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INTRODUCTION: Prevalence of colorectal neoplasms varies by polygenic risk scores (PRS). We aimed to assess to what

extent a PRS might be relevant for defining personalized cutoff values for fecal immunochemical tests

(FITs) in colorectal cancer screening.

METHODS: Among 5,306 participants of screening colonoscopy who provided a stool sample for a quantitative FIT

(Ridascreen Hemoglobin or FOB Gold) before colonoscopy, a PRS was determined, based on the

number of risk alleles in 140 single nucleotide polymorphisms. Subjects were classified into low,

medium, andhigh genetic risk of colorectal neoplasms according toPRS tertiles.We calculatedpositive

predictive values (PPVs) and numbers needed to scope (NNS) to detect 1 advanced neoplasm (AN) by

the risk group, and cutoff variation needed to achieve comparable PPVs across risk groups in the

samples tested with Ridascreen (N5 1,271) and FOB Gold (N5 4,035) independently, using cutoffs

yielding 85%, 90%, or 95% specificity.

RESULTS: Performance of both FITs was very similar within each PRS group. For a given cutoff, PPVs were

consistently higher by 11%–15%units in the high-risk PRS group comparedwith the low-risk group (all

P values < 0.05). Correspondingly, NNS to detect 1 advanced neoplasm varied from 2 (high PRS, high

cutoff) to 5 (low PRS, low cutoff). Conversely, very different FIT cutoffs would be needed to ensure

comparable PPVs across PRS groups.

DISCUSSION: PPVs andNNS of FITs varied widely across people with high and low genetic risk score. Further research

should evaluate the relevance of these differences for personalized colorectal cancer screening.

SUPPLEMENTARY MATERIAL accompanies this paper at http://links.lww.com/CTG/A754.
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INTRODUCTION
Fecal immunochemical tests (FITs) are widely recommended by
expert panels (1–4) and increasingly used for colorectal cancer
(CRC) screening (5). Although cutoffs vary between tests and
screening programs, typically, the same cutoffs are used for the
entire screening population within screening programs. How-
ever, if prevalence of neoplasms varies between subgroups of the
screening population, positive predictive values (PPVs) are
expected to likewise vary between those subgroups. Corre-
spondingly, also their reciprocal values, numbers needed to un-
dergo colonoscopy after a positive FIT (number needed to scope
[NNS]) to detect 1 neoplasm would vary. In particular, for a
uniform cutoff, PPVs are expected to be higher for high-risk

groups than for low-risk groups (unless sensitivity and specificity
also vary substantially between high- and low-risk groups). From
both an individual patient and public health perspective, it seems
preferable to use cutoffs that yield the same PPV in all subgroups
to avoid follow-up colonoscopies with very low yield of advanced
neoplasms in the low-risk groups and not to miss follow-up
colonoscopies with relatively high yield in the high-risk groups.

In recent years, genomewide association studies have identi-
fied a rapidly increasing number of single nucleotide polymor-
phisms (SNPs) that are associated with increased risk of CRC
(6–15). Although risk information conveyed by individual SNPs
is small, combining multiple SNPs in polygenic risk scores (PRS)
has been shown to enable risk stratification with major variation
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of CRC risk between subjects with high and low PRS (16). It has
been shown that such PRS also enable relevant risk stratification
by prevalence of advanced neoplasms among participants of
screening colonoscopy (17), suggesting that PRS could be useful
for risk-adapted CRC screening. The aim of this study was to
evaluate to what extent PPVs and NNS for detecting advanced
neoplasms are expected to vary according to PRS-defined risk
groups if the same FIT cutoff is used across all risk groups, and
howmuch FIT cutoffs would have to differ to achieve comparable
PPVs and NNS across PRS-defined risk groups.

METHODS

Study design and population

All analyses are based on data from the BliTz study, which has
been described previously elsewhere (17–20). In brief, BliTz is
an ongoing prospective CRC screening study conducted in
Southern Germany. Participants of screening colonoscopy aged
50–79 years, representing the target population for CRC
screening, are recruited at a visit at 1 of 20 participating gas-
troenterology practices before screening colonoscopy. Stool and
blood samples are collected before bowel preparation. Partici-
pants selected for the current analysis were recruited between
November 2005 and January 2019.

