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Association between intraoperative
tidal volume and postoperative
acute kidney injury in non-cardiac
surgical patients using a propensity
score-weighted analysis
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Acute kidney injury (AKI) is related to adverse clinical outcomes. Therefore, identifying patients at
increased risk of postoperative AKI and proactively providing appropriate care is crucial. However,
only a limited number of modifiable risk factors have been recognized to mitigate AKI risk. We
retrospectively analyzed adult patients who underwent endotracheal intubation and mechanical
ventilation of more than 2 h during non-cardiac surgery at Seoul National University Hospital from
January 2011 to November 2022. Patients were grouped into low- or high-tidal volume groups based
on their intraoperative tidal volume relative to their predicted body weight (PBW) of 8 ml/kg. The
association between intraoperative tidal volume and postoperative AKI was evaluated using inverse
probability of treatment weighting (IPTW), adjusting for various preoperative confounders. Among
the 37,726 patients included, the incidence of postoperative AKI was 4.1%. The odds of postoperative
AKI risk were significantly higher in the high-tidal volume group than in the low-tidal volume group
before and after IPTW (odds ratio [OR] 1.20, 95% confidence interval [CI] 1.08-1.32, P=0.001 and OR:
1.10, 95% C11.02-1.19, P=0.010, respectively). In the multivariable logistic regression analysis after
IPTW, a high tidal volume was independently associated with an increased risk of postoperative AKI
(OR: 1.21, 95% Cl 1.12-1.30, P<0.001). In this propensity score-weighted analysis, an intraoperative
high tidal volume of more than 8 ml/kg PBW was significantly associated with an increased risk of
postoperative AKI after IPTW in non-cardiac surgical patients. Intraoperative tidal volume showed
potential as a modifiable risk factor for preventing postoperative AKI.
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Acute kidney injury (AKI) is a frequently encountered complication after surgery, occurring in up to 40% of
high-risk patients. Postoperative AKI is associated with poor clinical outcomes and higher hospital costs*=,
and even any stage of postoperative AKI is associated with a longer length of hospital stay and higher in-hospital
and 1-year mortalities®. Therefore, identifying patients at increased risk of postoperative AKI and proactively
providing appropriate care is crucial. However, despite extensive research on various risk factors, few modifiable
risk factors for postoperative AKI have been identified’.

In surgical patients, the lung-protective ventilation strategy is essential for intraoperative ventilation®, and
the tidal volume delivered to the patients is a critical element of this strategy’. A tidal volume of 6-8 ml/kg pre-
dicted body weight (PBW) is recommended at the initial setting of mechanical ventilation for surgical patients'’.
However, positive pressure ventilation can cause systemic inflammation and reduction in renal blood flow
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due to various mechanisms, such as the neurohormonal or hemodynamic response and pulmonary inflamma-
tory reactions''~'*. Mechanical ventilation was found to be an independent risk factor for AKI in critically ill
patients'>'®. However, prior investigations regarding the association between intraoperative tidal volume and
postoperative AKI showed conflicting results!’->!. Therefore, this association remains inconclusive.

The present study investigated the relationship between intraoperative tidal volume and postoperative AKI in
patients undergoing non-cardiac surgery under general anesthesia. We hypothesized that a higher intraoperative
tidal volume would be associated with an increased risk of postoperative AKI.

Results

Of the 60,326 initially eligible patients, 22,600 patients were excluded; thus, 37,726 patients were included in the
final analysis (Fig. 1). Among them, 19,001 patients received low-tidal volume ventilation based on the optimal
threshold of 8 ml/kg PBW, whereas 18,725 received high-tidal volume ventilation. Table 1 compares demographic
and preoperative perioperative variables between the low- and high-tidal volume groups. All variables in Table 1
were balanced, with an SMD less than 0.1 (Supplementary Figure S1).

