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Background: This study aimed to examine the factors associated with the negative outcomes of Nuss 
procedure in adult pectus excavatum (PE) patients.
Methods: Forty-seven adult PE patients were enrolled in this study. Mimics 21.0 software (Materialise) 
was used to reconstruct the preoperative and postoperative three-dimensional (3D) thoracic model. The 
preoperative and postoperative pulmonary volumes and function parameters were compared. The diaphragm 
positions were localized, and the anteroposterior diameter (APD) of the thoracic cavity was calculated using 
neoteric methods. Binary logistic regression was used to reveal the association between clinical factors and 
altered pulmonary parameters.
Results: Postoperative lung volumes in adult PE patients decreased significantly (P<0.001). The mean 
preoperative lung volume was 4,592.82±946.54 cm3, which reduced to 3,976.26±867.35 cm3 postoperatively. 
The rate of postoperative lung volume reduction was approximately 12.1%. Physiologically, forced 
expiratory volume in 1 second (FEV1), forced vital capacity (FVC), and peak expiratory flow (PEF) 
significantly decreased after Nuss procedure, and a near 10% reduction in FVC was observed. Diaphragm 
elevation was positively associated with decrease in lung volumes [odds ratio (OR) =40.51; P=0.011; 95% 
confidence interval (CI), 2.37–692.59]. The presence of reduced thoracic APDs was significantly associated 
with negative pulmonary function results (OR =1.21; P=0.008; 95% CI, 1.050–1.388).
Conclusions: This study reveals that thoracic APD reduction and diaphragm elevation are associated with 
decreased postoperative pulmonary volumes and function in adult PE patients. Nuss procedure for adult 
patients with PE must be considered cautiously by thoracic surgeons, especially in patients who expect to 
improve their cardiopulmonary function.
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Introduction

Pectus excavatum (PE), also known as funnel chest, is 
a common congenital chest wall deformity occurring 
between 1 and 8 per 1,000 persons (1,2). Presently, surgical 
approaches remain the most effective methods for the 
correction of PE. In 1998, Nuss et al. introduced a minimally 
invasive procedure that revolutionized the understanding 
of surgical correction of chest wall deformities (3). Due 
to its advantages of minimal invasiveness and favorable 
intraoperative effects (reduced operative time and blood loss) 
compared to the Ravitch procedure (2), the Nuss procedure 
has gained increased attention and has been widely adopted.

Although there are many benefits for PE patients that 
accepted Nuss procedure, some negative surgical outcomes 
such as recurrence and pleural effusion after Nuss procedure 
have also been reported in the previous studies (4,5). 
However, surgeons and researchers paid more attention to 
the change of cardiopulmonary function after Nuss surgery. 
Despite the ongoing debate regarding the optimal age for 
PE correction, it is widely accepted that PE correction 
through the surgical approach should be done before adult 
age (6,7). Fonkalsrud et al. demonstrated that uncorrected 
PE patients presented with worsened symptoms with 
increasing age and emphasized that both young and adult 
patients should be surgically treated (8). However, for adult 
patients with PE who missed the opportunity to receive 
surgical treatment during adolescent years, the precise effect 
of surgical correction on improvement in cardiopulmonary 
functions remains a much-debated topic. However, some 
studies have reported that cardiopulmonary function can 
improve in adult PE patients after Nuss procedure (9-12).  
Other researchers, however, argued that the primary 
indication for an adult PE correction is merely cosmetic. 
Opinions similar to this are supported by various studies 
reporting little or no improvement in cardiovascular or 
pulmonary functions following PE correction, especially for 
adult patients (13-17).

We here propose a neoteric approach for examining the 
effects of Nuss procedure on adult PE patients through the 
application of innovative methods to measure postoperative 
changes in pulmonary morphology and functions. Therefore, 
our study aimed at determining the alterations in pulmonary 
volume and function in adult PE patients and identifying 
potential predictors associated with the surgical outcomes 
following PE correction. We present the following article in 
accordance with the STROBE reporting checklist (available 
at https://dx.doi.org/10.21037/atm-21-3822).

