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Background: The possible nonlinear association with therapeutic outcomes in ulcerative colitis may contribute to the inconclusive
cutoff values of fecal calprotectin (FC). We aimed to explore the nonlinear association between FC levels and long-term therapeutic
outcomes in patients with ulcerative colitis and establish a clinically applicable FC index.

Methods: We included patients treated with vedolizumab or adalimumab from the VARSITY (n=661) and GEMINI 1 (n=620) studies
as discovery and validation cohorts, respectively. The primary outcome was endoscopic remission at week 52 (Mayo Endoscopic
Score 0). Restricted cubic splines were used to model nonlinearity between FC and long-term outcomes. Cutoff values were
determined using piecewise regression to establish the FC index. Multivariable logistic regression and receiver operating characteristic
curve analyses were performed to assess its predictive value.

Results: A nonlinear approximate enantiomorphic “J-shaped” association was observed between post-induction FC levels and long-
term outcomes. Cutoff values of 180, 500, and 1300 pg/g were selected to construct the FC index; a higher index was significantly
associated with a poorer outcome (P for trend <0.05). Furthermore, the FC index had an area under the receiver operating
characteristic curve of 0.7095 [95% CI: 0.6621-0.7569], 0.6856 [95% CI: 0.6427-0.7284], 0.7527 [95% CI: 0.7084-0,7971], and
0.7630 [95% CI: 0.7110-0.8150] in predicting long-term endoscopic remission, clinical remission, histological remission, and disease
clearance, respectively, approximately comparable to continuous FC, and superior to dichotomous FC.

Conclusion: The FC index is a promising indicator of therapeutic outcomes and may guide clinicians’ therapeutic decisions.
Keywords: fecal calprotectin, ulcerative colitis, nonlinearity, long-term outcome

Introduction
Ulcerative colitis (UC), a major form of inflammatory bowel disease (IBD), is a chronic progressive disease, character-
ized by alternating periods of remission and activity. It can lead to intestinal dyskinesia, fibrosis, and neoplasia.'*

The development of biologics has provided a superior treatment option for patients with UC.?> However, their efficacy
may decrease over time. A previous study showed that 23-46% of patients with IBD receiving tumor necrosis factor
(TNF) antagonists experienced a loss of response to therapy after 12 weeks of treatment,* and the cumulative incidences
of loss of response to vedolizumab treatment have been reported as 20% and 35% at six and 12 months, respectively.’
Therefore, exploring predictors of long-term therapeutic outcomes in patients with UC receiving biologics is urgently

required, to allow early intervention and therefore improve prognosis.
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Calprotectin is a calcium- and zinc-binding protein found predominantly in neutrophils. Its presence in feces implies
that neutrophils migrate toward and infiltrate the intestinal tract.® Fecal calprotectin (FC) has been utilized effectively to
monitor disease activity, predict clinical relapse, and track therapeutic responses in patients with UC.”* Although various

cutoff values of FC, range from 50pg/g to 500pg/g,”*'°

were demonstrated to predict therapeutic outcomes, the optimal
cutoff value fails to reach a consensus, which hampers the clinical utilization of FC. The inconclusive cutoff value of FC
may be contributed to sampling time, saving procedures, detecting methods and its nonlinear association with therapeutic
outcomes. Previous studies have disclosed the nonlinear relationship between long-term outcomes and inflammatory
biomarkers, such as neutrophil-to-lymphocyte ratio.''"'> However, it is still unclear whether the association between
long-term therapeutic outcomes and FC are linear or not.

This study investigated the nature of the association between FC levels and long-term therapeutic outcomes in
patients with UC treated with biologics. Additionally, we constructed a novel FC index and assessed its ability to predict

long-term outcomes.

