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Background: Ustekinumab (UST) is recommended as the first-line treatment for patients with moderate to severe Crohn’s disease
(CD). However, the efficacy of certain patients may be suboptimal and necessitate intensive treatment or modification of the treatment
regimen. We sought to establish a nomogram model to predict the short-term effectiveness of UST in moderate to severe CD patients.
Methods: We established a derivation cohort comprising patients diagnosed with CD and treated with UST at the Sixth Affiliated Hospital of
Sun Yat-sen University from May 2020 to July 2023. The patient data, including demographic and clinical characteristics as well as treatment
details, were systematically collected. The achievement of clinical remission (defined as Crohn’s Disease Activity Index, CDAI < 150, without
corticosteroid usage) after induction therapy was the endpoint observed during follow-up. Potential predictors were identified through the Least
Absolute Shrinkage and Selection Operator (LASSO) regression analysis. Subsequently, a multivariate logistic regression analysis was
conducted to construct a nomogram model. The predictive accuracy and discriminative power of the model were assessed by Receiver
Operating Characteristics (ROC) curves and calibration curves. Decision curve analysis (DCA) was employed to assess the clinical application
value of the model.

Results: 162 patients were included in the derivation cohort. The predictor’s selection was according to the minimum criteria.
Prognostic factors, including duration, body mass index (BMI), smoking, extraintestinal manifestations (EIMs), perianal lesions (P),
history of Vedolizumab therapy, and albumin levels (ALB), were identified and included in the nomogram. The model showed good
discrimination and calibration on internal validation based on the bootstrap method (C-index: 0.843, 95% confidence interval:
0.768-0.903). Moreover, DCA demonstrated that the nomogram was clinically beneficial.

Conclusion: We constructed a practical tool to assist clinicians in identifying moderate to severe CD patients who are expected to
have a good clinical response to UST, promoting personalized treatment and the development of precision medicine.

Keywords: Ustekinumab, Crohn’s disease, clinical remission, nomogram

Introduction

Crohn’s disease (CD) is a chronic inflammatory disease that primarily affects the gastrointestinal tract. Common clinical
manifestations include frequent episodes of diarrhea, abdominal cramping, and significant weight loss." The treatment modalities
primarily encompass pharmacotherapy and surgical intervention.” Regarding pharmacotherapy, commonly employed medica-
tions comprise non-steroidal anti-inflammatory drugs (NSAIDs), corticosteroids, biological agents such as tumor necrosis factor-
alpha (TNF-0) inhibitors and immunosuppressants.® For an extended period, TNF-a inhibitors like infliximab (IFX), and
adalimumab (ADA) constituted the exclusive class of biological agents employed for managing CD in China.
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Ustekinumab (UST), a monoclonal antibody that specifically targets the p40 subunit of interleukin-12 and interleukin-
23, has emerged as a novel therapeutic agent approved for the management of CD in recent years.* Specifically, UST has
been recommended as induction therapy for achieving remission in adults diagnosed with moderate to severe CD.> The
study indicates that UST is not inferior to IFX in terms of short-term efficacy and onset of action.® Additionally, UST is
characterized by low immunogenicity, a low incidence of anti-drug antibodies, and high safety. Even among patients who
have failed anti-TNF-a therapy, UST demonstrated significant efficacy.”® However, similar to the TNF-a inhibitors
class, some patients did not respond to UST.” The efficacy of UST varies among individuals and its high cost necessitates
selective treatment for patients with the highest likelihood of response.'®

The mechanism of UST anti-response or failure response is multi-factor, including disease characteristics, drugs, and
treatment strategies. Based on genomics, protein groups, and pharmacology, the cost of research is high, and it is difficult to
enter clinical practice in the short term. The scientific ECCO workshop also emphasized the need to re-understand and analyze
the existing clinical prognostic markers for better generalization performance.'® The objective of our study is to develop and
validate prediction models utilizing baseline variables (eg, demographics, clinical characteristics, biochemical markers, etc).
To predict the probability of achieving clinical remission following induction therapy in patients before initiating UST
treatment, so as to guide the development of individualized treatment plan to promote precision medicine.

