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Purpose: This retrospective cohort study aimed to delineate the dynamic change trajectories of perioperative inflammatory markers in
pediatric patients with Hirschsprung disease (HSCR) who underwent one-stage laparoscopic-assisted pull-through surgery at a single
tertiary pediatric center using Group-Based Trajectory Modeling (GBTM), and to explore the association between different trajectory
patterns and the risk of postoperative Hirschsprung-associated enterocolitis (HAEC).

Methods: This study enrolled HSCR patients who underwent surgical treatment. Blood samples were collected at four perioperative
time points (preoperative, postoperative days 1, 4, and 7) to calculate composite inflammatory markers such as the systemic
inflammation response index (SIRI) and pan-immune inflammation value (PIV), as well as individual markers like white blood cell
(WBC) and neutrophil counts. GBTM was employed to identify subgroups with similar inflammatory marker change trajectories.
Multivariable logistic regression analysis was used to assess the association between different inflammatory trajectories and post-
operative HAEC occurring within several years after surgery.

Results: A total of 400 patients were included, of which 133 (33.3%) developed postoperative HAEC. Each inflammatory marker was
categorized into 23 significantly distinct trajectory groups via GBTM. Multivariable logistic regression analysis revealed that for SIRI
and PIV, compared to trajectory group 1 (low baseline with mild rise), patients in trajectory group 2 (moderate baseline with sharp rise
and slow decline; SIRI: OR = 5.20, P = 0.011; PIV: OR =4.75, P = 0.007) and trajectory group 3 (high baseline with sharp rise and
slow decline; SIRI: OR = 4.73, P = 0.025; PIV: OR = 5.63, P = 0.008) had a significantly increased risk of postoperative HAEC. For
WBC and neutrophils, trajectory group 2 (WBC: persistently high; neutrophils: low baseline with sharp rise and rapid decline) was an
independent risk factor for postoperative HAEC (WBC: OR = 2.49, P = 0.004; neutrophils: OR = 2.53, P = 0.001).

Conclusion: Specific rising trajectories of SIRI, PIV, WBC, and neutrophils may serve as novel biomarkers for early identification of
children at high risk for HAEC.

Keywords: Hirschsprung-associated enterocolitis, group-based trajectory modeling, Hirschsprung disease, inflammatory markers,
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Introduction

Hirschsprung disease (HSCR) is a congenital developmental anomaly of the enteric nervous system, characterized by the
absence of ganglion cells in the distal affected bowel, leading to functional intestinal obstruction proximal to the aganglionic
segment.' Surgery is the only curative treatment, involving resection of the aganglionic bowel segment and anastomosis of the
normally innervated bowel to the anal canal to restore intestinal function. Despite continuous advancements in current surgical

techniques, approximately one-third of patients still develop postoperative complications.”
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Among them, Hirschsprung-associated enterocolitis (HAEC) is the most common and severe complication of HSCR
and the leading cause of mortality in affected patients.® Currently, the diagnosis of HAEC mainly relies on clinical
symptoms and signs, but the diagnostic criteria vary considerably across different studies, and the onset time of
postoperative HAEC can range from immediately after surgery to several years postoperatively.* The incidence of
postoperative HAEC has been reported to be approximately 25 ~ 37%.> Although previous studies have explored the
relationship between factors such as surgical approach, pathological classification, nutritional status, and the risk of
postoperative HAEC development, there remains a clinical lack of simple, convenient, and quantifiable biological
indicators for risk stratification in patients with HSCR.” The pathophysiological mechanism of HAEC is complex,
involving multiple aspects including intestinal mucosal barrier disruption, dysbiosis, and abnormal immune responses.
Notably, regardless of the initiating factors, inflammatory response represents a common pathway in the development of
HAEC.® Systemic inflammatory markers from routine blood tests, including neutrophils, monocytes, lymphocytes, and
platelets, are key participants in this process. Composite indicators derived from these markers can theoretically reflect
the systemic “inflammation-immunity-coagulation” imbalance that parallels the intestinal inflammatory state in HAEC,
thereby providing clues for predicting HAEC.

Among numerous inflammatory markers, white blood cells (WBC), neutrophils, monocytes, lymphocytes, platelets and
their derived systemic inflammatory response index (SIRI), pan-immune inflammatory value (PIV), systemic immune-
inflammatory index (SII), etc, have been widely used in clinical practice due to their advantages of low cost, convenient
detection, and rapid reporting. These indicators have demonstrated significant predictive value in areas such as gastric ulcer,
cardiovascular diseases, and prognostic assessment of various tumors.”'° However, most studies have focused solely on the
association between inflammatory markers at a single time point and disease prognosis, failing to capture the dynamic changes
in systemic inflammatory status and potentially overlooking critical information contained therein. Currently, the association
between longitudinal dynamic changes in perioperative systemic inflammatory markers and the risk of HAEC has not been
reported. Furthermore, whether different trajectory patterns of inflammatory markers can be used for postoperative HAEC risk
stratification in HSCR patients remains unknown. This limitation underscores the importance of longitudinal research. Group-
based trajectory modeling (GBTM), as a statistical method for longitudinal data, can effectively identify subgroups of
individuals with similar change trajectories over time.'" Compared to static inflammatory markers measured at a single
time point, GBTM can capture the dynamic evolution of perioperative inflammatory markers, thereby revealing distinct
trajectory phenotypes that may reflect differences in evolution among patients and the risk of adverse outcomes.

This study aims to use GBTM to identify the change trajectories of inflammatory markers during the perioperative
period in patients with HSCR and to further explore the association between different trajectory patterns and the risk of
postoperative HAEC development. We hope to identify potential biomarkers by understanding the temporal evolution
trends of different inflammatory markers, ultimately achieving precise risk stratification for HAEC high-risk patients, and
providing a basis for early intervention and improving prognosis.

Materials and Methods
Relationship to Prior Work and Statement of Novelty

This study is part of an ongoing, broader research program at our institution, which systematically investigates the associations
between perioperative factors and long-term outcomes in patients with HSCR. While utilizing a retrospective patient cohort
similar to that in our previously published work, the present study addresses a distinct scientific question. Prior research
primarily focused on the relationship between short-term postoperative complications and long-term bowel function.'? In
contrast, this study introduces GBTM for the first time, revealing the dynamic and longitudinal inflammatory trajectory during
the perioperative period and its association with the risk of postoperative HAEC from a novel perspective. Specifically, the
innovations of this study include: (1) the first description of the dynamic evolution of composite and routine inflammatory
markers during the perioperative period in HSCR patients, and (2) the first investigation into the correlation between these
inflammatory trajectories and postoperative HAEC risk. Therefore, this study differs from previous work in its analytical
method (GBTM for longitudinal data), its core exposure variable (dynamic inflammatory trajectories), and its study outcome
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(postoperative HAEC). It provides novel insights for understanding the pathogenesis of HAEC and enabling early prediction
based on perioperative inflammatory dynamic patterns.