Methods
Study Design
This is a post-hoc analysis of two Phase III, randomized controlled trials, VARSITY (NCT02497469) and GEMINI 1
(NCT00783718), which recruited adult patients with moderately to severely active UC, defined as a total Mayo score of
6-12 and a Mayo endoscopic score (MES) of >2."*'* We included patients from the VARSITY trial as a discovery cohort
to explore the nonlinear association between FC levels and long-term therapeutic outcomes, and to construct and evaluate
a novel simple FC index. Patients from the GEMINI 1 trial were included as the validation cohort to verify the
nonlinearity, and to test the predictive power of the FC index.

As the data were previously collected and presented anonymously, local ethics approval and informed consent were
unnecessary.

Participants

Details of the design and eligibility criteria for the VARSITY and GEMINI 1 studies have been published previously.'*'*
Patients enrolled in the VARSITY study were randomly assigned to receive either intravenous infusions of vedolizumab
or subcutaneous injections of adalimumab. FC levels of patients were examined at weeks 14, 30, and 52, and clinical,
endoscopic, and histological activities were assessed at weeks 14 and 52.'* The GEMINI 1 trial randomly assigned
patients to receive intravenous vedolizumab or placebo. FC levels were measured at weeks six, 30, and 52, and
evaluations of clinical and endoscopic activities were performed at weeks six and 52.'* Patients from the two studies
who received biologics regularly during both induction and maintenance therapy met the eligibility criteria for this study.

Variables

The FC level at the end of the induction therapy (week 14 in VARSITY and week six in GEMINI 1) was the primary
variable of interest. FC levels were analyzed using the new FC index established in this study, dichotomous FC (with
cutoff values of 250, 125, and 100 pg/g), and continuous FC (per 100 units).

Data on patient demographic and clinical characteristics, including sex, age, disease duration, smoking history,
previous exposure to TNF antagonists, treatment allocation, baseline concomitant medications (corticosteroids, immu-
nomodulators, or 5-aminosalicylic acid), FC level, partial Mayo score (PMS), and MES at baseline were collected for
comparison and confounding factor adjustment. Sex, smoking history, previous exposure to TNF antagonists, treatment
allocation, and baseline concomitant medications were categorical variables; all other variables were continuous data.

Outcomes

The primary outcome was endoscopic remission (ER) at the end of maintenance therapy (week 52), defined as a MES of
0. In addition, clinical remission (CR, PMS <3 and no subscore >1), endoscopic improvement (EI, MES <1), histologic
remission (HR, highest Geboes score <2.0), histological improvement (HI, highest Geboes score <3.2), and disease
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clearance (DC, MES=0, PMS=0, and highest Geboes score <2.0) at week 52 were secondary outcomes. Specific details
about the PMS, MES, and Geboes scores have been published previously.15’16 Patients who dropped out of the trial
prematurely were deemed to have failed to achieve therapeutic outcomes.

Statistical Analyses

Continuous variables are presented as medians and interquartile ranges (IQR), and categorical variables as numbers and
percentages. Patients without post-induction FC data and those with missing outcome data were excluded from the
corresponding analysis.