Methods

Study population and clinical information

This was a retrospective cohort study that collected patient 
data from the Department of Thoracic Surgery, Guangdong 
Provincial People’s Hospital, between January 2017 and 
December 2019. The PE patients included in the study 
met the following inclusion criteria: (I) age greater than or 
equal to 18 years old, (II) having undergone both the first 
stage Nuss bar placement surgery and the second stage 
Nuss bar removal surgery in our department, (III) complete 
preoperative and postoperative computed tomography (CT) 
data, and (IV) complete follow-up information. Patients 
with the following characteristics were excluded from the 
study: (I) aged <18 years; (II) no available preoperative or 
postoperative CT data; and (III) signs of pneumothorax, 
hemopneumothorax, or inflammation on CT images that 
could affect the quality of lung reconstruction. Clinical 
information such as height, weight, body mass index (BMI), 
age at steel bar insertion, period of Nuss bar placement, and 
CT measurement value were collected and included in the 
statistical analysis. A Consolidated Standards of Reporting 
Trials (CONSORT) diagram was provided to better 
illustrate the study design (Figure S1).

Three-dimensional (3D) model reconstruction

CT data in Digital Imaging and Communications in 
Medicine (DICOM) format was collected using the 
picture archiving and communication system. Mimics 21.0 
(Materialise HQ Technologielaan, Leuven, Belgium) was 
used to build a 3D model and calculate the lung volume. The 
chest cages and pulmonary structures were reconstructed 
at different time points (t1: before bar placement; t2: after 
bar removal), calculated, and compared with the lung 
volumes (Figure 1). To minimize measurement bias caused 
by the period between two CT data acquisition points, the 
manubrium in two copies of CT data sets from each patient 
was reconstructed and used to confirm that no alterations 
had occurred in the volume variables (Figure S2).

Acquisition of pulmonary function test (PFT) and 
ultrasound cardiogram (UCG) results

The patients’ first PFT results during the preoperative 
evaluation were retrieved. The routine follow-up of PFT 
took place at the outpatient clinic in the subsequent year. 
If a patient did not return for follow-up within a year, PFT 

https://dx.doi.org/10.21037/atm-21-3822
https://cdn.amegroups.cn/static/public/ATM-21-3822-supplementary.pdf
https://cdn.amegroups.cn/static/public/ATM-21-3822-supplementary.pdf
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was acquired before their Nuss bar-removal surgery 3 or 

5 years later. A standard PFT includes assessing multiple 

variables and different aspects of pulmonary function. 

Forced expiratory volume in 1 second (FEV1), forced 
vital capacity (FVC), and peak expiratory flow (PEF) were 
selected for final analyses due to their significant clinical 
relevance to pulmonary function (18). Left ventricular 
ejection fraction (LVEF) were measured by UCG.

Measurement of anteroposterior diameter (APD) of the 
thoracic cavity

To assess the APD of both the left and right side of the 
thoracic cavity, we defined the measurement criteria to 
ensure consistency when obtaining data from different 
patient files. First, we determined the transverse plane to 
be where the line formed by bilateral nipples (Line A) was 
located on CT images. Another line from the midsagittal 
plane of the thorax that was perpendicular to the anterior 
median line was drawn as a reference line (Line B). An 
intersection point of the transverse plane and superior 
margin of the fourth rib was then identified, and a line was 
drawn (Line C) parallel to Line B. Finally, the APD of the 
thoracic cavity was determined as the length of Line C 
drawn across the thorax. A sketch map (Figure 2) was used 
to better illustrate the measurement process.