Study Approval

This study was approved by the Institutional Research Ethics Board of Children’s Hospital affiliated Chongqing Medical
University (Date: 2023/No: 01) and complies with the 1964 Helsinki Declaration and its later amendments or comparable
ethical standards. Because this study was retrospective, the requirement for informed consent was waived. This study was
conducted and reported in accordance with the RECORD guidelines.

Study Population

We retrospectively reviewed the medical records of HSCR patients who underwent surgical treatment in the Department
of General and Neonatal Surgery at Children’s Hospital of Chongqing Medical University (a tertiary pediatric hospital
and National Clinical Research Center for Child Health and Disorders in China) between January 2015 and July 2021.
The inclusion criteria for this study were as follows: (1) Confirmed diagnosis of HSCR based on histopathology; (2)
Received one-stage Laparoscopicassisted pull-through surgery (modified Swenson technique by the experienced team,
the surgical procedure was described in detail in our previous report);'> (3) Had complete blood count results from > 3
time points; (4) Had complete clinical data. It should be noted that some patients with long segment HSCR (L-HSCR)
and total colonic aganglionosis (TCA) who underwent temporary enterostomy were not included in this study to maintain
high homogeneity of the surgical cohort. Exclusion criteria were: (1) Occurrence of postoperative HAEC during
hospitalization (the occurrence of HAEC might elevate the relevant inflammatory markers, potentially creating
a bidirectional causal relationship that would preclude an accurate assessment of the impact of perioperative inflamma-
tory trajectories on the outcome); (2) Presence of other systemic diseases affecting inflammatory markers; (3)
Development of severe postoperative complications (grade III and IV complications according to Clavien-Dindo
Classification System); (4) Presence of severe concomitant malformations affecting HSCR treatment; (5) Presence of
cognitive impairment (especially Down syndrome; Figure 1). All patients were managed according to a standardized
institutional protocol. Bowel preparation was initiated 2 weeks before surgery, including rectal irrigations, and the diet
was changed to a liquid diet 3—5 days before surgery. Postoperatively, third-generation cephalosporins were routinely
administered for anti-infection for one week (the course was extended if white blood cell or C-reactive protein levels
remained elevated, or the antibiotic was escalated). An analgesic pump was routinely used (except for children younger
than 1 year or weighing less than 10 kg), and patients were kept on a fasting regimen (no food or water) for five days

452 patients diagnosised of HSCR and received
one-stage Laparoscopicassisted pull-through
surgery from January 2015 to July 2021

52 patients were excluded

(1)Occurrence of postoperative HAEC during hospitalization (N = 7)
(2)Development of severe postoperative complications (N = 19)

(3)Presence of severe concomitant malformations affecting HSCR treatment (N = 7)
(4)Presence of cognitive impairment (N = 5)

(5)Missing data (N = 14)

Y
[ 400 patients enrolled ]

HAEC Normal
N =133 N = 267

Figure | Flow chart of the study population.
Abbreviations: HAEC, Hirschsprung-associated enterocolitis; HSCR, Hirschsprung disease.
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while receiving parenteral nutrition support. Oral probiotics were started after the resumption of enteral feeding. All
patients received standardized and systematic follow-up by telephone, internet, or clinic visit.

Exposure Variable and Covariates
Peripheral venous blood count data were retrieved from the electronic medical records for four prespecified perioperative time
points:

T1: The most recent preoperative sample (< 7 days before surgery);

T2: Postoperative day 1;
T3: Postoperative day 4 (+ 1 day);
T4: Postoperative day 7 (+ 1 day).

Based on the complete blood count results, we obtained the counts of WBC, neutrophils (N), monocytes (M),
lymphocytes (L), and platelets (PLT), and calculated the following composite inflammatory markers:

e Systemic Inflammatory Response Index (SIRI = N x M/L);
e Systemic Immune-Inflammation Index (SII = PLT x N/L);

e Pan-Immune Inflammation Value (PIV = PLT x N x M/L);
e Platelet-to-Lymphocyte Ratio (PLR = PLT/L);

e Monocyte-to-Lymphocyte Ratio (MLR = M/L);

e Neutrophil-to-Lymphocyte Ratio (NLR = N/L);

e Lymphocyte-to-Monocyte Ratio (LMR = L/M).

Based on relevant literature and clinical experience, we retrospectively included the following covariates as potential
confounding variables for postoperative HAEC: (1) demographic information: sex, gestational age, birth weight, feeding
method and surgical age; (2) preoperative comorbidities: preoperative nutritional status, preoperative HAEC, preopera-
tive hypoalbuminemia and associated congenital anomalies; (3) social determinants of health: residence, relationship of
caregivers, educational level of caregivers and insurance type; (4) postoperative findings: pathological type of HSCR,
surgical time, length of hospital stay and mild postoperative complications (grade I and II complications according to
Clavien-Dindo Classification System). Among them, preoperative hypoalbuminemia was defined as serum albumin < 2.5
g/dL in infants < 7 months of age, and < 3.5 g/dL in older children. Preoperative nutritional status was assessed using
height-for-age (HAZ) and weight-for-age (WAZ) z-scores; malnutrition was defined as HAZ and/or WAZ < -2, and risk

of malnutrition as HAZ and/or WAZ between —2 and —1. Patients meeting neither criterion were considered normal.'?

Definition of Outcome Variables

Currently, the diagnostic criteria for HAEC are not standardized. At our center, the diagnosis of suspected HAEC is primarily
based on clinical symptoms. Our definition of HAEC onset is as follows: (1) vomiting or explosive diarrhea; (2) abdominal
distension; (3) fever (core body temperature > 38.5°C) and/or (4) leukocytosis and imaging findings. As these manifestations
are consistently present across various diagnostic scoring systems, a diagnosis of HAEC was made when all four criteria were
satisfied.*'* Antibiotic therapy was routinely initiated upon clinical suspicion and diagnosis of HAEC. During postoperative
follow-up, researchers systematically tracked the occurrence of HAEC according to a standardized schedule: outpatient
assessments were performed at 2 weeks, 1 month, 3 months, 6 months, 1 year, and 2 years after surgery, and follow-up was
conducted beyond 3 years postoperatively via telephone or regular outpatient visits. HAEC events were confirmed through
systematic review of hospital readmission records, outpatient medical records, and caregiver reports obtained via standardized
telephone or outpatient follow-up. All suspected HAEC events were adjudicated by two senior pediatric surgeons (Wei Feng
and Yi Wang) through independent review of clinical records. Finally, events meeting the diagnostic criteria during the
postoperative follow-up period of more than 3 years were recorded as the primary outcome (HAEC events were counted
regardless of whether they were first or recurrent episodes).
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Statistical Analysis

HSCR patients were stratified into two groups based on the occurrence of postoperative HAEC. Categorical variables
were expressed as frequency and percentage (%), and comparisons of baseline characteristics between the two groups
were performed using the Chi-square test. Continuous variables were first assessed for normality using the Shapiro—Wilk
test: those conforming to a normal distribution were described as mean + standard deviation, and between-group
comparisons were performed using the z-test; those not conforming to a normal distribution were described as median
(interquartile range), and between-group comparisons were performed using the Kruskal-Wallis test.

