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Abstract
Background: Barrier healing is an emerging therapeutic target in inflammatory bowel disease (IBD), though its assessment remains challenging. 
We evaluated automated advanced imaging for real-time barrier assessment, its correlation with epithelial/vascular barrier markers, and ability to 
predict adverse outcomes.
Methods: IBD patients and healthy controls undergoing endoscopic assessment were prospectively enrolled. The intestinal barrier was evaluated 
using ultra-high-magnification endocytoscopy and probe-based confocal laser endomicroscopy. Targeted biopsies were obtained from inflamed 
and non-inflamed segments. Epithelial and vascular barriers were assessed through automated multiplex immunofluorescence for Claudin-2, 
ZO-1, E-cadherin, PV-1, and CD31. Gene expression profiling was performed in epithelial and lamina propria compartments. Artificial intelligence 
(AI)-based analysis was employed for automated evaluation of barrier features captured by advanced imaging.
Results: In total, 103 patients were included (38 ulcerative colitis [UC], 54 Crohn’s disease [CD], 11 healthy controls). Advanced imaging revealed 
barrier healing in 21% (8/38) of UC and 30% (16/54) of CD patients. In UC, Claudin-2 moderately correlated with abnormal crypt architecture 
(ρ = 0.49), goblet cell depletion (ρ = 0.5), and overall endocytoscopy activity (ρ = 0.49). In CD, PV-1 moderately correlated with altered blood flow 
(ρ = 0.41) and vessel architecture (ρ = 0.40). An integrated assessment of advanced imaging, combined with Claudin-2 and PV-1 expression, effec-
tively predicted adverse outcomes in UC and CD, respectively. AI tools accurately classified epithelial and vascular barrier features captured by 
advanced imaging. Finally, gene expression confirmed upregulation of Claudin-2 and PV-1 in IBD.
Conclusion: Automated advanced imaging enables real-time barrier assessment in IBD and correlates with markers of epithelial and vascular 
barrier impairment. AI integration can enhance standardization toward broader clinical applicability.
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Graphical Abstract

1. Introduction
The intestinal barrier, comprising epithelial and vascular com-
ponents, is increasingly recognized as a key player in the onset 
and progression of inflammatory bowel disease (IBD).1 Beyond 
its role in disease pathogenesis, barrier healing has recently 
emerged as a promising therapeutic target, with growing inter-
est in developing novel drugs capable of restoring the intestinal 
barrier.1,2 Recent evidence suggests that patients achieving bar-
rier healing experience better outcomes compared to those who 
reach only endoscopic or histological remission.3

Nonetheless, until recently, assessing barrier integrity has 
remained challenging. Conventional endoscopy and standard 
histology are limited in their ability to detect structural and 
functional barrier dysfunction.4 Alternative diagnostic 
approaches, such as probe-based assays, lack specificity and 
validation. Although in vitro assessments of epithelial and vas-
cular proteins, including Claudin-2, occludin, JAM-A, and 
plasmalemma vesicle-associated protein-1 (PV-1),5,6 are con-
sidered a more accurate option, they are technically demanding, 
require advanced expertise, and are not applicable for real-time 
clinical decision-making.

Recent advances in ultra-high-magnification endoscopic imag-
ing, including probe-based confocal laser endomicroscopy (pCLE) 
and endocytoscopy (ECS), provide real-time, in vivo visualization 

of epithelial and vascular architecture.7 These tools enable mini-
mally invasive assessment of the intestinal barrier, allowing 
detailed evaluation of intestinal crypts and villi architecture, gob-
let cells, cell infiltration, as well as dynamic vascular architecture 
and blood flow. Furthermore, pCLE can reveal fluorescein leak-
age, which reflects functional impairment of the intestinal barrier. 
Early data suggest that ECS- and pCLE-based barrier evaluation 
may predict adverse clinical outcomes in IBD.3,8 However, their 
widespread adoption is hindered by the need for specialized 
expertise and significant interobserver variability, though the 
technology is relatively straightforward. Artificial intelligence (AI) 
has the potential to overcome these limitations by enabling objec-
tive, standardized, and reproducible assessment of intestinal bar-
rier healing.9,10 Yet, evidence supporting the use of AI-enabled 
barrier imaging assessment remains scant. Moreover, comprehen-
sive characterization of barrier-related gene expression in IBD is 
crucial to advance our understanding of disease pathogenesis, 
discover predictive biomarkers for disease progression and guide 
targeted therapeutic development.11,12

Based on this rationale, the present study aimed to: (1) eval-
uate intestinal epithelial and vascular barrier integrity using 
pCLE and ECS in a prospective exploratory cohort of IBD 
patients; (2) correlate endoscopic imaging findings with molec-
ular barrier markers assessed through automated confocal 
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multiplex immunofluorescence; (3) evaluate the predictive value 
of pCLE and ECS combined with barrier proteins for forecast-
ing the short-term clinical outcomes; (4) develop a novel AI 
model to automate and standardize advanced endoscopy-driven 
barrier assessment; and (5) assess the expression of barrier-related 
genes to support disease-specific molecular characterization.