The total cohort’s median deviation tidal volume was 8.0 (7.3-8.8) ml/kg PBW. The low-tidal volume group
had a mean tidal volume of 7.3 (6.8-7.7) ml/kg PBW, whereas the high-tidal volume group had a mean tidal
volume of 8.8 (8.4-9.5) ml/kg PBW. There were significant differences in mean tidal volume between patients
with postoperative AKI and those without (452.4 [IQR 401.6-506.5] vs. 472.6 [416.2-523.7] ml, median differ-
ence 20.22 [95% CI 13.95 to 26.11], P<0.001). The distribution of the average tidal volume and the incidence of
postoperative AKI are depicted in Fig. 2. Tidal volume showed a decreasing trend over the years, with a more
pronounced decline observed after 2014 (Supplementary Figure S2).

Postoperative AKI occurred in 1534 patients (4.1%), with 1230 (3.3%) cases of mild AKI and 304 (0.8%)
cases of moderate-to-severe AKI. Significant differences were observed in the length of postoperative hospital
stays between patients with postoperative AKI and those without (10.0 [7.0-18.0] days vs. 7.0 [5.0-10.0] days,
P<0.001). Postoperative AKI occurred in 707 patients (3.7%) and 827 patients (4.4%) in the low- and high-tidal
volume groups, respectively. The risk of postoperative AKI was significantly higher in the high-tidal volume
group before and after IPTW (OR, 1.20 95% CI 1.08-1.32, P=0.001 and OR: 1.10, 95% CI 1.02-1.19, P=0.010,
respectively, Table 2).

In the multivariable binary logistic regression analysis, high-tidal volume was an independent risk factor for
postoperative AKI (OR: 1.21, 95% CI 1.12-1.30, P<0.001, Table 3). Other significant risk factors included male
sex, higher body mass index, comorbidities of hypertension and diabetes mellitus, history of chronic kidney
disease, emergency surgery, earlier year of surgery, department of surgery, use of preoperative nephrotoxic
agents, lower preoperative hemoglobin and albumin level, higher preoperative white blood cell count and serum

Assessed for eligibility
(n=60,326)

* Patients > 20 years

* Non-cardiac surgery

* General anaesthesia

* Endotracheal intubation

* Mechanical ventilation = 2 hours

* Presence of postoperative serum creatinine

Excluded (n = 22,600)

* Patients with missing values in covariate (n=7977)

* Surgeries regarding one-lung ventilation (n = 6153)

L | * Predicted body weight less than 30 kg or total counts of
intraoperative tidal volume less than 24 (n = 2084)

* Organ transplantation, donor, kidney, or bladder surgery (n=4862)

* Reoperation within 7 days after surgery or tracheostomy (n=1509)

* Preoperative kidney dysfunction (n = 15)

Final cohort
(n=37,726)

Fig. 1. Flow diagram for study participants.
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Low tidal volume | High tidal volume

Variables (n=19,001) (n=18,725) SMD before IPTW | SMD after IPTW
Demographic data
Age, years 59.0 (48.0-69.0) 60.0 (51.0-69.0) 0.098 0.023
Female, n (%) 6389 (33.6) 11,207 (59.9) 0.545 0.034
Body mass index, kg/m? 25.5(22.4-28.8) 24.3 (21.5-27.8) 0.201 0.015
Baseline medical status
ASA physical status, n (%) 0.191 0.014

I 76 (0.4) 114 (0.6)

1I 13,557 (71.3) 14,830 (79.2)

111 5178 (27.3) 3680 (19.7)

v 190 (1.0) 104 (0.6)
Hypertension, n (%) 6428 (33.8) 7198 (38.4) 0.096 0.024
Diabetes mellitus, n (%) 5061 (26.6) 4272 (22.8) 0.089 <0.001
History of chronic kidney disease, n (%) 523 (2.8) 283 (1.5) 0.086 0.003
Year of surgery 2017 (2014-2019) | 2014 (2012-2016) 0.761 0.045
Emergency surgery, n (%) 1017 (5.4) 708 (3.8) 0.075 0.010
Types of surgery, n (%)
General Surgery 7683 (40.4) 8837 (47.2) 0.137 0.025
Neurosurgery 5009 (26.4) 3955 (21.1) 0.123 0.030
Gynecologic/Urologic surgery 2244 (11.8) 2072 (11.1) 0.023 0.012
Orthopedic surgery 3105 (16.3) 2736 (14.6) 0.048 0.037
Others 960 (5.1) 1125 (6.0) 0.042 0.042

