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We constructed internal controls (ICs) to provide assurance that clinical specimens are successfully ampli-
fied and detected. The IC nucleic acids contain primer binding regions identical to those of the target sequence
and contain a unique probe binding region that differentiates the IC from amplified target nucleic acid.
Because only 20 copies of the IC are introduced into each test sample, a positive IC signal indicates that
amplification was sufficient to generate a positive signal from targets present at the limit of test sensitivity. The
COBAS AMPLICOR Chlamydia trachomatis, Neisseria gonorrhoeae, Mycobacterium tuberculosis, and human
hepatitis C virus tests exhibited inhibition rates ranging from 5 to 9%. Approximately 64% of these inhibitory
specimens were not inhibitory when a second aliquot was tested. Because repeatedly inhibitory specimens were
not reported as false negative and because additional infected specimens were detected during retesting, test
sensitivities were 1 to 6% greater than they would have been if the IC had not been used.

Because of its ability to specifically amplify minute quantities
of nucleic acid, PCR has been applied with great success in
clinical diagnostics (7, 8, 29). Relatively simple procedures for
extracting nucleic acids from clinical specimens provide sam-
ples of reasonable purity without requiring hazardous chemi-
cals and extensive manipulation (10). Nevertheless, extracted
clinical specimens may contain impurities that inhibit enzyme-
based nucleic acid amplification processes. Numerous studies
have demonstrated that a small, but significant, proportion of
clinical specimens contain substances that inhibit PCR, the
ligase chain reaction (LCR), and transcription-mediated am-
plification (TMA) (1-6, 11, 14, 21, 22, 24-26, 30).

Unless inhibitory specimens are identified, negative ampli-
fication test results do not necessarily indicate absence of in-
fection. Inhibitory specimens can be identified by monitoring
amplification of a second target nucleic acid, which serves as an
internal control (IC). Obtaining a positive signal from the
second target demonstrates successful amplification, thereby
validating a negative result for the primary target.

A normal cellular gene sequence, which is expected to be
present in all specimens, can be used as an IC (13, 20). This
approach has the advantage of monitoring the integrity of the
nucleic acid target; in improperly collected, stored, or pro-
cessed specimens, the endogenous target will be absent (or
degraded) and fail to yield a positive result. A disadvantage is
that endogenous sequences may not accurately reflect ampli-
fication of the primary target due to differences in the primer
sequences, size of the amplified product, and the relative
amounts of the two targets.

There is another approach to monitoring amplification, us-
ing a synthetic IC as a proxy for the primary target, that
overcomes the inherent limitations of an endogenous IC. One
design of a synthetic IC is a plasmid DNA or an in vitro RNA
transcript with primer binding regions identical to those of the
target sequence, a randomized internal sequence similar to the
target sequence in length and base composition, and a unique
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probe binding region that differentiates the IC from amplified
target nucleic acid (27). These features ensure equivalent am-
plification of the IC and the target nucleic acid. A limited
number of IC molecules are added to each test sample and
coamplified with target nucleic acid; thus, a positive IC signal
assures amplification sufficient to generate a positive signal
from very small quantities of target. When introduced into the
amplification reaction mixture, the IC can monitor amplifica-
tion and detection. When introduced into the unprocessed
specimen, the IC can also monitor nucleic acid recovery during
specimen preparation. Unlike a housekeeping gene, a synthetic
IC cannot be used to monitor the integrity of the target nucleic
acid in the specimen.

Here, we describe the properties of the IC used in COBAS
AMPLICOR and AMPLICOR tests and explain how to use
and interpret the IC results during routine clinical testing. We
also demonstrate the clinical utility of using an IC: increased
sensitivity is achieved because reporting false-negative results
is avoided and because additional positive results are detected
by retesting inhibitory specimens.

MATERIALS AND METHODS

Construction of ICs. A unique IC was constructed for each test by inserting the
test-specific IC DNA sequence into a DNA plasmid. All ICs contain the same
probe binding sequence, which makes it possible to detect all ICs with a single
probe. The probe binding sequence was designed to minimize homology with
primers and target sequences.