Participants were asked to fill out a self-administered ques-
tionnaire on potential CRC risk factors, basic sociodemographic
information, and medical history. Two different FITs and testing
procedures were conducted during the recruitment period: From
November 2005 to November 2008, participants filled small
containers with raw native fresh stool samples, stored them in
provided plastic bags, kept them in the freezer, and brought them
to the practice visit at the time of colonoscopy. The stool-filled
containers were immediately stored in the freezer (215 to
240 °C) at the practice visit, shipped on dry ice to a central
laboratory within 1 to few days, and analyzed with Ridascreen
Hemoglobin (R-Biopharm, Darmstadt, Germany). From No-
vember 2008 until February 2012, stool collection was performed
in the same way as described above, but another quantitative FIT
was applied (FOB Gold; Sentinel Diagnostics, Milano, Italy).
From February 2012 until January 2019, participants collected
stool samples in collection tubes containing hemoglobin-
stabilizing buffer (10-mg stool in 1.7-mL buffer; Sentinel Diag-
nostics,Milano, Italy; Ref. 11561H). The tubeswere to be sealed in
envelopes and mailed to the study center at the German Cancer
Research Center, where they were kept at 2–8 °C in the re-
frigerator before transporting in a cold chain to the central lab-
oratory (Labor Limbach, Heidelberg, Germany) for analysis with
FOB Gold. It has been shown that diagnostic performance of FIT
in the BliTz study was virtually identical between the 2 different
sample handling methods used during the recruitment period
(21) and that repeated thawing and freezing of stool samples had
little impact on accuracy measures of FITs (22). In this study, all
analyses were performed and are presented separately for the
cohort screened with Ridascreen Hemoglobin (until November
2008) and the cohort screened with FOB Gold (from November
2008 on). The BliTz study has been approved by the Ethics
Committees of theMedical Faculty Heidelberg (178/2005) and of
the responsible state physicians’ chambers (Baden-Württemberg,
M118-05-f; Rheinland-Pfalz, 837.047.06(5145); Saarland, 217/13;
Hessen, MC 254/2007) and is registered in the German Clinical
Trials Register (DRKS-ID: DRKS00008737).

The following exclusion criteria were applied to ensure
representativeness of samples for an average-risk screen-naive
population and to minimize the number of missed neoplasms:
age ,50 or $80 years; history of CRC or inflammatory bowel
disease; colonoscopy in the preceding 5 years; inadequate bowel
preparation; incomplete colonoscopy (caecum not reached);
and nondefined polyp. To maximize efficiency given limited
resources, genotyping was conducted in all advanced neoplasia
(AN, CRC, or advanced adenoma [AA]) cases and in a random
sample of control subjects, matched by sex, rather than in all
participants. The current analysis thus focuses on a subset of
participants from whom stool samples and genotyping data are
available. We excluded participants whose samples failed
quality check during genotyping, leaving a final set of 1,271
participants tested with Ridascreen (172 with AN and 1,099
without AN) and 4,035 participants tested with FOB Gold (523
with AN and 3,512 without AN) (Figure 1).

Genotyping and selection of SNPs

Blood cell DNA was extracted, and genotyping was performed
using the OncoArray-500 k V1.0 BeadChip (Illumina, San Diego,
CA) for 957 (18.0%) subjects and Global Screening Array (Illu-
mina) for 4,349 (82.0%) subjects. Genotyping was performed in
2014 (18.0%of the samples), in 2017 (31.5%), and in 2020 (50.5%)
and hence on average 5.9 (median [interquartile range] 6 [3–8])
years after recruitment. Genotyping quality was assessed as de-
scribed previously (23). For all rounds of genotyped data, im-
putation of the missing genotypes was performed using the
Haplotype Reference Consortium (version r1.1.2016) as the ref-
erence panel. PLINK v1.90 was used to extract SNPs for the re-
gions of interest.

