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Abstract 

Background The ARISCAT score, a prospectively developed generic classification for postoperative pulmonary 
complications (PPCs), has shown excellent predictive performance in general surgery. However, there is no reliable 
classification instrument for PPCs prediciton in thoracic surgery.

Objective This study aimed to develop and validate a novel nomogram for estimating the risk of pulmonary compli-
cations in older patients (≥ 65 years) within 30 days after NCTS.

Methods A nomogram was developed using predefined candidate predictors of 30-day PPCs. It was fitted with least 
absolute shrinkage and selection operator and logistic regression methods. Internal validation was performed using 
a bootstrap-resampling approach, while external validation used an independent, temporally separated cohort. The 
model’s performance was assessed based on its discriminative potential (area under the receiver operating character-
istic curve [AUC]), predictive ability (calibration plots), and clinical utility (net benefit).

Results In the development (n = 1449) and validation (n = 449) cohorts, 34.9% and 31.4% of patients, respectively, 
developed pulmonary complications 30 days post-surgery. The final nomogram incorporated eight predictors (age, 
surgical approach, desaturation of < 92% for more than 2 min, duration of surgery, smoking status,  FEV1/FVC%, respir-
atory infection in the last 30 days, and neoadjuvant chemotherapy). The nomogram showed excellent discrimination 
(AUC = 0.866, 95% confidence interval [CI], 0.846–0.885), calibration (Hosmer- Lemeshow test, P = 0.97) and overall 
performance (Brier score = 0.014) in the development cohort. Similar results were observed in the external validation 
cohort (AUC = 0.825, 95% CI, 0.786–0.864). A decision curve analysis indicated that the nomogram offers a positive net 
benefit compared with the ARISCAT and LAS VEGAS scores.
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Conclusions This novel nomogram can reliably identify older patients with a high risk for pulmonary complications 
within 30 days after NCTS.

Trial registration ChiCTR2100051170.

Keywords Older patients, Noncardiac thoracic surgery, Postoperative pulmonary complications, Prediction

Background
In 2022, China recorded over 1.3 million cases of thoracic 
cancer, particularly lung and esophageal cancer, with a 
significant proportion occurring in older patients (aged 
65 and above) [1–3]. Surgical excision remains the best 
curative option for thoracic cancer [4]. Pulmonary com-
plications are common and potentially fatal after thoracic 
surgery, with prevalence rates ranging from 20–60%, 
depending on definitions and patient populations [5–7]. 
Postoperative pulmonary complications (PPCs) contrib-
ute significantly to attributable morbidity, mortality, and 
healthcare costs, especially fin older patients [7–10].

Minimizing the risk of PPCs is crucial for patients 
scheduled for noncardiac thoracic surgery (NCTS). How-
ever, accurately identifying patients at intermediate and 
high risk of PPCs remains challenging, limiting the effec-
tiveness of clinical guidance and targeted monitoring and 
preventive interventions [11]. Several prediction mod-
els for PPCs have been proposed. The “Assess Respira-
tory Risk In Surgical Patients In Catalonia” (ARISCAT) 
score, despite of the best-performing model, was derived 
from a broad demographic of surgical patients and spe-
cialties and may not accurately assess patients recover-
ing from NCTS with specific risks (such as reduced lung 
parenchyma function, impaired mucociliary clearance, 
and pain-related inhibition of the respiratory muscles). 
Moreover, the ARISCAT score does not include intra-
operative variables and has not been updated since its 
introduction in 2010, potentially underestimating con-
temporary morbidity [12]. Furthermore, external vali-
dation of the ARISCAT score in a trial based on a large 
European data registry showed varying performances 
across different geographic populations, raising concerns 
about its applicability to a Chinese population without 
specific validation [13]. Other predictive models have 
not been routinely adopted in thoracic surgery, primarily 
due to inconsistent outcome definitions, limited external 
validation, absence of one-lung ventilation (OLV)-related 
factors, and challenges in integrating stratified care into 
clinical practice [11, 14–19]. Additionally, a 2022 system-
atic review and external validation study revealed that 
few existing models had undergone external validation, 
and none showed acceptable performance. Specifically, 
none achieved a lower 95% confidence interval (CI) esti-
mate for area under the receiver operating characteris-
tics curve (AUC) of ≥ 0.7. All risk scores reported in the 

external validation were at a high or unclear risk of bias 
[11]. Subsequently, the same research group assessed the 
risk of PPCs in adults undergoing elective surgery using 
the GSU-Pulmonary Score; however, its superior perfor-
mance was limited to abdominal surgery [20].

