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ABSTRACT

Background & aims Endoscopic healing (EH), an important therapeutic target in Crohn’s
Disease (CD), requires ileocolonoscopy, which is costly and burdensome. We aimed to
determine whether published non-invasive prediction models could replace ileocolonoscopy for
monitoring CD activity.

Methods We performed a systematic review of all published diagnostic models predicting
endoscopic activity or EH in CD. We externally validated these models for the outcome
endoscopic activity (Crohn’s disease endoscopic index of severity=3) in the TAILORIX (346
ileocolonoscopies in 155 patients) and the Utrecht Activity Index (UAI) (93 ileocolonoscopies in
82 patients) dataset. As benchmark, we assessed the performance of fecal calprotectin (FC)
and C-reactive protein (CRP) as single biomarkers.

Results After screening 5303 titles, 27 models (21 studies) were identified. Seven models could
be externally validated, for which the area under the receiver operating characteristic curves
(AUCSs) [95%-confidence interval] ranged from 0.61 [0.51-0.70] to 0.81 [0.76-0.86] (TAILORIX)
and from 0.58 [0.39-0.76] to 0.82 [0.73-0.91] (UAI). The AUCs for FC were 0.79 [0.74-0.85] and
0.82[0.73-0.92], and for CRP 0.72 [0.66-0.77] and 0.80 [0.71-0.88]. A threshold yielding a
positive predictive value 290% could be identified for 4/7 models, FC and CRP, and yielding a
negative predictive value (NPV) 290% for 2/7 models but not for FC and CRP. Most

ileocolonoscopies (TAILORIX:66.5%, UAI:72.6%) could correctly be avoided using FC <100 and

>250ug/g, however, at the cost of many incorrectly avoided ileocolonoscopies

(TAILORIX:18.7%, UAI:19.8%).
Conclusions Published prediction models cannot sufficiently predict endoscopic activity in CD,
especially due to low NPVs. Therefore, ileocolonoscopy remains the mainstay for mucosal

disease activity assessment in CD.
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INTRODUCTION

Endoscopic healing (EH), i.e. mucosal healing assessed by endoscopy, has become the new
therapeutic goal in the treatment of Crohn’s disease.'® EH is associated with long-term
corticosteroid-free remission and a decreased risk of surgery and hospitalisations.*
lleocolonoscopy plays a key role in monitoring EH, but is time-consuming, costly and potentially
burdensome.

A non-invasive prediction model, reliably predicting endoscopic activity, would therefore
be of great benefit in clinical practice. lleocolonoscopies could be avoided if absence or
presence of endoscopic activity is predicted with sufficient certainty. Treatment can be
concluded to be effective in case of correctly predicted EH and therapeutic changes might be
needed for correctly predicted endoscopic activity. Taking into consideration that an avoided
ileocolonoscopy for incorrectly predicted EH might lead to undertreatment, while an avoided
ileocolonoscopy for incorrectly predicted endoscopic activity might lead to unneeded escalation
of therapy.

Symptom-based scores, such as the Crohn’s disease activity index (CDAI)® and the
Harvey-Bradshaw Index (HBI)®, have been found to correlate poorly with endoscopic findings.”?®
Routinely used biomarkers in Crohn’s disease management, such as C-reactive protein (CRP)
and fecal calprotectin are not deemed reliably enough to replace ileocolonoscopy.”® Several
non-invasive prediction models, combining multiple predictors, have been developed and
published, but almost none are externally validated, which is considered essential before clinical
implementation.®

We therefore aimed to determine whether published, non-invasive prediction models can
replace ileocolonoscopies for assessment of endoscopic disease activity in Crohn’s disease. To
this end, we performed a systematic review to identify all published prediction models, and
subsequently externally validated these models in two different prospective cohorts of Crohn’s

disease patients.



MATERIALS AND METHODS
Systematic review
Our systematic review adheres to the critical appraisal and data extraction for systematic

tll

reviews of prediction modeling studies (CHARMS)-checklist™* (Supplementary Material 1), and

was prospectively registered in the international prospective registry for systematic reviews
(PROSPERO): CRD42018092633.

Search strategy

A comprehensive systematic search was performed in PubMed, Embase, and the Cochrane
Library from inception until February 14, 2018. The search strategy consisted of title/abstract
and MeSH or Emtree terms for Crohn’s disease and EH or endoscopic activity!?

13,14

(Supplementary Material 2). The modified Ingui filter was applied to specifically search for

prediction models.

Eligibility criteria

We included articles based on the following eligibility criteria: 1) full-text articles published in
peer-reviewed journals; 2) no language restrictions; 3) a cross-sectional study design (i.e. the
developed model must predict the endoscopic outcome at the same moment in time); 4) studies
exclusively aimed at adult Crohn’s disease patients, or, if both ulcerative colitis and Crohn’s
disease patients were studied, enabling the extraction of data for Crohn’s disease alone; 5)
description of the prediction/diagnostic model, risk score, non-invasive index, clinical decision
rule, or equivalent for the outcome ileocolonic endoscopic activity or EH, assessed by
(ileo)colonoscopy and quantified by the Crohn’s Disease Index of Endoscopic Severity
(CDEIS)*, Simple Endoscopic Scale for Crohn’s Disease (SES-CD)*¢, Rutgeerts scorel’ or
another systematic endoscopic activity index; 6) models including at least three predictors. The
exclusion criteria are provided in more detail in Figure 1 and Supplementary Material 3.

Study selection



Two authors (ECB and JJvdV) independently screened all titles and abstracts for eligibility and
subsequently assessed the full-texts of the remaining articles for final inclusion. Thereafter
reference lists of included articles and reviews were crosschecked for additional potentially
relevant articles, until no further publications were identified. Agreement was achieved in
consensus meetings between the two authors. Any disagreement was resolved by consulting
two other authors (SGE and BO).

