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ABSTRACT

Background and Objective: Lobectomy is the primary treatment for early-stage non-small cell lung cancer. However, pulmo-
nary function declines postoperatively, presenting a significant challenge. This study investigated pulmonary function following
lobectomy and compared these changes with predicted lung function based on the traditional segmental method, focusing on
resected lobe-specific variability.

Methods: This prospective cohort study included 419 patients who underwent lobectomies for NSCLC. Pulmonary function
tests measuring forced vital capacity (FVC), forced expiratory volume in one second (FEV,), and diffusion capacity for carbon
monoxide (DLCO) were conducted preoperatively and at 1, 3, 6, and 12 months postoperatively. We compared the observed pul-
monary function values to the predicted postoperative (PPO) values based on the traditional segmental method and analysed
lobe-specific differences using mixed-effects models.

Results: Left upper and right lower lobectomies demonstrated observed pulmonary function values similar to their PPOs as
early as 2weeks postoperatively. However, the other lobes declined significantly, with an approximately 25% reduction in FVC,
FEV1, and DLCO, regardless of the number of segments in the lobe. Three months postoperatively, observed pulmonary func-
tion values exceeded PPO values across all lobes. Surgical approach (open vs. video-assisted thoracoscopic surgery), right upper
lobectomy in the reference to right lower lobectomy, and postoperative decreased physical activity were significant factors related
to the non-recovery of lung function to their PPOs at 6 months after surgery.

Conclusion: Postoperative pulmonary function recovery varied significantly by resected lobe, with most lobes showing better
recovery than predicted postoperative values. Accurate outcome prediction requires accounting for lobe-specific characteristics
and compensatory mechanisms.
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1 | Introduction

Lung cancer is the leading cause of cancer-related death world-
wide [1]. Although lobectomy has traditionally served as the
primary curative treatment for early-stage non-small cell lung
cancer (NSCLC) [2, 3], recent phase 3 randomised studies [4, 5]
demonstrated that, in well-selected patients with small and pe-
ripheral NSCLC, sublobar resections (segmentectomy or wedge
resection) can achieve non-inferior overall survival while of-
fering better preservation of postoperative pulmonary function
than conventional lobectomy. Nonetheless, many patients still
undergo lobectomy, and the resultant decline in pulmonary
function continues to pose a significant challenge, affecting
both quality of life and long-term health [6]. Theoretically, post-
operative pulmonary function depends on the degree of resec-
tion [7, 8], however, the function can change over time after
lobectomy, and predicted pulmonary function can differ from
actual postoperative pulmonary function depending on the
elapsed time [9, 10]. Understanding the time-dependent recovery
of lung function after different types of lung resection can help
optimise patient care and facilitate surgical decision-making.

Previous studies have examined the effects of lobectomy and
pneumonectomy on postoperative lung function, focusing on
measures such as forced vital capacity (FVC), forced expiratory
volume in one second (FEV)), and diffusion capacity for carbon
monoxide (DLCO) [10]. The compensatory mechanisms of the
remaining lung tissue are vital for reducing functional losses
caused by resection. Previous papers showed that lower lobec-
tomy leads to a smaller overall reduction in lung volume than
upper lobectomy due to significant compensatory expansion in
the opposite lung [11, 12]. This highlights the variability in lobe-
specific postoperative outcomes.

Predicting postoperative FEV, and DLCO is essential for select-
ing patients for major lung resection. The ‘anatomical method’
is routinely used to calculate the predicted postoperative (PPO)
FEV, and DLCO for patients undergoing lobectomy. According
to the European Respiratory Society and European Society of
Thoracic Surgery guidelines, these PPO values help estimate
the risk of death and cardiopulmonary complications after re-
section. Predicting these values preoperatively helps to identify
patients at higher risk for postoperative complications and cus-
tomise perioperative care accordingly. However, the “anatom-
ical method” does not account for the specific location of the
lobe, and it is unclear whether estimated PPO accurately reflects
actual lung function. Thus, our study investigated pulmonary
function, specifically FVC, FEV,, and DLCO, over time follow-
ing lung resection, focusing on lobe-specific differences. Using
a longitudinal approach, we aimed to identify lung function and
physiological recovery patterns by resected lobe.