Table 1. Differences in baseline and preoperative variables between patients receiving intraoperative low

and high tidal volume before and after the inverse probability of treatment weighting. The values are medians
(interquartile range) or numbers (% of total). PBW predicted body weight, SMD standardized mean difference,
ASA American Society of Anesthesiologists.

creatinine. Intraoperative factors such as transfusion, longer duration of surgery, balanced anesthesia (as opposed
to total intravenous anesthesia), and higher time-weighted averages of mean blood pressure below 65 mmHg. In
the restrictive cubic spline regression model, the risk of postoperative AKI linearly increased with the increase
in tidal volume (Fig. 3).

We conducted propensity score matching as an additional analysis, and the results regarding differences in
variables between patients receiving low- and high-tidal volumes before and after 1:1 propensity score matching
are presented in Supplementary Table S1. High tidal volume remained significantly associated with an increased
risk of postoperative AKI after propensity score matching (OR: 1.17, 95% CI 1.03-1.33, P = 0.017; Supplementary
Table S2). Multivariable regression and restricted cubic spline analyses after propensity score matching yielded
similar results to those obtained after IPTW (Supplementary Table S3 and Supplementary Figure S3). Across
all three statistical methods, high tidal volume consistently showed a significant association with increased AKI
risk (Supplementary Figure S4).

In the subgroup analysis based on the type of surgery, the association between high tidal volume and postop-
erative AKI remained significant in both subgroups (gynecological/urologic surgery: OR 1.56, 95% CI 1.30-1.87,
P <0.001; non-gynecological/urologic surgery: OR 1.19, 95% CI 1.09-1.30, P<0.001). In the subgroup analysis
by sex, the results revealed that high tidal volume was associated with a significantly increased risk of postopera-
tive AKT in male patients (OR 1.24, 95% CI 1.13-1.36, P<0.001). However, this association was not statistically
significant in female patients (OR 1.11, 95% CI 0.96-1.28, P=0.166). Although the effects of acid-base status
variables, minute ventilation, and positive end-expiratory pressure on the relationship between intraoperative
tidal volume and postoperative AKI was significant, the difference was not clinically meaningful (Supplementary
Table S4).

Discussion
Although AKI is associated with a longer hospital stay and higher mortality, few modifiable risk factors for AKI
have been identified. Our study found a significant association between a higher intraoperative tidal volume and
postoperative AKI, even after adjusting for various preoperative confounders using IPTW, in patients undergoing
non-cardiac surgery. This association remained consistent in the propensity score matching analysis.
Prior research on intraoperative tidal volume and postoperative AKI has yielded conflicting results
Some studies have only included patients who underwent cardiovascular or cardiac surgery, thus limiting the
finding’s generalizability to other populations'®?!. In a randomized controlled trial comparing tidal volumes
among patients who underwent major surgery, those with a higher tidal volume showed a higher incidence
of postoperative AKI, although statistical significance was not reached'®. Another retrospective study on non-
cardiac surgical patients reported a positive association between high tidal volume and postoperative AKI using
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Fig. 2. Incidence of postoperative acute kidney injury based on intraoperative tidal volume normalized to
predicted body weight. AKI: acute kidney injury, TVPBW: tidal volume normalized to the predicted body

weight.
Before IPTW After IPTW
Low tidal volume High tidal volume Odds ratio Odds ratio
Outcomes (n=19,001) (n=18,725) (95% CI) P value (95% CI) Pvalue
Incidence of AKI 707 (3.7) 827 (4.4) 1.20 (1.08-1.32) 0.001 1.10 (1.02-1.19) 0.010
Mild 573 (3.0) 657 (3.5) 1.17 (1.05-1.31) 0.006 1.09 (1.00-1.18) 0.047
Moderate-to-severe 134 (0.7) 170 (0.9) 1.30 (1.03-1.63) 0.025 1.17 (0.99-1.38) 0.066
Length of postoperative hospital stay 7.00 (5.00-11.00) 7.00 (6.00-10.00) 1.00 (1.00-1.00) 0.866 1.00 (1.00-1.00) <0.001

