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Purpose: Neoadjuvant immunochemotherapy (NICT) has shown promise in improving the oncological outcomes of locally advanced
esophageal cancer (LAEC). However, concerns remain regarding its potential to induce pulmonary side effects that may increase the
risk of perioperative adverse events. This study aimed to compare the incidence of postoperative pulmonary complications (PPCs) in
patients receiving NICT and those undergoing non-neoadjuvant therapy.

Patients and Methods: This retrospective cohort study included 274 patients with LAEC who received either NICT or non-
neoadjuvant therapy followed by radical esophagectomy. Propensity score matching was used to balance patient characteristics
between the two groups. The primary outcome was the incidence of PPCs within the first seven days postoperatively. Conditional
logistic regression models were used to assess the association between NICT and PPCs. Sensitivity analysis using inverse probability
of treatment weighting was conducted to validate the robustness of the findings.

Results: A total of 182 patients were included in the final analysis, with 91 patients in each group. The incidence of PPCs was
significantly higher in the NICT group than in the control group (46.2% vs 26.4%, P = 0.009). Respiratory infections (37.4% vs
22.0%, P = 0.035) and pleural effusions (22.0% vs 9.9%, P = 0.043) were more frequent in the NICT group. New-onset arrhythmia
was the most common cardiovascular complication, with tachycardia occurring in 24.2% of patients in the NICT group compared to
9.9% in the control group (P = 0.018). Conditional logistic regression analysis revealed a significant association between NICT and
PPCs (OR = 5.648, 95% CI: 1.579-20.204, P = 0.008). Sensitivity analysis using IPTW further confirmed these results (OR = 2.893,
95% CI = 1.537-5.446, P = 0.001).

Conclusion: Patients with locally advanced esophageal cancer who received at least two cycles of NICT had a significantly increased
risk of developing postoperative pulmonary complications.
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Introduction

Esophageal cancer (EC) is a highly aggressive malignancy with poor prognosis, ranking as the seventh leading cause of
cancer-related deaths worldwide.! This grim prognosis is particularly evident in locally advanced esophageal cancer
(LAEC), where extensive locoregional involvement and early lymphatic dissemination create formidable therapeutic
challenges.”

For more than a decade, the CROSS regimen—carboplatin plus paclitaxel with concurrent 41.4 Gy radiotherapy
followed by surgery—has constituted the evidence-based backbone of multimodal therapy for LAEC.? Yet, contemporary
real-world analyses indicate that 29% of patients still fail to achieve an RO resection after CROSS, and the hazard for
distant recurrence within three years approaches 40%.* These unmet clinical needs have catalyzed the integration of
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immune checkpoint inhibitors (ICIs) into perioperative treatment sequencing.” ' The advent of neoadjuvant immuno-
chemotherapy (NICT) marks a revolutionary shift in EC therapeutics, building on landmark trials KEYNOTE-181° and
KEYNOTE —590,” which established the transition of immunotherapy to first-line therapy. By synergistically combining
cytotoxic chemotherapy with immune modulation, NICT achieves unprecedented pathological complete response (pCR)
rates.”’ This dual mechanism not only enhances tumor immunogenicity, but may also induce durable systemic antitumor
immunity, a potential game-changer in preventing micrometastatic recurrence.® NICT has been included as a neoadjuvant
treatment option for locally advanced esophageal cancer in the National Comprehensive Cancer Network (NCCN),’
European Society for Medical Oncology (ESMO), and Chinese Society of Clinical Oncology (CSCO) guidelines. '’

Recent systematic reviews and meta-analyses have highlighted the potential benefits of NICT in terms of pCR rates
and overall survival but have also noted an increased incidence of adverse events.'' Studies have shown that while NICT
can significantly improve pCR rates and tumor regression grades, it may also lead to a higher incidence of certain adverse
events.'' In the context of immune pneumonitis, a known complication of ICI therapy, surgical risk considerations
become particularly relevant. Despite these oncologic gains, the perioperative safety profile of NICT remains incomple-
tely defined. Esophagectomy is intrinsically associated with a high incidence of postoperative pulmonary complications
(PPCs), including pneumonia, acute respiratory distress syndrome (ARDS), and prolonged mechanical ventilation, with
a baseline incidence ranging from 22% to 46%.'>'® These complications disproportionately affect patient outcomes,
leading to prolonged hospital stays and increased early postoperative mortality.'*'> Established risk factors, such as
advanced age,'® pulmonary dysfunction,'” and smoking history'® are well validated. However, immune-related pneu-
monitis, documented in as many as 19% of patients in a recent series,'® confers a disproportionate mortality risk. More
critically, preoperative exposure to NICT may prime a systemic cytokine storm,” amplify T-cell-mediated parenchymal
injury, and impede subsequent tissue repair, thereby potentiating the inflammatory cascade unleashed by transthoracic
esophagectomy. The resulting pulmonary toxicity signature is qualitatively and quantitatively distinct from that observed
with conventional cytotoxic regimens; however, its perioperative ramifications remain essentially unmapped. This
knowledge gap is critical, given the rapid clinical adoption of NICT. Current evidence suggests that while NICT
improves tumor responses, it may simultaneously alter postoperative pulmonary complication profiles through immune-
mediated tissue remodeling and cytokine release. Therefore, we tested the hypothesis that the incidence of PPCs is higher
among patients receiving NICT for LAEC during the first 7 postoperative days.

Materials and Methods

Study Design and Database

This study was approved by the Ethics Committee of the Fourth Hospital of Hebei Medical University (2023KS180). The
requirement for informed consent was waived. This retrospective, single-center cohort analysis included patients with
LAEC (cT2—4a N0-3 M0, AJCC/UICC 8th edition®”) who underwent esophagectomy at the Fourth Hospital of Hebei
Medical University between June 1, 2021, and December 31, 2023. No operative approach restriction was imposed; both
transthoracic (Ivor Lewis and McKeown) and hybrid minimally invasive techniques were eligible. Case identification
was performed using the institutional Surgery Registry, a prospectively maintained, internally audited database. Data
abstraction was performed independently by two clinicians who cross-validated variables across the electronic health
record, anesthesia information management system, and radiology and pathology reports.

