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Abstract

Background and Objectives—Clinical trials increasingly use results of diagnostic tests as
surrogate outcomes. Our objective was to answer the following questions: (1) is the parameter
measured by the reference standard a valid surrogate? (2) How does the tests accuracy influence the
estimate of the treatment benefit on surrogate? (3) Is it possible to correct the measured treatment
effect given by results of inaccurate tests?

Methods and Setting—We reviewed the literature on asymptomatic deep venous thrombosis
(DVT), detected by the reference standard and other imaging techniques, as surrogate for venous
thromboembolism. The influence of test inaccuracy on the measurement of treatment benefit was
calculated as a function of the patient baseline risk, the treatment effect model, and test performances.

Results—We show that: (1) asymptomatic DVT is correlated with clinical outcomes but is yet to
be established as a surrogate; (2) inaccurate diagnostic test underestimates the treatment effect on
surrogate; (3) the prevalence of the disease, the treatment effect model, and the accuracy of the test
and the reference standard used to evaluate it need to be known to correct this underestimation.

Conclusion—Even when the surrogate end point is valid, without a reliable study of the diagnostic
test we cannot quantify the true treatment effect.
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1. Introduction

In the realm of clinical trials, diagnostic tests present an interesting alternative as generators
of surrogates for more relevant clinical end points. New, less-invasive, diagnostic tests are used
to evaluate biologic or anatomic markers as a surrogate for clinical end points. The theoretical
bases of and practical recommendations for validation of surrogate end points have been
reported [1-4]. As a proxy for the clinical end point, a surrogate should meet certain major
criteria: (1) it should have a well-established relationship with clinical end points [5]; (2) from
its changes induced by the treatment, it should be possible to derive an estimate of patient’s
benefit (prediction criterion) [1]; (3) the treatment effect on the clinical outcome must be
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entirely explained by the treatment effect on the surrogate (the capture criterion); (4) the
estimate of the clinical benefit based on the effect of the treatment on the surrogate must be
independent from the nature of the treatment. The complexity of drug pharmacokinetics and
pharmacodynamics and lack of reliable pathophysiologic and therapeutic models, however,
make the validation of a surrogate difficult [6]. Notably, the use of nonvalidated surrogates in
clinical trials has led to unexpected results, with instances where new therapies are eventually
found harmful for patients [7].

Although attention has been paid to the evaluation and validation of biomarkers as surrogates
for clinical events, the use of diagnostic tests results as surrogates has not been characterized.

We explored the use of asymptomatic deep venous thrombosis (DVT) after total hip
replacement (THR), as a surrogate for clinical venous thromboembolism (VTE). The ultimate
therapeutic objective of VTE prophylaxis is to prevent the occurrence of clinical VTE, that is,
symptomatic fatal and nonfatal pulmonary embolism (PE), sudden death caused by PE,
symptomatic DVT, or the eventual development of postthrombotic syndrome [8].

However, because of the low rate of clinical events after THR [9-12], particularly PE, no trial
has been designed to show the reduction of clinical VTE with concomitant systematic
evaluation of asymptomatic DVT. Warwick et al. [9] calculated that 28,000 patients would be
necessary “to show halving of the fatal PE rate from 0.34 to 0.17% at the 95% significance
level with 80% power.”

The low rate of clinical VTE and the potential causal relationship between asymptomatic DVT
and PE are the main reasons for using asymptomatic DVTSs as a surrogate end point for clinical
VTE [13]. Venography [14] is generally accepted as the reference standard in detecting
asymptomatic DVTs in clinical trials [15], although it has not been properly evaluated in this
role because of the absence of a true reference. Venography allows the direct visualization of
the veins from the calf to vena cava after opacification by contrast media. Nevertheless,
venography presents several limitations: pain; induction of DVTSs in up to 2%; general
reliability [16-20]; and lack of reliability in special cases because of patient contraindication,
patient refusal, or technical reasons [8,21]. Because of these limitations, regulatory directives
accept that noninvasive diagnostic tests like ultrasound replace venography when “their
relevance—especially their specificity—is justified” [15]. In this article, we assume that
venography is a perfect reference standard and consider the following questions: (1) is
asymptomatic DVT detected by the reference standard, that is, venography a valid surrogate
for clinical venous thromboembolism? (2) How does the performance of an imperfect
diagnostic test, that is, I-Fibrinogen scanning or ultrasonography influence the estimate of the
treatment benefit on surrogate outcome? (3) Is it possible to correct the estimate of the treatment
effect given by results of imperfect diagnostic tests to obtain the true treatment effect on
surrogate end points?

