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Purpose: To do a meta-analysis of studies that have eval
uated the sensitivity and specificity of polymerase chain 
reaction (PCR) assay for the diagnosis of human immuno
deficiency virus (HIV) infection in adults. Evaluating the 
performance of PCR is difficult because in certain clinical 
situations, the sensitivity or specificity of PCR may exceed 
those of the current reference standard tests (enzyme 
immunoassay followed by confirmatory Western blot anal
ysis). Therefore, an additional goal was to develop recom
mendations for 1) the design of future evaluative studies 
of PCR and 2) the use of PCR in persons with suspected HIV 
infection. 

Data Sources: Studies published between 1988 and 1994 
that were identified in a search of 17 computer databases, 
including MEDLINE, and abstracts identified from confer
ence proceedings. 

Study Selection: Studies were included if DNA amplifi
cation by PCR was done on peripheral blood mononuclear 
cells from adults. Ninety-six studies met the inclusion crite
ria. 

Data Extraction: Data were extracted independently by 
two reviewers. Study design was assessed independently 
by two investigators blinded to study results. 

Results: Reported sensitivities for PCR range from 10% to 
100%, and specificities range from 40% to 100%. A sum
mary receiver-operating characteristic curve based on all 
96 studies has a maximum joint sensitivity and specificity 
(upper left point on the curve, where sensitivity equals 
specificity) of 97.0% to 98.1 %. If the threshold value that 
defines a positive PCR result is chosen so that sensitivity is 
higher than 98.1%, specificity will decrease to less than 
98.1%. Conversely, if the threshold value that defines a 
positive PCR result is chosen so that specificity is greater 
than 98.1 %, sensitivity will decrease to less than 98.1 %. If 
sensitivity and specificity are chosen to be equal, the cor
responding false-positive rate is 1.9% to 3.0%. At the 
maximum joint sensitivity and specificity, the positive pre
dictive value of PCR ranges from 34% to 85% as the 
prevalence of HIV increases from 1.0% to 10%. We identi
fied seven areas in which study design could be modified 
to 1) reduce susceptibility to bias in estimates of the sensi
tivity and specificity of PCR and 2) to increase the general-
izability of the study results. These modifications will also 
help to overcome methodologic problems created by the 
lack of a reference standard test. 

Conclusions: The PCR assay is not sufficiently accurate to 
be used for the diagnosis of HIV infection without confir
mation. Use of PCR for the diagnosis of HIV in adults 
should be limited to situations in which antibody tests are 

known to be insufficient. Future studies of PCR perfor
mance should be sufficiently large and should use ade
quate reference standard tests and standardized methods 
for the performance of PCR. Specimens should be evalu
ated by persons blinded to clinical status and to the results 
of other diagnostic tests for HIV infection. 
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Polymerase chain reaction (PCR) is a gene am
plification technique that has found widespread 

use in medicine and molecular biology. The PCR 
assay was developed in 1985 (1, 2), and one of its 
earliest and most important clinical applications has 
been the diagnosis of human immunodeficiency vi
rus (HIV) infection (3-9). The PCR assay received 
attention as a diagnostic test for HIV infection in 
part because numerous reports suggested that 
months to years might elapse between infection with 
HIV and the development of HIV antibodies that 
could be detected by enzyme immunoassay and 
Western blot analysis (10, 11). Because PCR di
rectly amplifies proviral HIV DNA and does not 
depend on HIV antibody formation, it is a poten
tially attractive alternative to conventional antibody 
tests. However, the clinical role of PCR in the di
agnosis of HIV infection remains uncertain because 
subsequent studies (12, 13) have not confirmed the 
occurrence of long "window" periods between in
fection and the development of antibodies. 

Considerable controversy remains about the di
agnostic accuracy of PCR. Some studies report that 
the test has perfect sensitivity and specificity, but 
others report high false-positive and false-negative 
rates. An understanding of the diagnostic perfor
mance of PCR for HIV infection is essential in 
determining the appropriate role of PCR in the 
clinical diagnosis of such infection. However, evalu
ation of the performance of PCR poses difficult 
methodologic challenges. To evaluate the sensitivity 
and specificity of PCR, investigators must ascertain 
whether study participants are infected with HIV. 
Typically, a new test is compared with a superior 
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reference (or gold standard) test, but PCR is an 
example of a class of diagnostic technologies (in
cluding, for example, genetic screening tests) that 
have the potential to outperform and displace ex
isting tests. At least in certain clinical circumstances, 
PCR may be more sensitive or more specific than 
the current reference tests (enzyme immunoassay 
followed by confirmatory Western blot analysis). 
The lack of an appropriate reference test substan
tially complicates evaluation. A successful approach 
to the evaluation of such technologies would be 
broadly useful. 

We sought to 1) assess the validity and reliability 
of the scientific evidence on the diagnostic accuracy 
of PCR; 2) characterize the sensitivity and specific
ity of PCR on the basis of a formal analysis of the 
available studies; 3) develop recommendations for 
the clinical use of PCR in persons with suspected 
HIV infection; and 4) develop recommendations for 
the design of future studies of the diagnostic accu
racy of PCR. In pursuing our third objective, we 
paid particular attention to whether PCR technol
ogy has improved enough to play a broader clinical 
role in the diagnosis of HIV infection. We did not 
evaluate the use of PCR for the quantification of 
viral load (14) or for the prediction or assessment 
of response to antiviral therapy (15). 

We postulated that more recent studies, because 
they would reflect advances in PCR technology, 
would report higher sensitivities and specificities. 
We also expected that the most methodologically 
rigorous studies would report lower sensitivities and 
specificities than other studies and that studies pub
lished as full articles would report higher sensitivi
ties and specificities than studies published only as 
abstracts because of publication bias (the results of 
which would be that studies reporting high sensitiv
ity and specificity would be published more fre
quently than studies reporting poor test perfor
mance). 