Several pairs of partially overlapping oligonucleotides that collectively con-
tained the entire IC sequence were first annealed and extended with Escherichia
coli DNA polymerase I Klenow fragment. The double-stranded DNA fragments
were joined in PCR mixtures to form the full-length insert DNA, which was then
cloned into plasmid DNA [pUCIS8 for the Chlamydia trachomatis, Neisseria
gonorrhoeae, and Mycobacterium tuberculosis tests and pSP64 [poly(A)] for the
human hepatitis C virus test]. The resulting recombinant plasmid was trans-
formed into an E. coli (DG101) host.

For the C. trachomatis, N. gonorrhoeae, and M. tuberculosis tests, the linear-
ized, recombinant plasmid DNA served as IC. For the human hepatitis C virus
(HCV) test, runoff RNA transcripts synthesized from the linearized, recombi-
nant plasmid DNA served as the IC.

The C. trachomatis-N. gonorrhoeae test is a multiplex test that uses two pairs of
primer oligonucleotides to simultaneously amplify C. trachomatis and N. gonor-
rhoeae target DNAs in a single reaction mixture. The IC for this test contains the
primer sequences specific for C. trachomatis. We demonstrated that amplifica-
tion of this IC can serve as an indicator for amplification of both the C. tracho-
matis and N. gonorrhoeae target DNAs. C. trachomatis or N. gonorrhoeae DNA
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was added to urogenital swab and urine specimens obtained from patients who
were previously determined to be negative for both C. trachomatis and N. gon-
orrhoeae by PCR. In a selected subset of inhibitory and noninhibitory specimens,
13 of 33 yielded positive signals for the IC and both targets, 15 yielded negative
signals for the IC and both targets, 1 was positive for C. trachomatis but negative
for N. gonorrhoeae and 1C, and 4 were positive for N. gonorrhoeae but negative
for C. trachomatis and IC. Thus, the IC detected amplification failure in all
specimens that gave false-negative results for at least one of the two targets.

Preparation of ICs. Cells from cultures of plasmid-containing bacteria grown
overnight were harvested and extracted by a standard alkaline lysis method (23).
DNA was recovered from the lysate with isopropanol (23) and purified by CsCl,
density gradient centrifugation. The purified plasmid DNA was then linearized
with an appropriate restriction endonuclease and purified by phenol-chloroform
extraction.

(i) ICs for C. trachomatis-N. gonorrhoeae and M. tuberculosis tests. The C.
trachomatis-N. gonorrhoeae and M. tuberculosis ICs are supplied as stock solu-
tions. Prior to use, 0.1 ml of IC stock solution is added to 1.7 ml of master mix
to yield an amplification-ready working master mix containing 20 copies of IC
plasmid per 50 wl. These IC stock solutions were prepared by serial dilution of
purified plasmid DNA in a Tris-buffered solution containing EDTA, poly(A)
RNA, sodium azide, and the dye amaranth (Sigma); amaranth was included to
enable visual confirmation that IC was added to master mix.

(ii) IC for HCYV test. The HCV IC was generated by transcribing HCV plasmid
DNA, using the MEGAscript (Ambion, Inc.) in vitro transcription kit. Purified
plasmid DNA was linearized with EcoRI restriction endonuclease and tran-
scribed to yield 352-nucleotide-long RNA transcripts. The transcripts contained
the 229-nucleotide IC sequence, 6 upstream nucleotides (the transcription start
site), 14 downstream nucleotides, 30 adenylate nucleotides, and 3 nucleotides of
the EcoRI recognition sequence.

The transcripts were purified from plasmid DNA by digesting the transcription
reaction mixture with RNase-free DNase, followed by extraction with phenol-
chloroform. The full RNA transcripts were then separated from unincorporated
ribonucleotides and truncated transcripts by oligo(dT) cellulose affinity chroma-
tography and were serially diluted in a buffered solution containing EDTA,
poly(A) RNA, and sodium azide to yield an IC stock solution. Prior to use, 50 .l
of the stock solution is added to 14 ml of HCV specimen diluent. Diluting
processed specimens with specimen diluent (see “Specimen collection and pro-
cessing” below) results in 20 copies of IC being delivered to each test sample.