Study Population
The inclusion criteria were as follows: patients with LAEC who (a) received neoadjuvant immunochemotherapy (NICT)
for at least two cycles or non-neoadjuvant therapy as preoperative treatment, (b) underwent radical esophagectomy, (c)
were aged 50-80 years, and (d) had adequate hematologic blood counts (white blood cell count > 3 x 10%/L, platelet
count > 50 x 10%/L, hemoglobin concentration > 85 g/L).

The exclusion criteria were as follows: (a) prior neoadjuvant radiotherapy, (b) neoadjuvant chemotherapy alone, (c)
incomplete key medical data, (d) history of respiratory infection within 30 days before surgery, (e) history of prior
thoracic surgery, and (f) thoracotomy.
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Exposure - Neoadjuvant Imnmunochemotherapy Procedure
The diagnosis of LAEC was confirmed via histopathological examination and computed tomography (CT). Neoadjuvant
immunochemotherapy was administered based on the patient’s condition. The neoadjuvant chemotherapy regimen
consisted of paclitaxel plus platinum-based drugs, whereas the immunotherapy regimen included programmed death
receptor 1 (PD-1) inhibitors, such as pembrolizumab, tislelizumab, camrelizumab, or sintilimab. Patients received at least
two cycles of neoadjuvant regimens prior to surgery.

The participants typically underwent 2—4 cycles of NICT. The total number of NICT cycles was determined by
a multidisciplinary team. Efficacy evaluations were performed after each treatment cycle, and additional cycles
were administered based on the tumor response, the patient’s physical condition, and ongoing clinical benefit from
NICT.

Anesthesia and Perioperative Care

Intraoperative monitoring comprised continuous electrocardiographic assessment, pulse oximetry, invasive arterial blood
pressure (BP) measurement, bispectral index (BIS) monitoring, capnography, inhalational anesthetic concentration, and
urine output recording.

General anesthesia was induced with a combination of sufentanil, propofol or etomidate, and cis-atracurium or
rocuronium. Anesthesia was maintained by sevoflurane inhalation and remifentanil infusion. Nondepolarizing neuro-
muscular blocking agents were administered to achieve muscle relaxation. The depth of anesthesia was titrated to
maintain BIS values within 40—60. Fluid resuscitation and blood transfusion were administered according to standard
clinical practice. Mechanical ventilation was delivered in a volume-controlled mode, with tidal volumes set at 7-8 mL/kg
during two-lung ventilation and 5-6 mL/kg during one-lung ventilation. Intraoperative pulmonary recruitment maneuvers
were performed intermittently. Blood gas analysis was performed periodically to ensure hemodynamic stability.
Nonsteroidal anti-inflammatory drugs (NSAIDs) were administered unless contraindicated by the physician. Patients
were extubated and transferred to the post-anesthesia care unit (PACU) if hemodynamically stable; otherwise, they were
admitted to the intensive care unit (ICU).

In the PACU, patients underwent continuous monitoring of noninvasive BP, heart rate (HR), and pulse oximetry for
a minimum of 30 min until they achieved a steward score of four.?' Patients who were subsequently transferred to the
general wards continued to be monitored for BP and pulse oximetry until the second postoperative day, followed by once
or twice daily monitoring until hospital discharge.

Surgical Process

Radical esophagectomy for esophageal cancer represents a technically complex surgical intervention that systematically
progresses through three critical phases: tumor resection, regional lymphadenectomy, and digestive tract reconstruction.
The procedure initiated with en bloc tumor resection aiming to achieve histologically negative margins (RO resection),
where the resection extent was planned based on comprehensive evaluation of tumor characteristics, including its
anatomical location and depth of invasion, thereby ensuring optimal oncological clearance while preserving adjacent
vital structures. Given the high metastatic potential of esophageal cancer to locoregional lymph nodes, a systematic
lymph node dissection was performed. This includes the removal of the periesophageal, mediastinal, and, when
indicated, abdominal lymph nodes. Adequate lymphadenectomy was crucial for accurate staging and reduction of
locoregional recurrence. The final reconstructive phase employs a gastric conduit approach, wherein the stomach was
carefully mobilized, fashioned into a tubular structure, and subsequently transposed either into the thoracic cavity or
cervical region to reestablish gastrointestinal continuity. This reconstruction preserved the functional integrity of the
upper digestive system and maintained the alimentary function and nutritional status postoperatively.

Outcomes
The primary outcome was the incidence of a composite of postoperative pulmonary complications (PPCs) within the first
seven postoperative days. PPCs were defined according to established criteria and included respiratory infection,
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respiratory failure, pleural effusion, atelectasis, pneumothorax, bronchospasm, and aspiration pneumonitis®> (Supplement

= (Supplement
2). Any component of grade II or higher was considered a PPC. Diagnoses were based on physical examinations,

1). These complications were classified as grade II or higher according to the Clavien—Dindo classification

laboratory findings, and imaging results.

Secondary outcomes included major adverse cardiac events, including new-onset arrhythmias requiring treatment,
acute coronary syndrome (ACS), and myocardial injury. Surgical complications were defined as any adverse events
directly related to the surgical procedure, such as anastomotic leakage and chylothorax. Sepsis was defined according to
the third international consensus definition.**

Data Collection

Baseline, intraoperative, and postoperative data were retrospectively collected from medical records. Baseline data
included demographic and morphometric characteristics, surgical diagnosis, preoperative comorbidities and their man-
agement, smoking history, and results of relevant laboratory tests and physical examinations. Intraoperative data included
anesthesia duration, types and doses of anesthetics and medications, fluid balance and blood transfusion details, and
specifics regarding the surgical type and duration. The postoperative data focused on the incidence of postoperative
pulmonary complications, major adverse cardiac events, sepsis, and surgical complications.