Methods 

We did a meta-analysis of the published English-
language literature to examine the relation between 
study population, study characteristics, technical as
pects of the assay, and measured test performance. 
We used statistical techniques to fit a summary re
ceiver-operating characteristic (ROC) curve that 
characterizes the results of multiple studies (16). An 
ROC curve represents the tradeoff between sensi
tivity and specificity for a diagnostic test. It can be 
used to compare diagnostic tests by assessing the 
degree to which differences in test sensitivity and 
specificity result from the use of different cut-off 
points for abnormality rather than from actual dif

ferences in test performance (17). Typically, an 
ROC curve is developed from a single study by 
varying the cut-off point for an abnormal test. In 
our study, we developed summary ROC curves on 
the basis of an analysis of multiple studies. Al
though the method for developing a summary ROC 
curve differs from the method for developing an 
ROC curve from a single study, the summary ROC 
curve also estimates the tradeoff between sensitivity 
and specificity for a diagnostic test. 

Study Identification 

An investigator and a professional librarian with 
extensive experience in medical literature searches 
independently developed search strategies to iden
tify studies of PCR for the diagnosis of HIV infec
tion that had been published through the middle of 
1994 (Appendix). We also manually searched the 
bibliographies of retrieved articles and conference 
proceedings. We wrote to the authors of studies 
that were published only as abstracts and requested 
information about study design and updated data on 
PCR performance. 

Study Selection 

Two investigators independently examined all ti
tles, abstracts, and full articles identified in the 
search. We included studies if 1) PCR was done on 
peripheral blood mononuclear cells; 2) DNA (as 
opposed to RNA) was amplified; 3) study partici
pants were older than 16 years of age; 4) more than 
10 participants were enrolled; and 5) primary data 
sufficient for the determination of both sensitivity 
and specificity were reported. We excluded studies 
with fewer than 10 participants because we believed 
such studies would provide unreliable estimates. We 
also excluded studies that determined only sensitiv
ity or specificity, because calculation of each is 
needed to determine a point on the ROC curve. 
Disagreements were resolved by re-review and dis
cussion. 

Data Abstraction 

Two investigators independently abstracted data 
from each study, including the characteristics and 
risk behaviors of the study sample; the technical 
details of the assay, including the use of heparin 
(18); the reference test used (for example, Western 
blot analysis or viral culture); the criteria used to 
interpret results of both PCR and the reference 
test; and the data needed to calculate the sensitivity, 
specificity, false-positive rate, and false-negative rate 
of PCR. Disagreements were resolved by re-review 
and discussion. 
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Calculation of Sensitivity and Specificity for 
Polymerase Chain Reaction 

We abstracted primary data on the performance 
of PCR into a 3 X 3 table in which all participants 
(or test results) were classified as PCR-positive, 
PCR-negative, or PCR-indeterminate and as refer
ence test-positive, reference test-negative, or refer
ence test-indeterminate. We used the authors' cri
teria for PCR-positive, -negative, and -indeterminate 
test results (for example, the number of primers that 
had to be detected for a PCR test result to be 
positive) when they were stated. In the few in
stances in which these criteria were not stated, we 
defined a positive test result (in terms of the num
ber of primer pairs detected) to maximize both sen
sitivity and specificity, if possible, or to maximize 
sensitivity if doing so did not substantially decrease 
specificity. We examined whether differences in 
these criteria affected test performance. We calcu
lated both upper and lower estimates of PCR 
sensitivity and specificity. We calculated the upper 
estimate by excluding results that were PCR in
determinate (thereby overestimating sensitivity and 
specificity), and we calculated the lower estimate by 
considering reference-test-positive, PCR-indetermi
nate results to be false-negative results and by con
sidering reference test-negative, PCR-indeterminate 
results to be false-positive results (thereby underesti
mating sensitivity and specificity). For the lower esti
mate, we also considered PCR test results to be false-
positive if, after repeated PCR and antibody tests, 
the results remained PCR-positive and antibody 
test-negative throughout the follow-up period (8, 
19-23). Excluding these few discordant samples did 
not produce a statistically significant change in our 
lower-bound estimate. 

When possible, PCR performance was evaluated 
on the basis of the number of study participants 
rather than the number of tests conducted (some 
participants were tested more than once). This was 
done because repeated samples in the same individ
ual person are not independent, and the use of 
multiple test results from an individual person may 
therefore spuriously inflate or deflate estimated sen
sitivity and specificity. Approximately 2% of the 
samples included in our analysis were repeated sam
ples from individual persons that we could not ex
clude. Because we calculated sensitivity and speci
ficity by using prospectively defined criteria for the 
patient's true disease state, the sensitivity and spec
ificity we report for a study sometimes differ from 
those reported by the original authors. We calcu
lated 95% CIs for individual study estimates of sen
sitivity and specificity (Figure 1) by using normal or 
Poisson approximations to the binomial distribution 
(24), as appropriate (25). 

Assessment of Study Design 

To assess the reliability of the evidence for the 
diagnostic accuracy of PCR for HIV infection, two 
investigators independently assessed the design of 
the studies by using prospectively developed criteria 
(Table 1). To develop these criteria, we modified a 
previously developed assessment framework for di
agnostic tests (26-28). Investigators were blinded to 
the study title, study results, study authors, the 
name of the journal in which the study results were 
published, and the name of the institution where 
the study was done. We assessed the appropriate
ness of the study design for the evaluation of the 
diagnostic performance of PCR on a four-point 
scale (1, 2, 3, or 4). A rating of 1 indicated that the 
design made the study susceptible to significant bias; 
a rating of 4 indicated that the study design satisfied 
all criteria for the evaluation of diagnostic tests 
(Table 1). Some studies had primary research ques
tions that were not about the accuracy of PCR, but 
our assessments of the potential sources of bias in 
the study apply only to the evaluation of the diag
nostic performance of PCR. We also identified stud
ies for which the evaluation of PCR performance 
was either the sole objective or a major goal. We 
analyzed these studies separately to evaluate 
whether their design and methods differed from 
those of studies in which the evaluation of PCR 
performance was not a primary objective. We ac
cepted positive results on conventional antibody 
tests (if they included a confirmatory Western blot 
analysis or similar test) or viral cultures as high-
quality evidence of infection. The absence of infec
tion is more difficult to establish. Only studies that 
used serial testing or follow-up to establish the ab
sence of HIV infection received the highest ratings 
for study design. 

