicted for
amplification of the specific viral target genome. Quanti-
fication is determined by comparing the fluorescence
intensity of each product band. For example, the intensi-
ties of the two product bands using HHV7-specific prim-
ers are about the same. This reaction contained 20 mol-
ecules of HHVQ-1 and 10 ml of blood DNA. Thus, ;20
HHV7 genomes were present in 10 ml of blood, or, when
quantified accurately by fluorescence imaging, 1940 VT/

Table 1. HHVQ-1 Amplification Primers and PCR Product Sizes

Virus
Primer

set* Target gene 59 Primer 39 Primer
Viral

product†
Standard
product†

HSV1 A TK3 agcgtcttgtcattggcgaa ttttctgctccaggcggact 342 456
HSV2 B pol cgtcctggagtttgacagcg cagcagcgagtcctgcacacaa 445 564
VZV A gene 71 cgagtcagcctgacgatcta tttggagacctagcaagcttcgttc 304 415
EBV A EBER cccgcctacacaccaactat agtctgggaagacaaccaca 210 285
CMV A gpB tacccctatcgcgtgtgttc ataggaggcgccacgtattc 254 357
HHV6 B BamHI frag. gatccgacgcctacaaacac taccgacatccttgacatattac 249 330
HHV7 B cgcatacaccaaccctactg gactcattatggggatcgac 264 352
KSHV A KS330 agccgaaaggattccaccat acatggacagatcgtcaagc 274 375

*Designation based on primer sets described in reference 35.
†PCR product size in base pairs.
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ml. For HHV6, the viral band is weaker than the standard
band and the level was calculated to be 1360 VT/ml; for
EBV the viral band is stronger and the level was calcu-
lated to be 10,800 VT/ml.

For the third patient, virus-specific bands are found for
CMV and HHV7 (Figure 1C). In this case, amplification of
the CMV viral target has precluded amplification of
HHVQ-1 due to target competition, an indication of a high
viral burden. In cases where only a viral band is found, a
second series of samples are run containing dilutions of

Figure 2. Quantification of herpesvirus targets by ICS-PCR in a reference
pediatric population. The levels of eight human herpesviruses in the blood of
51 pediatric emergency room patients was determined by ICS-PCR as de-
scribed in Figure 1. The diamonds indicate values (in VT/ml blood) for all
samples that gave detectable virus-specific bands. The proportion of samples
that gave detectable bands is indicated above each virus designation. Green
diamonds are values from the subset of patients presenting with fever in this
group. The red triangles indicate the average limits of detection for each
virus in all negative samples analyzed in this study.

Figure 3. Quantification of herpesvirus targets by ICS-PCR in pediatric solid
organ transplant patients. The levels of eight human herpesviruses in 264
blood samples from 27 pediatric solid organ transplant recipients was deter-
mined by ICS-PCR as described in Figure 1. The diamonds indicate values
(in VT/ml blood) for all samples that gave detectable virus-specific bands.
The proportion of samples and patients with positive results for each virus
can be found in Table 2. The green diamonds indicate the levels in samples
from patients with clinical or laboratory evidence of an acute viral infection
within 5 weeks of the date of sample harvest (see text for details). The red
triangles indicate the average limits of detection for each virus in all negative
samples analyzed in this study.

Figure 1. Quantitative ICS-PCR analysis of eight human herpesviruses in
patient samples. PCR reactions containing purified DNA derived from 10 ml
whole blood and 20 molecules of the HHVQ-1 ICS standard were amplified
as described in Materials and Methods. DNA isolated from three different
patients (A, B, and C) was amplified with primers specific for HSV-1 (lanes
2), HSV-2 (lanes 3), VZV (lanes 4), EBV (lanes 5), CMV (lanes 6), HHV-6
(lanes 7), HHV-7 (lanes 8), and KSHV (lanes 9). The sizes of the predicted
PCR products derived from the HHVQ-1 standard and the specific viruses are
given in Table 1. PCR products derived from the HHVQ-1 ICS using the
virus-specific primers are bracketed as standard bands. Arrowheads indi-
cate PCR products derived from the viral targets. The weak bands observed
with the HSV-2 primers in A and C, lanes 3 are nonspecific. D: DNA from the
patient analyzed in C was re-analyzed by amplification with CMV-specific
PCR primers and the amount of whole blood DNA indicated. In each panel,
lane 1 contains a 123-bp DNA ladder as a size marker; the 123-bp fragment
is indicated with an asterisk.
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the blood DNA sample until bands of equal intensity are
found (Figure 1D, lane 3), to achieve an accurate quan-
tification. By this procedure, CMV viral burden was de-
termined to be 1.7 3 105 VT/ml blood in this sample.
Based on our previous validation studies, this simple
approach has allowed us to accurately quantify all eight
human herpesviruses in the 264 samples with CVs of
,20%.35

