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Study Highlights

WHAT IS KNOWN

o Reported estimates of sensitivity of faecal immunochemical tests (FITs) for detecting
colorectal cancer varied widely.
e Very high, seemingly very precise estimates were reported from registry-based follow-up-

studies of FIT participants.

WHAT IS NEW HERE

e Itis shown that such registry-based follow-up-studies provide very accurate estimates of
specificity.

e Sensitivities derived from such studies are shown to be subject to potential severe
overestimation, however.

e These results may prevent unrealistic expectations with respect to sensitivity of FITs for

CRC detection.



Abstract

Objectives. Several recent studies have reported very high estimates of sensitivity
and specificity of fecal immunochemical tests (FITs) at seemingly high levels of precision
using registry-based follow-up of participants in very large FIT-based screening programs.
We aimed to assess the validity of estimates of diagnostic performance parameters derived

by this indirect approach.

Methods. We modeled expected values of sensitivity and specificity of CRC detection
in studies using the indirect approach and their deviation from true values under a broad
range of plausible assumptions, and we compared these expected values with recently

reported estimates of FIT sensitivity and specificity from such studies.

Results. Using a sensitivity of 75% and specificity of 93.6% (from studies using a
direct approach, i.e., colonoscopy follow-up of all participants), the indirect approach would
be expected to yield sensitivities between 84.5% and 91.1% and specificities between 93.4%
and 93.6% under a range of realistic assumptions regarding colonoscopic follow-up rates of

positive FITs and clinical manifestation rates of preclinical CRC.

Conclusions. Very high sensitivities of FITs recently reported with seemingly very
high levels of precision by several large scale registry-based studies, which are in line with
expected results based on our model calculations, are likely to be strongly overestimated and

need to be interpreted with due caution.
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Introduction

Fecal immunochemical tests (FITs) for hemoglobin are used for colorectal cancer (CRC)
screening in an increasing number of countries.* There have been two major approaches to
estimate diagnostic performance of FITs in screening settings:2

(1) ,Direct approach®: Ascertainment of presence or absence of CRC at the time of FIT
screening by direct comparison with results of screening colonoscopy in all study
particpants regardless of FIT results.

(i) »Indirect approach”: Ascertainment of presumed presence or absence of CRC at the
time of FIT screening by colonoscopy follow-up of FIT positive results only, and by
registry-based follow-up, such as record linkage with cancer registries, medical
records or insurance claims, among the vast majority of participants with a negative

FIT result or a positive FIT not followed by colonoscopy.

The direct approach is conceptually straightforward, but requires large cohorts of participants
undergoing screening colonoscopy in whom FIT is additionally conducted prior to bowel
preparation. The indirect approach is increasingly used in settings in which FIT screening is
established and reliable CRC identification is possible by record linkage with routinely
collected data. A systematic review and meta-analysis of the pre-2014 literature identified 19
studies on diagnostic accuracy of FITs.2 Twelve studies using the direct approach included
239 CRC cases, seven studies using the indirect approach®* included 198 CRC cases.
Although summary estimates of specificity were similar for both types of studies, the
summary estimate of sensitvity was substantially higher (87%) for studies using the indirect
approach than for those using the direct approach (71%). The overall summary estimate of
both types of studies combined, reported as the main result of the meta-analysis, was 79%.2
In recent years, very large studies using the indirect approach have been published from
established FIT-based screening programs, which in sum included almost 5000 CRC cases,

so that evidence for FIT sensitivity now predominantly comes from those studies.%13
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The indirect approach relies on two key assumptions, i.e. that
(1) all CRC cases detected within 2 years derive from preclinical CRCs that are already
present at the time of FIT screening, and
(i) all preclinical CRCs present at the time of FIT screening become clinically manifest or
otherwise detected within the follow-up period (typically 2 years).
Violations of the first assumption are likely to be small, given the rather low transition rates
from advanced adenomas, the most common precursors of CRC, to preclinical CRC, which
have been estimated in the order of 2.5 to 5.6% per year'* and the rather long mean sojourn
time of preclinical CRC (i.e., the mean time CRC remains undetected in the absence of
screening), which has been estimated in the order of 3 to 7 years'>8), This rather long
sojourn time implies potential major violation of assumption (ii), however, and it is unclear to
what extent such violation, also known as ,verification bias“, may affect estimates of
diagnostic performance of FITs. In this paper, we aimed to evaluate the validity of estimates
of diagnostic performance of FITs for CRC detection derived by the indirect approach using
model calculations and comparisons of their results with recently reported estimates form

large scale registry-based studies.