Materials and Methods
Study Design and Patients

This was a single-center retrospective observational cohort study. We established a derivation cohort comprising patients
diagnosed with CD and treated with UST at the Sixth Affiliated Hospital of Sun Yat-sen University from May 2020 to
July 2023. The study was approved by the Ethics Committee of Sun Yat-Sen University (2024ZSLYEC-243) and, therefore,
adheres to the ethical standards outlined in the Declaration of Helsinki. Given the retrospective nature of this study and the
utilization of anonymous data, our Institutional Review Board waived the requirement for written informed consent.

In this study, patients who met the following inclusion criteria were included: First, the diagnosis of CD was
established based on internationally accepted criteria in combination with clinical presentation, endoscopic examination,
radiology, histopathology, and serology.'"'? Second, the patient was in the moderate to severe disease activity stage, that
is, Crohn’s disease Activity Index (CDAI) > 220."* Third, patients received UST and were followed regularly through 16/
20 weeks. Finally, pre-treatment clinical data were available, including baseline biologic measures, and demographic and
clinical characteristics, among others. Patients with ambiguous diagnoses or discontinuation of UST therapy or mod-
ification in treatment regimen within a 16-week period were excluded. The patients received an initial intravenous
infusion of UST, with a dosage of 260 mg for individuals weighing < 55 kg, 520 mg for those weighing > 85 kg, and
390 mg for those weighing between 55-85 kg. This was followed by subsequent subcutaneous injections of UST at
a dose of 90 mg every 8 or 12 weeks.'* The visual representation of the study design can be observed in Figure 1.

Definition of Outcome

The outcome of the present study was clinical remission after induction therapy. Clinical remission was defined as CDAI <
150, without the use of corticosteroids.'> We selected this outcome measure because a large number of patients lacked
baseline endoscopic data and fecal calprotectin data. Although CDALI is influenced by the subjective feelings of patients,
considering the actual situation in China, the improvement of clinical symptoms is an important factor in ensuring patient
treatment compliance.'>'® Induction therapy refers to the first two treatments of UST, and based on the interval time (8 or
12 weeks) until the third UST treatment, the assessment time for clinical remission is approximately between weeks 16-20.

Data Collection

Potential predictors were identified through a comprehensive review of clinical expertise and existing literature. The specific
variables collected were as follows: gender; age; disease classification (Montreal classification);'” disease duration; smoking
habit; body mass index (BMI); previous medical and surgical treatment history; extraintestinal manifestations (EIMs);
C-reactive protein (CRP); albumin (Alb); platelet count (PLT) and other laboratory indicators; CDAI. Response to induction
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Figure | The study flowchart. The flowchart illustrates the patient screening process and the model construction process.

therapy including symptoms and laboratory indicators. The CDAI was assessed by two or more senior gastroenterologists
based on hospitalization records and follow-up documentation.

Statistical Analysis

Multiple imputation was performed for a variable if less than 20% of data were missing. Predictive mean matching was
employed for imputing numeric features, logistic regression was utilized for imputing binary variables, and Bayesian
polytomous regression was applied for imputing factor features.'® We conducted 100 imputations and selected the final
imputed dataset based on the Akaike information criterion (AIC). The continuous data was presented as mean =+ standard
deviation (SD), while the categorical data was reported as the count (proportion). The comparison between clinical
remission and nonclinical remission groups was conducted by unpaired ¢-tests or chi-square tests. For model develop-
ment, the least absolute shrinkage and selection operator (LASSO) regression technique was employed to identify
predictors for multivariable analysis. LASSO regression is a kind of compressed estimation, which can avoid over-fitting
and solve the problem of severe collinearity by constructing a penalty function to get a more refined model. The final
model was established by multivariate logistic regression analysis based on the AIC. The discriminative power was
evaluated by calculating the area under the receiver operating characteristic curve (AUROC). The calibration was
evaluated by plotting the calibration curve and employing the Hosmer-Lemeshow test.'” The clinical application value
of the model was assessed by decision curve analysis (DCA).?° The bootstrap method was employed to conduct internal
validation.?! The performance of the models was compared by calculating Net Reclassification Improvement (NRI) and
Integrated Discrimination Improvement (IDI). All statistical analysis and nomogram construction were conducted in

