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Background: The fecal immunochemical test (FIT) is used in
colorectal cancer (CRC) screening, yet it leaves room for
improvement.

Objective: To develop a multitarget FIT (mtFIT) with better
diagnostic performance than FIT.

Design: Diagnostic test accuracy study.

Setting: Colonoscopy-controlled series.

Participants: Persons (n = 1284) from a screening (n = 1038)
and referral (n = 246) population were classified by their most
advanced lesion (CRC [n = 47], advanced adenoma [n = 135],
advanced serrated polyp [n = 30], nonadvanced adenoma
[n = 250], and nonadvanced serrated polyp [n = 53]), along
with control participants (n = 769).

Measurements: Antibody-based assays were developed
and applied to leftover FIT material. Classification and
regression tree (CART) analysis was applied to biomarker
concentrations to identify the optimal combination for
detecting advanced neoplasia. Performance of this combina-
tion, the mtFIT, was cross-validated using a leave-one-out
approach and compared with FIT at equal specificity.

Results: The CART analysis showed a combination of
hemoglobin, calprotectin, and serpin family F member 2—the
mtFIT—to have a cross-validated sensitivity for advanced

neoplasia of 42.9% (95% CI, 36.2% to 49.9%) versus 37.3%
(CI, 30.7% to 44.2%) for FIT (P = 0.025), with equal specificity
of 96.6%. In particular, cross-validated sensitivity for advanced
adenomas increased from 28.1% (CI, 20.8% to 36.5%) to 37.8%
(CI, 29.6% to 46.5%) (P = 0.006). On the basis of these results,
early health technology assessment indicated that mtFIT-based
screening could be cost-effective compared with FIT.

Limitation: Study population is enriched with persons from
a referral population.

Conclusion: Compared with FIT, the mtFIT showed better
diagnostic accuracy in detecting advanced neoplasia
because of an increased detection of advanced adeno-
mas. Moreover, early health technology assessment indi-
cated that these results provide a sound basis to pursue
further development of mtFIT as a future test for population-
based CRC screening. A prospective screening trial is in
preparation.
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Colorectal cancer (CRC) is a major contributor to can-
cer incidence and death worldwide (1). The stepwise

transition from a colorectal precursor lesion, adenoma or
serrated polyp, to CRC can take decades, leaving a win-
dow of opportunity for early detection and interception
through screening (2, 3). To this end, many countries have
implemented population-wide CRC screening programs,
and most of these programs use a noninvasive fecal test
followed by a colonoscopy for persons with a positive test
result (4, 5). Reasons for this strategy are high participation
rates, cost-effectiveness, limited burden for participants,
and effective use of colonoscopy capacity (6, 7).

The fecal immunochemical test (FIT) detects human
hemoglobin in feces (8). The FIT-based screening is
effective in reducing CRC incidence and death (9).
Nevertheless, although the sensitivity of FIT in 1 round of
screening is high for CRC, the sensitivity for relevant pre-
cursor lesions, advanced adenomas (AA) and advanced
serrated polyps (ASP), is much lower (10, 11). This under-
lines the clinical need for a noninvasive screening test with a
higher sensitivity, with an equally high specificity as FIT, for
relevant precursor lesions.Molecular screening tests, reflect-
ing more aspects of the tumor biology and microenviron-
ment, can potentially provide a solution (12). During the
past decade, substantial efforts have been made to identify
sensitive markers for the detection of advanced neoplasia
(AN), which comprises CRC, AA, andASP (13–16). Themulti-
target stool DNA test, which includes hemoglobin, DNA-
mutation, and promoter-methylation markers, has been the
most successful so far. This test showed a higher sensitivity
for AA and ASP compared with FIT, albeit at a markedly
lower specificity (14). However, this test is not widely
adopted in programmatic screening because of its lower
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specificity, more complex sample logistics, and lack of
cost-effectiveness compared with FIT (17). In population-
based CRC screening programs, a high specificity is impor-
tant to reduce the risk for undesirable overdiagnosis and
overtreatment.