Sample Size Estimation

Sample size estimation revealed a significant increase in PPCs from 26% in surgery-only patients to 49% following
NICT. Traditional power calculation for this effect size (0=0.05, =0.2) yielded 66 patients per arm. Accounting for PSM
parameters, including an 80% propensity score overlap, the adjusted minimum required sample size increased to 83
patients per group to maintain adequate statistical power.

Statistical Analysis

We employed propensity score matching (PSM) with a 1:1 ratio using the nearest-neighbor method on a logit scale with
a caliper limit of 0.1. This approach was used to minimize the impact of confounding factors that may influence treatment
decisions and to balance patient characteristics, including age, sex, body mass index (BMI), American Society of
Anesthesiologists (ASA) classification, tumor location, minimally invasive esophagectomy (MIE), surgical incision,
and clinical TN stage. Confounding variables were considered comparable when the standardized mean difference
(SMD) was < 0.10 and the P-value was > 0.05.

After propensity score matching, a test of the balance of the covariates before and after matching was performed by
plotting a love plot. The plot measures the difference in means between the treatment and control groups for each
covariate using the SMD.

Continuous variables were expressed as mean + standard deviation and analyzed using independent or paired
Student’s t-tests for normally distributed data, or Wilcoxon signed-rank tests for non-parametric data. Categorical
variables were presented as frequencies and percentages, with between-group comparisons performed using Chi-
square tests or McNemar’s tests, as appropriate.

Conditional logistic regression was used to assess the association between NICT and PPCs. Three models were
evaluated in this study: Model 1: Unadjusted for covariates. Model 2: Adjusted for cis-atracurium, total fluid input, RBC,
total fluid output, blood loss, anesthesia duration, and surgery duration. Considering the potential synergistic effect of

252 . . . . . .
326 e included an interaction term (anesthesia duration x surgery duration)

prolonged anesthesia and surgery duration,
in Model 3. Model 3: Further adjusted for additional covariates, including the interaction term (anesthesia duration x
surgery duration), in addition to the variables included in Model 2. Results were expressed as odds ratios (OR) with 95%
confidence intervals (CI). Then, we employed a multi-criteria model selection approach using Akaike Information
Criterion (AIC) and Bayesian Information Criterion (BIC).

To evaluate the robustness of our findings, we performed sensitivity analysis incorporating inverse probability of

treatment weighting (IPTW) to account for potential residual confounding and re-assess the primary outcome measures.
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We repeated the primary analysis in predefined subgroups stratified by age (>65 years), gender, number of NICT
cycles, surgical incision (one-incision, Ivor Lewis or McKeown) and surgical approach (open transthoracic vs minimally
invasive esophagectomy).

All statistical tests were two-sided, with statistical significance set at P < 0.05. Analyses were performed using
R statistical software (version 4.4.2; R Foundation for Statistical Computing, Vienna, Austria).

Results

Patients Characteristics

In total, 274 patients with LAEC who underwent combination therapy were enrolled in this study cohort. In the Control
group, 150 patients did not receive neoadjuvant therapy preoperatively, whereas 124 patients in the NICT group received
at least two cycles of chemotherapy combined with immunotherapy preoperatively (Figure 1).

Preoperative Immune-Related Adverse Events (irAEs)
Before initiating treatment, patients underwent comprehensive assessments to evaluate their overall health status,
including thyroid hormone levels, liver and kidney function, pituitary function (ACTH), NT-pro BNP, and cTnl.
During neoadjuvant therapy, patients are closely monitored, with tumor response evaluated after the first two and
subsequent cycles. Surgery is scheduled 46 weeks after the last cycle, during which time patients undergo another
comprehensive assessment, including a CT scan.

In the current cohort, 11 patients (8.9%) developed grade 1-2 thyroid dysfunction, and five patients (4.0%) developed
hepatitis. These abnormalities were corrected with treatment before surgery, and the patients were scheduled for surgery

Patients with LAEC received radical
esophagectomy, n = 870

Exclusions: n = 596

- Age <50 years, n = 65

- Received NCT only, n =223

- Received fewer than 2 cycles of NICT, n= 72
- Non-radical surgery, n = 24

- Received NCRT, n= 126

- Incomplete medical data, n = 86

Patients with LAEC received radical
esophagectomy, n = 274

Patients with LAEC without NICT, Patients with LAEC received NICT,
n=150 n=124

PSM for age, sex, BMI,
FEV|, DLCO%pred, Smoking, ASA, incision,
location, MIE and TN stage, ratio 1:1 |

Control group, n =91 NICT group, n=91

Figure | Flowchart of patient selection.

Abbreviations: LAEC, locally advanced esophageal cancer; NCT, neoadjuvant chemotherapy; NCRT, neoadjuvant chemoradiotherapy; NICT, neoadjuvant immunochem-
otherapy; PSM, propensity score matching; BMI, body mass Index; FEV 1, forced expiratory volume in | second; DLCO%pred, diffusing capacity of the carbon monoxide
(DLCO) predicted; ASA, American Society of Anesthesiologists; MIE, minimally invasive esophagectomy.
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4-6 weeks later. Four patients (3.2%) developed immune-mediated pneumonitis, presenting with fever, cough, and
dyspnea. After successful treatment and radiological improvement, the patients underwent surgery eight weeks later.

Propensity Score Matching and Balance Assessment

Prior to propensity score matching (PSM), the control group exhibited a higher mean age (P = 0.004), and the NICT
group had a greater proportion of patients with American Society of Anesthesiologists (ASA) status III (P = 0.027). After
matching in a 1:1 ratio, 182 patients were included, with 91 in each group. The baseline characteristics of the patients in
both groups were well balanced after PSM, including demographics (sex and age), BMI, smoking status, forced
expiratory volume in the first second (FEV;), diffusing capacity of the carbon monoxide % predicted (DLCO%pred),
tumor characteristics (location of esophageal cancer, clinical TNM stage), and surgical status (type of surgical incision,
whether minimally invasive esophagectomy [MIE] was performed). All P values exceeded 0.05, and the standardized
mean differences (SMD) were less than 0.10 (Table 1).