Data extraction

The following data were extracted independently by two authors (ECB and JJvdV) from included
studies: 1) study characteristics, 2) patient characteristics, 3) ileocolonoscopy characteristics, 4)
model development, 5) model specifications, 6) model performance in original study
(Supplementary Material 4). If the prediction model was not presented in sufficient detail to be
validated authors were requested to provide additional data.

Critical appraisal

The risk of bias and applicability of the included studies was independently assessed by ECB
and JJvdV based on the Prediction model Risk Of Bias ASsessment Tool (PROBAST).18
Publications were assessed for risk of bias on four domains (participant selection, predictors,
outcome and analyses) and for applicability on three domains (participant selection, predictors,

outcome).

Data sources

Two separate datasets were used for the external validation of the included models.
TAILORIX dataset

The multicenter (27 centers in Belgium, France and the Netherlands) randomized TAILORIX
trial aimed to explore the role of tailored treatment with infliximab in biological naive patients
with active luminal Crohn’s disease.’® In short, after screening 167 patients, 122 patients with

moderate to severely active Crohn’s disease (CDAI 220-450), were started on infliximab in



combination with an immunomodulator. Patients were randomized to receive one of three
regimens of monitoring-based dosage adjustments, based on clinical symptoms only or on a
combination of clinical symptoms, CRP-levels, fecal calprotectin levels, and infliximab serum
trough levels.

At week 0, 12, and 54, patients underwent a pre-scheduled ileocolonoscopy. The
endoscopic activity of disease was scored based on the Crohn’s Disease Endoscopic Index of
Severity (CDEIS)*®. The CDEIS was independently scored by physicians blinded to patient and
clinical information, based on videos of the ileocolonoscopy when available. For our current
study we included all patients with at least one ileocolonoscopy, irrespective of the outcome of
the baseline screening and included for each patient the available ileocolonoscopies at all
timepoints.

Utrecht activity index dataset

The Utrecht Activity Index (UAI) study aimed to develop and externally validate a model that
could predict the CDEIS.?° Here, we use the development dataset of the UAI study including 82
consecutive Crohn’s disease patients undergoing 93 ileocolonoscopies in a Dutch tertiary care
center. Patients with an ileo- or colostomy or those with a history of major intestinal surgery
were excluded. The CDEIS score was assessed by one endoscopist and, in 72 out of 93
procedures, reviewed by a second endoscopist, blinded for patient details. Since the intraclass
correlation was found to be high (0.86)%°, the CDEIS scores from the first endoscopist were

used for the present study.

Predictors and outcome in external validation

Matching predictors for validation

We matched the predictors from the identified models to the variables in our validation cohorts.
In the TAILORIX dataset we used the predictor values obtained as shortly before or after the

ileocolonoscopies as possible for the present analysis. In the UAI dataset all predictors, e.g.

10



blood and fecal tests, were obtained before ileocolonoscopy and thus blinded for the endoscopy
results. Matching of a few noteworthy predictors is discussed in more depth in Supplementary
Material 4.

Outcome

The CDEIS was used as the reference standard. This score ranges from 0-44 increasing with
the severity of disease activity.® A CDEIS=3 was considered endoscopic activity®, hence EH
was defined as a CDEIS<3.21?2 We used endoscopic activity as outcome in all analyses,
irrespective of the outcomes used to originally develop the different models. If a model was
originally developed to predict EH, we inversed the weights of the predictors to predict

endoscopic activity.

Statistical analyses

Statistical analyses were performed using R language environment for statistical computing
3.5.1 for Mac.? Baseline characteristics of both cohorts are depicted as numbers and
proportions for categorical variables, and medians and boundaries of the interquartile range
(IQR) for continuous variables.

Missing data

Missing data for predictors, if present, ranged from 0.3% (smoking behavior) to 17.3% (fecal
calprotectin) in the TAILORIX and 1.1% (CDAI) to 8.6% (fecal calprotectin) in the UAI dataset.
The CDEIS was scored if ileocolonoscopy was performed and thus no outcome data were
missing. Missing data were handled by creating multiple imputed datasets (31 for the
TAILORIX, and 12 for the UAI dataset, reflecting the proportion of incomplete cases per
database?) by iterative (25 iterations) chained equations employing the MICE package.?®
Analyses were performed in all multiple imputed datasets and subsequently pooled by Rubin’s
rules.?

Discrimination

11



To assess the discriminatory abilities of the included models we estimated the area under the
receiver operating characteristic curve (AUC) with 95%-confidence intervals (95%-CIs) in both
validation datasets. We corrected for clustering of up to 3 ileocolonoscopies per patient
employing the Obuchowski method.?’

Fecal calprotectin and CRP as benchmark

Because fecal calprotectin and CRP are the most commonly used biomarkers in clinical practice
for the evaluation of disease activity in Crohn’s disease, we decided to benchmark model
performance against the performance of these biomarkers as continuous variables.

Furthermore, we evaluated the performance of CRP and fecal calprotectin employing commonly

used clinical thresholds,® i.e.: fecal calprotectin >100 pg/g or >250 ug/g, and CRP >5 (in the

TAILORIX dataset) or >7 (lower detection limit of CRP in the UAI dataset) mg/L.

Calibration

We assessed the calibration, i.e. the extent to which the predicted outcome is in line with the
observed outcome, for models either yielding a predicted probability for endoscopic activity or
models predicting CDEIS continuously. To this end we constructed calibration plots using
restricted cubic splines in mixed generalized linear models to account for clustering of
ileocolonoscopies within patients. Because no models except one?® reported the intercept, we
assessed calibration after intercept updating (i.e. recalibration-in-the-large).?® Subsequently, we
assessed the calibration following logistic recalibration,?® and linear calibration for the model
predicting CDEIS continuously. Updating the intercept adjusts the prediction towards the
prevalence in the new setting, while with logistic (or linear) recalibration a slope correction is
additionally calculated for which all weights per predictor are equally corrected. A slope
correction <1 and >1 indicate overestimation and underestimation, respectively, of the predicted
probability, while 1 reflects a perfect fit for the original model. Calibration could not be assessed

for models generating a dichotomous outcome (i.e. no activity or activity).