This study aims to develop and validate, both internally 
and externally, a novel nomogram for estimating the risk 
of pulmonary complications in older patients within 30 
days after NCTS.

Methods
The study protocol was published before the analysis, and 
its deviations were documented in Supplementary Digital 
Content S1 [21].

Ethics
The study protocol adhered to the guidelines outlined 
in the Declaration of Helsinki and was approved by the 
Institutional Review Boards of the Guangzhou Insti-
tute of Cancer Research, the Affiliated Cancer Hospital, 
Guangzhou Medical University (IRB number 202111ZN), 
and the second Affiliated Hospital of Guangzhou Univer-
sity of Chinese Medicine (IRB number 202220001). All 
patients received verbal and written information about 
the study and the use of perioperative data during the 
preoperative anesthesia assessment, and provided writ-
ten consent.

Perioperative management
Intraoperative management was at the discretion of the 
treating anesthesiologist according to institutional prac-
tice. A standardized institutional ERAS protocol was 
recommended for all patients, as described in previous 
studies [22]. As well, pre-rehabilitation strategies were 
prescribed to patients who were at intermediate- to high- 
risk based on ARISCAT scores [12].

Data acquisition
All preoperative and intraoperative data from the anes-
thesia Information System and patient records of the 
hospital were collected prospectively by independent 
investigators blinded to the outcome evaluation. The 
investigators collected routine, anonymized data with-
out changing the clinical care pathways and uploaded 
them to the Epidata V.4.6 database. For the development 
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cohort, we included patients aged 65 years and above 
who underwent NCTS with general anesthesia and 
OLV between 8 October, 2021 and 30 April, 2023 at the 
Guangzhou Institute of Cancer Research, the Affiliated 
Cancer Hospital, Guangzhou Medical University. For the 
external validation cohort, we analyzed eligible patients 
between 4 May, 2023 and 30 April, 2024 at the Second 
affiliated Hospital of Guangzhou University of Chinese 
Medicine. The exclusion criteria for both cohorts were 
an American Society of Anesthesiologists (ASA) physical 
status classification of 5, reoperation due to postoperative 
complications, scheduled postoperative admission to the 
intensive care unit (ICU), and a life expectancy of < 30 
days due to extensive tumour metastasis. Patients who 
missed their follow-up appointments after surgery were 
also excluded.

We considered both preoperative (demographic char-
acteristics and comorbidity status) and intraoperative 
predictor variables for the development of nomogram 
based on the investigators’ consensus on measurable 
variables and the results of previous study results [21]. A 
detailed questionnaire on predictor variables and defini-
tions is provided in Supplementary Digital Content S2.

Outcomes
The primary outcome was the occurrence of pulmonary 
complications within 30 days after surgery. The following 
pulmonary complications, defined based on the Stand-
ardized Endpoints in Perioperative Medicine Core Out-
come Measures in Perioperative and Anesthetic Care 
(StEP-COMPAC), were recorded: atelectasis, respiratory 
failure, acute respiratory distress syndrome, pneumonia, 
pleura effusion, contralateral pneumothorax, bronchos-
pasm, aspiration pneumonitis, and unplanned or pro-
longed invasive mechanical ventilation [23]. Additionally, 
we included prolonged oxygen supplementation and 
chest tube-dwelling as thoracic surgery-specific compli-
cations (Supplementary Digital Content S3). From the 
day of surgery until postoperative day 30, patients were 
monitored daily by a trained registered nurse anesthetist, 
either at the bedside or by phone (if discharged). The sec-
ondary outcomes included postoperative length of hospi-
tal stay (LOS) and 30-day and 90-day mortality.