2. Material and methodology
We conducted a prospective, observational, exploratory study 
at two tertiary referral IBD centers in Cork, Ireland: Cork Uni-
versity Hospital and Mercy University Hospital. The study 
received ethical approval from the Clinical Research Ethics 
Committee of Cork Teaching Hospitals (CREC), under refer-
ences ECM 3(u) and ECM 3(1), dated December 5, 2023 
(Study codes APC-159 and APC-180). Informed consent was 
obtained from all participants.

2.1. Study population and design
This study included adult patients aged 18-75 years with a con-
firmed diagnosis of IBD—either ulcerative colitis (UC) or 
Crohn’s disease (CD)—who underwent colonoscopy for disease 
assessment or surveillance between March 2023 and May 
2025. Healthy controls (HCs) were recruited among patients 
undergoing colonoscopy for cancer screening or evaluation of 
gastrointestinal symptoms with no history of gastrointestinal 
or systemic inflammatory disease, no active medication use, 
and showing normal endoscopic and histologic findings.

2.2. Baseline data collection and follow-up
At the baseline procedure, demographics and clinical data were 
collected. All patients underwent advanced endoscopic procedures 
for grading inflammation and to evaluate real-time “in vivo” 
intestinal barrier assessment. Targeted intestinal biopsies were 
obtained in the same area assessed by advanced imaging for his-
tological analysis, evaluation of the molecular barrier, and gene 
expression profiling. Patients were followed for up to 12 months 
to monitor early clinical major adverse outcomes (MAOs).

2.3. Endoscopic assessment
Endoscopic examinations were performed using high-definition 
white light endoscopy and virtual chromoendoscopy, including 
iScan and optical enhancement (Pentax, Tokyo, Japan), as well 
as narrow band imaging, texture and color enhancement imag-
ing, and red dichromatic imaging (Olympus, Tokyo, Japan). 
Disease activity was scored using the Mayo Endoscopic Score 
(MES), Ulcerative Colitis Endoscopic Index of Severity (UCEIS), 
and Paddington International Virtual Chromoendoscopy Score 
(PICaSSO) for UC, and the Simple Endoscopic Score (SES-CD) 
for CD. Endoscopic remission was defined as MES < 1 and 
UCEIS ≤ 1 for UC, and SES-CD < 3 for CD. All procedures were 
conducted by experienced endoscopists (M.I., S.G.) and sys-
tematically video recorded. Endoscopic findings were addition-
ally scored by other IBD-experienced investigators (I.Z., G.S., 
I.C., C.P.) during the procedure.

2.4. Advanced endoscopic imaging barrier 
assessment
In vivo assessment of the intestinal barrier was conducted using 
advanced imaging modalities, including ultra-high-magnification 
ECS or pCLE, depending on hospital availability. ECS employed 

a high-resolution integrated endocytoscope, enabling ultra-high 
magnification of the mucosal surface at the push of a button on 
the endoscopy handle. pCLE was conducted with a dedicated 
miniprobe introduced through the working channel of the endo-
scope. For pCLE, intravenous fluorescein sodium (2.5-5 mL of 
10% solution) was administered immediately before imaging to 
provide contrast and enable visualization of cellular and micro-
vascular structures. Barrier integrity was classified into three 
levels: healing, mild impairment, and moderate to severe impair-
ment, based on modified scoring systems from our prior work.8,11 
Examination details, scoring criteria, and barrier healing defini-
tions are provided in Supplementary Material 1 and shown in 
Figures 1 and 2. All procedures were video recorded and con-
ducted by experienced IBD experts and gastroenterologists (M.I., 
S.G.), and agreed upon by further IBD-experienced investigators 
(I.Z., G.S., I.C., C.P.). Each colonic segment was assessed with 
advanced endoscopy, focusing on the most representative 
inflamed areas (those showing the highest inflammation at con-
ventional endoscopy, if present) and on the most informative 
non-inflamed area (according to disease distribution at diagnosis).

2.5. Histological assessment
Following advanced imaging assessment, paired biopsies were 
obtained from each ileo-colon-rectal segment for disease eval-
uation. Additional targeted biopsies were obtained from the 
most representative inflamed and most informative non-inflamed 
areas evaluated with ECS or pCLE, and used for barrier analysis 
with multiplex immunofluorescence. In a subset of 12 patients, 
further paired biopsies were collected for gene expression anal-
ysis. Histological disease activity was assessed using the vali-
dated Robarts Histopathology Index (RHI), Nancy Histological 
Index (NHI), and PICaSSO Histological Remission Index 
(PHRI) by two expert IBD pathologists (B.H., R.C.). Histolog-
ical remission was defined as RHI ≤ 3 with absence of neutro-
phils in the epithelium and lamina propria, NHI ≤ 1, and 
PHRI =  0. According to NHI, inflammation was graded as mild 
(NHI =  2), moderate (NHI =  3) and severe (NHI =  4).

