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Abstract

Background
Early inflammatory and immune responses after lung resection may be associated with postoperative
complications. However, whether changes in routine blood biomarkers over the perioperative period provide
information on early postoperative risk beyond single time-point measurements remains unclear. This study
evaluated the associations of changes in white blood cell count, lymphocyte percentage, albumin, and red cell
distribution width from before surgery to 24 h after surgery with postoperative complications, and assessed
whether these dynamic measures provided incremental discrimination beyond baseline clinical variables.

Methods
Patients undergoing lung resection were retrospectively included. Preoperative measurements were defined as
the most recent laboratory results obtained within 7 days before surgery, and postoperative measurements
were those obtained 24 h after surgery. Changes (Δ) were calculated as the postoperative value minus the
preoperative value. The primary outcome was any postoperative complication; secondary outcomes included
postoperative pulmonary complications (PPC), postoperative length of stay, and chest tube duration. Logistic
regression was used to assess the associations of biomarker changes with overall postoperative complications
and PPC. Three prespecified nested models were developed sequentially using clinical variables alone, clinical
variables plus ΔWBC, and clinical variables plus ΔWBC and ΔLymphocyte. Incremental discrimination was
assessed using receiver operating characteristic curves, DeLong tests, and likelihood ratio tests. Internal
optimism correction was performed using 1000 bootstrap resamples, with additional calibration and decision
curve analyses.

Results
Among 908 patients included in the primary analysis, 223 (24.6%) developed at least one postoperative
complication. At 24 h after surgery, median WBC increased from 5.57 (IQR, 4.71–6.69) to 10.54 (8.40–12.91)
×10^9/L, lymphocyte percentage decreased from 31.90% (26.50–37.90) to 8.70% (6.00–12.80), and albumin
decreased from 41.20 (39.05–43.40) to 37.60 (35.30–40.10) g/L. After adjustment, ΔWBC was associated with
overall postoperative complications (OR, 1.13; 95% CI, 1.08–1.19; P < 0.001) and PPC (OR, 1.12; 95% CI, 1.07–
1.18; P < 0.001). ΔLymphocyte was also independently associated with overall postoperative complications (OR,
0.97; 95% CI, 0.95–0.99; P = 0.001) and PPC (OR, 0.98; 95% CI, 0.96–0.99; P = 0.009). The AUC of the clinical
model was 0.729, increasing to 0.761 after addition of ΔWBC (P = 0.002) and to 0.764 after further addition of
ΔLymphocyte (P = 0.410). The optimism-corrected C-indexes from 1000 bootstrap resamples were 0.702, 0.734,
and 0.737, respectively.

Conclusions
Changes in routine blood biomarkers at 24 h after lung resection were independently associated with
postoperative complications, with ΔWBC showing the clearest incremental discrimination beyond baseline
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clinical variables. ΔWBC may have potential as an early adjunct to conventional clinical risk assessment,
although its clinical utility requires validation in independent cohorts.

1. Background
Lung resection is an important treatment for lung cancer and other localized pulmonary diseases (1, 2). Despite
advances in minimally invasive surgery, perioperative anesthetic management, and enhanced recovery
strategies, postoperative complications remain an important cause of delayed recovery, with particular
attention given to postoperative pulmonary complications (PPC) (3, 4). Previous studies have shown that
patients who develop PPC have longer hospital stays and are at increased risk of intensive care admission,
readmission, and adverse long-term outcomes (5, 6).

Current risk assessment for postoperative complications relies largely on preoperative clinical variables,
including age, pulmonary function, ASA classification, smoking history, comorbidity burden, and extent of
resection(7, 8). Although these variables capture patients’ baseline risk, they do not fully reflect the early
physiological response to surgical trauma(9, 10). During the first 24 h after surgery, substantial inflammatory
responses, redistribution of immune cells, and changes in intravascular volume may occur. Therefore, the
magnitude of change between preoperative and early postoperative measurements may provide information
beyond that captured by a single absolute measurement(11) .

Postoperative leukocytosis, lymphopenia, and a decrease in serum albumin are common changes after
surgery(12). Previous thoracic surgical studies have suggested that early postoperative lymphopenia is
associated with the risk of postoperative pneumonia, while perioperative changes in serum albumin may also
be associated with PPC (13, 14). However, previous studies have generally focused on individual biomarkers,
and few have compared changes in multiple routinely measured biomarkers within the same analytical
framework. More importantly, statistical association in a multivariable model does not necessarily indicate that
a biomarker improves risk discrimination(15). Therefore, from a clinical perspective, it is important to determine
whether dynamic biomarker changes provide additional discriminatory information beyond established clinical
variables.

Accordingly, this study used 24 h after surgery as the key time point for the early physiological response and
examined the associations of changes in WBC count, lymphocyte percentage, albumin, and RDW from before
surgery to 24 h after surgery with postoperative complications. We further assessed whether the dynamic
biomarkers that provided the most information could improve risk discrimination beyond a baseline clinical
model. We hypothesized that a greater postoperative increase in WBC count and a greater decrease in
lymphocyte percentage would be associated with a higher risk of postoperative complications.

2. Methods

2.1 Study population and study design
This was a single-center retrospective cohort study. We retrospectively included patients who underwent lung
resection at the Department of Thoracic Surgery, the First Affiliated Hospital of Zhengzhou University, between
December 2023 and June 2024 and had available perioperative laboratory data. The original database included
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910 patients. According to the prespecified completeness criteria for the primary analysis variables, 2 patients
were excluded because key preoperative (T0) biomarker data were unavailable, leaving 908 patients for the
primary association analyses. ROC and nested model analyses were performed in a common complete-case
cohort of 904 patients. Complete postoperative length-of-stay data were available for 892 patients.