Identification and selection of common risk variants

For the PRS, 140 CRC risk variants that were previously dis-
covered and validated for the European descent population
(15) were considered to generate the PRS. One SNP
(rs6928864) was not available and thus replaced with another
SNP (rs6904092, linkage disequilibrium, D’ 5 1 and r2 5 1),
and thus, 140 SNPs were finally included (see Supplementary
Table 1, http://links.lww.com/CTG/A754). Scores were con-
structed in PLINK using “mode” function in which missing
values of SNPs are first imputed and then summed up, which
give an actual range of 112–160 risk alleles. An unweighted
PRS based on the number of risk alleles was calculated and
used for main analyses. Participants were categorized
according to tertiles of the PRS among those free of AN, with
categories low-risk (112–132 risk alleles), medium-risk
(133–138 risk alleles), and high-risk (139–160 risk alleles).
Sensitivity analyses were conducted using a weighted PRS, in
which weights were applied to each risk allele, equaling the log
odds ratio (OR) of the respective SNP as found in the discovery
study of each SNP.

Colonoscopy findings

Colonoscopy and histology records were obtained from the gas-
troenterology practices on completion of colonoscopy. Colono-
scopy and histology reports were reviewed, and findings at
colonoscopy were independently extracted in a standardized
manner by 2 trained investigators who were blinded with respect
to stool test results. Participants were classified according to the
most advancedfinding at colonoscopy (CRC,AA, non-AA, other,
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or none of above). Adenomas were defined as advanced if they
were$1 cm, had tubulovillous or villous histology, or high-grade
dysplasia.

Laboratory analyses

Fecal hemoglobin concentrations were measured using
Ridascreen Hemoglobin, which is based on an enzyme immu-
noassay (participants recruited until December 2008), and FOB
Gold, which is based on a latex agglutination assay (participants
recruited from December 2008 onward). In both groups of par-
ticipants, fully automated FIT analyses were conducted, blinded
with respect to colonoscopy results, using Tecan Freedom
EVOlyzer® (RidascreenHemoglobin) andAbbottArchitect c8000
(FOB Gold), respectively. The median time (interquartile range)
between fecal sampling and laboratory analysis was 9 (6–13) days.

Statistical analyses

Results of screening colonoscopy and FIT were used to derive
PPVs and NNS of FIT for detection of 1 AN. To make results
comparable across the 2 FITs, cutoffs were preset to yield defined
levels of specificities.We chose specificities of 85%, 90%, and 95%
(corresponding to low, intermediate, and high cutoff) to reflect
the high levels of specificity required for population-based
screening.

PPVs for AN were calculated for overall FIT results and for
FIT in each PRS group.We assumed the same sensitivity between
PRS groups for a given FIT and specificity. Because of the over-
sampling of AN cases (in all of whom genotyping was conducted)
compared with controls (where genotyping was conducted only
in a random subset of all subjects), we could not calculate PPVs
and 95% confidence intervals (CIs) directly as proportions from
contingency (2-by-2) tables of true and false positives and neg-
atives. Instead, we derived sensitivities and specificities from such

tables and estimated the prevalence of AN, which is additionally
needed for the PPV calculations as follows: Prevalence of AN in
subjects with medium PRS was assumed to equal that of the entire
study population, i.e. prevalencemedium 5 overall prevalence. Preva-
lence in subjects with low PRS was approximated by prevalencelow5
prevalencemedium3ORlow/medium,whereORlow/medium is theodds ratio
of AN in the low PRS group compared with the medium PRS group.
Similarly, prevalence in subjects with high PRS was approximated by
prevalencehigh 5 prevalencemedium 3 ORhigh/medium. The ORs were
derived from multivariable logistic regression models with
AN as outcome and PRS as categorical explanatory variable
(medium PRS as the reference group), adjusted for age and
sex. We then calculated PPVs and asymptotic standard logit
CIs (24) from the estimated prevalences of having AN
according to the PRS group and the 2-by-2 tables using the
function “BDtest” from the R package “bdpv” (25). That
function works with the logit transformations of adjusted
sensitivity and specificity (observed cell counts plus conti-
nuity correction in each cell) from which the SD of the (logit)
PPV is calculated using the delta method. CIs are then obtained
by exp(estimate)/(1 1 exp(estimate)), where estimate 5 logit
PPV 6 1.96 3 SD(logit(PPV)).

