Articles

Detection, localisation, and quantification of neutrophils to
assess disease activity and early response to therapy in
ulcerative colitis: a novel Al-driven model
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Summary

Background Histological remission (HR) is a key treatment goal in ulcerative colitis (UC), suggesting better disease
management and treatment response. Absence of mucosal neutrophils is crucial to defining HR. However, the role
of neutrophil quantity and localisation remains unclear. We aimed to develop a novel Al-driven pipeline to automate
neutrophil detection, localisation, and quantification, supporting assessment of HR and treatment response.

Methods We developed an Al-driven pipeline by integrating and combining the outputs of two deep learning models
to segment whole-slide images (WSIs) into epithelium, crypts and lamina propria and detect and quantify
neutrophils. Optimal neutrophil density cut-offs to assess disease activity in UC patients from the AMAC phase
2 Mirikizumab trial (NCT02589665; 2015-2019) were identified and validated in the multicentre prospective
PICaSSO cohort (2016-2019). Cut-offs to determine treatment response at weeks 12 and 52 were also evaluated.

Findings 303 WSIs of UC patients from the multicentre, randomised, double-blind, parallel-arm, placebo-controlled
phase 2 clinical trial of Mirikizumab were analysed. The models yielded a 65.0% DICE Sgrensen for region
segmentation on average and 82.3% precision for neutrophil detection. A density cut-off >21.7 cells/mm?>
assessed disease activity with 86% (95% CI: 79%-92%) accuracy, 94% (88%-99%) sensitivity, 74% (54%—89%)
specificity, as validated in the PICaSSO cohort. Moreover, a cut-off <21.7 cells/mm® demonstrated 79% (95% CI:
67%-92%) and 85% (95% CI: 70%—-96%) accuracy in assessing treatment response at weeks 12 and 52, respectively.

Interpretation This novel Al-based pipeline demonstrates strong potential to detect, localise, and quantify
neutrophils to assess histological activity in clinical trials and real-world settings. Furthermore, it effectively
stratifies treatment response, offering a reliable and objective framework for personalised UC management.
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Articles

Research in context

Evidence before this study

Histological remission is a critical therapeutic target in
ulcerative colitis. Nonetheless, its definition remains
controversial. While the absence of neutrophils usually
defines HR, their prognostic significance according to tissue
localisation and quantity is still unclear. Moreover, their
accurate evaluation is time consuming. Preliminary Al
systems have been developed to evaluate the presence and
quantity of neutrophils and predict clinical outcomes in UC.
However, their role in assessing disease activity and response
to therapy is still unexplored.

Introduction

Achieving histological remission (HR) has emerged as
a critical treatment goal in ulcerative colitis (UC)
being associated with reduced risk of relapse, hospi-
talisation, colectomy, and colorectal cancer."* Clinical
trials are increasingly adopting more stringent end-
points, extending beyond endoscopic remission (ER)
to target HR.>* Nonetheless, the definition and consis-
tent reproducible implementation of HR remain
controversial.”

Several histological scoring systems have been
developed to assess UC activity, emphasising different
cellular features. Among these, the Geboes Score is
widely used in clinical trials® but is limited by its
complexity, lack of validation, and inclusion of
numerous features. Its use is, therefore, still limited in
clinical practice.” Recently, the European Crohn’s and
Colitis Organization (ECCO) underscored the pivotal
role of neutrophils in determining UC activity, defining
HR as their complete absence from both the epithelium
and lamina propria.”” Building on this definition, the
validated and simple PICaSSO Histological Remission
Index (PHRI) streamlined HR assessment by focussing
solely on neutrophils in lamina propria or epithelium
and crypts. This score strongly correlated with other
histologic scores and effectively predicted long-term
clinical outcomes."

While neutrophils are well recognised as drivers of
UC activity, their prognostic significance based on
tissue localisation, epithelium versus lamina propria,
requires further exploration. Evidence suggests that
epithelial neutrophils, compared to lamina propria
involvement, are more strongly associated with
adverse outcomes in UC." Additionally, quantifying
neutrophils and identifying optimal cut-offs indicative
of disease activity could advance both clinical trial
workflows and disease management in clinical
practice.

Added value of this study

We developed a novel Al-based system that accurately
identifies, localises, and quantifies neutrophils in whole-slide
images from UC patients in clinical trials and real-life
settings. Moreover, it establishes neutrophil cut-offs to assess
histological activity and therapeutic response.

Implications of all the available evidence

The Al pipeline offers a robust and objective alternative to
manual histological scoring, addressing inter-rater variability
and subjectivity. If further validated, this innovation has the
potential to streamline clinical trial workflows and facilitate
personalised therapeutic decisions based on precise
neutrophil detection and quantification.