We reviewed the literature to verify whether asymptomatic DVT satisfies the three
requirements of an established surrogate mentioned earlier.

To evaluate the influence of diagnostic inaccuracy on the measurement of treatment benefit,
we calculated the treatment benefit as a function of the baseline risk, the treatment effect model,
and test performance. Diagnostic test inaccuracy leads to nondifferential misclassification of
disease in clinical trials. Nondifferential misclassification, a well-known phenomenon in
epidemiology [22], biases the estimated treatment effect towards the null. The probability of
experiencing a positive test in the control group of a clinical trial that utilizes a diagnostic test
is: ro=(TP + FP)/N=(prev x se + ((1-prev)(1-sp))), where rq is the risk in the control group,
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prev the prevalence of the disease, TP the number of True Positive, FP the number of False
Positive, se and sp sensitivity and specificity of the test, and N the total number of subject in
the control group.

In the treated group, the probability of having an event is reduced by a constant proportion 6
in the multiplicative [r1 (m)] or a constant amount reduction 6 in the additive model [rq(a)]:
ri(m) = prev x 0 se + (1 - 0 prev)(1 - sp) r1(a) = (prev-0) se + (1-(prev-0))(1-sp)

The relative risk is obtained from:

ry  previse+ (1 — Oprev) (1 — sp)
rr(m)=—= ,
ro prev X se+ (1 — prev)(1 — sp)

rr(a) _r_l_(prev —60) se+ (1 —(prev—0))(1 - sp)
“ro prev X se+ (1 — prev) (1 — sp)

Misclassifications can also occur when new tests are evaluated against imperfect reference
standards. When both tests are evaluated in the same population, the baseline risk is obtained
from: ro = (prev (seq x sep) + ((1-prev)(1-sp1)(1-sp2))), where seq and sp; are sensitivity and
specificity of the reference standard and se, and sp, are true sensitivity and specificity of the
new test [23]. When errors between the new and the reference tests are correlated (occur in the
same patients) the baseline risk is obtained from: rg=(prev ((se1 x se, + ep) + ((1-prev)((1-
spp)(1-spy) + eg)), Where ey is the covariance between the two tests when the true diagnosis is
positive and e, is the covariance between the two tests when the true diagnosis is negative
[24].

To find out whether true treatment effect could be measured after adjustment for test
inaccuracy, we assessed the literature on the methodologic aspects of diagnostic test evaluation,
with an emphasis on imaging techniques used for the diagnosis of asymptomatic DVT in
clinical trials.

3.1. Is asymptomatic DVT detected by the reference standard, that is, venography a valid
surrogate for clinical venous thromboembolism?

3.1.1. Correlation between asymptomatic DVT and clinical VTE—Two early studies,
one based solely on venography [25] and the other on I-Fibrinogen scanning and symptomatic
DVT (with positive cases confirmed by venography) [26], have shown that after surgery most
asymptomatic DVTs: (1) develop in the calf; (2) about 50% resolve spontaneously; and (3)
rarely become symptomatic or lead to PE when limited to the calf region [26,27]. Studies on
autopsy series, however, have reported that 13% of fatal PEs were associated with DVTs
limited to the calf [28].

In one of these early studies performed after surgery [26], extension of thrombi to proximal
veins in 9 out of 40 patients subsequently led to four cases of PE. A recent meta-analysis of
seven [29] observational studies published from 1983 to 1997, including 457 patients with
suspected or confirmed PE found that the rate of asymptomatic DVT was higher in
angiography-proven PE [36% (22, 52%)] than in patients without PE [7% (3, 16%)] [29]. The
asymptomatic DVT in these reports were diagnosed by plethysmography in one and
ultrasonography in six studies.
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There are no specific reports on the relationship between asymptomatic DVT and VTE after
THR. We know, however, that in orthopedic surgery, the incidence of DVT systematically
screened by venography ranges between 50 and 60% [30]. One study with 49.7 months follow-
up of 51 patients after THR or knee replacement was inconclusive on whether patients with
asymptomatic DVT were more likely to have symptomatic DVTs [31]. Nevertheless, clinical
trials and observational studies have shown that patients with asymptomatic venous thrombosis
in proximal veins are clearly at higher risk to develop clinical VTE [26,32-37].