2.2 Biomarker measurement and outcome definitions
Preoperative blood measurements (T0) were defined as the most recent laboratory results obtained within 7
days before surgery. Postoperative measurements (T1) were obtained 24 h after surgery. Four routinely
measured biomarkers were evaluated: white blood cell count (WBC), lymphocyte percentage, albumin, and red
cell distribution width (RDW).

The change in each biomarker was defined as:

Δbiomarker = T1 − T0

Thus, a positive ΔWBC indicated an increase in WBC after surgery, whereas a negative ΔLymphocyte indicated a
decrease in lymphocyte percentage from before to after surgery.

The primary outcome was any postoperative complication, defined as the presence of at least one
postoperative complication documented in the database. The secondary outcome was postoperative
pulmonary complications (PPC), including pneumonia, atelectasis, acute respiratory distress syndrome (ARDS),
pulmonary embolism, and reintubation. The criteria used to define PPC were based on the joint definitions of
the Society of Thoracic Surgeons and the European Society of Thoracic Surgeons (16). Postoperative length of
stay and chest tube duration were analyzed as continuous outcomes.

2.3 Clinical variables and statistical analysis
The primary multivariable models prespecified age, sex, BMI, ASA classification, comorbidity burden, smoking
index, clinical stage, neoadjuvant therapy, and extent of resection. Age and BMI were analyzed as continuous
variables. Smoking index was categorized as 0, 1–200, 201–400, and > 400. ASA classification was categorized
as 1, 2, and 3–4. Comorbidity burden was categorized as 0, 1, 2, and ≥ 3 conditions. Clinical stage was
categorized as stage 0, I, II, III–IV, and unknown. Neoadjuvant therapy was categorized as no or yes, and extent
of resection as sublobar resection or lobectomy/pneumonectomy. Sensitivity analyses additionally included
surgical approach, operation time, and intraoperative blood loss in the primary model, followed by a second
sensitivity analysis that further included FEV1% predicted.

Continuous variables were summarized as mean ± standard deviation or median (IQR), as appropriate, and
categorical variables as number (percentage). Patients were stratified according to the presence or absence of
postoperative complications, and standardized mean differences were also calculated. Changes between
preoperative and 24-h postoperative measurements were assessed using paired statistical tests.

Separate logistic regression models were fitted for overall postoperative complications and PPC, with each Δ
biomarker entered as the main exposure. Crude ORs were first estimated, followed by adjustment for the
prespecified clinical variables. The four dynamic biomarkers were entered into separate models to assess their
independent associations while avoiding unnecessary model complexity. Results are presented as ORs with
95% CIs.
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Postoperative length of stay showed a right-skewed distribution and was analyzed using log-linear regression,
with a Gamma regression model used as a sensitivity analysis. Chest tube duration was analyzed using the
corresponding continuous-outcome model.

2.4 Incremental discrimination and internal validation
To assess whether dynamic biomarker changes provided additional information beyond conventional clinical
variables, three prespecified nested models were constructed. Model 1 included age, sex, BMI, ASA
classification, comorbidity burden, smoking index, clinical stage, neoadjuvant therapy, and extent of resection.
Model 2 additionally included ΔWBC, and Model 3 further included ΔLymphocyte. All three models were fitted in
the same complete-case cohort of 904 patients to ensure that ROC comparisons were not affected by
differences in sample size.

The area under the receiver operating characteristic curve (AUC) was used to assess discrimination, and
correlated ROC curves were compared using the DeLong test. Likelihood ratio tests were used to compare
overall model fit between nested models.

Internal optimism correction was performed using 1000 bootstrap resamples. Apparent C-index, bootstrap
optimism, and optimism-corrected C-index were reported. Calibration curves were generated using bootstrap
resampling, and the Brier score, calibration slope, and calibration intercept were reported. Decision curve
analysis was performed across threshold probabilities of 0.05–0.50 to explore the potential net clinical benefit
of the models. DCA and Brier score analyses were considered internal, apparent analyses rather than external
validation.

All statistical analyses were performed using R version 4.6.0. All tests were two-sided, and P < 0.05 was
considered statistically significant.

3. Results
3.1 Study population and baseline characteristics

The original database included 910 patients (Figure 1). After excluding 2 patients with missing key preoperative
(T0) biomarker data, 908 patients were included in the primary analysis. Baseline characteristics are
summarized in Table 1. Overall, 223 patients (24.6%) developed at least one postoperative complication. The
mean age was 57.43 ± 11.18 years, and 520 patients (57.3%) were female. The mean BMI was 24.36 ± 3.22
kg/m². Most patients had an ASA classification of 2 (76.5%), 57.7% had clinical stage I disease, 93.4% had not
received neoadjuvant therapy, and 51.8% underwent sublobar resection. Patients with postoperative
complications differed from those without complications in age, sex, smoking index, ASA classification, clinical
stage, neoadjuvant therapy, extent of resection, operation time, and intraoperative blood loss.