However, histological assessment by pathologists is
time-consuming, requires specialised expertise, and is
prone to significant intra- and inter-observer variability,
even among experienced pathologists. These challenges
limit the broader application of histological assessment
in clinical trials and routine practice.” Artificial intelli-
gence (Al) offers a promising solution to overcome
these barriers. AI models have been successfully
employed to assess neutrophils in UC whole-slide im-
ages (WSIs).""" Notably, our PHRI-based AI model
demonstrated high accuracy in assessing disease activ-
ity and predicting outcomes.' Similarly, a preliminary
study highlighted the correlation between Al-detected
neutrophil quantity and clinical outcomes.’® Beyond
accurate detection, Al can be pivotal in identifying
neutrophil density cut-offs to assess disease activity and
therapy response, addressing a significant unmet need
in clinical trials and practice.

In this research, we developed a novel Al-driven
pipeline to automate neutrophil detection, localisation,
and quantification. This framework provides a stand-
ardised approach to evaluate histological activity,
leveraging data from a global phase two clinical trial in
UC. Its performance was validated in a real-world
cohort of UC patients from the prospective multi-
centre international PICaSSO (Paddington Interna-
tional Virtual Chromoendoscopy Score) study.”
Furthermore, we sought to identify optimal neutro-
phil cut-offs to facilitate automated assessment of early
response to therapy in clinical trials, aiming to enhance
trial efficiency and personalise UC management.

Methods

Patient characteristics

Al development: Mirikizumab phase 2 trial cohort

Data were collected from adult patients (18-75 years
old) with moderate-to-severe active UC, defined as total
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Mayo score of 6-12 and Mayo Endoscopic Subscore
(MES) >2, participating in a multicentre, randomised,
double-blind, parallel-arm, placebo-controlled phase 2
clinical trial evaluating the efficacy and safety of Mir-
ikizumab in UC (NCT02589665)."

Baseline demographic and clinical features were
recorded. Clinical remission was defined as Mayo
scores of 0 for rectal bleeding, 0 or 1 (with a 1-point
decrease from baseline) for stool frequency, and 0 or
1 for centrally-read endoscopy at W12 and 52.

Al validation: PICaSSO cohort

External validation was conducted in adult patients with
UC undergoing endoscopy for disease assessment or
surveillance from the prospective multicentre observa-
tional PICaSSO study (approved by the West Midlands
Research Ethics Committee, 17/WM/0223)."” Baseline
demographic and clinical data were collected.

Endoscopic assessment

In the development cohort, endoscopic activity was
assessed at baseline (before starting Mirikizumab), after
induction (W12), and after maintenance (W52). High-
definition white-light endoscopy videos were collected
at different time points. ER was defined as MES 0 by a
single central reader pool of three central readers.

In the validation cohort, disease activity was
assessed through colonoscopy/sigmoidoscopy per-
formed by a pool of twelve experienced endoscopists,
and ER was defined as MES 0."

Histologic assessment

Biopsies were taken from the most affected area, at
least 30 cm from the anal verge. All samples were fixed
in formalin, stained with haematoxylin and eosin, and
digitally scanned at x40 (0.25 pm per pixel). Digitisation
scanners were similar between the two cohorts.

In the development cohort, histologic activity at each
timepoint was scored by a central reader pool of two
expert pathologists reviewing WSIs. HR was defined as
Geboes <2B.0.

In the validation cohort, disease activity was
assessed by six experienced pathologists using Geboes
and PHRI. HR was defined as Geboes <2B.0 or
PHRI = 0 (absence of neutrophils in epithelium and
lamina propria). In the PICaSSO dataset, approximately
30% of patients had differing scores between the sig-
moid and rectum. For the evaluation of the pipeline, the
histological samples were assessed independently. De-
tails on histological slides preprocessing and scoring
systems are provided in Supplementary Material and
Supplementary Table S1.

Response to therapy at weeks 12 and 52

The response to Mirikizumab at weeks 12 and 52 was
assessed based on the achievement of histologic
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improvement (Geboes <3.1 or PHRI <1) or HR
(Geboes <2B.0 or PHRI 0).

Development of a novel Al pipeline for neutrophil
localisation, density quantification and cut-off
calculation

An Al-based pipeline integrated two deep learning
models to (1) segment WSIs into regions of surface
epithelium, crypts and lamina propria and (2) detect the
density of neutrophils. The outputs from these models
were combined to calculate neutrophil densities (cells/
mm?) in the lamina propria, surface epithelium, crypts
and overall tissue and establish optimal cut-offs for
assessment of inflammation and response to therapy.
The Al pipeline is schematically represented in
Supplementary Figures S1 and S2.

Initially, the region segmentation model obtains the
slide-level semantic segmentation of the slide to
demarcate the lamina propria, surface epithelium and
crypts of tissue section. The cell segmentation model'
was used to identify the neutrophils. The region seg-
mentation model was implemented using a Feature
Pyramid Network (FPN),"” while neutrophil segmenta-
tion model was performed with CISCA-Net, a light-
weight U-Net-based model with three output heads for
cell instance segmentation and classification. Addi-
tional implementation details are provided in the
Supplementary Materials and in the original FPN and
CISCA-Net' papers.