Development of Summary Receiver-Operating 
Characteristic Curves 

The summary ROC curve characterizes the per
formance of a test as measured in multiple studies 
(16). Our statistical approach (16, 29-31) for devel
oping summary ROC curves is described in detail in 
the Appendix. We characterize the summary ROC 
curve by the point that we call the "maximum joint 
sensitivity and specificity." This point is defined by 
the intersection of the ROC curve with a diagonal 
line that runs from the top left to the bottom right 
corner of the diagram, along which sensitivity and 
specificity are equal (specificity is equal to 1 minus 
the false-positive rate). This point is the maximum 
attainable common value for sensitivity and speci
ficity for this test; a perfect test would have a joint 
sensitivity and specificity of 1.0. The maximum joint 
sensitivity and specificity provides a convenient 
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Figure 1. Calculated sensitivity and false-positive rate (1.0 - specificity) for included studies published before 1992. Black squares indicate the 
sensitivity or false-positive rate; horizontal bars indicate the 95% CIs. A perfect test would have a sensitivity of 1.0 and a false-positive rate of 0.0 (specificity 
of 1.0). The reference number for each study is shown. 

point with which to compare two ROC curves 
(much like the area under the ROC curve). This 
point does not indicate the only, or even necessarily 
the best, combination of sensitivity and specificity 
for a particular clinical application. Rather, the 
ROC curve shows the tradeoff between sensitivity 
and specificity as the threshold for an abnormal 
PCR test result is changed. The developers of a test 
can choose a threshold for an abnormal result so 
that they balance test sensitivity and specificity and 
appropriately for particular clinical applications. For 
example, if the developers deem a false-negative 
result to be more harmful than a false-positive re
sult (as they might for blood-bank screening), they 
could increase test sensitivity and thereby decrease 
the number of false-negative results. For each anal
ysis, we report a summary ROC curve based on our 
upper estimates of sensitivity and specificity (inde

terminate PCR results excluded) and a summary 
ROC curve based on our lower-bound estimates of 
PCR sensitivity and specificity (indeterminate PCR 
results counted as false-positive or as false-negative 
results). 

Results 

Studies Identified 

Our literature search identified 5698 titles of po
tentially relevant articles. After independent review 
by two readers, 1735 titles were judged to be po
tentially relevant. We reviewed the associated ab
stracts and then selected 379 studies published as 
full articles for further review. Of these 379 articles, 
96 met the inclusion criteria and were analyzed (1 
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Table 1. Criteria for Assessment of Study Design* 

Criteria Minimum Required Score for Overall 
Study Rating 

PCRtest qualityt 2 2 1 0 
Reference test quality* 2 2 1 0 
Application of reference test§ 2 1 1 0 
Blinding|| 2 2 1 0 
Clinical descriptionH 1 1 0 -
Cohort assembly** 2 1 1 0 
Sample sizett 2 1 1 0 

Overall study rating 4 3 2 1 

* The design of each study was rated according to the individual criteria listed. For each 
criterion, a study received a score of 2 (to indicate complete satisfaction of the crite
rion), 1 (to indicate partial satisfaction of the criterion), or 0 (to indicate that the 
criterion was not satisfied). Columns 2 through 5 show the minimum score required 
on each criterion for the overall study rating shown in the bottom row. For example, 
for a study to receive an overall rating of 4, it had to receive a score of at least 1 on 
clinical description and a score of 2 on all other criteria. PCR = polymerase chain 
reaction. 

t A score of 2 indicates that performance of the PCR assay was described in sufficient 
detail to enable the method to be reproduced and that the assay included positive and 
negative controls. A score of 1 indicates incomplete description of the PCR protocol or 
no mention of controls. A score of 0 indicates that the PCR protocol was not de
scribed. 

* Studies were rated according to the quality of the reference test in both the diseased 
and the nondiseased participants. For the diseased group, a score of 2 signifies any of 
the following: enzyme immunoassay with confirmatory Western blot analysis or posi
tive viral culture (in independent samples) or positive antigen testing (only if serial 
antigen testing was done and concomitant evidence of seroconversion was present). A 
score of 1 .ndicates positive viral culture on one sample only. A score of 0 indicates no 
description of a reference test or positive antigen test result on a singie sampie only. 
For the nondiseased population, a score of 2 signifies participants who were negative 
by enzyme immunoassay with serial testing. A score of 1 indicates a negative result by 
enzyme immunoassay on one sample only, low-risk group (studies that jsed blood 
donors with a single negative result on enzyme immunoassay were rated as 1.5 
because of the impracticality of serial testing). A score of 0 signifies nc description, a 
single negative viral culture, or a single negative result on antibody enzyme immuno
assay in a high-risk group. 

§ A score of 2 indicates that the appropriate reference test was applied consistently 
within the diseased and nondiseased populations. A score of 1 indicates that aii study 
participants received a reference test but did not consistently receive the same test. A 
score of 0 indicates that the reference test wa^ not usea for all participants. 

|| A score of 2 denotes that the PCR assay and the reference test were aone with the 
investigator olinded to all other test and cnnica! inforrr.at.or.. A score of 1 indicates that 
either PCR or the reference test, but not both, wai done with the investigate biinaed. 
A score of 0 signifies no blinding or that blinding was not described. 

H A score of 2 indicates description sufficient to enable a reader to ae'termine whether 
the study patients resemble the reader's clinical population, including age, sex, risk 
factors, and clinical disease. A score of 1 signifies incomplete description. A score of 0 
indicates nc description. 

