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Abstract

Goals: To estimate the impact of verification bias on the diagnostic accuracy of immunoglobulin 

A tissue transglutaminase (IgA tTG) in detecting celiac disease as reported by an authoritative 

meta-analysis, the 2016 Comparative Effectiveness Review (CER).

Background: Verification bias is introduced to diagnostic accuracy studies when screening test 

results impact the decision to verify disease status.

Study: We adjusted the sensitivity and specificity of IgA tTG reported by the 2016 CER with the 

proportion of IgA tTG positive and negative individuals who are referred for confirmatory small 

bowel biopsy. We performed a systematic review from January 1, 2007 to July 19, 2017 to 

determine these referral rates.
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Results: The systematic review identified 793 articles of which 9 met inclusion criteria 

(n=36,477). 3.6% (95% confidence interval (CI): 1.1-10.9%) of IgA tTG negative and 79.2.2% 

(95% CI: 65.0-88.7%) of IgA tTG positive individuals were referred for biopsy. Adjusting for 

these referral rates the 2016 CER reported sensitivity of IgA tTG dropped from 92.6% (95% CI: 

90.2-94.5%) to 57.1% (95% CI: 35.4-76.4%) and the specificity increased from 97.6% (95% CI: 

96.3-98.5%) to 99.6% (95% CI: 98.4-99.9%).

Conclusions: The CER may have largely overestimated the sensitivity of IgA tTG due to a 

failure to account for verification bias. These findings suggest caution in the interpretation of a 

negative IgA tTG to rule out celiac disease in clinical practice. More broadly, they highlight the 

impact of verification bias on diagnostic accuracy estimates and suggest that studies at risk for this 

bias be excluded from systematic reviews.
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INTRODUCTION

Guidelines recommend testing for celiac disease (CD) with immunoglobulin A anti-tissue 

transglutaminase (IgA tTG) and performing confirmatory small bowel biopsy in individuals 

with a positive serologic test or in those with a negative serologic test but high likelihood for 

having the disease1,2. IgA tTG is recommended as the initial diagnostic test in part because 

of its perceived high sensitivity. Authoritative reviews can have a significant impact on such 

guidelines, and it is imperative that they adhere to sound design and analysis. Many sources 

of bias need to be considered in a meta-analysis of a diagnostic test3. One particularly 

relevant criteria is that disease status be determined in all, or a random selection, of study 

participants4. Verification bias is introduced when disease status is verified in a non-random 

subset, selected on the basis of screening test results or clinical characteristics of the 

subjects. An overestimation of the sensitivity and underestimation of specificity can occur 

when those with a positive screening test are more likely to have their disease status verified 

than those with a negative result (Supplemental Figure 1). Studies on diseases where the 

gold standard is invasive or expensive, such as the small bowel biopsy in CD, are at risk for 

verification bias5.

The United States Preventive Services Task Force cited a 2016 Comparative Effectiveness 

Review (CER) to support their statement on the high sensitivity of IgA tTG as a screening 

test for CD6-8. We aimed to assess the impact of verification bias on the CER estimates of 

diagnostic accuracy, to evaluate whether the use of IgA tTG as a screening test remains 

reasonable, and to raise the question as to whether systematic reviews on diagnostic tests 

with an invasive gold standard should explicitly exclude studies at risk for verification bias.

MATERIALS AND METHODS

Overview of Methods

The 2016 CER aimed in part to assess the accuracy of IgA tTG in diagnosing CD. To 

accomplish this, they performed a systematic review and identified 9 studies which met their 
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inclusion and exclusion criteria. Their sensitivity and specificity estimates of 92.6% (95% 

CI: 90.2-94.5%) and 97.6% (95% CI: 96.3-98.5%) respectively were based on these 9 

studies. We rated these studies as being at high-, low-, or unclear risk for verification bias. 