To classify the detected neutrophils as either
“epithelial” or “lamina propria”, the outputs of the cell
and region segmentation models were merged. Each
segmented cell was precisely mapped to a region based
on the location of the cell centroid. Neutrophil density
was then calculated by dividing the number of cells in
each region by the region’s area.

Optimal cell density cut-offs were determined to
assess histologic activity and early therapeutic
response at weeks 12 and 52. Cut-offs were estimated
by maximising sensitivity (for disease activity assess-
ment) or specificity (for improvement/remission)
while ensuring that specificity or sensitivity remained
higher or equal to 70.0%. The optimal cut-off was
computed using the cutpoints R package for each cell
density by averaging the optimal cut-offs across 50
bootstrap samples.

Details on pipeline development are provided in
Supplementary Material.

The pipeline’s performance in assessing histologi-
cal activity was evaluated using WSIs from the Mir-
ikizumab phase 2 trial and then validated in the
PICaSSO cohort. The AI's capability to identify the
cut-off of neutrophil density to assess response to
therapy based on histological improvement and
remission was assessed at W12 and W52 in the Mir-
ikizumab cohort.



Articles

Ethics

The AMAC Phase 2 Mirikizumab trial was approved by
the Institutional Review Boards or Independent Ethics
Committees at each participating centre. This study was
compliant with the International Committee for Har-
monisation guideline on good clinical practice. All
informed consent forms and protocols were approved
by appropriate ethical review boards before initiation of
the study. All patients gave written informed consent
before receiving the study drug.

The PICaSSO study was approved by the research
ethics committee (17/WM/0223) for the UK centres. All
international sites gained local research ethics com-
mittee approvals in their respective countries. All pa-
tients provided written informed consent for study
participation, data collection, and sample analysis.

Statistics

The diagnostic performance of the cut-offs was ana-
lysed using the following metrics: accuracy, sensitivity,
specificity, positive predictive value (PPV), negative
predictive value (NPV), F1 score, and Area Under the
Curve (AUC). Results are based on the Mirikizumab
phase 2 trial data. Out-of-sample validation perfor-
mance and 95% confidence intervals (ClIs) for each
metric were assessed using out-of-bag estimates derived
from 1000 bootstrapped samples of the Lilly data. The
PICaSSO data served as an external validation dataset
for disease assessment.

Pipeline development was conducted in line with
TRIPOD recommendations.

The correlation between the density of neutrophils
(overall and in epithelium/lamina propria) and Geboes
or PHRI score was assessed through the Spearman
coefficient. Spearman correlation was selected over
Pearson because visual inspection indicated a mono-
tonic but non-linear relationship between histological
scores and Al-detected neutrophil counts; thus, a rank-
based method was deemed more appropriate. Correla-
tions were interpreted as strong (>0.7), moderate
(0.4-0.7), weak (0.2-0.4), or absent (<0.2).”

Agreement between cut-off-based classifications
and pathologist-assessed disease activity was evaluated
through Cohen’s kappa, interpreted according to the
Landis and Koch framework®" (<0.00: poor; 0.00-0.20:
slight; 0.21-0.40: fair; 0.41-0.60: moderate; 0.61-0.80:
substantial; 0.81-1.00: almost perfect agreement).
Sample size and power analyses were conducted as part
of the clinical trial design. In this study, however, the
focus was on the development and validation of the
computational pipeline for automated histological as-
sessments rather than on trial-level powering. Vari-
ability in cut-off performance is reported with
confidence intervals.

Data analysis was performed with R v4.0 (R Foun-
dation for Statistical Computing, Vienna).

Details about the statistical plan can be found in
Supplementary Material.

Role of funding source

This study was supported by Eli Lilly and Company.
The funder had no role in study design, data collection,
data analysis, data interpretation, or writing of the
report.

Results

Population characteristics and disease-related
outcomes

Demographic and clinical characteristics of the study
population and disease-related outcomes at different
time points are summarised in Table 1. No baseline
demographic data were missing among the patients
considered in the cohorts.

Al development: Mirikizumab phase 2 clinical trial cohort
A total of 106 patients with moderate-to-severe UC from
the phase 2 Mirikizumab clinical trial were included.
46.2% (49/106) were females, and average age was 37.5
years (29.0-53.3). 17.9% (19/106) of patients achieved
clinical remission after 12 weeks and 41.3% (38/92)
after 52 weeks of treatment. 5.7% (6/106) of patients
achieved ER after 12 weeks and 20.6% (19/92) after 52
weeks of treatment in the Mirikizumab cohort. 60.3%
(64/106) and 47.2% (50/106) of patients exhibited his-
tologic improvement and remission at W12, respec-
tively. 69.2% (63/91) and 57.1% (52/91) of patients
achieved histologic improvement and remission at
W52, respectively.