R software (version 4.2.3).
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Results

Patient Characteristics

The derivation cohort consisted of 162 patients. Among the collected variables, only 3 had missing values, with the highest
percentage of missingness being 9.7%. A total of 125 (77.2%) patients achieved clinical remission after induction therapy. The
lesion location of L4 was excluded from the predictive factors because of its low proportion in the total study population

(2 cases, 1.2%). Table 1 showcased the clinical and demographic traits of the study cohort by the outcome metric.

Table | Comparison of Demographic and Clinical Characteristics Between Patients with Different Observed Outcomes

Dependent: Clinical Remission (N=162) Levels All (N=162) No (N=37) | Yes (N=125) | P-Value
Sex Male 120 (74.1%) 25 (67.6%) 95 (76.0%) 0.415
Female 42 (25.9%) 12 (32.4%) 30 (24.0%)

Age (year) Mean + SD 3L+ 111 31.8+ 109 309113 0.678

Duration (year) Mean + SD 19 £0.7 22 +06 1.8 +0.7 <0.001

BMI (kg/m?) Mean + SD 183 = 3.0 19.1 £35 18.1 £2.8 0.066

Smoking habit No 149 (92.0%) 31 (83.8%) 118 (94.4%) 0.081
Yes 13 (8.0%) 6 (16.2%) 7 (5.6%)

Behavior Bl 60 (37.1%) 10 (27.0%) 50 (40.0%) 0.078
B2 36 (22.2%) 6 (16.2%) 30 (24.0%)
B3 66 (40.7%) 21 (56.8%) 45 (36.0%)

Location LI 38 (23.4%) 8 (21.6%) 30 (24.0%) 0.904
L2 15 (9.3%) 3 (8.1%) 12 (9.6%)
L3 109 (67.3%) 26 (70.3%) 83 (66.4%)

EIMs No 113 (69.8%) 22 (59.5%) 91 (72.8%) 0.178
Yes 49 (30.2%) 15 (40.5%) 34 (27.2%)

P No 83 (51.2%) 14 (37.8%) 69 (55.2%) 0.095
Yes 79 (48.8%) 23 (62.2%) 56 (44.8%)

History of intestinal surgery No 111 (68.5%) 23 (62.2%) 88 (70.4%) 0.456
Yes 51 (31.5%) 14 (37.8%) 37 (29.6%)

History of immunosuppressants therapy No 75 (46.3%) 14 (37.8%) 61 (48.8%) 0.324
Yes 87 (53.7%) 23 (62.2%) 64 (51.2%)

History of corticosteroid therapy No 109 (67.3%) 23 (62.2%) 86 (68.8%) 0.578
Yes 53 (32.7%) 14 (37.8%) 39 (31.2%)

History of 5-ASA therapy No 72 (44.4%) 12 (32.4%) 60 (48.0%) 0.137
Yes 90 (55.6%) 25 (67.6%) 65 (52.0%)

History of TNF-a inhibitors therapy No 72 (44.4%) I (29.7%) 61 (48.8%) 0.063
Yes 90 (55.6%) 26 (70.3%) 64 (51.2%)

History of VDZ therapy No 132 (81.5%) 32 (86.5%) 100 (80.0%) 0.515
Yes 30 (18.5%) 5 (13.5%) 25 (20.0%)