** A score of 2 indicates that the study population had an adequate- spectrum of 
participants and that assembly of the cohort xzz descrioeo in enougr. detail that a 
similar cohort could be assembled by another investigator. A score of " signifies an 
inadequate spectrum of participants or that assembly methods were- incompletely 
described. A score of 0 indicates that the assembly metnods -vere no: described or 
that the results of PCR were used to determine which participants received the refer
ence test (work-up bias). 

t t A score of 2 indicates that both the diseased and the nondiseased population had 
more than 30 participants. A score of 1 signifies that eithe; the diseased o: the 
nondiseased population had more than 30 participants. A score of 0 indicates that 
both the diseased and the nondiseased population had fewer than 30 participants. 

article reported two independent studies that were 
analyzed individually) (3-5, 7-9, 11, 12, 14, 19-22, 
32-113). These studies included 5739 HIV-infected 
persons and 8929 uninfected persons. We excluded 
26 of the 379 studies because they supplied data on 
either sensitivity or specificity but not both (refer
ences available from the authors). Other reasons for 
exclusion are noted in Table 2. Forty-five studies 
published only as abstracts met the inclusion criteria 
and were analyzed separately (references available 
from the authors). 

Assessment of Study Design 

The degree to which the 96 included studies sat
isfied each criterion for the design of an evaluation 

of a diagnostic test is shown in Figure 2. The infor
mation provided in studies whose results were pub
lished only in abstract form was insufficient for an 
assessment of study design. Because our criteria 
were rigorous, few published studies satisfied all of 
them. Identifiable aspects of the study design left 
many studies susceptible to potential bias (for ex
ample, lack of blinding during test interpretation) or 
produced imprecise estimates of the sensitivity and 
specificity of PCR (for example, small sample size). 
The numbers of studies receiving a rating of 1, 2, 3, 
or 4 for overall study design (see Methods and 
Table 1) were 73, 12, 6, and 5, respectively. Studies 
that focused solely or largely on the evaluation of 
PCR performance did not receive more favorable 
ratings than other studies. The criteria that were 
satisfied least often were adequacy of blinding dur
ing the interpretation of test results, adequacy of 
the reference test in uninfected study participants, 
and adequacy of sample size. In 57% of studies, 
there were fewer than 30 reference test-positive or 
reference test-negative participants; this resulted in 
wide 95% CIs on the estimates of sensitivity and 
specificity (Figure 1). 

Most of the studies (74%) used acceptable refer
ence tests in the HIV-infected participants. The 
clinical population of greatest interest for PCR test
ing, however, is that of persons at high risk for 
infection who have negative results on conventional 
antibody tests. Twenty-two of the 96 studies (23%) 

Figure 2. Results of quality ratings for individual quality criteria. 
The number of studies that satisfied, partly satisfied, or failed to satisfy 
each criterion is shown. For an explanation of the scoring system for each 
criterion, see Table 1. 
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Table 2 . Results of Literature Search 

Classification Studies, n 

Potentially eligible studies 379 
Excluded studies (total) 283 

Inadequate data to calculate sensitivity and specificity 72 
PCR not done in PBMC* 30 
Description of technical aspect of assay methods only 36 
Pediatric sample 47 
Total sample size < 10 participants 22 
Report not written in English 15 
Other 61 

Studies analyzed 96 

* PBMC = peripheral blood mononuclear cells; PCR = polymerase chain reaction. 

fully met the criterion for an adequate reference 
test in these persons. Thirty-six studies (38%) par
tially fulfilled this criterion, and 38 studies (40%) 
did not satisfy this criterion. Twenty-two studies 
(23%) fully met the reference test criteria for par
ticipants with and those without disease. 

Sensitivity and Specificity of Polymerase Chain 
Reaction 

Measured performance was extremely variable. 
When indeterminate PCR results were excluded, 
sensitivity ranged from 10% to 100% and specificity 
ranged from 40% to 100% (data available from the 
authors). In studies in which the design was rated as 
either 3 or 4, sensitivity ranged from 83% to 100%, 
and specificity ranged from 95% to 100%. 

Summary Receiver-Operating Characteristic Curves 

On the basis of all 96 studies, the upper estimate 
(indeterminate PCR results excluded) of the maxi
mum joint sensitivity and specificity was 98.1%, and 
the lower estimate (indeterminate PCR results 
counted as false-positive or false-negative results) 
was 97.0% (Figure 3, Table 3). The corresponding 
log odds ratios (± SE) are 7.93 ± 0.330 and 6.96 ± 
0.195, respectively (Table 3). The exclusion of four 
studies that reported sensitivity and specificity on 
the basis of the number of samples rather than the 
number of study participants did not significantly 
affect our results (P > 0.2). The exclusion of studies 
that used heparin to preserve blood samples pro
vided slightly but not statistically significantly 
higher estimates of joint sensitivity and specificity 
(upper estimate, 98.5 [P > 0.2]; lower estimate, 
97.1 [P > 0.2]). Figure 3 shows the tradeoff between 
sensitivity and specificity. For example, if a cut-off 
point for an abnormal PCR result is chosen so that 
the specificity of PCR is 99.0% (false-positive rate, 
1.0%), the sensitivity decreases to approximately 
91.0% to 96.0%. 

Subgroup Analysis 

Our subgroup analyses (Table 3) indicated that 
studies published only as abstracts reported lower 

values for sensitivity and specificity than did studies 
published as articles. The upper estimate of maxi
mum joint sensitivity and specificity based on stud
ies that received scores of 2, 3, or 4 did not differ 
significantly from the estimated performance based 
on studies that received a score of 1. However, the 
lower-bound estimate of joint sensitivity and speci
ficity was significantly lower in studies with better 
study design scores (96.2 compared with 97.7 [P = 
0.02]; see Table 3). In addition, rather than finding 
that the reported accuracy of PCR was greater in 
more recent studies, we found that studies pub
lished during or after 1991 gave lower estimates of 
the accuracy than did studies published before 1991. 
We analyzed studies reported in and after 1991 
because we believed that PCR technology had ma
tured by 1991. Finally, the upper estimate of sensi
tivity and specificity based on studies in which the 
primary purpose was to evaluate the accuracy of 
PCR did not differ from estimates based on other 
studies. Subgroups defined by reference test criteria 
and by study objective showed significant differences 
only as judged by lower-bound estimates of joint 
sensitivity and specificity (Table 3). 