Development of a scoring system for diaphragm position 
markings

To evaluate the remodeling in the superoinferior dimension, 
we reconstructed the diaphragm and the thoracic cage, 

Figure 1 Alterations in adult PE individual pulmonary volumes and functions after Nuss procedure. (A) Alterations in adult PE individual 
pulmonary volumes. Alterations in individual lung volumes are represented with a stacked area chart. Unilateral lung volume (LLV and 
RLV) and TLV changes are represented by the different shading of blue area. Decreased lung volumes were observed in the majority of 
the adult PE patients. (B) Alterations in adult PE individual pulmonary functions. Alterations in individual pulmonary function parameters 
are represented using a stacked area chart. FEV1 changes are represented by the blue area, FVC changes by the orange area, FEV1/FVC 
by the gray area, and PEF by the yellow area. Decreased pulmonary functions were observed in majority of the adult patients. PE, pectus 
excavatum; LLV, left lung volume; RLV, right lung volume; TLV, total lung volume; FEV1, forced expiratory volume in 1 second; FVC, 
forced vital capacity; PEF, peak expiratory flow.
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Figure 2 Measurement of the bilateral APD of the thoracic cavity. 
Line A is formed between two nipples. A fixed transverse plane 
where Line A is located on the CT images was determined. Line 
B was drawn from the midsagittal plane of the thorax which is 
perpendicular to the anterior median line. Two lines (Line C1, 
Line C2) parallel to Line B were drawn across the upper border of 
the fourth ribs. The APD of the thorax was calculated as the length 
of the intersection between Line C1/C2 and the thoracic cavity. 
APD, anteroposterior diameter.
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which included 12 pairs of ribs, the sternum, xiphoid 
process, costal cartilages, and 12 thoracic vertebrae. A 
scoring system was developed to evaluate the relative 
position between the diaphragm and chest wall (Figure 3). 
The area of the anterior chest wall was divided into 11 parts. 
Each part was composed of the area between the upper edge 
of each rib and that of the next rib. The score of each area 
was equal to the ordinal number of the rib bone included in 
that specific area. For example, an area consisting of the first 
rib and the first intercostal space was denoted as “score 1”. 
After this, we selected two projection (PJ) points from each 
side of the diaphragm on the respective midclavicular line to 
describe the relative position of the diaphragm. The first PJ 
location was the intersection point between the upper arc of 
the diaphragm and the ipsilateral midclavicular line in the 
coronal plane and was denoted as “PJ1 score” (Figure 3A). 
The second PJ location was the intersection point between 
the anterior arc of the diaphragm and the ipsilateral 
midclavicular line in the sagittal plane and was denoted 
as “PJ2 score” (Figure 3B). The average values of the left- 
and the right-side scores were obtained to represent the 
final assessment score of the relative diaphragm position. 
In order to simplify the results regarding the PJ scoring, 
we averaged the PJ1 and PJ2 scores into a single PJ score. 
Alteration in PJ is denoted as ΔPJ. In on our scoring system, 
a lower score indicates a higher position of the diaphragm.

Statistical analysis

Continuous variables of demographic information, such 
as age, height, and weight, are present as mean ± standard 
deviation (SD) or median [interquartile range (IQR)]. 
Continuous data, such as lung volumes, PJ score, FEV1, 
FVC, FEV1/FVC and LVEF, were collected before and 
after Nuss bar placement. Difference between data collected 
before bar placement and after bar removal were tested 
using Student’s paired t-test provided that the data fit a 
normal distribution. Otherwise, Wilcoxon rank-sum test 
was performed. Categorical variables were compared by 
using the chi-square test or Fisher’s exact test. The widely 
accepted Haller index (HI) range for surgical indication of 
the Nuss procedure is HI >3.0 (19,20) or HI >3.25 (21-23).  
Subgroup analysis based on the HI (HI <3.0 vs. HI ≥3.0) 
was performed. Multivariate binary logistic regression 
models were explored to identify independent predictor 
variables of altered lung volumes and pulmonary function. 
The logistic regression models were built through a three-
step approach. First, univariate binary logistic regression 
analyses were performed. Independent variables that were 
significant (P<0.1) were included in the subsequent step. 
Second, collinearity diagnostics for the selected variables 
were tested. No multicollinearity was identified. Third, 
multivariate logistic regression models were constructed 
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PJ-2R