Sample size
Based on previous literature and a retrospective study at 
our center, the anticipated incidence of 30-day PPCs in a 
mixed cohort of older patients undergoing thoracic pro-
cedures was approximately 40% [24, 25]. To estimate the 
required sample size for a logistic regression model, we 
followed the principle of 10 events per variable (EPV). 
Initially, we aimed for a development cohort of at least 
1000 patients. However, once this target sample size was 

reached, the observed incidence of 33.6% was lower than 
expected, resulting in an effective EPV value of approxi-
mately 7.6. Consequently, we adjusted the sample size in 
the development cohort to at least 1440 patients based 
on the observed incidence and an EPV value of 10, while 
accounting for a 10% attrition rate. For external valida-
tion, assuming an AUC of 0.8 and a 30% outcome rate, we 
determined that 440 patients would be needed, account-
ing for the 10% attrition rate [26].

Statistical analyses
The categorical characteristics of the participants in the 
development and validation cohorts were compared 
using Pearson’s Chi-squared test, Fisher’s exact test, or 
Kruskal-Wallis test. Differences in continuous variables 
between cohorts were evaluated using an independent 
Student’s t-test or Wilcoxon rank-sum test, depending on 
the normality of the data. All hypothesis tests were two-
tailed, with a priori significance set at P < 0.05.

For the initial assessment of unadjusted associations 
between potential predictor variables and PPCs, univari-
able logistic regression analyses were conducted. Col-
linearity was assessed using the variance inflation factor 
(VIF). In cases of collinearity among a few variables, 
clinical judgement was applied to select the most relevant 
variables for inclusion in the multiple regression model. 
Variables with P-values < 0.05 in the unadjusted univari-
able logistic models were retained for further considera-
tion. The selected predictor variables were then analysed 
using the least absolute shrinkage and selection operator 
(LASSO) regression algorithm, with 10-fold cross-valida-
tion employed to determine the optimal tuning param-
eters (λ). Then, the most significant variables identified 
by the LASSO regression from the development dataset 
were used in multivariable logistic regression analyses to 
develop the most parsimonious model (i.e., easy to use). 
Finally, predictor variables with P-values < 0.05 in the 
multivariable logistic regression were incorporated into 
a nomogram to estimate the probability of PPCs. After 
constructing the nomogram, internal and external valida-
tions were performed in the development and validation 
cohorts, respectively. Internal validation of the nomo-
gram was assessed using the bootstrap resampling tech-
nique with 1000 repetitions. For each bootstrap sample, 
we refitted and tested the nomogram on the development 
set to estimate predictive accuracy and correct for bias. 
To strengthen the generalisability of the nomogram, we 
conducted temporal external validation using an inde-
pendent cohort.

Once derived, the predictive performance of the nomo-
gram in both the development and validation cohorts was 
evaluated using recommended best practices. Nomo-
gram discrimination was assessed using the AUC (mean, 
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95% CI), with a value > 0.8 indicating strong discrimina-
tion. We further calibrated the nomogram using a cali-
bration plot. The Hosmer-Lemeshow test with a P value 
> 0.05 indicates good calibration. The overall accuracy 
of the nomogram was measured using the Brier score. 
Additionally, a decision curve analysis was conducted to 
evaluate the net benefit of the nomogram, considering 
the value and consequences of interventions based on 
the predictions. These results were compared with the 
performance of the previously published ARISCAT and 
Local ASsessment of VEntilatory management during 
General anesthesia (LAS VEGAS) scores in the overall 
cohort.

In the exploratory analyses, we examined the associa-
tion between PPCs and other outcomes, including post-
operative LOS and 30-day and 90-day mortality. We 
used the Mann-Whitney U test to compare postopera-
tive LOS between patients with and without PPCs. The 
Kruskal-Wallis test was used to compare postoperative 
LOS across groups according to the number of PPCs (0, 
1, 2–3, or ≥4). The Mantel-Haenszel test was used to ana-
lyse trends in 30-day and 90-day mortality in the groups 
based on the number of PPCs.