CRP (mg/L) Mean £ SD | 323+ 414 422 £ 46.8 29.3 £ 395 0.098

ALB (g/L) Mean * SD 36.1 £57 33.0+57 370 £53 <0.001

PLT (x10°/L) Mean £ SD | 331.6 £ 110.1 | 3544 £ 130.2 | 3249 £ 103.5 0.154

ESR (mm/h) Mean + SD 30.6 + 26.6 360+ 31.2 29.0 + 25.1 0.164

WBC (x10°/L) Mean * SD 64+29 64 +26 6.3 +3.0 0.892

Hb (g/L) Mean + SD | 108.7 + 24.8 106.2 = 24.0 109.4 + 25.2 0.491

HCT (%) Mean * SD 348 £ 65 33965 35.0 £ 65 0.368

NLR Mean * SD 36+24 34+ 16 3627 0.547

PLR Mean + SD | 2679 £ 147.5 | 275.4 + 138.1 | 265.7 = I51.2 0.726

MLR Mean * SD 04 +0.3 04 £ 0.1 04+04 0.243

CDAI Mean + SD | 2909 + 67.5 | 2905+ 67.6 | 291.0 + 68.1 0.965

Note: Unpaired t-tests or chi-square tests conducted the comparison between clinical remission and nonclinical remission groups.
Abbreviations: BMI, body mass index; EIMs, extraintestinal manifestations; P, perianal lesions; 5-ASA, 5-aminosalicylic acid; TNF-0, tumor
necrosis factor-alpha; VDZ, vedolizumab; CRP, C-reactive protein; ALB, albumin; PLT, platelets; ESR, erythrocyte sedimentation rate; WBC,
white blood cell count; Hb, hemoglobin; HCT, hematocrit; NLR, neutrophil/lymphocyte ratio; PLR, platelet/lymphocyte ratio; MLR, monocyte/
lymphocyte ratio; CDAI, Crohn’s Disease Activity Index.
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Figure 2 Predictors selection using the LASSO regression analysis with tenfold cross-validation. (A) A coefficient profile plot was created against the log (lambda) sequence.
(B) Tuning parameter (lambda) selection of deviance in the LASSO regression based on the minimum criteria (left dotted line) and the |-SE criteria (right dotted line).
Abbreviations: LASSO, Least Absolute Shrinkage and Selection Operator; SE, standard error.

Predictor Selection
The LASSO regression analysis incorporated a total of 26 variables. (Figure 2). Based on the 1-standard error (SE)
criteria, disease duration, and Alb remained significant predictors. Based on the minimum criteria, 9 variables remained
potential predictors of clinical remission, including disease duration, BMI, smoking habit, EIMs, perianal lesions (P),
disease behavior, history of TNF-a inhibitors therapy, history of Vedolizumab (VDZ) therapy, and Alb.

To develop the prediction models, we included the 2 and 9 variables selected after LASSO regression analysis into the
multivariate logistic regression analysis, resulting in the construction of Model A and Model B, respectively. Table 2
shows the results of the multivariate analysis.

The Performance of the Prediction Models
The AUROC of Model A was 0.763 (95% confidence interval [CI], 0.682—0.843), and the internal validation by the
bootstrap method with resampling set at 1000 iterations yielded a consistent AUROC value of 0.763 (95% CI,
0.684-0.844). Model B exhibited an AUROC of 0.843 (95% CI, 0.778—0.908), and internal validation using the bootstrap
method with resampling set at 1000 iterations also resulted in an AUROC value of 0.843 (95% CI, 0.768-0.903).
DeLong’s test for two correlated ROC curves demonstrated statistically significant differences between the models
(P=0.027). (Figure 3) Both models showed good calibration. (Figure 4) The P values of the Hosmer—Lemeshow test were
0.619 and 0.196, respectively, suggesting that the models had a strong goodness of fit.