To explore the dynamic change trajectories of perioperative inflammatory markers (SIRI, SII, PIV, PLR, MLR, NLR,
and LMR), we employed GBTM for modeling (using the traj package in STATA, version 18.0). This model aims to
identify latent subgroups with similar trajectories of inflammatory marker changes. It should be noted that the afore-
mentioned inflammatory markers exhibited a severely right-skewed distribution. To meet the basic assumptions of the
GBTM model and improve the stability of model fitting, we applied a natural logarithm (In) transformation to all
inflammatory marker values. The transformed markers approximately conformed to a normal distribution and were
suitable for trajectory modeling.'” Additionally, we employed GBTM to model the trajectory of WBC, neutrophils,
monocytes, lymphocytes, and platelets (all demonstrating normal distribution, thus requiring no further data processing).
To determine the optimal GBTM model, we sequentially fitted models with 2 to 5 trajectory groups. Simultaneously, we
attempted polynomial functions of different orders (linear, quadratic, and cubic) for each trajectory group to ensure
a significance level of P < 0.05 for each group.'® The selection of the best trajectory model was based on
a comprehensive assessment of the following criteria: (1) Bayesian Information Criterion (BIC): the model with the
largest BIC value (or smallest absolute value) was selected; the Akaike Information Criterion (AIC) and log-likelihood
(LL) also aided in selecting the best model, with BIC being our primary reference; (2) Average Posterior Probability
(AvePP): each trajectory group required an AvePP > 0.7, with higher values indicating greater model classification
accuracy; (3) Group proportion: the estimated number of individuals in each group should exceed 5% to ensure the
clinical representativeness and stability of each group.'” As a retrospective cohort study, the sample size was determined
by the number of eligible patients during the study period. According to the above inclusion criteria, we constructed
models with either 2 or 3 trajectory groups for each inflammatory marker (Table S1).

Subsequently, using the first trajectory group of each inflammatory marker as the reference, we constructed
a multivariable logistic regression model. In this process, we performed univariable logistic regression analyses on the
previously mentioned covariates. Variables with a significance level of P < 0.05 in the univariable analyses were then
incorporated into the multivariable logistic regression model. This was to ensure that the ratio of outcome events to
covariates in the final multivariable model was no less than 10, thereby reducing the risk of overfitting while still
allowing adjustment for key clinical confounders. Additionally, we conducted collinearity diagnostics for the variables in
the model. A variance inflation factor (VIF) > 5 was considered indicative of collinearity among variables (none was
found in this study, Table S2). In the final model, we evaluated the independent predictive value of the different
inflammatory marker trajectory groups for postoperative HAEC.

All statistical analyses in this study were performed using Stata 18 MP. Two-sided p-values less than 0.05 were
considered statistically significant.

Results

Baseline Characteristics

A total of 400 HSCR patients meeting the inclusion/exclusion criteria were enrolled in this study (S-HSCR: 356,
L-HSCR: 44), comprising 336 males and 64 females. Among them, 133 patients (33.3%) developed postoperative HAEC
(Table 1). Between-group comparison of the postoperative HAEC and non-HAEC groups revealed that feeding method,
surgical age, preoperative nutritional status, preoperative HAEC, preoperative hypoalbuminemia, residence, relationship
of caregivers, type of HSCR, and mild postoperative complications were significantly associated with postoperative
HAEC (P < 0.05). Table 2 provides detailed information on the inflammatory markers.
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Table | Baseline Characteristics According to Postoperative HAEC Occurrence

Variables Overall Patients | No HAEC HAEC P value
(n = 400) (n = 267) (n=133)

Sex 0.282

Male 336 (84.0) 228 (85.4) 108 (81.2)

Female 64 (16.0) 39 (14.6) 25 (18.8)

Gestational age (week) 0.098

=37 381 (95.2) 251 (94.0) 130 (97.7)

<37 19 (4.8) 16 (6.0) 3(23)

Birth weight (kg) 0.072

225 384 (96.0) 253 (94.8) 131 (98.5)

<25 16 (4.0) 14 (5.2) 2 (1.5)

Feeding method < 0.001

Breast feeding 233 (58.2) 171 (64.0) 62 (46.6)

Mixed feeding 80 (20.0) 55 (20.6) 25 (18.8)

Formula feeding 87 (21.8) 41 (15.4) 46 (34.6)

Surgical age (month) 0.004

< 70 (17.5) 37 (13.9) 33 (24.8)

> 1-12 209 (52.2) 139 (52.1) 70 (52.6)

> 12-36 88 (22.0) 62 (23.2) 26 (19.6)

> 36 33 (83) 29 (10.8) 4 (3.0)

Preoperative nutritional status < 0.001

Normal 274 (68.5) 206 (77.1) 68 (51.1)

Risk of malnutrition 67 (16.8) 40 (15.0) 27 (20.3)

Malnutrition 59 (14.7) 21 (7.9) 38 (28.6)

Preoperative HAEC < 0.001

No 273 (68.4) 205 (76.8) 68 (51.5)

Yes 126 (31.6) 62 (23.2) 64 (48.5)

Preoperative hypoalbuminemia 0.030

No 314 (78.5) 218 (81.7) 96 (72.2)

Yes 86 (21.5) 49 (18.3) 37 (27.8)

Associated malformations 0.356

No 368 (92.0) 248 (92.9) 120 (90.2)

Yes 32 (8.0) 19 (7.1) 13 (9.8)

Residence 0.044

Urban 197 (49.3) 126 (47.2) 56 (42.1)

Rural 203 (50.7) 141 (52.8) 77 (57.9)

Relationship of caregivers < 0.001

Parents 326 (81.5) 242 (90.6) 84 (63.2)

Others 74 (18.5) 25 (94) 49 (36.8)

Educational level of caregivers 0.081

Secondary and tertiary 226 (56.5) 159 (59.5) 67 (50.4)

Primary and below 174 (43.5) 108 (40.5) 66 (49.6)

Insurance type 0.198

Private or self-pay 51 (12.8) 30 (11.2) 21 (15.8)

Public 349 (87.2) 237 (88.8) 122 (84.2)

Type of HSCR < 0.001

S-HSCR 356 (89.0) 258 (96.6) 98 (73.7)

L-HSCR 44 (11.0) 934 35 (26.3)

Surgical time (minute) 140.2 + 25.3 139.1 £233 | 1423 £288 | 0.270

Length of postoperative hospital stay (days) I1(9,18) Il (9,16) 11 (10,23) 0.146

(Continued)
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Table | (Continued).

