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Abstract: Background: To test the agreement between postoperative pulmonary function tests
12 months after surgery (mpo-PFTs) for non-small cell lung cancer (NSCLC) and predicted lung
function based on the quantification of well-aerated lung (WAL) at staging CT (sCT). Methods: We
included patients with NSCLC who underwent lobectomy or segmentectomy without a history of
thoracic radiotherapy or chemotherapy treatment with the availability of PFTs at 12 months follow-
up. Postoperative predictive (ppo) lung function was calculated using the resected lobe WAL (the
lung volume between −950 and −750 HU) at sCT. The Spearman correlation coefficient (rho) and
intraclass correlation coefficient (ICC) were used to the test the agreement between WAL ppo-PFTs
and mpo-PFTs. Results: the study included 40 patients (68 years-old, IQR 62–74 years-old; 26/40,
65% males). The WAL ppo-forced expiratory volume in 1 s (FEV1) and the ppo-diffusing capacity of
the lung for carbon monoxide (%DLCO) were significantly correlated with corresponding mpo-PFTs
(rho = 0.842 and 0.717 respectively; p < 0.001). The agreement with the corresponding mpo-PFTs
of WAL ppo-FEV1 was excellent (ICC 0.904), while it was good (ICC 0.770) for WAL ppo-%DLCO.
Conclusions: WAL ppo-FEV1 and WAL ppo-%DLCO at sCT showed, respectively, excellent and
good agreement with corresponding mpo-PFTs measured 12 months after surgery for NSCLC. WAL
is an easy parameter obtained by staging CT that can be used to estimate post-resection lung function
for patients with borderline pulmonary function undergoing lung surgery.

Keywords: non-small-cell lung cancer; pulmonary function tests; computer applications software

1. Introduction

The main curative treatment of non-small-cell lung cancer (NSCLC) relies on tumor
resection [1–5]. Surgery is the preferred treatment for patients with stage I and II NSCLC
and for patients with a non-centrally located resectable tumor in the absence of nodal metas-
tasis on both computed tomography (CT) and positron emission tomography (PET) [1].
Nevertheless, the assessment of pulmonary function is required to estimate operative
morbidity [1]. The current guidelines provided by the European Respiratory Society (ERS)
and the European Society of Thoracic Surgery (ESTS) recommend evaluating the predicted
post-operative (ppo) forced expiratory volume in 1 s (FEV1) and diffusing the capacity
of the lung for carbon monoxide (%DLCO) in patients with reduced baseline FEV1 and
DLCO [6]. The first estimate of residual lung function should be calculated on the basis
of segment counting, but in patients with borderline function an imaging-based calcu-
lation of residual function is suggested, with encouragement of the use of quantitative
CT (QCT) [6]. Emerging techniques, such as CT ventilation imaging, strongly correlate
with PET ventilation in evaluating relative lobar function; nevertheless, it requires images
acquired at end-expiration and end-inhalation, increasing radiation exposure [7]. QCT
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has the potential to predict post-surgical lung function by quantifying the ventilated area
of the lobe that might be resected [8,9]. Several types of software can calculate, on the
basis of CT Hounsfield units (HU) thresholds, the well-aerated lung (WAL) as a surrogate
of normal lung [10]. The WAL volume is an easy parameter that can be estimated with
both commercial and open-source software by the use of a density mask, even without
requiring complete lung segmentation [10,11]. WAL is a predictor of a worse outcome in
SARS-CoV-2 disease (COVID-19)-associated pneumonia; nevertheless, its use to predict
lung function 12 months after surgery has not been demonstrated yet [11]. Thus, the aim of
our study was to test the agreement between postoperative pulmonary function tests (PFTs)
12 months after surgery for NSCLC and predicted lung function based on WAL estimated
at staging CT.

2. Materials and Methods
2.1. Study Population

This retrospective study was approved by the Local Ethics Committee (institutional
review board -IRB- approval number 897/2022/OSS*/AUSLPC). Informed consent was
obtained from all subjects involved in the study; as stated by the IRB, informed consent
was waived when the patient was not reachable in useful time due to organizational
reasons. The study included all patients who underwent surgery with curative intent for
NSCLC in our hospital between 1st January 2017 and 30th November 2021. The initial
sample comprised 189 patients, with a median age of 70 years-old (interquartile range,
IQR: 63–76 years-old), 124/189 (66%) males. Exclusion criteria were 1. staging or follow-
up CT 12 months after surgery (F-U CT) not performed in our hospital; 2. CT artifacts;
3. thoracic radiotherapy (RT) or chemotherapy (ChT) performed before surgery; 4. surgical
pneumonectomy; 5. chronic pleural effusion or pneumothorax at surgery side; and 6. no
availability of PFTs 12 months after surgery. The staging process was performed on the
basis of the current guidelines of the European Society of Medical Oncology (ESMO) and
of the eighth edition of the TNM classification for lung cancer [1,12].