To understand the significance of viral burden deter-
mination with respect to disease, a suitable reference
population was sought. Leftover blood samples from pa-
tients presenting to the Children’s Medical Center emer-
gency room were used. Only blood samples from pa-
tients with normal CBCs were included. The HSV1, HSV2,
VZV, and KSHV viruses were not detected in any of the 51
samples analyzed. For the other viruses, between 5.9
and 39% of the samples were positive for the different
viral genomes (Figure 2). In most cases, the levels of
virus detected were close to the limits of detection of the
assay. For EBV and CMV, viral burden was below 2000
VT/ml blood for all positive samples. For HHV6 and
HHV7, the majority of positive samples had similar low
levels. However, HHV6 viral burden in three samples and
HHV7 viral burden in one sample appear to represent
outliers. It is possible that each of these samples repre-
sents patients presenting with acute infection of these
viruses, since each of these patients exhibited fever with
unknown etiology or another clinical indication of infec-
tion. Unfortunately, none of these patients was evaluated
at the time by serology testing to confirm the existence of
an acute infection.

A total of 264 samples were prospectively collected
from 27 transplant recipients (median of 8 samples/pa-
tient) and herpesvirus viral burden analyzed by ICS-PCR.
As with the reference population, no HSV1, HSV2, VZV, or
KSHV was detected in any sample. These likely represent
true negative results, in that none of the patients devel-
oped any disease associated with these viruses during
this study. In addition, each of these viruses has been
detected in various disease settings in other studies us-
ing this method. For example, HSV1 has been detected in

cerebrospinal fluid of herpes encephalitis patients; HSV2
has been detected in genital herpes swabs; VZV has
been detected in vitreous fluid of a subset of patients with
ocular disease; and KSHV has been detected in the
blood of patients with Kaposi’s sarcoma and in effusion
samples of patients with primary effusion lymphoma (X
Bai, DB Dawson, and RH Scheuerman, unpublished
results).

The majority of samples (63%) and patients (89%)
contained detectable EBV targets (Table 2). CMV, HHV6,
and HHV7 were detected in 13%, 28%, and 17% of
samples, respectively, and in more than half of the pa-
tients. For each of these four viruses, viral burden was
relatively low for the vast majority of samples, with median
values ranging from 1380 to 2540 VT/ml blood (Table 2).
Most of the values clustered around these median levels
(Figure 3). However, careful examination of the scatter
plots suggests that for CMV and EBV, bimodal and tri-
modal distribution of values appear, with a significant
minority of samples clustering at much higher levels.

To investigate the clinical significance of these values,
each patient’s chart was reviewed for evidence of viral
disease from standard clinical or laboratory evaluation.
Four patients (15%) were diagnosed with CMV disease
by serology, histology, or other laboratory tests consis-
tent with non-autoimmune-mediated tissue destruction.
Samples analyzed within 5 weeks of diagnosis of CMV
disease are indicated with green diamonds in the CMV
column of Figure 3. Viral levels in these samples associ-
ated with CMV disease appear to form a separate cluster
of values and suggest a cutoff of 10,000 VT/ml blood to
identify clinically relevant levels for CMV.

A similar cutoff may be operative for HHV7, since the
one value .10,000 was found in a patient presenting with
a raised reddened area on the abdomen 10 days after
ganciclovir treatment had been discontinued and devel-
oping stuffiness and congestion shortly thereafter. A sin-
gle sample gave viral burden of slightly .10,000 for
HHV6; however, no evidence of an acute viral infection
was evident in this patient at the time.