In the discovery cohort, restricted cubic splines (RCS) and logistic regression analyses were used to model the
nonlinear association between FC levels and long-term outcomes, with adjustment for potential confounders, including
age, sex, disease duration, smoking history, previous exposure to TNF antagonists, treatment allocation, and baseline
concomitant corticosteroid use, PMS, and MES. The reference value (odds ratio [OR]=1) was set as the median and the
four knots were set as the Sth, 35th, 65th, and 95th percentiles of FC concentrations. Piecewise logistic regression was
further employed to determine the specific inflection points where the association between FC levels and primary
outcomes changes. The analysis was conducted using the R package “segmented”, which applies likelihood ratio tests
and iterative approximation techniques to identify the best-fitting segmented model and a bootstrap resampling method to
determine the confidence intervals (CI) for estimated inflection points. FC levels were then categorized into groups to
construct a simple FC index according to the estimated inflection points and median. For ease of use, cutoff values were
rounded to the nearest hundred, except for values less than 350 pg/g, which were rounded to the nearest ten as previously
reported cutoff values were primarily in this range.'” 2° Univariable and multivariable logistic regression analyses were
conducted to investigate the predictive value of the FC index in predicting therapeutic outcomes. Three models were
applied for the piecewise and multivariable regression described above to adjust for confounding factors. Model 1 was
adjusted for sex and age. Model 2 was further adjusted for disease duration, smoking history, and previous exposure to
TNF antagonists. Model 3 was adjusted for the covariates in Model 2, as well as treatment allocation, and baseline
concomitant corticosteroid use, PMS, and MES. The unadjusted and adjusted ORs were calculated with 95% CI. Then
the FC index, originally an ordinal variable, was treated as a continuous variable to calculate the P values for trend.
Receiver operating characteristic (ROC) curves were generated and analyzed to compare the prediction accuracy of the
FC index with dichotomous FC (with cutoff values of 250, 125, and 100 pg/g) and continuous FC. The area under the
curve (AUC) and 95% ClIs were calculated. DeLong’s test was used to compare the ROC curves. Exploratory subgroup
analyses stratified by age (<40 or >40 years), sex, smoking history, previous exposure to TNF antagonists, and biologic
agents (vedolizumab or adalimumab) were performed, and the interactions between the FC index and grouping variables
were tested.

Sensitivity analyses were performed to verify the consistency of results. We (1) performed additional RCS analyses
with three knots (10th, 50th, and 90th percentiles) and five knots (5th, 27.5th, 50th, 75.5th, and 95th percentiles) to test
the robustness of the nonlinear association, (2) evaluated the predictive value of the FC index constructed using the raw
inflection values without rounding, and (3) redefined DC as the simultaneous achievement of CR, ER, and HR to further
examine the nonlinearity between FC levels and DC, and the association between the FC index and DC.

P<0.05 was deemed to indicate statistical significance. All statistical analyses were conducted using R software
version 4.1.1 (R Foundation for Statistical Computing, Vienna, Austria).

Results
Study Populations

The flow chart of participant recruitment was shown in Figure S1, and Table 1 presents the baseline patient character-
istics. In the VARSITY, 573 patients (294 receiving vedolizumab and 279 receiving adalimumab) had available FC data
at week 14 and were included in the analysis. In the GEMINI 1, 523 patients treated with vedolizumab had available FC
data at week six and were included for external validation. No significant differences were observed between the two
trials in terms of sex, age, disease duration, or clinical disease activity. However, the proportions of patients with
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Table | Baseline Characteristic

Variables Discovery Cohort | Validation Cohort | P Value
Number of patients 661 620
Female, n (%) 276 (41.8) 256 (41.3) 091
Age, y, median (IQR) 39.0 (29.0, 51.0) 38.5 (29.6, 49.5) 0.64
Disease duration, y, median (IQR) 4.67 (2.00, 8.98) 4.85 (2.24, 9.04) 0.72
Smoking history, n (%) 197 (29.8) 240 (38.7) 0.001
Previous TNF antagonist therapy, n (%) | 126 (19.1) 286 (46.1) <0.001
Concomitant medications

Corticosteroid, n (%) 243 (36.8) 325 (52.4) <0.001

Immunomodulator; n (%) 171 (25.9) 213 (344) 0.001

5-aminosalicylic acid, n (%) 463 (70.1) 403 (65.0) 0.06
PMS, median (IQR) 6(57) 6(57) 0.22
MES, median (IQR) 3(23) 3(2,3) 0.03
FC, uglg, median (IQR) 1441 (617, 3176) 859 (364, 1727) <0.001

Abbreviations: FC, fecal calprotectin; IQR, interquartile range; MES: Mayo endoscopic score; PMS, partial Mayo
score; TNF, tumor necrosis factor.

a smoking history (38.7% vs 29.8%, P=0.001), previous TNF antagonist exposure (46.1% vs 19.1%, P<0.001), and
baseline concomitant corticosteroid use (52.4% vs 36.8%, P<0.001) were greater in the GEMINI 1 than in the VARSITY.
In addition, patients in the VARSITY had significantly higher baseline FC levels than those in the GEMINI 1 (1441 [IQR
617-3176] vs 859 [IQR 364-1727] ng/g, P<0.001).