2.6. Multiplex immunofluorescence
Fresh ileocolonic biopsies were immediately processed and 
embedded in OCT, and then cryosectioned using a protocol 
adapted from Lin and Lin.13  To ensure specificity and repro-
ducibility, we used multiple negative and orthogonal controls. 
Antibodies were validated in single-plex immunohistochemis-
try (see Figure S2.1) and immunofluorescence (IF), 
secondary-only and unstained controls were applied to assess 
non-specific signal and autofluorescence, and single-fluor con-
trols were used for bleed-through correction.12,14 These mea-
sures confirmed that multiplex IF signals reflected specific 
antigen detection. Multiplex Set-1 included Claudin-2 (1:200), 
PV-1 (1:500), and CD31 (1:150), and Multiplex Set-2 included 
ZO1 (1:150) and E-cadherin (1:150). Primary antibodies were 
incubated overnight at 4 °C, followed by secondary antibody 
incubation (1:200). Images were acquired using an Olympus 
EVIDENT FV3000 confocal microscope. Validation by immu-
nohistochemistry is detailed in Supplementary Material 2.

2.7. Automated semi-quantitative estimation of TJ 
protein expression
Epithelial and vascular protein expression from ileal and 
colonic biopsies was semi-quantitatively analyzed using Qu 

https://academic.oup.com/eccojc/article-lookup/10.1093/ecco-jcc/jjaf200/#supplementary-data
https://academic.oup.com/eccojc/article-lookup/10.1093/ecco-jcc/jjaf200/#supplementary-data
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Path 0.5.1. Images were annotated into epithelium, crypts, and 
lamina propria. For tight junction (TJ) proteins, only epithelial 
and crypt regions were analyzed. Blood vessel detection used 
an ANN_MLP-trained pixel classifier. Protein expression 
thresholds were calibrated using negative controls and 
non-inflamed tissues to define physiological baseline levels, 

enabling the exclusion of background and the separation of 
high-intensity signals associated with inflammation-induced 
upregulation: 16 for Claudin-22, and 50 for CD31, PV-1, 
E-cadherin, and ZO-1. Cells exceeding these thresholds were 
considered positive. Manual adjustments were made per chan-
nel to maintain consistent quantification across samples and 

Figure 2.  Multimodal imaging of normal vs impaired intestinal epithelial and vascular barrier using pCLE, ECS, and confocal multiplex immunofluores-
cence (mIF) in colon. Panels A1 and A2 compare normal (panels A1) and impaired (panels A2) colonic mucosa. Normal colonic mucosa (A1) shows 
structured crypts with intact goblet cells and preserved vascular loops without fluorescein leakage. Impaired mucosa (A2) exhibits crypt distortion, 
goblet cell loss, and tortuous vessels with fluorescein leakage. mIF demonstrates Claudin‑2 upregulation, fragmented PV‑1/CD‑31 networks, and 
disrupted ZO‑1/E‑cadherin. All mIF images were acquired at 20×.

Figure 1.  Multimodal imaging of normal vs impaired intestinal epithelial and vascular barrier using pCLE, ECS, and confocal multiplex immunofluores-
cence (mIF) in ileum. Panels A1 and A2 show ileal mucosa under normal (A1) and impaired (A2) conditions. Normal mucosa (A1) displays intact villi, 
goblet cells, and linear capillaries without leakage of fluorescein. mIF reveals disorganized Claudin‑2, PV‑1, and CD‑31 patterns and loss of continuous 
ZO‑1/E‑cadherin signaling, consistent with loss of barrier integrity (A2). All mIF images were acquired at 20×.
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minimize batch effects. Validation across representative regions 
ensured reproducibility and minimized user bias, consistent 
with best practices in digital pathology.15,16

2.8. AI for endoscopy automated barrier 
assessment
Quantitative image analysis was performed on extracted frames 
using AI-based models for segmentation and detailed morpho-
metric assessment.

2.8.1. Endocytoscopy
A convolutional-neural network model based on ResNet50 
architecture was trained to segment villi and crypts. Morpho-
metric parameters, including villi and crypt area, eccentricity, 
diameter, and density, were automatically extracted and vali-
dated against manually annotated datasets. Additional segmen-
tation pipelines were developed using the Segment Anything 
model (SAM 2.1) by META/Facebook to identify vessels and 
detect goblet cells, enabling the extraction of vascular and epi-
thelial structural metrics. These included: normality vs necrosis 
for villi and crypts; density, tortuosity, length, and diameter 
for vessels; and quantification of goblet cells.

2.8.2. pCLE
Similarly, a set of annotated mosaic images was used to 
fine-tune a convolutional neural network (CNN) model to 
detect villi and crypts. The model was then applied to each 
frame of the available videos of colon segments to identify 
visible crypts, identify finger-like villi, and detect fluorescein 
leakage. Crypt distribution along the mucosal surface, 
finger-like villi, crypt/villi area, eccentricity, diameter, inter-crypt 
and inter-villi distance, wall thickness, and fluorescein leakage 
through the colonic and ileum mucosa were computed. Simi-
larly, vessels were annotated, and average vessel density and 
vessel width were automatically quantified from the anno-
tated images.

Videos were split into a training set (80% of each frame set) 
and a validation set (20% of each frame set), using patient-level 
stratification, to ensure that all the frames from a given patient 
(including those with multiple segments) were included in the 
same subset. The most predictive features, related to disease 
activity, such as villi, crypt architecture, leakage, and vessels, 
were selected based on their performance in the training set 
and subsequently applied to the test set.

Details of model development are provided in Supplementary 
Material 1.