Table 2. Prevalence of PCR Positive Samples and Virus Levels

Virus

Positive
samples,

number (%)*

Positive
patients,

number (%)†

Median
viral

burden‡
Range of viral

burden‡
Proposed viral
burden cutoff‡§

Samples above
cutoff, number

(%)¶

Patients above
cutoff, number

(%)**

Median viral
burden of

samples above
cutoff‡

Range of viral
burden for

samples above
cutoff‡

HSV1 0 (0%) NA NA NA ND NA NA NA NA
HSV2 0 (0%) NA NA NA ND NA NA NA NA
VZV 0 (0%) NA NA NA ND NA NA NA NA
EBV 166 (63%) 24 (89%) 2300 460–200,000 30,000 6 (3.6%) 3 (13%) 150,000 72,000–200,000
CMV 34 (13%) 15 (56%) 2540 220–360,000 10,000 8 (24%) 4 (27%) 175,000 22,000–360,000
HHV6 75 (28%) 15 (56%) 1380 400–11,340 10,000 1 (1.3%) 1 (6.7%) 11,340 NA
HHV7 46 (17%) 14 (52%) 2120 640–25,400 10,000 1 (2.2%) 1 (7.1%) 25,400 NA
KSHV 0 (0%) NA NA NA ND NA NA NA NA

*A sample was considered positive if a virus-specific PCR product was detected.
†A patient was considered positive if a virus-specific PCR product was detected in at least one sample.
‡Viral burden is given as the number of viral genome targets detected by ICS-PCR per ml whole blood (VT/ml blood).
§Viral burden cutoffs were determined by examination of data presented in Figures 2 and 3, as described in the text.
¶Values indicate the number of sample above the proposed viral burden cutoff. Percent is the proportion of PCR positive samples with viral burden

above the cutoff.
**Values indicate the number of patients with at least one sample above the proposed viral burden cutoff. Percent is the proportion of positive

patients with at least one sample above the viral burden cutoff.
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For EBV, 22% of the positive samples gave levels
.10,000 VT/ml, suggesting that this cutoff might not be a
good predictor of EBV-associated disease. Only a single
patient (3.7%) had evidence of lymphadenopathy sug-
gestive of an EBV syndrome. Results from samples har-
vested from this patient close to dates in which radio-
graphic studies demonstrated enlarged lymph nodes are
indicated with green diamonds in the EBV column of
Figure 3. Again, these samples cluster at the highest
levels, .30,000 VT/ml. Of the two other high positive EBV
samples, one occurred in a patient presenting with nau-
sea, vomiting, and diarrhea of unknown etiology, perhaps
associated with an acute EBV infection. A second cluster
of values between 8000 and 30,000 VT/ml blood was also
observed. However, many of these samples came from
patients with no evidence of EBV-associated disease.

For CMV, a strong correlation was found between high
viral burden determined by ICS-PCR and concurrent dis-
ease. With multiple samples from most patients, it was
also possible to determine whether ICS-PCR could be
used to predict impending disease or to monitor the
efficacy of antiviral therapy. For three of the four patients,
CMV viral burden .10,000 VT/ml was detected 2 to 4
weeks before clinical and standard laboratory evidence
of disease (Figure 4, A and B, and data not shown). In all
three patients from whom samples were obtained after
diagnosis of CMV disease, treatment with antiviral agents
ganciclovir and cytogam (Figure 4, A and C) or a change
in the level of immunosuppression (Figure 4B) was asso-
ciated with a rapid and sustained drop in viral burden.