We then adjusted the high-risk studies for verification bias by accounting for the fraction of 

IgA tTG positive and negative individuals referred to small bowel biopsy for disease 

confirmation, termed the positive and negative referral rate respectively. We performed a 

systematic review to determine the referral rates reported in the literature. The adjusted and 

unadjusted sensitivities and specificities were then pooled (Supplemental Figure 2).

Adjusting Sensitivity and Specificity

The studies in the CER were graded as being high-, low-, or unclear risk for verification 

bias. A study was graded as being at high-risk of verification bias when a small bowel 

biopsy was performed in a non-random subset of those who underwent the IgA tTG test. 

Such non-random selection occurs frequently as guidelines advise clinicians to selectively 

refer patients to small bowel biopsy based on IgA tTG1. This selective referral process can 

lead to only partial verification of the accuracy of the index test which leads to biased 

estimates5. Studies that included cases of CD diagnosed in those settings were graded as 

high-risk9. Low-risk studies were those where all or a random subset of IgA tTG tested 

individuals underwent a biopsy. Unclear risk studies were those where the methods did not 

allow for distinguishing between these two groups, or where it was unclear if IgA tTG 

results impacted the decision to biopsy. Overall agreement between the two reviewers was 

quantified using the kappa statistic.

The sensitivities and specificities of high-risk studies were adjusted for verification bias 

using the Begg and Greenes method10. The sensitivities and specificities of low- and 

unclear- risk studies were not adjusted. Unclear-risk studies were not adjusted in order to 

provide a conservative estimate of accuracy. A summary estimate of the unadjusted 

sensitivity and specificity was computed using a bivariate normal model11. The variance of 

adjusted estimates was calculated based on the central limit theorem and delta method 

(Supplemental Document 1).

The Begg and Greenes method of accounting for verification bias involves adjusting the true 

positive (TP), true negative (TN), false positive (FP), and false negative (FN) counts used to 

calculate sensitivity (TP/(TP+FN)) and specificity (TN/(TN+FP)). Of individuals with a 

positive IgA tTG there are those with CD (TP) and those without (FP). Similarly, in 

individuals with a negative IgA tTG, there are those without CD (TN) and those with (FN). 

To get accurate TP, TN, FP, and FN counts, disease status needs to be verified with small 

bowel biopsy in all or a random subset of those undergoing IgA tTG. However, if only a 

non-random subset is verified, the estimates of these counts will be biased (verification 

bias). Begg and Greenes have proposed a method to adjust TP, FP, TN, FN for the referral 

rates – the number of those with a positive IgA tTG referred for biopsy (positive referral rate 

(PRR)) and the number of those with a negative IgA tTG referred (negative referral rate 

(NRR)). Specifically, the TP and FP are adjusted by dividing these values by the PRR while 

the TN and FN are adjusted by dividing by the NRR. These adjusted values are then used to 

Hujoel et al. Page 3

J Clin Gastroenterol. Author manuscript; available in PMC 2022 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



calculate adjusted sensitivity ((TP/PRR)/(TP/PRR+FN/NRR)) and specificity ((TN/

NRR)/(TN/NRR+FP/PRR)).

The CER included both pediatric and adult studies in its estimates of sensitivity and 

specificity. Given the difference in clinical practice in pediatric and adult populations, 

particularly in relation to decisions to biopsy, we also performed a sub-analysis for these two 

groups. We applied referral rates drawn from studies on pediatric populations to the high-

risk pediatric studies in the CER, and applied referral rates drawn from studies on adult 

populations to the high-risk adult studies in the CER. Results were then pooled with the 

unadjusted low- and unclear-risk pediatric and adult studies respectively.

Duplicating the CER Methods

Three of the 9 studies reported 25 estimates of sensitivity and specificity; one study reported 

twenty12, one reported two13, and one reported three14. It is unclear if the CER accounted 

for this correlation, and to evaluate if they had, we duplicated their methods. In our estimates 

of diagnostic accuracy, we selected one estimate of sensitivity and specificity from each of 

these three studies with a combined 25 estimates. These estimates were selected to be 

consistent with the other included studies (Supplemental Document 2).