2.9. Gene expression profiling
As proof-of-concept, a subset of patients (four UC, five CD, 
and three HC) was selected for transcriptomic profiling based 
on RNA integrity, availability of matched endoscopic imaging, 
histology, and intestinal barrier assessment, as well as for bal-
anced representation of both disease phenotypes (UC and CD) 
and inflammatory state (inflamed and non-inflamed mucosa). 
This analysis was exploratory and conducted in a small, 
well-characterized cohort to identify molecular pathways 
potentially associated with epithelial and vascular barrier integ-
rity. Therefore, gene expression profiling was performed for 
epithelial junction and vascular barrier proteins. Epithelial and 
lamina propria fractions were enzymatically separated from 
fresh biopsies using a protocol adapted from Booth et al.17

Gene expression profiling of epithelial cell junction proteins 
was assessed using a PCR array, which includes 84 key genes 
involved in TJs, adherens junctions, desmosomes, and gap junc-
tions. Quantitative real-time PCR (qPCR) was performed to 
assess the expression of vascular barrier genes, including CD31, 
VCAD and PV-1. For full details on the extraction protocol, 
reverse transcriptase protocols, and details of primers used, see 
Supplementary Material 2.

2.10. Clinical adverse outcomes
Clinical MAOs assessed during follow-up included: colectomy 
due to refractory IBD (excluding cases due to dysplasia/cancer), 
IBD-related hospitalization, steroid initiation, treatment esca-
lation, or modification due to persistent inflammation. Out-
comes were prioritized as follows: colectomy, hospitalization, 
steroids, treatment change, treatment optimization. Only the 
first clinical MAO occurring during follow-up was used for 
survival analysis.

2.11. Statistical analysis
2.11.1. Technical considerations
A P-value of <.05 was considered statistically significant. Sta-
tistical analysis was performed with GraphPad v.10.3.1.

2.11.2. Descriptive statistics
Continuous variables were described in terms of means (SD) 
or median (IQR) in agreement with the Gaussian distribution 
(Kolmogorov–Smirnov test). Categorial variables were 
described in percentages and 95% CI when corresponding.

2.11.3. Comparison analysis
Mean expression was calculated on a per-biopsy basis. Nor-
mality was assessed visually using quantile–quantile plots and 
statistically via the Kolmogorov–Smirnov test. Comparisons 
of log-transformed mean protein expression were performed 
using the Mann–Whitney U test for two-group comparisons 
and the Kruskal–Wallis test for three or more groups.

2.11.4. Correlation analysis
Associations between numerical variables and log-transformed 
mean expression levels were analyzed using Spearman 
correlations.

2.11.5. Survival free from adverse outcomes
Kaplan–Meier curves for survival free from adverse outcomes 
were plotted and compared through the log-rank test.

2.11.6. Diagnostic performance of the model
The diagnostic performance of the AI-enabled automated bar-
rier assessment was reported as sensitivity, specificity, positive 
predictive value (PPV), negative predictive value (NPV), accu-
racy, and F1 score. The 95% CIs for each metric were 
calculated.

3. Results
3.1. Population characteristics
Details about the study population are reported in Table 1. A 
total of 103 patients were considered: 38 (37%) with UC, 54 
(52%) with CD, and 11 (11%) healthy controls (HC). Overall, 

https://academic.oup.com/eccojc/article-lookup/10.1093/ecco-jcc/jjaf200/#supplementary-data
https://academic.oup.com/eccojc/article-lookup/10.1093/ecco-jcc/jjaf200/#supplementary-data
https://academic.oup.com/eccojc/article-lookup/10.1093/ecco-jcc/jjaf200/#supplementary-data
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150 biopsies were analyzed: 58 (38.7%) UC; 73 (48.7%) CD, 
and 19 (12.7%) HC.

3.2. Ulcerative colitis cohort
In total, 36.8% (14/38) of patients were females; median age 
was 45.5 (39-53) years. A total of 16/38 (42.1%) of patients 
were in endoscopic remission according to MES. Conversely, 
28.6% (6/21) and 11.8% (2/17) of patients were in remission 
according to ECS and pCLE-based scoring systems, respectively.

3.2.1. Protein expression, disease activity and barrier 
impairment
Claudin-2 expression was significantly increased in patients 
with mild disease activity compared to those with disease remis-
sion (117.0 [66.5-213.0] vs 223.4 [134.7-572.4]; P = .05).

Moreover, Claudin-2 expression increased significantly from 
barrier integrity to mild to moderate–severe barrier impairment 
when assessed by ECS (85.5 [51.6-134.6] vs 116.3 [71.1-246.6] 
vs 194.4 [105.7-294.8]; P = .05). (Table S1.5). Similarly, its 
expression varied according to epithelial features identified by 
ECS, with significantly higher levels observed when crypt archi-
tecture altered (85.1 [51.6-134.6] vs 172.3 [79.9-246.6]; 
P = .04), and goblet cell depletion (79.6 [55.4-145.4] vs 194.4 
[108.1-264.2]; P = 0.02; Table 2). In contrast, Claudin-2 expres-
sion showed no significant differences according to epithelial 
and vascular barrier features visualized through pCLE.