In this study, one patient (Patient 17) exhibited signs of
lymphadenopathy by radiographic evaluation consistent
with an EBV syndrome (Figure 5A, points c, e, and f).
Each of these occurrences was accompanied by ele-
vated EBV levels close to 100,000 VT/ml blood as deter-
mined by ICS-PCR. The initial increase in EBV levels was
associated with an increase in immunosuppressive ther-
apy to treat possible acute rejection. Interestingly, the
levels of EBV appeared to drop in response to ganciclovir
and cytogam, an anti-CMV combination. Two other pa-
tients gave a single sample positive for EBV above the
proposed 30,000 VT/ml cutoff. In one of these patients
(Patient 5), the high positive sample was taken ;6 weeks
posttransplant when the patient presented with nausea,
vomiting, and diarrhea (Figure 5B). The patient was ad-
mitted 1 month later with pneumonia and elevated liver
enzymes. Although it is unclear if EBV was the etiological
agent, the levels of CMV, HHV6, and HHV7 were low or
negative during this period. At this point it is unclear
whether this patient is at increased risk of developing
EBV-mediated PTLD due to the sustained intermediate
EBV levels at some point in the future. The second patient
that had a single high positive sample for EBV (Patient 3)
had an uneventful clinical course (data not shown). How-
ever, it is interesting to note that this sample also carried
the highest HHV6 level seen in this study (11,340 VT/ml)
and represents one of the few cases where parallel ele-
vations in more than one virus were observed.

Figure 4. CMV levels in sequential samples from selected patients with
evidence of acute infection. CMV levels were determined by ICS-PCR in
multiple samples from three patients who developed clinical disease appar-
ently associated with an acute CMV infection. Evidence for CMV infection
included changes in CMV serology, histological detection of CMV inclusions,
or other evidence of tissue damage. CMV levels are plotted against the time
the sample was harvested after organ transplantation. Open symbols indi-
cate samples in which no viral band was detected; the viral burdens indicated
represent the limits of detection for that PCR reaction. The significant clinical
findings are as follows. A: Patient 1. a: High creatinine levels were noted
during routine laboratory studies. b: Cells containing viral inclusion bodies
were identified in kidney biopsies leading to a diagnosis of CMV nephritis.
Retinitis was also detected by clinical examination. The levels of cyclosporin
were lowered; mycophenolate treatment was discontinued; treatment with
ganciclovir and cytogam was begun. B: Patient 6. c: Elevated liver enzymes
were noted during retrospective chart review. d: Cyclosporin and prednisone
levels were reduced. e: Acyclovir treatment was begun. C: Patient 7. f: Patient
was admitted to the hospital with complaint of recurrent fever. CMV serology
was positive in the patient that was previously negative. Lymphopenia was
noted. Patient was switched from acyclovir to ganciclovir and cytogam.
Mycophenolate treatment was discontinued. g: Evidence of acute cellular
rejection (tubulitis) from kidney biopsy was noted. Patient was treated with
mycophenolate.
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Discussion

In this prospective study, the clinical correlations of viral
genome quantification by PCR for eight human herpes-
viruses were investigated in a cohort of pediatric solid
organ transplant recipients. Although the HSV1, HSV2,
VZV, and KSHV viruses were not detected in this cohort,
the three g herpesviruses (CMV, HHV6, and HHV7) and
EBV were detected in a large proportion of the transplant
patients. Quantification of these viruses was achieved by
the ICS-PCR procedure in which an internal standard is
included in each PCR reaction to control for PCR effi-
ciency difference between samples. The distribution of
viral burden levels (Figure 3) suggested that discrete
patient populations were present. A comparison between
the levels of viral targets and clinical evaluations indi-
cates that viral burden correlates with disease.

Viral Burden Measurement Approaches

Several different approaches for PCR-based quantifica-
tion have been described. A key requirement of an ac-
curate approach is that it provide some evaluation of the
quality of each sample analyzed. In some cases, ampli-
fication of a specific target is normalized against the
amplification of a control target (eg, b-actin or GAPDH)
using a different set of primers in either the same or
different reaction mixes. On theoretical grounds, this ap-
proach is valid only if amplification of both specific and
control targets occur with the same efficiency.35,40 Un-
fortunately, this is rarely the case. The data presented in
Figure 1A provide a nice example of differences in am-
plification efficiencies occurring with different primers. A
relatively strong band is observed in the sample ampli-
fied with EBV-specific primers, whereas a relatively weak
band is observed in the sample amplified with VZV-spe-
cific primers. Yet both of these samples contain the exact
same number of ICS targets included in the same master
mix. If these samples were amplified for more cycles, the
difference between the product amounts would continue
to increase. In addition, different primer pairs are differ-
entially affected by components of the reaction that could
be variable between samples. For example, some primer
pairs are very sensitive to differences in pH or Mg21

concentrations between samples, whereas others are
not. Thus, in our experience, for accurate quantification
using PCR, the control target and the specific target must
be amplified with the same primers in the same reaction.