2.2. Pulmonary Function Tests

Pulmonary function was evaluated within one month before surgery, while postopera-
tive spirometry was measured at least 12 month after surgery. Spirometry was performed
by a flow-sensing spirometer and a body plethysmograph connected to a computer for
data analysis (MasterScreen Body/Diffusion, CareFusion, San Diego, CA, USA). FEV1,
expressed as an absolute value (liters) and as a percentage of predicted value, was recorded.
In addition, %DLCO was also measured by the single-breath method. At least three mea-
sures were taken for every variable, with the purpose of guaranteeing the reproducibility
of the data.

2.3. CT and Computer Analysis

CT scans were obtained with either a 64-row CT scanner (Aquilon; Toshiba, Inc., Tokyo,
Japan) or two different 16-row CT scanners (Emotion 16, Siemens AG, Forcheim, Germany;
Brilliance 16, Philips Healthsystems, Amsterdam, Netherlands). Patients were scanned on
supine position, during inspiratory breath-hold, moving from the apex to the lung bases.
The acquisition included an unenhanced scan and single-enhanced phase obtained after
35 s of peripheral intravenous power injection of 90 to 120 mL nonionic contrast material
with a 300 mg/mL iodine concentration (Omnipaque 300; GE Healthcare, Little Chalfont,
UK) at 3 mL/s, according to patient size. For QCT, only the unenhanced phase was used.
Unenhanced CT acquisition was performed with the following parameters: tube voltage
range, 110 kV-130 kV; median tube current range, 75–378 mAs; and pitch 1.1; collimation,
1.25 mm. Imaging datasets were reconstructed using sharp kernel (FC 86 for Toshiba scanner,
B70 for Siemens scanner, and LungB for Philips scanner) at 1.5–2 mm slice thickness with
standard lung window settings (window width, 1500 HU; window center, −500 HU).
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All images were anonymized and transferred to a dedicated workstation. A radiologist
(D.C.) with seven years of experience quantified WAL by using the commercial software
(IntelliSpace Portal; Philips Health System, Best, Netherlands) available in our Hospital. The
Chronic Obstructive Pulmonary Disease (COPD) application automatically segmented the
whole lung and the airways; later, after applying a noise-reduction algorithm, it was isolated
WAL by manually setting the segmented lung included between −950 HU and −750 HU
since the best correlation with the visual score had been previously demonstrated [10]. The
software output calculated WAL in liters for the whole lung and for each lobe. Additionally,
the lung volume lower than −950 HU was recorded as low attenuation areas (LAAs), and
the percentage relative to whole-lung volume (%LAAs) was calculated [13].

2.4. Surgical Procedures

Indication for surgical treatment was based on the American College of Chest Physi-
cians (ACCP) guidelines [14]. Lobectomy or segmentectomy were performed through
video-assisted thoracic surgery (VATS) through one or three port sites (1 cm to 3 cm)
without rib spreading under general anesthesia, with single-lung ventilation, using a
double-lumen endotracheal tube. We used an endoscopic stapler (Ethicon, Cincinnati,
OH, USA; or Covidien, Minneapolis, MN, USA) without reinforcement to divide the
fused fissures and excise the pulmonary artery, vein, or bronchus. Hilar and mediastinal
adenectomy was performed on the basis of the ACCP guidelines [14]. After anatomic lung
resection, a water-seal test was carried out with warm sterile saline under thoracoscopy.
A 20F chest tube was placed in the hemithorax before closure of the chest wall. The chest
drainage was removed the day after the air leaks disappeared, regardless of the amount of
pleural drainage. Patients were sent home after the removal of chest tubes.