All analyses were conducted using R statistics V.4.2.2 
(R Project for Statistical Computing).

Data processing and missing data
We applied several validated preprocessing algorithms to 
each patient’s electronic case report forms (eCRFs) and 
medical records containing heterogeneous variables to 
address outliers, missing values, and normalization. Data 
on the primary outcome were complete for all partici-
pants. Our prespecified approach was to conduct a com-
plete case analysis for predictor variables with missing 
values ≤ 5%. Predictor variables with missing values > 5% 
were excluded from the main analysis. For predictor vari-
ables < 5% missing values, we used random forest impu-
tation with the missForest package to handle missing 
data. The proportions of missing values for potential pre-
dictors are reported in Supplementary Digital Table S1.

Quality assurance
To assess the quality of the patient recruitment process 
and data collection, an independent observer audited 
the CRFs of a random sample of 190 patients (10% of 
the overall cohort) from both centers. In each center, the 
number of patients audited was proportional to the num-
ber of patients recruited, with 145 patients audited from 
the development center and 45 patients from the valida-
tion center. This audit confirmed that the eligibility crite-
ria were applied correctly. The data sample included 85 

items per patient, covering all predictors and outcomes 
used in the model. The audited identified 183 instances 
(1.13% of the audited data) of missing data or errors, pri-
marily involving continuous variables for the OLV period. 
General training sessions were held to instruct the inves-
tigators on how to complete the structured questionnaire 
and to identify the PPCs recorded in the charts.

Results
Study population
We assigned 1655 patients aged 65 and above, who 
underwent NCTS between 8 October, 2021 and 30 April, 
2023, to the development cohort. In total, 35 patients 
who declined enrollment, 4 who required additional 
surgery during the follow-up, 25 who were scheduled 
for postoperative ICU admission, 2 with life expectancy 
of < 30 days, and 340 with missing information, were 
excluded. For the external validation cohort, we identified 
523 patients aged 65 and above who underwent NCTS 
from 4 May, 2023 to 30 April, 2024. In total, 12 patients 
who declined enrollment, 2 who underwent additional 
surgery during the follow-up, 7 who were scheduled for 
postoperative ICU admission, 1 with a life expectancy 
of < 30 days, and 173 with missing information, were 
excluded. The final development and validation cohorts 
comprised 1449 and 449 patients, respectively. The flow-
chart of study is shown in Fig. 1.

Patient demographics and clinical characteristics were 
generally comparable in both the development and vali-
dation cohorts (Supplementary Digital Table S2). No dif-
ferences were observed in the incidence of a composite 
of PPCs or any component of PPCs between the cohorts 
(Supplementary Digital Table S3).

Proposed nomogram for PPCs
The results of the LASSO regression analysis of the inde-
pendent variables are provided in Supplementary Digital 
Table S4. Some significant variables, such as duration of 
anesthesia and OLV, were excluded due to high collinear-
ity with duration of surgery, as indicated by the VIF val-
ues (Supplementary Digital Table S5). Preoperative  SpO2 
< 95%, functional status, asthma, fluid therapy, ventila-
tion mode, and the fraction of inspired oxygen showed 
no significant association with PPCs (P > 0.05) (Supple-
mentary Digital Table S6). Finally, eight predictors were 
selected based on non-zero coefficients from the LASSO 
regression analysis (Supplementary Digital Fig. S1a-b).

Moreover, eight independent predictor variables of 
PPCs—age, surgical approach, desaturation of < 92% for 
more than 2 min, duration of surgery, smoking status, 
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 FEV1/FVC%, respiratory infection in the last 30 days, and 
neoadjuvant chemotherapy—were identified using multi-
variable logistic regression. The adjusted odds ratios and 
coefficients for these variables are shown in Table 1.