Search Strategy to Estimate Referral Rates

A comprehensive search of several databases from 2007 to July 19th, 2017 was conducted. 

The search was limited to articles in English and aimed to identify studies which reported on 

referral rates after a positive and negative IgA tTG test. The databases included Ovid 

Medline In-Process & Other Non-Indexed Citations, Ovid MEDLINE, Ovid EMBASE, 

Ovid Cochrane Central Register of Controlled Trials, Ovid Cochrane Database of 

Systematic Reviews, and Scopus. The search strategy was based on controlled vocabulary 

supplemented with keywords (Supplemental Document 3).

Study Selection for Referral Rate Estimation

Two investigators (I.A.H and C.J.K) independently reviewed the identified abstracts. Full 

articles were reviewed when the abstract suggested that the article would report on the 

number of individuals tested with IgA tTG and the number who underwent biopsy. The 

abstract did not have to report referral rate for the full article to be reviewed. Studies were 

included that detailed total number of individuals tested with IgA tTG, total number of 

individuals that had positive or negative values of IgA tTG, and positive and negative 

referral rates. Studies that looked at already diagnosed cases of CD or where all cases were 

biopsied were excluded.

Data Extraction for Referral Rate Estimation

Data from included studies were extracted using a standardized collection template 

(Supplemental Table 1). The referral rates for a positive and negative serology were 

transformed into logits and pooled using the DerSimonian-Laird estimators for random 

effects models15. The Q statistic was calculated to determine heterogeneity16.
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RESULTS

Systematic Review to Estimate Referral Rate

The literature search identified 793 abstracts. 783 were excluded: 415 did not address the 

research question, 10 were systematic reviews, 59 evaluated already diagnosed cases, 92 

reported only on individuals referred for biopsy, 5 did not perform a biopsy, 28 biopsied all 

participants, 120 only biopsied those with positive serologies, 51 did not provide sufficient 

information to calculate referral rate, and for 3 the article could not be located. Ten studies 

which reported referral rates were included17-25. Of the 28 studies that biopsied all 

participants (and thus are not at risk for verification bias), only 1 was included in the CER26. 

This study is not a diagnostic accuracy study, but instead aimed to estimate the prevalence of 

celiac disease in the cirrhotic population.

Referral Rate Estimates

Referral rates were estimated based on the included ten studies (36,477 total participants). 

Half were retrospective, with data on referral rates in the community17,19,23,25,27. The other 

half were prospective20-22,24,28 (Supplemental Table 1). Three studies were performed in the 

adult population19,20,23, 4 in children18,21,24,28, and 3 in individuals of any age17,22,25. For 2 

of the 10 studies, there was a concern that the studied sample overlapped. We contacted an 

author for each of these two studies and were unable to exclude a significant overlap in 

patients19,23. These two studies were of similar size and were carried out on adult 

populations. We therefore estimated adjusted sensitivity and specificity using referral rates 

computed after randomly excluding one of these two studies23.

Referral rates for biopsy are shown in Figures 1 and 2. The pooled referral rates were 79.2% 

(95% CI 65.0-88.7%) for a positive IgA tTG and 3.6% (95% CI 1.1-10.9%) for a negative 

IgA tTG. There was significant heterogeneity in referral rates, with a Q statistic of 249 

(p<0.0001) for seropositive and 2,096 (p<0.0001) for seronegative individuals.

Overall referral rates for biopsy without exclusion of one of the potentially overlapping 

studies, as well as separate referral rates for the adult and pediatric populations can be found 

in Supplemental Document 4.

Calculating an Adjusted Estimate of Sensitivity and Specificity

The CER included 15 unique studies on the diagnostic accuracy of IgA tTG. Their 

sensitivity and specificity estimates are based on 9 of these 15. The remaining 6 studies were 

excluded by the CER as they did not provide sufficient information for their results to be 

pooled29-34.