12



Scatter plots for CRP and fecal calprotectin versus CDEIS

The correlation between the observed CDEIS and continuous fecal calprotectin and CRP levels
were assessed by the construction of scatter plots. The log of the CRP was used to improve the
readability of the scatter plot. The curves were based on a cubic spline-based function in mixed
generalized linear models to correct for clustering within patients. The explained variance in
observed CDEIS by the individual biomarkers was assessed through the marginal R2-values.
Correct avoidance of ileocolonoscopies

Lastly, we assessed whether, based on the predictions, ileocolonoscopies could safely be
avoided. Therefore, we sought to identify thresholds in the predicted probabilities or predicted
CDEIS yielding an NPV and PPV 290% or, if not attainable, 280%. lleocolonoscopies could
safely be avoided for expected EH if a patient scores below the lower threshold (based on the
NPV), or for expected endoscopic activity if a value above or equal to the upper threshold
(based on the PPV) is predicted. In patients scoring in between these thresholds
ileocolonoscopy would still be required. Subsequently, based on the identified thresholds we
calculated the proportion including Wilson 95%-CIs* of ileocolonoscopies that would have been
correctly avoided (i.e. EH predicted and EH observed or endoscopic activity predicted and
endoscopic activity observed), incorrectly avoided or that still needed to be performed. Based
on the identified thresholds we also calculated the NPV, PPV, sensitivity, specificity, and overall
accuracy including Wilson 95%-Cls®°.

We performed these analyses for the included models, fecal calprotectin and CRP levels

as single continuous biomarkers, and commonly used fecal calprotectin thresholds (<100 ug/g

or >250 pg/g).° Because the calibration of all models benefited from logistic or linear

recalibration, we used the recalibrated model formulas in the analyses for potentially avoidable

ileocolonoscopies.

13



RESULTS

Systematic literature search

After screening 5,303 publications, we identified 21 eligible studies?°2831-49 reporting on 27
diagnostic models for the prediction of ileocolonic endoscopic activity and/or EH in patients with
Crohn’s disease (Figure 1 and Supplementary Material 3).

Study and model characteristics

The characteristics of identified studies and models are depicted in table 1 and Supplementary
Materials 5-9. CRP (17/27 [63.0%)]), fecal calprotectin (13/27 [48.1%]) and the HBI (5/27
[18.5%]) were the most frequently used predictors (Table 1 and Supplementary Material 5). The
outcome definition for endoscopic activity, when assessed as a dichotomous outcome, varied
among studies from a SES-CD of >0 to >7, a CDEIS of >3 and =3, and a (modified) Rutgeerts’
score of 2il to 2i2b (Supplementary Material 6). Discrimination and calibration measures were
described for 11/27 (40.7%) and 6/27 (22.2%) of models (Supplementary material 9). In only
one study the developed model was validated internally as well as externally?. In no other
studies validation was performed.

Risk of bias assessment

Overall, all developed models were at high risk of bias, mainly because of lack of correction for
optimism in the model estimates, a low number of outcomes relative to the number of predictors
considered, and because most studies did not fully evaluate the performance of the models
(Supplementary Materials 10-11). Because most studies did not report whether predictor and
outcome assessment were blinded, most models scored an unclear risk of bias in these
domains. If the model was judged to be at high risk of inapplicability this was mostly because
the model had been developed for a subgroup of Crohn’s disease patients (e.g. after ileocecal
resection) or the outcome was not purely ileocolonoscopic but based on ileocolonoscopy and/or

another test (e.g. computed tomography).



Models in- and excluded for external validation

Ten studies?:34:35:37:39.42.44.4548 reporting on 15 models did not provide sufficient information to
apply these models. Authors from these studies were contacted, and extra information was
provided by the authors of four studies?®-343745 representing five models. In total, 20 models
could not be externally validated, because: 1) ten models3®:39404244.48 did not provide sufficient
detail to allow external validation, 2) six models3!:3437:454¢ included investigational biomarkers, 3)
four models®338414% ysed predictors not available in the TAILORIX and/or UAI dataset
(Supplementary material 12). Nonetheless, seven models20-28:32:36:4143.47 could be externally
validated: six models in the TAILORIX dataset, and five models in the UAI dataset (obviously,
the UAI model was not validated in its own development dataset).

Characteristics of models included for external validation

Three models?°3243 were developed in Crohn’s disease patients in general, the Garcia-Planella
and Herranz Bachiller model?®4’ were developed in Crohn’s disease patients following
ileocolonic resection, the Nakarai model*® was developed for patients with low (<3mg/L) CRP
levels only, and the Beigel first-TNF model** selected patients’ ileocolonoscopies in follow-up
during anti-TNF-a therapy (Table 1 & 2). Therefore, we validated the Nakarai model®® in patients
with a low CRP (TAILORIX: <3mg/L and UAI: <7mg/L) and the Beigel model** using the second
and third ileocolonoscopies in the TAILORIX dataset. In line with all identified models the most
often included predictors in the validated models were CRP (5/7 [71.4%)]), fecal calprotectin (5/7
[71.4%)]) and symptom-based variables (5/7 [71.4%)]). Only for one? of the validated models an

AUC had been reported in the original publication.

External validation

TAILORIX and UAI baseline characteristics

15



For external validation we included 155 patients undergoing 346 ileocolonoscopies from the
TAILORIX and 82 patients undergoing 93 ileocolonoscopies from the UAI study. The majority of
patients were female (Supplementary Material 13). The patients in the UAI development dataset
were older, had a longer disease duration, and had less often ileal disease (L1) than patients in
the TAILORIX dataset. At week 0 the patients in the TAILORIX dataset had more active disease
based on the CDAI, CRP, fecal calprotectin and CDEIS compared to later timepoints in this
study and the UAI dataset. The proportion of ileocolonoscopies with endoscopic activity
(CDEIS=3) was 62.1% in the TAILORIX dataset and 54.8% in the UAI dataset.