Variables Overall Patients | No HAEC HAEC P value
(n = 400) (n =267) (n=133)

Mild postoperative complications < 0.001

No 304 (76.0) 220 (82.4) 84 (63.2)

Yes 96 (24.0) 47 (17.6) 49 (36.8)

Note: Categorical variables were expressed as frequency and percentage (%), and between-group comparisons of baseline char-
acteristics were performed using the Chi-square test. Continuous variables were compared between groups using the t-test (for

normally distributed data) or the Kruskal-Wallis test (for non-normally distributed data).

Abbreviations: HAEC, Hirschsprung-associated enterocolitis; HSCR, Hirschsprung disease; S-HSCR, short segment HSCR;

L-HSCR, long segment HSCR.

Table 2 Distribution of Inflammatory Markers According to Postoperative HAEC Occurrence

Inflammatory Markers Overall Patients No HAEC HAEC P value
T1: The most recent preoperative sample
(< 7 days before surgery)
SIRI 0.25 (0.13, 0.44) 0.22 (0.12, 0.42) 0.28 (0.17, 0.46) 0.006
Sl 268.3 (179.4, 452.0) 251.6 (172.0, 451.1) 295.3 (207.1, 465.0) 0.099
PIV 96.1 (53.3, 192.0) 84.6 (46.4, 180.3) 116.4 (72.1, 257.2) < 0.001
PLR 86.5 (67.1, 119.2) 87.5 (66.4, 124.6) 84.4 (68.5, 109.3) 0.370
MLR 0.08 (0.05, 0.11) 0.08 (0.05, 0.11) 0.08 (0.06, 0.11) 0.088
NLR 0.66 (0.41, 0.98) 0.65 (0.40, 1.00) 0.73 (0.46, 0.96) 0.344
LMR 12.82 (9.29, 19.28) 13.14 (9.29, 19.76) 12.11 (9.22, 16.89) 0.088
WBC (10°/L) 9.61 £298 9.12 £ 2.63 10.59 + 3.39 < 0.001
N (10°/L) 3.50 £ 1.69 329 £ 1.52 3.94 £ 1.94 0.001
M (10°/L) 0.44 + 0.27 0.40 + 0.25 0.51 031 < 0.001
L (10°1L) 5.19 £ 201 498 +1.95 5.62 +2.04 0.003
PLT (10°/L) 441.1 = 1408 429.2 + 1364 464.9 + 146.8 0.018
T2: Postoperative day |
SIRI 1.24 (0.67, 1.95) 1.22 (0.63, 1.89) 1.29 (0.82, 2.08) 0.107
Sl 1058.7 (513.9, 1717.9) 1068.3 (513.9, 1787.9) 1038.5 (545.3, 1547.3) 0.880
PIV 4452 (227.3, 710.0) 443.0 (195.1, 677.3) 473.1 (279.5, 753.3) 0.113
PLR 127.7 (90.9, 196.0) 131.3 (93.7, 209.4) 112.3 (84.9, 116.9) 0.021
MLR 0.16 (0.10, 0.22) 0.16 (0.10, 0.22) 0.16 (0.10, 0.22) 0.434
NLR 2.69 (1.53, 4.56) 2.73 (1.42, 5.00) 2.52 (1.67, 4.11) 0.830
LMR 6.32 (4.59, 9.9¢) 6.35 (4.59, 10.25) 6.29 (4.49, 9.76) 0.434
WBC (10°/L) 11.67 + 3.88 11.08 + 3.62 12.98 + 4.12 < 0.001
N (10°/L) 7.89 £ 3.50 751 +334 8.79 + 3.69 0.009
M (10°/L) 0.45 + 0.25 042 +0.23 0.53 £ 0.27 < 0.001
L (10°1L) 3.14 £ 1.66 299 £ 1.65 349 £ 1.63 0.002
PLT (10°/L) 3683 £ 1126 366.8 £ 109.4 371.7 £ 119.7 0.476
T3: Postoperative day 4 (+ | day)
SIRI 0.65 (0.36, 1.10) 0.54 (0.30, 0.93) 0.84 (0.46, 1.46) 0.001
Sl 445.7 (307.3, 800.4) 436.5 (219.9, 645.6) 522.2 (319.5, 856.7) 0.134
PIV 247.1 (130.6, 457.0) 203.2 (108.1, 381.8) 316.7 (160.9, 609.3) 0.008
PLR 97.7 (74.7, 129.2) 100.8 (76.2, 130.8) 87.0 (70.2, 119.9) 0.148
MLR 0.13 (0.09, 0.18) 0.12 (0.09, 0.16) 0.14 (0.10, 0.20) 0.091
NLR 1.27 (0.87, 1.87) 1.12 (0.87, 1.62) 1.52 (0.92, 2.08) 0.015
LMR 7.95 (5.54, 11.24) 8.11 (6.15, 11.45) 7.26 (5.11, 10.26) 0.091
(Continued)
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Table 2 (Continued).

Inflammatory Markers Overall Patients No HAEC HAEC P value
WBC (10°/L) 11.20 + 3.82 10.45 + 3.53 12.46 + 3.97 < 0.001
N (10°/L) 5.61 2.8l 5.03 +238 6.60 * 3.21 0.002
M (10°/L) 0.59 + 0.34 0.55 £ 0.34 0.67 + 0.34 0.008
L (10°1L) 428 + 1.74 420+ 1.72 442+ 1.77 0.583
PLT (10°/L) 397.7 £ 12238 4047 + 1287 385.8 1123 0.393
T4: Postoperative day 7 (+ | day)

SIRI 0.47 (0.29, 0.84) 0.51 (0.30, 0.93) 0.46 (0.29, 0.76) 0.123
sl 371.0 (253.4, 586.9) 368.0 (241.4, 596.2) 374.8 (267.5, 556.4) 0.668
PIV 178.8 (107.0, 324.4) 170.7 (105.9, 304.2) 198.3 (111.5, 369.6) 0.191
PLR 92.8 (69.9, 120.0) 97.2 (69.8, 121.7) 87.3 (69.9, 112.0) 0.092
MLR 0.12 (0.08, 0.17) 0.12 (0.08, 0.16) 0.13 (0.08, 0.18) 0.388
NLR 0.98 (0.68, 1.43) 0.95 (0.65, 1.43) 0.98 (0.69, 1.43) 0.608
LMR 8.38 (6.03, 12.32) 8.41 (6.35, 12.18) 7.86 (5.48, 12.88) 0.388
WBC (10°/L) 10.33 £3.23 9.89 + 3.01 11.20 + 3.49 < 0.001
N (10°/L) 455+ 1.99 433+ 1.80 498 £ 227 0.007
M (10°/L) 0.57 + 0.34 0.54 £ 0.30 0.64 + 0.39 0.016
L (10°/L) 454+ 1.73 441 £ 1.71 479 £ 1.78 0.061
PLT (10°/L) 405.0 = 1265 406.8 = 131.1 4014 £ 1175 0.851

Note: For non-normally distributed indicators, the Kruskal-Wallis test was used to compare the HAEC and non-HAEC groups, and results are presented as median
(interquartile range); for normally distributed indicators, the t-test was used for comparison, and results are presented as mean * standard deviation.
Abbreviations: HAEC, Hirschsprung-associated enterocolitis; SIRI, Systemic Inflammatory Response Index; PIV, Pan-Immune Inflammation Value; Sll, Systemic Immune-
Inflammation Index; PLR, Platelet-to-Lymphocyte Ratio; MLR, Monocyte-to-Lymphocyte Ratio; NLR, Neutrophil-to-Lymphocyte Ratio; LMR, Lymphocyte-to-Monocyte
Ratio, WBC, white blood cells; N, neutrophils; M, monocytes; L, lymphocytes; PLT, platelets.