Table 2. Comparisons of the primary outcome and secondary outcomes between patients receiving

intraoperative low tidal volume and high tidal volume before and after the inverse probability of treatment
weighting. The values are medians (interquartile range) or numbers (% of total). AKT acute kidney injury,
IPTW inverse probability of treatment weighting, CI confidence intervals.
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Variables Odds ratio (95% CI) | Pvalue
Tidal volume over 8 ml/kg PBW 1.21 (1.12-1.30) <0.001
Age, years 1.02 (0.97-1.07) 0.458
Male sex, n (%) 0.62 (0.56-0.69) <0.001
Year of surgery 0.77 (0.74-0.80) <0.001
Body-mass index, kg/m? 1.15 (1.10-1.20) <0.001
Hypertension, n (%) 1.38 (1.25-1.51) <0.001
Diabetes mellitus, n (%) 1.17 (1.07-1.27) <0.001
History of chronic kidney injury, n (%) 2.25(1.88-2.69) <0.001
ASA physical status ITI and IV, N (vs. ASA I and II) 1.18(1.08-1.29) <0.001
Emergency surgery, n (%) 1.19 (1.01-1.40) 0.035
General Surgery, n (%) 2.08 (1.85-2.33) <0.001
Neurosurgery, n (%) 0.68 (0.54-0.85) 0.001
Gynecologic/Urologic surgery, n (%) 3.94 (3.44-4.52) <0.001
Preoperative nephrotoxic agent, n (%) 1.19 (1.08-1.30) <0.001
Preoperative hemoglobin, g/dl 0.91 (0.87-0.95) <0.001
Preoperative white blood cell count, 10°/uL 1.05 (1.02-1.08) <0.001
Preoperative serum creatinine, mg/dL 1.10 (1.07-1.14) <0.001
Preoperative albumin, g/dL 0.71 (0.68-0.74) <0.001
Intraoperative transfusion, n (%) 1.57 (1.41-1.75) <0.001
Duration of anesthesia, min 1.20 (1.16-1.25) <0.001
Total intravenous anesthesia, n (%) 0.53 (0.45-0.61) <0.001
TWA MBP <65 mmHg 1.13 (1.10-1.16) <0.001

Table 2. Multivariable logistic regression analysis for postoperative acute kidney injury after the inverse
probability of treatment weighting. CI confidence intervals, PBW predicted body weight, ASA American

Society of Anesthesiologists, TWA time-weighted average, MBP mean blood pressure.

Restricted Cubic Spline Model (IPTW-adjusted)
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Fig. 3. Adjusted restricted cubic spline curves of the risk for postoperative acute kidney injury depending on
the mean intraoperative tidal volume normalized to the predicted body weight after the inverse probability of

treatment weighting.
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multivariable logistic regression analysis?®. However, our study varies in methodology, as IPTW was used to
adjust for various preoperative clinical and laboratory data. A recent randomized controlled study reported no
difference in the incidence of postoperative AKI between low- and high-tidal volume ventilation*’. However, in
this study, the duration of mechanical ventilation was shorter, averaging approximately a median of 150 min in
each group, than those in our study (median, 250 min) and other studies (>200 min) that reported a positive
relationship between tidal volume and postoperative AKI'>?. Additionally, most surgeries were low-risk ones.

Postoperative AKI is a well-known complication that can negatively affect postoperative morbidity and
mortality®®. Various risk factors have been reported”**-?". The identified risk factors for postoperative AKI in
our study aligned with previous findings®”'*?***. Unfortunately, most of them are unmodifiable. Although some
risk factors, such as preoperative laboratory test results of albumin, hemoglobin, and glucose, may be somewhat
modifiable?, it is important to recognize that they may not be readily modifiable. In contrast, intraoperative tidal
volume is a risk factor that can be modified during surgery and presents an opportunity for further investigation
in future clinical trials to evaluate its effects on postoperative AKI.