The Love plot, a critical tool for assessing the effectiveness of PSM, visually demonstrated the balance achieved
between the treatment and control groups. The plot revealed that SMD values for all covariates were less than 0.1 after
matching, indicating a successful balance between the groups (Figure 2). Specifically, for age, gender, FEV,, ASA
classification, surgical incision, MIE, tumor location, and clinical T stage, SMD values were greater than 0.10 before
matching but less than 0.10 after matching. This finding confirms that PSM effectively mitigated the differences between
the two groups for these covariates. The improved balance of each covariate after matching enhanced the credibility of

our findings and underscored the robustness of our matching method in controlling for confounders.

Table | Baseline Characteristics of Enrolled Patients

Variables Before PSM After PSM
Control NICT P-value SMD Control NICT P-value SMD
(n =150) (n =124) (n =91) (n =91)
Age (years) 65.53 + 598 | 63.30 £ 6.83 0.004 0.348 64.93 + 6.23 6525 +599 | 0.725 0.052
Gender, n (%) 0.260 0.154 0.614 0.099
Female 44 (29.3) 28 (22.6) 22 (24.2) 26 (28.6)
Male 106 (70.7) 96 (77.4) 69 (75.8) 65 (71.4)
BMI (kg/m?) 2377 £ 2.64 | 23.89 £3.29 | 0.726 0.042 23.83 + 2.51 2393 +3.17 | 0.802 0.037
Smoking (%) >0.999 0.004 0.763 0.067
No 65 (43.3) 54 (43.5) 36 (39.6) 39 (42.9)
Yes 85 (56.7) 70 (56.5) 55 (60.4) 52 (57.1)
FEV, (L) 2.59 + 0.6l 2.71 £ 062 0.117 0.191 263 £ 061 261 +0.62 0.819 0.034
DLCO%pred 82.17 £ 6.70 | 81.01 £430 | 0.097 0.206 80.95 +5.85 | 81.20 £ 442 | 0.739 0.049
ASA (%) 0.027 0.285 0.618 0.098
I 116 (77.3) 80 (64.5) 68 (74.7) 64 (70.3)
n 34 (22.7) 44 (35.5) 23 (25.3) 27 (29.7)
Surgical incision (%) 0.163 0.234 0.937 0.053
One-incision 41 (27.3) 22 (17.7) 18 (19.8) 18 (19.8)
Ivor Lewis 31 (20.7) 27 (21.8) 21 (23.1) 23 (25.3)
McKeown 78 (52.0) 75 (60.5) 52 (57.1) 50 (54.9)
MIE (%) 0.245 0.159 0.723 0.079
Open 43 (28.7) 27 (21.8) 19 (20.9) 22 (24.2)
Laparoscopic/Robotic 107 (71.3) 97 (78.2) 72 (79.1) 69 (75.8)
Tumor location (%) 0.561 0.131 0.949 0.048
Upper 17 (11.3) 12 (9.7) 10 (11.0) I(12.1)
Middle 83 (55.3) 63 (50.8) 49 (53.8) 47 (51.6)
Lower 50 (33.3) 49 (39.5) 32 (35.2) 33 (36.3)

(Continued)
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Table | (Continued).

Variables Before PSM After PSM
Control NICT P-value SMD Control NICT P-value SMD
(n =150) (n =124) (n =91) (n=91)
T stage (%) 0.130 0.244 0.989 0.023
2 91 (60.7) 62 (50.0) 53 (58.2) 54 (59.3)
3 58 (38.7) 59 (39.5) 37 (40.7) 36 (39.6)
4 1 (0.7) 3(24) 1 (I.1) I (1.1)
N stage (%) 0.749 0.092 0.787 0.099
0 116 (77.3) 91 (73.4) 67 (73.6) 71 (78.0)
| 25 (16.7) 24 (29.4) 18 (19.8) 15 (16.5)
2 9 (6.0) 9(7.3) 6 (6.6) 5(5.5)
M stage (%)
0 150 (100.0) 124 (100.0) >0.999 <0.001 91 (100.0) 91 (100.0) >0.999 <0.001

Abbreviations: BM|, Body Mass Index; FEVI, Forced Expiratory Volume in one second; DLCO%pred, Diffusing capacity of the carbon monoxide (DLCO) predicted; ASA,
American Society of Anesthesiologists status; MIE, Minimal Invasive Esophagectomy; PSM, Propensity Score Matching; SMD, Standard Mean Difference.

Intraoperative Outcomes

Among the 182 propensity score—matched patients, all underwent radical esophagectomy, and no intraoperative deaths
were reported. Compared with the control group, the NICT group had a higher total intraoperative fluid output (median
700 mL [IQR, 600-970 mL] vs 620 mL [IQR, 500-850 mL]; P = 0.007; Table 2). The NICT group also had a greater
median blood loss (260 mL [IQR, 200-300 mL] vs 200 mL [IQR, 150-200 mL]; P < 0.001; Table 2) and a higher
incidence of patients requiring red blood cell (RBC) transfusion (11.0% vs 1.1%; P = 0.013; Table 2). Additionally, the
duration of surgery and anesthesia was significantly longer in the NICT group (surgery, P = 0.011; anesthesia, P = 0.017).

distance @)