Poisson statistical analysis to determine IC copy number. The concentrations
of the IC stock solutions were quantitated by serially diluting the stocks and
performing multiple amplifications (28). At a particular dilution, the set of
replicate amplifications generated a mixture of positive and negative results. At
this low concentration, IC molecules are distributed among replicate amplifica-
tions according to Poisson’s law, with some replicates having one or a few IC
molecules and others having none. The average number of molecules in a given
volume of solution (C) and the probability that no molecule exists in a particular
sample of the given volume (P,) are given by the formula C = —In(P,) where P,
was determined by counting the number of negative replicates and used to
calculate C, the number of IC molecules in the volume of solution added to each
replicate. [C is actually the number of signal-generating units (SGU), which is
defined as the smallest unit in the given solution that will generate a PCR-
positive signal. The physical meaning of a SGU is a particle consisting of one or
more PCR-amplifiable molecule(s). Under ideal conditions, a SGU is equal to a
single copy of the target molecule.] The IC concentration was calculated by
multiplying C by the appropriate dilution factor.

Specimen collection and processing. (i) C. trach tis and N. gonorrhoeae.
Endocervical and male urethral swabs were collected by standard procedures and
inoculated into chlamydial culture transport medium (CTM; either 2SP or Mi-
croTest M4; MicroTest, Inc., Snellville, Ga.). A second swab was collected from
each patient and cultured for N. gonorrhoeae. Specimens in CTM were trans-
ported to the lab at 2 to 8°C where an aliquot was used for Chlamydia culture.
A second aliquot was shipped on wet ice to Roche Molecular Systems, where it
was processed and tested on the COBAS AMPLICOR system. A 100-pl sample
of specimen was mixed with 100 wl of C. trachomatis-N. gonorrhoeae lysis buffer
and incubated for 10 min at room temperature. The resulting mixture was
combined with 200 pl of C. trachomatis-N. gonorrhoeae specimen diluent and
incubated for an additional 10 min at room temperature.

Ten to 50 ml of first-catch urine was also collected from each subject. The
urine was shipped on wet ice to Roche Molecular Systems, where it was pro-
cessed and tested on the COBAS AMPLICOR system. A 500-pl sample of urine
was combined with 500 wl of C. trachomatis-N. gonorrhoeae urine wash buffer and
incubated at 37°C for 15 min. The mixture was then centrifuged at 12,500 X g for
5 minutes. The supernatant was discarded, and the pellet was resuspended in 250
wl of C. trachomatis-N. gonorrhoeae lysis buffer. After a 15-min incubation at
room temperature, 250 pl of C. trachomatis-N. gonorrhoeae specimen diluent was
added to the lysate. The specimens were centrifuged at 12,500 X g for 10 min,
and the resulting supernatant was tested.

(ii) M. tuberculosis. Sputum specimens were collected, liquified, decontami-
nated, and concentrated by standard procedures. Liquified, decontaminated, and
concentrated specimens were shipped to the laboratory at 2 to 25°C, where
aliquots were tested for the presence of mycobacteria by culture and by acid-fast
smear. An additional aliquot was processed and tested for M. tuberculosis on the
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COBAS AMPLICOR system. A 100-ul sample of liquified, decontaminated, and
concentrated sputum was mixed with 500 pl of respiratory specimen wash solu-
tion and centrifuged at 12,500 X g for 10 min. The supernatant was discarded,
and 100 pl of respiratory specimen lysis reagent was added to the resulting pellet.
The resuspended specimen was incubated at 60°C for 45 min and then combined
with 100 wl of respiratory specimen neutralization reagent.

(iii) HCV. Blood samples were collected in VACUTAINER serum separator
tubes or in VACUTAINER blood collection tubes containing either ACD or
EDTA as an anticoagulant. Collection tubes were stored at room temperature
for up to 6 h until serum or plasma was prepared. Plasma and serum samples
were shipped to the laboratory at 2 to 8°C, where aliquots were processed and
tested for HCV on the COBAS AMPLICOR system. A 100-pl sample of serum
or plasma was combined with 400 wl of HCV lysis reagent and incubated at 60°C
for 10 min. The lysate was combined with 500 pl of isopropyl alcohol, incubated
at room temperature for 2 min, and centrifuged at 14,000 X g for 15 min. The
supernatant was discarded, and the resulting pellet was washed with 1 ml of 70%
ethanol. The washed pellet was resuspended in 1 ml of HCV specimen diluent
containing HCV IC. The serological status of patients was determined by enzyme
immunoassay (EIA).

