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Abstract

Purpose Some teenagers with adolescent idiopathic scoliosis (AIS) display compromised lung function. However, the
evidence regarding the relations between pulmonary impairments and various spinal deformity parameters in these patients
remains unclear, which affects clinical management. This systematic review and meta-analysis aimed to summarize the
associations between various lung function parameters and radiographic features in teenagers with AIS.

Methods A search of PubMed, Embase, PEDro, SPORTDiscus, CINAHL, Cochrane Library, and PsycINFO (from incep-
tion to March 14, 2022) without language restriction. Original studies reporting the associations between lung function and
spinal deformity in patients with AIS were selected. Independent reviewers extracted data and evaluated the methodological
quality of the included studies according to Preferred Reporting Items for Systematic Reviews and Meta-Analyses guidelines.
Pearson correlation and 95% confidence intervals were calculated using random-effects meta-analysis.

Results Twenty-seven studies involving 3162 participants were included. Limited-quality evidence supported that several
spinal parameters were significantly related to lung function parameters (e.g., absolute value and percent of the predicted
forced vital capacity (FVC; %FVC), forced expiratory volume in one second (FEV; %FEV ), and total lung capacity (TLC;
%TLC)) in AIS patients. Specifically, meta-analyses showed that main thoracic Cobb angles in the coronal plane were
significantly and negatively related to FVC (r= —0.245), %FVC (r= —0.302), FEV, (r= —0.232), %FEV, (r= —0.348),
FEV,/FVC ratio (r= —0.166), TLC (r= —0.302), %TLC (r= —0.183), and percent predicted vital capacity (r= —0.272)
(» <0.001). Similarly, thoracic apical vertebral rotation was negatively associated with %FVC (r= —0.215) and %TLC
(r=—0.126) (»p <0.05). Conversely, thoracic kyphosis angles were positively related to %#FVC (r=0.180) and %FEV,
(r=0.193) (p <0.05).

Conclusion Larger thoracic Cobb angles, greater apical vertebral rotation angle, or hypokyphosis were significantly associ-
ated with greater pulmonary impairments in patients with AIS, although the evidence was limited. From a clinical perspec-
tive, the results highlight the importance of minimizing the three-dimensional spinal deformity in preserving lung function
in these patients. More research is warranted to confirm these results.
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Introduction

Adolescent idiopathic scoliosis (AIS) is a common three-
dimensional spinal deformity affecting teenagers [1].
Females are 1.4-7.2 times more likely to have AIS than
males [2]. While the etiology and risk factors for the devel-
opment or progression of scoliosis remain inconclusive [3],
AIS and/or related treatment may cause back pain, insomnia
[4], psychological distress, poor body image [5], and subop-
timal quality of life [4].

Patients with AIS are not uncommon to demonstrate
compromised pulmonary function [6]. Multiple studies have
substantiated the presence of suboptimal pulmonary func-
tion (e.g., decreased vital capacity) in these patients [7-9].
While up to two-thirds of AIS patients with large scoliotic
curves demonstrate restrictive respiratory abnormalities
[10], recent research suggests that suboptimal ventilatory
function may occur in patients with mild or moderate AIS
[7, 11]. Despite the controversy [12, 13], the suboptimal
pulmonary function in these patients may be related to the
distortion/restriction of the spine and/or thoracic cage [14],
locations of the deformity, reduced chest wall mobility [15],
and/or obstructive lung disorders secondary to intrathoracic
airway compression [16]. Further, patients’ pulmonary func-
tion can be compromised by the curve progression [9], and/
or bracing [8, 9, 16, 17]. Conversely, these changes may be
reversed by aerobic exercises.

Although a recent systematic review with meta-regression
analysis revealed that the pulmonary function in patients
with idiopathic scoliosis was inversely related to the curve
severity [18], this review was limited by the summary of
associations between coronal Cobb angles and various pul-
monary parameters among patients of different types of idi-
opathic scoliosis. Because AIS is a three-dimensional spinal
deformity, examining these associations based on coronal
Cobb angles alone is incomprehensive [19]. Additionally,
findings from a mixed cohort of patients with various idi-
opathic scoliosis cannot be generalized to patients with AIS.
The current systematic review and meta-analysis addressed
these limitations and summarized the evidence regarding
the associations between various pulmonary functions and
spinal parameters in patients with AIS, which may help
clinicians identify patients at risk of having pulmonary
impairment. Therefore, this review aimed to summarize the
evidence regarding the: (1) associations between various
pulmonary parameters and the severity of scoliosis in AIS
patients; and (2) temporal relations between changes in the
spinal curve due to progression/conservative treatments and
the corresponding changes in pulmonary function.