Table 1. Baseline and perioperative characteristics according to postoperative complication status
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Variable Overall
(n=908)

No complication
(n=685)

Complication
(n=223)

P
value

SMD

Age, years 57.43 ±
11.18

56.76 ± 11.24 59.50 ± 10.77 0.001 0.249

Sex, n (%) <0.001 0.449

Female 520 (57.3) 429 (62.7) 91 (40.8)

Male 388(42.7) 255 (37.3) 132 (59.2)

Smoking index, n (%) <0.001 0.341

0 719 (79.2) 566 (82.6) 153 (68.6)

1–200 28 (3.1) 20 (2.9) 8 (3.6)

201–400 43 (4.7) 28 (4.1) 15 (6.7)

>400 118 (13.0) 71 (10.4) 47 (21.1)

ASA, n (%) <0.001 0.313

1 103 (11.3) 89 (13.0) 14 (6.3)

2 695 (76.5) 527 (76.9) 168 (75.3)

3–4 110 (12.1) 69 (10.1) 41 (18.4)

Comorbidity burden, n (%) 0.17 0.166

0 449 (49.4) 347 (50.7) 102 (45.7)

1 289 (31.8) 220 (32.1) 69 (30.9)

2 128 (14.1) 91 (13.3) 37 (16.6)

≥3 42 (4.6) 27 (3.9) 15 (6.7)

Clinical stage, n (%) <0.001 0.546

Stage 0 249 (27.4) 217 (31.7) 32 (14.3)

Stage I 524 (57.7) 389 (56.8) 135 (60.5)

Stage II 55 (6.1) 25 (3.6) 30 (13.5)

Stage III–IV 54 (5.9) 33 (4.8) 21 (9.4)

Unknown 26 (2.9) 21 (3.1) 5 (2.2)

Neoadjuvant therapy, n (%) 0.016 0.183

No 848 (93.4) 648 (94.6) 200 (89.7)

Yes 60 (6.6) 37 (5.4) 23 (10.3)

Surgical approach, n (%) 0.999 0.008

Single-port VATS 762 (84.4) 575 (84.3) 187 (84.6)
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Multi-
port/Robotic/Thoracotomy

141 (15.6) 107 (15.7) 34 (15.4)

Extent of resection, n (%) <0.001 0.69

Sublobar resection 470 (51.8) 409 (59.7) 61 (27.4)

Lobectomy/Pneumonectomy 438 (48.2) 276 (40.3) 162 (72.6)

Operation time, min 93.0 [71.0,
122.0]

88.0 [67.0, 115.0] 110.0 [89.5,
140.5]

<0.001 0.657

Blood loss, mL 50.0 [20.0,
50.0]

50.0 [20.0, 50.0] 50.0 [30.0, 95.0] <0.001 0.248

FEV1, % predicted 77.75 ± 7.53 78.04 ± 7.39 76.80 ± 7.88 0.041 0.162

Abbreviations: ASA, American Society of Anesthesiologists; BMI, body mass index; FEV1, forced expiratory
volume in 1 second; SMD, standardized mean difference; VATS, video-assisted thoracoscopic surgery.

Values are mean ± SD, median [IQR], or n (%), as appropriate. P values were derived from Student's t-test,
Wilcoxon rank-sum test, chi-square test, or Fisher's exact test, as appropriate. SMD values describe the
magnitude of between-group differences. Percentages are based on non-missing observations; surgical
approach had 5 missing values.

3.2 Acute changes in routine blood biomarkers at 24 h after surgery

All four biomarkers showed statistically significant changes from before surgery to 24 h after surgery, although
the magnitude of change and its relationship with clinical outcomes differed across biomarkers (Table 2, Figure
2).

The median WBC count increased from 5.57 (IQR, 4.71–6.69) ×10^9/L before surgery to 10.54 (8.40–12.91)
×10^9/L at 24 h after surgery, with a ΔWBC of 4.91 (2.70–7.14) ×10^9/L. Lymphocyte percentage decreased
from 31.90% (26.50–37.90) to 8.70% (6.00–12.80), with a ΔLymphocyte of −22.90 (−28.80 to −16.30)
percentage points. Albumin decreased from 41.20 (39.05–43.40) g/L to 37.60 (35.30–40.10) g/L, with a
ΔAlbumin of −3.50 (−6.25 to −0.70) g/L.

In contrast, RDW decreased from 13.00% (12.60–13.60) to 12.90% (12.50–13.50%), with a median ΔRDW of
only −0.10 (−0.40 to 0.20) percentage points. Although the paired comparison was statistically significant, the
absolute magnitude of change was small, suggesting limited clinical relevance.

Table 2. Acute postoperative changes in routine blood biomarkers
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Biomarker n T0 T1 Δ
(T1−T0)

Δ�No
complication
(n=685)

Δ�
Complication
(n=223)

P
(paired)

P
(between
groups)

WBC
(×10⁹/L),

906 5.57
[4.71,
6.69]

10.54
[8.40,
12.91]

4.91
[2.70,
7.14]

4.53 [2.59,
6.61]

6.09 [3.41,
8.49]

<0.001 <0.001

Lymphocyte
(%)

906 31.90
[26.50,
37.90]

8.70
[6.00,
12.80]

−22.90
[−28.80,
−16.30]

−22.80
[−28.80,
−16.20]

−23.00
[−28.75,
−16.85]

<0.001 0.731

Albumin
(g/L)

899 41.20
[39.05,
43.40]

37.60
[35.30,
40.10]

−3.50
[−6.25,
−0.70]

−3.50 [−6.35,
−0.80]

−3.45 [−6.02,
−0.48]

<0.001 0.597

RDW (%) 906 13.00
[12.60,
13.60]

12.90
[12.50,
13.50]

−0.10
[−0.40,
0.20]

−0.10 [−0.40,
0.20]

−0.10 [−0.30,
0.20]

<0.001 0.608

Abbreviations: Δ, change from T0 to T1; IQR, interquartile range; RDW, red blood cell distribution width; T0,
preoperative value obtained within 7 days before surgery; T1, value obtained 24 h after surgery; WBC, white
blood cell count.

Values are median [IQR]. T0 denotes the preoperative measurement obtained within 7 days before surgery; T1
denotes the measurement obtained 24 h after surgery. Δ was calculated as T1−T0. P values for paired
comparisons were derived from paired Wilcoxon signed-rank tests; P values for between-group comparisons of
Δ were derived from Wilcoxon rank-sum tests. Available paired observations were used for each biomarker, and
the number of observations may therefore vary between biomarkers.