Thus, there is a clear hemodynamic potential and a correlation between asymptomatic DVTs
and subsequent clinical VTE but their causal relationship is yet to be confirmed. Notably,
observational studies and clinical trials that have evaluated this relationship have not always
used the reference standard technique to detect asymptomatic DVTSs.

3.1.2. Treatment effect on asymptomatic DVT and VTE—Two systematic reviews
have evaluated the role of Heparin and antiplatelet agents in preventing VTE after elective
orthopedic surgery [35,36] and 30 randomized controlled trials have used low molecular weight
heparin (LMWH) to prevent DVT after THR [30].

These studies have shown that:

1. The risk of asymptomatic DVT mainly detected by I-Fibrinogen scanning was lower
in patients treated by Heparin [relative risk (RR) 0.44 (0.30, 0.64-75%)]. The risk of
PE was reduced in all surgery. In orthopedic elective surgery results were
nonconclusive, probably because the study lacks power [RR 1.2 (0.70, 2.1)], as no
heterogeneity was detected between this and other subgroups [35].

2. Antiplatelet therapies decrease the risk of asymptomatic DVT detected by I-
Fibrinogen scanning or venography [RR 0.80 (0.71, 0.92)] and tend to decrease the
risk of PE [RR 0.74 (0.39, 1.39)] according to the antiplatelet trialists’collaboration
[36]. With aspirin, the RR is 0.73 (0.59, 0.91) for DVT and 0.56 (0.23, 1.4) for PE.
The differential effect on DVT and PE suggests that antiplatelets, and aspirin, might
have a different efficacy on DVT and PE.

3. Only one clinical outcome study has compared in-hospital thromboprophylaxis by
LMWH to Heparin after THR [38]. The risk of VTE was lower [RR 0.23 (0.08, 0.69)]
in patients treated by LMWH during hospitalization. This risk reduction was
significantly more important for DVT [RR 0.13 (0.03, 0.57)] compared to PE [RR
0.49 (0.04, 5.4)]. After 3 months follow-up the RR of VTE was 0.97 (0.67, 1.40). The
risk of asymptomatic DVT is lower while on LMWH than with unfractionated heparin
or placebo. The risk of developing an asymptomatic DVT while on LMWH is 27%
less than with unfractionated heparin [RR 0.73 (0.58, 0.92)] and 54% less than with
placebo [RR 0.46 (0.34, 0.61)].

4. Seven studies have evaluated the role of post discharge (up to 3 months)
thromboprophylaxis after THR. Patients with negative venography at discharge have
been treated randomly by LMWH, unfractionnated heparin, or placebo. LMWH or
heparin seem to reduce asymptomatic DVT [RR 0.38 (0.25, 0.56)] and symptomatic
VTE [RR 0.38 (0.24-0.61)] [39-41]. When two of these studies that have
independently assessed symptomatic VTE from results of venography to avoid its
overdiagnosis [42] are considered, RR tend to be decreased [RR 0.41 (0.14, 1.2)].

3.1.3. Estimate of clinical benefit on VTE from reduction of asymptomatic DVT
—According to the capture principle, if asymptomatic DVT is a good surrogate for VTE, the
entire clinical risk reduction of VTE observed in clinical trials should be explained by the