Several other aspects of the ICS-PCR approach for
target quantification are worth emphasizing. First, this
approach yields quantification in absolute terms, ex-
pressed here as viral targets/ml blood. This allows for
easy comparison of results between experiments and
between laboratories. Second, the use of an internal stan-
dard obviates the need to run extra samples to generate
a standard curve for quantification during each experi-
ment. Third, the use of an internal standard helps to rule
out false negative results due to sample inhibition; the
presence of the standard product under conditions
where a virus-specific product is not detected indicates
that the negative result is real. However, the use of an
internal standard cannot, in and of itself, rule out a failed
DNA extraction. For samples containing nucleated blood
cells, amplification of a genomic target can be used to
evaluate DNA extraction. HHVQ-1 contains priming sites
for the human RNA polymerase II large subunit gene that
is used for this purpose.

The technique used here involves amplification in sim-
ple thermocyclers, agarose gel electrophoresis and flu-
orescence imaging. However, the approach could easily
be adapted to a variety of different formats, including
real-time PCR, TaqMan, or Invader approaches. From our
experience, the key to any quantitative target amplifica-
tion approach is the use of an internal standard, like the
HHVQ-1 ICS, that can control for efficiency differences
between reactions containing samples from different
sources.

Figure 5. Clinical correlations in selected patients with high EBV levels. EBV
levels were determined by ICS-PCR in samples from two representative
patients that showed relatively high EBV levels. EBV levels are plotted
against the time the sample was harvested after organ transplantation. Open
symbol indicates sample in which no viral band was detected; viral burden
represents the limits of detection for that PCR reaction. The significant clinical
findings are as follows. A: Patient 17. a: Cyclosporin levels were increased. b:
Mild gastrointestinal symptoms developed; the patient was treated with
intravenous prednisone. c: Mild lymphadenopathy was noted on chest X-ray.
Treatment with ganciclovir and cytogam was begun. Immunosuppression
was reduced slightly. d: Patient presented with gastroenteritis. e, f: CT scans
show increasing lymph node size and number. B: Patient 5. g: Patient was
admitted to hospital with complaints of nausea, vomiting, and diarrhea. h:
Patient was admitted to hospital with pneumonia. Elevated liver enzymes
were noted. High EBV and CMV IgG were detected by serological evaluation.
i: Immunosuppression was tapered down threefold.

Herpesvirus Burden in Pediatric Transplant 197
JMD November 2000, Vol. 2, No. 4



Predictive Value of Quantitative PCR

Many studies investigating the relationship between qual-
itative PCR detection of CMV and clinical disease have
been reported. Several of these found that although the
sensitivity and predictive value of a negative result were
excellent, the specificity and predictive value of a positive
result were disappointing.30–33,41 We hypothesized that
these results might relate to the presence of viral targets
in latently infected cells that would not be associated with
clinical disease. Further, we proposed that the level of
virus in samples associated with disease would be higher
than the levels associated with latency, and that the use
of viral burden analysis would improve the predictive
value of a PCR-based assay. Indeed, this appears to be
the case for the patient population we studied. Four of the
27 patients (15%) followed here developed CMV disease,
and yet 15 patients (56%) had at least one sample pos-
itive for CMV by PCR (Table 2). For all of the samples
analyzed, the sensitivity and predictive value of a nega-
tive result were both 100% by qualitative PCR (Table 3).
Unfortunately, the predictive value of a positive result was
only 24%. However, examination of the data presented in
Figure 3 suggested that CMV levels in this sample set
were naturally segregated into two groups, with a cutoff
of 10,000 VT/ml blood separating the two groups. If the
predictive value is reanalyzed using this quantitative cut-
off, both the specificity and predictive value of a positive
result each reach 100%. Thus, quantitative PCR of CMV
was found to correlate strongly with CMV disease in this
patient population. Similar conclusions have been drawn
from recent studies involving other immunosuppressed
cohorts.38,42–50