PJ-1L

PJ-2L PJ-2L
PJ-2R

A B

Figure 3 PJs of diaphragm position markings. (A) Localization of bilateral PJ1 scores. The first PJ location is the intersection point between 
the upper arc of the diaphragm and the ipsilateral midclavicular line in the coronal plane, denoted as “PJ1 score”. (B) Localization of the PJ2 
scores. The second PJ location is the intersection point between the anterior arc of the diaphragm and the ipsilateral midclavicular line in 
the sagittal plane, denoted as “PJ2 score”. PJ, projection.
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using the selected variables assessed for multicollinearity. 
A forward stepwise approach was adopted. Potential 
cofounders, such as sex, BMI, length of bar placement, and 
preoperative sternal depression depth were included to test 
their influences on both the independent and dependent 
variables in the models.

All tests were two-tailed, and the significance level was 
set at a P<0.05. All statistical analyses were performed using 
SPSS v.26 software (IBM Corporation, Armonk, NY, USA).

Ethical statement

This retrospective study was approved by the ethics 
committee of Guangdong Provincial People’s Hospital 
(No. GDREC2020120H). An electronic written informed 
consent was obtained from patients who was involved in the 
research. All procedures performed in this study involving 
human participants were in accordance with the Declaration 
of Helsinki (as revised in 2013).

Results

Demographic information of PE patients

Out of the 47 included patients, the male to female ratio was 
approximately 8:1 (42 to 5). The median age was 21 years  
(IQR: 19–24), with a mean BMI of 18.38±1.68. The median 
HI before the Nuss procedure was 3.70 (IQR: 3.22–4.09). 
Detailed preoperative descriptive information of the patient 
population and a summary of the statistical results are 
presented in Table 1.

Comparison of CT images in 3 years

In this study, sternal components were reconstructed from 
two sequential CT data sets of each of the 47 patients, and 
the manubrium volumes of the built model were compared 
(Figure S2). Due to the extensive period between placement 
and removal of the Nuss bar, there was uncertainty on 
whether the replacement of imaging equipment and 
technology updates during this period might have affected 
the measurement accuracy of imaging data. The mean 
manubrium volume was 23.64±4.73 cm3 before surgery 
and 23.70±4.71 cm3 after surgery. There was no significant 
difference between the two measured values (P=0.117; 
Figure 4A). Therefore, we confirmed that there was no 
significant volume deviation between the two CT scans.

Preoperative versus postoperative alterations in lung 
volumes, function, and LVEF

The lung module of the Mimics 21.0 software was 
used for lung reconstruction. The left and right lungs 
were reconstructed (Figure S3), and lung volumes were 
calculated and compared. Alterations in individual lung 
volumes and pulmonary functions are presented in the 
area charts (Figure 1A,1B) Student’s paired t-test results 
showed that there was a significant difference between 
preoperative and postoperative lung volumes in both the 
left lung (LLV, P<0.001) and right lung (RLV, P<0.001)  
(Figure 4B,4C). The rate of change in the LLV and RLV 
were approximately 13.0%. The mean preoperative total 
lung volume (TLV) of the patients was 4,592.82±946.54 cm3.  
After the Nuss procedure, the mean TLV decreased to 
3,976.26±867.35 cm3. The average lung volume decreased 
by 616.56 cm3 (P<0.001), which was approximately 13.4% 
of the preoperative lung volume (Figure 4D). No significant 
difference was observed between the rate of change in 
the LLV and RLV. A paired sample t-test revealed a 
significant reduction in FEV1 (%), FVC (%), and PEF (%)  
(Figure 4E-4G). Compared with preoperative data, 
the mean value decreased by 7.8% in postoperative  
FEV1 (%) (P=0.001), 9.0% in FVC (%) (P=0.001), and 
4.7% in PEF (%) (P=0.023). No significant difference was 
observed between preoperative LVEF (65.83%±3.92%) and 
postoperative LVEF (65.81%±4.51%).