The criteria for determining when PCR gave a 
positive result varied among the studies. Two of the 
23 studies in which study design was rated as 2, 3, 
or 4 considered a PCR test result to be positive if 
reactivity with any one primer pair was seen. Thir
teen studies required reactivity with two primer 
pairs, 7 did not specify explicit criteria, and 1 used 
variable criteria depending on the PCR assay used. 

Figure 3. Summary receiver-operating characteristic curve for poly
merase chain reaction (PCR). The upper left corner of the summary re
ceiver-operating characteristic (ROC) curve is shown. The summary ROC 
curve is based on all 96 included studies. The lower estimate {thin line) was 
calculated by including indeterminate PCR test results to determine a con
servative estimate for sensitivity and specificity. The upper estimate (thick 
line) was calculated by excluding indeterminate PCR test results. The inter
section of the diagonal line with each curve represents the maximum joint 
sensitivity and specificity for that ROC curve, where sensitivity equals speci
ficity. 
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Table 3. Subgroup Comparisons: Estimated Maximum Joint Sensitivity and Specificity* 

Subgroup Studies, Mantel-Haenszel Log Odds Two-Sided P Value Maximum Joint Sensitivity and 
n Ratio ± SEt Specificity, %*  

Lower Upper Lower Lower Lower Estimate Upper Estimate 
Estimate Estimate Estimate Estimate 

All studies 96 6.96 ± 0.195 7.93 ± 0.330 97.0 98.1 
Publication date 

Before 1991 37 7.83 ± 0.396 9.24 ± 0.528 0.02 0.02 98.0 99.0 
During or after 1991 59 6.73 ± 0.216 7.66 ± 0.356 96.7 97.9 

Sexual preference§ 
Homosexual men 24 6.49 ± 0.249 8.04 ± 0.409 >0.2 >0.2 96.2 98.2 
Other 35 7.01 ± 0.347 7.55 ± 0.525 97.1 97.8 

Sample size 
<140 persons 65 7.02 ± 0.454 7.28 ± 0.541 >0.2 0.08 97.1 97.4 
>140 persons 31 6.93 ± 0.207 8.41 ± 0.321 97.0 98.5 

Study design rating|| 
1 73 7.51 ± 0.358 7.82 ± 0.439 0.02 >0.2 97.7 98.0 

2,3, or 4 23 6.45 ± 0.229 8.15 ±0.422 96.2 98.3 
Reference test and PCR criteriaH 

Partly satisfied 78 7.71 ± 0.352 8.03 ± 0.445 0.001 >0.2 97.9 98.2 
Fully satisfied 18 6.01 ± 0.243 7.70 ± 0.421 95.3 97.9 

Study objective 
To evaluate test performance** 51 7.35 ± 0.280 7.88 ± 0.417 0.02 >0.2 97.5 98.1 
Other 45 6.43 ± 0.273 8.06 ± 0.484 96.1 98.2 

Publication statustt 
Abstracts 30 5.60 ± 0.298 5.60 ± 0.298 0.001 <0.001 94.3 94.3 
Published articles 63 6.86 ±0.219 8.43 ± 0.357 96.9 98.5 

* PCR = polymerase chain reaction. 
t The log odds ratio measures the discriminatory power of a test. A higher ratio corresponds to higher sensitivity and specificity. 
* The maximum joint sensitivity and specificity represents the upper left corner of the receiver-operating characteristic curve, where sensitivity equals specificity. 
§ Fifty-eight studies gave sufficient information to determine risk group. 
|| Overall rating of the study design. A study with a rating of 1 was subject to major biases from design flaws. A study that satisfied all criteria received a rating of 4 (see Table 1). 
II Refers to the criteria for the performance of PCR and the use of reference test in the diseased and nondiseased participants (see Table 1). "Satisfied" indicates that the studies fully 

satisfied criteria for the use of PCR and use of the reference test. "Partly satisfied" indicates that studies received a 0 or 1 rating for use of either PCR or the reference tests. 
** Studies whose primary or major objective was to assess the sensitivity and specificity of PCR for the diagnosis of human immunodeficiency virus infection, 
t t Compares onlv studies and abstracts published before 1992. 

A summary ROC curve based on the 13 studies that 
required reactivity with two primer pairs yielded an 
upper estimate of the joint combined sensitivity and 
specificity of 98.0%. 

Post-Test Probability 

Post-test probabilities depend on the sensitivity 
and specificity of PCR. Figure 4 shows the post-test 
probability of disease after positive and negative 
PCR test results as calculated using Bayes theorem 
(17) if the threshold for an abnormal test result has 
been chosen so that the test has maximum joint 
sensitivity and specificity. For example, if the pretest 
probability of HIV infection is 10%, the post-test 
probability of disease after a positive PCR test re
sult (positive predictive value) increases to between 
78% (thin curve, Figure 4) and 85% (thick curve, 
Figure 4). At a pretest probability of 1.0% and a 
sensitivity and specificity of 98.1% (the upper esti
mate), the post-test probability of HIV infection 
after a positive PCR test result is only 34%. 