Univariate/Multivariate Logistic Regression Analyses of Covariate and Postoperative
HAEC

Univariable logistic regression analysis revealed that risk factors for postoperative HAEC included formula feeding (OR
=3.09, 95% CI, 1.86 ~ 5.16, P < 0.001), preoperative nutritional status (malnutrition risk: OR = 2.04, 95% CI, 1.17 ~
3.58, P =0.012; malnutrition: OR = 5.48, 95% CI, 3.01 ~ 9.98, P < 0.001), preoperative HAEC (OR = 3.11, 95% CI, 2.00
~4.85, P <0.001), preoperative hypoalbuminemia (OR = 1.71, 95% CI, 1.05 ~ 2.80, P = 0.031), rural residents (OR =
1.54, 95% CI, 1.01 ~ 2.34, P = 0.044), non-parental care (OR = 5.65, 95% CI, 3.28 ~ 9.71, P < 0.001), L-HSCR (OR =
10.24, 95% CI, 4.75 ~ 22.08, P < 0.001) and mild postoperative complications (OR = 2.73, 95% CI, 1.70 ~ 4.38, P <
0.001). Surgical age served as a protective factor against postoperative HAEC (> 1-12 months: OR = 0.56, 95% CI, 0.33
~0.98, P =0.042; > 12-36 months: OR =0.47, 95% CI, 0.24 ~ 0.91, P = 0.024; > 36 months: OR = 0.15, 95% CI, 0.05 ~
0.49, P = 0.001). Inclusion of the aforementioned variables in a multivariable logistic regression model identified
malnutrition (OR = 3.16, 95% CI, 1.52 ~ 6.55, P = 0.002), preoperative HAEC (OR = 2.26, 95% CI, 1.31 ~3.90, P =
0.003), non-parental care (OR =4.15, 95% CI, 2.17 ~ 7.93, P < 0.001), L-HSCR (OR =5.28, 95% CI, 2.14 ~ 13.01, P <
0.001) and mild postoperative complications (OR = 2.58, 95% CI, 1.45 ~ 4.57, P = 0.001) as independent risk factors for
postoperative HAEC (Table 3).

Trajectories of Inflammatory Markers

Based on the GBTM model, we fitted perioperative change trajectories for each inflammatory marker and categorized each
marker into two or three distinct trajectory groups with significant differences (Figure 2). The AvePP for each group exceeded
0.7, and the population proportion was greater than 5%, indicating the stability of the trajectory model (Table S1). For SIRI,
SII, PIV, and NLR, we fitted three trajectory groups: low preoperative baseline with mild postoperative increase (trajectory
group 1), moderate preoperative baseline with significant postoperative increase followed by a slow decline (trajectory
group 2), and high preoperative baseline with significant postoperative increase followed by a slow decline (trajectory
group 3). For PLR, MLR, LMR, monocytes, lymphocytes, and platelets, we also fitted three trajectory groups: consistently

Journal of Inflammation Research 2026:19

8 https:


https://www.dovepress.com/article/supplementary_file/594201/594201_Supplementary%20material_1%20%282%29.docx

Jiang et al

Table 3 Univariate/Multivariate Logistic Regression Analyses of Covariate for Postoperative HAEC

Variables Univariate Multivariate

OR (95% CI) P value | OR (95% CI) P value
Sex (female) 1.35 (0.78 ~ 2.35) 0.283
Gestational age (< 37 weeks) 0.36 (0.10 ~ 1.27) 0.111
Birth weight (< 2.5 kg) 0.28 (0.06 ~ 1.23) 0.092
Feeding method®
Mixed feeding 1.25 (0.72 ~ 2.18) 0.425 1.05 (0.55 ~2.00) | 0.887
Formula feeding 3.09 (1.86 ~ 5.16) < 0.001 1.53 (0.80 ~ 2.91) 0.199
Surgical age (month)?
> |-12 0.56 (0.33 ~ 0.98) 0.042 0.74 (0.39 ~ 1.44) | 0.377
> 12-36 0.47 (0.24 ~ 0.91) 0.024 0.82 (0.37 ~ 1.85) | 0.641
> 36 0.15 (0.05 ~ 0.49) 0.001 0.27 (0.07 ~ 1.05) | 0.059
Preoperative nutritional status®
Risk of malnutrition 2.04 (1.17 ~ 3.58) 0.012 1.79 (0.94 ~ 3.40) 0.075
Malnutrition 5.48 (3.01 ~9.98) <0.001 | 3.16 (1.52 ~ 6.55) | 0.002
Preoperative HAEC 3.11 (2.00 ~ 4.85) <0.001 | 2.26 (.31 ~3.90) | 0.003
Preoperative hypoalbuminemia 1.71 (1.05 ~ 2.80) 0.031 0.62 (0.32 ~ 1.22) 0.167
Associated malformations 1.41 (0.68 ~ 2.96) 0.358
Residence (rural) 1.54 (1.01 ~ 2.34) 0.044 0.71 (043 ~ 1.17) 0.182
Relationship of caregivers (others) 5.65 (3.28 ~ 9.71) <0.001 | 4.15(2.17~793) | <0.00l
Educational level of caregivers (secondary and tertiary) | 1.45 (0.95 ~ 2.20) 0.082
Insurance type (public) 0.68 (0.37 ~ 1.23) 0.200
Type of HSCR (L-HSCR) 10.24 (4.75 ~ 22.08) | <0.001 | 528 (2.14 ~ 13.01) | <0.00!
Surgical time (minute) 1.00 (1.00 ~ 1.01) 0.232
Length of postoperative hospital stay (days) 1.0l (0.99 ~ 1.03) 0.149
Mild postoperative complications 2.73 (1.70 ~ 4.38) < 0.001 | 2.58 (1.45 ~ 4.57) 0.001

Notes: *Setting of dummy variables in ordered rank data: feeding method, breast feeding; preoperative nutritional status, normal; surgical age, < |
month. This multivariable logistic regression model was adjusted for feeding method, surgical age, preoperative nutritional status, preoperative
HAEC, preoperative hypoalbuminemia, residence, relationship of caregiver, type of HSCR, and mild postoperative complications.
Abbreviations: HAEC, Hirschsprung-associated enterocolitis; HSCR, Hirschsprung disease; L-HSCR, long segment HSCR.

low levels (trajectory group 1), consistently moderate levels (Trajectory group 2), and consistently high levels (trajectory
group 3). For WBC, we fitted two trajectory groups: consistently low levels (trajectory group 1) and consistently high levels
(trajectory group 2). Finally, for neutrophils, we fitted two trajectory groups: low preoperative baseline with a mild post-
operative increase followed by a slow decline (trajectory group 1) and low preoperative baseline with a significant post-
operative increase followed by a rapid decline (trajectory group 2). Comparison of the inflammatory marker trajectory groups
based on the occurrence of postoperative HAEC revealed that different change trajectories of SIRI, PIV, PLR, WBC,
neutrophils, monocytes, and lymphocytes were significantly associated with postoperative HAEC (P < 0.05) (Table 4).
Table S3 shows the univariate logistic regression analysis of inflammatory marker trajectories for postoperative HAEC.