2 | Methods

2.1 | Study Design and Participants

We used data from a prospective cohort study called the
Coordinated Approach to Cancer Patients’ Health for Lung

Cancer (CATCH-LUNG), which recruited patients who were
expected to undergo curative lung cancer surgery for suspected

NSCLC at the Samsung Medical Center in Seoul, Korea, be-
tween March 2016 and October 2018. The inclusion criteria were
as follows: (1) expected to undergo curative lung cancer surgery
for suspected or histologically confirmed NSCLC, (2) Eastern
Cooperative Oncology Group performance status of either 0 or
1, (3) no problems walking, and (4) understood the purpose of
the study and agreed to participate [13]. Among the patients in-
cluded in the CATCH-LUNG cohort, the analysis was restricted
to those who underwent curative lobectomy and were ultimately
diagnosed with stages I-1ITlung cancer postoperatively (n = 646).
To evaluate the impact of surgery, we excluded patients who un-
derwent simultaneous lung resection (n=380) or who received
adjuvant treatment after surgery (n=174). In addition, because
our study aimed to determine lung function recovery at 1, 3, 6,
and 12months after surgery, we excluded patients with incom-
plete follow-up (n=3). Finally, 419 patients were included. The
study protocol was approved by the Institutional Review Board
of the Samsung Medical Center (IRB no. 2015-11-025). Written
informed consent was obtained from all participants.

2.2 | Measurements

Pulmonary function tests were performed before surgery and
were repeated at 2weeks and 3, 6, and 12months after surgery.
To test pulmonary function, spirometry was performed using a
Vmax 22 (SensorMedics, OH, USA) according to the American
Thoracic Society/European Respiratory Society criteria [14, 15].
Absolute values of FEV,, FVC, and DLCO were obtained, and
the percentages of the predicted values (% predicted) for FEV,,
FVC, and DLCO were calculated using a reference equation
based on a representative Korean sample [16, 17]. PPO pulmo-
nary function after lobectomy was calculated as previously
described [18]. The PPO-FEV,, PPO-FVC, and PPO-DLCO val-
ues were calculated based on preoperative values, the number
of functional lung segments resected, and the total number of
functional segments available at resection. The total number of
segments for both lungs was 19:10 in the right lung (3 upper, 2
middle, and 5 lower lobes) and 9 in the left lung (5 upper and 4
lower lobes) [18].

Patient information, including age, sex, comorbidities, and
smoking status, was obtained preoperatively using standard
questionnaires. Clinical data, including surgical approach,
pathological type, pathological stage, and adjuvant treatment,
was collected from electronic medical records after surgery.
Chronic obstructive pulmonary disease was defined as a post-
bronchodilator (BD) FEV,/FVC ratio of <0.7. Postoperative pul-
monary complications were prospectively recorded according
to previously established definitions [13, 19]. Physical activity
was assessed using a reliable wearable activity tracker [20]. The
tracker Flex (FITBIT, USA) was used to count steps and classify
the intensity and time of the physical activity as moderate or vig-
orous (MVPA). MVPA is defined as physical activity performed
at an intensity of more than 3 metabolic equivalents (METS).
The activity data were collected as previously described [21].
Low physical activity was defined as less than 30min per day
of MVPA based on the recommendations of the World Health
Organization (at least 150 min/week MVPA) [22] or a decrease
in daily steps by increments of 1000 steps compared with other
patients [23, 24].
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2.3 | Statistical Analysis

Descriptive statistics were used to summarise the patient
characteristics. We used mixed-effects models for longitu-
dinal data analysis to model changes in the absolute FVC,
FEV,, and DLCO values and the percentages of predicted
values (% predicted) for FEV,, FVC, and DLCO at each time
point. These mixed models provided the average longitudi-
nal change from preoperative values (with 95% confidence
intervals [CIs]) while allowing for random variations in lon-
gitudinal changes among participants according to normal
distributions with unstructured variance-covariance matri-
ces. In addition, we compared the difference in lobe-specific
changes in pulmonary function from the preoperative values
using a mixed model that included interaction terms between
time and resection lobe. We also calculated the difference
between PPO pulmonary function and observed pulmonary
function to assess how this discrepancy changed over time in
the resected lobe.