Amplification and detection. A 50-ul sample of processed specimen was added
to 50 pl of master mix containing IC and amplified by using the thermal cycler
onboard the COBAS AMPLICOR system. Each test used a unique set of ther-
mal cycling conditions, which were automatically performed by COBAS AM-
PLICOR (8, 12). Upon completing amplification, the COBAS AMPLICOR
system automatically denatured the amplification reaction mixtures, hybridized
the amplicon to target-specific oligonucleotides bound to magnetic micropar-
ticles, and colorimetrically detected the captured amplicon by using an avidin-
horseradish peroxidase complex (8, 12). The specific target and the IC were
detected in separate reactions using separate, target- and IC-specific, oligonu-
cleotide capture probes.

Where indicated, certain samples being tested for C. trachomatis and N. gon-
orrhoeae were amplified on a GeneAmp PCR System 9600 thermal cycler (Per-
kin-Elmer Corporation, Norwalk, Conn.) using the following thermal cycling
parameters: 2 min at 50°C, 5 min at 95°C, and then 35 cycles, with 1 cycle
consisting of 10 s at 91°C, 50 s at 62°C, and 35 s at 72°C. Amplification products
were detected colorimetrically after hybridization to microwell plates coated with
oligonucleotide probes specific for C. trachomatis, N. gonorrhoeae, or 1C (15).

Interpretation of results. Specimens yielding target signals above the test
cutoff were interpreted as positive, regardless of the IC result. Specimens yield-
ing target signals below the test cutoff were interpreted as negative, provided that
the IC signal was above the assigned cutoff. Specimens yielding below cutoff
signals for both the target and IC were interpreted as inhibitory. Inhibitory
specimens were retested by processing another aliquot of the original specimen.
The repeat test results were classified with the above criteria.

For HCV, sensitivity was calculated by comparing PCR results to EIA results.
For the C. trachomatis, N. gonorrhoeae, and M. tuberculosis tests, sensitivity was
calculated by comparing PCR results to resolved results. Because culture is not
100% sensitive, these tests yielded specimens that were positive by PCR but
negative by culture. For C. trachomatis and N. gonorrhoeae, these discrepant
results were resolved by performing PCR for an alternative target DNA se-
quence: a portion of the major outer membrane protein gene was used for
C. trachomatis (9), and a portion of the 16S rRNA gene was used for N.
gonorrhoeae (16). Specimens were considered positive for infection if the culture
was positive or if the specimen was PCR positive for both the primary and
alternative targets. For M. tuberculosis, discrepancies between PCR and culture
results were resolved based on patient chart review; specimens were considered
positive if there was clinical evidence of M. tuberculosis infection.

RESULTS

Effect of primary target on IC signal. A single set of primer
oligonucleotides is used to amplify both the IC and target
DNA. Both targets also draw from a common pool of nucle-
otides and polymerase. Thus, IC amplification may be sup-
pressed due to competition in samples containing large
amounts of target DNA. We determined the amount of target
DNA required to suppress the IC signal by testing a set of
samples that contained increasing amounts of C. trachomatis
target DNA. These samples also contained a constant low
concentration (25 copies per test sample) of N. gonorrhoeae
target DNA to determine whether it was similarly sensitive to
competition.

The IC signal progressively decreased as the amount of
C. trachomatis target DNA increased (Fig. 1). Between 250 and
2,500 copies per test sample (corresponding to 5,000 and
50,000 copies per ml of specimen) of C. trachomatis DNA was
required to produce a noticeable decrease in the IC signal. The
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FIG. 1. Effect of increasing concentration of target nucleic acid on IC signal.
Samples containing increasing amounts of C. trachomatis (CT) target DNA, 25
copies of N. gonorrhoeae (NG) target DNA, and 20 copies of IC DNA per test
sample were amplified in a Perkin-Elmer 9600 thermal cycler. C. trachomatis, N.
gonorrhoeae, and IC amplification products were hybridized to separate micro-
well plates coated with target-specific oligonucleotide probes. The hybridized
amplification products were detected colorimetrically with an avidin-horseradish
peroxidase complex. The concentration of C. trachomatis target DNA is shown
on the x axis (1.00E+01 is 10, 1.00E+02 is 10? etc.) and the absorbance at 450
nm is shown on the y axis. The broken line indicates the assay cutoff value.

IC signal was reduced to background by 2.5 X 10° copies per
test sample (5 X 10° copies per ml of specimen) of C. tracho-
matis target DNA. Virtually identical IC signals were observed
when the N. gonorrhoeae target DNA concentration was varied
and the C. trachomatis target concentration was maintained at
25 copies per test sample (data not shown).