Alterations in postoperative diaphragm location, APD, and 
anatomical and physiological correlations

A comparative analysis between the preoperative and 
postoperative diaphragm position was conducted. The 
significant upward shift of the diaphragm in both the 
anterior and top edge of the diaphragm after the operation 
was observed in the reconstructed model. The preoperative 
PJ1 score was 5.62±0.58, and the score decreased to 
5.18±0.62 after the operation (Figure 4H). The PJ2 
scores were 6.64±0.63 and 6.07±0.64 for preoperative 
and postoperative evaluation, respectively (Figure 4I). 
The lower the PJ2 score was, the higher the diaphragm 
elevation observed. Furthermore, the Wilcoxon rank-
sum test revealed a significant difference in both PJ1 
score and PJ2 score before and after the Nuss procedure 
(P<0.001), which suggested that significant elevation of the 
diaphragm occurred after the Nuss procedure. Both the 

https://cdn.amegroups.cn/static/public/ATM-21-3822-supplementary.pdf
https://cdn.amegroups.cn/static/public/ATM-21-3822-supplementary.pdf
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Table 1 Pre- and postoperative variables and comparison of results of the studied population

Variables Preoperative Postoperative P value

Gender (male: female) 42:5 –

Age (years) 21 (IQR: 19–24) 24 (IQR: 22–28) –

Height (m) 1.75±0.74 1.75±0.07 –

Weight (kg) 56.28±6.42 58.62±7.18 –

BMI (kg/m2) 18.38±1.68 19.09±1.90 –

HI 3.70 (IQR: 3.22–4.09) 3.23 (IQR: 3.03–3.66) 0.002**

Interval of bar placement (days) 1,213±206 –

Sternal manubrium volume (cm3) 23.64±4.73 23.70±4.71 0.117

Lung volume measurement (cm3)

LLV 2,122.85±484.20 1,832.27±449.52 0.000**

RLV 2,469.98±476.91 2,143.99±437.26 0.000**

TLV 4,592.82±946.54 3,976.26±867.35 0.000**

PFT (%)

FEV1 88.21±12.51 80.36±14.16 0.001**

FVC 87.14±12.22 78.11±14.98 0.000**

FEV1/FVC 103.00±8.17 104.99±8.34 0.082

PEF 90.09±17.96 85.37±14.89 0.023*

LVEF 65.83±3.92 65.81±4.51 0.977

APD (mm)

Left APD 137.73±9.90 129.46±10.87 0.000**

Right APD 135.83±12.80 128.22±15.82 0.000**

Average APD 136.78±10.14 128.84±12.38 0.000**

Diaphragm position

PJ1 score 5.62±0.58 5.18±0.62 0.000**

PJ2 score 6.64±0.63 6.07±0.64 0.000**

Average PJ score 6.13±0.57 5.57±0.76 0.000**

*, P<0.05; **, P<0.001. IQR, interquartile range; BMI, body mass index; HI, Haller index; LLV, left lung volume; RLV, right lung volume; 
TLV, total lung volume; PFT, pulmonary function test; FEV1, forced expiratory volume in 1 second; FVC, forced vital capacity; PEF, peak 
expiratory flow; LVEF, left ventricular ejection fraction; APD, anteroposterior diameter; PJ, projection.

left and right APD were found to be significantly decreased 
postoperatively. Paired sample t-test showed alterations 
of −8.27±11.01 mm (P<0.001) on the left side and −7.61± 
11.07 mm (P<0.001) on the right side (Figure 4J,4K). As 
a result, the total APD showed a significant decrease after 
operation (Figure 4L).

To further explore predictors of pulmonary volumes 

and function changes, binary logistic regression analysis 
was performed. Of the investigated independent variables, 
diaphragm elevation was positively associated with decrease 
in lung volumes [odds ratio (OR) =40.51; P=0.011; 95% 
confidence interval (CI), 2.37–692.59]. Patients with a 
reduction in average APD of the thorax were more likely 
to obtain a negative pulmonary function result (OR =1.21; 
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Figure 4 Paired sample test of various variables. (A) Manubrium volume. (B) LLV. (C) RLV. (D) TLV. (E) FEV1. (F) FVC. (G) PEF. (H) PJ1 
score. (I) PJ2 score. (J) Left APD. (K) Right APD. (L) Total APD. The upper and lower borders of each box represent the upper and lower 
quartile, respectively. The middle horizontal line represents the median. The upper and lower whisker represent the largest and smallest 
values of each measured parameters, respectively. The black dots represent each investigated individual. *, P<0.05; ***, P<0.001. LLV, left 
lung volume; RLV, right lung volume; TLV, total lung volume; FEV1, forced expiratory volume in 1 second; FVC, forced vital capacity; 
PEF, peak expiratory flow; APD, anteroposterior diameter.
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P=0.008; 95% CI, 1.050–1.388).