To identify the factors associated with failure to reach PPO pul-
monary function, the group was divided into two categories:
non-recovered and recovered. Recovery was defined as lung
function above the PPO value at the 6-month follow-up.

We then used a logistic regression model to calculate the odds
ratios (ORs) and 95% CIs for the differences in the odds of non-
recovery for the factors at baseline and those that changed at
baseline and at 2weeks after surgery. To further evaluate the re-
lationship between PPO pulmonary function and early surgical
outcomes, we performed logistic regression analyses of 30-day
postoperative complications using PPO-FEV,, PPO-FVC, and
PPO-DLCO as continuous predictors.

Significance was set at a p value <0.05. All analyses were
performed using R version 4.1.3 (R Foundation for Statistical
Computing, Vienna, Austria).

3 | Results
3.1 | Patients

The mean (SD) age of the study participants was 62.3 (9.2), and
51.3% (n=215) were male. Among the participants, 88.1% were
diagnosed with adenocarcinoma, 94.7% were diagnosed with
stage I disease, and almost 90% underwent video-assisted tho-
racoscopic surgery (VATS) (Table 1). Among the 419 patients,
59,90, 90, 29, and 151 underwent lobectomies for left lower lobe
(LLL), left upper lobe (LUL), right lower lobe (RLL), right mid-
dle lobe (RML), and right upper lobe (RUL), respectively.

3.2 | Changes in Pulmonary Function

The preoperative average (standard deviation [SD]) FVC, FVC (%
predicted), FEV,, FEV, (% predicted), DLCO, and DLCO (% pre-
dicted) values are presented in Table S1. The pulmonary func-
tion was similar in patients who underwent lobectomy for the
LLL, LUL, RLL, RML, and RUL at baseline, except for DLCO (%
predicted). The lower lobes (LLL and RLL) had a relatively lower

DLCO (% predicted) than the middle or upper lobes (LUL, RML,
or RUL) (Table S1).

The mean observed FVC and FVC (% predicted) was decreased
2weeks after surgery, then increased but remained below base-
line at 12months (Table S1, Figure 1A,B). Patients who under-
went right middle lobectomy had the smallest decrease in FVC
(—641.2mL at 2weeks after surgery, —88.1mL at 12months
after surgery), whereas those with right lower lobectomy had
the largest decrease in FVC (—949.5mL at 2weeks after surgery,
—399.6mL at 12 months after surgery; Table S2, Figure 1).

3.3 | Discrepancy in Observed vs. PPO Pulmonary
Function

Figure 2 and Table S3 present a comparison of the observed
and PPO pulmonary functions (traditional segmental method
predicted) at various time points after lobectomy. For FVC,
both absolute values and percentages of predicted values,
right upper lobectomy showed the largest initial decrease
below PPO level at 2weeks (—295.3 mL and —7.7%), with grad-
ual improvements above PPO level to 140.3mL and 3.9% at
3months, 279.2mL and 7.5% at 6 months, and 296.3mL and
8.2% at 12months after surgery. In contrast, the left upper
lobectomy showed the smallest decrease below PPO level
in FVC at 2weeks (-2.1mL, 0.7%) and progressively greater
increases above PPO level, reaching 402.9mL and 11.6% at
3months, 500.0mL and 14.2% at 6 months, and 509.2mL and
15.8% at 12months after surgery.

Regarding FEV , the right upper lobectomy had the largest ini-
tial decrease below PPO level at 2weeks (—226.0mL and —8.0%),
with partial recoveries above PPO levels to 74.5mL and 2.9% at
3months, 128.0mL and 4.8% at 6 months, and 122.5mL and 5.3%
at 12months after surgery. Conversely, the right lower lobec-
tomy showed observed FEV1 level above PPO level at 2weeks
(30.7mL and 1.5%), improving further to 337.1 mL and 12.1% at
3months, 418.6mL and 14.5% at 6 months, and 398.8 mL and
15.1% at 12 months after surgery.