Discussion 

We sought to critically and systematically exam
ine the many published studies that have reported 
on the use of PCR for the diagnosis of HIV infec

tion in adults. If it is sufficiently accurate and inex
pensive, PCR could supplant standard antibody tests 
for diagnosis and screening. Our investigation pro
duced two main findings. First, the false-positive 

Figure 4. Post-test probability of human immunodeficiency virus 
{HIV) infection. Upper curves show the post-test probability of HIV infec
tion after a positive t polymerase chain reaction (PCR test result). Lower 
curves show the post-test probability of HIV infection after a negative PCR 
test result. It is assumed that PCR has a joint sensitivity and specificity 
between 97.0 (thin curves) and 98.1 (thick curves), consistent with the 
upper- and lower-estimate summary receiver-operating characteristic curve 
based on all 96 included studies. 
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and false-negative rates of PCR that we determined 
are too high to warrant a broader role for PCR in 
either routine screening or in the confirmation of 
diagnosis of HIV infection. This conclusion is true 
even for the results reported from more recent, 
high-quality studies that used commercially avail
able, standardized PCR assays. We did not address 
the emerging potential uses of PCR for use in quan
tification of viral load (14) or in the prediction or 
assessment of response to antiviral therapy (15), 
areas in which PCR may prove to have an impor
tant clinical role. Second, our evaluation of study 
design suggests several modifications of design that 
would substantially reduce susceptibility to bias. 

We estimated the maximum joint sensitivity and 
specificity of PCR to range from 97.0% to 98.1%, 
with corresponding false-positive and false-negative 
rates between 1.9% and 3.0%. Our analysis of the 
post-test probability of disease (Figure 4) indicates 
that if we use the joint maximum sensitivity and 
specificity for PCR, the proportion of false-positive 
tests would be unacceptably high for screening or 
other common clinical applications. The post-test 
probability of disease will vary depending on the 
sensitivity and specificity, which in turn depend on 
the cut-off point used to define an abnormal test re
sult. The summary ROC curve indicates how specific
ity will decrease (or increase) as sensitivity increases 
(or decreases). 

To put the diagnostic performance of PCR in 
context, the conventional antibody test sequence of 
an enzyme immunoassay followed by confirmatory 
Western blot analysis has a sensitivity that exceeds 
99% and a specificity greater than 99.5% (correspond
ing to a false-positive rate < 0.5%) in high-quality 
screening programs (114-116). Although the meta-
analytic techniques that we used have not been ap
plied to HIV antibody tests, a study including 1400 
participating laboratories, done by the Centers for 
Disease Control and Prevention (CDC), found the 
sensitivity and specificity of the enzyme immunoas
say to be 99.68% and 98.46%, respectively, in 1988 
(6566 infected samples, 3051 negative samples) and 
99.3% and 99.7%, respectively, in 1989 (115). False-
positive rates as low as 6 per million have been 
reported in blood-bank screening programs (116), 
although such low rates may not be attainable in all 
programs. The log odds ratio associated with the 
1988 findings of the CDC study is 9.90 ± 0.26, 
which substantially exceeds the log odds ratio we 
found for PCR (7.93 ± 0.33); the sensitivity and 
specificity of the enzyme immunoassay in 1989 were 
even higher. The studies included in our analysis 
suggested that the sensitivity of the p24 antigen 
assay (in contrast to that of antibody tests) is infe
rior to that of other tests. For example, p24 antigen 
was detected in only 14% of HIV-infected hemo

philiacs (3) and in only 8% to 32% of participants 
with PCR-positive, antibody test-positive test results 
(50, 63). Although these studies suggest that PCR is 
superior to the p24 antigen assay, we cannot directly 
compare the sensitivities and specificities produced 
by the two assays, because the p24 antigen assays 
has not been evaluated formally with summary 
ROC curves. 

Our subgroup analyses show that studies pub
lished only as abstracts provided lower estimates of 
the sensitivity and specificity of PCR. This may in
dicate publication bias (the preference for publish
ing favorable rather than unfavorable studies). Al
though publication bias is a concern in meta-analyses, 
few examples of it have been documented. Studies 
with more rigorous designs provided similar upper 
estimates of joint sensitivity and specificity but de
creased lower estimates of joint sensitivity and spec
ificity relative to other studies. Rigorous study design 
(for example, blinding) may prevent the inadvertent 
overestimation of test performance. 

We did not find evidence that the performance 
of PCR improved over time. The problem of false-
positive and false-negative PCR results for the di
agnosis of HIV infection has led to efforts to de
velop quality assurance programs for the performance 
of PCR (90, 95, 100). For example, laboratory per
sonnel now take extensive precautions to prevent 
carryover contamination, which was an important 
cause of false-positive test results in early studies. A 
particularly rigorous program of quality assurance 
was instituted recently by the AIDS (acquired im
munodeficiency syndrome) Clinical Trials Group in
vestigators. Because training of laboratory personnel 
is probably an important component of laboratory 
performance, the study done by these investigators 
(95) used only experienced laboratories that met 
strict performance criteria. The sensitivity and spec
ificity of PCR were found to be 97.4% and 94.8%, 
respectively, in an ongoing quality assurance pro
gram that used the latest generation of commer
cially available PCR kits (95) and standardized pro
tocols for the performance of PCR. These results 
are consistent with the results of our analysis and, 
along with the findings of another multicenter qual
ity assurance study (90), indicate that the problem 
of false-positive and false-negative results persists in 
currently available test programs, including those 
that use commercially available standardized PCR 
tests rather than assays developed in-house. 

Recommendations for the Clinical Role of 
Polymerase Chain Reaction 

Our analysis confirms that at present, PCR is not 
sufficiently accurate to be a reference or gold stan
dard test. The frequency of false-positive and false-
negative results, even in more recent studies, pre-

810 1 May 1996 • Annals of Internal Medicine • Volume 124 • Number 9 



eludes this. Clearly, the performance of PCR is not 
adequate to justify its use as a clinical screening 
test. The PCR assay will be most useful in settings 
in which conventional antibody tests are indetermi
nate or are likely to be inaccurate. Depending on the 
criteria used, 13% to 48% of Western blot analyses in 
low-risk persons who have repeated reactive enzyme 
immunoassay results may be indeterminate (48). In 
these situations, PCR is a useful alternative test. 