Al validation: PICaSSO cohort

302 patients from the prospective multicentre interna-
tional PICaSSO study were considered. 40.7% (125)
were females; the average age was 48.4 = 14.8. 76.2%
(234/302) of patients were on treatment with 5-amino-
salicylic acid, while 39.1% (118/302) were on biological
therapy. 65.2% (197/302) were in clinical remission,
55.6% (168/302) in ER and 59.6% (180/302) in HR
during disease assessment in the PICaSSO cohort.

Al pipeline diagnostic performance

303 WSIs from active UC patients in the Mirikizumab
cohort were analysed. WSIs from 15 patients at week 52
were missing due to patient dropout. No exclusion
criteria based on image quality were applied.

The Al region segmentation model yielded DICE-
Segrensen coefficients of 85.2% for lamina propria,
44.8% for surface epithelium, and 64.9% for crypts.
The AI model for neutrophil detection demonstrated
strong overall performance, with 82.3% (+15.8%)
precision, 77.0% (+17.8%) recall, and 77.5% (£12.1%)
F1 score.
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Correlation between the density of neutrophils and Geboes
and PHRI histological score

A strong positive correlation was found between
neutrophil density and grades of Geboes score at all
time points [0.81 (0.77-0.85)], with strong correlation at
W12 [0.79 (0.70-0.85)] and W52 [0.78 (0.68-0.85)].
Similarly, a strong positive correlation was found be-
tween neutrophils density and PHRI score [0.70
(0.65-0.74)] in the PICaSSO cohort. Details on the
correlation between neutrophil density, location and
Geboes grades are presented in Fig. 1.

Al performance to quantify neutrophils cut-off for disease
assessment based on Geboes and PHRI

Overall, 192 out of 303 biopsies in the Mirikizumab
development cohort showed histological activity. In
comparison, 119 out of 438 biopsies showed histologi-
cal activity in the PICaSSO validation cohort.

The pipeline identified an overall optimal neutrophil
density cut-off of >21.7 cells/mm? to assess disease
activity according to Geboes and PHRI, with 86%
(79%-92%) accuracy, 94% (88%-99%) sensitivity, 74%
(5496-89%) specificity and 95% (92%-98%) AUC.

In the validation cohort, the same cut-off showed
robust performance for disease activity assessment by
Geboes and PHRI, with 87% (84%-90%) accuracy, 69%
(61%—-77%) sensitivity and 94% (92%-97%) specificity.
Similarly, 85% (82%-89%) accuracy, 62% (54%—70%)
sensitivity and 97% (94%-98%) specificity were found
for PHRL

When considering the optimal cut-off to assess dis-
ease activity according to neutrophil localisation, a
region-specific cut-off of 30.4 cells/mm?* was found for

PICaSSO
cohort (N = 302)

48.4 (33.6-63.2)
125 (40.7)

15.0 (4.2-25.8)
118 (38.4)

74 (24.1)

234 (76.2)

68 (22.1)

197 (65.2)

168 (55.6)

180 (59.6)

Mirikizumab
cohort (N = 106)
Age (years), median (IQR) 37.5 (29.0-53.3)
Sex (female), n (%) 49 (48.0)
Disease length (years), median (IQR) 5.52 (2.9-10.2)
Prior biologic exposure, n (%) 50 (49.0)
Corticosteroids use, n (%) 46 (45.1)
Amino salicylates use, n (%) 82 (80.4)
Thiopurines use, n (%) 27 (26.5)
Clinical remission, n (%) W12 19 (17.9)
W52 38 (413)
Endoscopic remission, n (%) Wo 0 (0.0)
W12 6 (5.7)
W52 19 (20.6)
Histological remission, n (%) wo 9 (8.5)
W12 50 (47.2)
W52 52 (57.1)
Abbreviation: IQR: interquartile range.
Table 1: Patients characteristics.

the lamina propria, which showed an 85% (79%-91%)
accuracy, 93% (87%-98%) sensitivity and 72% (55%—
90%) specificity. A cut-off of 10.1 cells/mm? in the
epithelium showed an 84.9% (78%-91%) accuracy, 90%
(95% CI 83%-96%) sensitivity and 75% (56%—94%)
specificity for assessment of disease activity.