Figure 2 shows the proposed nomogram, which incor-
porates eight variables with 14 attributes. Each attrib-
ute within these variables was assigned a score on the 

Fig. 1 Study flowchart. NCTS, noncardiac thoracic surgery; ICU, intensive care unit; PPCs, postoperative pulmonary complications

Table 1 Final multivariable model of predictor variables associated with postoperative pulmonary complications in the development 
cohort

RATS robotic-assisted thoracic surgery, VATS video-assisted thoracic surgery, FEV1 forced expiratory volume in 1 second, FVC forced vital capacity, β, β estimates, SE 
standard error, aOR adjusted odds ratio, CI confidence interval

Variables β (SE) aOR (95% CI) P values

Age, year 0.064 (0.014) 1.066 (1.038–1.096) <0.001

Approach of surgery

 RATS [1 Ref ] [1 Ref ]

 VATS 0.834 (0.167) 2.301 (1.664–3.203) <0.001

 Thoracotomy 2.082 (0.241) 8.020 (5.028–12.94) <0.001

 Desaturation of < 92% for more than 2 min 1.028 (0.202) 2.795 (1.881–4.163) <0.001

 Duration of surgery, min 0.005 (0.001) 1.005 (1.003–1.006) <0.001

Smoking status

 Never [1 Ref ] [1 Ref ]

 Former 1.227 (0.159) 3.412 (2.508–4.671) <0.001

 Current 1.998 (0.238) 7.376 (4.653–11.84) <0.001

FEV1/FVC %

 ≥75 [1 Ref ] [1 Ref ]

 50–75 0.565 (0.179) 1.759 (1.237–2.500) <0.001

 < 50 2.021 (0.369) 7.547 (3.752–16.05) <0.001

 Respiratory infection in the last 30 days 1.203 (0.198) 3.329 (2.264–4.926) <0.001

 Neoadjuvant chemotherapy 1.212 (0.154) 3.361 (2.488–4.556) <0.001
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point scale. By summarizing each score, the correspond-
ing probability of PPCs can be determined from the 
nomogram.

Nomogram performance in the development cohort
The nomogram exhibited strong discrimination with 
an AUC value of 0.866 (95% CI: 0.846–0.885) (Fig.  3a). 
Calibration plots showed good calibration across the 
range of predicted and observed incidence of PPCs 

(Hosmer–Lemeshow test, P = 0.97) (Supplementary Dig-
ital Fig.  S2a). The decision curve analysis showed a net 
benefit across predicted probability thresholds ranging 
form 0–92% (Fig.  4a). The scaled Brier score was 0.014 
(95% CI: 0.013–0.015). Internal validation with 1000 
bootstrap resampling analyses revealed strong discrimi-
nation (mean AUC = 0.862, 95% CI: 0.841–0.882) (Sup-
plementary Digital Fig. S3).

Fig. 2 Derived nomogram.  FEV1, forced expiration volume in 1 second; FVC, forced volume capacity; PPCs, postoperative pulmonary complications. 
VATS, video-assisted thoracic surgery; RATS, robotic-assisted thoracic surgery

Fig. 3 Discriminative ability of the nomogram (Red) in the development cohort (a), external validation cohort (b), and in comparison 
with the ARISCAT (Blue) and LAS VEGAS (Green) scores (c). ROC, receiver operating characteristic; AUC, area under the ROC curve; ARISCAT, Assess 
Respiratory Risk In Surgical Patients In Catalonia; LAS VEGAS, Local ASsessment of VEntilatory management during General AneSthesia
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Nomogram performance in the external validation cohort
The external validation of the nomogram consistently 
revealed strong discrimination, with an AUC value of 
0.825 (95% CI: 0.786–0.864) (Fig. 3b) and good calibration 
(Hosmer–Lemeshow test, P = 0.160) (Supplementary 
Digital Fig. S2b). The decision curve analysis indicated a 
net benefit across predicted probability thresholds rang-
ing from 0–99% (Fig. 4b). The scaled Bier score was 0.015 
(95% CI: 0.013–0.017).

Nomogram performance compared with the ARISCAT 
and LAS VEGAS scores
In the overall cohort, the nomogram outperformed the 
ARISCAT and LAS VEGAS scores. The AUC for the 
nomogram was 0.844, while the AUCs for the ARISCAT 
and LAS VEGAS scores were 0.689 and 0.672, respec-
tively, with a statistically significant difference (P < 0.001) 
(Fig.  3c). Moreover, the nomogram showed a more sig-
nificant net benefit compared to both scores across 
predicted probability thresholds in the decision curve 
analysis (Fig. 4c).