Quantitative PCR for CMV appears to be an effective
diagnostic tool in identifying patients with disease. In
addition, PCR detection of DNA targets is less sensitive to
sample handling than other diagnostic tests. In one
study, PCR detection of CMV was unchanged even if the
blood sample was stored at room temperature for 72
hours.51 In contrast, positive shell vial results were found
to decline progressively such that only 10% of the initial
positive samples remained positive after 48 hours’ incu-
bation. The CMV antigenemia test is widely used for
diagnosis of disease in various immunosuppressed pop-
ulations52–54 and has largely replaced the standard viral
culture and shell vial assays due to its increased sensi-
tivity and predictive value. Several studies have found
that CMV PCR compares favorable with CMV antigen-
emia in terms of both concordance and quantifica-
tion42,47,55–58 (X Bai, RH Scheuermann, J Luby, K St.
George, and C Rinaldo, unpublished findings). In some
studies, PCR appeared to provide for earlier anticipation

of disease41,57 and was superior for predicting recurrent
disease.50

The difference in predictive value between qualitative
and quantitative PCR is also apparent in the analysis of
EBV viral burden. 89% of the patients had at least one
positive PCR result for EBV, and yet only one patient
(3.7%) developed lymphadenopathy suggestive of EBV
disease (Table 2). For all of the samples analyzed, the
specificity and positive predictive value of qualitative
PCR were only 38% and 2.4%, respectively. Examination
of the data in Figure 3 suggested that EBV levels could
be segregated into three groups: those below 8000 VT/ml
blood, those above 30,000 VT/ml, and those in between.
Reanalysis of the data using these quantitative cutoffs
would progressively improve the correlation with disease.
However, since this analysis would be based on a single
patient with evidence of an EBV syndrome, we feel that it
would not be appropriate to calculate predictive values
for this sample set.

Although these conclusions are based on positive
samples from a single patient who developed lymphad-
enopathy consistent with an EBV syndrome, similar con-
clusions were suggested by data in previous stud-
ies.35,39,59–61 In one of these studies,35 the median EBV
viral burden in ten patients diagnosed with PTLD was
440,000 VT/ml blood. The median EBV viral burden in
samples from transplant patients without PTLD was 5400
VT/ml, and in a pediatric reference group it was 1200
VT/ml. In that study, a 30,000 VT/ml cutoff would have
missed one PTLD patient out of ten (a false negative),
and four of fourteen transplant samples without PTLD
would be scored as false positives. Thus, in both of these
studies, moderate to high EBV burden correlated with
disease. However, in the past 2 years, three additional
patients have presented with PTLD who were not part of
this prospective study. Retrospective analysis of samples
taken at the time of PTLD diagnosis revealed EBV levels
in the range of 2000–4000 VT/ml blood, an order of
magnitude lower than expected based on these other
studies. At this point, it is unclear whether these patients
represent a new trend in EBV levels associated with
disease, whether the findings are related to changes in
current immunosuppressive therapy approaches, or
whether they are simply statistical outliers. Clearly, these
recent findings warrant further investigation.

The prevalence of HHV6 and HHV7 in the reference
and transplant populations was similar. Although sero-
prevalence of these two viruses approaches 100% in
most adult populations, a wide range of values for detec-
tion of DNA in blood has been reported in the literature,
with the most sensitive techniques reporting the highest
values.62–65 From the data in this current study, the es-

Table 3. Sensitivity, Specificity, and Predictive Value of Quantitative CMV Viral Burden Analysis

Virus
True

positive*
False

positive
False

negative
True

negative Sensitivity Specificity PPV NPV

Qualitative CMV 8 26 0 230 100% 90% 24% 100%
Quantitative CMV at 10,000 VT/ml cutoff 8 0 0 256 100% 100% 100% 100%