Protein tests, rather than DNA-based tests, may over-
come these problems. Therefore, we previously embarked
on mass spectrometry–based protein biomarker discovery
in stool samples (18, 19). This yielded multiple combina-
tions of protein biomarkers in stool with a higher sensitivity
for AN than FIT, at equal specificity. Moreover, we pro-
vided proof of concept that these protein biomarkers are
detectable in leftover FIT samples (18, 19).

On the basis of these findings, we aimed to further de-
velop a biomarker panel with better diagnostic perform-
ance than FIT that would be suitable for programmatic
screening. Therefore, we set out to use an antibody-based,
multitarget FIT (mtFIT) rather than mass spectrometry, and
leftover FIT samples rather than whole stool samples,
consistent with the logistics of population-based CRC
screening programs. This approach presents a major
step forward toward an improved protein-based fecal
biomarker test that is suitable for CRC screening.

METHODS

A detailed description of the methods is provided in
the Supplement (available at Annals.org).

Study Population
Written informed consent was obtained from all per-

sons. This study was done in compliance with the
“Human Tissue and Medical Research: Code of Conduct
for Responsible Use” formulated by the Federation of
DutchMedical Scientific Societies.

Stool samples consisted of leftover material in FIT
collection devices (OC-Sensor, Eiken Chemical) from
study participants within a screening population (study
population 1) and a referral population (study population
2). Samples from the referral population were included
to enrich for CRC cases. Persons were classified on the
basis of their most advanced lesion, and clinical charac-
teristics were retrieved (Table 1).

Study Population 1
The FIT samples were collected between 2009 and 2010

from 1038 participants in a Dutch colonoscopy-controlled
screening trial (COlonoscopy or COlonography for Screening)
(20). The most advanced lesions in this population were CRC
(n = 8), AA (n = 94), ASP (n = 29), nonadvanced adenoma
(n = 201), and nonadvanced serrated polyp (n = 51), next to
persons without colorectal neoplasia (n = 655). All FIT samples
were collectedbefore colonoscopy.

Study Population 2
The FIT samples were collected between 2003 and 2014

from 246 participants in a Dutch colonoscopy-controlled refer-
ral population (18). The most advanced lesions in this popula-
tion were CRC (n= 39), AA (n= 41), ASP (n= 1), nonadvanced
adenoma (n = 49), and nonadvanced serrated polyp (n = 2),
next to persons without colorectal neoplasia (n = 114). The FIT

samples test samples were collected either at the Amsterdam
University Medical Center, location VU University Medical
Center (n=174), or at KennemerGasthuis (n=72). All samples
were collected before colonoscopy, except for 9 samples from
patients with CRC that were collected at least 2 weeks after the
diagnostic colonoscopy andbefore surgery.

All persons from both study populations provided a
single FIT sample, which was used for both FIT and mtFIT
testing, allowing for paired analysis.

FIT Analysis
After collection, FIT samples were stored at�80�C.Within

several weeks fromcollection, hemoglobin concentrationswere
measured using the OC-Sensor DIANA automated analyzer

Table 1. Baseline Characteristics of Persons Included in this
Study

Characteristic Samples
(n = 1284), n (%)

Sex
Male 656 (51.1)
Female 628 (48.9)

Age
<50 y 33 (2.6)
50–54 y 243 (18.9)
55–59 y 284 (22.1)
60–64 y 317 (24.7)
65–69 y 199 (15.5)
70–74 y 131 (10.2)
≥75 y 45 (3.5)
Unknown 32 (2.5)

Population type
Screening 1038 (80.8)
Referral 246 (19.2)

Moment of collection
Before colonoscopy 1275 (99.3)
After colonoscopy 9 (0.7)

Most advanced lesion
Colorectal cancer 47 (3.7)
Advanced adenoma* 135 (10.5)
Advanced serrated polyp† 30 (2.3)
Nonadvanced adenoma 250 (19.5)
Nonadvanced serrated polyp 53 (4.1)
No colorectal neoplasia‡ 769 (59.9)