Methods

Model set-up and model parameters

We carried out model calculations to estimate the expected apparent sensitivity and
specificity of CRC detection compared to the true sensitivity and specificity in a cohort of
participants of FIT screening who are subsequently followed with respect to CRC detection
within two years. The model takes into account prevalence of CRC and its most common
precursor, advanced adenoma (AA), at the time of FIT screening, the true sensitivity of FIT
for CRC and AA, the true specificity for absence of any advanced neoplasm (AN, i.e., either
CRC or AA), the colonoscopy uptake rate following a positive FIT result, and the 2-year
transition rate from preclinical CRC to clinically manifest (diagnosed) CRC. Mortality is not
considered given the relatively low 2-year mortality in the screening age population. Table 1
provides an overview of the model parameters, the assumed true parameter values for the
base case analyses and for sensitivity analyses, and references that were used as source for
choosing those values. Note that sensitivity and specificity in our calculations refer to
application of a single FIT, the most commonly reported parameters of diagnostic
performance, rather than sensitivity and specificity for repeated FITs that are commonly

offered in screening programs.

Derivation of expected apparent prevalence of CRC and diagnostic performance of FITs

In the following we derive the apparent prevalence of CRC and diagnostic performance of

FITs expected with the indirect approach and illustrate the derivation with a numerical

example of a cohort of 100,000 FIT screening participants (Figure 1).



Using the notation given in Table 1, the apparent prevalence of CRC, i.e., the denominator
for the apparent sensitivity of FIT for detecting CRC expected from the indirect approach,
based on 2-year follow-up of the cohort, includes the following three components:
A. FIT positive CRC cases verified through subsequent colonoscopy. This component is
given by
A = Pcrc X SEcrec X CSru.
B. FIT positive CRC cases that are not followed up by colonoscopy but become clinically
manifest during the 2-year follow-up. This component is given by
B = Pcre X SEcre X (1 - CSru) X CMcre_2y.
C. FIT negative CRC cases that become clinically manifest during the 2-year follow-up.
This component is given by
C = Pcre % (1 - SEcrc) X CMcre_2y.
The expected apparent sensitivity is given by the FIT positive components of the apparent
CRC prevalence, i.e.
(A+B)/(A+B+C).
Note that our model calculations follow the assumption implicitly made in the indirect
approach that all CRC cases detected within 2 years derive from preclinical CRCs are
already present at the time of FIT screening. However, whereas the indirect approach
implicitly additionally assumes that all preclinical CRCs present at the time of FIT screening
become clinically manifest and detected within 2 years, our model allows for less than
complete CRC manifestation and detection within this restricted time window. A simplifying
assumption of our model is that the clinical manifestation rate within 2 years (whose
relevance will be critically discussed below) is the same for FIT positive and FIT negative

preclinical CRC cases that are not followed up by colonoscopy.

The denominator of the apparent specificity, i.e. of the probability of a negative FIT result in
the (apparent) absence of CRC, is given as 1 minus the apparent CRC prevalence, i.e.

D=1-(A+B+CQC).



The numerator of the apparent specificity is expected to be

E = Pcre X (1 — SEcre) % (1 — CMcre_2y) + PaaX (1 - SEaa) + (1 — Pcre— Paa) X SProan.
Hence, the apparent specificity for ,no CRC" is expected to be E / D. The true specificity is
given by

(Paa x (1 - SEpa) + (1 — Pcre — Paa) X SPhoan) / (1 — Pcre).

Base case analyses and sensitivity analyses

We first derived the true and expected apparent prevalence, sensitivity, specificity, positive
and negative predictive value using the base case parameter values shown in Table 1. We
then repeated the calculations assuming the alternative values for each of the parameters. In
order to illustrate the specific impact of each parameter, variations were done separately for

each parameter (i.e., for one parameter at a time).