As themain outcome, we calculated PPVs of FITs for different
cutoffs and PRS categories. Secondary outcomes were differences
in cutoffs for different PRS groups achieving comparable PPVs
for each FIT and differences in PPVs according to PRS groups
when using uniform cutoffs. These differences were tested for
statistical significance using 95% bias-corrected and accelerated
bootstrap (26) CIs (R package boot (27)).

PPVs of FIT were examined according to PRS strata and FIT
cutoffs for both FITs. Statistical tests were 2-sided with the alpha
level set at 0.05. All statistical analyses were conducted using
R (28).

Figure 1. Flow chart of the study participants included in this analysis. AA, advanced adenoma; AN, advanced neoplasia (CRC or AA); CRC, colorectal
cancer; IBD, inflammatory bowel disease.
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RESULTS
The study included 1,271 participants tested with Ridascreen He-
moglobin and 4,035 participants tested with FOB Gold (Table 1).
Because of genotyping in a random sample of participants without
AN only, participants with AN were overrepresented in both co-
horts (n 5 172 and 523, including 15 and 33 CRC cases and 157
and 490 participants with AA as the most advanced finding at
colonoscopy, respectively). In both cohorts, a slight majority of
participants were men (53.5% and 51.4%), and the mean age was
63.1 and 61.8 years, respectively.

Risk allele distribution and estimated neoplasia prevalence

Age- and sex-adjusted odds ratios for having any AN indicated a
higher risk in the high PRS group (ORhigh/medium5 1.29, 95% CI
1.07–1.56) and a lower risk in the lowPRS group (ORlow/medium5
0.75, 95%CI 0.61–0.92). TheseORswere used to approximate the
PRS-specific prevalence of AN in this study. Estimated preva-
lences for AN were 9.33% in subjects with medium PRS (just like
in the overall study population, where 57 CRC and 751 AA cases
were found among 8,662 participants), 12.1% (9.33% 3 1.29) in
high-risk subjects, and 7.0% in low-risk subjects.

Overall and PRS-specific performance of FIT

In participants screened with Ridascreen Hemoglobin, we found
a steady increase in PPVswith higher genetic risk. For example, at

an intermediate cutoff (90% specificity), PPV was 24% with low
PRS compared with 30% and 37% with medium and high risk,
respectively (Table 2). Similar increases with PRS were found at a
low cutoff (85% specificity), despite overall lower PPVs (19%,
25%, and 31%), and at a high cutoff (95% specificity) with overall
higher PPVs (34%, 42%, and 49%) with low, medium, and high
PRS, respectively. Differences in PPVs between PRS groups were
5%–7% units for comparisons of medium vs low PRS, 6%–7%
units for high vsmediumPRS, and 11%–15%units for high vs low
PRS. All differences in PPVs were statistically significant.

Almost identical results were found in the larger sample of
participants tested with FOB Gold using the same PRS: PPVs
steadily increased with higher cutoff (27%, 32%, and 42% among
those with medium PRS) and with higher PRS (26%, 32%, and
39% for low, medium, and high risk, respectively, at an in-
termediate cutoff). Again, all differences in PPV between PRS
groups were statistically significant. Using the weighted PRS
yielded very similar results when comparing high vs low PRS (see
Supplementary Table 2, http://links.lww.com/CTG/A754) for
both Ridascreen and FOB Gold.