Location
Proximal (of splenic flexure) 255 (49.5)
Distal (of transverse colon) 258 (50.1)
Unknown 2 (0.4)

Stage of colorectal cancer
I 10 (21.3)
II 11 (23.4)
III 11 (23.4)
IV 6 (12.8)
Unknown 9 (19.1)

* Advanced adenoma is an adenoma with at least 1 of the following
characteristics: size ≥10 mm and/or >25% villous component and/or
high-grade dysplasia.
† Advanced serrated polyp is a serrated polyp with at least 1 of the fol-
lowing characteristics: size ≥10 mm and/or any grade of dysplasia.
‡ Colorectal neoplasia is colorectal cancer, advanced adenoma,
advanced serrated polyp, nonadvanced adenoma, and nonadvanced
serrated polyp.
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machine (Eiken Chemical), as reported previously (18–20). After
measurement, samples were stored again at �80�C until
further use.

Protein Biomarkers
From 29 candidate protein biomarkers previously

identified, on the basis of their complementarity and per-
formance in multivariate analysis as well as biological con-
siderations, 10 candidates (a-2-macroglobulin, calprotectin,
C3 complement, hemoglobin, haptoglobin, hemopexin,
lactotransferrin, myeloperoxidase, retinol-binding protein 4,
and serpin family F member 2 [serpinF2]) were selected to
develop antibody-based assays (Supplement Table 1, avail-
able at Annals.org) (18, 19).

Antibody-Based Fecal Protein Biomarker Assays
For these 10 candidate protein biomarkers, antibody-

based assays were developed using industry-standard
technology provided byMeso Scale Diagnostics. This tech-
nology allows for multiplex protein biomarker detection
and quantification on the basis of electrochemilumines-
cence. Biobanked samples were analyzed in duplicates,
and statistical analyses were done on mean protein con-
centrations. Meso Scale Diagnostics' SECTOR Imager 6000
plate reader was used to provide a quantitative result of
each detected protein biomarker in leftover FIT samples.
Results were analyzed with Discovery Workbench, version
4.0 software (Meso Scale Diagnostics) (18, 19, 21). A subset
of the haptoglobin results was previously presented by
Komor and colleagues (19).

Statistical Analysis
Statistical analyses were done in RStudio, version

1.1.453 (R Foundation for Statistical Computing) and
included the rpart, pROC, and rms packages (22–26). In
addition, IBM SPSS Statistics, version 25 was used.

Classification and regression tree (CART) analysis was
done. This is a nonparametric regression method that con-
tains nonlinear covariate effects and captures the interaction
between covariates. With CART, the combination of comple-
menting protein biomarkers that did best in classifying
persons into case patients and control participants was identi-
fied. Control participants were defined as persons without
colorectal neoplasia (n = 769), and case patients were
defined as persons with AN (n = 212). The CART analysis
defined both the optimal combination of protein biomarkers
and the cutoff for these protein biomarkers to detect AN. As
internal validation, a leave-one-out, cross-validated estimate
of mtFIT sensitivity was determined to correct for possible
overoptimism. The cross-validated results are presented
throughout the manuscript. The cross-validated sensitivity of
mtFIT was compared with the sensitivity of FIT at equal speci-
ficity using theMcNemar test. Confidence intervals (Clopper–
Pearson) were determined for the sensitivities observed, and
concordant and discordant test results between mtFIT and
FITwere evaluated.

Because the CART analysis was done using only per-
sons without colorectal neoplasia as control participants
(n = 769), we subsequently checked the performance of
the algorithm after adding persons with nonadvanced
lesions (n = 303) as control participants (n = 1072). Again,

mtFIT was compared with FIT at equal specificity.
Because the CART model was built using a study popu-
lation without nonadvanced lesions, there was no need
for additional cross-validation of the nonadvanced
lesion predictions.