Overall, a significant moderate positive correlation was 
found between Claudin-2 expression and altered crypt archi-
tecture (ρ = 0.49; P = .02), goblet cell depletion (ρ = 0.5; P = 0.01), 
and overall ECS score (ρ = 0.49; P = .02) (Figure S1A).

No significant differences in the expression of ZO1, 
E-cadherin, CD31, and PV-1 were observed in relation to disease 
activity and barrier impairment, as assessed by high-definition 
endoscopy and advanced endoscopic techniques, respectively.

Details on protein expression according to overall barrier 
assessment by pCLE and ECS, as well as epithelial and vascular 
features, are detailed in Table S1.5 and Supplementary Material 3.

Table 2.  Claudin-2 expression according to advanced imaging-assessed features in UC.

pCLE P-value

Crypt architecture Normal Irregular Necrosis
344.4 (181.6-527.4) 220.9 (135.2-533.9) 122.3 (95.7-226.2) .19

Goblet cells Normal Depleted
286.4 (121.0-476.5) 149.7 (95.06-228.9) .27

Leakage of fluorescein Absent Present
321.3 (127.6-570.3) 152.5 (96.2-300.9) .27

Blood flow Normal/high/low Back-and-forth/stagnant
286.4 (108.7-476.5) 149.7 (97.5-228.9) .39

Vessel architecture Normal Dilated Tortuous/disrupted
384.5 (289.3-544.8) 134.1 (93.8-295.6) 136.0 (95.7-206.4) .03*

ECS
Crypt architecture Normal Altered

85.51 (51.64-134.6) 172.3 (79.88-246.6) .04*
Goblet cells Normal Depleted

79.55 (55.39-145.4) 194.4 (108.1-264.2) .02*
Vascular pattern Normal Altered

99.9 (60.4-163.3) 159.4 (80.8-241.8) .16

Abbreviations: ECS, endocytoscopy; pCLE, probe-based confocal laser endomicroscopy; *statistically significant.

Table 1.  Patients’ and disease characteristics.

UC CD HC

Diagnosis 38 54 11
Age (years), median (IQR) 46 (39-53) 43 (36-54) 47 (44-56)
Female sex, N (%) 14 (36.8) 21 (38.9) 7 (63.6)
Duration (years), 
median (IQR)

8 (4-13) 12 (6-20) NA

Disease extension
  Extensive UC (%) 21 (55.3) NA NA
  Left-sided UC (%) 13 (34.2) NA NA
  Proctitis (%) 4 (10.5) NA NA
  Ileal CD (%) NA 13 (24.1) NA
  Ileocolonic CD (%) NA 14 (25.9) NA
  Colonic CD (%) NA 27 (50) NA
  CRP > 5 mg/L (%) 16 (42.1) 15 (27.8) 0
  FCP > 250 µg/g (%) 6 (15.8) 21 (38.9) 0
  Clinical remission (%) 24 (63.2) 8 (14.8) NA
Endoscopic remission
  MES 0 (% UC) 16 (42.1) NA NA
  UCEIS ≤ 1 (% UC) 19 (50) NA NA
  PiCaSSO ≤ 3 (%) 19 (50) NA NA
  SES-CD < 3 (% CD) NA 27 (50) NA
Advanced endoscopic remission

  ECS (%) 6/21 (28.6) 14/28 (50) 7/7 (100)
  pCLE (%) 2/17 (11.8) 2/26 (7.7) 2/4 (50)
Histological remission
  RHI ≤ 4 (%) 14 (36.8) 21 (39) 11 (100)
  NHI ≤ 0-1 (%) 17 (44.7) 27 (50) 11 (100)
  PHRI 0 (%) 14 (36.8) 21 (39) 11 (100)

Abbreviations: CD, Crohn’s disease; CRP, C-reactive protein; ECS, 
endocytoscopy; FCP, fecal calprotecin; HC, healthy controls; IQR, 
interquartile range; MES, Mayo Endoscopic subscore; NHI, Nancy 
Histological Index; pCLE, probe-based confocal laser endomicros-
copy; PHRI, PICaSSO Histological Remission Index; PICaSSO, 
Paddington International Virtual Chromoendoscopy score; RHI, 
Robarts Histopathology Index; SES-CD, Simple Endoscopic Score 
for Crohn disease; UC, ulcerative colitis; UCEIS, ulcerative colitis 
endoscopic index of severity.

https://academic.oup.com/eccojc/article-lookup/10.1093/ecco-jcc/jjaf200/#supplementary-data
https://academic.oup.com/eccojc/article-lookup/10.1093/ecco-jcc/jjaf200/#supplementary-data
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https://academic.oup.com/eccojc/article-lookup/10.1093/ecco-jcc/jjaf200/#supplementary-data


Journal of Crohn's and Colitis, 2025, Vol. 19, No. 11� 7

3.3. Crohn’s disease cohort
In total, 38.9% (21/54) of patients were females; median age 
was 43 (36-54) years. According to SES-CD, 50.0% (27/54) 
of patients were in endoscopic remission. Conversely, 50.0% 
(14/28) and 7.7% (2/26) of patients were in remission accord-
ing to ECS and pCLE scoring systems, respectively.