The PCR assay may also be useful in persons 
who have recently had a known or suspected expo
sure to HIV whose infection status must be deter
mined urgently (for example, health care workers 
who have sustained a percutaneous exposure to 
HIV-infected blood). Although the PCR assay pro
vides interim information that may be useful in 
selected cases, clinicians and health care workers 
should be aware that the false-positive rate of PCR 
probably exceeds that of conventional antibody 
tests. Therefore, the benefit of early detection 
should be weighed against the increased risk for a 
false-positive result. Conventional antibody tests 
and clinical follow-up can minimize the effect of 
false-negative or false-positive PCR test results. We 
conclude that for the diagnosis of HIV infection in 
adults, the role of PCR should continue to be lim
ited to circumstances in which antibody tests are 
known to be insufficient or indeterminate. 

Recommendations for Study Design 

Our analysis highlights the importance of a cru
cial aspect of study design: the choice, use, and 
description of the index test (PCR) and reference 
tests. Whenever possible, studies of the perfor
mance of a diagnostic test should use reference tests 
that unequivocally establish the true state of disease 
or health. Because PCR can detect HIV infection 
before antibodies have developed, a positive PCR 
test result in a person with negative results on an 
HIV enzyme immunoassay could represent either a 
false-positive PCR result or a false-negative enzyme 
immunoassay result. Evaluation of PCR is challeng
ing because no single diagnostic test can resolve this 
dilemma with certainty. For current studies of HIV 
infection, the discrepancy can be resolved by serially 
testing seronegative persons with enzyme immuno
assay and Western blot analysis and doing clinical 
follow-up for a period long enough to exclude acute 
infection. If a person is truly infected with HIV, 
then eventually peripheral blood mononuclear cell 
culture or plasma culture should become positive, 
the enzyme immunoassay and Western blot analysis 
should become reactive, or clinical illness should 
ensue. Although some reports indicate that the pe
riod between infection and antibody production may 
last as long as 4 years, more than 95% of HIV-
infected persons seroconvert within 9 to 12 months 

(117). Studies of other diagnostic tests for HIV have 
successfully used serial testing and clinical follow-up 
to determine true infection status (118). In high-risk 
populations, however, the value of long-term serial 
testing may be attenuated by incident infections. In 
many of the studies that we reviewed, longer fol
low-up would have enabled the investigators to con
vincingly establish the disease status of antibody 
test-negative participants. 

Once the procedure for determining the infection 
status has been chosen, it should be applied consis
tently to all the study participants, regardless of 
their PCR test results. A particular PCR test result 
should not be used to decide which persons are 
given the reference test, because such a selection 
procedure can create "referral bias." Referral bias 
spuriously reduces the number of true-negative and 
false-negative PCR test results in the study popula
tion and thereby overestimates sensitivity and un
derestimates specificity (17). Investigators can fur
ther avoid potential bias in the interpretation of test 
results by doing the PCR assays and the reference 
tests while blinded to the results of other tests for 
HIV and to all clinical information. Investigators 
were blinded to previous test results in only 40% of 
the 96 studies that we evaluated. In addition, inter
pretation of studies can be enhanced if both the 
PCR assays and the reference tests are described in 
sufficient detail to allow another investigator to re
produce the test procedures. Descriptions should 
address how the tests were done and how the re
sults were interpreted. 

Many of the studies we analyzed had design lim
itations that are commonly found in studies of other 
types of diagnostic tests: incomplete representation 
of the spectrum of patients in the study population, 
insufficient sample size, and incomplete reporting of 
test results. To increase the generalizability of study 
results, the study sample should reflect the entire 
spectrum of disease encountered in the clinical pop
ulation of interest (119). For example, the nondis-
eased population should include persons who are at 
risk for HIV infection and would be candidates for 
testing rather than healthy controls. The usefulness 
of the study will be enhanced if the study sample is 
described in enough detail to 1) enable readers to 
determine whether the sample is sufficiently similar 
to their clinical setting to permit application of the 
study findings and 2) allow another investigator to 
assemble a cohort similar to the sample to confirm 
the study findings (120). Investigators can reduce 
uncertainty to acceptable levels in the estimates of 
sensitivity and specificity by increasing the sample 
size. As shown in Figure 1, the 95% CIs for sensi
tivity and specificity are broad if the sample size is 
small. Recommendations for determining appropri
ate sample sizes have been published (121). 
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Finally, studies of test performance can be im
proved if investigators report the sensitivity and 
specificity of a test for various definitions of test 
reactivity (114). Because both sensitivity and speci
ficity are determined by the choice of the threshold 
for an abnormal test result, there is an inherent 
tradeoff between them. The threshold for a reactive 
test can be chosen so that PCR is 100% sensitive or 
100% specific, but usually not both (unless the test 
is perfect and the diseased and nondiseased popu
lations have no overlap for the attribute being mea
sured). Thus, a study that evaluates only the sensi
tivity of PCR (that is, that includes only diseased 
persons) or the specificity of PCR (that is, that 
includes only nondiseased persons) provides insuffi
cient information for an evaluation of test perfor
mance. Investigators can develop an ROC curve by 
calculating sensitivity and specificity for varying def
initions of test reactivity (122). The ROC curve 
represents the performance of a test much more 
thoroughly than do single values of sensitivity and 
specificity, in which differences in test performance 
may merely indicate that different criteria for test 
positivity were used. Such reporting also facilitates 
the development of summary ROC curves, such as 
those used in our meta-analysis and used by others 
in the analysis of other diagnostic tests (123, 124). 

Technical advances will probably improve the 
performance of the PCR assay. As the sensitivity 
and specificity of PCR for the diagnosis of HIV 
improve, the clinical role of PCR may change. Such 
a change should occur only after a rigorous evalu
ation of test performance that incorporates the rec
ommendations for study design discussed above. 
Currently, interpretation of PCR test results for the 
diagnosis of HIV infection should be combined with 
careful consideration of the clinical circumstances 
and with the use of confirmatory tests and clinical 
follow-up whenever possible. 

Appendix 

In this Appendix, we describe the methods we used to search 
the literature and develop summary ROC curves. 