In addition, performance in each of the subcatego-
ries CRC, AA, and ASP, separately, was determined. To
evaluate if AA specific characteristics (for example, high-
grade dysplasia), age, or sex would affect mtFIT or FIT
sensitivities for AAs, the x2 test for association with sensi-
tivity was used for categorical variables, and the unpaired
t test was used for continuous variables. P values less than
0.05 were considered statistically significant.

Early Health Technology Assessment
For the purpose of early health technology assess-

ment, to assess the development potential of mtFIT, we
compared projected long-term health outcomes and
cost-effectiveness of mtFIT versus FIT in the context of
the current Dutch FIT-based national screening program,
using the externally validated Adenoma and Serrated
pathway to Colorectal CAncer screening model (27, 28).
For both tests, we simulated screening according to the
Dutch program, that is, biennial screening between the
ages of 55 and 75 years at 73% participation (29, 30). To
obtain an indication of the potential cost-effectiveness of
mtFIT, a threshold analysis was done. We assumed a
willingness-to-pay threshold of e41258 and $65298 per
life-year gained, corresponding to the Dutch and American
gross domestic product per capita, respectively (31–33).

Role of the Funding Source
The funding sources had no role in the design, con-

duct, or reporting of the study or in the decision to sub-
mit the manuscript for publication.

RESULTS

Selection andQuantification of Protein
Biomarkers

From 29 previously identified candidate protein bio-
markers, 10 were selected for developing antibody-
based fecal protein biomarker assays (Supplement Table
1) (18, 19). This was successful for 9 protein biomarkers,
whereas for 1 protein biomarker, retinol-binding protein
4, assay development failed for technical reasons.

All 9 remaining protein biomarkers could be quantified
in all 1284 FIT samples. All of these biomarkers showed
significantly higher concentrations (P < 0.001) in samples
from persons with CRC compared with those from persons
without colorectal neoplasia (Figure 1). In addition, 8 of 9
protein biomarkers had significantly higher concentrations
in samples from persons with AA compared with those
from persons without colorectal neoplasia (P < 0.001 to
0.044). In contrast, samples from persons with ASP had
protein biomarker concentrations similar to those from
persons without colorectal neoplasia (Figure 1).

Selection of the Optimal Protein Biomarker Panel
The CART analysis yielded a combination of hemo-

globin, calprotectin, and serpinF2, further called mtFIT,
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to have the best diagnostic performance (Supplement
Figure 1 and Supplement Table 2, available at Annals.
org). After leave-one-out cross-validation, at equal speci-
ficity of 96.6%, sensitivity for AN was 42.9% (95% CI,
36.2% to 49.9%) for mtFIT and 37.3% (CI, 30.7% to
44.2%) for FIT (P = 0.025) at a cutoff of 15.3 mg/g of feces
(Table 2). This increase in cross-validated sensitivity was
completely due to an increased sensitivity for AA (37.8%
[CI, 29.6% to 46.5%] for mtFIT versus 28.1% [CI, 20.8% to
36.5%] for FIT; P = 0.006). The cross-validated sensitivity
for CRC was 78.7% (CI, 64.3% to 89.3%) for mtFIT versus
80.9% (CI, 66.7% to 90.9%) for FIT (P = 1.00), and the
cross-validated sensitivities of mtFIT and FIT for ASP
were equal at 10.0% (CI, 2.1% to 26.5%) (P = 0.48)
(Figure 2 and Table 2).

Both FIT and mtFIT predicted 36 of 47 cases of CRC
correctly, but 3 persons with CRC had discordant results.
Two were FIT positive and mtFIT negative, and 1 vice
versa (Supplement Table 3, available at Annals.org). In
total, 16 persons with AA had a positive mtFIT result but
a negative FIT result, whereas 3 persons with AA had a
positive FIT result but a negative mtFIT result. The
increased sensitivity for AA was not associated with sex
or age (Supplement). The differences between the
sensitivities for specific AA histologic characteristics (for
example, tubular vs. villous histology and high-grade vs.
low-grade dysplasia) were not statistically significant for
both mtFIT and FIT. However, a significantly higher
detection of AAs 10 mm or greater compared with AAs
less than 10 mm by both FIT and mtFIT (P = 0.003 and