Age
DLCOpred
Incision
T

FEV1 Sample

ASA_31 Unadjusted
Location 1 -®- Adjusted
N ®
MIE_2 1
Gender

BMI 4

Smoking 1

0.0 02 04 06
Absolute Mean
Differences

Figure 2 Covariate balance before and after propensity score matching. Orange circles: Unadjusted differences (pre-matching). Blue circles: Adjusted differences (post-
propensity score matching).
Abbreviations: FEV 1, forced expiratory volume in | second; ASA, American Society of Anesthesiologists; MIE, minimally invasive esophagectomy.
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Primary Outcome

Among the postoperative complications, pulmonary complications were the most prevalent, with an overall incidence of
36.3%. The proportion of patients who experienced composite PPCs within seven days after radical esophagectomy was
significantly higher in the NICT group than in the control group (46.2% vs 26.4%, P = 0.009; Table 3). Among the
individual pulmonary complications, the incidence of respiratory infections (37.4% vs 22.0%, P = 0.035) and pleural
effusions (22.0% vs 9.9%, P = 0.043) were significantly higher in the NICT group than in the control group. Other
pulmonary complications, including respiratory failure (7.7% vs 7.7%, P > 0.999), atelectasis (13.2% vs 9.9%, P =
0.643), and pneumothorax (2.2% vs 2.2%, P > 0.999), were not significantly different. Thoracoabdominal two-incision
Ivor-Lewis and three-incision McKeown surgeries accounted for 80% of the included procedures. PPCs were
a composite indicator, with many individual patients experiencing multiple pulmonary complications. These findings
demonstrate the high incidence of PPCs following radical esophagectomy.

Second Outcomes

New-onset arrhythmia was the most common cardiovascular complication, with tachycardia occurring in 24.2% of
patients in the NICT group compared to 9.9% in the control group (P = 0.018). The incidence of atrial fibrillation was
similar between the groups (5.5% vs 2.2%, P > 0.441). Myocardial injury occurred in eight patients (8.8%) in the control
group and six patients (6.6%) in the NICT group. The incidence of anastomotic leakage and chylothorax was similar
between the two groups. Sepsis was observed in two patients in the NICT group and one patient in the control group
(Table 3).

Association of NICT with PPCs

We conducted conditional logistic regression analyses to examine the association between NICT and PPCs using
multivariable models designed to adjust for potential confounding factors. Model 1 was unadjusted for covariates.
Model 2 included adjustments for intraoperative variables (cis-atracurium, total fluid input, red blood cell transfusion,

Table 2 Intraoperative Data of PSM Patients

Variables Overall (n = 182) Control (n = 91) NICT (n =91) P-value
Hydroprednisone (mg) 30.00 [30.00, 30.00] 30.00 [30.00, 30.00] 30.00 [30.00, 30.00] 0.357
Propofol (mg) 100.00 [52.50, 120.00] 100.00 [80.00, 115.00] 85.00 [50.00, 120.00] 0.319
Etomidate (mg) 17.50 [14.75, 20.00] 16.00 [14.00, 20.00] 20.00 [15.00, 20.00] 0.385
Sufentanil (ug) 30.00 [30.00, 50.00] 37.50 [30.00, 50.00] 30.00 [30.00, 50.00] 0.185
Remifentanil (ug) 2314.00 [1980.00, 3011.50] | 2276.00 [1738.50, 3005.00] | 2375.00 [1995.00, 3055.00] | 0.171
Cis-atracurium (mg) 30.00 [14.00, 37.00] 28.00 [12.00, 36.00] 32.00 [17.00, 38.00] 0.076
Rocuronium (mg) 0.00 [0.00, 50.00] 0.00 [0.00, 50.00] 0.00 [0.00, 50.00] 0.334
Flurbiprofen (mg) 50.00 [50.00, 50.00] 50.00 [50.00, 50.00] 50.00 [50.00, 50.00] 0.055
Neostigmine (%) 99 (54.4) 48 (52.7) 51 (56.0) 0.766
Total fluid input (mL) 2325.00 [2100.00, 2900.00] | 2300.00 [2100.00, 2800.00] | 2400.00 [2050.00, 3000.00] | 0.266
Crystalline (mL) 1750.00 [1450.00, 2200.00] | 1750.00 [1500.00, 2100.00] | 1750.00 [1450.00, 2300.00] | 0.659
Colloidal (mL) 500.00 [500.00, 800.00] 500.00 [500.00, 500.00] 500.00 [500.00, 850.00] 0.301
Homologous blood transfusion
RBC (%) 11 (6.0) I (1.1) 10 (11.0) 0.013
Plasma (%) 13 (7.1) 3(3.3) 10 (11.0) 0.084
Total fluid output (mL) 700.00 [522.50, 900.00] 620.00 [500.00, 850.00] 700.00 [600.00, 970.00] 0.007
Urine (mL) 500.00 [300.00, 700.00] 450.00 [300.00, 600.00] 500.00 [300.00, 700.00] 0.272
Blood loss (mL) 200.00 [180.00, 295.00] 200.00 [150.00, 200.00] 260.00 [200.00, 300.00] <0.001
Anesthesia time (min) 350.00 [310.00, 385.00] 340.00 [282.50, 380.00] 360.00 [320.00, 400.00] 0.017
Surgery time (min) 290.00 [241.25, 327.25] 272.00 [221.00, 320.00] 295.00 [260.00, 337.00] 0.011

Note: The data were n (%) or median (interquartile range).
Abbreviations: PSM, propensity score matching; NICT, neoadjuvant immunochemotherapy; RBC, red blood cell.
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Table 3 Postoperative Outcomes