Nonlinearity Between FC Levels and Long-Term Therapeutic Outcomes

At week 52, 160 (26.0%), 281 (45.7%), and 343 (54.5%) patients in the discovery cohort achieved ER, EI, and CR,
respectively, and 135 (21.5%), 294 (46.9%), and 57 (8.9%) achieved HR, HI, and DC, respectively. RCS analysis
revealed an approximate enantiomorphic “J-shaped” association between post-induction FC levels and long-term
therapeutic outcomes, with a P value for nonlinear of 0.0037 for DC, and P values for nonlinear of <0.001 for other
outcomes (Figure 1). Specifically, as the FC level increased, the possibility of patients achieving long-term outcomes
decreased rapidly at first, then decreased gently, and finally stabilized. Piecewise regression analysis identified two
corresponding inflection points at 176 and 1265 pg/g. After adjusting for potential confounders, the OR (per 100 units)
for the occurrence of ER was 0.56 (95% CI: 0.28-1.10, P=0.09), 0.87 (95% CI: 0.77-0.98, P=0.03), and 1.01 (95% CI:
1.00-1.02, P=0.05) in patients with FC levels of <176, 176-1265, and >1265 ng/g, respectively (Table S1). Sensitivity
analyses revealed consistent nonlinear associations between FC levels and long-term outcomes (Figures S2—-S4).

FC Index Prediction of Long-Term Therapeutic Outcomes

Based on the inflection points of 176 and 1265 pg/g, and the median FC level of 486 pg/g, we selected 180, 500, and
1300 pg/g as cutoff values (Figure S5), and divided FC levels into four groups (<180, 180-500, 500-1300, and
>1300 pg/g), which were assigned scores of 0, 1, 2, and 3, respectively, to form a novel FC index. The numbers of
patients in the VARSITY trial with FC indices of 0, 1, 2, and 3 were 199 (34.7%), 92 (16.1%), 118 (20.6%), and 164
(28.6%), respectively; 44.5%, 26.7%, 13.5%, and 10.4% of these patients, respectively, achieved ER at week 52. Logistic
regression models adjusted for potential confounders revealed that a higher post-induction FC index was significantly
associated with a lower probability of the occurrence of long-term outcomes (P for trend <0.001; Figure 2). For ER,
patients with a FC index of 1, 2, and 3 had ORs of 0.44 (95% CI: 0.25-0.78, P=0.006), 0.22 (95% CI: 0.11-0.40,
P<0.001), and 0.17 (95% CI: 0.09-0.30, P<0.001), respectively, compared with those with a FC index of 0 (Figure 2).
Similar trends were observed for the secondary outcomes (Figure 2). Additionally, the ability of the FC index to predict
long-term ER was comparable to that of continuous FC (AUC [95% CI]: 0.7095 [0.6621-0.7569] vs 0.7182 [0.6664-
—0.7700], P=0.28), and superior to that of dichotomous FC categorized by 100 pg/g (AUC [95% CI]: 0.6565 [0.6104-
—0.7027], P=0.005), 125 pg/g (AUC [95% CI]: 0.6661 [0.6197-0.7126], P=0.01), or 250 ng/g (0.6677 [0.6214-0.7139],
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Figure | Restricted cubic spline for modelling the nonlinear associations between fecal calprotectin and long-term outcomes in the discovery cohort. (a—f) for endoscopic
remission, endoscopic improvement, clinical remission, histological remission, histological improvement, and disease clearance, respectively. The part of the curve with fecal
calprotectin >7500 ug/g (poor convergence) was omitted in (f). Spline curves represent odds ratios adjusted for all potential confounders. Blue solid lines are fitted based on
logistic regression, with 95% confidence intervals indicated by the shaded areas. The reference point (pink vertical line) is the median of fecal calprotectin levels, with four

knots at the 5th, 35th, 65th, and 95th percentiles.