*A sample was considered to be a true positive for a CMV-related disease if it gave a positive result or a value above the cutoff and was harvested
within 5 weeks of evidence of CMV etiology by histology, serology, and/or non-immune-mediated tissue destruction.
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tablishment of clinical cutoffs for HHV6 and HHV7 is
problematic. It is safe to say that a positive PCR result is
not indicative of viral etiology, in that low-level positive
results are found in a substantial proportion of samples
from the transplant population without any clinical evi-
dence of viral disease and in samples from the reference
group. However, applying a 10,000 VT/ml cutoff to the
data from both groups (transplant and reference) reveals
that five of the six samples above this cutoff are associ-
ated with some indication of an infectious disease pro-
cess. Unfortunately, the absence of an independent mea-
sure of disease etiology for these two viruses makes it
impossible to determine whether a significant correlation
exists. Differences in HHV6 viral burden as measured by
a semiquantitative PCR approach have been observed
during seroconversion in pediatric patients hospitalized
for febrile illness,66 suggesting that viral levels do corre-
late with disease in some settings.

Because high viral burden is thought to be related to
the level of immunosuppression, it appeared possible
that elevation of one virus would be associated with ele-
vated levels of others. Indeed, reactivation of HHV6 in
transplant recipients experiencing primary CMV infection
has been reported.67–69 However, we found that this was
not the case in our patient population. Although many of
the eight samples with high CMV levels also demon-
strated detectable EBV and/or HHV7 virus, they were
present at low levels. HHV6 was not detected in any of
these samples. Only one example of coordinated eleva-
tion was apparent in this pool of 264 samples; the one
sample with HHV6 levels above 10,000 VT/ml also had
elevated EBV (1.6 3 105). The levels of both viruses
dropped in the next sample isolated 2 months later. The
patient remained asymptomatic throughout this period.

In addition to the positive correlations between viral
burden and disease for EBV and CMV, elevated levels
were often detected well before clinical onset of disease.
In four cases of CMV, elevated viral burden was found 0,
13, 28, and 28 days before diagnosis of CMV disease in
the patients affected by standard laboratory evaluation.
The ability to diagnose CMV disease earlier would allow
antiviral therapy to be started earlier and would be ex-
pected to reduce the level of tissue destruction of the
affected organ.

Finally, rapid reductions in both CMV and EBV levels
were found with the onset of antiviral therapy. In each of
the three patients analyzed after diagnosis of CMV dis-
ease, a two-log reduction in viral burden was observed in
samples taken within 5 weeks after the onset of therapy to
levels found in asymptomatic individuals. Similar results
have been reported for other immunosuppressed popu-
lations.34,36,45,46,50,55,70 Management of anti-CMV ther-
apy using quantitative PCR could potentially reduce the
incidence of therapy-related side effects and therapy
costs if disease could be controlled with a more limited
course of antiviral therapy. EBV levels were also found to
respond to changes in medication in the patient with
lympadenopathy. EBV-associated PTLD is usually
treated by tapering immunosuppression. A side effect of
this treatment approach is the increased risk of transplant
organ rejection. The ability to monitor EBV levels closely

by quantitative PCR as a surrogate marker of disease
could be very useful in developing a therapeutic ap-
proach that would be effective at treating the viral dis-
ease while minimizing the risk of rejection.

In conclusion, as a result of this 2-year prospective
study of pediatric solid organ transplant recipients, viral
burden analysis by ICS-PCR appears to be an excellent
diagnostic tool for patient monitoring. By applying quan-
titative viral burden cutoffs (10,000 VT/ml blood for CMV
and 30,000 VT/ml blood for EBV), the prevalence of false
positive results can be effectively reduced to give better
specificity and positive predictive value for both viruses.
Added benefits also include the abilities to predict the
onset of clinical disease several weeks in advance and to
monitor antiviral therapeutic response with a simple, cost-
effective blood test. The ability to monitor all eight her-
pesviruses simultaneously is another significant advan-
tage over the current approaches in which each virus is
evaluated by a different diagnostic approach, eg, anti-
genemia, histology, serology, or viral culture. In addition,
the technique used here is amenable to further modifica-
tion to facilitate high throughput analysis and more rapid
turnaround time, including the possible use of real-time
PCR, which combines the PCR amplification and product
analysis steps, or the multiplexing of multiple targets in
single PCR reactions.
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