We evaluated the risk of verification bias in the 9 studies used for sensitivity and specificity 

estimates in the CER. Five were rated at high-risk for verification bias, 3 at low-risk, and 1 

at unclear risk (Supplemental Document 5). The kappa statistic of 0.82 suggests near perfect 

agreement between the two reviewers. Only those studies at low risk reported their referral 

rate (equal to 1). The 6 studies excluded by the CER were not included in our pooled 

sensitivity or specificity in order to replicate their methods (Table 1).
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The sensitivities and specificities of the 5 high-risk studies were adjusted using the 

calculated pooled referral rates12-14,35,36. The 3 low-risk26,37,38 and 1 unclear risk39 studies 

were left unadjusted. The adjusted and unadjusted sensitivities and specificities were then 

pooled, resulting in a sensitivity of 57.1% (95% CI 35.4-76.4%) and a specificity of 99.6% 

(95% CI 98.4-99.9%) (Figures 3 and 4).

Using the pooled referral rates estimated after including both potentially overlapping studies 

led to a sensitivity of 62.0% (95% CI 42.2-78.5%) and specificity of 99.4% (95% CI: 

98.1-99.8%).

Of the nine included studies, 3 were performed in individuals of all age groups12,35,37, 1 in 

children13, 3 in adults14,26,39, and 2 did not specify age36,38. Of the 5 high-risk studies, only 

4 specified age: 2 were performed in all age groups12,35, 1 in adults14, and 1 in children13. 

The 1 high-risk study in adults was adjusted for the adult referral rate and pooled with the 2 

other adult CER studies (one being of low risk and one of unclear risk). Using the pooled 

referral rates after exclusion of the possible duplicate referral study led to an adjusted 

sensitivity of 47.5% (95% CI 25.3-70.8%) and specificity of 96.6% (95% CI 93.9-98.1%) 

for adults. Using the pooled referral rates computed including both potentially overlapping 

studies resulted in an adjusted sensitivity of 49.7% (95% CI 28.0-71.5%) and specificity of 

96.6% (95% CI 94.0-98.1%) for adults. The only study exclusively on children was high-

risk and was adjusted for the referral rate drawn from pediatric studies, resulting in an 

adjusted sensitivity of 60.7% (95% CI 18.6-91.3%) and specificity of 99.9% (95% CI 

99.2-100.0%) for children.

Pooling the 3 studies included in the CER which were at low risk for verification bias led to 

a sensitivity of 71.6% (95% CI, 40.6-90.3%) and specificity of 98.3% (95% CI, 

85.6-99.8%).

Duplication of the CER

The CER systematic review performed a meta-analysis of the 9 studies (31 estimates, with 3 

studies providing 25 estimates) using the reitsma function within the mada package in R11. 

This method accounts for potential correlation between sensitivity/specificity estimates from 

the same study and estimates the sensitivity and specificity jointly. The method also, if 
specified, can account for correlation between multiple estimates originating from the same 

study. The CER does not describe if they specified this. To evaluate if they had, we 

duplicated the CER by using the reitsma function in the mada package. We did not account 

for the correlation between multiple estimates originating from the same study. Using this 

technique, we obtained a sensitivity of 92.5% (95% CI, 90.0-94.4%) and specificity of 

97.6% (95% CI, 96.3-98.5%). This is within 0.2% of the CER estimate of sensitivity and 

identical to their specificity estimate. This suggests that the CER likely did not adjust for the 

correlation of repeated diagnostic test results on the same subjects. The 25 estimates of 

sensitivity/specificity from the 3 studies had a correlation of 0.19 for the sensitivity and 0.88 

for the specificity, suggesting significant correlation.
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Using the reitsma function in the mada package, and the one selected estimate from the 

studies with multiple estimates, the sensitivity and specificity changed to 87.2% (95% CI, 

72.5-94.7%) and 97.7% (95% CI, 93.8-99.1%), respectively.