Compared to the IC, C. trachomatis and N. gonorrhoeae
target DNAs were less sensitive to competition. Approximately
2.5 X 10 copies per test sample of C. trachomatis (Fig. 1) or N.
gonorrhoeae (data not shown) DNA were required to produce
a small decrease in the signal generated by 25 copies of N.
gonorrhoeae or C. trachomatis DNA. The N. gonorrhoeae (or C.
trachomatis) signal was greatly reduced but was still well above
background in the presence of 2 X 10° copies of C. trachomatis
(or N. gonorrhoeae) target DNA. Because high levels of C.
trachomatis DNA can suppress N. gonorrhoeae amplification
and vice versa, competition for reagents other than primers is
responsible for reduced signals.

Determination of IC cutoff. The purpose of the IC is to
maximize test sensitivity by identifying inhibitory (i.e., nonam-
plifiable) specimens that have the potential to generate false-
negative results. The IC signal that identifies all such inhibitory
specimens is chosen as the cutoff. As a first step in determining
the IC cutoff, we analyzed the distribution of IC signals in a set
of specimens that were negative for the target DNA. Speci-
mens that were positive for target DNA (both true and false
positives) were not included in this analysis because the de-
pressed IC signals in these specimens did not necessarily serve
as an indicator of inhibition.

Of 1,915 urogenital specimens tested by the COBAS
AMPLICOR C. trachomatis test, 1,688 gave negative signals
for C. trachomatis. The distribution of IC signals in these 1,688
specimens was clearly bimodal, with most specimens having an
IC signal of =1.0 A4, and a smaller set of specimens having an
IC signal of <0.2 A, (Fig. 2). IC signals between 0.2 and 0.5
Ageo were observed in 0.8% (13 of 1,688) of the specimens; IC
signals between 0.5 and 1.0 A4, were observed in 1.0% (17 of
1,688) of the specimens. When amplification was performed in
the absence of clinical material, the IC signal was always =2.0
Ao (data not shown). These data suggest that specimens hav-
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FIG. 2. Distribution of IC signals in a set of clinical specimens. Specimens
were tested by the COBAS AMPLICOR C. trachomatis and N. gonorrhoeae tests.
The IC signal was evaluated in specimens that were negative for both C. tracho-
matis and N. gonorrhoeae. Each bar shows the number of specimens (on the y
axis) having an IC absorbance less than the value the value shown directly below
the bar (on the x axis) but greater than or equal the value to the immediate left
(on the x axis). The bar over the 4.00 value includes specimens having signals
equal to 4.00.

ing IC signals below 0.2 4, are inhibitory. Specimens having
IC signals between 0.2 and 1.0 A, probably contained weak
inhibitors that partially suppressed amplification. To select the
optimal IC cutoff, we determined whether test sensitivity was
enhanced by classifying such partially suppressed specimens as
inhibitory.

Test sensitivity is calculated by the following formula: sen-
sitivity = number of PCR-positive specimens/total number of
amplifiable, infected specimens. When no IC is used, all PCR-
negative, infected specimens are considered amplifiable and
are included in the denominator of the above equation, which
minimizes test sensitivity. When the IC is used, PCR-negative,
infected specimens that give negative IC signals are classified
as inhibitory and excluded from the denominator, thereby
maximizing sensitivity. Figure 3 illustrates the relationship
between IC cutoff, test sensitivity, and number of inhibitory
specimens for urogenital specimens tested by the COBAS
AMPLICOR C. trachomatis test. Of 1,915 specimens tested,
226 were infected with C. trachomatis. Maximum sensitivity
was achieved for IC cutoffs above 0.04 A4, (Fig. 2). Similarly,
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FIG. 3. Effect of IC cutoff on assay sensitivity. A set of clinical specimens was
tested with the COBAS AMPLICOR C. trachomatis test. Different IC cutoff
values were used to distinguish between inhibitory and noninhibitory specimens.
Clinical sensitivity and the number of inhibitory, infection-positive specimens
were calculated for each cutoff value. The IC cutoff is shown on the x axis, clinical
sensitivity is shown on the left y axis, and the number of inhibitory specimens is
shown on the right y axis.
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TABLE 1. Frequency of inhibition in infection-positive and -negative specimens

Infection-positive specimens

Infection-negative specimens

COBAS
Aﬁgﬁﬁgi;j“ Total No. inhibitory Retest Total No. inhibitory Retest
no. (%) No. positive No. inhibitory no. (%) No. negative No. inhibitory