Variables Overall (n = 182) | Control (n=91) | NICT (n =91) | P-value
PPCs (%) 66 (36.3) 24 (26.4) 42 (46.2) 0.009
Respiratory infection (%) 54 (29.7) 20 (22.0) 34 (37.4) 0.035
Respiratory failure (%) 14 (7.7) 7(7.7) 7(7.7) >0.999
Pleural effusion (%) 29 (15.9) 9(9.9) 20 (22.0) 0.043
Atelectasis (%) 21 (11.5) 9(9.9) 12 (13.2) 0.643
Pneumothorax (%) 4(2.2) 2 (22) 2(22) >0.999
Bronchospasm (%) 0 (0.0 0 (0.0) 0 (0.0 >0.999
Aspiration pneumonitis (%) 0 (0.0) 0 (0.0) 0 (0.0 >0.999
Major adverse cardiac events
Sinus tachycardia (%) 31 (17.0) 9(9.9) 22 (24.2) 0.018
Atrial fibrillation (%) 7 (3.8) 2 (22) 5(5.5) >0.441
Acute coronary syndrome (%) 0 (0.0) 0 (0.0) 0 (0.0 >0.999
Myocardial injury (%) 14 (7.7) 8 (8.8) 6 (6.6) 0.781
Anastomotic leakage (%) 25 (13.7) 17 (18.7) 8 (8.8) 0.085
Chylothorax (%) 3 (1.6) 0 (0.0) 33.3) 0.244
Sepsis (%) 3 (1.6) I (L.1) 2(22) >0.999

Abbreviations: PPCs, postoperative pulmonary complications; NICT, neoadjuvant immunochemotherapy.

total fluid output, blood loss, anesthesia duration, and surgery duration). Model 3 incorporated a more comprehensive set
of covariates, including an interaction term (anesthesia duration x surgery duration), to account for confounding factors.

In the unadjusted analysis (Model 1), NICT exposure was significantly associated with a substantial increase in the
odds of developing PPCs (OR = 2.636, 95% CI: 1.317-5.277, P = 0.006). In the multivariate analysis, after adjusting for
intraoperative variables (Model 2), the NICT group had significantly higher odds of developing PPCs than the control
group (adjusted OR = 4.829, 95% CI: 1.430-16.311, P = 0.011). This association persisted in Model 3 after additional
adjustment for the interaction term (anesthesia duration x surgery duration), with an adjusted OR of 5.648 (95% CI:
1.579-20.204, P = 0.008), indicating robust evidence of increased PPCs risk associated with NICT (Table 4).

Statistical model selection using both the AIC and BIC criteria consistently identified the final model. The analysis
revealed NICT as a statistically significant independent predictor (B = 1.162, SE = 0.294; P < 0.0001), demonstrating an
odds ratio of 3.20 (95% confidence interval: 1.80-5.68). This indicates that patients in the intervention group exhibited
3.2-fold greater odds of developing PPCs than those the in control group. Furthermore, total fluid output showed
a modest yet statistically significant positive association (f = 0.0011; P = 0.038), suggesting a small but measurable
increase in PPCs risk per unit increase in output. The robustness of this model was confirmed by its consistent selection
across varying penalty parameters, including stringent BICq adjustments (q > 0.83). This finding suggests that the
inclusion of both treatment status and total fluid output variables achieves an optimal balance between model explanatory
power and parsimony, even under conditions favoring more conservative model specifications.

Table 4 Association Between NICT and PPCs

Model | [OR (95% CI), P-value] | Model 2 [OR (95% CI), P-value] | Model 3 [OR (95% CI), P-value]

No Reference Reference Reference
Yes 2.636 (1.317,5.277), P = 0.006 4.829 (1.430,16.311), P=0.011 5.648 (1.579,20.204), P = 0.008
Notes: Model I: adjusted for non-covariates. Model 2: adjusted for cis-atracurium, total fluid input, RBC, total fluid output, blood loss,

anesthesia duration, and surgery duration. Model 3: adjusted for cis-atracurium, total fluid input, RBC, total fluid output, blood loss, anesthesia
duration, surgery duration, and anesthesia duration % surgery duration.

Abbreviations: NICT, neoadjuvant immunochemotherapy; PPCs, postoperative pulmonary complications; OR, odds ratio; 95% Cl, 95%
confidence interval.
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Sensitive Analysis

To further assess the robustness of our findings, we employed Inverse Probability of Treatment Weighting (IPTW) to
form two new groups of samples. The original data were weighted by the inverse probability of treatment, and weighted
averages were used to equalize baseline imbalances between the groups (Figure 3). Weighted multivariable-adjusted
logistic regression analysis, incorporating the same covariates as in Model 3, revealed that the association between NICT
and PPCs remained robust (OR 2.893, 95% CI: 1.537-5.446, P = 0.001).

Subgroup Analyses

Subgroup analyses were conducted to investigate the association between various factors and PPCs incidence. The results
indicated that patients aged >65 years (OR 2.690, 95% CI 1.204—6.009), males (OR = 2.120, 95% CI 1.032-4.355), and
those undergoing McKeown surgery (OR 2.398, 95% CI 1.082-5.318) had a higher incidence of PPCs (Figure 4).

Discussion

Our findings showed that administering at least two cycles of neoadjuvant immunochemotherapy significantly increased
the risk of postoperative pulmonary complications in patients with locally advanced esophageal cancer undergoing
radical esophagectomy. After adjusting for multiple confounders, the risk of developing PPCs remained higher in the
NICT group than in the non-NICT group. Sensitivity analysis confirmed the robustness of these results.