Multivariable Logistic Regression Analysis of Inflammatory Marker Trajectories for
Postoperative HAEC

To investigate the association between different inflammatory trajectories and the risk of postoperative HAEC, we
incorporated the inflammatory marker trajectory groups into a multivariable logistic regression analysis (the model was
adjusted for feeding method, surgical age, preoperative nutritional status, preoperative HAEC, preoperative hypoalbu-
minemia, residence, relationship of caregiver, type of HSCR and mild postoperative complications). The results showed
that different trajectories of SIRI, PIV, WBC, and neutrophils were independently associated with postoperative
HAECFigure 3. Specifically, for SIRI, compared with trajectory group 1, trajectory group 2 (OR = 5.20, 95% CI, 1.46
~ 18.45, P = 0.011) and trajectory group 3 (OR = 4.73, 95% CI, 1.22 ~ 18.37, P = 0.025) were associated with
a significantly increased risk of postoperative HAEC. For PIV, trajectory group 2 (OR =4.75, 95% CI, 1.54 ~ 14.63, P =
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Figure 2 Trajectories of inflammatory markers. (A) Trajectory of In(SIRI); (B) Trajectory of In(Sll); (C) Trajectory of In(PIV); (D) Trajectory of In(PLR); (E) Trajectory of
In(MLR); (F) Trajectory of In(NLR); (G) Trajectory of In(LMR); (H) Trajectory of WBC; (I) Trajectory of neutrophils; (J) Trajectory of monocytes; (K) Trajectory of
lymphocytes; (L) Trajectory of platelets.

Abbreviations: SIRI, Systemic Inflammatory Response Index; PIV, Pan-Immune Inflammation Value; Sll, Systemic Immune-Inflammation Index; PLR, Platelet-to-Lymphocyte
Ratio; MLR, Monocyte-to-Lymphocyte Ratio; NLR, Neutrophil-to-Lymphocyte Ratio; LMR, Lymphocyte-to-Monocyte Ratio, WBC, white blood cells; N, neutrophils; M,
monocytes; L, lymphocytes; PLT, platelets.

0.007) and trajectory group 3 (OR = 5.63, 95% CI, 1.56 ~ 20.26, P = 0.008) were also independently associated with
a significantly increased HAEC risk. For both WBC and neutrophils, compared with trajectory group 1, trajectory group
2 (WBC: OR =2.49, 95% CI, 1.35 ~ 4.59, P = 0.004; neutrophils: OR = 2.53, 95% CI, 1.50 ~ 4.28, P = 0.001) similarly
demonstrated a significantly higher risk. The distribution of clinical characteristics based on different trajectory groups of
above inflammatory markers is shown in Tables S4—-S7. However, for the remaining inflammatory markers, we found no
association between the trajectory groups and postoperative HAEC (P > 0.05).

Table 4 Trajectory Groups of Inflammatory Markers

Variables Overall Patients No HAEC HAEC P value
(n = 400) (n =267) (n=133)
Trajectory group of In(SIRI) 0.003
Trajectory | 37 (9.3) 33 (12.4) 4 (3.0
Trajectory 2 281 (70.2) 187 (70.0) 94 (70.7)
Trajectory 3 82 (20.5) 47 (17.6) 35 (26.3)
Trajectory group of In(Sll) 0.569
Trajectory | 71 (17.8) 51 (19.1) 20 (15.0)
Trajectory 2 223 (55.7) 145 (54.3) 78 (58.6)
Trajectory 3 106 (26.5) 71 (26.6) 35 (26.4)
Trajectory group of In(PIV) < 0.001
Trajectory | 46 (11.5) 41 (15.4) 5(3.8)
Trajectory 2 300 (75.0) 199 (74.5) 101 (75.9)
Trajectory 3 54 (13.5) 27 (10.1) 27 (20.3)
(Continued)
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Table 4 (Continued).

Variables Overall Patients No HAEC HAEC P value
(n = 400) (n =267) (n=133)

Trajectory group of In(PLR) 0.020

Trajectory | 41 (10.3) 22 (8.2) 19 (14.3)

Trajectory 2 257 (64.2) 167 (62.6) 90 (67.7)

Trajectory 3 102 (25.5) 78 (29.2) 24 (18.0)

Trajectory group of (MLR) 0.127

Trajectory | 81 (20.2) 59 (22.1) 22 (16.5)

Trajectory 2 272 (68.0) 182 (68.2) 90 (67.7)

Trajectory 3 47 (11.8) 26 (9.7) 21 (15.8)

Trajectory group of In(NLR) 0.094

Trajectory | 51 (12.8) 39 (14.6) 12 (9.0)

Trajectory 2 233 (58.2) 146 (54.7) 87 (65.4)

Trajectory 3 116 (29.0) 82 (30.7) 34 (25.6)

Trajectory group of In(LMR) 0.308

Trajectory | 91 (22.8) 55 (20.6) 36 (27.1)

Trajectory 2 273 (68.2) 186 (69.7) 87 (65.4)

Trajectory 3 36 (9.0) 26 (9.7) 10 (7.5)

Trajectory group of WBC < 0.001

Trajectory | 317 (79.2) 232 (86.9) 85 (63.9)

Trajectory 2 83 (20.8) 35 (13.1) 48 (36.1)

Trajectory group of N 0.011

Trajectory | 237 (59.2) 170 (63.7) 67 (50.4)

Trajectory 2 163 (40.8) 97 (36.3) 66 (49.6)

Trajectory group of M 0.001

Trajectory | 273 (68.3) 193 (72.3) 80 (60.2)

Trajectory 2 99 (24.7) 64 (24.0) 35 (26.3)

Trajectory 3 28 (7.0) 10 (3.7) 18 (13.5)

Trajectory group of L 0.010

Trajectory | 126 (31.5) 97 (36.3) 29 (21.8)

Trajectory 2 234 (58.5) 147 (55.1) 87 (65.4)

Trajectory 3 40 (10.0) 23 (8.6) 17 (12.8)

Trajectory group of PLT 0.660

Trajectory | 157 (39.3) 107 (40.1) 50 (37.6)

Trajectory 2 163 (40.7) 110 (41.2) 53 (39.8)

Trajectory 3 80 (20.0) 50 (18.7) 30 (22.6)

Note: The chi-square test was used to compare the distribution of trajectory groups between HAEC patients and non-
HAEC patients.