Figure 1.Differential abundance of 9 protein biomarkers in 1284 FIT samples.
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Nine protein biomarkers were quantified in 1284 FIT samples. All protein biomarkers showed significantly higher concentrations in samples from per-
sons with CRC compared with those from persons without colorectal neoplasia. Eight protein biomarkers showed significantly higher concentrations in
samples from persons with AA compared with those from persons without colorectal neoplasia. In samples from persons with ASP, no significantly dif-
ferent concentrations were seen. The points outside the whisker boundaries (95% CI) are considered outliers (white circle = persons without colorectal
neoplasia; triangle = persons diagnosed with a serrated polyp; reverse triangle = persons diagnosed with a nonadvanced adenoma; grey circle = per-
sons diagnosed with an advanced adenoma; square = persons diagnosed with a colorectal cancer). AA = advanced adenoma; ASP = advanced ser-
rated polyp; control = person without colorectal neoplasia; CRC = colorectal cancer; FIT = fecal immunochemical test; nA = nonadvanced adenoma;
serpinF2 = serpin family F member 2; SP = nonadvanced serrated polyp.
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P = 0.031, respectively) was seen (Supplement Table 4,
available at Annals.org).

When persons with nonadvanced lesions were
included as control participants in the data set, mtFIT
specificity reduced from 96.6% to 94.6%. At equal speci-
ficity of 94.6%, sensitivity of mtFIT (42.9% [CI, 36.2% to
49.9%]) for AN remained higher compared with FIT
(38.2% [CI, 31.6% to 45.1%]) (P = 0.066). This increase
was again due to an increased sensitivity for AA (37.8%
[CI, 29.6% to 46.5%] for mtFIT versus 29.6% [CI, 22.1% to
38.1%] for FIT; P = 0.022). Sensitivities for CRC remained
not significantly different for both tests (78.7% [CI, 64.3%
to 89.3%] for mtFIT versus 80.9% [CI, 66.7% to 90.9%]
for FIT; P = 1.00). Sensitivities for ASP remained equal
at 10% (CI, 2.1% to 26.5%) for both tests (P = 0.48)
(Supplement Table 5, available at Annals.org).

Early Health Technology Assessment
On the basis of the cross-validated data, mtFIT screen-

ing compared with FIT screening was predicted to result in
a 12% CRC incidence reduction and an 8% CRC mortality
reduction (Supplement Tables 6 and 7 and Supplement
Figure 2, available at Annals.org). The maximum cost per
test, at which mtFIT screening would still be cost-effective
compared with FIT screening, was estimated at double
e59 or $84 for the Dutch or American willingness-to-pay
threshold, respectively (Supplement Table 7).

DISCUSSION

Early detection and interception remain the strong-
hold for reducing CRC-related death. Of the early detec-
tion arsenal, FIT screening is considered the most cost-
effective and is widely applied worldwide (4, 5). Yet,
whereas FIT is very effective in detecting CRC, the sensi-
tivity of FIT for high-risk precursor lesions is low, leaving
room for improvement (10, 11). Therefore, we set out
to develop a novel protein-based mtFIT that would out-
perform FIT in the detection of AN at an equally high
specificity.

In theory, molecules from neoplastic cells or from the
associated tumormicroenvironment hold themost potential
as diagnostic biomarkers to increase the yield of CRC
screening. The multitarget stool DNA test involving hemo-
globin, DNA-mutation, and promoter methylation markers
has been the most successful approach so far. Indeed, this
test has a higher sensitivity for high-risk precursor lesions
than FIT (12, 14). Although this test has been widely
adopted in the United States, in many other countries it has
not yet substituted FIT-based programmatic screening. The
main reasons are themore complex logistics, lower specific-
ity, and lower cost-effectiveness than FIT (14, 17).