FC index Events (%) Unadjusted model OR [95% CI]

Endoscopic remission H
0 81 (44.51) i Reference
1 24 (26.67) ———— | 045(026,0.78)
2 15(1351)  —— i 0.19(0.10,0.35]
3 16(1039) —— | 0.14(0.08,0.26]
P for trend H

Endoscopic improvement
0 129 (70.88) | Reference
1 43 (47.78) _— ! 0.38[0.22,063]
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3 33(2143) - | 0.11[0.07,0.18]
P for trend
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P for trend H
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2 4348 —=— | 0.16(0.05,041]
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0 025 075 1
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; <0.001 : <0.001
! Reference ! Reference
—_— | 0.36(0.21,061) <0.001 —.— | 034(0.20,060] <0.001
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Figure 2 Associations between FC index with long-term therapeutic outcomes in the discovery cohort. FC index of 0 to 3 represents FC levels of <180, 180-500,
500-1300, and 21300 pg/g, respectively. Model | was adjusted for sex and age. Model 2 was adjusted for covariates in Model | plus disease duration, smoking history, and
previous tumor necrosis factor antagonist exposure. Model 3 was adjusted for covariates in Model 2 plus treatment allocations, baseline corticosteroid uses, baseline partial

Mayo score, and baseline Mayo endoscopy score.

Abbreviations: Cl, confidence interval; FC, fecal calprotectin; OR, odds ratio.
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P=0.001) (Table 2). Similarly, there was no statistically significant difference between FC index and continuous FC in

predicting long-term CR, although the performance of the FC index was slightly inferior to that of continuous FC for EI,

HR, HI, and DC. The superior predictive capability of the FC index over dichotomous FC was maintained for secondary

outcomes (Table 2).

Table 2 Receiver Operating Characteristic Curve Analysis for Predicting

Long-Term Outcomes in the Discovery Cohort

Variables

AUC [95% CI]

P value®

Endoscopic remission
FC index
Continuous FC
Dichotomous FC
Cutoff value =250 pg/g
Cutoff value =125 uglg
Cutoff value =100 ugl/g
Endoscopic improvement
FC index
Continuous FC
Dichotomous FC
Cutoff value =250 ugl/g
Cutoff value =125 uglg
Cutoff value =100 ugl/g
Clinical remission
FC index
Continuous FC
Dichotomous FC
Cutoff value =250 ugl/g
Cutoff value =125 uglg
Cutoff value =100 pg/g
Histological remission
FC index
Continuous FC
Dichotomous FC
Cutoff value =250 ugl/g
Cutoff value =125 pglg
Cutoff value =100 pglg
Histological improvement
FC index
Continuous FC
Dichotomous FC
Cutoff value =250 pg/g
Cutoff value =125 uglg
Cutoff value =100 pg/g
Disease clearance
FC index
Continuous FC
Dichotomous FC
Cutoff value =250 pglg
Cutoff value =125 pglg
Cutoff value =100 pg/g

0.7095 [0.6621, 0.7569]
0.7182 [0.6664, 0.77]

0.6677 [0.6214, 0.7139]
0.6661 [0.6197, 0.7126]
0.6565 [0.6104, 0.7027]

0.7247 [0.6831, 0.7662]
0.7405 [0.6977, 0.7832]

0.6886 [0.6496, 0.7276]
0.6599 [0.6226, 0.6971]
0.6459 [0.6095, 0.6823]

0.6856 [0.6427, 0.7284]
0.697 [0.6533, 0.7407]

0.6495 [0.6109, 0.6881]
0.6402 [0.6051, 0.6752]
0.6321 [0.5983, 0.6659]

0.7527 [0.7084, 0.7971]
0.7735 [0.7267, 0.8203]