treatment benefit on asymptomatic DVT [4]. To evaluate if the capture principle holds, clinical
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trials must be specifically designed to measure both clinical and surrogate outcomes. We are
not aware of any studies specifically designed to evaluate both asymptomatic and clinical VTE.
The clinical benefit could be indirectly evaluated, however, from the results of 13 in-hospital
and 6 out-of-hospital thromboprophylaxis studies that reported both venographic and clinical
outcomes. It should be pointed out that only two of the out-of-hospital studies have been
designed to evaluate symptomatic VTE independently from results of venography. Therefore,
most of these studies have potentially overstated the occurrence of clinical outcomes in patients
with positive ultrasound or venography. The overdiagnosis of symptomatic VTE has been
shown empirically in out-of-hospital studies [42].Figure 1 shows the scatter of absolute benefits
(risk differences between treated and control groups) on asymptomatic DVT and clinical VTE
for each study. The clinical benefit (weighted by the variance) seems to be correlated to
venographic DVT in out-of-hospital studies (r = 0.5, P-value = .49). Nevertheless, the small
number of studies in each category does not facilitate any clear conclusions, and from these
data it is not possible to derive a precise estimate of the clinical benefit of thromboprophylaxis
from the estimate of the treatment effect on DVT.

3.2. How does the performance of an imperfect diagnostic test, that is, I-Fibrinogen scanning
or ultrasonography influence the estimate of the treatment benefit on surrogate outcome?

Nondifferential misclassification is a well-known phenomenon in epidemiology leading to
systematic underestimation of treatment benefit [22]. An empirical example of the
underestimation of treatment effect by I-Fibrinogen scanning compared to venography has
been shown by Rodgers [43]. Ultrasonography has been recently used in clinical trials but is
not yet generalized for detecting asymptomatic DV Ts without confirmatory venography [44].

To fully understand how diagnostic test accuracy influences the measured treatment effect we
modeled their relationship and examined four categories of tests: Test 1, poorly sensitive and
specific (0.65); Test 2, highly sensitive (0.95) and poorly specific (0.65); Test 3, highly specific
(0.95) and poorly sensitive (0.65) and test 4, highly sensitive and specific (0.95). The treatment
effect could be multiplicative, where the RR is constant, or additive, where the risk difference
is constant, regardless of the baseline risk [45]. Figures 2 and 3 show that in high risk patients,
the RRs measured by accurate (Test 4) and highly specific (Test 3) tests are close to the “true
RR” (dashed line). In low-risk patients the RR is dramatically under-estimated regardless of
the diagnostic accuracy.

These simulations show that (1) poorly performing tests underestimate the treatment effect,
that is, LMWH is better than we think it is; (2) with low baseline risk the bias might be severe
even with a good quality test, that is, venography might underestimate the benefit in low risk
patients; (3) sensitivity, and to a greater extent specificity, influence the accuracy of
relationship between test results and clinical outcome.

3.3.Is it possible to correct the estimate of the treatment effect given by results of imperfect
diagnostic tests to obtain the true treatment effect on surrogate end points?

Because the accuracy of a diagnostic test influences the evaluation of treatment benefit, the
knowledge of test performance is of the utmost importance when assessing a potential
surrogate. The evaluation of diagnostic tests suffers from two major shortcomings: variability
of accuracy indices, and the absence of reliable original studies.

3.3.1. Variability of diagnostic accuracy indices—For a fixed cutoff point, sensitivity

and specificity of a test are generally considered to be intrinsic properties and constant.
Empirical data, however, has challenged this belief.
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Choi [46] has shown that according to causal modeling, three types of tests can be defined: (1)
diagnostic tests: a disease leads to, or increases the probability of a positive test; (2) predictive
test: a positive test indicates a condition or risk factor that will lead to or increase the probability
of a disease; and (3) correlational test: disease and test are noncausally related and are both
related to some underlying causal factor.

Only in the first case are sensitivity and specificity invariable, but we do not (or rarely) have
such tests in medical practice. In predictive tests only the predictive value is constant and in
correlational tests all indices vary.

Figure 4 shows 13 studies evaluating the accuracy of I-Fibrinogen scanning compared to
venography in post orthopedic surgery [47]. Level 1 studies, with blind evaluation of the two
techniques, absence of verification bias, and consecutive enrollment of patients limit potential
for bias. A large amount of variability is observed even within each group of studies.