Several explanations regarding the relationship between intraoperative tidal volume and postoperative AKI
have been suggested. Positive pressure ventilation can decrease cardiac output, alter neurohormonal systems,
cause hemodynamic impairment, and lead to the redistribution of intrarenal blood flow, resulting in reduced
renal perfusion and blood flow!''~**. Additionally, mechanical ventilation can induce an inflammatory response'.
Mechanical ventilation-induced lung inflammation can lead to systemic inflammation, which may affect the
development of AKI?, as evidenced in previous animal studies®**!. However, the exact mechanisms underly-
ing the complex interplay between the lung and kidney remain elusive®?. Thus, future research is necessary to
elucidate these mechanisms.

Propensity score analysis offers an advantage over conventional regression analysis by integrating many
variables to achieve similar distributions of measured covariates between exposed and unexposed patients*®.
However, it is crucial to acknowledge that residual confounding factors may still exist, as only measured vari-
ables can be accounted for. Moreover, in cases where the sample size is large, there can be a limited overlap in
the distribution of propensity scores, potentially resulting in poor performance in propensity score matching.
Therefore, the application of propensity score analysis should be approached with caution, depending on the
dataset’s characteristics™.

The strength of the present study lies in its inclusion of a wide range of non-cardiac surgeries, avoiding the
limitation of confining the analysis to specific types of surgeries (e.g., cardiovascular or cardiac surgery). This
approach significantly enhances the generalizability of our findings to the broader population. Additionally, our
study had a large sample size, and we included only patients with complete data, contributing to the improved
statistical power and robustness of the findings. We intentionally excluded intraoperative variables because
covariates that were determined post-anesthesia at the point of group assignment may be inappropriate for the
propensity score calculation®. This may have been helpful in reducing selection bias.

However, this study has some limitations. First, the causal relationship between intraoperative tidal volume
and AKI incidence cannot be confirmed due to the study’s retrospective nature. While we adjusted for various
potential preoperative confounders using IPTW, unmeasured or unknown confounding factors may have affected
our analysis. To assess this impact, we calculated the E-value. The E-value for the observed OR was 1.43 and 1.31
for the lower bound, suggesting that unmeasured confounders are unlikely to fully explain the link between high
tidal volume and postoperative AKI. Second, we could not fully account for the potential impact of individual
anesthesiologist practices on tidal volume selection and AKI risk. Although our additional multilevel analysis
using the operating room section as a proxy showed that high tidal volume remained significantly associated
with increased AKI risk, residual confounding from anesthetic practices may still exist. Third, while we found
significant differences in intraoperative acid-base parameters between low- and high-tidal volume groups, these
differences were not clinically significant, and their impact on AKI risk could not be fully elucidated. Lastly,
since the study included patients over approximately ten years of surgery, changes in perioperative management
surgical techniques over time may have introduced potential confounders, even though the surgery year was
considered in the propensity score calculation.

In summary, this propensity score-weighted analysis found that higher intraoperative tidal volume is sig-
nificantly associated with an increased risk of postoperative AKI after IPTW and PSM in patients undergoing
non-cardiac surgery. Although the differences observed between the low- and high-tidal volume groups were
small, intraoperative tidal volume showed potential as a modifiable risk factor for preventing postoperative AKI.

Methods

Ethics

Ethical approval was provided by the Institutional Review Board of Seoul National University Hospital (Seoul,
Korea; approval number: 2301-047-1393; Chairperson Prof. Young Tae Kim) on 6 February 2023. This study was
conducted according to the tenets of the Declaration of Helsinki. Because of the retrospective aspect of our study,
the Institutional Review Board of Seoul National University Hospital waived the need for informed consent.