2.5. Statistical Analysis

Data are reported as median and IQR. Post-operative lung function was calculated
by the anatomical segment counting (ASC) method as proposed by Zeiher et al.: ASC
ppo-FEV1 (or %DLCO) = preoperative FEV1 (or %DLCO) × [1 − (S × 0.0526)], where
S = the number of segments resected; the number of segments for each lobe was identified
as follows: right upper lobe (RUL), 3 segments; left upper lobe (LUL), 4 segments; left
lower lobe (LLL), 5 segments; right lower lobe (RLL), 5 segments; and right middle lobe
(RML), 2 segments [15]. QCT post-operative lung function was estimated by modifying the
formula proposed by Sverzellati et al.: WAL ppo-FEV1 (or %DLCO) = preoperative FEV1
(or %DLCO) × [1 − (WAL volume of the lobe to be removed/WAL volume of the entire
lung) [9].

Comparisons within measures were determined by the Wilcoxon test. The agreement
between measures was assessed by the Bland–Altman method, calculating the Limits
of Agreement ± 1.96 SD (LoA), and by the intraclass correlation coefficient (ICC). ICC
was interpreted as follows: <0.40, poor agreement; 0.40–0.54, weak agreement; 0.55–0.69,
moderate agreement; 0.70–0.84, good agreement; and 0.85–1.00, excellent agreement [16].
Relations between measures were estimated by the Spearman rank correlation coefficient
(rho). A p value of less 0.05 was considered significant. Statistical analysis was performed
using MedCalc software, version 14.8.1 (MedCalc Software, Ostend, Belgium).

3. Results
3.1. Study Population

From 189 patients initially included, the final cohort included 40 patients with a median
age of 68 years-old (IQR 62–74 years-old); 26/40 (65%) patients were males (Figure 1). Lung
cancer features, surgical details, and patients demographics are shown in Table 1. The
majority of the patients were smokers (35/40, 88%); in particular, 26/40 (65%) were former
smokers. COPD was diagnosed in 25/40 (62%) of the patients. The majority of the patients
were in stage I, identified in 27/40 (68%) of the patients; in particular, the most frequent
tumor stage was IA1 (16/40, 40%). With the exception of 2/40 (5%) patients, all tumors
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were adenocarcinoma (38/40, 95%). The most frequent location was right upper lobe
(18/40, 45%). Surgical segmentectomy was performed in 9/40 (22%) patients, while the
remaining patients (31/40, 78%) underwent a standard lobectomy.

Figure 1. Diagram shows the patient selection process. ChT = chemotherapy; CT = computed
tomography; F-U = follow-up; NSCLC = non-small-cell lung cancer; PFTs = pulmonary function tests;
and RT = radiotherapy.

Table 1. Patient and lung cancer characteristics with surgical details.

Variable All Patients (n = 40)

Age (y) 68 (62; 74)
Gender

males 26/40 (65%)
females 14/40 (35%)

Smoking history
never 5/40 (12%)

former 26/40 (65%)
current 9/40 (23%)

COPD 25/40 (62%)
Tumor stage (TNM 8th edition)

IA1 16/40 (40%)
IA2 8/40 (20%)
IA3 3/40 (8%)
IB 9/40 (22%)
IIB 3/40 (8%)

IIIA 1/40 (2%)
Histologic type

adenocarcinoma 38/40 (95%)
squamous cell carcinoma 2/40 (5%)

Surgical resection
right upper lobe 18/40 (45%)
left upper lobe 11/40 (27%)

right lower lobe 5/40 (12%)
left lower lobe 6/40 (16%)

Surgery type
lobectomy 31/40 (78%)

typical segmentectomy 5/40 (12%)
atypical segmentectomy 4/40 (10%)

Data are shown as the median or number of patients with the interquartile range or percentage, respectively, in
brackets. COPD = chronic obstructive pulmonary disease.
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3.2. Pulmonary Function Tests and Quantitative CT

Median preoperative FEV1 was 2.33 L (IQR, 1.68–2.76 L), which corresponded to a
%predicted FEV1 of 85% (IQR 67–101%). The preoperative median %DLCO was 71%
(IQR 58–83%). The median time between preoperative and postoperative PFTs was
15 months (IQR 13–16 months). The postoperative median PFTs values were significantly
lower than the preoperative values, with FEV1 of 1.94 L (IQR 1.66–2.35 L; p = 0.0005), a
%predicted FEV1 of 78% (IQR 64–88%; p = 0.006), and a %DLCO of 63% (IQR 52–72%;
p < 0.0001).