Table 2 and Supplementary Table S2 provide
detailed results on neutrophil cut-offs to assess disease
activity. Fig. 2 reports the graphic distribution of
neutrophil density in both cohorts. Supplementary
Table S3 provides a subanalysis of the pipeline perfor-
mance focussing on WSI from WO0.
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Fig. 1: Spearman correlation between neutrophil density and subcategories of the Geboes score. (A) Overall correlation across all time
points; (B) baseline (week 0); (C) post-induction (week 12); and (D) post-maintenance (week 52). Each dot represents a whole-slide image
(WSI). Correlation coefficients (p) were computed using the Spearman rank test. Error bars represent 95% confidence intervals (Cls) for

correlation coefficients.
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Assessment of disease activity (n = 303, n_

pos = 192, n_neg = 111)—Geboes and PHRI

Neutrophil localisation Cut-off Accuracy Sensitivity Specificity PPV NPV F1 score AUC
(cells/mm?)

Surface epithelium 24.9 79% (72%-85%)  83% (76%-90%)  71% (53%-87%)  84% (74%-92%) 71% (60%-82%) 83% (78%-88%) 88% (83%-93%)

Surface + cryptal epithelium ~ 10.1 85% (78%-91%) 90% (83%-96%) 75% (56%-94%) 86% (77%-97%)  84% (71%-91%)  88% (83%-93%) 93% (89%-97%)

Lamina propria 30.4 85% (79%-91%)  93% (87%-98%)  72% (55%-90%) 86% (77%-94%) 86% (77%-96%) 89% (84%-94%) 94% (91%-97%)

Total 217 86% (79%-92%) 94% (88%-99%) 74% (54%-89%) 86% (76%-94%) 87% (78%-96%) 90% (84%-94%)  95% (92%-98%)

Abbreviations: AUC: area under the curve; NPV: negative predictive value; PHRI: PICaSSO Histological Remission Index; PPV: positive predictive value.

Table 2: Cut-off of neutrophils to assess disease activity by Geboes and PHRI-Mirikizumab cohort.

Neutrophil cut-off to assess Mirikizumab phase 2 clinical
trial response to treatment at W12 and W52
Neutrophil cut-off to assess Mirikizumab phase 2 clinical
trial histological improvement at W12 and W52 based on
Geboes and PHRI. 106 and 91 patients were considered
to assess histological improvement at W12 and W52,
respectively. 64 (60.4%) out of 106 and 63 (69.2%) out of
91 achieved histological improvement at W12 and W52
by Geboes. 60 (56.6%) out of 106 and 53 (58.2%) out of
91 achieved histological improvement at W12 and W52
by PHRI. Shared cut-offs were calculated for both weeks.
An overall neutrophil cut-off of 25.0 and 22.9 cells/
mm” stratified histological improvement at W12 and
W52 according to Geboes and PHRI, respectively. At
W12, these cut-offs corresponded to accuracies of 82%
(67%-93%) and 81% (68%-93%), sensitivities of 75%
(50.0%-96%) and 75% (50.0%-96%), specificities of
93% (80%-100%) and 90% (77%-100%), and AUCs of
93% (87%-97%) and 91% (84%-97%). At W52, the
same cut-offs corresponded to accuracies of 84% (68%—
95%) and 84% (69%-96%), sensitivities of 78% (56%—
96%) and 80% (53%-100%), specificities of 96%
(83%-100%) and 90% (75%-100%), and AUCs of 92%

(80%-97%) and 92% (82%-98%), for Geboes and
PHRI, respectively.

The optimal neutrophil density cut-off to assess
histological improvement was higher in the lamina
propria than epithelial compartment (33.7 vs. 11.8 cells/
mm? for Geboes and 32.2 vs. 11.2 cells/mm? for PHRI).
Further details about the pipeline performance for
epithelium and lamina propria are detailed in
Supplementary Table S4 and Supplementary Table S5.

Neutrophil cut-off to assess HR at W12 and W52 based on
Geboes and PHRI. 50 (47.2%) out of 106 and 52 (57.1%)
out of 91 achieved HR at W12 and W52.

A neutrophil cut-off of 21.7 cells/mm?® effectively
stratified histological remission at both W12 and W52,
yielding accuracies of 79% (67%-92%) and 85% (70%-
96%), sensitivities of 74% (45%-96%) and 80%
(53%-100%), specificities of 84% (71%-96%) and 90%
(77%-100%), and AUCs of 91% (83%-97%) and 93%
(84%—-98%) at W12 and W52, respectively. The optimal
neutrophil density cut-off to assess HR was higher in
the lamina propria than in the epithelium compartment
(29.6 vs. 10.6 and cells/mm?).
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Fig. 2: Neutrophil density distribution in the Mirikizumab and PICaSSO cohorts. (A) Distribution of neutrophil density (cells/mm?) across
all tissue compartments in the Mirikizumab cohort. (B) Distribution in the PICaSSO validation cohort according to localisation: surface
epithelium, crypts, and lamina propria. Dashed lines indicate optimal Al-derived cut-offs for distinguishing histological activity and remission.
Box plots display median values (horizontal line), interquartile range (IQR; box), and whiskers representing 1.5 x IQR. p-values were calculated
using the Mann-Whitney U test. Abbreviations: epith: epithelium; IQR: interquartile range.
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Table 3 provides further details about the pipeline
performance for epithelium and lamina propria.