3.3 Associations of dynamic biomarkers with postoperative complications and PPC

In the analysis of overall postoperative complications (Table 3), ΔWBC showed the most consistent
association. For each 1 × 10^9/L increase in ΔWBC, the crude OR was 1.13 (95% CI, 1.08–1.18; P<0.001), and
the association remained unchanged after adjustment for age, sex, BMI, ASA classification, comorbidity burden,
smoking index, clinical stage, neoadjuvant therapy, and extent of resection (OR, 1.13; 95% CI, 1.08–1.19;
P<0.001). For PPC, the adjusted OR for ΔWBC was 1.12 (95% CI, 1.07–1.18; P<0.001).

ΔLymphocyte was not significantly associated with overall postoperative complications in the crude model (OR,
0.99; 95% CI, 0.98–1.01; P=0.272), but showed an independent association after adjustment for clinical
variables (OR, 0.97; 95% CI, 0.95–0.99; P=0.001). For PPC, the adjusted OR was 0.98 (95% CI, 0.96–0.99;
P=0.009). Because ΔLymphocyte was defined as T1−T0, more negative values indicate a greater decrease in
lymphocyte percentage. Thus, an OR<1 should not be interpreted as a protective effect of lymphocyte decline;
rather, it indicates that greater lymphocyte depletion was associated with a higher risk of postoperative
complications.

Neither ΔAlbumin nor ΔRDW showed consistent evidence of an association with overall postoperative
complications or PPC. The adjusted OR for ΔAlbumin was 1.02 (95% CI, 0.98–1.06; P=0.427) for overall
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postoperative complications and 1.01 (95% CI, 0.97–1.06; P=0.545) for PPC. ΔRDW was likewise not
significantly associated with either outcome.

After additionally adjusting for surgical approach, operation time, and intraoperative blood loss, the association
of ΔWBC with overall postoperative complications remained stable (OR, 1.13; 95% CI, 1.08–1.19; P<0.001),
while ΔLymphocyte remained statistically significant (OR, 0.98; 95% CI, 0.96–1.00; P=0.028). After further
adjustment for FEV1% predicted, the OR for ΔWBC was 1.16 (95% CI, 1.11–1.22; P<0.001) and that for
ΔLymphocyte was 0.97 (95% CI, 0.95–0.99; P=0.002), whereas ΔAlbumin and ΔRDW remained non-significant.
Overall, the direction and magnitude of the main associations were broadly consistent across the sensitivity
analyses (Table S1).

Table 3. Associations of early postoperative blood biomarker changes with postoperative complications

Exposure Crude OR (95%
CI)

Crude
P

Adjusted OR (95%
CI)

Adjusted
P

Any postoperative complication

ΔWBC ,per 1 ×10⁹/L 1.13 (1.08–1.18) <0.001 1.13 (1.08–1.19) <0.001

ΔLymphocyte ,per 1 percentage
point

0.99 (0.98–1.01) 0.272 0.97 (0.95–0.99) 0.001

ΔAlbumin ,per 1 g/L 1.00 (0.97–1.04) 0.862 1.02 (0.98–1.06) 0.427

ΔRDW ,per 1 percentage point 1.15 (0.91–1.46) 0.248 1.15 (0.89–1.47) 0.271

Postoperative pulmonary complications

ΔWBC, per 1 ×10⁹/L 1.11 (1.07–1.16) <0.001 1.12 (1.07–1.18) <0.001

ΔLymphocyte, per 1 percentage
point

0.99 (0.98–1.01) 0.484 0.98 (0.96–0.99) 0.009

ΔAlbumin, per 1 g/L 1.00 (0.96–1.04) 0.994 1.01 (0.97–1.06) 0.545

ΔRDW, per 1 percentage point 1.08 (0.84–1.38) 0.523 1.06 (0.82–1.38) 0.639

Abbreviations: ASA, American Society of Anesthesiologists; BMI, body mass index; CI, confidence interval; OR,
odds ratio; RDW, red blood cell distribution width; WBC, white blood cell count.

Δ was defined as T1−T0. Each biomarker change was entered separately into the logistic regression model.
Adjusted models included age, sex, BMI, smoking-index category, ASA category, comorbidity burden, clinical
stage, neoadjuvant therapy, and extent of resection. For ΔLymphocyte, more negative values indicate greater
postoperative lymphocyte depletion; therefore, an OR below 1 should not be interpreted as a protective effect of
lymphocyte decline.

3.4 Secondary recovery outcomes

Among the 892 patients with complete postoperative length-of-stay data (Table S2), the median postoperative
length of stay was 5 days (IQR, 4–6), with a mean of 5.68 ± 2.33 days and a range of 2–27 days, indicating a
markedly right-skewed distribution. Patients who developed postoperative complications had a longer hospital
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stay than those without complications, with median lengths of stay of 6 (IQR, 5–9) and 5 (IQR, 4–6) days,
respectively (Mann–Whitney P<0.001).

In multivariable analyses, ΔWBC, ΔLymphocyte, and ΔRDW were not consistently associated with postoperative
length of stay. ΔAlbumin showed a small but statistically significant association with length of stay: each 1 g/L
increase in ΔAlbumin was associated with a 0.55% relative reduction in postoperative length of stay (95% CI,
−1.04% to −0.06%; P=0.027), with a consistent direction of association in the Gamma model (P=0.039). Given
the small effect size, this finding was considered exploratory. None of the dynamic biomarkers showed an
independent association with chest tube duration.