Neoadjuvant chemoradiotherapy, as established by the CROSS trial, has been the standard treatment for LAEC, with
chemotherapy being more prevalent.”” Despite significant survival benefits, most patients still experience postoperative
recurrence, primarily due to distant metastases.>* The advent of immunotherapy has significantly impacted this para-
digm, ushering in a new era of neoadjuvant immunotherapy. Studies have demonstrated the potential of combining
immunotherapy and chemotherapy in the neoadjuvant setting. The KEYNOTE-590 study showed that pembrolizumab
combined with chemotherapy significantly improved overall and progression-free survival in previously untreated
LAEC.” Similarly, the ESCORT-NEO study found that neoadjuvant camrelizumab combined with chemotherapy
significantly increased the pathological complete response rate.” In our study, the chemotherapy regimen in the NICT
group was consistent with previous studies that utilized paclitaxel (PTX) or albumin-bound paclitaxel (nab-PTX), and
platinum-based drugs. Immunotherapy was administered PD-1 immune checkpoint inhibitors (ICIs), including

prop.score| |® E
Age1 @ i
Gender{ © E
BMI 1 ® E
FEVI{ |®

DLCOpred{ |® ; Sample
'

Smoking{ @ E Unadjusted
ASA 31 @ é ® Adjusted
Incision{ (@ E

ME 21 ®
Location q @ g
T o i
N ® E

0.0 012 0?4 0t6

Absolute Mean Differences

Figure 3 Assessment of Covariate Balance Before and After Adjustment. Balance was achieved through propensity score matching incorporating all listed covariates.
Abbreviations: FEV 1, forced expiratory volume in | second; ASA, American Society of Anesthesiologists; MIE, minimally invasive esophagectomy.
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Variable Subgroup OR(95%Cl) P-value
Age Age<65 2.500(0.936-6.676) [=— 0.065
Age=65 2.172(1.010-4.671) [=— 0.046
Gender Female 3.429(1.037-11.332) [——— 0.040
Male 1.948(0.965-3.932) =— 0.061
NICT Cycle 1T Ref NA
I 2.000(0.805-4.967) 1= 0.133
IV 1.820(0.502-6.593) T#—— 0.358
Surgical incision One-incision 4.000(0.849-18.836) 0.070
Ivor Lewis 1.538(0.452-5.242) =— 0.490
McKeown 2.398(1.082-5.318) |—=— 0.030
MIE Open 4.444(1.000-19.752) 0.042
Laparoscopic/Robotic 2.046(1.042-4.016)l = i i . 0.037

05 1 5 10 20

Figure 4 Forest plot of subgroup analyses.
Abbreviations: NICT, neoadjuvant immunochemotherapy; MIE, minimally invasive esophagectomy.

pembrolizumab, tislelizumab, camrelizumab, or sintilimab. This combination leverages the synergistic effects of che-
motherapy and immunotherapy to enhance antitumor efficacy. In the current cohort, the majority of patients who did not
receive neoadjuvant therapy were staged as clinical T2NO (cT2NO). For ¢cT2NO esophageal cancer, there is no consensus
regarding the optimal treatment strategy. A systematic review and meta-analysis by Mota et al concluded that neoadju-
vant therapy does not confer a survival benefit over upfront surgery in this stage.'' Similarly, a contemporary study using
the National Cancer Database found no differences in cancer-specific or overall survival between induction chemor-
adiotherapy and immediate resection for T2NO disease.”® These findings suggest that while neoadjuvant therapy may
improve tumor response rates, it does not significantly impact long-term survival in this specific subgroup of patients.
Some patients with advanced disease, particularly those experiencing severe dysphagia, significantly impaired quality of
life, or concerns about the adverse risks of neoadjuvant treatment, opted for direct surgical intervention.

In clinical practice, esophageal cancer treatment has transitioned from singular surgical approach to multidisciplinary
comprehensive model. NICT has emerged as a crucial component in the management of LAEC. However, our findings
suggested that NICT was significantly increases postoperative pulmonary complications compared to surgery alone,
particularly respiratory infections (leukocytosis/fever) and intervention-requiring pleural effusions—consistent with
known esophagectomy risks (40-80% pulmonary complications).”**® We propose that multiple cycles of preoperative
chemotherapeutic and immunological agents may exert varying degrees of impact on immune and lung function, effects
that are not readily detectable through preoperative pulmonary function tests. For instance, cisplatin can induce lung cell
damage and ciliary disruption by increasing oxidative stress.>' Paclitaxel and its derivatives, such as nanoparticulate nab-
paclitaxel, can induce lung injury through multiple mechanisms,?” with the incidence of paclitaxel-induced pneumonitis
ranging from 0.73% to 12.00%.%* Additionally, synchronized immunotherapy may have a more pronounced impact on
the lungs, with immune-related pneumonia being the most common adverse event. Patients receiving PD-1 inhibitors are
more likely to develop immune-related pneumonia, which can be life-threatening.>* The clinical manifestations of
immune-related pneumonia include fever, cough, chest pain, dyspnea, and respiratory failure in severe cases. Imaging
findings may indicate nonspecific interstitial pneumonia or cryptogenic organizing pneumonia.*> These effects can lead
to increased capillary permeability and fluid accumulation in the pleural space, contributing to pleural effusion. The risk
of acute respiratory failure was notably higher after invasive surgeries than after general surgical procedures, reaching
7.7% in the present study. These findings underscore the need for meticulous patient selection and tailored perioperative
strategies to mitigate NICT-associated pulmonary morbidity while preserving therapeutic efficacy.

The association between NICT and increased PPCs underscores the importance of careful intraoperative management.
Studies have revealed that muscle relaxants and increased fluid volumes lead to a higher incidence of PPCs.*® We further
adjusted for the potential confounding effects of these intraoperative parameters using logistic regression. Our results
indicate that while these factors contribute to PPCs risk, they do not fully account for the observed association between
NICT and PPCs. Similarly, Zhang et al’” found that in patients with non-adenocarcinoma non-small cell lung cancer
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undergoing surgery after neoadjuvant therapy, the incidence of PPCs was 33.3%, and the operation time was longer in the
immune checkpoint inhibitor group. Our findings highlight the importance of careful intraoperative management and
perioperative care in LAEC patients receiving NICT.