Abbreviations: HAEC, Hirschsprung-associated enterocolitis; SIRI, Systemic Inflammatory Response Index; PIV, Pan-
Immune Inflammation Value; SllI, Systemic Immune-Inflammation Index; PLR, Platelet-to-Lymphocyte Ratio; MLR,
Monocyte-to-Lymphocyte Ratio; NLR, Neutrophil-to-Lymphocyte Ratio; LMR, Lymphocyte-to-Monocyte Ratio, WBC,
white blood cells; N, neutrophils; M, monocytes; L, lymphocytes; PLT, platelets.

Discussion

HAEC is the most severe postoperative complication of HSCR. Previous studies have largely focused on the association
between static patient characteristics (such as HSCR type, nutritional status, and Down syndrome) and HAEC.'®'?
However, the relationship between perioperatively dynamically evolving inflammatory markers (reflecting real-time
systemic inflammatory status) and the risk of HAEC has not been fully investigated.

Although studies exploring the association between inflammatory markers and HAEC are relatively scarce, such
markers have demonstrated significant predictive value in the diagnosis and prognosis of pediatric surgical and
gastrointestinal-related diseases. A meta-analysis involving 5974 pediatric patients evaluated the diagnostic value of
NLR in acute appendicitis, indicating its favorable diagnostic performance.?’ Emerging markers like PIV have also
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Figure 3 Multivariable logistic regression analysis of inflammatory marker trajectories for postoperative HAEC (this model was adjusted for feeding method, surgical age,
preoperative nutritional status, preoperative HAEC, preoperative hypoalbuminemia, residence, relationship of caregiver, type of HSCR and mild postoperative complica-
tions). P values shown in red indicate statistical significance (P < 0.05). Abbreviations: N, neutrophils; M, monocytes; L, lymphocytes; PLT, platelets; OR, odds ratio.

shown excellent predictive potential in acute appendicitis.”' Other studies have indicated that preoperative WBC levels
are significantly correlated with the degree of postoperative pain and recovery progress in appendicitis.>> Necrotizing
enterocolitis (NEC) is the most common and severe gastrointestinal emergency in newborns, sharing clinical features and
pathophysiological mechanisms with HAEC.>® Research by Luo et al found that the combined detection of high-
sensitivity C-reactive protein, WBC, and interleukin-6 significantly improved the accuracy of early NEC diagnosis.>*
Our previous study confirmed that SII is an important marker for assessing the need for surgical intervention and
predicting mortality in NEC patients.>> Furthermore, NLR and PLR have also been proven to be valuable tools for
diagnosing and determining the severity of inflammatory bowel disease (IBD) in children.® This collective evidence
suggests that systemic inflammatory markers are sensitive indicators for diagnosing and reflecting the severity of
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gastrointestinal-related diseases. Based on this rationale, we apply this logic to the risk prediction of postoperative HAEC
and introduce a dynamic evolution analytical perspective. By monitoring the sequential changes of inflammatory
markers, we aim to provide novel insights for identifying patients at high risk for HAEC.

This study represents the first application of GBTM to systematically delineate the dynamic trajectories of twelve
inflammatory markers during the perioperative period and to explore their associations with postoperative HAEC. We
found that specific rising trajectories of SIRI, PIV, WBC, and neutrophils were independently associated with increased
HAEC risk. For SIRI and PIV, both the “moderate baseline with sharp rise and slow decline” (group 2) and “high
baseline with sharp rise and slow decline” (group 3) trajectories conferred significantly elevated risk compared with the
“low baseline with mild rise” (group 1). For WBC and neutrophils, the higher-level trajectory groups similarly predicted
greater HAEC incidence. All associations persisted after multivariable adjustment.

SIRI and PIV are two novel composite inflammatory markers whose dynamic change trajectories demonstrate
excellent predictive value for postoperative HAEC. It is well established that monocytes, lymphocytes, neutrophils,
and platelets are all core participants in the inflammatory response. SIRI integrates the combined information from
monocytes, lymphocytes, and neutrophils, while PIV further incorporates the coordinated role of platelets on this basis.
Compared to single indicators, composite indicators can more precisely capture the imbalanced state of the “inflamma-
tion-immunity-coagulation” network, which is a critical component in the pathogenesis of HAEC. Macrophages are the
terminally differentiated form of monocytes within the tissue microenvironment and can polarize into different pheno-
types based on microenvironmental cues: classically activated M1 and alternatively activated M2 types. In the early
stages of inflammation, M1 macrophages dominate, driving the inflammatory response by releasing inflammatory
mediators, while M2 macrophages promote inflammation resolution and tissue repair in later phases.”’ Significant
infiltration of M1 macrophages, accompanied by markedly elevated tumor necrosis factor-oa (TNF-a) levels, has been
observed in the proximal dilated colon of HAEC patients and in 3-week-old endothelin receptor B targeted-null mice
(Ednrb").?® TNF-a is a key pro-inflammatory cytokine and immunomodulator primarily produced by M1 macrophages.
Zhan et al further revealed that lipopolysaccharides from V. parvula can activate M1 macrophages via the Toll-like
receptor 4 (TLR4) pathway, promoting the release of inflammatory factors such as TNF-a. These inflammatory factors
impair intestinal motility, exacerbate gut dysbiosis, and thereby promote the development of HAEC.?® Lymphocytes, as
the core component of the immune system, mediate specific immune responses by recognizing antigens and play
a crucial role in maintaining intestinal mucosal homeostasis. Keck et al found a reduced number of regulatory T cells
(Treg) and an increased proportion of T helper 17 cells (Th17) in the colonic tissues of HAEC patients, and this Treg/
Th17 immune imbalance was significantly associated with an increased risk of HAEC occurrence.’® Gosain et al
discovered through mouse models that defective B lymphocyte maturation and reduced numbers might promote
HAEC development.®' The Frykman team further supplemented that Ednrb”~ mice developing HAEC exhibited
significantly reduced thymic size and T cell numbers, accompanied by suppressed B lymphocyte production, the degree
of which correlated closely with HAEC severity.’® These findings suggest that reduced lymphocyte numbers or
functional deficits may weaken specific intestinal immune responses, thereby increasing susceptibility to HAEC. In
intestinal inflammation, platelets are not only involved in coagulation but also act as key amplifiers of the inflammatory
response, exacerbating local injury through multiple pathways. Studies indicate that colonic inflammation is closely
associated with reactive thrombocytosis, which increases the risk of microthrombus formation, potentially leading to
intestinal mucosal microcirculatory disturbances and aggravating tissue ischemia and local damage.** Activated platelets
can bind to white blood cells, forming circulating platelet-leukocyte aggregates (PLAs), which significantly amplify
inflammatory effects.>* For example, platelet binding to neutrophils enhances their superoxide production, worsening
oxidative stress and tissue injury, while platelet binding to monocytes enhances their migratory capacity.®>*°
Furthermore, studies have found that platelets can exacerbate intestinal inflammation by inhibiting
lymphangiogenesis.*’ In summary, the “inflammation-immunity-coagulation” imbalance mediated by the concerted
action of these inflammatory mediators may be a key pathway driving HAEC.