Table 3 shows the corresponding NNS to detect 1 AN. Al-
though up to 4 individuals at low genetic risk need to be scoped
with Ridascreen at 90% specificity (4.1, 95% CI 3.5–5.0), this
number gradually decreased to 2.7 for individuals with high PRS.
At 85% specificity, NNS was only slightly higher in the high PRS
group (3.3) than at 95% specificity in the low PRS group (2.9). A
comparable pattern was found in those tested with FOB Gold,
with NNS ranging from 4.6 (low PRS, low specificity) to 2.0 (high
PRS, high specificity), again with similar NNS in those with high
PRS at a low FIT cutoff (3.0) and those with low PRS and high FIT
cutoff (2.9).

In both FITs, the same PPVwas reached atmuch lower cutoffs
in subjects with high and medium PRS compared with the low-
risk group (Figure 2). For example, to achieve a PPV of 25%, a
Ridascreen cutoff of 4.5 mg/g was required in the low PRS group,
compared with 1.7 and 0.8 mg/g in the medium and high PRS
groups, respectively (Table 4). For FOB Gold, the corresponding
numbers were 10.9, 7.9, and 6.5 mg/g. Also in both samples, dif-
ferences in cutoffs between PRS groups increased with increasing
PPV. Differences between PRS groups were statistically signifi-
cant in nearly all comparisons.

DISCUSSION
In this article, PPVs for screen-detected AN were investigated
independently for 2 quantitative FITs, Ridascreen Hb and FOB
Gold, according to FIT cutoff and a PRS. In both cohorts, PPVs
for having AN were consistently higher (approximately 1.5-fold)
in individuals in the upper compared with the lower tertile of
genetic risk. Accordingly, considerably higher cutoffs were re-
quired in lower risk subjects to achieve comparable PPVs as in
higher risk subjects. Differences in cutoffs between low- and high-
risk groups were between 1.6 and 9.5 mg/g (Ridascreen) and be-
tween 2.9 and 14.2 mg/g (FOB Gold) for PPVs between 20% and
35%, whereas use of the same cutoffs for all screenees resulted in
substantially different PPVs across groups. Using the weighted
PRS resulted in very similar PPVs and cutoff differences as the
unweighted PRS.

Our findings may be relevant for personalized screening. For
example, subjects might be referred to colonoscopy not solely
because of a positive FIT but according to their estimated risk of
having AN. Baseline risks could be stratified into high, medium,

Table 1. Characteristics of the study population with PRS and FIT

data available

Characteristic

Ridascreen

Hemoglobin FOB Gold

Total,

N5 1,271 %

Total,

N54,035 %

Sex

Male 680 53.5 2,076 51.4

Female 591 46.5 1,959 48.6

Age (yr)

50–54 40 3.1 176 4.4

55–59 407 32.0 1,706 42.3

60–64 289 22.7 852 21.1

65–69 317 24.9 654 16.2

70–74 164 12.9 457 11.3

75–79 54 4.2 190 4.7

Most advanced finding at screening

colonoscopya

CRC 15 1.2 33 0.8

AA 157 12.4 490 12.1

Advanced neoplasia (CRC or AA) 172 13.5 523 12.9

Nonadvanced adenoma 312 24.5 1,010 25.0

No neoplasm 787 61.9 2,502 62.0

AA, advanced adenoma; CRC, colorectal cancer; FIT, fecal immunochemical
test; PRS, polygenic risk score.
aParticipants with colorectal cancer or advanced adenoma are overrepresented
because genotyping was performed in all colorectal cancer and advanced
adenomacases but only in a subset of participants free of advanced neoplasms.
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and low risk according to PRS and further refined by FIT. With
low genetic risk, a higher FIT cutoff would be required to achieve
the same PPV as in high-risk individuals. In clinical practice, one
might consider colonoscopy referral only given a certain proba-
bility of having AN, i.e., by raising the FIT cutoff in low-risk
individuals, and lowering the cutoff in high-risk individuals. Es-
timation of such a referral threshold may be based on FIT and
PRS result, like in our study, but could be extended to furtherCRC
risk factors or preventive factors (individually or in combination),
such as sex, age, having a family history of CRC, or having ever
had a colonoscopy (29). The priority of including a risk or pre-
ventive factor in an overall score should depend not solely on
strengths of associations but also address difficulty/costs of
measurements. With such a stepwise approach, some criteria or
tests might be expendable if the initial test(s) already indicate(s) a
high risk. For instance, an old male screenee with a very high Hb
concentration would be considered at high risk even if his genetic
risk was low, and costly genotyping would be unnecessary. Ap-
plicability of such an approach in different countries, with their
heterogeneous screening programs (organized vs opportunistic,
with varying extent of additional screening for those with family
history of CRC or for polyp surveillance etc.) remains to be
determined.