For DLCO, both in terms of absolute values and percentages
of predicted values, right lower lobectomy showed the larg-
est initial decrease below PPO level at 2weeks (—4.1 mL/
min/mmHg and —22.7%), with partial recoveries above PPO
level to 1.9mL/min/mmHg and 8.8% at 3months, 1.9mL/
min/mmHg and 10.3% at 6 months, and 2.3mL/min/mmHg
and 13.1% at 12months after surgery. Conversely, left lower
lobectomy showed an observed DLCO level above PPO level
even at 2weeks (7.1 mL/min/mmHg and 28.0%) and main-
tained smaller increases above PPO level with 0.8 mL/min/
mmHg and 4.7% at 3months, 0.6 mL/min/mmHg and 4.2% at
6months, and 0.6 mL/min/mmHg and 5.0% at 12 months after
surgery.

3.4 | Factors Associated With Failure to Reach
PPO Pulmonary Function at 6 Months After Surgery

Based on the observed pulmonary function, the proportions
of patients who did not reach PPO-FVC (% predicted), FEV,
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(% predicted), and DLCO (% predicted) at 6 months after surgery
were 11.5%, 16.5%, and 27.7%, respectively (Figure 3). Among the
resected lobes, right middle and upper lobectomies were most
likely to have non-recovery of FVC (RML=18.5%, RUL=17.7%),
FEV, (RML=14.8%, RUL=28.2%), or DLCO (RML=29.6%,

RUL=35.5%) to PPO values at 6 months after surgery compared
with the other lobes (Figure 3).

After adjusting for confounding factors, right upper lobectomy
was associated with non-recovery of FEV1 (% predicted) (adjusted
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right lower lobe; RML, right middle lobe; RUL, right upper lobe.
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TABLE 2 | Factors associated with failure to reach predicted postoperative pulmonary function at 6 months after surgery (N=419).

Non-recovery of

Non-recovery of

Non-recovery of

FVC (% predicted) FEV, (% predicted) DLCO (% predicted)
Adjusted odds Adjusted odds Adjusted odds
ratio (95% CI)? ratio (95% CI)? ratio (95% CI)?

Baseline factors
Sociodemographics and behaviour
Age, year (per 10years)
Sex, men (Vs. women)
Body mass index, kg/m?

Smoking status, ever smoker (vs.
never)

Comorbidities
COPD, yes (vs. none)
Hypertension, yes (vs. none)
Diabetes mellitus, yes (vs. none)
Clinical factors
Adenocarcinoma, yes (vs. others)
Open surgery, yes (vs. VATS)
PPC, yes (vs. none)
Location of surgery
RLL
LLL
LUL
RML
RUL
Lung function test
FVC, % predicted (per 10% lower)
FEV1, % predicted (per 10% lower)
DLco, % predicted (per 10% lower)

0.98 (0.68-1.43)
1.49 (0.34-5.34)
0.87 (0.77-0.98)
1.15 (0.34-4.91)

0.91 (0.37-2.11)
0.75 (0.33-1.61)
0.46 (0.11-1.40)

0.95 (0.37-2.71)
1.89 (0.74-4.49)
1.44 (0.62-3.13)

Reference
1.04 (0.25-3.9)
0.65 (0.16-2.44)
3.59 (0.93-13.56)
2.18 (0.88-6.19)

0.92 (0.71-1.19)
0.87 (0.70-1.09)

Change factors from baseline to 2 weeks after surgery

MVPA
Persistent >30min/day

Increased from < 30min/day to
>30min/day

Decreased from >30min/day to
<30min/day

Persistent <30min/day

Reference

1.28 (0.36-4.11)

1.58 (0.64-4.15)

1.64 (0.64-4.45)

0.81 (0.59-1.11)
1.22(0.37-3.51)
1.01 (0.91-1.11)
0.75 (0.26-2.42)

0.61 (0.25-1.38)
1.22 (0.63-2.32)
0.55 (0.18-1.40)

1.87 (0.71-5.72)
3.17 (1.43-6.81)
0.61 (0.25-1.36)

Reference
3.28 (0.97-12.92)
1.94 (0.57-7.63)
3.25(0.71-14.97)
6.6 (2.48-22.91)

0.91 (0.72-1.15)

0.82 (0.67-0.99)

Reference

0.94 (0.35-2.32)

1.07 (0.51-2.24)

0.88 (0.40-1.93)

0.94 (0.72-1.21)
0.42 (0.15-1.10)
0.96 (0.89-1.04)
1.13 (0.43-3.29)