Results

Figure 1 shows the expected numbers of participants diagnosed with CRC within 2 years in
a hypothetical cohort of 100,000 FIT participants, based on our model using the base case

parameter values shown in Table 1.

Derivation of the true and apparent sensitivity and specificity of CRC detection for this
hypothetical cohort is illustrated in Table 2. Overall, 420+35+58 = 513 out of 700 participants
with CRC would be diagnosed with the disease within two years. Of the 513 detected CRC
cases, 420+35=455 would have a positive FIT result, yielding an apparent sensitivity of
455/513 = 88.7%. This estimate exceeds the assumed true sensitivity, which equals 525/700
= 75%, by 13.7 percentage points. The apparent specificity would be 93.5%, i.e., very close

to the true specificity of 93.6%.

As shown in Table 3, the sensitivity of FIT for detecting CRC is consistently overestimated in
all of the assessed scenarios. For the scenarios assuming a true sensitivity of 75%, observed
sensitivities are expected to range from 84.7% to 91.1%. By contrast, the apparent specificity
is very close to the true specificity in all of the assessed scenarios, with underestimation of

less than or equal to 0.2 percentage points in all scenarios.



Discussion

In this paper, we provide a thorough analysis of the use and limitations of a commonly and
increasingly employed indirect approach of estimating diagnostic performance of FITs by
record linkage of large cohorts of FIT participants with routinely collected follow-up data.
Although this approach yields accurate estimates of specificity under a broad range of
assumptions, estimates of sensitivity of detecting CRC are prone to strong overestimation.
Very high sensitivities reported with apparently very high precision in recent registry based
follow-up studies of large cohorts of FIT participants therefore need to be interpreted with

utmost caution.

The indirect approach would be expected to provide valid estimates of sensitivity if all
preclinical CRCs present at the time of FIT application became clinically manifest or were
otherwise detected during the commonly employed one- to two-year window of follow-up.
However, this assumption, whose violation is the key driver of overestimtion of sensitivity, is
problematic. Estimates of mean sojourn time of CRC have been consistently in the range
from 3 to 7 years'>!® which translates to the range of cumulative 2-year clinical manifestation
rates from 1 — exp(-2/7) = 25% to 1 — exp(-2/3) = 49% that was covered by our sensitivity
analyses. Although the majority of studies using the indirect approach were based on two
years of follow-up, some recent large-scale studies included a 1-year follow-up only.101?
Clinical manifestation rates are expected to be substantially lower during such a short time
window and overestimation of sensitivity is therefore expected to be of particular concern in

such studies.

Given the still rather limited number of studies providing direct estimates of diagnostic
performance of FIT in screening settings and given the rather limited number of CRC cases
in those studies (ranging up to 79 CRC cases only),?! studies using the indirect approach
have accounted for a substantial and rapidly increasing proportion of available “evidence” of
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diagnostic performance for CRC detection of FITs. For example, in the systematic review
and meta-analysis of the pre-2014 literature by Lee et al,? studies using an indirect approach
contributed larger numbers of participants and almost the same numbers of CRC cases to
the derivation of summary estimates of FIT sensitivity and specificity compared to studies
using a direct approach (198 and 239 CRC cases, respectively). In concordance with the
results of the current analysis, summary estimates of specificity had been very similar for
both types of studies whereas summary estimates of sensitivity were much higher for studies

using the indirect approach (87%) compared to studies using a direct approach (71%).