3.3.1. Protein expression, disease activity and barrier integrity
PV-1 expression increased significantly from quiescent to mild 
endoscopic activity (390.4 [323.4-455.6] vs 464.1 [401.3-595.0]; 
P = .04) (Table S1.6).

Notably, PV-1 expression increased significantly from qui-
escent to mild disease activity as assessed by pCLE (359.7 
[320.0-399.1] vs 514.4 [385.3-613.8]; P = .05; Table 3). Simi-
larly, its expression varied with pCLE-assessed vascular fea-
tures. Specifically, higher PV-1 expression was associated with 
altered blood flow (372.8 [323.3-485.5] vs 464.7 [375.2-601.6]; 
P = .04) and altered vessel architecture (359.7 [317.7-381.6] vs 
440.4 [388.5-540.3] vs 478.8 [362.7-589.6], P = .04). Overall, 
a moderate positive correlation was observed between PV-1 
expression and both altered blood flow (ρ = 0.41; P = .01) and 
vessel architecture (ρ = 0.40; P = .02) (Figure S1B).

In contrast, no significant differences in PV-1 expression were 
found in relation to ECS-based disease activity or specific epi-
thelial and vascular features.

No significant differences in ZO1, ECAD, CLD-2, and CD31 
expression were observed according to disease activity or bar-
rier integrity, as assessed by high-definition endoscopy and 
advanced endoscopic techniques, respectively.

Further details on protein expression, in relation to overall 
disease activity assessed by pCLE and ECS, as well as epithelial 
and vascular features, are provided in Table S1.6 and Supple-
mentary Material 3.

3.4. Outcome prediction
Overall, 36 patients experienced an adverse outcome (19 with 
UC and 17 with CD) over a mean follow-up period of 7.5 
(4.9) months.

Patients with barrier impairment, as assessed by advanced 
imaging (pCLE and ECS), had significantly worse outcomes 
compared to those in remission. This was observed in both UC 
(HR 3.4 [95% CI 1.3-8.8]; P = .01) and CD (HR 2.9 [95% CI 
1.1-7.9]; P = .04). Protein cut-off values predictive of adverse 
outcome were identified for both Claudin-2 (127.6) and PV-1 
(491.0).

Significantly, the integrated assessment combining advanced 
imaging score with Claudin-2 and PV-1 expression better pre-
dicted clinical major adverse outcomes than advanced imaging 
score alone in UC (HR 3.4 [1-11.7]; P = .05) and CD (HR 3.0 
[1.0-8.7]; P = .04), respectively.

Survival analysis (Figure 3) revealed that barrier impairment 
on advanced imaging and barrier protein expression signifi-
cantly stratified clinical risk. When combined with endoscopic, 
histologic, and protein expression endpoints, predictive per-
formance for clinical outcomes in UC and CD was further 
enhanced. (Figures S2 and S3). Moreover, patients in endo-
scopic remission who demonstrated barrier healing, confirmed 
by advanced imaging and protein expression, had a signifi-
cantly lower rate of severe adverse outcomes (MAOs) com-
pared to those without barrier healing (13% vs 56%; P = .05). 
An additional stratified analysis was performed to compare the 
overlap among endoscopic remission, barrier healing, and 
molecular marker status. In the overall IBD cohort, endoscopic 
remission with barrier healing and CLD2 (UC) or PV-1 (CD) 
negativity (according to the identified cut-off predictive of out-
come), and restoration of barrier integrity was associated with 
markedly lower incidence of adverse outcomes (P = .05), high-
lighting the clinical relevance of molecular and functional bar-
rier recovery. (Table S1.7).

3.5. AI-powered detection evaluation of barrier 
integrity using advanced imaging
Table 4 presents the model performance for assessing epithelial 
and vascular features.

The model demonstrated good performance in detecting 
abnormalities in epithelial and vascular features, thereby 

Table 3.  PV-1 expression according to advanced imaging-assessed features in CD.

pCLE P-value

Epithelial architecture Normal Irregular Necrosis
139.6 (95.4-255.4) 145.9 (102.0-238.7) 210.7 (81.2-459.1) 0.73

Goblet cells Normal Depleted
136.8 (92.6-250.0) 207.7 (108.7-420.0) .28

Leakage of fluorescein Absent Present
370.7 (322.9-548.4) 432.7 (364.1-515.3) .28

Blood flow Normal/high/low Back-and-forth/stagnant
372.8 (323.3-485.5) 464.7 (375.2-601.6) .04*

Vessel architecture Normal Dilated Tortuous/disrupted
359.7 (317.7-381.6) 440.4 (388.5-540.3) 478.8 (362.7-589.6) .04*

ECS
Epithelial architecture Normal Altered

141.7 (111.1-241.9) 146.7 (71.6-240.4) .48
Goblet cells Normal Depleted

133.4 (104.4-251.5) 126.3 (66.4-149.2) .31
Vascular pattern Normal Altered

413.1 (312.2-475.1) 429.7 (343.3-457.3) .85

Abbreviations: ECS, endocytoscopy; pCLE, probe-based confocal laser endomicroscopy.

https://academic.oup.com/eccojc/article-lookup/10.1093/ecco-jcc/jjaf200/#supplementary-data
https://academic.oup.com/eccojc/article-lookup/10.1093/ecco-jcc/jjaf200/#supplementary-data
https://academic.oup.com/eccojc/article-lookup/10.1093/ecco-jcc/jjaf200/#supplementary-data
https://academic.oup.com/eccojc/article-lookup/10.1093/ecco-jcc/jjaf200/#supplementary-data
https://academic.oup.com/eccojc/article-lookup/10.1093/ecco-jcc/jjaf200/#supplementary-data
https://academic.oup.com/eccojc/article-lookup/10.1093/ecco-jcc/jjaf200/#supplementary-data
https://academic.oup.com/eccojc/article-lookup/10.1093/ecco-jcc/jjaf200/#supplementary-data
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enabling accurate prediction of disease activity according to 
ECS and pCLE.