0.81 (0.39-1.60)
1.15 (0.66-1.97)
0.89 (0.41-1.81)

1.34(0.56-3.61)
0.69 (0.28-1.52)
1.27 (0.65-2.41)

Reference
1.34 (0.57-3.09)
1.09 (0.48-2.44)
2.04 (0.72-5.55)
2.18 (1.14-4.32)

0.99 (0.81-1.22)
1.00 (0.84-1.21)

Reference

0.95 (0.41-2.12)

1.89 (1.03-3.56)

1.1 (0.56-2.17)

Note: The Bold values denote statistical significance (two-sided p <0.05) and indicates that the 95% CI does not include 1.00.

Abbreviations: COPD, chronic obstructive pulmonary disease; LLL, left lower lobe; LUL, left upper lobe; MVPA, moderate-to-vigorous physical activity; PPC,
postoperative pulmonary complication; RLL, right lower lobe; RML, right middle lobe; RUL, right upper lobe; VATS, video-assisted thoracoscopic surgery.
2Adjusted for age, sex, body mass index, smoking status, VATS, and PPCs.

OR=6.60, 95% CI=2.48-22.91) and DLCO (% predicted) (adjusted
OR=2.18,95% CI=1.14-4.32) with the reference of the right lower
lobectomy. Decreased MVPA from >30min/day at baseline to

<30min/day at 2weeks after surgery was related to non-recovery
of DLCO (% predicted) (adjusted OR=1.89, 95% CI=1.03-3.56)
with the reference of those with persistent MVPA (Table 2).
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3.5 | Association Between PPO Lung Function
and Complications

To further investigate whether PPO spirometry measures
correlated with early surgical outcomes, we analysed 30-
day postoperative complications in relation to PPO-FEV,,
FVC, and DLCO, both overall and stratified by resected lobe
(Table S4). Lower PPO-FEV, and DLCO were significantly as-
sociated with an increased risk of complications. After adjust-
ing for age, sex, BMI, cancer stage, smoking history, VATS,
and resected lobe, the adjusted odds ratio for complications
per 10% decrease in PPO-FEV, was 1.48 (95% CI 1.12-1.95),
and for PPO-DLCO was 1.35 (95% CI 1.05-1.73). Notably,
the association was strongest in patients who underwent left
lower lobectomy, with an adjusted OR of 15.7 (95% CI 1.02-
242.7) for PPO-FEV, and in those who underwent left upper
lobectomy, with an adjusted OR of 7.37 (95% CI 1.00-54.57)
for PPO-DLCO.

4 | Discussion

These findings provide important insights into the postoperative
changes in pulmonary function, emphasising the importance of
the lobe-specific variation. By comparing the actual changes in
pulmonary function to predictions made using the traditional
segmental method, we observed that the LUL and RLL resec-
tions yielded pulmonary function values similar to those of PPO
values as early as 2weeks after surgery and observed pulmonary
function values exceeded PPO values across all lobes at 3 months
after surgery. Factors such as surgical approach (open vs. video-
assisted thoracoscopic surgery), right upper lobectomy in the
reference of right lower lobectomy, and postoperative physical
activity change from baseline to 2weeks after surgery signifi-
cantly influenced non-recovery of lung function at 6 months
after surgery.

Early postoperative decline in lung function, particularly in
FVC, FEV,, and DLCO, was observed across all lobes except the
RML, with an approximate 25% reduction in lung function at
2weeks postoperatively, regardless of the number of segments
in the lobe. In contrast, the traditional segmental method pre-
dicts that the LUL, LLL, RUL, RML, and RLL should contribute
26.3%,21.1%, 15.8%, 10.5%, and 26.3%, respectively, to lung func-
tion. During the immediate postoperative period, lung function
significantly decreased regardless of the resected lobe. General
anaesthesia causes microatelectasis and reduces functional re-
sidual capacity. In addition, surgical incision and postoperative
pain affect chest wall compliance and lead to a decline in pulmo-
nary function. Notably, from the third month postsurgery, lung
function improved beyond the levels predicted by the traditional
segmental method, regardless of the lobe resected [10, 25].