DISCUSSION

Our main finding is that the reported sensitivity and specificity of IgA tTG in the CER are 

substantially biased due to a lack of adjustment for verification bias. Specifically, adjusting 

for verification bias decreases the sensitivity of IgA tTG from 92.5 to 57.1%, with a drop in 

the lower limit of the 95% confidence interval to 35.4%, and an increase in the specificity 

from 97.9 to 99.6%. The low estimated sensitivity of IgA tTG raises concern on the 

accuracy of this test, and supports performing a systematic review that accounts for 

verification bias. Such potentially substantial misrepresentation of the value of a diagnostic 

test has significant clinical implications for CD and also methodologic implications for how 

systematic reviews on diagnostic tests should be conducted.

After adjusting for verification bias, the estimated sensitivity of IgA tTG falls to the point 

where the serologic marker may no longer be clinically useful as a screening test. Failure to 

account for verification bias leads to an approximately 80% underestimation of the false-

negative rate. Many cases of CD will thus remain undiagnosed when initial testing is based 

on IgA tTG. This may compound the suboptimal detection rate of CD40,41. Individuals with 

symptomatic undiagnosed CD, who are most likely to benefit from detection, may be 

disproportionately impacted by ignoring verification bias. Their symptoms are commonly 

atypical or too mild to come to personal or clinical attention, and therefore are unlikely to 

trigger the high suspicion for CD that guidelines recommend should lead to biopsy in the 

face of a negative IgA tTG1,42,43.

It should be emphasized that the Begg and Greenes method has potential for error and 

provides an estimate of sensitivity and specificity under various assumptions. The method 

assumes that only the result of the screening test impacts the decision to proceed with 

biopsy. However, in clinical practice multiple factors impact this decision, such as 

symptoms, familial history, and existing conditions. While alternative methods have been 

developed that address this, we did not have the necessary data to use them44. Additionally, 

concerns have been raised about the accuracy of the Begg and Greenes estimation when 

there are low numbers of false-negatives, as is presumed to be the case with IgA tTG and 

celiac disease. Small changes in the false-negative rate can lead to dramatic changes in 

sensitivity estimates45. Our results, and the low sensitivity derived by pooling the low-risk 

CER studies, suggest that verification bias may affect sensitivity estimates significantly, 

however more accurate estimates need to be determined through a systematic review 

accounting for this bias.

Verification bias, is not unique to CD. For example, verification bias is present in nearly 

two-thirds of studies on fecal occult blood testing and hepatitis C antibody testing 46,47. 

Given the possibly dramatic impact of not accounting for verification bias, we propose that 

systematic reviews on diagnostic accuracy studies either exclude or adjust for those studies 

where verification bias is introduced.
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Currently, systematic reviews on diagnostic accuracy do not appear to routinely adjust for 

verification bias. This may be in part due to guidelines which advise authors to identify and 

grade the risk of biases, such as verification bias, and to provide this information in the 

manuscript48,49. This assessment of bias is performed by applying the QUADAS-2 criteria, a 

set of yes and no questions, to each included study. These questions, however, are not 

sufficiently explicit to allow correct identification of verification bias. As a result, studies at 

high risk are included in systematic reviews, are incorrectly labeled as being at low risk, and 

lead to highly biased estimates of diagnostic accuracy which remain unrecognized and 

unappreciated. Furthermore, given the serious impact of verification bias on study 

conclusions, it can be argued that merely providing an estimated risk of verification bias 

(high, low) and not adjusting for this bias, is unacceptable as it will lead to misleading 

results 3.

Specifically, we propose that the QUADAS-2 criteria are too vague to allow clinical 

investigators to correctly identify studies at risk for verification bias. The QUADAS-2 

screens for verification bias by assessing if “all patients received the reference standard” in 

the included study50. This question does not correctly identify verification bias in studies 

where the decision to refer to the reference standard is guided by clinical decision making as 

opposed to study design. Verification bias is created when a non-random subset of patients 

who undergo the index test are referred to confirmatory testing with the reference standard. 