Study design and patient population

This retrospective observational study evaluated adult patients aged 20-90 years who received endotracheal
intubation and mechanical ventilation of > 2 h during non-cardiac surgery at Seoul National University Hospi-
tal between January 2011 and November 2020. The exclusion criteria were as follows: (1) preoperative kidney
dysfunction, defined as preoperative serum creatinine >4 mg/dL or a history of renal replacement therapy
within three months before surgery; (2) one lung ventilation; (3) organ transplantation or donor surgery; (4)
kidney or bladder resection surgery; (5) recorded counts of intraoperative tidal volumes < 24; (6) PBW <30 kg;
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(7) reoperation within seven days after surgery, (8) tracheostomy or presence of tracheostoma, and (9) missing
data on confounding variables, including height, weight, and intraoperative tidal volume. We aimed to include
only complete cases in the final analysis to reduce biases.

Primary exposure
The primary exposure of interest was the mean tidal volume applied during intraoperative mechanical ventilation
divided by the PBW. This mean tidal volume was determined based on the actual values delivered to the patients
rather than the pre-set values. Patient monitors SolarTM 8000 M (GE Healthcare, Wauwatosa, WI, USA) and
Intellivue MX800 (Philips Healthcare Canada, Saint-Laurent, QC, Canada) were used. The ventilators used were
Primus (Drager, Lubeck, Germany) and Datex-Ohmeda (GE Healthcare). Due to technical limitations at our
institution, data on tidal volume were collected from anesthesia records at 5-min intervals between January 2011
and August 2013 and at 1-min intervals after August 2013. For intraoperative tidal volume, we excluded outliers
(tidal volume < 200 ml or > 1200 ml) and cases with recorded counts of intraoperative tidal volume less than 24
before calculating the mean value. The PBW was calculated as follows: for male patients, 50+ 0.91 (centimeters
of height—152.4); for female patients, 45.5+0.91(centimeters of height—152.4)*". Patients were categorized into
the high- or low-tidal volume group based on whether their tidal volume was > 8 ml/kg PBW or < 8 ml/kg PBW.
All data were extracted from our hospital’s clinical data warehouse (SUPREME version 1.0 and 2.0). Demo-
graphic and clinical data, such as age, sex, height, weight, American Society of Anesthesiologists (ASA) physical
status classification, and comorbidities, such as hypertension, diabetes mellitus, and a history of chronic kidney
disease, were collected. Additionally, preoperative nephrotoxic agent and preoperative laboratory test results
were collected, including hemoglobin, white blood cell count, serum creatinine, albumin, and surgery-related
variables, such as the type of surgery and whether it was emergency surgery. Intraoperative data included tidal
volume, duration of anesthesia, type of anesthesia (inhalational versus total intravenous anesthesia), transfusion,
and mean values of mean blood pressure, calculated from invasive or non-invasive measurements at 1-5-min
intervals from anesthesia records. To quantify hypotension exposure, we calculated a time-weighted average
(TWA) of mean blood pressure (MBP) < 65 mmHg. We collected MBP values at 1- to 5-min intervals throughout
the surgery. Using the trapezoidal rule for numerical integration, we calculated the area between the 65 mmHg
threshold and the MBP curve when MBP was below 65 mmHg. This area was then divided by the total area under
the MBP curve for the entire surgery duration’®.

Primary outcome

The primary outcome was the development of AKI within seven days postoperatively. AKI was diagnosed accord-
ing to the Kidney Disease Improving Global Outcomes (KDIGO) criteria on the basis of changes in the serum
creatinine level”*. The baseline serum creatinine value was defined as the most recent one measured within
three months before surgery. The secondary outcomes included the incidence of AKI based on severity (mild:
stage 1 AKI; moderate-to-severe: stage 2 or 3 AKI) and the length of hospital stay.

Statistical analysis

Continuous data are described as the median (interquartile range) or the mean (standard deviation) and were
compared using the Mann-Whitney U test or independent t-test, respectively, according to the normality of
their distribution on the Shapiro-Wilk test. Categorical data are described as numbers (percentages) and were
analyzed using the chi-square or Fisher exact test according to their expected counts.

Our statistical analysis consisted of several steps. First, we calculated propensity scores using a logistic regres-
sion model. We then used these scores to perform inverse probability of treatment weighting (IPTW). Following
this, we conducted our primary analysis comparing outcomes between the two groups using weighted logistic
regression models. We also performed multivariable logistic regression and restricted cubic spline regression
analyses to further examine the relationship between tidal volume and postoperative AKI. Finally, we conducted
an additional analysis using propensity score matching to confirm the robustness of our study.