Following the discussion of the synergistic roles of monocytes, lymphocytes and platelets, special attention must be
given to neutrophils, the first responders in innate immunity. Neutrophil is not only a critical component in the
calculation formulas for SIRI and PIV but also constitutes the predominant subset of WBC. Our study reveals that the
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intrinsic dynamic trajectory of neutrophils can independently predict HAEC risk, highlighting its dominant role in
driving early inflammation. During the initial inflammatory phase, inflamed intestinal mucosal epithelial cells release
recruitment signals, prompting neutrophils to rapidly migrate to the site of inflammation. Once recruited to the intestinal
tissue, neutrophils exacerbate inflammation by releasing high levels of reactive oxygen species (ROS), cytotoxic
intracellular granular contents, and neutrophil extracellular traps (N ETs).*® ROS can damage cell membranes and activate
redox-sensitive inflammatory pathways.”® Dysregulated NETosis further aggravates epithelial injury, disrupts the intest-
inal barrier, contributes to microbial imbalance, and increases thrombotic risk.*” Additionally, a-defensins and calpro-
tectin produced by neutrophils further enhance the recruitment of neutrophils, monocytes and T cells to the inflammatory
site, amplifying the immune response and causing more severe mucosal damage.*'** However, recent research points to
the dual role of neutrophils in intestinal inflammation. Although their overactivation can lead to chronic inflammation
and tissue damage, they are also crucial for maintaining the intestinal barrier, host defense, and promoting inflammation
resolution.”> Future fundamental research is still needed to elucidate the specific roles and regulatory mechanisms of
neutrophils in HAEC. Notably, various HAEC diagnostic scoring systems incorporate elevated WBC as a diagnostic
criterion. This study further confirms and extends this association, identifying persistently high perioperative WBC levels
as an independent risk factor for postoperative HAEC.***

It is worth noting that after multivariable adjustment, the associations between trajectory groups of monocytes,
lymphocytes, and PLR and the risk of HAEC were no longer statistically significant. We believe this is mainly because
the information carried by these inflammatory markers is largely encompassed by the stronger clinical risk factors in the
multivariable model, such as L-HSCR, preoperative HAEC, and malnutrition. These risk factors have been established as
independent predictors of postoperative HAEC and may influence the postoperative systemic inflammatory response. In
other words, patients with more severe baseline clinical conditions may exhibit higher or more aberrant monocyte and
lymphocyte counts postoperatively. Once these clinical variables are included in the model, the independent associations
between monocyte, lymphocyte, or PLR trajectories and HAEC are no longer significant. This suggests that changes in
these specific markers may be an indirect reflection of the patient’s underlying disease status rather than independent
drivers of HAEC. In contrast, SIRI, PIV, WBC, and neutrophils remained significant and robust predictors after equally
stringent adjustment, highlighting their unique predictive ability. They appear to capture deeper signals of host
inflammatory dysregulation that are not fully accounted for by the aforementioned clinical characteristics.

From a clinical translation perspective, this study represents the first application of GBTM to analyze the dynamic
trajectories of inflammatory markers during the perioperative period in patients with HSCR, overcoming the limitations
inherent in traditional cross-sectional studies. We systematically evaluated the predictive value of multiple novel
composite inflammatory markers as well as individual inflammatory markers for postoperative HAEC, identifying that
specific rising trajectories of SIRI, PIV, WBC, and neutrophils are significantly associated with an increased risk of
HAEC. It is worth noting that differences between low-risk and high-risk inflammatory trajectories emerged as early as
postoperative days 14, while the day 7 measurement remains essential for clinical discharge decisions and also helps to
more completely delineate the shape of the inflammatory trajectory. Therefore, we recommend perioperative trajectory
monitoring of SIRI, PIV, WBC, and neutrophils, which holds promise for the early and precise identification of patients
at high risk for HAEC. Since routine postoperative blood cell counts are already completed during the standard hospital
stay, this method does not add extra laboratory workload. The trajectory-based stratified management strategy enables
risk-adapted interventions: for high-risk patients, health education, enhanced follow-up monitoring, or other preventive
measures can be intensified; whereas low-risk patients can be managed according to the routine clinical pathway. This
method can help to achieve early risk stratification and may provide a reference basis for intervention strategies targeting
high-risk patients. Furthermore, this study found that preoperative malnutrition, preoperative HAEC, non-parental
caregivers, L-HSCR, and mild postoperative complications were independent risk factors for postoperative HAEC.
These conclusions have been confirmed in our previous studies.*®

However, this study has several potential limitations. First, this study only included HSCR patients who underwent
one-stage laparoscopic-assisted pull-through surgery. Due to the small sample size and inconsistent surgical strategies,
especially as TCA may be more prone to postoperative HAEC, patients who underwent staged surgery were excluded.*’
Second, as severe postoperative complications and Down syndrome are risk factors for HAEC, excluding these patients
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may have underestimated the incidence risk of HAEC.>*® Third, GBTM is an exploratory, data-driven method, and the
number and shape of the trajectory groups it identifies are influenced by the study population and data distribution.
Although we strictly adhered to the selection criteria, the reproducibility of the optimal trajectories in other independent
populations requires validation. Finally, given the current lack of unified diagnostic criteria for HAEC, the diagnosis in
this study was based on typical clinical symptoms and objective laboratory/radiological findings (see the Methods section
for details). Although these diagnostic criteria are consistent with the core components of existing scoring systems, there
is a lack of standardized diagnostic protocols across different centers. This may introduce bias into the observed
incidence of HAEC and limit direct comparability with other cohorts. Therefore, multicenter prospective studies using
a uniform definition of HAEC are needed to further validate the generalizability of the inflammation-trajectory-based risk
stratification approach proposed in this study.

Conclusion

In summary, this study through GBTM analysis identified distinct perioperative trajectories of systemic inflammatory
markers in pediatric HSCR patients. Specifically, three trajectory patterns emerged for SIRI and PIV: low baseline with
mild rise, moderate baseline with sharp rise and slow decline, and high baseline with sharp rise and slow decline, while
WBC and neutrophils exhibited two distinct trajectories. Adverse trajectories (sharp-rise patterns for SIRI/PIV and
persistently high or steep-rise patterns for WBC/neutrophils) were independently associated with the development of
postoperative HAEC. This indicates that the dynamic evolution patterns of the systemic inflammatory response during
the perioperative period are closely associated with the occurrence of HAEC. Monitoring the dynamic changes in
perioperative inflammatory markers aids in the early identification of patients at high risk for HAEC, providing
information for future research aimed at developing risk-stratified surveillance and intervention strategies.
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