Although several previous studies examined combinations of
FIT and other diagnostic tests, mainly stool tests (30) but also
blood tests (31) for accuracy of colorectal neoplasia detection, to
the best of our knowledge, no study to date investigated PPVs of
FIT alone and according to genetic risk. Although other studies
assessed PPVs of FIT when combined with another marker
(32–35), these studies typically focused on changes in sensitivity,
specificity, andPPVby simple combination of bothmarkers, such
as definition of test results as positive if 1 of 2 tests was positive,
rather than possible adaptation of FIT cutoffs.

To the best of our knowledge, this is the first study in-
vestigating genetic risk group–specific FIT cutoffs to achieve
prespecified PPVs. Few further studies examined FIT combined
with risk scores, although not with a PRS (36–39), but studied
different outcomes such as area under the receiver operating
characteristics curves (36,37) and sensitivities (38,39). In addition
to FIT, those studies used conventional CRC risk factors (36),
calcium intake, family history and age (37), high blood pressure,
age and abdominal obesity (38), and the Asia-Pacific Colorectal
Screening scoring system (39). Discriminatory ability of PRS
alone (without FIT) has been examined in further studies
(40–43), which focused on CRC as the outcome. Peng et al. (44)
found substantial differences in cutoffs required to achieve

Table 3. Comparison of NNSs for detecting advanced neoplasia of both FITs achieved at different PRS categories and specificities

FIT Cutoffa

NNS for advanced neoplasia (%) (95% CI)

Difference in number needed to scope for advanced

neoplasia (%) (95% CI)b

Low PRS Medium PRS High PRS Medium vs low High vs medium High vs low

Ridascreen Hemoglobin Low 5.1 (4.4–6.1) 4.0 (3.4–4.7) 3.3 (2.8–3.8) 1.1 (0.3–2.1) 0.8 (0.2–1.2) 1.9 (1.0–2.8)
Intermediate 4.1 (3.5–5.0) 3.3 (2.8–3.9) 2.7 (2.3–3.2) 0.8 (0.2–1.6) 0.6 (0.2–0.9) 1.4 (0.8–2.2)

High 2.9 (2.4–3.7) 2.4 (2.0–2.9) 2.0 (1.7–2.5) 0.5 (0.1–1.0) 0.3 (0.1–0.6) 0.9 (0.5–1.3)

FOB Gold Low 4.6 (4.3–5.1) 3.7 (3.4–4.0) 3.0 (2.8–3.2) 1.0 (0.2–1.8) 0.7 (0.2–1.0) 1.7 (0.9–2.4)
Intermediate 3.9 (3.5–4.3) 3.1 (2.8–3.4) 2.6 (2.4–2.8) 0.8 (0.2–1.5) 0.5 (0.2–0.8) 1.3 (0.7–1.9)

High 2.9 (2.6–3.3) 2.4 (2.1–2.7) 2.0 (1.9–2.2) 0.5 (0.1–1.0) 0.3 (0.1–1.0) 0.9 (0.5–1.3)

CI, confidence interval; FIT, fecal immunochemical test; NNS, numbers needed to scope; PRS, polygenic risk score.
aCutoffs were defined to yield 85% (low), 90% (intermediate) and 95% (high) specificity and were as follows (expressed in mg hemoglobin per gram of stool): Ridascreen
Hemoglobin 1.7 mg/g (low), 4.0 mg/g (intermediate), and 12.0 mg/g (high); FOB Gold 8.5 mg/g (low), 11.6 mg/g (intermediate), and 22.7 mg/g (high).
bStatistically significant differences (a5 0.05) between NNS are indicated in bold.