3.5 Incremental discrimination, internal validation, calibration, and decision curve analysis

Among the 904 patients in the common complete-case cohort (Table 4), the baseline clinical model had an AUC
of 0.729 (95% CI, 0.692–0.767). After adding ΔWBC, the AUC increased to 0.761 (95% CI, 0.724–0.797), with a
ΔAUC of 0.031 (DeLong P=0.002), indicating significant incremental discrimination beyond the conventional
clinical variables (Figure 3A).

Further addition of ΔLymphocyte increased the AUC to 0.764 (95% CI, 0.729–0.800), an absolute increase of
only 0.003 over the clinical + ΔWBC model (DeLong P=0.410). Thus, although ΔLymphocyte remained
independently associated with postoperative complications in multivariable logistic regression, its addition to
ΔWBC did not significantly improve risk discrimination.

Likelihood ratio testing provided complementary evidence. Adding ΔWBC to the clinical model significantly
improved model fit (deviance difference, 33.744; P=6.286 × 10^-9), while further addition of ΔLymphocyte
produced an additional deviance difference of 4.245 (P=0.0394). The deviance difference between the clinical
model and Model 3 was 37.989 (P=5.634 × 10^-9). These findings suggest that ΔLymphocyte may provide some
additional information for overall model fit, although this did not translate into a detectable improvement in
AUC.

In the 1000-resample bootstrap internal validation analysis (Figure 3B), the apparent C-indexes of the three
models were 0.729, 0.761, and 0.764, with optimism estimates of 0.028, 0.026, and 0.027, respectively. The
corresponding optimism-corrected C-indexes were 0.702, 0.734, and 0.737. The apparent Brier scores were
0.162, 0.155, and 0.154, respectively. The optimism-corrected calibration slopes were approximately 0.848,
0.862, and 0.858, with corresponding calibration intercepts of −0.147, −0.129, and −0.132, indicating some
degree of optimism and calibration deviation.

Decision curve analysis (Figure 3C) showed a modest net-benefit advantage for the model including ΔWBC over
the baseline clinical model across a broad range of intermediate threshold probabilities, whereas the curves for
the models with and without ΔLymphocyte were closely aligned. As the DCA was based on apparent model
performance, these findings should be considered exploratory and not evidence of established clinical benefit.

Table 4. Incremental discrimination and internal validation of nested clinical models

Panel A. Discrimination and internal validation
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Model Model
specification

AUC (95%
CI)

ΔAUC DeLong
P value

LRT P
value

Bootstrap
optimism

Optimism-
corrected C-
index

Model
1

Clinical variables 0.729
(0.692–
0.767)

— — — 0.028 0.702

Model
2

Clinical variables
+ ΔWBC

0.761
(0.724–
0.797)

0.031 0.002 <0.001 0.026 0.734

Model
3

Clinical variables
+ ΔWBC +
ΔLymphocyte

0.764
(0.729–
0.800)

0.004 0.410 0.039 0.027 0.737

Panel B. Calibration

Model Apparent Brier
score

Optimism-corrected calibration
intercept

Optimism-corrected calibration
slope

Model
1

0.162 −0.147 0.848

Model
2

0.155 −0.129 0.862

Model
3

0.154 −0.132 0.858

Abbreviations: AUC, area under the receiver operating characteristic curve; CI, confidence interval; C-index,
concordance index; LRT, likelihood ratio test.

Model 1 included age, sex, BMI, ASA category, comorbidity burden, smoking-index category, clinical stage,
neoadjuvant therapy, and extent of resection. Model 2 additionally included ΔWBC; Model 3 additionally
included ΔLymphocyte. Models were fitted in the same complete-case cohort of 904 patients. ΔAUC and
DeLong P values compare each model with the preceding model. For Model 3 versus Model 1, the ΔAUC was
0.035 (P�0.001). LRT P values compare nested models with the preceding model; the Model 3 versus Model 1
comparison was P<0.001. Internal validation was performed using 1000 bootstrap resamples. Bootstrap
optimism estimates were 0.028, 0.026, and 0.027 for Models 1, 2, and 3, respectively. Brier scores were
calculated from apparent predictions; calibration intercepts and slopes are optimism-corrected internal
estimates.

4. Discussion
4.1 Principal findings

This study evaluated changes in four routinely measured blood biomarkers during the first 24 h after lung
resection and their associations with postoperative complications. Three main findings emerged.

First, substantial changes in routine blood biomarkers were observed within 24 h after lung resection, with the
most pronounced changes being an increase in WBC count and a decrease in lymphocyte percentage,
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accompanied by a marked reduction in albumin, whereas the absolute change in RDW was small. Second, after
adjustment for major clinical risk factors, ΔWBC remained consistently associated with both overall
postoperative complications and PPC, while ΔLymphocyte also showed an independent association. In
contrast, ΔAlbumin and ΔRDW showed no consistent associations with the primary outcomes. Third, from a
risk stratification perspective, ΔWBC showed the clearest incremental value among the dynamic biomarkers,
increasing the AUC of the clinical model from 0.729 to 0.761. Although adding ΔLymphocyte further improved
model fit, it did not significantly increase the AUC.

These findings suggest that postoperative biomarker changes provide information that is distinct from single
time-point measurements(17, 18) . However, statistical association with postoperative complications does not
necessarily mean that adding a biomarker to a clinical model will improve risk discrimination. In the present
study, ΔWBC demonstrated both a consistent association with postoperative complications and incremental
discriminatory value, making it the most clinically relevant early dynamic biomarker among those evaluated.

4.2 Interpretation of findings and comparison with previous studies

Surgical trauma can induce a marked systemic stress response within a short period, including the release of
inflammatory mediators, leukocyte mobilization, and changes in immune-cell distribution(19-21) . Therefore, an
increase in WBC count after surgery does not in itself indicate infection and should not necessarily be regarded
as an abnormal response (11, 22) . A more relevant finding in the present study was that the magnitude of the
increase in WBC count from before surgery to 24 h after surgery was consistently associated with the risk of
postoperative complications. This suggests that ΔWBC may reflect the intensity of the early systemic response
to surgical trauma rather than serve as a surrogate for any specific postoperative complication.