Agreement between cut-off-based classifications and disease
activity

Overall agreement between cut-off-based classifications
and disease activity as assessed by pathologists in the
Mirikizumab cohort was substantial (x = 0.72). Agree-
ment was moderate for surface epithelium (k = 0.55)
and substantial for surface epithelium + crypts
(x = 0.64) and lamina propria (k = 0.70). A similar trend
was observed in the PICaSSO cohort.

At week 12, agreement between cut-off-based clas-
sifications and remission was moderate across regions
(x = 0.47-0.54), but improved by weeks 52, ranging
from moderate for surface epithelium (k = 0.50) to
substantial for surface epithelium + crypts (k = 0.63),
lamina propria (k = 0.63), and overall (k = 0.72).

Overall agreement between cut-off-based classifica-
tions and histologic improvement at week 12 was
moderate (Geboes k = 0.58; for surface epithelium
k = 0.54 and lamina propria k = 0.58). It was substantial
for surface epithelium + crypts (x = 0.70). By week 52,
agreement was moderate for surface epithelium
(x = 0.49) and surface epithelium + crypts (k = 0.59), but
reached substantial levels for lamina propria (x = 0.66)
and overall (kx = 0.68).

Further details on the agreement across cohorts and
different time points are provided in Supplementary
Table S6.

Discussion

To the best of our knowledge, this study developed the
first AI pipeline to accurately detect, localise and
quantify neutrophils in WSIs from a clinical trial cohort
to assess disease activity and response to therapy. This
pipeline identified neutrophil density cut-offs with
remarkable ability, demonstrating 86% (79%-92%) ac-
curacy, 94% (88%-99%) sensitivity, 74% (54%—-89%)
specificity in assessing disease activity, confirmed in a
real-world validation cohort. Additionally, the pipeline
demonstrated novel utility in identifying cut-offs that
assess response to Mirikizumab at different time
points. Notably, differences in neutrophil localisation
within epithelium, crypts and lamina propria revealed
varying predictive abilities, with lower epithelial and
cryptal neutrophil counts correlating with disease
remission and therapy response.

This automated pipeline marks a significant
advancement in addressing unmet needs in clinical
trials. HR has emerged as a critical therapeutic target in
UC, being adopted in combination with ER as a pri-
mary endpoint in several trials."””” However, HR re-
mains inconsistently defined, and multiple scoring
systems currently used are hindered by complexity,
subjectivity, and inter-/intra-rater variability.®'
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39)—Geboes and PHRI

_neg =

56; W52: n = 91, n_pos = 52, n

Assessment of response to therapy—Histological remission (W12: n = 106, n_pos = 50, n_neg

NPV F1 score AUC

PPV

Sensitivity Specificity

Accuracy

Cut-off

W12 W52 W12 W52 W12 W52 W12 W52 W12 W52
77%

W52
74%

W12

W52
75%

2
(cells/mm?) Wiz

81% 77% 70% 72% 77% 84% 85%

73%

76%

73%

74%

24.4

Surface

(74%-94%)  (74%-94%)
87%

(56%-90%)

82%

(53%-88%)

81%

(47%-92%)
74%

(59%-100%)

89%

(65%-95%)

91%

(57%-89%)

77%

(55%-94%)

90%

(59%-93%)

77%

(44%-94%)

76%

(44%-100%)

87%

(59%-88%)

82%

(63%-87%)

82%

epithelium

91%

10.6

Surface + cryptal

epithelium

(82%-98%)

91%

(77%-96%)

89%

(67%-95%)

82%

(57%-93%)

76%

(54%-94%)

74%

(66%-100%)

79%

(78%-100%)

89%

(61%-92%)

79%

(75%-100%)

87%

(59%-93%)

83%

(55%-96%)

77%

(50%-100%)

74%

(69%-94%)

81%

(67%-92%)
78%

29.6

Lamina propria

(81%-97%)

93%

(81%-96%)

91%

(67%-93%)

85%

(56%-38%)

(57%-93%)
76%

79%

(62%-95%)
79%

(75%-100%)

93%

(63%-94%)

80%

(69%-100%)

91%

(67%-96%)

84%

(53%-95%)

80%

(44%-95%)
74%

(69%-92%)
85%

(75%-89%)

79%

21.7

Total

(83%-97%) (84%-98%)

(67%-97%)

(57%-91%)

(70%-96%) (45%-96%)  (53%-100%) (71%-96%) (77%-100%) (64%-95%) (81%-100%) (61%-96%) (57%-100%)

(67%-92%)

Abbreviations: AUC: area under the curve; NPV: negative predictive value; PHRI: PICaSSO Histological Remission Index; PPV: positive predictive value. No difference between the pathologists evaluation of remission based on Geboes or PHRI was seen,

meaning that the cut-offs are identical for assessment of disease activity assessment and assessment of remission at week 12/52 between the two scores.