Subgroup analysis

Based on the preoperative HI, the included PE patients 
were divided into two groups (HI <3.0 vs. HI ≥3.0). 
Significant differences in alterations were observed between 
the two HI groups in the LLV (P=0.022) and in TLV 
(P=0.008) (Table S1). To further reveal the association 
between HI and lung volume alterations, continuous 
variables, including lung volume alterations, were converted 
into categorical data based on the direction of volume 
changes (increased or decreased). The chi-squared analysis 
revealed significant differences in lung volume alterations 
between the HI <3.0 and HI ≥3.0 subgroups. The TLV 
of patients in the higher HI group significantly decreased 
in size compared to those patients with an HI smaller 
than 3.0 (94.7% in HI ≥3.0 vs. 5.3% in HI <3.0; χ2=6.82; 
P=0.009<0.05). Significant differences were also observed in 
changes in the LLV (χ2=5.64; P=0.018) and RLV (χ2=8.31; 
P=0.004). In terms of PFT, patients with severe chest 
deformity (HI ≥3.0) accounted for 89.3% of those with 
impaired postoperative FEV1. Similar trends were observed 
during the analysis of FVC (89.3% in HI ≥3.0 vs. 10.7% in 
HI <3.0) and PEF (88.0% in HI ≥3.0 vs. 12.0% in HI <3.0). 
Detailed results are presented in Table S2.

Discussion

Several studies have indicated that the Nuss procedure 
provides good aesthetic outcomes in adult PE patients and 
can improve both the physical and psychological health-
related quality of life over time (24-27). The long-term 
surgical results also show a high successful orthopaedic 
effect with low recurrence rate. Fewer than one-tenth of 
the severe PE patients relapsed after Nuss procedure in 
our department, and the figure is much lower in patients 
with mild disease. Especially, all the 47 adult patients in 
our study obtained favorable operation results without 
any recurrence. According to our experiences, detailed 
preoperative assessment leads to the satisfying surgical 
effects, and implanting multiple Nuss bars or performing 
osteotomy plus Nuss surgery may also result in better 
therapeutic effects for severe PE patients. However, these 
experiences remain to be further verified.

A comparison of pre- and post-operative CT images 
and 3D models shows that the sunken sternum was 
corrected perfectly (Figure 5). However, as earlier indicated, 

previously published data concerning the effects of PE 
correction on cardiopulmonary functions are not consistent. 
Moreover, little attention has been paid to the changes in 
pulmonary volumes and pulmonary function.

In this study, the 3D lung model was reconstructed, and 
the lung volumes of the included 47 adult patients were 
calculated. The most important finding emerging from the 
analysis was the alterations in postoperative lung volumes 
of the adult patients. This study also found that there was 
a significant reduction in both lung volumes following the 
Nuss procedure, and the reduction rate was approximately 
12%. Similar results were reported in a pediatric study (28). 
However, this outcome was contradictory to previously 
published findings, in which the postoperative lung volumes 
were increased in patients with PE after the Nuss procedure 
(29,30). However, studies by Sengul et al. and Redlinger 
et al. included both children and adults and thus were 
likely to introduce confounding factors, such as the natural 
growth and expansion of the children’s lungs. Similar to the 
findings by Malek et al. (14) and Kuru et al. (17), our study 
demonstrated significant reduction in several PFT variables: 
−7.8% in postoperative FEV1 (P=0.001), −9.0% in FVC 
(P=0.001), and −4.7% in PEF (P=0.023).