Exploratory analyses
A total of 1338 PPCs were recorded in 647 patients 
(34.1%). Atelectasis was the most common complica-
tion (15.6%), followed by prolonged chest tube-dwelling 
(13.4%) and pneumonia (13.3%) (Supplementary Digital 
Table  S3). The highest incidence of PPCs was observed 
after esophagectomy (51.3%), followed by lobectomy 
(36.9%), segmentectomy (27%), mediastinal tumour 
and pericardium resection (19.1%), and wedge resec-
tion (16.8%). In absolute terms, lobectomy was associ-
ated with the highest number of complications. Detailed 
information on the characteristics of PPCs and mortal-
ity by specialty is presented in Supplementary Digital 
Table S7. Postoperative LOS, unexpected ICU admission, 
and mortality increased significantly with the number of 
PPCs (Table 2).

Discussion
In this prospective cohort study of older patients 
undergoing NCTS, we developed and validated a 
risk prediction nomogram for PPCs. The nomogram 

Fig. 4 Decision curve analysis (DCA) plots of the nomogram (Red) in the development cohort (a), external validation cohort (b), and in comparison 
with the ARISCAT (Blue) and LAS VEGAS (Green) scores (c). PPCs, postoperative pulmonary complications; ARISCAT, Assess Respiratory Risk In 
Surgical Patients In Catalonia; LAS VEGAS, Local ASsessment of Ventilatory management during General AneSthesia

Table 2 Postoperative LOS, ICU admission, and mortality according to the number of PPCs

* Kruskal-Wallis test for comparing medians across four groups, P<0.001; †Mantel– Haenszel test for assessing the trend across the four groups, P<0.001; ‡Missing 
values were 6 (0.3%) for 30-day mortality and 36 (1.9%) for 90-day mortality in the overall cohort

PPCs, a composite outcome in which one or more postoperative pulmonary complications might be observed, LOS length of hospital stay, ICU intensive care unit

No.of PPCs

0 1 2–3 ≥4 Total

No. (%) of patients 1251 (65.9) 301 (15.9) 266
(14)

80
(4.2)

1898 (100)

Postoperative LOS, median (10–90th 
percentile),  d*

7
(4–15)

9
(7–15)

15 (8–19) 21 (9.4–21.6) 8
(4–18)

ICU-admission, n (%)† 8/1251 (1.4) 12/301 (4) 23/266 (8.6) 18/80 (22.5) 61/1898 (3.2)

30-day mortality, n (%)†‡ 1/1247 (0.1) 1/299 (0.3) 5/266 (1.9) 5/80
(6.3)

12/1892 (0.6)

90-day mortality, n (%)†‡ 1/1231 (0.1) 2/291 (0.7) 5/264 (1.9) 8/76 (10.5) 16/1862 (0.9)
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showed excellent predictive performance in the devel-
opment cohort (AUC = 0.866, accurate calibration 
based on observed vs. estimated risk across the risk 
spectrum). Furthermore, it maintained its performance 
in the external validation cohort (AUC = 0.825). Alto-
gether, this novel nomogram reliably identifies older 
patients at high risk for pulmonary complications 
within 30 days post-NCTS.

PPCs are critical clinical concerns, as thoracic sur-
gery continues to increase in frequency, even beyond 
the coronavirus disease 2019 (COVID-19) era [11, 27]. 
Research indicates that even mild PPCs, such as atelec-
tasis, pleural effusion, or even prolonged oxygen sup-
plementation, are associated with increased adverse 
outcomes [10]. OLV, which by itself is associated with 
volutrauma, barotrauma, and atelactrauma, usually 
occurs with other damaging conditions, such as direct 
surgical injury, ischemia-reperfusion, and surfactant 
loss [8, 24]. Older patients are more susceptible to pul-
monary complications after thoracic surgery due to 
their age, existing comorbidities, and frailty [28]. The 
prediction of multifactorial outcomes, such as PPCs, 
remains challenging despite their commonality and 
clinical significance in modern surgery [29]. As stated 
above, existing predictive models have substantial limi-
tations, which motivate our study to design a parsimo-
nious nomogram specifically for older patients at a high 
risk of pulmonary complications after NCTS. The nom-
ogram achieved superior accuracy compared to the 
ARISCAT and LAS VEGAS scores, indicating that the 
performance of PPCs risk models may vary in accuracy 
depending on the procedure, patient population, insti-
tutions, and regions other than those for which they 
were originally developed.