Clinicians in practice, and outside of the setting of rigorous clinical testing, often are 

recommended by guidelines to use the result of the index test to decide who should be 

referred. Therefore, using a study population where the decision to refer is made in the 

community likely introduces verification bias. Studies that include cases of CD diagnosed in 

community practice, can therefore have study subjects who all underwent the reference 

standard, but still be at high risk for verification bias because referral was non-random. 

Indiscriminate application of the QUADAS-2 criteria to such studies may mistakenly lead to 

the conclusion that they are at low risk for verification bias.

The CER illustrates how application of the QUADAS-2 criteria can fail to identify 

verification bias. For every study, the CER authors correctly indicated that all patients 

received the reference standard. At face value, this suggests no risk for verification bias. 

However, 5 included cases identified in the community, and 5 were retrospective with either 

a clear or unclear impact of the serology results on decision to biopsy. These studies 

therefore examined populations that were non-randomly referred to the reference standard. 

Inclusion of these studies led to inflated sensitivity estimates.

In addition to the lack of identification or adjustment for verification bias, the CER included 

several estimates of sensitivity and specificity originating from the same study. Our 

duplication of their methods suggest that they did not account for this correlation. Because 

these estimates are not independent, this led to spuriously narrow confidence intervals for 

sensitivity. Additionally, the CER included heterogeneous studies with different thresholds 

for positive serology, and different test manufacturers. To address these limitations, we 

selected one estimate from each study, and selected those estimates that were most 

consistent with the other studies in regards to positivity threshold and test manufacturer.
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A limitation of our study was the utilization of referral rates drawn from a literature review, 

as opposed to the unique referral rates from each study. However, only 5 of the CER studies 

provided referral rates, and unfortunately, the methodology of several of the studies 

precluded the ability to determine a referral rate.

The heterogeneity of the referral rates drawn from the literature review introduce another 

limitation to our study. The inclusion of retrospective and prospective studies may have led 

to different indications to biopsy, and therefore different referral rates. There was also likely 

variation in clinical practice regarding referral to endoscopy, and in referral in adult and 

pediatric populations, which were both included. We performed a sub-analysis on the adult 

and pediatric populations and found substantially different referral rates and estimates of 

sensitivity in these two populations. Finally, referral rates, with the exception of one study, 

do not account for patients who may have been recommended biopsy but refused.

In summary, we found that a large number of studies estimating the accuracy of IgA tTG 

were at high risk for verification bias and that adjusting for this bias led to a substantial 

decrease in the sensitivity estimate. These findings have considerable clinical implications 

for CD. Continued use of IgA tTG as an initial diagnostic test may lead to underdiagnosis of 

CD. If IgA tTG is used, a negative result should be viewed cautiously, with a low threshold 

for further testing in the appropriate clinical context. Our findings should be validated with 

an updated systematic review and meta-analysis. While this study focused on CD, 

verification bias can be found throughout diagnostic accuracy studies. We suggest that the 

QUADAS-2 criteria be explicit to allow reviewers to correctly identify verification bias. 

Given the substantial impact of verification bias on the estimates of diagnostic accuracy, we 

propose that systematic reviews either exclude or adjust for studies at high risk of 

verification bias.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Abbreviations:

CD celiac disease

IgA tTG immunoglobulin A tissue transglutaminase

CI confidence interval

CER Comparative Effectiveness Review
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Figure 1: 
Referral rates to upper endoscopy and duodenal biopsy after an abnormal IgA tissue 

transglutaminase antibody test from the 9 studies identified in the systematic review, as well 

as a pooled referral rate. CI: confidence interval. LCI: lower bound of 95% confidence 

interval. UCI: upper bound of 95% confidence interval.