Discrimination

The AUC-values varied widely between models from 0.58 [95%-Cl: 0.39-0.76] (Nakarai model*®
in the UAI dataset) to 0.82 [95%-CI: 0.73-0.91] (Herranz Bachiller model*’ in the UAI dataset)
(Figure 2 & Supplementary Material 14). All four models (Bodelier, Herranz Bachiller, Lobaton
and Minderhoud (UAI-model)?%:32:4347) with an AUC >0.70 used fecal calprotectin, and all of
these but one (Herranz Bachiller*”) used CRP as a predictor. As a benchmark, we therefore
also assessed the discriminative performance of fecal calprotectin and CRP as continuous
variables and found AUCs >0.70 in both datasets. When we applied generally accepted
thresholds® for fecal calprotectin (>250 and >100 pg/g) and CRP (>5 in TAILORIX and >7mg/L
in UAI) the AUCs were lower, but remained >0.70, except for CRP in the TAILORIX dataset
(Figure 2 & Supplementary Material 14).

Calibration and re-calibration

From the validated models, four models?8-32:36.41 yalidated in the TAILORIX dataset and four
models?®323547 yalidated in the UAI dataset have as outcome a predicted probability for
endoscopic activity. The Minderhoud (UAI) model?° validated in the TAILORIX dataset predicted
the CDEIS as continuous outcome. Logistic recalibration improved the models’ calibration in

both datasets (Supplementary Materials 15 and 16). The slope corrections for models yielding
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predicted probabilities ranged from 0.37 to 0.53 in the TAILORIX and 0.19 to 0.47 in the UAI
dataset, indicating overestimation of the probabilities for endoscopic activity of the original
models. The Minderhoud (UAI) model’s® predictor weights were less over-fit with a slope
correction of 0.81. The model formulas after re-calibration-in-the-large and logistic or linear
recalibration are displayed in Supplementary Material 17.

Explained variance in CDEIS by predicted CDEIS, fecal calprotectin and CRP

The marginal R? was higher for the Minderhoud (UAI) model? (0.40) compared to the
continuous fecal calprotectin (0.31) and CRP (0.29) levels in the TAILORIX dataset
(Supplementary Material 18).

Avoiding ileocolonoscopies

We sought to identify thresholds in the predicted probabilities, predicted CDEIS, and continuous
fecal calprotectin and CRP values in order to potentially avoid ileocolonoscopies for expected
EH (based on NPV) or endoscopic activity (based on PPV). A threshold yielding an NPV 290%
was only found in two models (Garcia-Planella and Herranz Bachiller)?®4’” and not for the
individual fecal calprotectin or CRP levels when applied to the UAI dataset. For none of the
models and the individual fecal calprotectin and CRP levels such a threshold could be
established, when validated in the TAILORIX dataset (Table 3 and 4). In the TAILORIX dataset,
thresholds could be identified for a PPV>90% for the Lobaton®? and Minderhoud (UAI)? and a
PPV>80% for the Garcia-Planella?® model. In the UAI dataset a PPV>90% could be reached
with thresholds for the Lobaton®?, Herranz-Bachiller*” and for the Garcia-Planella?® model. A
threshold for a PPV>90% for the individual continuous fecal calprotectin and CRP levels could
be identified in both datasets. The models of Beigel*!, Bodelier*?, and Nakarai®*, did not achieve
a NPV or PPV 280% for any given threshold. Despite not reaching an NPV or PPV 280% the
Bodelier model had the highest overall accuracy in both validation cohorts compared all other

models, fecal calprotectin and CRP (Table 4).
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Most correctly avoided ileocolonoscopies are thus in patients with endoscopic activity.
Applying the models to the TAILORIX dataset could at best lead to the avoidance of 39.8%
[95%-CI: 31.7-48.5%] of all ileocolonoscopies, all for expected endoscopic activity, based on the
Lobaton model®?, but 9.8% [95%-Cl: 5.3-17.5%] of those ileocolonoscopies would incorrectly be
classified as having endoscopic activity. Applying the models to the UAI dataset could lead to
avoidance of 41.3% [95%-Cl: 26.9-57.4%] of all ileocolonoscopies for both EH and endoscopic
activity based on the Herranz-Bachiller model*’, but 10.8% [95%-CI: 4.0-26.1%)] of these

ileocolonoscopies would be wrongly avoided (Table 3). When applying known thresholds® for

fecal calprotectin, (<100upg/g and >250u9/g), the proportion of all avoided ileocolonoscopies was

larger than with any of the models (TAILORIX: 85.2% [95%-Cl: 80.2-89.1%], UAI: 92.4% [95%-
Cl: 84.7-96.4%]), however this also included the largest proportion of incorrectly avoided
ileocolonoscopies (TAILORIX: 21.9% [95%-CI: 17.1-27.8%)], UAI: 21.4% [95%-CI: 13.8-31.8%]

of all avoided ileocolonoscopies).
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DISCUSSION

In our comprehensive systematic review, we identified 21 studies reporting on 27 models for
endoscopic activity or EH with an overall high risk of bias in model development. The AUCs of
the 7 validated models, consisting of generally available predictors, validated in two separate
validation datasets ranged from 0.58-0.82. The best performing models were comparable in
their discriminatory abilities with continuous fecal calprotectin levels and to a lesser extent to
CRP levels as individual biomarkers. Most models, fecal calprotectin, and CRP could not reach
an NPV = 80% for any given threshold indicating that these indexes and biomarkers cannot
replace ileocolonoscopies for the monitoring of EH in Crohn’s disease. Whether these models
render ileocolonoscopies redundant in case of predicted endoscopic activity is a matter of
discussion.