The model assessed the presence of villi/crypt abnormalities, 
vessel alteration, and goblet cell depletion by ECS with 100% 
(95% CI 63-100), 88% (95% CI 47-100), and 100% (95% 
CI 63-100) accuracy, respectively. Sensitivity was 100% (95% 
CI 16-100), 100% (95% CI 16-100), and 100% (95% CI 
16-100), while specificity was 100% (95% CI 54-100), 83% 
(95% CI 36-100), and 100% (95% CI 54-100), respectively.

Similarly, the model predicted villi/crypt abnormalities, vessel 
alteration, and leakage of fluorescein by pCLE with 66% (95% 
CI 47-81), 75% (95% CI 51-91), and 74% (95% CI 60-86) 
accuracy; 47% (95% CI 23-72), 89% (95% CI 52-100), and 
61% (95% CI 36-83) sensitivity; and 87% (95% CI 60-98), 64% 
(95% CI 31-89), and 83% (95% CI 64-94) specificity, respectively.

3.6. Gene expression patterns implicating intestinal 
barrier dysfunction
In total, 84 genes involved in epithelial barrier regulation were 
evaluated in nine patients (four UC and five CD). Vascular gene 
expression (PLV1-PV-1, VCAD and CD31) was quantified in 
15 IBD patients (six UC and nine CD) and three HCs.

Transcriptomic profiling revealed pronounced dysregulation 
in IBD patients. Among UC patients, 55 genes were upregu-
lated and 10 downregulated (>2-fold), while in CD, 49 genes 
were upregulated and four downregulated relative to HCs.

Claudin-2 was consistently upregulated (>2-fold) in ileoco-
lonic biopsies from both UC and CD. Pathway enrichment 
analysis showed that tissues from IBD patients were predom-
inantly associated with TJ-assembly and barrier organization. 
In contrast, HCs showed higher expression of genes associated 
with epithelial polarity and vascular stability.

Heatmap clustering and RT-qPCR validation further sub-
stantiated distinct expression profiles, with marked upregula-
tion of PV-1, VCAD, and CD31 transcripts in both UC and 
CD, indicative of significant vascular barrier disruption.

Complete gene lists are given in Supplementary Material 2.

4. Discussion
In the evolving landscape of personalized medicine in IBD,18 
the focus of clinical trials and routine practice is increasingly 
shifting from traditional endoscopic and histologic endpoints 
toward molecular markers of mucosal healing. Barrier dysfunc-
tion is now recognized as a key contributor to IBD pathogenesis 
and a predictor of poor outcomes. As a result, there is growing 
interest in the development of therapies specifically designed 
to restore the integrity of the barrier.1,7,19 However, implement-
ing a treat-to-target strategy focused on barrier healing remains 
challenging, due largely to the lack of standardized, practical 
tools to assess barrier integrity in vivo.

Building on our previous studies8,11 demonstrating the 
remarkable potential of ECS and pCLE to assess intestinal bar-
rier healing and predict clinical outcomes in IBD, this explor-
atory study further investigated the utility of these advanced 
imaging modalities for real-time, in-vivo evaluation of barrier 
integrity. Moreover, we aimed to comprehensively assess the 
intestinal barrier by innovatively evaluating both its epithelial 
and vascular components. For the first time, we correlated 
advanced imaging-derived barrier features with automated 
molecular profiling of barrier-related markers. To ensure a 
thorough evaluation of the intestinal barrier, we selected 
Claudin-2, ZO-1, and E-cadherin as key epithelial barrier 
markers, and PV-1 and CD31 as principal vascular barrier 

Figure 3.  Kaplan–Meier curves for survival free from adverse outcomes over a 12-month follow-up according to advanced imaging activity in UC (A); 
advanced imaging activity combined with CLD-2 in UC (B); advanced imaging activity in CD (C); and advanced imaging activity combined with PV-1 
in CD (D).

https://academic.oup.com/eccojc/article-lookup/10.1093/ecco-jcc/jjaf200/#supplementary-data
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markers, based on their established relevance to barrier integ-
rity.20–22 Additionally, we explored the potential of integrating 
advanced imaging with barrier protein profiling to accurately 
predict clinical MAOs accurately.

Previous studies have preliminarily investigated barrier 
impairment in IBD, focusing on correlation of pCLE-based leak-
age of fluorescein with clinical outcomes.3,11 Fluorescein leakage 
first reflects vascular barrier impairment, with extravasation 
into the lamina propria, and, if the epithelial barrier is also 
compromised, can subsequently diffuse into the intestinal 
lumen. More recently, our group demonstrated that ECS can 
also evaluate the intestinal barrier, correlating with CLD-2 
expression and predicting outcomes in UC. However, vascular 
barrier integrity has not been accurately evaluated, and imaging 
findings have never been correlated with molecular-level 
benchmarks.