Table 3: Cut-off of neutrophils to assess histological remission at W12 and W52 based on Geboes and PHRI.
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Although consensus broadly agrees that neutrophils are
key indicators of UC activity, rare or scattered neutro-
phils, especially in the lamina propria, may still be
consistent with HR." Therefore, the potential impact of
such small number of neutrophils, often difficult to
detect and quantify by human assessment, on adverse
outcomes requires further investigation. Moreover,
manual assessment by pathologists is time-consuming
and prone to bias.

In our cohort, rates of HR were higher than ER. This
discrepancy may reflect differences between histology
and endoscopic activity and sampling variability from
non-targeted biopsies, or biased assessment of histo-
logical activity. Our automated pipeline accurately
identified and quantified neutrophils, facilitating
assessment of disease activity in a clinical trial cohort.
This approach may complement human interpretation
and define histological healing through Al-quantified
small numbers of neutrophils in epithelium and
lamina propria.

Its strong correlation with pathologist-assessed
Geboes and PHRI scores at weeks 12 and 52 rein-
forced its reliability.*" Importantly, there was also
moderate-to-substantial agreement between cut-off—
based classification and disease activity as assessed by
pathologists across different compartments (overall,
epithelium, surface epithelium + crypts, lamina prop-
ria), further proving the ability of the model to provide
expert-like disease assessment. Traditional histological
scores rely on semi-quantitative grading, which is
inherently subjective and prone to inter-/intra-observer
variability. In contrast, Al derived cut-offs offer an
objective, reproducible, and fully quantitative approach.
Moreover, the compartment-specific thresholds identi-
fied by the pipeline provide granular insights into dis-
ease activity not captured by global scoring systems.
This suggests that Al quantification could complement
existing scores by detecting subtle neutrophil distribu-
tions that are difficult for pathologists to consistently
recognise, thereby improving precision in predicting
therapeutic response and outcomes.

Initially, pipeline development focused on a cohort
of active patients, ensuring high presence of neutro-
phils to build an accurate detection and quantification
framework, determining precise cut-off of neutrophils.

To evaluate the robustness of our Al pipeline, it was
also tested in the external real-world international
PICaSSO cohort, where clinical, endoscopic, and HR is
predominant. This allowed us to confirm the pipeline’s
reliability and robustness to effectively detect few
numbers and low density of neutrophils in both lamina
propria and epithelium. Despite showing slightly lower
sensitivity than the development cohort, the original
cut-offs maintained high performance for assessing
disease activity (87% [84%—90%)] accuracy, 69% [61%-
77%)] sensitivity, 94% [92%-97%] specificity), confirm-
ing its reproducibility in clinical practice.

Preliminary evidence suggests that automated
neutrophil cut-offs could predict major adverse out-
comes in real-world settings,'® being more predictive of
therapeutic response and early flare-ups. Our pipeline
can uniquely automate, quantify, and localise neutro-
phils within the epithelium, crypts and lamina propria,
potentially complementing and surpass the qualitative
evaluation of most scores. While slight variations in
neutrophils may not influence treatment decisions, a
broader understanding of neutrophil distribution and
quantification might be crucial in assessing treatment
responsiveness and guiding therapeutic strategies.

Emerging evidence suggests that epithelial neutro-
phils are more predictive of clinical outcomes than their
lamina propria counterparts.”” Region-specific cut-offs
predictive of HR were identified, with lower thresholds
for the epithelium and crypts than lamina propria.
These findings were again validated in the PICaSSO
cohort. Epithelial, cryptal and lamina propria neutro-
phil density consistently demonstrated stronger pre-
dictive value for therapy response, reflecting their role
in acute mucosal injury. These observations indicate
that epithelial neutrophil density may serve as a more
sensitive biomarker of disease activity or therapeutic
efficacy, whereas lamina propria infiltration reflects
longer-term inflammatory tone.

The AI multi-model pipeline also demonstrated a
strong ability to assess therapeutic response at W12 and
W52 in the trial development cohort. This ability ad-
dresses a significant gap in both clinical trials and
practice. By refining patient stratification, this pipeline
could improve optimisation of induction and mainte-
nance treatments, maximising therapeutic efficacy
while minimising side effects and costs. In clinical
practice, it can guide physicians in making informed
therapeutic decisions, ultimately improving patient
management and outcomes.

Interestingly, epithelial neutrophils demonstrated a
lower cut-off for assessing therapy response, high-
lighting their pivotal role in disease progression and
treatment outcomes. In addition, the low cut-off for
epithelial and cryptal epithelium to evaluate disease
activity and response to therapy highlights the impor-
tance of cryptal infiltration as a hallmark of severe
disease. The ability of the pipeline to reliably quantify
cryptal neutrophils, despite segmentation challenges,
provides a robust tool for refining disease stratification.