The total median WAL at baseline CT was 4.81 L (IQR 4.41–5.38 L), divided by
lobes as follows: RUL 1.20 L (IQR 1.08–1.33 L), LUL 1.20 L (IQR 1.06–1.35 L), LM 0.45 L
(IQR 0.39–0.57 L), RLL 1.42 L (IQR 1.11–1.58 L), and LLL 1.32 L (IQR 1.12–1.51 L). Median
%LAAs at baseline CT was 0% (IQR 0–2.5%).

The median ASC ppo-FEV1 (1.81 L, IQR 1.43–2.35 L) was significantly (p < 0.0001)
higher than WAL ppo-FEV1 (1.64 L, IQR 1.43–2.35 L). Both median ASC ppo-FEV1
(p = 0.006) and WAL ppo-FEV1 (p < 0.0001) were significantly lower than the measured
post-operative FEV1. Similarly, ASC ppo-%DLCO (56%, IQR 48–68%) was significantly
(p < 0.0001) higher than WAL ppo-DLCO% (54%, IQR 45–65%). Both ASC ppo-%DLCO
(p = 0.046) and WAL ppo-%DLCO were significantly (p = 0.001) lower than the measured
postoperative-%DLCO.

3.3. Correlation and Agreement Analysis

In Table 2 are summarized the findings of the correlation and agreement analysis.
Postoperative FEV1 and %DLCO were significantly (p < 0.001) correlated with WAL ppo
values (for FEV1 rho = 0.842; for %DLCO rho = 0.717). The agreement between WAL
ppo-FEV1 and post-operative FEV1 was excellent, with an ICC of 0.904 (95% CI 0.819–0.949)
and LoA included between +0.35 L and −0.87 L at Bland–Altman plot (Figures 2a and 3).
The agreement was good between post-operative %DLCO and WAL ppo-%DLCO, with an
ICC of 0.770 (95% CI 0.566–0.878) and LoA ranging from +17% to −32% according to the
Bland–Altman plot (Figures 2b and 3).

Table 2. Correlation and agreement analysis.

Comparison Spearman rho Coefficient
(p Value)

Limit of Agreement +1.96SD,
−1.96 SD ICC (95% CI)

WAL ppo-FEV1 (L) vs. ASC ppo-FEV1 (L)
WAL ppo-FEV1 (L) vs. postoperative-FEV1 (L)
ASC ppo-FEV1 (L) vs. postoperative-FEV1 (L)

0.957 (p < 0.001)
0.842 (p < 0.001)
0.856 (p < 0.001)

+0.20, −0.46
+0.35, −0.87
+0.47, −0.72

0.978 (0.958–0.988)
0.904 (0.819–0.949)
0.916 (0.841–0.955)

WAL ppo-%DLCO vs. ASC ppo-%DLCO
WAL ppo-%DLCO vs. postoperative-%DLCO
ASC ppo-%DLCO vs. postoperative-%DLCO

0.948 (p < 0.001)
0.717 (p < 0.001)
0.751 (p < 0.001)

+4, −12
+17, −32
+19, −26

0.977 (0.957–0.988)
0.770 (0.566–0.878)
0.796 (0.615–0.892)

ASC = anatomical segment counting; CI = confidence interval; %DLCO = percentage of diffusing capacity of
the lung for carbon monoxide; FEV1 = forced expiratory volume in 1 s; ICC = intraclass correlation coefficient;
ppo = predicted postoperative; SD = standard deviation; and WAL = well-aerated lung.
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Figure 3. A 58 years-old female former smoker (30 pack-years) who underwent right upper lobe
(RUL) lobectomy for adenocarcinoma, with 7% of emphysema on RUL (<−950 HU; black areas).
The predicted postoperative forced expiratory volume in 1 s (FEV1) based on well-aerated lung
(between −950 and −750 HU, WAL; highlighted in red) was 1.81 L, while with the anatomical
segment counting (ASC) it was 2.08 L. At 12-months follow-up after lobectomy, the measured FEV1
was 1.71 L.

4. Discussion

In our study, we demonstrated, in a cohort of 40 patients who underwent surgical
lobectomy or segmentectomy for NSCLC, a significant correlation between WAL ppo-PFTs
and postoperative PFTs measured 12 months after surgery [17]. In addition, the agreement
between WAL ppo-PFTs with corresponding postoperative measured PFTs was excellent
for FEV1 and good for %DLCO.