Table 2. Comparison of positive predictive values for detecting advanced neoplasia of both FITs achieved at different PRS categories and

specificities

FIT Cutoffa

Positive predictive value for advanced neoplasia

(%) (95% CI)

Difference in positive predictive value for advanced

neoplasia (%) (95% CI)b

Low PRS Medium PRS High PRS Medium vs low High vs medium High vs low

Ridascreen Hemoglobin Low 19 (16–23) 25 (21–29) 31 (26–35) 5 (2–9) 6 (2–9) 11 (7–16)
Intermediate 24 (20–29) 30 (25–36) 37 (31–43) 6 (2–10) 6 (2–10) 13 (8–18)

High 34 (27–42) 42 (34–50) 49 (41–57) 7 (2–12) 7 (2–12) 15 (10–20)

FOB Gold Low 22 (20–24) 27 (25–30) 33 (31–36) 6 (2–10) 6 (2–11) 11 (8–17)
Intermediate 26 (23–28) 32 (29–35) 39 (36–42) 6 (2–11) 7 (2–12) 13 (9–18)

High 35 (31–39) 42 (38–47) 49 (45–54) 6 (2–13) 7 (2–13) 15 (10–20)

CI, confidence interval; FIT, fecal immunochemical test; PRS, polygenic risk score.
aCutoffs were defined to yield 85% (low), 90% (intermediate), and 95% (high) specificity and were as follows (expressed in mg hemoglobin per gram of stool): Ridascreen
Hemoglobin 1.7 mg/g (low), 4.0 mg/g (intermediate), and 12.0 mg/g (high); FOB Gold 8.5 mg/g (low), 11.6 mg/g (intermediate), and 22.7 mg/g (high).
bStatistically significant differences (a5 0.05) between positive predictive values are indicated in bold.

American College of Gastroenterology Clinical and Translational Gastroenterology

C
O
LO

N

Risk-Adapted FIT Cutoffs for CRC Screening? 5



comparable PPVs forAN in low-,medium-, and high-risk groups
defined by environmental risk scores, similar to our study.
Combining information of environmental and genetic risk might
result in even stronger variation of PPVs at fixed cutoffs or of
cutoffs at fixed PPVs across risk groups.

Our study has several strengths. PPVs for AN detection
were estimated using FIT alone and additional polygenic risk
stratification, achieving more accurate risk prediction
than FIT alone. We corrected for oversampling of AN cases in
PPV estimations. Participants were recruited from an

asymptomatic population undergoing CRC screening. Thus,
spectrum bias potentially introduced when including symp-
tomatic CRC cases, which might be easier to detect, was
avoided. Very large numbers of genotyped individuals with
and without AN were included, yielding narrow CIs for PPVs.
Results from screening colonoscopy were available for all
subjects, ruling out verification bias (45). Two samples using
different FITs were used, and we found very high agreement in
findings of the 2 cohorts. Blinding of laboratory personnel
toward colonoscopy results was ensured. Potential overfitting

Table 4. Combinations of FIT cutoffs achieving comparable positive predictive values and numbers needed to scope

Positive predictive value for AN detection

FIT cutoff (mg/g) Difference in cutoff (mg/g) (95% CI)

Low PRS Medium PRS High PRS Medium vs low High vs medium High vs low

Ridascreen Hemoglobin

20% 1.8 0.8 0.2 1.0 (0.1 to 3.1) 0.6 (0.3 to 1.8) 1.6 (0.8 to 4.5)

25% 4.5 1.7 0.8 2.8 (0.4 to 8.3) 0.9 (0.1 to 2.0) 3.7 (1.1 to 7.2)

30% 6.6 3.9 1.6 2.7 (217.2 to 5.9) 2.3 (0.9 to 6.8) 5.0 (1.8 to 22.1)