Hujoel et al. Page 13

J Clin Gastroenterol. Author manuscript; available in PMC 2022 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2: 
Referral rates to upper endoscopy and duodenal biopsy after a normal IgA tissue 

transglutaminase antibody test from the 9 studies identified in the systematic review, as well 

as a pooled referral rate. CI: confidence interval. LCI: lower bound of 95% confidence 

interval. UCI: upper bound of 95% confidence interval.
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Figure 3: 
Sensitivity estimates from the 9 studies included in the 2016 CER’s pooled estimate of 

sensitivity of IgA tTG in celiac disease diagnosis, with the sensitivities from the 5 studies at 

high-risk for verification bias adjusted for this bias. Of the three studies with multiple 

estimates, only one has been selected in order to remove non-independent estimates. CI: 

confidence interval. Lower CI: lower bound of 95% confidence interval. Upper CI: upper 

bound of 95% confidence interval.
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Figure 4: 
Specificity estimates from the 9 studies included in the 2016 CER’s pooled estimate of 

specificity of IgA tTG in celiac disease diagnosis, with the sensitivities from the 5 studies at 

high-risk for verification bias adjusted for this bias. Of the three studies with multiple 

estimates, only one has been selected in order to remove non-independent estimates. CI: 

confidence interval. Lower CI: lower bound of 95% confidence interval. Upper CI: upper 

bound of 95% confidence interval.
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Table 1:

Characteristics of 15 unique studies reported in 2016 CER; 9 were included by the 2016 CER in pooled 

calculations of sensitivity and 6 were excluded from calculations due to insufficient data.

Reference Threshold Risk for
Verification
Bias

Sensitivity
X%(number
of estimates
with that
sensitivity)

Specificity
X% (number of
estimates with
that specificity)

Included/
excluded
in pooled

calculations
a

Van Meensel, 

200412b
2.64, 3.13, 3.69, 4, 4.43, 5, 
7, 7.16, 7.98, 9.73, 10, 15, 
19.05, 20, 20.47, 40, 50, 
56.9 kilounits/L

High 91% (2), 93% (5), 
96% (6), 97% (4), 
99%

93%, 96% (2), 99% 
(6), 100% (9)

Included

Dahlbom, 201035 3 U m/L High 100% 99% Included

Wolf, 201413b 10 ULN, 20 U/mL High 88%, 97% 97% (2) Included

Srinivas, 201436 10 IU/mL High 83% 96% Included

Swallow, 201314 Not reported High 71%, 87% (2) 89%, 90% (2) Included

Vermeersch, 

201051b
7 U/mL High 86%, 95% 93%, 95% Excluded

Vermeersch, 

201230b
7, 20 U/mL High 81%, 84% 96%, 99% Excluded

Mansour, 201137 15 U/mL Low 71% 93% Included

Wakim-Fleming, 
201426

20 IU Low 80% 96% Included

Harrison, 201338 Not reported Low 87% 100% Included

Barada, 201434 Not reported Low 72% 98% Excluded

Dahle, 201029 5 U/mL Low 76% 95% Excluded

Emami, 201239 10 AU/mL Unclear 38% 97% Included

Basso, 201133b 17.5, 20, 24, 75.6, 100, 
909.3 U/mL

Unclear 63%, 76%, 91%, 94%, 
95%, 96%

81%, 97% (3), 100% 
(2)

Excluded

Zanini, 201232b 7, 8, 16, 21, 24, 35, 40, 48, 
80 U/mL

Unclear 10%, 38%, 43%, 59% 
(2), 70%, 88%, 89%, 
95%

43%, 59%, 76%, 
88%, 92%, 97%, 
99%, 100% (2)

Excluded

a
Studies that did not provide true positive, false negative, false positive, and true negative information were excluded in the pooled sensitivity and 

specificity both in the original systematic review as well as in this study.

b
These studies provided multiple estimates of sensitivity and specificity
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