Literature Search 
Two literature searches were done by a professional research 

librarian to identify pertinent published data. For articles pub
lished in or before 1991, 17 databases were searched: MED
LINE, AIDSline, Cancerlit, Embase, Federal Research in 
Progress, Compendex, Scisearch, Inspec, Conference Papers, 
Diogenes, Chemical Abstracts, Biosis, Life Sciences Collection, 
Biobusiness, Pharmaceutical News Index, National Technical In
formation Service, and International Pharmaceutical Abstracts. 
For articles published in 1992 through 1994, we limited our 
computer-based search to MEDLINE because we found other 
databases to be redundant. In the initial search, we used the 
following strategy. 

1. SI Acquired (W) Immunodeficiency OR Acquired (W) Im
mune (W) Deficiency OR AIDS 

2. S2 HIV OR HIV1 OR HIV2 OR HIV-1 OR HIV-2 
3. S3 Human (W) (Immunodeficiency OR Immune (W) Defi

ciency) (W) (Virus OR Viruses) 
4. S4 HTLV3 OR HTLVIII OR HTLV (5W) (3 OR III) 
5. S5 Human (W) T (W) Cell (W) (Leukaemia OR Leukemia) 

(W) (Virus OR Viruses) (5W) (3 OR III) 
6. S6 LAV OR Lymphadenopathy (W) Associated (W) (Virus 

OR Viruses) 
7. S7 ARC 
8. S8 PCR OR Polymerase (W) Chain (W) Reaction 
9. S9 PCR OR Polymerase (W) Chain 
10. S10 Amplif? (3N) (Gene OR Genes OR Genetic OR DNA 

OR Deoxyribonucleic) 
11. S l l Sequence (W) Tagged (W) Site? 
12. S12 (SI OR S2 OR S3 OR S4 OR S5 OR S6 OR S7) AND 

(S9 OR S10 OR Sl l ) 
13. S13 Remove Duplicates S12 

This search was updated with a slightly different strategy. 
1. SI Acquired (W) Immunodeficien? OR Acquired (W) Im

mune (W) Deficien? OR AIDS 
2. S2 HIV OR Human (W) Immunodeficien? (W) Virus? OR 

Human (W) Immune (W) Deficien? (w) Virus? OR HIV-1 OR 
HIV-2 

3. S3 DC = D24.611.216.327.570.470.? 
4. S4 ARC 
5. S5 Polymerase (W) Chain OR PCR 
6. S6 (Gene OR Genetic OR DNA OR Sequence? OR De

oxyribonucleic OR Nucleic OR Nucleotide? OR Genome?) (5N) 
Amplif? 

7. S7 Amplicon OR Amplicons 
8. S8 Sequence (W) Tagged (W) Site? 
9. S9 (SI OR S2 OR S3 OR S4) AND (S5 OR S6 OR S7 OR 

S8) 
10. Limit S9 to Updates since the earlier search 
11. Eliminate Duplicates 

When the Chemical Abstracts database was searched, the fol
lowing strategy was used. 

1. LI Acquired (W) Immunodeficien? OR Acquired (W) Im
mune (W) Deficien? 

2. L2 AIDS OR HIV OR Human (W) Immunodeficien? (W) 
Virus? 

3. L3 Human (W) Immune (W) Deficien? (W) Virus? 
4. L4 HIV-1 OR HIV-2 OR ARC 
5. L5 Polymerase (W) Chain OR PCR 
6. L6 (Gene OR Genetic OR DNA OR Sequence? OR De

oxyribonucleic) (3A) Amplif? 
7. L7 S Amplicon OR Amplicons 
8. L8 Amplicon OR Amplicons OR Sequence (W) Tagged 

(W) Site? 
9. L9 (LI OR L2 OR L3 OR L4) AND (L5 OR L6 OR L8) 

Summary Receiver-Operating Characteristic Curves 
We used two approaches for estimating summary ROC curves. 

The first method, described previously (16), uses a logistic trans
formation of sensitivity and specificity so that a summary ROC 
curve can be fitted with linear regression. To do the logistic 
transformation, we added a correction factor of 0.5 when the 
data for a study included zero values (which occurred when 
either the number of false-positive tests or the number of false-
negative tests was zero). The ROC curve was then determined by 
back transformation of the fitted linear regression line. The 
method also provides a statistical test to evaluate whether the 
ROC curve is symmetrical. If the summary ROC curve is sym
metrical, a common log odds ratio uniquely determines the entire 
ROC curve. The test of symmetry is to determine whether the 
slope of the fitted regression line differs significantly from zero. 
Regression lines with a slope near zero can be represented by a 
common log odds ratio; if the slope differs from zero, the odds 
ratio changes for different points on the ROC curve. Our analysis 
indicated that the slope for both our upper estimate (slope 
[± SE] = -0.156 ± 0.118 [95% CI, -0.369 to 0.078]; P = 0.10) 
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and our lower estimate (slope = -0.174 ± 0.114 [CI, -0.40 to 
0.05]; P = 0.13) of the summary ROC curves did not differ 
significantly from zero. We therefore felt justified in estimating a 
common odds ratio, and we used the Mantel-Haenszel estimator 
(29). 

We also chose the Mantel-Haenszel method because the al
ternative method uses a logistic transformation that requires a 
correction factor for zero values. The correction factor can in
troduce bias in the estimation of summary ROC curves for highly 
accurate tests such as PCR. We calculated the SE of the esti
mated log odds ratio using both the method of Robins and 
coworkers (31) and the jackknife and bootstrap methods (30). 
Reported comparison statistics are based on the SE as calculated 
by using the method of Robins and coworkers because this 
method produced the most conservative estimates of statistical 
significance (that is, the largest SEs). To determine whether the 
sensitivity and specificity of PCR differed among certain sub
groups, we compared the Mantel-Haenszel estimated common 
log odds ratio for each group in terms of their SEs. We com
pared both the upper and lower estimate of sensitivity and spec
ificity in the subgroups. 
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