Consistent with previous findings, we observed modi-
fiable and non-modifiable risk factors independently 
associated with the development of PPCs [12, 14–19]. 
Although these factors have been noted in previous stud-
ies, their relative impact on outcomes varied, providing 
a more specific and contemporary measure of their rel-
evance in the studied setting. Despite the potential for 
biases and methodological concerns in the derivation 
of the models, the most frequently highlighted variables 
were those with the most significant clinical signifi-
cance [30]. Non-modifiable factors, such as age,  FEV1/
FVC%, and respiratory infection in the last 30 days, were 
strongly associated with PPCs, emphasizing the need for 
enhanced pre-rehabilitation targeting these factors [20, 
27, 31, 32]. Modifiable factors, including smoking status, 
duration of surgery, and intraoperative hypoxemia, offer 
an opportunity to validate multidisciplinary approaches, 
such as the early identification of high-risk patients and 
effective prevention strategies [25, 27].

Some of the predictors we identified may be unrelated 
to PPCs risk. For example, thoracotomy, associated with 
higher levels of invasiveness and pain, might explain the 
increased risk of PPCs through physiological mechanisms 
[27]. Nevertheless, there remains specific controversy 
as to whether robotic-assisted thoracic surgery (RATS) 
provides any measurable clinical advantages to patients 
when compared with video-assisted thoracic surgery 
(VATS) [33]. Recent publications from several rand-
omized clinical trials on the effect of the RATS approach 
on clinical outcomes have shown promising results [34, 
35]. The RAVAL trial found that the RATS approach 
improved early postoperative outcomes, as measured 
using the health utility index (7 and 12 weeks) compared 
to the VATS approach after lobectomy [34]. Similarly, the 
RVlob trial revealed a statistically significant reduction 
in pain intensity at Week 4 following RATS lobectomy 
compared to VATS lobectomy, although the clinical sig-
nificance was limited [35]. Furthermore, the early results 
of the RAMIE trial indicated that the RATS approach 
could achieve significantly shorter surgical duration and 
better lymph node dissection in patients undergoing 
esophagectomy compared to the VATS approach, poten-
tially leading to improved postoperative outcomes [36].

Neoadjuvant chemotherapy can cause damage to 
alveolar epithelial cell and pulmonary interstitial, which 
may increase the patient’s risk of respiratory complica-
tions after surgery [37]. Consistent with this, neoad-
juvant chemotherapy emerged as a predictor of PPCs 
after adjusting for covariates. Notably, 90% of patients 
in the overall cohort who received neoadjuvant chemo-
therapy were also treated with immunotherapy. This 
treatment might further contribute to surgical morbid-
ity, presumably because immunotherapy is associated 
with tumour-related inflammation and pulmonary fibro-
sis [38]. Consistent with previous work, we observed a 
strong association between neoadjuvant chemoimmuno-
therapy and hypoxemic acute respiratory failure, an asso-
ciation likely reinforced by the more prolonged surgical 
procedures [38]. However, further research is needed to 
explore on the relationship between chemoimmunother-
apy and PPCs after NCTS.