CRP and fecal calprotectin are the most frequently used predictors in published
prediction models. Of note, we found a comparable performance of prediction models and
individual fecal calprotectin levels with an AUC in the TAILORIX of 0.79 [95%-CI: 0.74-0.85],
and UAI dataset of 0.82 [95%-CI: 0.73-0.92] when fecal calprotectin was used as continuous
predictor. Fecal calprotectin levels were found to only partially explain the variance in CDEIS,
however (marginal R?in the TAILORIX: 0.31, and UAI dataset: 0.40). CRP as individual
biomarker had a lower AUC and marginal R? than fecal calprotectin and the best performing
models. Although both CRP and fecal calprotectin are established markers of disease activity in
CD, there is a considerable inter-individual and intra-individual variation with respect to the
magnitude of their response. In case of CRP, this can partly be attributed to polymorphisms in
the CRP gene.*® Furthermore, these biomarkers are affected by the location of the disease® and
fecal calprotectin may vary considerably from day to day.5'2

We did not identify thresholds for an NPV 280% for CRP and fecal calprotectin, when

applied as continuous values. In other words, endoscopic healing could not reliably enough be
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predicted. Nonetheless, avoiding colonoscopies based on fecal calprotectin thresholds® (<100
Ma/g: expected EH and >250 ug/g: expected endoscopic activity) led to the highest proportion of
avoided colonoscopies for a correct diagnosis (TAILORIX: 66.5% [95%-ClI: 60.8-71.8%], UAI:
72.6% [95%-Cl: 62.3-80.9%]). However, this came at the cost of the highest proportion of
incorrectly avoided colonoscopies (TAILORIX: 18.7% [95%-Cl: 14.5-23.8%], UAI: 19.8% [95%-
Cl: 12.7-29.6%] of all colonoscopies). Avoiding colonoscopies based on fecal calprotectin
thresholds alone can thus not be advocated, because this would lead to undertreatment for
incorrect expected EH and unneeded therapy escalation for incorrect expected endoscopic
activity in too many patients.

We conclude that published prediction models can presently not be used to replace
ileocolonoscopies. The question arises as to how to improve the performance of these tests.
The AUCs of four models, i.e. Bodelier*3, Herranz Bachiller*’, Lobaton®?, and Minderhoud
(UAD?°, was higher than fecal calprotectin >250ug/g in one or both datasets. All of these models
incorporated fecal calprotectin and CRP or ESR as dichotomized or continuous predictors. It
could therefore be that the model performance would have been better if fecal calprotectin and
CRP would have been modeled in accordance to their relation with endoscopic activity, e.g.
non-linear. Another strategy could be to use temporal changes in biomarker levels, potentially
correcting for the inter-individual heterogeneity. Whether other single biomarkers or a
combination of biomarkers can replace endoscopy remains to be shown. The Monitr serum
panel of 13 biomarkers was recently found to have a NPV of 92% for endoscopic activity®:.
However, in another cohort this serum-based panel did not outperform fecal calprotectin
regarding discrimination.>* Unfortunately, full reports for this serum-based panel have not been
published yet.

To increase the chances of developing models that can actually replace

ileocolonoscopies in the future, it is of paramount importance that key steps for the development
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and validation of reliable and reproducible prediction models are undertaken, such as: standard
transparent reporting of development strategies and performance criteria (discrimination,
calibration, diagnostic accuracy measures)®®, external validation®, and benchmarking against
clinically available and accepted biomarkers (e.g. fecal calprotectin and CRP) as well as
adherence to international guidelines, e.g. the Transparent Reporting of a multivariable
prediction model for Individual Prognosis or Diagnosis (TRIPOD)-statement®®.

To the best of our knowledge, this is the first systematic review and external validation of
non-invasive prediction models for endoscopic activity in Crohn’s disease. External validation of
the identified models in two separate prospective cohorts, with one being the largest in literature
currently, enabled us to simultaneously test the performance of all models in two different
settings, namely a controlled setting evaluating treatment response with pre-scheduled
ileocolonoscopies (TAILORIX-dataset)!® and consecutive patients with a clinical indication for
ileocolonoscopy (UAI-dataset)?.

Nevertheless, several potential limitations of our study should be considered. Missing
predictor values were present in both datasets. This was accounted for in the most appropriate
way by multiple imputation.®® In our external validation, multiple ileocolonoscopies per patient
were included, which could have led to biased results. Therefore, we analyzed all performance
measures, i.e. discrimination and (re)calibration, accounting for clustering within patients of
ileocolonoscopies. Unfortunately, not all identified models could be validated. This was mostly
due to poor reporting of the model specifications, or inclusion of investigational biomarkers as
predictor. Nonetheless, we were able to validate 7 models with commonly available and easy-
to-use non-invasive predictors. The exact definition and thresholds of EH remain a matter of
debate. Although a cut-off level of <3 has been proposed for the CDEIS to signify EH, there is
no consensus.**” We chose to validate the identified models versus the CDEIS, independent of

the endoscopic score used in the individual models. We cannot exclude the possibility that the
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performances of models would have been different, employing the SES-CD as outcome
definition. However, the CDEIS and SES-CD have been shown to have comparably good inter-
rater reliability*?, and have been shown to correlate well (correlation coefficient = 0.92) with each
other.®® Therefore, our results based on the CDEIS are likely to be directly reflective of

prediction of mucosal activity assessed by the SES-CD.
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CONCLUSION

Through a comprehensive systematic review of the literature we were able to externally validate
7 prediction models for endoscopic activity in Crohn’s disease in two prospective cohorts. Based
on the discriminatory abilities, published prediction models only showed limited to no benefit
over fecal calprotectin and CRP as single biomarkers. Avoiding ileocolonoscopies solely based
on published prediction models or individual biomarkers seems not yet justified for clinical
application, especially due to insufficient certainty in predicting endoscopic healing. Therefore,

ileocolonoscopy remains the mainstay for assessment of mucosal activity in Crohn’s disease.
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FIGURE LEGENDS

Figure 1. Flowchart detailing the number of studies excluded and included at each step of the
literature search, and the number of models that could be externally validated within the
TAILORIX and UAI dataset. Ten models could not be validated because TAILORIX and UAI
dataset do not contain the variables needed for validation: six models included investigational
biomarkers, and 4 models included variables not available in the TAILORIX and UAI dataset
(Supplementary material 3).