35% 13.0 5.3 3.5 7.7 (24.0 to 31.1) 1.8 (0.4 to 12.2) 9.5 (2.5 to 32.9)

FOB Gold

20% 8.0 6.5 5.1 1.5 (0.5 to 4.1) 1.4 (0.2 to 3.2) 2.9 (1.3 to 4.4)

25% 10.9 7.9 6.5 3.0 (0.4 to 7.8) 1.4 (0.5 to 2.6) 4.4 (1.9 to 9.0)

30% 16.5 10.1 7.6 6.4 (1.2 to 15.0) 2.5 (0.5 to 3.6) 8.9 (3.2 to 16.6)

35% 23.4 13.8 9.2 9.6 (1.4 to 22.0) 4.6 (1.4 to 8.3) 14.2 (5.3 to 28.3)

95% CI for differences in cutoffs was calculated using bias-corrected and accelerated (BCa) bootstrap and at least 2,000 bootstrap replicates. Statistically significant
differences (a5 0.05) between cutoff are indicated in bold.
AN, advanced neoplasia (colorectal cancer or advanced adenoma); CI, confidence interval; FIT, fecal immunochemical test; PRS, polygenic risk score.

Figure 2.Positive predictive values for advancedneoplasia detection according to examinedFIT, cutoff, andPRS category. FIT, fecal immunochemical test;
Hb, hemoglobin; PPV, positive predictive value; PRS, polygenic risk score.
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by combining FIT and PRSwas circumvented by using a simple
tertile-based PRS categorization.

Our study also has limitations. Prevalences ofAN inPRS strata
were unknown by design of the study and were therefore esti-
mated from overall prevalence and ORs for high and low vs av-
erage genetic risk using logistic regression models for PPV
estimates.We refrained from estimating PRS-specific sensitivities
of FIT because of comparably small case numbers in each PRS
group. Genotyping was solely performed in screening partici-
pants from South-Western Germany, the majority of whom is of
European descent. Thus, generalizability of our results is limited.
Also, although results of 2 FITs were very similar, replication in
further studies using different (quantitative) FITs iswarranted. By
design, qualitative FITs would not be suitable for risk-adapted
cutoffs. Replication studies should also comprise subjects from
other countries and continents and use different PRS. Finally,
sessile-serrated lesions were not recorded consistently as such in
the early years of study recruitment, which is why we could not
consider them in our analyses. It is known that FITs have poor
sensitivity for sessile-serrated lesions (46).

Further large-scale studies are required for comparisons of
adherence, optimal screening intervals, and resulting (cost)ef-
fectiveness of individual and combinedCRC screening usingPRS,
FIT, and potential furthermarkers. According to a previous large-
scale study (16), having a family history and PRS were surpris-
ingly weakly correlated, indicating further potential for im-
provement in risk stratification by combining those factors.

Use of PRS for adjustment of FIT cutoffs in routine practice
would require 1-time genetic testing. Although currently not
routinely implemented, determination of PRS for risk stratifica-
tion and related indications, such as determining risk-adapted
starting ages of screening, has recently received increased atten-
tion, and genetic testing is increasingly commercially offered and
used in several countries, such as the United States. With genetic
information from such testing available, adaptation of FIT cutoffs
according to genetic risk could be performed at virtually no extra
cost. If such information is not available, it might be obtained by a
single test at first use of FIT. In case of further improvements in
genetic risk prediction, individuals with high genetic riskmight be
recommended to undergo colonoscopy directly irrespective of
FIT. If and under which conditions genetic testing might be
implemented in screening practice requires further research and
societal discussion which has to take additional aspects, such as
ethical, legal, logistic, and economic aspects into account.

Notwithstanding the need of such further research and dis-
cussion, our results may provide important information for fu-
ture screening programs aimed to personalize screening. In
particular, they provide important empirical evidence for the
variation of FIT cutoffs that would be needed to ensure defined
levels of PPV and NNS according to PRS-defined risk groups and
for the strong variation of PPVs and NNS of FITs for AN de-
tection at fixed FIT cutoffs.
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