C. trachomatis

Swab 117 4(3.4) 1 3 839 82(9.8) 22 46

Urine 118 7(5.9) 6 1 847 79% (9.3) 68 9
N. gonorrhoeae

Swab 115 1(0.9) 1 0 831 63 (7.6) 24 38

Urine 118 8(6.8) 6 2 836 704 (8.4) 62 6
M. tuberculosis

Smear positive 154 1(0.6) 1 0 29 0 (0.0 0 0

Smear negative 125 3(2.4) 1 2 4,068 217 (5.3) 96 121
HCV 1,036 61 (5.9) 50 11 929 107 (11.5) 98 9

“ Fourteen of the inhibitory C. trachomatis swab specimens were not available for retesting.
? Two of the inhibitory C. trachomatis urine specimens were not available for retesting.

< One of the inhibitory N. gonorrhoeae swab specimens was not available for retesting.

4 Two of the inhibitory N. gonorrhoeae urine specimens were not available for retesting.

the number of inhibitory, infected specimens reached a plateau
at the cutoff of 0.04 A4,. At very high IC cutoffs, we obtained
a small increase in sensitivity and in the number of inhibitory
specimens because several COBAS AMPLICOR-negative, in-
fected specimens had strong IC signals. These signals represent
actual false-negative results that were being eliminated from
sensitivity calculations by an artificially high IC cutoff.

Based on the above analyses, 0.2 A4, was selected as the IC
cutoff for the COBAS AMPLICOR C. trachomatis test to pro-
vide a wide margin over the value required to achieve maxi-
mum sensitivity; this value also matches the cutoff for the
primary target. Similar analyses were performed to determine
the IC cutoffs for the other COBAS AMPLICOR tests (data
not shown).

Effect of IC on assay performance. The utility of the IC was
demonstrated by testing clinical specimens obtained from pa-
tients suspected of having C. trachomatis, N. gonorrhoeae, M.
tuberculosis, or HCV infection. Specimens were tested as de-
scribed and classified as positive or negative for infection (see
Materials and Methods). Any specimen that was inhibitory
(i.e., negative for both IC and target DNA) was retested by
processing and testing another aliquot of the original speci-
men.

The fraction of specimens that were inhibitory in the test
ranged from 0 to 11.5% (Table 1). Inhibition was somewhat
more frequent in uninfected specimens than in infected ones.
This is expected because even minimal inhibition will suppress
amplification below the threshold required to generate a pos-
itive IC result. In contrast, infected specimens that suppress
amplification to a similar extent will not appear inhibitory,
provided that the target DNA concentration is high enough.

Approximately 64% (436 of 684) of inhibitory specimens
were not inhibitory when another aliquot of the specimen was
processed and tested (Table 1). This could indicate that some
inhibitors were labile. Alternatively, a low level and/or nonuni-
form distribution of inhibitors could account for this interali-
quot variation. For HCV, variation in carryover of extraction
reagents could be the reason why some inhibitory HCV spec-
imens were not inhibitory when tested after reextraction. Re-
agent carryover is not a concern for C. trachomatis, N. gonor-
rhoeae, and M. tuberculosis, because the PCR-compatible
extraction reagents are not removed during processing. Re-

gardless of the mechanism, the absence of inhibition during
retesting enables additional infections to be detected by PCR.

To assess the impact of using the IC, we used the data in
Table 1 to calculate test sensitivity and specificity. Two calcu-
lations were performed. First, the IC results were ignored and
all PCR results were interpreted as positive or negative based
upon the initial test result. Second, the IC results were used to
identify inhibitory specimens and PCR results were interpreted
as positive, negative, or inhibitory based on the repeat test
result. Taking the IC results into account increased sensitivity
for all tests (Table 2). The increase in sensitivity ranged from
0.9 (for the N. gonorrhoeae test performed on swab specimens)
to 5.9% (for the N. gonorrhoeae test performed on urine spec-
imens). In contrast, test specificity was not affected by taking
the IC results into account (Table 2). This is expected because
inhibited, uninfected specimens are interpreted as PCR nega-
tive when the IC results are ignored. These same specimens are
also interpreted as PCR negative if they give a valid negative
result when retested.