IBD, inflammatory bowel disease; n, number of studies; UAI, Utrecht Activity Index; TAILORIX,
a randomized controlled trial investigating tailored treatment with infliximab for active luminal

Crohn’s disease.
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Figure 2. Discriminative ability of published prediction models, fecal calprotectin and CRP for
the outcome endoscopic activity (CDEIS = 3) as tested in the TAILORIX and UAI development
dataset. If no AUC is indicated for a model, it was not validated in that particular dataset,
because the predictors were not available. The model of Beigel** (Beigel-TNF1 model) was only
validated within the ileocolonoscopies performed after the baseline colonoscopy in the
TAILORIX dataset (191 ileocolonoscopies in 111 patients). The model of Minderhoud (UAI)?°
was not validated in the UAI development dataset, because it was developed in that dataset.
The model of Nakarai*® was only developed and thus validated for patients with a low CRP
value (TAILORIX: 115 ileocolonoscopies in 76 patients, UAI: 51 ileocolonoscopies in 49
patients).

The dashed colored lines represent reference lines at the AUC for fecal calprotectin as
continuous biomarker in the TAILORIX and UAI development dataset.

AUC, area under the receiver operating characteristic curve; CDEIS, Crohn’s disease
endoscopic index of severity; CRP, C-reactive protein, TAILORIX, a randomized controlled trial
investigating tailored treatment with infliximab for active luminal Crohn’s disease; TNF, tumor

necrosis factor, UAI, Utrecht Activity Index development dataset.
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TABLES

Table 1. Summary of study, patient and model characteristics of all identified, validated and not validated
studies and models.

All 27 identified 7 validated 20 models that
models models could not be
(21 studies) (7 studies) validated
(15 studies)

Study characteristics?, N (%) 21 studies 7 studies 15 studies
Study design of dataset used

Cohort 19 (90.5%) 7 (100%) 13 (86.7%)

Randomized clinical trial 2 (9.5%) 0 2 (13.3%)
Data-collection

Prospective 17 (81.0%) 4 (57.1%) 13 (86.7%)

Retrospective 3 (14.3%) 3 (42.9%) 1 (6.7%)

Unknown 1 (4.8%) 0 1 (6.7%)
Multicenter study 9 (42.9%) 2 (28.6%) 7 (46.7%)
Continent

Europe 13 (61.9%) 6 (85.7%) 8 (53.3%)

North-America 6 (28.6%) 0 6 (40.0%)

Asia 1 (4.8%) 1 (14.3%) 0

Multicontinental 1 (4.8%) 0 1 (6.7%)
Patient domain, N (%)

Crohn’s disease patients in general 13 (61.9%) 3 (42.9%) 10 (66.7%)

Crohn’s disease after ileocecal resection 4 (19.0%) 2 (28.6%) 2 (13.3%)

Crohn’s disease patients on a certain treatment 3 (14.3%) 1 (14.3%) 3 (20.0%)

Crohn’s disease patients with a low CRP level 1 (4.8%) 1 (14.3%) 0
Model characteristics 27 models 7 models 20 models
Number of ileocolonoscopies included for model
development, median (range) 89 (32-157) 93 (50-120) 88 (32-157)
Number of patients with the outcome of the model®,
median (range) 39.5 (16-87) 40 (19-87) 39 (16-68)

Not reported: N: 2 N: 1 N: 1

Continuous outcome: N: 5 N: 1 N:4
Number of predictors in the final model, median 3 (3-12), 3 (3-11) 3(3-12)
(range) unknown: N=1 unknown: N=1
Top 3 most used predictors

C-reactive protein (CRP) 17 (63.0%) 5 (71.4%) 12 (60.0%)

Fecal calprotectin 13 (48.1%) 5 (71.4%) 8 (40.0%)

Harvey-Bradshaw Index 5 (18.5%) 2 (28.6%) 3 (15.0%)
Endoscopic score used®

CDEIS 4 (14.8%) 2 (28.6%) 2 (10.0%)

SES-CD 15 (55.6%) 2 (28.6%) 13 (65.0%)

(Modified) Rutgeerts 9 (33.3%) 3 (42.9%) 6 (30.0%)

Endoscopist judgment (no formal score used) 4 (14.8%) 1 (14.3%) 3 (15.0%)
Endoscopy assessment

Clinical practice 22 (81.5%)¢ 7 (100%)d 15 (75.0%)

Central reader(s) 5 (18.5%) 0 5 (25.0%)
Outcome used in model development

Continuous 5 (18.5%) 1 (14.3%) 4 (20.0%)

Dichotomous 22 (81.5%) 6 (85.7%) 16 (80.0%)

CDEIS, Crohn’s disease endoscopic index of severity; N, number of studies/models; SES-CD, Simple endoscopic
score for Crohn’s disease.

aFrom one study one model could be validated and one model could not be validated, therefore the number of
validated and not validated studies separately add up to 22 instead of 21.

bEither endoscopic activity or no endoscopic activity based on the definition of the original study.
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¢The total is >100%, because the outcomes of some models were based on a combination of endoscopic scores.
d0ne of these studies, assessed the accuracy by a central reader (intraclass correlation: 0.86), but used the
clinical practice values for the model development.
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Table 2. Characteristics of models included for external validation.