Previously, we discovered protein biomarkers that
could aid in the detection of AN, 10 of which were
selected for further validation in the current study (18, 19).
Aiming to develop a test suitable for programmatic CRC
screening, we took 2 critical steps: we moved away from
mass spectrometry–based analysis to antibody-based
assays and from whole stool samples to much smaller
(leftover) FIT samples as input for the analysis. Antibody-
based assays were successfully developed for 9 of the 10
selected candidate protein biomarkers. The CART analysis
defined an optimal combination of 3 protein biomarkers
(mtFIT) that have complementary diagnostic value for AN:
hemoglobin, calprotectin, and serpinF2. The improved
diagnostic accuracy for AN seemed to be completely due
to a 34.5% relative improvement in AA sensitivity. The
mtFIT detected 1 less CRC than FIT, yet this difference
was not statistically significant (P = 1.00) (Table 2). Early
health technology assessment was done to evaluate
whether the results observed (that is, potential clinical
effect and cost-effectiveness) would provide a sound basis
to justify further clinical development, which we consider
to be the case. Of note, early health technology assess-
ment does not intend to provide cost-effectiveness data
for health policy decision making. This should be based
on large scale, prospective screening trials like the one in
preparation (34).

In the mtFIT, hemoglobin plays an important role,
which should not come as a surprise given the success of

Table 2. Sensitivity per Lesion Type of Cross-validated mtFIT Versus FIT at an Equal Specificity of 96.6%

Most Advanced Lesion* Colonoscopy,
n

Cross-validated mtFIT FIT (15.3 μg/g >of Feces) P Value

Predicted
Case
Patients, n

Sensitivity
(95% CI), %

Predicted
Case
Patients, n

Sensitivity
(95% CI),%

Advanced neoplasia 212 91 42.9 (36.2–49.9) 79 37.3 (30.7–44.2) 0.025
Colorectal cancer 47 37 78.7 (64.3–89.3) 38 80.9 (66.7–90.9) 1.00
Advanced adenoma 135 51 37.8 (29.6–46.5) 38 28.1 (20.8–36.5) 0.006
Advanced serrated polyp 30 3 10.0 (2.1–26.5) 3 10.0 (2.1–26.5) 0.48

Predicted
Control
Participants, n

Specificity
(95% CI), %‡

Predicted
Control
Participants, n

Specificity
(95% CI), %‡

Control participants
(no colorectal neoplasia†)

769 743 96.6 (95.1–97.8) 743 96.6 (95.1–97.8) –

FIT = fecal immunochemical test; mtFIT = multitarget FIT.
* Total equals 981 lesions.
† Colorectal neoplasia is defined as colorectal cancer, advanced adenoma, advanced serrated polyp, nonadvanced adenoma, and nonadvanced ser-
rated polyp.
‡ Fixed specificity to enable comparison of mtFIT and FIT at an equal level. Therefore, there is no P value calculated for the control group.
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FIT-based screening and the inclusion of hemoglobin in
the multitarget stool DNA test (14). However, because
hemoglobin in mtFIT was used in combination with 2
other markers compared with hemoglobin as a single
marker in FIT, while maintaining equal specificity for both
tests, hemoglobin cutoffs used in mtFIT and FIT were not
identical. The second biomarker in the mtFIT is calpro-
tectin, a cytosolic leukocyte protein, which is abundant in
neutrophils and disseminated in the tumor stroma
from where it can reach the intestinal lumen (35, 36).
Calprotectin is associated with inflammation. In fact, it
has already been routinely used for monitoring disease
activity in inflammatory bowel disease. Calprotectin has
also been evaluated as a potential marker for early
detection of CRC, but these studies remain inconclusive
(37–41). In contrast to previous studies, in this study, cal-
protectin concentrations influenced the test outcome of
only persons with an intermediate hemoglobin concen-
tration (between 1.27 and 20.0 mg/g of feces). In this cat-
egory of persons with an intermediate hemoglobin
concentration, most true positives had an AA as the most
advanced lesion. The mtFIT classified persons with inter-
mediate hemoglobin concentrations and calprotectin
concentrations above 251 mg/g of feces as control partic-
ipants. The third biomarker is serpinF2, a serine protease
inhibitor that has a role in balancing protein degradation,
including fibrin (42–44). Serine proteases and their
inhibitors also play a role in remodeling the tumor

microenvironment (45). In addition, serpinF2 protein
expression is increased in several types of cancer,
including CRC (44, 46–48).