In recent years, a rapidly increasing number of registry-based studies have used the indirect
approach to estimate FIT sensitivity and specificity, some of which included very large
numbers of FIT participants and CRC cases that by far exceeded corresponding numbers
from studies using a direct colonoscopy-controlled approach. In particular, four recent studies
from the US and Taiwan each included more than 300,000 participants of FIT based
screening programs (Table 4). With the exception of one study from Taiwan,!! participants
were between 50 and 69-75 years old, and all four studies included slightly more women
than men. Between 645 and 2005 CRC cases were identified through screening program
records and cancer registry-based follow-up over one or two years from participation in FIT
based screening.112 Together these studies included almost 5,000 CRC cases. All four
studies reported sensitivity and specificity for a FIT cutoff at 20 ug hemoglobin per g feces.
Although estimates of specificity were rather similar in these studies (and comparable to
estimates from studies using the direct approach), ranging from 92.6%?*2 to 96.2%,'? there
were large differences in reported sensitivity, ranging from 74.3% (95% CI 71.8-76.7%) to
93.3% (95% CI 91.6-94.9%),1%12 despite the use of quantitative FITs (OC Sensor, OC FIT-
CHEK) with the same positivity threshold (20 pug Hb/g feces). Given the size of the studies
and the narrow confidence intervals around the point estimates of sensitivity, these
differences are far beyond what can be explained by chance. Reported sensitivities were
particularly high in the two studies based on 1-year follow-up only (84.5% and 93.3%).101
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The results of our model calculations suggest that these apparently very high sensitivities
might mainly reflect even less complete clinical manifestation of preclinical CRC during one

year of follow-up only, thereby accentuating the expected overestimation of sensitivity.

A major advantage of the indirect approach to estimate diagnostic performance of FITs and
the main reason for its increasing popularity is that it can be applied without the major extra
efforts and logistics of study related data collection required for studies using the direct
approach. Participants in studies using the indirect approach may also better represent real
life FIT screening populations. In settings where routine data from FIT-based screening
programs are readily available and can be linked to routine data sources providing reliable
information on new diagnoses of cancer, such as cancer registries, the indirect approach can
therefore be a very efficient and highly valuable tool for valid estimation of FIT specificity in a
real life stetting even though estimates of sensitivity must be regarded with utmost caution.
Follow-up intervals of at least 2 years seem to be required in order to limit overestimation of
sensitivity. Although missed CRCs (the source of this overestimation) would be of less
concern with even longer follow-up periods, longer follow-up periods might also be
problematic due to the risk of including fast growing CRCs that might not have been present

at the time of the initial FIT.

Apart from providing estimates of sensitivity for detecting CRCs, provision of estimates of
sensitivity for detection of precancerous lesions is a major contribution of studies evaluating
diagnostic performance of FITs using the direct approach.?'* Since most precancerous
lesions remain undetected, a further limitation of studies using the indirect approach is that

they cannot provide meaningful sensitivity estimates for detection of those lesions.

Although our analyses focused on estimates sensitivity and specificity, additional parameters
of diagnostic performance from the indirect approach can easily be derived from our results.
For example, relative overestimation of positive likelihhod ratios, which are derived as
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sensitivity divided by (1-specificity), is expected to be very close to relative overestimation of
sensitivity that can be derived from results shown in Table 3, given that the expected bias in
estimates of specificity is close to negligible. For the same reason, underestimation of
negative likelihood ratios, which are derived as (1-sensitivity) divided by specificity, is
expected to be very close to underestimation of (1-sensitivity). Despite potential major
overestimation of sensitivity, the indirect approach might still provide valid estimates of the
positive predictive value (PPV), a most relevant diagnostic performance parameter for clinical
practice, provided that colonoscopy follow-up rates are the same for FIT positive participants
with CRC, advanced adenomas or no advanced neoplasms. For example, using the
numerical illustration provided in Figure 1, the apparent PPV in a study using the indirect
approach could be derived from colonoscopy follow-up data of positive FITs as
420/(420+1400+3692) = 7.6%, exactly the same as the true positive predictive value of
525/(525+1750+4615) = 7.6%, assuming that the “equal colonoscopy follow-up assumption”
holds. In practice, however, colonoscopy follow-up rates might by higher among FIT positive
carriers of CRC than among those without CRC, as quantitative FIT results are expected to

be substantially higher in the former, which may also lead to some overestimation PPVs.