Compared with a single preoperative WBC measurement, a change-based measure may have the potential
advantage of accounting, at least in part, for differences in individual baseline levels. Preoperative WBC counts
may vary considerably between patients, and the magnitude of the physiological shift during the first 24 h after
surgery may therefore provide additional information. However, this interpretation is biologically plausible rather
than directly demonstrated by the present data. Given the observational design, the association between ΔWBC
and postoperative complications should not be interpreted as causal.

Postoperative lymphopenia was also a prominent finding in this study. Previous thoracic surgical research has
shown that early postoperative lymphopenia is associated with postoperative pneumonia and PPC(13) . Our
findings were broadly consistent with this observation: ΔLymphocyte remained independently associated with
overall postoperative complications and PPC after adjustment for clinical variables. However, its incremental
discriminatory value was substantially lower than that of ΔWBC. Notably, although adding ΔLymphocyte to the
model resulted in a modest improvement in model fit according to the likelihood ratio test, it did not significantly
improve the AUC according to the DeLong test. This illustrates that a biomarker may carry independent
statistical information without materially improving the ranking of patients according to risk. This distinction is
relevant when assessing the clinical value of candidate biomarkers.

Albumin also decreased substantially after surgery in our cohort, but ΔAlbumin was not consistently associated
with the primary complication outcomes after adjustment. Previous studies have reported an association
between perioperative albumin changes and PPC after lung cancer resection(14) . The discrepancy between
those findings and ours may reflect differences in patient characteristics, extent of resection, complication
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profiles, sampling time points, or residual confounding. Thus, our findings do not rule out albumin as a potential
postoperative biomarker but may indicate that its prognostic relevance varies across patient populations and
clinical settings.

RDW showed a different pattern. Although the preoperative-to-24-h postoperative change was statistically
significant, the median change was only −0.10 percentage points, and ΔRDW was not independently associated
with overall postoperative complications or PPC. This finding also illustrates that statistical significance does
not necessarily imply clinical importance, particularly when the magnitude of an observed change is very small.
A small P value alone should therefore not be given substantial biological or clinical interpretation when the
underlying change is minimal.

4.3 Clinical implications

The most direct potential clinical implication of our findings is that the change in WBC count at 24 h after
surgery can be obtained from routine postoperative blood testing without requiring additional resources.
Compared with specialized biomarkers, WBC count is routinely measured in the perioperative setting and is
inexpensive, readily available, and easily repeatable.

If these findings are reproduced in independent cohorts, a greater ΔWBC may serve as a simple signal for early
postoperative risk stratification. In patients who already have a higher baseline risk, a marked increase in WBC
count may warrant closer monitoring of respiratory status, signs of infection, and postoperative recovery.

However, our findings do not support the use of ΔWBC as a stand-alone diagnostic marker for postoperative
complications or the initiation or modification of antibiotic treatment on the basis of ΔWBC alone. Its more
appropriate role is as a complement to conventional clinical variables rather than a replacement for them. Given
the degree of calibration deviation observed in the present models and the apparent nature of the DCA, clinical
decisions based on specific risk thresholds should await external validation.

4.4 Strengths and limitations

This study has several strengths. First, we used paired preoperative and 24-h postoperative measurements from
the same patients, focusing on dynamic changes rather than single absolute measurements. Second, the
primary association analyses used prespecified clinical variables for adjustment, and the stability of the main
findings was examined in sensitivity analyses incorporating surgical approach, operation time, blood loss, and
FEV1% predicted. Third, we did not equate statistical association with clinical predictive value; instead, ROC
analysis, the DeLong test, likelihood ratio tests, bootstrap internal validation, calibration, and DCA were used to
assess the incremental value of the dynamic biomarkers from complementary perspectives.

Several limitations should also be considered. First, the retrospective design is subject to selection bias,
information bias, and residual confounding; therefore, the observed associations should not be interpreted as
causal. Second, this was a single-center study. Although bootstrap internal validation was performed, the
models have not yet undergone independent external validation, limiting their generalizability. Third, PPC was
primarily identified from predefined postoperative complication records in the database, and the specific
diagnostic criteria and timing of individual events should be further verified against the original clinical records.
Fourth, only a single early postoperative time point was assessed. Thus, we could not determine whether
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persistent inflammation, the rate of recovery, or a subsequent second peak might have greater prognostic value.
Fifth, the calibration slopes were below 1, suggesting some degree of model optimism or overfitting, and the
current results should therefore not be interpreted as demonstrating clinical-ready model performance. Finally,
the ROC analyses were based on a common complete-case cohort, and missing data in some variables may
have introduced bias associated with complete-case analysis.

Importantly, the aim of this study was not to develop a complex prediction tool containing as many biomarkers
as possible. Rather, the findings support further external validation of ΔWBC as the most consistent signal and
evaluation of its stability across different extents of resection, surgical approaches, levels of pulmonary
function, and baseline-risk groups.

5. Conclusions
Marked changes in routine blood biomarkers occur within 24 h after lung resection, characterized by an
increase in WBC count and decreases in lymphocyte percentage and albumin. After adjustment for major
clinical factors, ΔWBC remained consistently associated with overall postoperative complications and PPC and
provided the clearest incremental discrimination beyond the baseline clinical model. ΔLymphocyte was also
independently associated with postoperative complications, but its addition to ΔWBC resulted in limited
improvement in AUC.