Sensitivity of mtFIT for ASP was as poor as that of FIT
(10%). Most ASPs are defined based on their size being
10 mm or greater, yet mostly in absence of dysplasia.
Interestingly, methylation markers in stool have been
found to be able to improve the sensitivity of serrated
polyps, and indeed the multitarget stool DNA test does
show a higher sensitivity for serrated polyps (14, 49).
In theory, by combining the mtFIT with methylation
markers, sensitivity for ASP could be further improved.
However, methylation markers cannot yet be reliably
detected in small stool samples.

Although most samples in this study have been pro-
spectively collected from a well-designed screening
study, the study population was enriched with samples
from a referral population to increase the number of
cases, especially cases of CRC. This could be considered
a limitation, although an increased sensitivity for AAs
was also seen when looking at only the screening popu-
lation (Supplement Figure 3, available at Annals.org).
Furthermore, inherent to biomarker studies using retro-
spective collections, samples were frozen and thawed.
Samples were frozen on collection and had 2 freeze–
thaw cycles, 1 time to do the FIT analysis and a second
time to do the mtFIT analysis. However, the hemoglobin
levels as measured originally by FIT and those analyzed

Figure 2.Classification and regression treemodel.

Predicted control
participants

Yes

Yes

No

No

Yes

Yes

No

No

Hemoglobin concentration ≥20.0 µg/g of feces

Calprotectin concentration ≥251 µg/g of feces

Hemoglobin concentration <1.27 µg/g of feces

Persons predicted as
control participants

Persons predicted as
control participants

Persons predicted as
control participants

Persons predicted as
case patients

Persons predicted as
case patients

Predicted case
patients

Serpin family F member 2 concentration
<0.0275 µg/g of feces

Persons were assigned as case patients or control participants on the basis of the proteins incorporated in the multitarget fecal immunochemical test.
First, hemoglobin concentrations were used to assign predicted case patients (concentrations ≥20 mg/g of feces) and predicted control participants
(concentrations <1.27 mg/g of feces). Thereafter, persons with hemoglobin concentrations between 1.27 and 20 mg/g of feces were assigned as pre-
dicted control participants if calprotectin was greater than 251 mg/g of feces. Finally, the remaining participants were assigned as predicted control par-
ticipants (concentrations <0.0275 mg/g of feces) or predicted case patients (concentrations ≥0.0275 mg/g of feces) on the basis of serpin family F
member 2 concentration.
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by the mtFIT (that is, after an extra freeze-thaw cycle)
showed a good correlation (r 2 = 0.89). This indicates that
no substantial freeze-thaw effects have seemed to play a
role (Supplement Figure 4, available at Annals.org).
Nevertheless, a potential effect over time on the compo-
sition of proteins in the stool sample cannot be com-
pletely excluded. In the planned prospective screening
study, this is a factor that can be controlled for.

In conclusion, this study provides clinical validation of a
mtFIT with higher accuracy for detecting AN, in particular
AA, compared with FIT. This enables early detection and
interception at a premalignant stage rather than an early
invasive stage, which could have a major effect on quality of
life. Moreover, compared with FIT screening, mtFIT-based
screening could lead to a further reduction in CRC incidence
and death. The fact that, both logistically and health eco-
nomically, mtFIT could be compatible with the current prac-
tice of FIT-based screening programs may largely facilitate
future implementation of mtFIT. A prospective screening
trial to further validate mtFIT within the context of the Dutch
CRC screening program is in preparation (34).
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