For the propensity score calculation, we initially considered 13 variables in the multivariable logistic regres-
sion model which were identified using a directed acyclic graph (Supplementary Figure S5). To assess multicol-
linearity, we calculated variance inflation factors for all variables in the model. Due to multicollinearity concerns,
we removed the orthopedic surgery variable. The final model for the propensity score calculation included 12
variables: age, sex, body mass index, ASA physical status (ASA I-1I vs III-IV), the presence of diabetes mellitus,
hypertension, history of chronic kidney disease, year of surgery, type of surgery (general surgery, neurosurgery,
and gynecologic/urologic surgery), and emergency surgery. Subsequently, we conducted stabilized IPTW to
adjust for confounding variables and enhance the validation of our results*’. For the IPTW calculation, we used
alogistic regression model with the tidal volume group as the dependent variable and all 12 covariates from the
propensity score model as independent variables. For treated patients, the stabilized weight was the marginal
probability of treatment divided by the patient’s propensity score. For untreated patients, it was one minus the
marginal probability of treatment, divided by one minus the patient’s propensity score. To mitigate the influence
of extreme weights, we applied a truncation level of 0.01, replacing weights below the 1st percentile or above
99th percentile with the corresponding percentile values*'. The balance between variables in the two groups was
assessed using the standardized mean difference (SMD). Variables with an SMD <0.1 were deemed balanced.

The primary and secondary outcomes were compared between the two groups in both the unweighted and
weighted cohorts after IPTW. For each outcome, we fitted a separate logistic regression model with the tidal
volume group as the independent variable and specific outcome as the dependent variable. These models were
weighted using the calculated IPTW values. From each model, the odds ratio, 95% CI, and P-value for the effect
of high tidal volume on the outcome were extracted. This process was repeated for all primary and secondary
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outcomes between the two groups. Additionally, we conducted a multivariable logistic regression analysis, incor-
porating intraoperative variables into the covariates used in the IPTW analysis to evaluate their impact on
postoperative AKI. We used a generalized linear model with a binomial family and logit link function, weighted
by the IPTW values. Before inclusion in the model, all continuous variables were standardized using the scale
function. The model incorporated the covariates used in the IPTW analysis along with additional intraopera-
tive variables included high intraoperative tidal volume (> 8 ml/kg PBW), anesthesia duration, total intravenous
anesthesia use, intraoperative transfusion, and time-weighted mean blood pressure. A restricted cubic spline
regression analysis was conducted to examine the relationship between the intraoperative tidal volume and log
odds of postoperative AKI. We fitted a logistic regression model with restricted cubic splines, using three knots
for intraoperative tidal volume. The model was adjusted for the same variables used in the IPTW calculation
and was weighted using the IPTW values. The results were visualized using a plot showing the estimated odds
of postoperative AKI across the range of intraoperative tidal volumes, with 95% confidence intervals.

As an additional analysis to assess the robustness of the main results, propensity score matching was also
performed with a 1:1 optimal nearest neighbor matching and a caliper of 0.1 using propensity scores with
covariates the same as those in IPTW analysis. After propensity score matching, multivariable logistic regres-
sion and restricted cubic spline regression analyses were also performed. The multivariable logistic regression
model included the same covariates as in the main analysis. For the restricted cubic spline regression, three knots
were used for the tidal volume variable. During the revision process, we were requested to evaluate the effects
of acid-base status, minute ventilation and positive end-expiratory pressure on the relationships between tidal
volume and postoperative AKI. We performed the multivariable logistic regression analysis incorporating the
abovementioned variables. Subgroup analyses based on sex and type of surgery were also additionally performed.
All statistical analyses were conducted using R, version 3.6.3 (R Foundation for Statistical Computing, Vienna,
Austria). A two-sided P-value of <0.05 was considered statistically significant.

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding
author on reasonable request.
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