Well-ventilated regions of the lung may be a surrogate of respiratory function [18].
In patients affected by acute respiratory distress syndrome (ARDS), a ratio of less than
40% between the WAL region and whole-lung volume noted at CT was associated with a
higher risk of death [18]. Furthermore, in patients affected by COVID-19 pneumonia, the
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WAL extent lower than near 70% of the whole-lung volume was related to an increased
risk of death or intensive care unit admission [11,19]. We considered WAL the lung volume
to include between −950 and −750 HU since it demonstrated better correlation with the
visual score; in addition, pixels greater than −699 HU seem to represent lung parenchyma
with no or reduced participation in gas exchange [20].

The WAL-estimated FEV1 and %DLCO values were significantly lower than the
corresponding postoperative values, as previously reported [9]. This finding may be
due to the different positions of the patients during CT examination and spirometry
execution. At the supine position during CT, the dorsal portions of the lung are less
ventilated, consequently with higher density, and are excluded from the WAL calculation.
Nevertheless, the underestimation of CT can be regarded as a “margin of safety” from
postoperative respiratory insufficiency.

We found a significant correlation between WAL ppo-PFTs and measured postopera-
tive PFTs 12 months after surgery. Similar results was demonstrated by Sverzellati et al.,
who reported a significant correlation between estimated FEV1 and measured FEV1 values
(r = 0.97) three months after surgery [9]. According with our findings, Yokoba et al. identi-
fied a significant correlation between postoperative FEV1 and %DLCO and corresponding
predicted values obtained by QCT; nevertheless, our results showed a higher tendency to
underestimate PFTs, likely for the narrower range of CT density considered as WAL in our
study (between −950 and −750 HU vs. −950 and −600 HU) [8].

Other techniques can evaluate postoperative lung function, such as scintigraphy, CT
ventilation imaging, or magnetic resonance imaging (MRI). In practice, scintigraphy is not
widely employed in assessing patients for lobectomy because of the difficulty in interpreting
the contribution of individual lobes to the overall ventilation or perfusion [6]. CT ventilation
imaging may be a useful alternative method in preoperative evaluation for lung cancer
patients; nevertheless, it requires double CT acquisition images at end-expiration and
end-inhalation, increasing radiation exposure [7]. MRI allows for a noninvasive approach
that is probably even more precise than QCT evaluation; however, it adds an expensive
examination not widely available to the flow chart of the lung cancer evaluation [21]. The
use of QCT prior to surgery has been advocated by the ERS\ESTS guidelines to estimate
postoperative lung function [6]. Postoperative lung function assessment based on WAL
evaluation could be considered an alternative tool among all of the techniques available,
with reliable agreement with postoperative PFTs values. WAL does not require additional
examination since it can be extracted from the staging CT, which is a standard step of
the diagnostic-therapeutic process of patients affected by NSCLC [1]. Additionally, it is
easily calculated even with open-source software and can estimate the contribution to lung
function of the specific lobe that requires resection [11].

This study has several limitations. First, it is a retrospective study from a single hospital
with a small number of patients; nevertheless, we selected patients without previous lung
surgery, RT, ChT, or postoperative complications, with available PFTs 12 months after
lung resection, in order to assess the reliability of the predicted PFTs based on WAL at
staging CT. Second, WAL estimation can be affected by patients inspiration; nonetheless,
Best et al. previously suggested that spirometric standardization might not be necessary
for routine CT volume assessment [22]. Third, CT scans were performed with different
scanner and reconstruction parameters; however, the reliable agreement identified between
WAL predicted PFTs shows that this method can be applied with dissimilar CT scanner
and technical details.

5. Conclusions

In conclusion, the estimated postoperative FEV1 and %DLCO obtained on the basis
of WAL calculated at staging CT showed a significant correlation and reliable agreement
with measured postoperative corresponding PFTs 12 months after surgery for NSCLC in
a cohort of COPD and non-COPD patients. Since staging CT is a routine procedure in
preoperative lung cancer evaluation, it may simply and reliably allow for a “one-stop shop”



Life 2023, 13, 198 8 of 9

approach by providing morphologic and functional data. WAL can be easily calculated at
CT with commercial and open-source software on the basis of a density mask even without
the whole lung segmentation. Additionally, in patients with borderline lung function,
predicted PFTs on the basis of WAL can estimate the real contribution of the lung portion
that will be resected on the whole pulmonary function.
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