Author, year | N of ileo- | Domain Original Original | Predictors included in the models
colono- outcome AUC Demo- Symptoms Treatment Time | Laboratory parameters
scopies [95%- graphics related
used in Cl] -
model @ S . | & 0 =
develop- S| 8 8| 3| cow 4 o}
mentp ccé» = D EGE) s5e 2 28 < 5 S
S BE| = g5 = 29 8 = =2
5 o s 3| c® © S| £9 O <
- £ 0| 09| 22 o 58| O 3] o
© S = ‘EDQEI&EE&CEOT)>CLIE
S S 3 Elo|m| 58| 5z EZ| S| ES | 5|0 |Bla|x|a|
< < B O T 2% AF|lFF|<|lFo | T/ 2|30 Wl
Beigel, 120 CD patients | SES-CD >0 | NR o | oo |0 ° ) ) o2 o?
201441 on anti-TNF
treatment
Bodelier, 50 CD patients | SES-CD 24 | NR ° ° °
201743 in general
Garcia- 108 CD patients | Rutgeerts NR ) ° ° °
Planella, with 2i2
201628 ileocolonic
resection
Herranz 97 CD patients | Modified NR ° o | o
Bachiller, with Rutgeerts
201647 ileocolonic | 2i2b
resection
Lobaton, 89 CD patients | CDEIS <3 NR . . °
201332 in general OR
Rutgeerts
<i2
Minderhoud | 93 CD patients | Predicted CDEIS ° o o | o °
, 201520 in general CDEIS >3:0.92
score [NR]
Nakarai, 70 CD patients | Ulcerations | NR ° ° °
201436 with CRP or areas of
<3 mg/L erosions

AUC, area under the receiver operating characteristic curve; CD, Crohn’s disease; CDAI, Crohn’s disease activity index; CDEIS, Crohn’s disease endoscopic

index of severity; Cl, confidence interval; CRP, C-reactive protein; ESR, erythrocyte sedimentation rate; HBI, Harvey-Bradshaw Index; MPV, mean platelet

volume; N, number of colonoscopies; NR, not reported; SES-CD, Short endoscopic score for Crohn’s Disease; TNF, tumor necrosis factor; WBC, white blood

cell count.

aln this model the CRP and WBC levels are included measured at start of anti-TNF treatment and during follow-up.
e indicates that the predictor is included in the model.
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Table 3. Proportions of patients in which a colonoscopy is correctly or incorrectly avoided and still
performed based on model threshold values.

First author,
year

Model
outcome
threshold?

Threshold

based on cut-

off of

Colonoscopy
avoided based
on correct
diagnosis
% [95%-ClI]

Colonoscopy
avoided based
on incorrect
diagnosis
% [95%-ClI]

Colonoscopy
still performed

% [95%-Cl]

Applied to TAILORIX dataset (N=346)

Beigel, 201441 Low: NA NA

High: NA NA - - 100%
Bodelier, 20174 | Low: NA NA

High: NA NA - - 100%
Garcia-Planella, | Low: <42% NPV = 80% 16.5% 3.7% 79.8%
201628 High: 286% PPV > 80% [12.9-20.9%)] [2.0-6.6%)] [75.0-83.9%)]
Lobaton, 201332 Low: NA NA 35.9% 3.9% 60.2%

High: 291% PPV = 90% [30.9-41.2%] [2.1-7.3%] [54.7-65.4%)]
Minderhoud, Low: NA NA 30.4% 3.7% 65.8%
201520 High: UAI 26.1 | PPV 2 90% [25.7-35.6%] [2.1-6.7%)] [60.4-70.9%)]
Nakarai, 201436 Low: NA NA

High: NA NA - - 100%
C-reactive Low: NA NA 21.9% 2.4% 75.8%
protein High: 217 mg/L | PPV 2 90% [17.7-26.7%)] [1.1-4.9%)] [70.7-80.2%)]
Fecal Low: NA NA 23.0% 2.5% 74.5%
calprotectin High:21283uglg | PPV = 90% [18.7-28.0%] [1.1-5.2%] [69.2-79.2%)]
Fecal Low: <100 ug/g | Literature® 66.5% 18.7% 14.8%

calprotectin

High: >250 ug/g

[60.8-71.8%)]

[14.5-23.8%)]

[11.2-19.4%)]

Applied to Utrecht Activity Index dataset (N=93)

Bodelier, 201743 | Low: NA NA

High: NA NA - - 100%
Garcia-Planella, Low: <36% NPV = 90% 18.5% 1.3% 80.2%
201628 High: >85% PPV = 90% [11.8-27.7%] [0.2-9.3%] [70.3-87.4%)]
Herranz Low: <17% NPV = 90% 36.8% 4.5% 58.7%
Bachiller, 201647 | High: 265% PPV = 90% [27.7-47.1%)] [1.6-11.8%)] [48.3-68.4%]
Lobaton, 201332 | Low: NA NA 35.0% 3.9% 61.1%

High: 278% PPV 2= 90% [26.0-45.3%] [1.4-10.3%)] [50.8-70.5%)]
Nakarai, 201436 Low: NA NA

High: NA NA - - 100%
C-reactive Low: NA NA 17.3% 1.1% 81.6%
protein High: 220 mg/L | PPV = 90% [10.9-26.3%] [0.2-5.8%] [72.5-88.2%]
Fecal Low: NA NA 28.0% 2.0% 70.0%
calprotectin High: =856 ug/g | PPV = 90% [19.9-38.0%] [0.5-8.0%] [59.9-78.4%)]
Fecal Low: <100 ug/g | Literature® 72.6% 19.8% 7.6%

calprotectin

High: >250 ug/g

[62.3-80.9%]

[12.7-29.6%]

[3.7-14.9%]

95%-Cl, 95% confidence interval; N, number of colonoscopies; NA, not available; NPV, negative predictive

value, PPV, positive predictive value.