In summary, our model calculations provide important clues as to the use and limitations of a
commonly and increasingly employed indirect approach of estimating diagnostic
performance of FITs by registry-based follow-up. Although the indirect approach is very
useful to provide reliable estimates of FIT specificity, sensitivity for detecting precancerous
lesions cannot be estimated and sensitivity for detecting CRCs may be seriously
overestimated. Such overestimation is of particular concern in studies with relatively short
follow-up of FIT participants. In order to avoid unrealistic expectations of FIT performance in
planning of screening programs, decisions on the choice of screening tests and
communication of diagnostic properties of FIT to potential screening participants, estimates
of sensitivity should be based on studies using the direct approach, i.e. studies with
colonoscopic follow-up of all participants. The previously reported summary estimate of
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sensitivity from such studies, 71% (95% Cl 58-81%),? likely reflects true sensitivity of FITs
much better than the apparently much higher and much more “precise” estimates reported by
the recent large scale studies using the indirect approach. Given that numbers of CRC cases
are typically much larger in the latter studies, major caution is also warranted when summary
estimates of sensitivity are derived from studies using the direct and indirect approach, as
these summary estimates will be heavily and increasingly dominated by the apparently more

precise but much more bias-prone estimates from the studies using the indirect approach.
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Table 1. Parameters used for the model calculations

Parameter Values [%] References

Notation | Explanation Base case | Alternative

Pcre Prevalence of CRC 0.7 0.4,1.0 19, 20

Paa Prevalence of advanced adenoma 7 4,10 19, 20

SEcrc True sensitivity of CRC detection 75 60, 90 2,21

SEana True sensitivity of AA detection 25 10, 40 21

SProaN True specificity (no AN) 95 92, 98 21

CSru Colonoscopic follow-up rate of 80 40, 60, 100 4-6, 10
positive FIT results

CMcrc 2y | 2-year clinical manifestation rate of 33 25, 49 15-18

preclinical CRC*

Abbreviation: CRC, colorectal cancer

* Estimates of mean sojourn time of CRC before clinical manifestation in references 16-19
have been consistently in the range from 3 to 7 years. We assumed a mean sojourn time of 5
years for the base case analysis and 3 and 7 years for the sensitivity analyses which
translates to cumulative 2-year clinical manifestation rates of 1-exp(-2/5) = 33%, 1-exp(-2/3)
= 49%, and 1-exp(-2/7) = 25%, respectively.
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Table 2. True and apparent sensitivity and specificity of colorectal cancer detection for the

hypothetical cohort shown in Figure 1.

Parameter Estimate |[Numerator Denominator Value

Sensitivity True 420+35+70 700 75.0%
Apparent |420+35 420+35+58 88.7%

Specificity True 5250+87,685 100,000-700 93.6%
Apparent |5250+87,685+117 |100,000-(420+35+58) | 93.5%
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Table 3. True and apparent sensitivity and specificity of colorectal cancer detection in the

base case scenario and sensitivity analyses

Scenario |Parameter [%)] Sensitivity [%] Specificity [%]
True |Apparent| Difference True |Apparent| Difference
Base case |See Table 1 75.0 88.7 +13.7 93.6 93.5 -0.1
Sensitivity  |Pcrc 0.4| | 75.0 88.7 +13.7 93.6 93.6 +0.0
analyses: 1.0| | 75.0 88.7 +13.7 93.6 93.5 -0.1
‘[;Z:'aer?q ctor P2 4 [75.0| 88.7 ¥13.7 942 | 941 0.1
10| | 75.0 88.7 +13.7 93.0 92.9 -0.1
SEcrc 60| | 60.0 79.8 +19.8 93.6 93.5 -0.1
90| | 90.0 95.9 +5.9 93.6 93.5 -0.1
SEaa 10| | 75.0 88.7 +13.7 94.6 94.6 +0.0
40| | 75.0 88.7 +13.7 92.5 92.5 +0.0
SProan 92| | 75.0 88.7 +13.7 90.8 90.7 -0.1
98| | 75.0 88.7 +13.7 96.4 96.3 -0.1
CSru 40( | 75.0 84.5 +9.5 93.6 93.4 -0.2
60| | 75.0 86.9 +11.9 93.6 93.5 -0.1
100| | 75.0 90.1 +15.1 93.6 93.6 +0.0
CMcre 2y 25| | 75.0 91.1 +16.1 93.6 93.5 -0.1
49| | 75.0 84.7 +9.7 93.6 93.5 -0.1