Using the IC increased test sensitivity for two reasons. First,
additional infected specimens were detected upon retesting
specimens that were initially inhibitory. A set of 66 (1 C. tra-
chomatis swab, 6 C. trachomatis urine specimens, 1 N. gonor-
rhoeae swab, 6 N. gonorrhoeae urine specimens, 1 M. tubercu-
losis smear-positive specimen, 1 M. tuberculosis smear-negative
specimen, and 50 HCV specimens) inhibitory specimens (Ta-
ble 1) were misclassified as PCR negative when the IC results
were ignored but were classified as true positive based on a
positive retest result. Of the 66 specimens, 58 (1 C. trachomatis
urine specimen, 1 N. gonorrhoeae swab, 5 N. gonorrhoeae urine
specimens, 1 M. tuberculosis smear-negative specimen, and 50
HCV specimens) were positive by culture or EIA and were,
therefore, classified as false negative when the IC results were
ignored. The other eight specimens (one C. trachomatis swab,
five C. trachomatis urine specimens, one N. gonorrhoeae urine
specimen, and one M. tuberculosis smear-positive specimen)
were negative by culture and were, therefore, classified as true
negative when the IC results were ignored. These eight spec-
imens, which were confirmed by PCR for an alternate target,
would have gone undetected had the IC not been used.

Second, using the IC increased sensitivity because repeat-
edly inhibitory specimens are uninterpretable and were, there-
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TABLE 2. Enhancement of test sensitivity using IC

COBAS Sensitivity (%) Specificity (%)
AMPLICOR test and
specimen Without IC With IC Without IC With IC
C. trachomatis
Swab 94.8 (110/116) 97.4 (111/114) 99.0 (832/840) 99.0 (771/779)
Urine 92.0 (104/113) 94.0 (110/117) 99.1 (844/852) 99.0 (828/836)
N. gonorrhoeae
Swab 93.9 (108/115) 94.8 (109/115) 98.0 (814/831) 97.9 (775/792)
Urine 83.8 (98/117) 89.7 (104/116) 98.9 (828/837) 98.8 (818/828)
M. tuberculosis
Smear positive 98.7 (151/153) 98.7 (152/154) 90.0 (27/30) 89.7 (26/29)
Smear negative 73.6 (92/125) 75.6 (93/123) 99.0 (4027/4068) 99.0 (3906/3947)
HCV 72.6 (752/1036) 78.2 (802/1025) 98.2 (912/929) 98.2 (903/920)

fore, excluded from the sensitivity calculations. When the IC
results were ignored, these specimens were classified as false
negative. Included in this category were 3 C. trachomatis swab
specimens, 1 C. trachomatis urine specimen, 2 N. gonorrhoeae
urine specimens, 2 M. tuberculosis smear-negative specimens,
and 11 HCV specimens (Table 1).

DISCUSSION

The results of this study demonstrate that incorporating an
IC into PCR-based tests increases sensitivity by enabling the
user to identify and retest samples inhibitory to PCR. Further-
more, a positive IC result indicates that amplification has oc-
curred and thus provides assurance that negative test results
are truly negative. The COBAS AMPLICOR tests evaluated in
this study exhibited low rates of inhibition. Because inhibition
was infrequent, use of the IC resulted in only a relatively
modest improvement in test sensitivity.

The IC can also be used to monitor competition between
multiple targets in multiplex PCR tests. A negative IC result in
specimens that are positive for one target indicates that com-
petition and/or inhibition reduced amplification efficiency be-
low the threshold required to generate a positive result from a
low-level target. In such specimens, negative results for the
other targets are considered invalid. The data presented here
demonstrate that competition will not cause a false-negative
result unless the concentration of one target is 10*-fold greater
than the concentration of the second target.

The IC is used at a concentration of 20 copies per test
sample to monitor amplification at the limit of test sensitivity.
PCR inhibitors decrease amplification efficiency, thereby re-
ducing the amount of PCR product generated from each target
molecule. A high target load can compensate for reduced am-
plification efficiency, yielding enough product to generate a
positive signal. If used at a higher concentration, the IC might
not detect weak inhibition that could cause false-negative re-
sults at extremely low target loads.