Accordingly, dynamic changes in routine blood biomarkers at 24 h after surgery, particularly ΔWBC, may serve
as early markers for risk stratification after lung resection. Further prospective studies and independent external
validation are needed before these findings can be incorporated into clinical decision-making pathways.

Abbreviations
ASA
American Society of Anesthesiologists
AUC
area under the receiver operating characteristic curve
BMI
body mass index
CI
confidence interval
C
index—concordance index
DCA
decision curve analysis
FEV1
forced expiratory volume in 1 second
IQR
interquartile range
LRT
likelihood ratio test

Page 14/20



OR
odds ratio
PPC
postoperative pulmonary complication
RDW
red cell distribution width
SMD
standardized mean difference
T0
preoperative measurement
T1
postoperative 24—h measurement
VATS
video—assisted thoracoscopic surgery
WBC
white blood cell count
Δ
change from T0 to T1

Declarations
Ethics approval and consent to participate

This study was approved by the Institutional Review Board of The First Affiliated Hospital of Zhengzhou
University. Owing to the retrospective nature of this study, the requirement for written informed consent was
waived by the committee. All procedures performed in this study were in accordance with the ethical standards
of the institutional research committee and with the 1964 Helsinki Declaration and its later amendments. Data
use agreements were signed among participating institutions.

Clinical trial number

Not applicable.

Availability of data and materials

The datasets generated and/or analysed during the current study are not publicly available due to
privacy/ethical restrictions on patient medical record data but are available from the corresponding author on
reasonable request.

Competing interests

The authors declare no competing interests.

Funding

Not applicable.

Page 15/20



Authors' contributions

Penghao Zhao and Chunyang Zhang collected the data. Penghao Zhao designed the study. Penghao Zhao
analyzed the data. Penghao Zhao and Chunyang Zhang interpreted the data. Penghao Zhao prepared the
manuscript, and Chunyang Zhang revised it critically. All authors read and approved the final manuscript.

Acknowledgements

Not applicable.

References
1. Rasmussen GR, Klipsch E, Engelhardt KE. Review of Management of Clinical Stage I Small Cell Lung

Cancer: The Rising Role of Surgical Resection. Cancers. 2026;18(11). https://10.3390/cancers18111781.

2. Kim SS, Cooke DT, Kidane B, Tapias LF, Lazar JF, Awori Hayanga JW, et al. The Society of Thoracic Surgeons
Expert Consensus on the Multidisciplinary Management and Resectability of Locally Advanced Non-small
Cell Lung Cancer. Ann Thorac Surg. 2025;119(1):16–33. https://10.1016/j.athoracsur.2024.09.041.

3. Bingül ES, Şentürk NM, Kaynar AM. Prehabilitation: a narrative review focused on exercise therapy for the
prevention of postoperative pulmonary complications following lung resection. Front Med.
2023;10:1196981. https://10.3389/fmed.2023.1196981.

4. Batchelor TJP. Enhanced recovery after surgery and chest tube management. J Thorac disease.
2023;15(2):901–8. https://10.21037/jtd-22-1373.

5. Yamamichi T, Ichinose J, Omura K, Hashimoto K, Matsuura Y, Nakao M, et al. Impact of postoperative
complications on the long-term outcome in lung cancer surgery. Surg Today. 2022;52(9):1254–61.
https://10.1007/s00595-022-02452-4.

6. Yun JK, Jeong JH, Lee GD, Kim HR, Kim YH, Kim DK, et al. Predicting Postoperative Complications and
Long-Term Survival After Lung Cancer Surgery Using Eurolung Risk Score. J Korean Med Sci.
2022;37(5):e36. https://10.3346/jkms.2022.37.e36.

7. Baar W, Semmelmann A, Knoerlein J, Weber F, Heinrich S, Loop T. Risk Factors for Postoperative Pulmonary
Complications Leading to Increased In-Hospital Mortality in Patients Undergoing Thoracotomy for Primary
Lung Cancer Resection: A Multicentre Retrospective Cohort Study of the German Thorax Registry. J Clin
Med. 2022;11(19). https://10.3390/jcm11195774.

8. Giudici VM, Brascia D, Mangiameli G, Voulaz E, Bottoni E, Crepaldi A, et al. Identifying risk factors and
pathogens in postoperative pneumonia after lung surgery for cancer: a retrospective cohort study. J Thorac
disease. 2025;17(9):6530–41. https://10.21037/jtd-2025-169.

9. Jittangtrong P, Hongku N, Thiengwittayaporn S. Comparison of serum systemic inflammatory biomarkers in
bone-milling robotic-assisted total knee arthroplasty and conventional total knee arthroplasty: a
prospective randomized controlled trial. Knee Surg Relat Res. 2026;38(1):7. https://10.1186/s43019-026-
00309-5.

10. Simsek S, Uzunkulaoglu M, Simsek BN, Sevik HO, Tekin O, Yuksel S, et al. Impact of Minimally Invasive
Surgery on Systemic Immune Inflammation Index in Colorectal Cancer Patients. J laparoendoscopic Adv
Surg techniques Part A. 2026;36(8):578–84. https://10.1177/10926429261443899.

Page 16/20



11. Liu S, Huang H, Zhang C, Chen L, Feng X, Wu Y, et al. Postoperative leukocyte counts as a surrogate for
surgical stress response in matched robot- and video-assisted thoracoscopic surgery cohorts of patients: A
preliminary report. J robotic Surg. 2024;18(1):176. https://10.1007/s11701-024-01939-1.

12. Lu J, Wang F, Ren Y, An Y, Ratti F, Marques HP, et al. Perioperative dynamic changes of systemic
inflammatory biomarkers predict tumor recurrence following curative-intent resection of hepatocellular
carcinoma. Eur J Surg oncology: J Eur Soc Surg Oncol Br Association Surg Oncol. 2025;51(10):110320.
https://10.1016/j.ejso.2025.110320.