Abbreviations: CMcrc 2y, 2-year clinical manifestation rate of preclinical colorectal cancer;

COLkru, colonoscopic follow-up rate of positive FIT results; CRC, colorectal cancer; SEaa, true

sensitivity of advanced adenoma detection; SEcrc, true sensitivity of colorectal cancer
detection; Paa, prevalence of advanced adenoma; Pcre, prevalence of colorectal cancer;
SPhoan, true specificity (no AN)
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Table 4. Estimates of sensitivity and specificity of FITs reported by five recent large studies (>500 CRC cases) using the indirect approach

Authors, Country, Study participants FIT brand Cutoff Follow-up CRC Sensitivity Specificity
year study period N Age Sex [Mg/g] | Source | Years | cases (95% ClI) (95% ClI)
Chenetal, |Taiwan, 513,283 20+ 48% | OC Sensor 20 |Cancer| 1 921| 93.3(91.6-94.9)| 96.0 (95.9-96.0)
2016 1994-2007 (54%=240) |men registry

Jensen et al, |US 323,349 50-70 46% | OC FIT-CHEK | 20 |Cancer| 1 645| 84.5(81.5-87.1)%| 95.2 (95.1-95.3)?
20161 2007-2013 (mean 58.5) | men registry

Chenetal, |Taiwan 723,113 50-69 38% | OC Sensor 20 |Cancer| 2 2005| 78.7 (76.9-80.4)| 96.2 (96.1-96.3)
2018"2 2004-2009 (60% 50-59) | men registry

Selby etal, |US 640,859 50-75 47% | OC FIT-CHEK | 20° |Cancer| 2 1245| 74.3 (71.8-76.7)¢| 92.6 (92.5-92.6)¢
201813 2013-2016 (87% 50-69) | men registry

Abbreviations: CRC, colorectal cancer; FIT, fecal immunochemical test

295% CI not reported by the authors but calculated from reported case numbers

b This study also evaluated other cutoffs, but results for cutoff 20 ug/g are listed only here for the sake of comparability with the other studies

¢ ,Programmatic sensitivity“, defined as proportion of patients with a CRC diagnosis within 2 years of FIT screening who had a quantitative FIT
result at baseline or during follow-up testing

¢ Programmatic specificity“, defined as proportion of patients without a CRC diagnosis whose quantitative FIT results were all negative
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Figure 1. Expected numbers of participants diagnosed with CRC within 2 years in a hypothetical cohort of 100,000 FIT screening participants,

based on our model using the base case parameter values shown in Table 1. The grey shaded cells indicate the CRC cases missed by the

indirect approach.

100,000 participants

Pcre Paa 1- Pepe - Pan
700 with CRC 7000 with AA 92,300 with no AN
SECRC 1-5Egc SEAA 1'SEAA 1'5Pno AN Spno AN
525 FIT+ 175 FIT- 1750 FIT+ 5250 FIT- 4615 FIT+ 87,685 FIT-
CSey 1-G5;, CSey | 1-C5y CSpy | 1-G54y
420 CS+ 105 Cs- 1400 CS+ 350 CS- 3692 CS+ 923 CS-
CMCRC_zy 1'CMCRC_2\‘, CMCRc_zy 1_CMCRC_2\,r

420 Dx+ || 35 Dx+ || 70 Dx- || 58 Dx+ || 117 Dx-
Group A Group B Group C

Abbreviations: AA, advanced adenoma; CMcrc 2y, 2-year clinical manifestation rate of preclinical colorectal cancer; CRC, colorectal cancer;
CSkru, colonoscopic follow-up of positive FIT results; CS+, CS-: uptake of colonoscopy yes/no; Dx+, Dx-: diagnosis of colorectal cancer yes/no;

FIT+/FIT-, positive/negative result of fecal immunochemical test; Paa / Pcre, prevalence of advanced adenoma / colorectal cancer; SEaa / SEcrc
sensitivity of detecting advanced adenoma / colorectal cancer; SPnoan, Specificity for absence of advanced neoplasm
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