aThe thresholds depict predicted probabilities if percentages are shown, the predicted CDEIS for the Minderhoud
model and single biomarker values for fecal calprotectin and CRP. “Low” reflects the threshold based on the
NPV indicating expected endoscopic healing and high the threshold based on the PPV indicating expected

endoscopic activity.
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Table 4. Diagnostic values for identified thresholds per model

First author | Model Threshold NPV PPV Sensitivity Specificity Overall
of the outcome based on accuracy
model or threshold cut-off of % [95%-Cl] % [95%-Cl] % [95%-Cl] % [95%-Cl] % [95%-Cl]
biomarker
Tailorix dataset (N=346)
Beigel*! Low: NA NA - - - - -

High: NA NA - - - - -
Bodelier®®® | Low: NA NA - - - - -

High: NA NA 71.0[65.7-75.8] | 77.3 [72.4-81.5] | 85.3 [80.8-88.9] | 58.8 [53.1-64.2] | 75.3 [70.1-79.8]
Garcia- Low: <42% NPV >80% | 83.4[78.5-87.3] | 66.2[61.1-71.0] | 97.8[95.2-99.0] | 18.2 [14.4-22.7) | 67.6 [62.5-72.4]
Planella?®

High: >86% PPV = 80% 40.4 [35.3-45.7] | 80.9[76.1-85.0] | 15.5[12.0-19.8] | 94.0[90.6-96.2] | 45.2 [40.0-50.6]
Lobaton?? Low: NA NA - - - - -

High: 291% PPV >90% 56.4 [51.0-61.7] | 90.2 [85.7-93.4] | 57.8 [52.3-63.1] | 89.7 [85.0-93.0] | 69.8 [64.4-74.8]
Minderhou | Low: NA NA = - - - -
d20

High: UAI 26.1 | PPV 290% 51.8 [46.5-57.1] | 89.0 [84.9-92.2] | 48.9 [43.5-54.4] | 90.1 [86.0-93.1] | 64.5[59.2-69.5]
Nakarai*® Low: NA NA - - - - -

High: NA NA - - - - -
C-reactive Low: NA NA - = = - -
protein High:>17 mg/L | PPV >90% 46.9 [41.6-52.2] | 90.3 [86.3-93.2] | 35.2[30.2-40.6] | 93.8 [90.2-96.1] | 57.4 [52.0-62.7]
Fecal Low: NA NA = - - - -
calprotectin | >1283 ng/g PPV >90% | 47.5[42.2-52.8] | 90.4 [86.2-93.4] | 37.0 [31.8-42.6] | 93.5[89.7-96.0] | 58.4 [52.9-63.7]
Fecal <100 pg/g Literature® 74.1 [68.8-78.8] | 64.7 [59.5-69.6] | 97.2 [94.6-98.6] | 13.0[9.7-17.1] | 65.3 [60.1-70.2]
calprotectin

>250 ug/g Literature® 63.3 [57.7-68.5] | 81.7 [76.8-85.5] | 74.3 [69.0-78.9] | 72.7 [66.9-77.8] | 73.7 [68.1-78.6]
Utrecht Activity Index dataset (N=93)
Bodelier®®? | Low: NA NA - - - - -

High: NA NA 77.9 [68.3-85.2] | 79.0[69.5-86.1] | 82.8 [73.8-89.2] | 73.2 [63.3-81.3] | 78.5[68.9-85.7]
Garcia- Low: <36% NPV > 90% 94.3 [85.8-97.8] | 61.5[51.3-70.8] | 98.7[92.3-99.8] | 25.0[17.2-34.9] | 65.4 [55.2-74.4]
Planella®® High: >85% PPV > 90% 48.3 [38.4-58.3] | 92.4 [82.8-96.9] | 13.1[7.6-21.6] | 98.6[91.8-99.8] | 51.7 [41.6-61.7]
Herranz Low: <17% NPV = 90% 89.9 [78.9-95.5] | 57.1[46.9-66.7] | 99.0[92.1-99.9] 9.5[5.0-17.4] 58.6 [48.3-68.2]
Bachiller®” ™1 S659% PPV>90% | 64.9([54.673.9] | 89.2[80.7-94.2] | 59.3 [49.0-68.9] | 91.3 [83.2-95.7] | 73.7 [63.6-81.9]
Lobaton®? Low: NA NA - - - - -

High: >78% PPV > 90% 67.6 [57.4-76.4] | 90.1[82.0-94.8] | 63.9 [53.5-73.2] | 91.5[83.6-95.7] | 76.3 [66.4-84.0]
Nakarai® Low: NA NA - - - - -

High: NA NA = - - - -
C-reactive Low: NA NA - - - - -
protein High:>20 mg/L | PPV = 90% 54.0 [43.9-63.8] | 94.1[87.4-97.4] | 31.5[23.0-41.6] | 97.6[92.2-99.3] | 61.4 [51.2-70.7]
Fecal Low: NA NA - - - - -
calprotectin | >856 pg/g PPV 2 90% 61.7 [51.5-71.0] | 93.5[85.7-97.2] | 51.1[41.0-61.2] | 95.6 [88.5-98.4] | 71.2 [61.1-79.6]
Fecal <100 pg/g Literature® 74.3 [64.2-82.3] | 77.0 [67.3-84.5] | 79.7 [69.9-86.9] | 71.0 [60.9-79.4] | 75.8 [65.8-83.6]
calprotectin | 5250 ug/g Literature® 71.8 [61.6-80.1] | 82.3[73.1-88.9] | 73.9 [63.7-82.0] | 80.8 [71.2-87.7] | 77.0 [66.9-84.7]

95%-Cl, 95% confidence interval; N, number of colonoscopies; NA, not available; NPV, negative predictive value, PPV, positive
predictive value; UAI, Utrecht activity index.
2The model of Bodelier did not reach the cut-offs for PPV and NPV. Nevertheless, we evaluated its diagnostic accuracy, because this
decision rule does not provide a probability but only expected presence or absence of endoscopic activity.
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