13. Dupont G, Flory L, Morel J, Lukaszewicz AC, Patoir A, Presles E, et al. Postoperative lymphopenia: An
independent risk factor for postoperative pneumonia after lung cancer surgery, results of a case-control
study. PLoS ONE. 2018;13(10):e0205237. https://10.1371/journal.pone.0205237.

14. Li P, Li J, Lai Y, Wang Y, Wang X, Su J et al. Perioperative changes of serum albumin are a predictor of
postoperative pulmonary complications in lung cancer patients: a retrospective cohort study. 2018.
2018;10(10):5755-63.

15. Chen J, Sun Z, Qiu J, Zhou Z, Ma K, Liang Y, et al. Composite C-reactive protein-triglyceride-glucose
adiposity indices and incident cardiovascular-liver-metabolic multimorbidity: a prospective cohort study.
Cardiovasc Diabetol. 2026;25(1). https://10.1186/s12933-026-03351-5.

16. Fernandez FG, Falcoz PE, Kozower BD, Salati M, Wright CD, Brunelli A. The Society of Thoracic Surgeons
and the European Society of Thoracic Surgeons general thoracic surgery databases: joint standardization
of variable definitions and terminology. Ann Thorac Surg. 2015;99(1):368–76.
https://10.1016/j.athoracsur.2014.05.104.

17. Akaoka M, Haruki K, Yamahata Y, Okazaki K, Furukawa K, Tsunematsu M, et al. The prognostic impact of
perioperative dynamic changes in cachexia index in patients with hepatocellular carcinoma. Annals
gastroenterological Surg. 2024;8(5):917–26. https://10.1002/ags3.12804.

18. Suarez-Roca H, Mamoun N, Bortsov AV, Mathew JP. Dynamic perioperative changes in baroreflex sensitivity
predict postoperative pain. Pain Med (Malden Mass). 2026;27(4):393–400. https://10.1093/pm/pnaf146.

19. Poredos P, Komadina R. Inflammation and Perioperative Cardiovascular Events. Cells. 2025;14(17).
https://10.3390/cells14171362.

20. Savic Vujovic K, Zivkovic A, Dozic I, Cirkovic A, Medic B, Srebro D, et al. Oxidative Stress and Inflammation
Biomarkers in Postoperative Pain Modulation in Surgically Treated Patients with Laryngeal Cancer-Pilot
Study. Cells. 2023;12(10). https://10.3390/cells12101391.

21. Wu FY, Zhou J, Wang K, Chen TY. Research progress of acupuncture in the regulation of surgery stress
response. Zhen ci yan jiu = Acupunct Res. 2023;48(12):1282–8. https://10.13702/j.1000-0607.20220669.

22. Kuroda K, Toyokawa T, Miki Y, Yoshii M, Tamura T, Tanaka H, et al. Prognostic impact of postoperative
systemic inflammatory response in patients with stage II/III gastric cancer. Sci Rep. 2022;12(1):3025.
https://10.1038/s41598-022-07098-3.

Figures

Page 17/20



Figure 1

Study flow diagram.

Flowchart detailing patient selection and cohort stratification. Among 910 patients in the initial database, 2
were excluded due to missing preoperative (T0) baseline biomarker data, yielding a primary analysis set of 908
eligible patients with paired perioperative biomarker data. The cohort was evaluated across three specific
analytical tracks: (left) the primary outcome cohort (n = 908) stratified by overall postoperative complications;
(middle) the complete-case cohort (n = 904) utilized for nested discrimination model analyses (Models 1–3),
excluding 4 patients with missing baseline covariates; and (right) the secondary outcome cohort (n = 908)
evaluated for postoperative pulmonary complications (PPC).

PPC: postoperative pulmonary complication.
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Figure 2

Acute perioperative dynamics of inflammatory and nutritional biomarkers.

Comparison of biomarker levels between baseline (T0, preoperative) and 24 hours postoperatively (T1)
stratified by overall complication status. (A) White blood cell (WBC) count, (B) Lymphocyte percentage, (C)
Serum albumin level, and (D) Red cell distribution width (RDW). Violin plots depict data kernel density
distributions; overlaid boxplots represent the median and interquartile range (IQR). Paired Wilcoxon signed-rank
tests were used for within-group comparisons (T0 vs T1), and Mann–Whitney U tests were used to evaluate
acute change (Δ = T1 - T0) differences between groups. Statistically significant group differences (Δ) are
highlighted in bold red.

WBC: white blood cell; RDW: red cell distribution width.
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Figure 3

Incremental discrimination and decision curve analysis of early postoperative blood biomarker dynamics

(A)Receiver operating characteristic (ROC) curves evaluating model discrimination for overall complications.
Addition of ΔWBC to the baseline clinical model (Model 1) significantly improved discrimination (Model 2 AUC =
0.761 vs Model 1 AUC = 0.729; DeLong P = 0.002). Incorporating ΔLymphocyte (Model 3) provided minimal
incremental discrimination over Model 2 (AUC = 0.764; DeLong P = 0.410). (B) Bootstrap optimism-corrected
calibration curves based on 1,000 resamples illustrating agreement between predicted probabilities and
observed complication proportions. Brier scores for Model 1, Model 2, and Model 3 were 0.162, 0.155, and
0.154, respectively. (C) Decision curve analysis showed a modest net-benefit advantage of Model 2 over Model
1 across a range of intermediate threshold probabilities, whereas Model 3 provided little additional net benefit
beyond Model 2.

AUC: area under the receiver operating characteristic curve; WBC: white blood cell.
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