DCA was employed and visualized to evaluate the two models’ clinical application value. (Figure 5) The decision
curves demonstrated that employing two models to predict the probability of clinical remission yields greater benefits

Table 2 Multivariable Logistic Analysis to Screen the Potential Prognostic Factors

Characteristics Odds Ratio (95% CI) | Beta SE z P

Duration (year) 0.37 (0.20-0.68) —1.006 | 0.316 | —3.182 | 0.001
ALB (g/L) 1.13 (1.05-1.23) 0.127 | 0.040 | 3.17I 0.002
Duration (year) 0.45 (0.23-0.87) —0.808 | 0.339 | —2.383 | 0.017
BMI (kg/m?) 0.80 (0.69-0.94) —0.218 | 0.077 | —2.827 | 0.005
Smoking habit 0.36 (0.10-1.32) —1.018 | 0.662 | —1.538 | 0.124
EIMs 0.44 (0.17-1.13) —0.832 | 0.488 | —1.705 | 0.088
P 0.38 (0.15-0.94) —0.976 | 0.466 | —2.094 | 0.036
History of VDZ therapy 3.71 (0.96-14.37) 1311 | 0.691 1.898 | 0.058
ALB (g/L) 1.24 (1.12-1.37) 0.215 | 0.051 | 4.242 | <0.001

Abbreviations: BMI, body mass index; EIMs, extraintestinal manifestations; P, perianal lesions; VDZ,
vedolizumab; ALB, albumin; Cl, confidence interval; SE, standard error.
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Figure 3 Receiver operating characteristic curves of the two models. (A) The area under the receiver operating characteristic (ROC) curve of Model A (2 predictors) was
0.763 (95% Cl: 0.682-0.843) and the best cut-off value was 0.806. (B) The area under the curve of Model A was determined to be 0.763 (95% Cl: 0.684-0.844) based on the
ROC curve obtained from 1000 repeated samplings using the bootstrap method. (a) The area under the ROC curve of Model B (7 predictors) was 0.843 (95% ClI:
0.778-0.908) and the best cut-off value was 0.831. (b) The area under the curve of Model B was determined to be 0.843 (95% Cl: 0.768-0.903) based on the ROC curve
obtained from 1000 repeated samplings using the bootstrap method.

Abbreviation: Cl, confidence interval.

compared to either implementing treat-all or treat-none strategies, provided that the threshold probability for achieving
clinical remission exceeds 22%. Moreover, the benefits of Model B outweigh those of Model A. Compared with Model
A, Model B revealed a positive NRI (0.207, 95% CI, 0.011-0.403, P=0.039) and IDI (0.119, 95% CI, 0.051-0.187,
P<0.001). Based on the aforementioned analysis, Model B had been determined as the ultimate prediction model for
predicting the short-term efficacy of UST. To visually illustrate the prediction model, we have constructed a nomogram

and demonstrated its application through an example to provide a clinically practical tool. (Figure 6)

Discussion

In this study, we established a nomogram model to predict the short-term efficacy of UST in moderate to severe CD
patients. The model incorporated 7 variables, including disease duration, BMI, smoking habit, EIMs, P, history of VDZ
therapy, and Alb. The AUROC of the model was 0.843. The nomogram showed good calibration and clinical application
value.

CD, a subtype of inflammatory bowel disease (IBD), can affect the entire digestive tract, and there is currently no
cure, which means that patients need lifelong treatment and sustained economic costs.”? According to statistics, the point
prevalence of CD in the United States exhibited a significant increase, rising from 56 per 100,000 individuals in 2010 to
165 per 100,000 individuals in 2019.%* The estimated direct annual costs incurred by patients with IBD varied from
$7,824 to $41,829. CD was linked to higher expenditures than ulcerative colitis.>* In China, the average annual cost of
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Figure 4 Calibration curves of the two models. (A) and (B) show the calibration curves of Model A (2 predictors). (a) and (b) show the calibration curves of Model B (7
predictors). Among them, the calibration curves in Panel (B) and Panel (b) were derived from 1000 repeated samplings using the bootstrap method. The calibration curves
of the two prediction models demonstrated a high level of consistency between the predicted and observed probabilities (the Hosmer—Lemeshow test, P > 0.05, suggesting
that it is of goodness-of-fit).

CD treatment amounted to approximately 54,000 yuan, with hospitalization expenses accounting for 57.4% and
individuals bearing 55.6% of the financial burden.?’