0.7219 [0.6771, 0.7667]
0.7246 [0.6771, 0.772]
0.7095 [0.6611, 0.7578]

0.7124 [0.6707, 0.754]
0.7256 [0.6826, 0.7687]

0.6768 [0.6378, 0.7157]
0.667 [0.6302, 0.7039]
0.6533 [0.6175, 0.6891]

0.763 [0.711, 0.815]
0.801 [0.7458, 0.8562]

0.7146 [0.6519, 0.7772]
0.7365 [0.6691, 0.8038]
0.7425 [0.674, 0.8109]

0.28

0.001
0.01
0.005

0.01

0.002
<0.001
<0.001

0.08

0.003
0.004
0.002

0.0l

0.008
0.07
0.02

0.04

0.002
0.002
<0.001

/
<0.001

0.003
0.16
0.34

Notes: TP value <0.05 was considered as statistically significant difference

between the

receiver operating characteristic curve of FC index and that of another variable.
Abbreviations: AUC, area under the receiver operator characteristic curve; FC, fecal

calprotectin; Cl, confidence interval.
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FC index Events (%) Unadjusted model OR[95% Cl]  Pvalue Model 1 OR[95% Cl]  Pvalue  Model 2 OR[95%CI]  Pvalue  Model3 OR[95%Cl]  Pvalue
Endoscopic remission i i i i
0 55 (32.74) | Reference | Reference | Reference ! Reference
1 21(18.26) ————— | 046(0.25,0.80) 0.008 ————— | 046(0.26,081] 0.009 ———— | 047(0.26,0.82) 0.01 —————— | 047(025,084) 0.01
2 19 (14.50) —— | 035[0.19,0.62) <0.001 —— | 035[019,062] <0.001 —— | 036(0.19,064] 0.001 — | 036[0.19,066] 0.001
3 5476) —=— | 010[0.03,0.24] <0001 -=— | 010[0.03,024] <0.001 -=— | 0.11[004,0.25] <0.001  -=— | 0.11[0.04,0.28] <0.001
P for trend <0.001 <0.001 <0.001 : <0.001
Endoscopic improvement H H
0 102 (60.71) ! Reference ! Reference ! Reference ! Reference
1 41 (35.65) _ i 0.36[0.22,0.58) <0.001 _ | 0.36(0.22,0.59) <0.001 —_— i 038[0.23,063) <0.001 _ i 039(0.23,064] <0.001
2 37 (28.24) — | 0.25[0.15,0.41) <0001 — | 0.25[0.15,0.41] <0.001 —_ | 0.28[0.17,0.45] <0.001 —_ | 0.20[0.17,0.47] <0.001
3 15(14.29) i 0.11[0.06,020) <0001 —— | 0.11[0.06,020] <0.001  —— i 0.12[0.06,0.23] <0.001 - i 0.14[0.07,0.25] <0.001
P for trend ' <0.001 ' <0.001 H <0.001 <0.001
Clinical remission : i i
0 87 (55.06) | Reference | Reference | Reference ! Reference
1 42 (37.50) ———— | 049(0.30,0.80] 0.005 ——— | 0.49(0.30,081) 0.005 ———— | 051(0.31,0.85 0.01 ———— | 050[0.30,084] 0.009
2 36 (28.80) — | 0.33(0.20,0.54) <0.001 —_ | 0.33(0.20,0.54) <0.001 B | 035(0.21,057) <0.001 e i 036(0.22,061) <0.001
3 13(1250) —~— | 012[0.06,022] <0.001 —— | 012[0.06,022) <0001  —— | 0.13[0.06,0.24] <0.001 —— | 0.15[0.07,028] <0.001
P for trend ] <0.001 : <0.001 | <0.001 g <0.001
B elee bz 0 I =l ke B B ke xhes " B ks abs
0 025 075 1 0 025 075 1 0 025 075 1 0 025 075 1

Figure 3 Associations between FC index with long-term therapeutic outcomes in the validation cohort. FC index of 0 to 3 represents FC levels of <180, 180-500,
500-1300, and 21300 pg/g, respectively. Model | was adjusted for sex and age. Model 2 was adjusted for covariates in Model | plus disease duration, smoking history, and
previous exposure of tumor necrosis factor antagonist. Model 3 was adjusted for covariates in Model 2 plus treatment allocations, baseline corticosteroid uses, baseline
partial Mayo score, and baseline Mayo endoscopy score.