Furthermore, variability of sensitivity and specificity has been described in multiple clinical
settings, between and within patient populations [48,49]. Even if some of this variability is
explained by the variation in disease prevalence caused by, for example, referral pattern
[50-52], it has been argued that the variation of these indices across the same patient subgroups
preclude defining a single sensitivity or specificity for any particular group of patients [48].
As a result, receiver operating characteristic curves (ROC), area under the ROC, and logistic
modeling with covariates that might influence test results have been proposed to calculate
accuracy indices, because they are less sensitive to referral bias and threshold variations [48,
53]. Mulherin et al. [54] proposed that investigators should discuss patient characteristics that
might influence the accuracy of diagnostic tests while in the study design phase, and report the
estimates of diagnostic accuracy for each subgroup. This approach is problematic because we
rarely know mechanisms of disease or characteristics of patients that might influence the
disease course a priori. Finally, to make results of studies of diagnostic tests more transferable,
Irwig et al. [55] have identified questions to be considered when designing a study.

3.3.2. Lack of reliable studies of diagnostic tests—An evaluation of diagnostic test
accuracy reports [56] and results of meta-analyses have contributed to show the low quality of
diagnostic test studies. Design-related bias produced by these “low-quality” studies has also
been shown empirically [57]. Nonetheless, because more attention has been paid in recent years
to the evaluation of diagnostic tests and their report [58-60], the quality of primary studies is
expected to improve.

As shown in Fig. 4, 6 out of 13 studies evaluating I-Fibrinogen scanning have minimized
potential for bias. Level 2 studies clearly overstate the accuracy with a large variability of
specificities and sensitivities. In Level 1 studies, sensitivities appear homogeneous (mean
sensitivity 0.45 (0.43, 0.47), P-value for heterogeneity = .47). When large variability is
observed between sensitivities or specificities, summary results should use methods to account
for threshold variations and differences in patient characteristics, such as with a summary ROC
method [61]. A pooled diagnostic odds ratio (DOR) can be calculated from these methods. The
DOR is a single indicator of diagnostic accuracy,

Se

_Tse
DOR=1=%,

Sp

it exceeds 1 when the test is more often positive in patients with the disease. When we consider
I-Fibrinogen scanning, the DOR is 1.51 (0.54, 4.2) in Level 1 and 21.9 (7.6, 63) in Level 2
studies. The DOR cannot be used directly to calculate the probability of disease from a test
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result. It is only used to state a summary estimate of specificity for a given sensitivity and vice
versa. In Level 1 studies, the variation in the cutoff to rate I-Fibrinogen scanning as positive
does not appear to explain the observed heterogeneity. Therefore, other study or patient features
might influence the accuracy and should be explored. As mentioned previously, the specificity
is more important than the sensitivity in the underestimation of RR. Figure 3 shows that even
in Level 1 studies, specificities are highly variable (70-96%, P-value of heterogeneity <.001)
compared to the sensitivities (37-58%, P-value = .47) and one can hardly summarize these
heterogeneous results.

3.3.3. Thereference standard problem—To evaluate a new test, its accuracy is generally
compared to a reference test that is supposed to reliably establish the disease status. Reference
tests are, however, often imperfect, leading to misclassifications. The bias introduced by this
misclassification depends on the prevalence of the disease and the correlation between errors
in new and reference tests [62,63]. Errors in two tests are independent when they do not occur
in the same patients, and are correlated when both tests misclassify the same patients. Figures
5 and 6 show that the observed sensitivity and specificity of a new test compared to an imperfect
reference is underestimated when errors are independent, and could be over- or underestimated
when errors are correlated [23,62,63].

When the accuracy of the reference standard and relationship between errors in both tests are
known, the correction for this bias is straightforward. Accuracies of reference tests are,
however, generally unknown. For example, the reference standard for the diagnosis of DVT
is venography. This technique is invasive, painful, only moderately reliable with kappa ranging
from 0.57 to 0.90 [16-20], presents some risk of complication, is not feasible in all patients
[8], and has not been evaluated for accuracy. Several methods to correct estimates of test
accuracy without knowing the true accuracy of the reference standard, in the absence of
correlation between errors, have been reported [64]. Methods to correct for bias when errors
are correlated have yet to be developed.