Interestingly, there was no significant difference 
observed in the FEV1/FVC ratio before and after the 
Nuss procedure. We assumed that a synchronous rate of 
change in FEV1 and FVC yielded no significant difference 
in FEV1/FVC. Furthermore, Lawson et al. reported the 
main respiratory dysfunction in patients with PE to be the 
restrictive pattern in which the FEV1/FVC ratio increased 
or remained in the normal range (31).

There are several possible explanations for the results 
presented in the current study. First, compared to children, 
adult PE patients have relatively poor chest wall compliance, 
which poses a challenge for maximal lung expansion 
during inspiration as well as the contraction during the 
expiration process. Values of the two pulmonary function 
representatives, FEV1 and FVC, are closely associated with 
pulmonary volume (32); hence, reduced lung volumes would 
further lower FEV1 and FVC. Besides adult PE patients’ 
inherent disadvantages in chest wall compliance, chest wall 
mobility also affects lung volume and function through a 
dynamic measurement process.

Second, long-time displacement of the sternocostal 
articulation is affected by bar placement, and fixation of 
two lateral stabilizers may gradually force the complete rib 
cage to change shape. The long-term malalignment of these 
articulations can cause difficulties in full chest wall mobility, 

https://cdn.amegroups.cn/static/public/ATM-21-3822-supplementary.pdf
https://cdn.amegroups.cn/static/public/ATM-21-3822-supplementary.pdf
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thus restricting chest wall motion and adversely affecting 
pulmonary function. For patients with a higher HI, the 
malalignment of the sternocostal joints appeared to be more 
evident. This study’s hypothesis was supported by Acosta 
et al., who reported rib cage mobility to be significantly 
reduced after Nuss procedure for PE (33). A different 
cohort study reported there to be no change in exercise 
capacity in patients after Nuss bar removal compared with 
those with a stiff chest wall embedded with steel (34). These 
findings demonstrate that a possible decrease in chest wall 
motion postoperatively could also hinder patients’ efforts 
to expand the lungs to their maximal range. Therefore, 
poor thoracic compliance and weakened chest wall function 
after Nuss procedure may contribute to a reduction in lung 
volume and a deterioration in pulmonary function.

Third, the shortening of both the anteroposterior and 

the superoinferior axis of the thorax is considered to be 
another factor. A significant decrease in APD on both 
sides of the thorax and a positive correlation between the 
reduction in PFT parameters and reduction in APD were 
observed. As mentioned earlier, FEV1 and FVC changed 
with pulmonary volume. The anteroposterior alterations in 
the thorax, together with other factors, could impede the 
maximal expansion of the lungs, thus affecting pulmonary 
function. Moreover, a significant elevation of the diaphragm 
after the Nuss procedure was observed. Further analysis 
revealed a positive correlation between the reduction in lung 
volume and diaphragm elevation. Indeed, the reduced space 
in the thoracic cavity due to diaphragm elevation could 
further decrease the pulmonary volume, and the restricted 
space in the altered lung volumes could significantly affect 
pulmonary function value.

Figure 5 Comparison of CT images and 3D models of a severe PE patient whose pre-operative HI came to 9.10 before and after Nuss 
procedure. The decrease in APD and the elevation of the diaphragm are quite obvious. (A) Pre-operative CT image. (B) Post-operative CT 
image. (C) Pre-operative thoracic 3D model. (D) Post-operative thoracic 3D model. CT, computed tomography; 3D, three-dimensional; 
PE, pectus excavatum; HI, Haller index; APD, anteroposterior diameter.
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Future prospective, multicenter studies should evaluate 
the advantages and drawbacks of the Nuss procedure on 
adult PE patients to assist physicians in making critical 
decisions while performing minimally invasive surgery 
on certain adult groups. Although this study successfully 
demonstrated alterations in pulmonary volumes and 
functions in adult PE patients after Nuss procedure, further 
research is needed to provide a more comprehensive 
analysis. Future work should determine the reliability of 
the current study results in different age groups, especially 
among children and adolescents. Finally, the relatively small 
sample size of the current study might have introduced a 
risk of type I error. A study with a larger number of samples 
from adult PE patients is required to verify this finding in 
the future.