Moreover, it is essential to consider unaccounted con-
founders or collinearity that are not included in our 
model. For example, ASA classification did not appear in 
the final model, likely due to the homogeneity of our sam-
ple, with over 75% of patients having ASAII. Although 
ASA classification can provide certain insight into a 
patient’s overall health status, it lacks specificity and 
objectivity. Accurate prediction requires comprehensive 
tools that address patient- and procedure-specific factors. 
Additionally, our study found no significant correlation 
between ventilatory settings and PPCs, likely because 
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most of the population followed a lung-protective ven-
tilation protocol recommended in thoracic surgery [24]. 
The patient population in our study was relatively fit and 
had largely preserved lung function, which is noteworthy 
due to the suggestion that patients with poor respiratory 
function may benefit more from personalized lung-pro-
tective ventilation management than those with better 
preoperative status [12, 13, 39].

Several aspects of our study enhance its clinical rel-
evance. First, to the best of our knowledge, this is the 
first prospective study to develop and externally vali-
date a nomogram specifically for predicting the prob-
ability of PPCs in older patients undergoing NCTS. 
Second, our nomogram includes easily assessed intra-
operative variables, a critical distinction from most 
previous models that typically focused solely on pre-
operative predictors. Third, the based our definition of 
PPCs on StEP-COMPAC, which has reached consen-
sus as a new global standard, ensuring that our analy-
ses are relevant for future perioperative practice and 
research. Furthermore, we incorporated prolonged 
oxygen supplementation and chest tube-dwelling as 
specific complications of thoracic surgery, facilitating a 
comprehensive evaluation of postoperative outcomes. 
Last, although prior models have often assessed the 
development of pulmonary complications within 5 or 
7 days post-surgery, our study extended the evaluation 
to 30 days, aligning with evidence that the risk of PPCs 
remains elevated during the first 30 days in patients 
recovering from surgery [20, 40].

Nevertheless, our study has several significant limita-
tions. First, the sample size was insufficient to adequately 
develop a multivariable regression model with 44 pre-
dictor variables. To address this, we combined LASSO 
regression with logistic regression to avoid overfitting 
and to develop a parsimonious model. Second, our bicen-
tric cohort likely represents the population undergoing 
thoracic surgery in southern China. However, our results 
may not be transportable to other regions due to demo-
graphic variations, comorbidity, and surgical profiles. 
However, this concentration also meant that the study 
had fewer missing data and a more flexible and closer fit 
for the local population. Third, non-modifiable predictors 
in this model, such as age, smoking status, and certain 
comorbidities, are inherently unchangeable. The reliance 
on these non-modifiable predictors presents a significant 
limitation in its clinical application. They provide a fixed 
risk profile that can inform clinicians about the likelihood 
of PPCs but do not offer actionable avenues for reducing 
risk. Nevertheless, the model can still serve valuable roles 
in clinical settings in terms of risk stratification, research 
catalyst, integration with other tools, and informing 

policy and guidelines. Fourth, there is always a possibil-
ity of unrecognized confounding factors, such as severe 
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
infection, which is an important covariate unaccounted 
for in our model [11]. Despite high community infection 
rates, overall perioperative SARS-CoV-2 infection rates 
have remained low. In our study, elective surgeries were 
postponed for at least four weeks after COVID-19 diag-
nosis. Even in the case of a few undetected SARS-CoV-2 
infections, the individual risk of PPCs is likely lower in 
the omicron-variant era among vaccinated patients [20]. 
In summary, the absolute risk of pulmonary sequelae 
of COVID-19 and its impact on the discriminative abil-
ity of the model are likely minimal. Fifth, our study did 
not evaluate the interactions between surgical specialties 
and other factors in the model, although the interaction 
of model performance with specialty is important for 
patients. It remains unclear whether the model compo-
nents vary with surgical specialties. While specific tools 
may be highly accurate for narrowly defined groups, 
but they become impractical when multiple tools are 
required for each patient. Sixth, the sample size for exter-
nal validation was relatively small, and further external 
validation studies based on larger, multicluster datasets 
would be ideal. Finally, despite employing advanced sta-
tistical methods, our observational study could not estab-
lish definitive etiological relationships.

Conclusions
The novel nomogram, based on eight routinely accessi-
ble variables, demonstrates excellent discriminative per-
formance in assessing the risk of PPCs for older patients 
undergoing NCTS. This tool will assist clinicians in 
obtaining informed consent, formulating shared deci-
sion-making, and improving patient-centered outcomes.
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