In this study, right upper lobectomy was significantly associ-
ated with a lack of recovery of FEV, (% predicted) to PPO lev-
els relative to recovery after resection of the other lobes with
the reference of right lower lobectomy. Lobe-specific vari-
ability in the recovery of pulmonary function may have sev-
eral possible explanations. First, after right upper lobectomy,
the RML tends to shrink owing to several factors, including

incomplete development of the horizontal fissure and damage
to the interlobar veins. Additionally, the upward displacement
of the remaining lung can change the bronchial angle, leading
to bronchial kinking, which results in decreased postoperative
lung function [12, 26, 27]. These issues can lead to a reduction
in the volume of the middle lobe, exacerbating overall volume
and functional loss. Second, greater lung resection is thought
to promote a compensatory response, which impacts the func-
tional recovery of lung function through the expansion of the
remaining lung and increased perfusion and ventilation. Ueda
et al. [11] reported that this compensatory response appeared
to be more robust after lower lobectomy than after upper lobec-
tomy. But in another study, the 3D-computed tomography (CT)
measured volume of the lower lobe was smaller than that of the
upper lobe; the upper lobe possibly has more alveolar-capillary
reserves than the lower lobe to be recruited postoperatively [28].
The compensatory growth observed in the ipsilateral and con-
tralateral lung, as suggested by 3D-CT volumetry, highlights
the body's ability to adapt to reduced lung volume [12, 29]. This
ability to compensate for the loss of lung tissue might explain
why lung function eventually surpasses the PPO levels after the
initial postoperative period. Korst et al. reported paradoxical
improvement in pulmonary function following RUL in a subset
of patients with severe chronic obstructive pulmonary disease,
potentially reflecting volume reduction of diseased segments
and “decompression” of healthier lung tissue. However, given
that our cohort predominantly comprised early-stage NSCLC
patients with normal or mild-to-moderate airflow limitation,
removal of relatively healthy parenchyma might produce a net
functional deficit, explaining our findings [30].

Our study also identified factors that contribute to variability
in postoperative outcomes. For example, open surgery, as op-
posed to VATS, is associated with a greater risk of not achieving
PPO for FEV,, underscoring the potential benefits of mini-
mally invasive techniques for preserving pulmonary function.
Additionally, while demographic factors such as age, sex, smok-
ing status, and comorbidities such as chronic obstructive pulmo-
nary disease are critical for overall patient management, they
did not significantly influence the recovery of pulmonary func-
tion after surgical resection in our cohort. Instead, maintaining
or increasing postoperative MVPA may improve recovery rates,
highlighting the importance of incorporating physical rehabili-
tation into postoperative care plans.

Notably, the presumed universal superiority of lobectomy has
been challenged by recent phase 3 randomised trials [4, 5],
which demonstrated that sublobar resection—either segmentec-
tomy or wedge resection—can achieve survival outcomes that
are non-inferior to those of lobectomy in patients with small
and peripheral NSCLC. Additionally, these studies specifically
reported higher or better-maintained postoperative FEV, and
DLCO values in patients undergoing sublobar resections than
those with conventional lobectomy. Although our current find-
ings focus on lobe-specific variations within standard lobecto-
mies, the emerging evidence suggests that the choice of surgical
extent itself may critically influence functional recovery. This
highlights the importance of tailoring surgical strategies to indi-
vidual patients based on tumour size, anatomical location, and
baseline pulmonary function.
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Despite these insights, this study has several limitations. The
single-centre design may limit the generalisability of our find-
ings to more diverse populations. The 12-month follow-up pe-
riod provides valuable short- to mid-term recovery data but does
not capture long-term outcomes. Additionally, although key pul-
monary function measures were the focus of this study, other
physiological parameters such as the cardiopulmonary exercise
test and six-minute walk test that could provide a more com-
prehensive understanding of recovery were excluded. Excluding
patients with incomplete follow-up could introduce a selection
bias, potentially skewing the results to those with better recov-
ery outcomes.

In conclusion, our study showed different postoperative lung
function recovery based on the resected lobe for NSCLC, em-
phasising the importance of the lobe-specific variation. By un-
derstanding the variability in outcomes based on the resected
lobe, surgical approach, and change of physical activity from
baseline to 2weeks after surgery, future studies should explore
these factors in larger and more diverse populations to refine the
predictive models and enhance surgical care protocols.
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