A diagnostic test that has been evaluated against an imperfect reference (Test 1, Fig. 7),
systematically underestimates the RR compared to a test evaluated against a perfect reference
(Test 2, Fig. 7). Figure 7 also shows that the RR estimated by Test 1 is highly influenced by
extreme prevalences. Figure 8 shows that when errors occur in 10% of ill and 10% of well
patients with both tests, Test 1 underestimates the RR less than Test 2, and is only sensitive to
low prevalences.

4. Conclusion

From the literature that we reviewed, asymptomatic DVT appears to be a useful intermediary
outcome, correlated with clinical VTE. Moreover, the treatment effect on the clinical VTE
seems to be in the same direction than the treatment effect on asymptomatic DVT. Even if
asymptomatic DVT is a valid surrogate for VTE, however, the inaccuracy of the test used for
its diagnosis, bias the measured treatment benefit. Nondifferential misclassification has not
been a source of concern, because the treatment benefit is systematically underestimated,
leading to a conservative estimate of treatment effect [22]. It has been pointed out, however,
that such misclassification is a serious problem because “the bias it introduces may account
for certain discrepancies among epidemiologic studies,” “in interpreting studies that seems to
indicate the absence of an effect” [22], and also, to derive an estimate of patient’s benefit [1].

The underestimation of the true treatment benefit is a function of the accuracy of the test, the
baseline risk of the disease, and the nature of the treatment effect. Therefore, to quantify the
underestimation, the prevalence of the disease, the treatment effect model of the tested
intervention (multiplicative or additive), and the accuracy of the diagnostic test should be
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known. Nonetheless, the difficulty inherent in the evaluation of diagnostic tests and lack of
reliable studies make any adjustment impossible. Systematic review of diagnostic tests could
gainfully be used to evaluate the quality and summarize the accuracy of potentially unbiased
studies with appropriate meta-analytic methods [65]. Unfortunately, as shown by recent meta-
analyses, most studies are potentially biased or do not report in sufficient detail patient or study
features that might influence diagnostic accuracy.

Knowledge of a disease pathway is not only necessary to establish surrogate end points, but
also to identify which patient and disease characteristics might potentially influence the
accuracy of diagnostic tests. With new developments in improving the methodology of
diagnostic research [66], and pragmatic criteria developed to overcome limitations such as the
absence of perfect reference tests [67], the quality and report of original diagnostic studies are
expected to improve. Until then, meta-analysis is a reliable way to study the literature on the
accuracy of diagnostic tests, evaluate its quality [68], and explore heterogeneity between results
of original studies [69]. Ultimately, with improvements in the quality of original studies and
meta-analytic techniques, meta-analyses may help with the design of therapeutic trials which
use diagnostic tests to evaluate outcomes, and make necessary corrections in quantifying the
true treatment benefit [8].
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Risk differences of venographic DVT and clinical VTE measured by 29 randomized controlled
trials; area of each study is proportional to the number of patients.
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Relative risk estimated by diagnostic test as a function of baseline risk for RR = 0.75.
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Relative risk estimated by diagnostic test as a function of baseline risk for a risk difference =
0.25.
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Estimated sensitivity and 1-Specificity of I-Fibrinogen scanning compared to venography in
postorthopedic surgery.
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Estimated sensitivity and specificity of a test compared with an imperfect reference standard.
True sensitivity and specificity of the test (dashed line) and the imperfect reference standard
are 95%. Errors between tests are independent.
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Estimated sensitivity and specificity of a test compared with an imperfect reference standard.
True sensitivity and specificity of the test (dashed line) and the imperfect reference standard

are 85 and 95%. Ten percent of ill patients are negative and 10% of well patients are positive
with both tests.
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Fig. 7.

Relative risk estimated by two tests with sensitivity and specificity = 95%. Accuracy of Test
2 has been compared to a perfect reference standard and Test 1 to an imperfect standard with
sensitivity and specificity = 95%. Errors are independent between new and reference tests.
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Fig. 8.

Relative risk estimated by two tests. Accuracy of Test 2 (sensitivity and specificity = 85%) has
been compared to a perfect reference standard and Test 1 to an imperfect standard with
sensitivity and specificity = 95%. Ten percent of ill patients are negative and 10% of well
patients are positive with both tests.
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