Abbreviations: Cl, confidence interval; FC, fecal calprotectin; OR, odds ratio.

No significant interactions between the FC index and grouping variables were observed in subgroup analyses except
for smoking history (Tables S2—4) It revealed that the association of the FC index (mainly an FC index of 3) with ER at
week 52 was more pronounced in patients with a history of smoking than in those who had never smoked (Table S3).
Sensitivity analyses demonstrated that the relationship with long-term outcomes was similarly observed when the FC
index was constructed using the unrounded cutoff values, with comparable predictive accuracy for long-term outcomes in
this case as well (Tables S5 and S6). Additionally, sensitivity analyses with the redefined DC showed a consistent
association between the FC index and long-term DC (Table S7).

External Validation

At the end of maintenance therapy, 109 (19.0%), 212 (36.9%), and 189 (34.3%) patients in the validation cohort achieved
ER, EI, and CR, respectively. The enantiomorphic “J-shaped” associations between FC levels at the end of induction
therapy and long-term ER, EI, and CR were confirmed in the validation cohort by RCS analysis with four knots, with
P for nonlinear of 0.001, <0.001, and <0.001, respectively (Figure S6). These findings were repeated following
sensitivity analyses with three and five knots (Figure S7). Among patients in the GEMINI 1 study, 169 (32.3%), 115
(22.0%), 132 (25.2%), and 107 (20.5%) had FC indices of 0, 1, 2, and 3, respectively. Patients with an FC index of 1, 2,
and 3 were progressively less likely to achieve long-term outcomes than those with an FC index of 0 (P for trend <0.001;
Figure 3). The FC index had equivalent predictive ability for ER (AUC [95% CI]: 0.6824 [0.6300-0.7347]), EI (AUC
[95% CI]: 0.7041 [0.6601-0.7482]) and CR (AUC [95% CI]: 0.6885 [0.6429—-0.7340]) to continuous FC, and performed
better than dichotomous FC (Table S8), similar to the results from the discovery cohort. Moreover, the FC index
performed similarly in predicting long-term therapeutic outcomes across subgroups stratified by age (<40 or >40 years),
sex, smoking history, previous TNF antagonist exposure, and biologics (Tables S9 and S10).

Discussion
FC, a marker widely used in clinical practice, has attracted considerable attention in UC management and prognosis. Our
study revealed a nonlinear association between post-induction FC levels and biological maintenance therapy outcomes in
patients with UC. In addition, we demonstrated the advantages of a simple FC index in predicting long-term outcomes,
which could facilitate more precise risk stratification of post-induction patients, thus enabling targeted adjustments of
treatment regiments. Specifically, when a patient’s FC index is 0, indicating a higher chance of long-term ER, continuing
current biologic treatment with regular monitoring is preferred. For moderate-to-low chances of ER, treatment escalation
options including combining immunomodulators or increasing the dose or frequency of administration, replacing other
biologic or small-molecular drugs, or conducting rescue therapy can be selected based on FC index and clinical practice.
To our knowledge, this is the first study to reveal an enantiomorphic “J-shaped” relationship between FC levels and
UC treatment outcomes. This relationship suggests that the influence of FC on therapeutic outcomes gradually diminishes
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as FC levels increase. Once a certain threshold is surpassed, additional increases in FC levels may have no effect on
therapeutic outcomes. These findings not only offer a novel perspective for clinicians regarding the utilization of FC in
predicting outcomes in UC, but also remind researchers that investigating nonlinear associations between inflammatory
biomarkers and UC outcomes is a crucial preliminary step for future studies. Previous studies have identified nonlinear
associations between inflammatory biomarkers and disease development or prognosis in other fields.'"'**"*? In UC,
inflammatory biomarkers such as C-reactive protein, albumin, and fecal lactoferrin predict long-term outcomes;** ¢
possible nonlinear associations for these biomarkers require further investigation.