Our results revealed a significant correlation between protein 
expression and distinct epithelial and vascular features assessed 
by advanced imaging techniques. Notably, Claudin-2 expres-
sion increased in UC and correlated with ECS-based barrier 
assessment, along with alterations in epithelial features, such 
as crypt architecture and goblet cell density. These findings 
support the established mucosal involvement in UC and show 
the potential utility of ECS as a novel advanced imaging tool 
for evaluating mucosal integrity. In contrast, PV-1 expression 
was significantly elevated in CD, as assessed via pCLE, and was 
linked to alterations in vascular features, such as vessel archi-
tecture and blood flow patterns. These results support the 
hypothesis that, as a transmural disease, early pathogenetic 
events may originate in the lamina propria and involve increased 
vascular permeability. They also highlight the role of pCLE in 
assessing vascular architecture and barrier integrity in CD.

Consistent with our previous findings,8 we demonstrated that 
advanced imaging-guided barrier assessment, integrated with 
barrier protein profiling, can accurately predict clinical MAOs.

The combined assessment of endoscopic, histological, 
advanced imaging, and protein expression endpoints demon-
strated remarkable predictive ability, with patients in endo-
scopic barrier-healing showing significantly lower rates of 
MAOs. This underscores the added value of combining these 
techniques for real-time evaluation of deep healing and per-
sonalized disease management.

Advanced endoscopic techniques remain limited to research 
settings, as their interpretation demands substantial expertise 
and is hindered by considerable interobserver variability even 
among experts. To address this, we have developed the first AI 
model designed to standardize barrier assessment using 
advanced endoscopy imaging. This model automatically quan-
tifies key critical features of barrier structure and function, 
including villi/crypt architecture, goblet cell depletion, and 
vascular morphology. A key innovation in our study is the 
development of the first AI model to standardize the evaluation 
of epithelial and vascular barrier integrity from ECS and pCLE 
imaging. This model addresses the need for specialized exper-
tise 11 and extends our previous work by applying automated 
image analysis to novel epithelial and vascular features. Our 
AI system demonstrated remarkable performance in identifying 
and quantifying villi, crypt architecture, goblet cell depletion, 
and vascular pattern. By enabling objective and reproducible 
analysis, AI represents a further step toward implementing 
barrier assessment as a therapeutic target in IBD.23,24 Moreover, 
AI-driven standardization may enable consistent endpoint Ta
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evaluation in clinical trials and support broader integration of 
barrier assessment into routine care.25

Finally, preliminary genomic profiling confirmed the upreg-
ulation of Claudin-2 and PV-1 in IBD patients. Although 
small, the cohort was well-characterized to identify molecular 
pathways potentially associated with epithelial and vascular 
barrier integrity, including a balanced representation of both 
disease phenotypes (UC and CD) and inflammatory states 
(inflamed and non-inflamed mucosa). These results highlight 
the feasibility of integrating molecular data and provide a 
foundation for large-scale prospective transcriptomic studies 
to delineate the molecular drivers of barrier dysfunc-
tion in IBD.

Our study has certain limitations, despite offering import-
ant insights and laying the groundwork for future research. 
The relatively small sample size may limit generalizability, 
and the imbalance between UC and CD cohorts warrants 
further validation. Nevertheless, our prior work has already 
shown signals of intestinal protein expression in UC,8 making 
new data on CD particularly valuable. Larger, more balanced 
prospective studies are underway to validate and extend these 
findings. Advanced endoscopy extends procedure time and 
requires substantial expertise, limiting routine clinical use. Its 
current scoring systems are also complex, designed to capture 
multiple facets of epithelial and vascular integrity. Our AI 
model standardizes the procedure and image analysis, poten-
tially improving reproducibility and overall feasibility. Our 
molecular validation focused on a selected panel of epithelial 
and vascular barrier proteins, building on prior findings that 
warrant a more comprehensive proteomic and functional 
analysis to elucidate barrier dysfunction in IBD. Although still 
in early development, our AI framework offers a scalable 
platform that will require external validation before clinical 
deployment. Finally, the gene expression analysis was limited 
to a small cohort of patients, yet it provides a direction for 
future large-scale tissue transcriptomics evaluating IBD 
molecular signatures.

Looking ahead, future studies will aim to validate and refine 
our AI model across larger, diverse cohorts and explore its 
integration into prospective trial designs. Ultimately, we envi-
sion a next-generation, integrated framework for IBD assess-
ment: the “endo-histo-barrier-OMICs approach.”9,10 Uniting 
AI-powered, high-resolution imaging (endo), histological eval-
uation (histo), functional barrier assessment (barrier), and 
multi-OMICs profiling (genomic, transcriptomic, proteomic, 
microbiome) offers the opportunity to map entotypes of barrier 
dysfunction and restoration trajectories in IBD. Such an 
approach holds the potential to transform patient stratification 
and establish barrier healing as a measurable and achievable 
treatment target in clinical practice.26–31
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