In conclusion, this study demonstrated a significant 
decrease in pulmonary volume and function in adult PE 
patients after the Nuss procedure was performed. The 
salient and novel finding of our study was that the decrease 
in APD and the elevation of the diaphragm can explain the 
poor surgical outcomes among adult PE patients. Subgroup 
analysis shows that the negative results were more likely to 
appear to patients with high HI, which may prompt that 
severe PE is one of the predictors of negative surgical results 
of adult patients. Nuss procedure for adult patients with 
PE must be considered cautiously by thoracic surgeons, 
especially in patients who suffered from severe thoracic 
deformity and expect to improve their cardiopulmonary 
function.
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Supplementary

Figure S1 CONSORT diagram of the study design. CONSORT, Consolidated Standards of Reporting Trials.

Inclusion criteria:
1. Age greater than or equal to 18 years old
2. Underwent both the first stage Nuss placement surgery and the second 
stage Nuss bar removal surgery in our department
3. Complete pre-operative and post-operative CT data
4. Complete follow-up information

Exclusion criteria:
1. Aged<18
2. No available pre-operative or post-operative CT data 
3. Signs of pneumothorax, hemopneumothorax, or inflammation on CT 
images that could affect the quality of lung reconstruction

Excluded: n=425
1. Aged <18 (n=419)
2. No available pre-operative or 
post-operative CT data (n=6)

Assessment of pulmonary volume, function 
and left ventricular ejection fraction

Identification of predictors associated 
with surgical outcome of Nuss surgery

Assessed for eligibility: n=472

Included: n=47
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Figure S2 Reconstruction and comparison of the pre- and postoperative sternum. (A) Reconstruction of the preoperative sternum. (B) 
Reconstruction of the postoperative sternum. PJ, projection.

Figure S3 Reconstruction of 3D thorax model. 3D, three-
dimensional.
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Table S1 Comparison of lung volumes between the two HI groups (HI <3.0 vs. HI ≥3.0)

Variables
Mean ± SD

P value 95% CI
HI <3.0 (n=6) HI ≥3.0 (n=41)

ΔLLV 41.59±551.64 −339.19±337.92 0.022* 56.94 to 704.62

ΔRLV 130.63±699.72 −392.81±333.16 0.128 −209.01 to 1,255.90

ΔTLV 172.23±1,250.36 −732.00±654.10 0.008** 248.95 to 1559.51

*, P<0.05; **, P<0.001. HI, Haller index; SD, standard deviation; CI, confidence interval; LLV, left lung volume; RLV, right lung volume; TLV, 
total lung volume.

Table S2 Association between HI and alterations in lung volumes and functions

Variables
HI subgroups

c2-statistic [df] P value
<3.0, n (% within variable) ≥3.0, n (% within variable)

LLV (cm3) 5.64 [1] 0.018*

Increase 4 (40.0) 6 (60.0)

Decrease 2 (5.4) 35 (94.6)

RLV (cm3) 8.31 [1] 0.004**

Increase 4 (50.0) 4 (50.0)

Decrease 2 (5.1) 37 (94.9)

TLV (cm3) 6.82 [1] 0.009**

Increase 4 (44.4) 5 (55.6)

Decrease 2 (5.3) 36 (94.7)

FEV1 (%) 0.101 [1] 0.75

Increase 2 (22.2) 7 (77.8)

Decrease 3 (10.7) 25 (89.3)

FVC (%) 0.101 [1] 0.75

Increase 2 (22.2) 7 (77.8)

Decrease 3 (10.7) 25 (89.3)

PEF (%) 0.151 [1] 0.698

Increase 2 (12.0) 10 (88.0)

Decrease 3 (16.7) 22 (83.3)

*, P<0.05; **, P<0.001. HI, Haller index; LLV, left lung volume; RLV, right lung volume; TLV, total lung volume; FEV1, forced expiratory 
volume in 1 second; FVC, forced vital capacity; PEF, peak expiratory flow.
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