Normalization of FC levels has been proposed as an intermediate therapeutic target in UC due to their association
with disease activity and prognostic ability.>” In IBD, FC levels after TNF antagonist induction were showed to predict
clinical responses and mucosal healing at one year, with cutoff values of 168 and 121 pg/g, respectively.'” A recent post-
hoc analysis suggested that post-induction FC <250 ng/g were associated with CR, ER, and HR at 52 weeks, as well as
a reduced probability of future colectomy and hospitalization.® In our study, we innovatively applied a more rigorous and
rational categorization of FC levels, with a selection of cutoff values based on the nonlinear association between FC
levels and long-term outcomes. The predictive power of the FC index was similar to that of continuous FC and
significantly exceeded that of dichotomous FC, suggesting that it could reduce information loss associated with
dichotomous variables and be clinically applicable. External validation increased our confidence in its predictive ability.
Furthermore, published models for long-term outcomes often involved multiple parameters, some of which should be
obtained by invasive procedures; yet their predictive power was not that prominent.”®*>° In contrast, the FC index
showed significant predictive performance with only one variable. Its non-invasive nature and accessibility emphasize its
considerable clinical utility.

Histological healing has been acknowledged as indicating the extent of remission, which is linked to a reduced risk of
long-term complications, such as hospitalization, colectomy, and cancer.’” DC, although a more stringent outcome
criterion, remains achievable in UC following the advent of biologics and small molecule drugs, which improve
prognosis, and may be attractive in future clinical trials or even clinical practice.”’ Therefore, our study included HR,
HI, and DC as secondary outcomes, further illustrating the great predictive potential of the FC index.

Nevertheless, our study has some limitations. First, owing to the post hoc nature of our study, the evidence strength
was not as high as in large prospective intervention studies. Second, the small proportion of patients who achieved DC
may have contributed to our findings’ lack of robustness. Besides, because the validation cohort lacked histological
outcomes, external validation was limited to clinical and endoscopic outcomes. However, sensitivity analyses demon-
strated consistent associations between the FC index and long-term histological outcomes; thus, we believe that our
results are reliable, although further validation is required. Third, while our study focused on patients treated with
vedolizumab and adalimumab—two biologic agents with distinct mechanisms of action, namely anti-integrin and anti-
TNF therapies, respectively—the broader applicability of our findings to other treatment regimens in UC necessitates
additional confirmation. Furthermore, differences in the definition of induction period existed between the discovery and
validation cohorts. Although our results suggested that such variations did not affect our affirmation of the predictive
value of FC index, further prospective studies are warranted to better define the acceptable post-induction FC measure-
ment time window in real-world clinical settings.

In conclusion, our study demonstrates a nonlinear association between post-induction FC levels and long-term
outcomes. Moreover, the FC index established with cutoff values of 180, 500, and 1300 pg/g was indicative of long-
term clinical, endoscopic, and histologic outcomes in patients with UC, and may be a promising tool to aid risk
stratification, and therefore guide therapeutic decision-making by clinicians.

Abbreviations

AUC, area under the curves; CI, confidence intervals; CR, clinical remission; DC, disease clearance; EI, endoscopic
improvement; ER, endoscopic remission; FC, fecal calprotectin; HI, histological improvement; HR, histologic remission;
IBD, inflammatory bowel disease; IQR, interquartile ranges; MES, Mayo endoscopic score; OR, odds ratio; PMS, partial
Mayo score; RCS, restricted cubic splines; ROC, receiver operating characteristic; TNF, tumor necrosis factor; UC,
ulcerative colitis.
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