Several key innovations distinguish our research
from previous works. Firstly, our pipeline employs a
refined multi-scale architecture specifically trained to
detect, segment and quantify neutrophils in clinical
trial and reproduced in real-world cohort. Second, it
defines a neutrophil cut-off for both inflammation
assessment and treatment response, addressing an
unmet need in clinical trials. Third, the pipeline was
validated across an independent, multicentre external
dataset (PICaSSO cohort), crucial for demonstrating
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reproducibility in real-world setting where consistency
is essential. By standardising histological assessment,
our pipeline offers a transformative tool for clinical
trials, reducing inter-rater variability, streamlining
workflows, and lowering operational costs associated
with central readout. Integration into existing work-
flows could enable Al-based quantification to replace
manual neutrophil scoring for trial endpoints, while
pathologists remain involved in the evaluation in
complex or discordant cases. Compared to manual
scoring, which requires several minutes per slide, the
Al pipeline delivers fully automated results within
seconds, reducing both turnaround time and labour-
associated costs.

The research also has limitations. The pipeline fo-
cuses exclusively on neutrophils, given their primary
role in determining disease activity and outcome pre-
diction compared to other cells,”® such as eosinophils
and plasma cells." Future work will expand the pipeline
to multi-feature analysis for more comprehensive ac-
tivity assessment. Furthermore, the dataset is based on
the specific cohort of phase 2 trial on Mirikizumab,
which may limit broader applicability. Other datasets
and cohorts evaluating patients on other advanced
therapies should be analysed to validate the model and
assess the response to treatment with different mech-
anisms of action.

Variations in staining protocols and slide prepara-
tion across cohorts may have impacted the pipeline’s
performance. Nonetheless, they did not lead to signifi-
cant inconsistencies in results.

Segmentation accuracy was generally high, and the
DICE coefficient for epithelium was relatively low and
moderate for crypts. Surface epithelium and crypts seg-
mentation remains challenging due to their biological
variability and susceptibility to artefacts, particularly in
inflamed tissue. Imperfect compartmentalisation may
affect neutrophil quantification in crypt-associated
inflammation, yet the model performed well for the
lamina propria, a key site of infiltration. Overall predic-
tive performance across cohorts indicates that any re-
sidual segmentation noise had a limited impact on the
biological interpretability of neutrophil density cut-offs,
though further refinement will strengthen robustness.

Furthermore, false positives or negatives in Al
detection of neutrophils could result in misdiagnosis or
overestimation of disease activity and clinical implica-
tions. Our AI detected low-level neutrophils in
HR-labelled patients, potentially representing true
positives missed by pathologists due to sampling bias
or subtle staining. Conversely, in challenging instances,
the model may misidentify structures with similar
morphological features as neutrophils, leading to false
positive. Further research is ongoing to refine model
architecture. To mitigate this issue and optimise our
pipeline, its performance in the PICaSSO cohort was
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qualitatively evaluated by a second pathologist, that
annotated discordant cases.

Notably, that development and validation cohort
exhibit different disease activity. The development
cohort was purposefully selected for active inflamma-
tion to ensure robust neutrophils signals establish a
reliable cut-off of treatment response. Conversely, the
PICaSSO cohort reflects a more real-world distribution
of disease states, including a high proportion of
patients in remission with few neutrophils.

Assessing the prognostic value of the model was
limited by differences in follow-up data; histology was
available in the Mirikizumab cohort but not outcomes,
while the validation cohort lacked follow-up histology.
Future studies with harmonised data are needed to test
its prognostic.

Moreover, in the Mirikizumab cohort there is a large
deviation between endoscopic and HR at W12 and W52,
as also presented in the original clinical trial,” while
this difference is negligible in the PICaSSO cohort.
However, in the PICaSSO cohort, virtual chro-
moendoscopy was employed for assessment, better
correlating histological findings.”

Finally, the relatively small dataset size is a limita-
tion given the complexity of neutrophil analysis. How-
ever, it was sufficient for training under the conditions
applied, particularly with the use of regularisation
techniques including dropout (50%), data augmenta-
tion, and early stopping to mitigate overfitting. An
external, larger, independent validation cohort would
strengthen the generalisability of the findings.

Nonetheless, this novel Al pipeline represents a sig-
nificant advancement for clinical trials and practice,
providing a robust and objective tool for assessing his-
tological activity and therapeutic response in UC. Its
application across diverse cohorts, including controlled
clinical trials, real-world clinical settings, and active and
quiescent patient populations, demonstrates its versa-
tility and adaptability. This innovation can potentially
streamline histological evaluations, effort, and cost con-
straints, and enhance treatment personalisation. While
further refinement and extensive validation are ongoing,
this approach holds promise for advancing personalised
care in UC to improve patient outcomes by bridging the
gap between research and clinical applications.
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