Among postoperative cardiovascular complications, new-onset arrhythmias were the most common, particularly sinus
and supraventricular tachycardias as well as atrial fibrillation. The incidence of new-onset supraventricular tachycardia
was higher in patients who received NICT than in those who did not. This likely reflects the cardiotoxicity of
antineoplastic agents. The 2022 European Society of Cardiology Guidelines on Oncology Cardiology characterize
oncology-related cardiac insufficiency.*® Paclitaxel can induce arrhythmias, including bradycardia, heart block, and atrial
fibrillation.** Concurrent TP chemotherapy was an independent predictor of cardiac complication.'® Similarly, ICIs can
cause myocarditis and arrhythmias, with clinical manifestations ranging from asymptomatic to severe symptoms, such as
dyspnea, palpitations, and chest pain. Elevated troponin and natriuretic peptide levels are important diagnostic criteria for
ICI-related myocarditis.*® Our study found that troponin or NT-proBNP levels were significantly elevated in patients with
new-onset arrhythmias and heart failure.*' Although some biomarker elevations reflected postoperative inflammation/
volume overload, these findings underscore the need for cardiovascular monitoring in NICT-treated patients.

Our findings revealed that patients treated with NICT exhibited a higher incidence of intraoperative bleeding than
those who were not. The adverse effects of antineoplastic agents on the microvasculature and normal tissues are well
documented and cannot be ignored. These agents can disrupt the delicate balance of the tumor microenvironment,
leading to an increased risk of bleeding, impaired wound healing, and alterations in coagulation and platelet
aggregation.”? Such effects may be exacerbated in the postoperative period, potentially leading to life-threatening
complications. We encountered a case of pericardial tamponade in a patient with esophagogastric-junction carcinoma
who underwent neoadjuvant immuno-chemotherapy followed by radical esophagectomy, underscoring the potential for
rare yet life-threatening sequelae.*® Given these risks, enhanced perioperative management is essential for patients
receiving NICT who require a higher level of care. Clinically feasible measures to prevent these complications should be
explored in future studies.

NICT has emerged as a promising treatment for esophageal cancer, offering improved RO resection rates and survival
benefits. PD-1 enhances antitumor immunity by activating tumor-specific lymphocytes.***> However, this progress is
accompanied by increased immune-related adverse events due to immune over-activation.**” These toxicities, including
pneumonitis and cardiotoxicity, can significantly affect patient outcomes. Moreover, late-onset pulmonary sequelae are
an emerging frontier in the safety profiling of NICT. Population-based pharmacovigilance and prospective registries now
indicate that checkpoint-inhibitor pneumonitis may appear >90 days after the last ICI dose, with incidence rates as high
as 19% and case-fatality exceeding 12% in real-world cohorts.*® Mechanistically, persistent alveolar T-cell activation and
IL-1B/IL-17—driven epithelial-mesenchymal transition underpin this fibrotic cascade, suggesting a biological continuum
between early post-operative inflammation and late structural lung damage. Our institutional follow-up program will be
further studied in the future using high-resolution CT to capture these late events.

Perioperative risk mitigation after NICT requires a deliberate, evidence-based bundle of interventions. Based on the
ESMO Clinical Practice Guidelines*’ and the Society for Immunotherapy of Cancer (SITC) Toxicity Management
Working Group,”® the recommend protocol: Preoperative window-Low-dose chest CT within 4 weeks to exclude sub-
clinical checkpoint-inhibitor pneumonitis (CIP); any ground-glass infiltrate mandates pulmonology review and >4 weeks
of steroid taper if >grade 2. Intraoperative bundle-Lung-protective ventilation and restrictive fluid strategy balanced
crystalloid and Continuous neuromuscular monitoring to ensure complete reversal to attenuate aspiration risk in patients
with prior ICI-related myositis. Postoperative surveillance- Daily chest X-ray and C-reactive protein for 5 days; any rise
in oxygen requirement triggers immediate high-resolution CT and multidisciplinary review. Early mobilization and the
I COUGH protocol (Incentive spirometry, Coughing, Oral care, Understanding, Getting out of bed, Head-of-bed
elevation), which reduced PPCs with a multidisciplinary patient care program.”’

A comprehensive approach is essential to address these challenges, including thorough patient education, close
monitoring of disease progression, and intensified postoperative care to identify and manage complications. Optimal
management requires multidisciplinary collaboration for early complication detection and tailored interventions, under-
scoring the need for research into personalized strategies that maximize efficacy and minimize adverse effects.
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Our study had some limitations. First, this was a retrospective study conducted at a single center. Although PSM was
performed to balance the demographic characteristics, the retrospective design at a single institution may have introduced
selection bias. Therefore, external validation in other study settings is required to improve the generalizability of the
results. Second, owing to the retrospective nature of the study, important outcome indicators such as pain, delirium, and
quality-of-life scores were unavailable. Prospective studies are needed to investigate these aspects in patients receiving
neoadjuvant immunochemotherapy. Third, further follow-up is needed to evaluate the long-term survival outcomes of
patients for a comprehensive evaluation and analysis. Efforts should be made to extend follow-up in the future to
evaluate long-term efficacy and survival benefits.

Conclusion

Patients with locally advanced esophageal cancer who receive at least two cycles of neoadjuvant immunochemotherapy
appear to have an increased incidence of early postoperative pulmonary complications. Although NICT holds promise for
improving oncologic outcomes, the potential for increased PPCs underscores the need for careful patient selection and
enhanced perioperative management. These findings, derived from a retrospective analysis, are exploratory and require
prospective validation to establish definitive clinical guidelines. Future prospective studies should focus on confirming
these results and exploring strategies to mitigate the risk of PPCs while maximizing the oncologic benefits of NICT.

Abbreviations

LAEC, locally advanced esophageal cancer; NCT, neoadjuvant chemotherapy; NCRT, neoadjuvant chemoradiotherapy;
NICT, neoadjuvant immunochemotherapy; PSM, propensity score matching; BMI, body mass Index; FEV 1, forced
expiratory volume in 1 second; DLCO%pred, diffusing capacity of the carbon monoxide (DLCO) predicted. ASA,
American Society of Anesthesiologists; MIE, minimally invasive esophagectomy. PPCs, postoperative pulmonary
complications. OR, odds ratio. 95% CI: 95% confidence. RBC, red blood cell.
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