Limited research has been conducted to explore the association between clinical, biological, or pharmacological
parameters and UST responsiveness. Previously reported predictors, including demographic characteristics such as age
and sex, did not appear to be associated with primary response to UST.?® One study suggested that prior anti-TNF-a
therapy was a risk factor for UST treatment failure, but this was not supported by another study.?”*® The presence of
ileocolonic disease, absence of prior surgery, and uncomplicated phenotype were found to be associated with better
response to UST in CD patients.>” Conversely, perianal disease and smoking may be negative predictors of the short-term
efficacy of UST.?*° Unlike anti-TNF-a therapy, UST did not show an association between high CRP levels at baseline
and a positive response in CD patients.* However, the albumin-to-CRP ratio at week 6 was a good predictor of long-term
efficacy to UST.*" And lower albumin levels at baseline may be a risk factor for dose escalation of UST.*?

Overall, the clinical remission rate after the induction therapy is approximately 50% to 70%, with a significant
proportion of patients exhibiting suboptimal response to UST. In our study, a longer disease duration, higher BMI, and
perianal involvement were identified as negative predictors of clinical remission following induction therapy through
multivariate logistic regression analysis. Conversely, a higher baseline Alb level was found to be associated with the
opposite outcome. Except for BMI, the overall findings were in line with clinical observations and previous research
studies. The study by Wong et al revealed an inverse correlation between higher BMI and UST drug levels, while no
significant impact of BMI on clinical efficacy was observed.*> However, another study showed that low baseline BMI
was a negative predictor of clinical remission.* Further research is needed to clarify the relationship. Smoking was not
found to influence clinical remission in our cohort, but this may be attributed to the limited number of cases included in
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Figure 6 Nomogram for predicting the short-term effectiveness of Ustekinumab in patients with moderate to severe Crohn’s disease. (A) Nomogram for predicting the
short-term effectiveness of UST in moderate to severe CD patients. (B) According to the nomogram, a moderate to severe CD patient presenting with a 3-year disease
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remission following induction therapy estimated at 0.155. The green square represents the value of the categorical variable, and the size of the square represents the
proportion of that variable value in the sample population. The purple curve represents the distribution of the continuous variable in the sample population.
Abbreviations: UST, ustekinumab; CD, Crohn’s disease; BMI, body mass index; EIMs, extraintestinal manifestations; P, perianal lesions; VDZ, vedolizumab; ALB, albumin
levels.
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our study. We have not yet found any studies reporting the effect of VDZ failure on the efficacy of UST. However, UST
as a second-line biotherapy after VDZ failure was effective for more than 60% of CD patients.*”

The advantage of our model is that access to the indicators is simple, without invasive means or complex indicators
such as omics. This can improve patient acceptability and reduce costs. The predicted results can guide clinicians to
develop individualized treatment plans. For example, a concurrent immunomodulator may be administered as an
induction therapy in patients with a low expected probability of clinical remission.’® Our study is in line with the
ECCO initiative and promotes the development of precision medicine.'®

Our study has certain limitations. Firstly, in this study, the sample size was limited, and some indicators such as L4 had fewer
cases. Secondly, clinical remission is not the optimal treatment endpoint recommended by the guidelines. Mucosal healing and
transmural healing should be deeper treatment goals. However, we believe that clinical remission should be the initial goal of
treatment. Finally, we did not conduct external validation, which limited the generalization performance of the model.

Conclusion

In conclusion, using data from 162 patients with moderate-to-severe CD, we successfully developed a nomogram model
to predict the short-term efficacy of UST. This tool will assist clinicians in identifying patients who are expected to have
a favorable clinical response to UST, aiding in the formulation of personalized treatment plans and advancing the
development of precision medicine. Furthermore, by predicting patients’ drug responses before medication, especially
when drug options are limited or due to economic burdens, identifying those with low benefits and altering treatment
plans accordingly can prevent treatment delays and improve patient outcomes.
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