For routine clinical applications, the laboratory can max-
imize test sensitivity by using an IC to monitor amplifica-
tion in every specimen. Nevertheless, it may be possible to
use an IC selectively to increase efficiency without sacrific-
ing performance. For example, the fully automated COBAS
AMPLICOR system can be programmed to perform addi-
tional tests based on the outcome of an initial test. Thus, a
COBAS AMPLICOR user can easily detect the IC only in
specimens that test negative for the primary target(s). Using
this algorithm will not compromise test performance because

the IC result has no effect on the interpretation of positive
specimens.

An IC can also be used selectively when past experience has
demonstrated very low rates of inhibition. Use of an IC can be
reserved for specific specimen or patient conditions where
inhibition is more likely to occur; examples include specimens
contaminated with blood or other interfering substances and
urogenital specimens from pregnant women (11). An IC
should also be selectively employed when the probability of
infection is high and the consequence of a false-negative result
is severe. An example is testing acid-fast bacillus smear-posi-
tive patients for M. tuberculosis, where a false-negative test
result would lead the clinician to conclude that the patient has
a nontuberculosis mycobacterial infection.

Even when the IC was used, test sensitivity was not 100%.
Thus, factors other than inhibition must have caused false-
negative results. Sample-to-sample variation is one source of
false-negative results. Localization of infection may also be a
factor when testing female urine samples for C. trachomatis
and N. gonorrhoeae because PCR and culture are performed
on specimens collected from different anatomical sites. Low
target concentration represents a second potential source of
false-negative results, especially when testing for M. tuberculo-
sis where the volume of sample used for PCR testing is 5% of
that used for culture. Finally, the reference test result could
actually be false positive. This is almost certainly a factor in
HCV testing where a positive EIA result for anti-HCV anti-
body indicates prior exposure but does not serve as a marker
for current infection.

Inhibition has been shown to affect the sensitivity of LCR-
based amplification tests (2, 4-6, 11, 22, 25), TMA tests (17,
21), and a nucleic acid sequence-based amplification test (18).
It is, however, difficult to determine the frequency of inhibition
because the commercially available LCR- and TMA-based
tests lack an IC. Consequently, inhibition can be evaluated only
in reference test-positive specimens that are expected to give
positive amplification test results. Inhibition cannot be as-
sessed in reference test-negative specimens since they are ex-
pected to give negative test results. The frequency of inhibi-
tory, positive specimens can be estimated from the frequency
reference test-positive, amplification test-negative specimens.
This provides an upper limit on the inhibition rate in reference
test-positive specimens; the actual inhibition rate may be lower
because false-negative results may be caused by factors other
than inhibition. The frequency of LCR false-negative results in
urogenital specimens were 2% (7 of 345) (6), 7% (3 of 44) (22),
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12% (10 of 87) (5), 13% (7 of 54) (25), 22% (2 of 9) (2), and
60% (15 of 25) (11). In some instances, specimens were re-
tested at full strength and after being diluted. Approximately
one-half of the retested false-negative specimens became pos-
itive (some required dilution, while others did not); thus, the
false-negative results in these specimens can be attributed to
inhibition. These observations suggest that the actual LCR
inhibition rate ranged from 1 to 30%. The frequency of TMA
false-negative results was 10% (6 of 60) (21); 5 of the 6 false-
negative specimens were positive when retested, which sug-
gests the inhibition rate in positive specimens was 8%. For
both LCR and TMA, the inhibition rate for all specimens is
probably higher; weak inhibition may go undetected in pos-
itive specimens that contain relatively high concentrations
of target.

In addition to monitoring amplification in qualitative PCR
tests, an IC can be used as an internal quantitation standard
(QS) for quantitative PCR tests (19, 27). In quantitative PCR
tests, the QS is added to each clinical specimen at a known
copy number and is carried through all test processes. The QS
controls for specimen-to-specimen differences in recovery dur-
ing processing, amplification efficiency, and detection efficiency
to permit the accurate quantitation of target nucleic acid in
each specimen. The amount of target nucleic acid in a speci-
men is calculated by multiplying the target-specific signal by
the ratio of QS input copy number to QS signal.

In summary, we have developed an IC that is introduced
into each test sample and is coamplified with target nucleic
acid from the clinical specimen. We have used the IC to
demonstrate that the frequency of inhibition in COBAS
AMPLICOR PCR tests ranged from 1 to 10%. Although the
frequency of inhibition is low, an IC has been incorporated into
COBAS AMPLICOR and AMPLICOR tests to assure the
integrity of negative results. Furthermore, by using the IC, we
identified additional infections that would otherwise have gone
undetected.
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