Methods

This review protocol was registered with PROSPERO
(CRD42016043599) and followed the Preferred Reporting
Items of Systematic Reviews and Meta-analysis guidelines
[20].

Search strategy

Seven databases: PubMed, Embase, PEDro, SPORTDiscus,
CINAHL, Cochrane Library, and PsycINFO were searched
for potential articles from inception to March 14, 2022.
There were no restrictions on languages, but only English,
Chinese, and Italian publications were screened. Search
terms included keywords related to pulmonary function,
spinal deformity, and AIS. Specifically, the Boolean search
strings included (“cardiac*” OR “pulmonary” OR “lung”
OR “thoracic” OR “cardiopulmonary”) AND (“test*” OR
“exam*””) AND (“adolescent*” OR “teen*” OR “puberty”
OR “youth”) AND (“AIS” OR “adolescent idiopathic sco-
liosis”). The detailed search strategy is included in Supple-
mentary Material eTable 1.

Eligibility criteria

Articles were included had they reported an association
between pulmonary function and the severity of spinal curve
in patients with AIS aged between 10 and 18 years [21].
Longitudinal, cross-sectional, and case—control studies were
eligible. Randomized controlled trials were included if they
reported the targeted associations in AIS patients preopera-
tively, or before and/or after conservative treatments. Studies
were excluded had they examined patients with scoliosis
other than AIS, cognitive impairment, Marfan syndrome,
or pectus deformity.

Screening

Three independent reviewers (MK, JY, and RC) paired up
to screen titles and abstracts of all identified citations for
eligibility. Studies deemed to be eligible by either reviewer
were included for full-text screening. Reviewers repeated
the same procedure for full-text screening. If disagreements
in inclusion could not be resolved by discussion, a senior
reviewer (AW) arbitrated the disagreement. The reference
lists of all included articles were screened and forward cita-
tion tracing was conducted on Scopus to identify additional
articles. The corresponding authors of all included studies
were contacted by emails to identify omitted studies, or to
seek raw data for our meta-analyses.
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Data extraction

Two reviewers (MK and RC) independently extracted
data from each included paper. Any disagreements were
resolved with the third reviewer (AW). The collected data
included: (1) study characteristics (e.g., year of publica-
tion, study design); (2) participants’ characteristics (e.g.,
age and gender); (3) absolute values and/or percentage
predicted values of pulmonary parameters; (4) spinal/tho-
racic deformity parameters; and (5) statistical analyses of
the associations between (3) and (4). If the included studies
conducted subgroup analyses, relevant data were extracted.
Missing data was marked as “not reported.” A list of defini-
tions of pulmonary and spinal parameters is shown in eTa-
ble 2. This includes common terminology such as Lenke
and King's classifications of scoliotic curve [23], angle of
trunk rotation [22], surface spinal penetration index [24] and
endothoracic hump ratio [25].

Risk of bias assessments

Two independent reviewers (RC and AW) assessed the meth-
odological quality of prospective studies using the Quality
in Prognostic Studies (QUIPS) [26], cross-sectional stud-
ies using Appraisal tool for Cross-Sectional Studies (AXIS)
[27], and case—control studies using Newcastle—Ottawa
Scale (NOS) [28]. Studies that retrospectively analyzed data
or collected data at a single time point were assessed using
AXIS. Any disagreements in the assessment results were
resolved by consensus.

Data syntheses
Meta-analyses

The primary measure was the associations (e.g., Spearman’s/
Pearson coefficients) between various spinal parameters and
pulmonary functions in patients with AIS. The correlation
coefficients were interpreted as weak, moderate, and strong
if their values were 0.3, 0.5, and 0.7, respectively [29]. If
three or more clinically homogenous studies investigated
the same association, data were pooled for meta-analysis
using random-effects model using the Comprehensive Meta-
analysis version 3.0 software (Biostat, NJ, USA). Separate
meta-analyses were conducted for studies involving mul-
tiple regression models. The significance level was set at
0.05. Statistical heterogeneity of the included studies in
meta-analyses was graded as low, moderate, and high if the
12 statistics were <25%, between 26 and 74%, and >75%,
respectively [30]. If meta-analyses were not conducted, the
correlations were summarized narratively.
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Subgroup analyses

Subgroup analyses were planned to examine the cross-sec-
tional/longitudinal associations between spinal parameters
and pulmonary functions based on: (1) genders; (2) severity
of the pulmonary impairment; (3) severity of scoliosis; (3)
thoracic or lumbar scoliosis; and (4) before and after con-
servative treatments or curve progression.

Levels of evidence

Levels of evidence were rated as strong, moderate, limited,
and very limited based on established criteria (eTable 3) [31,
32].

Results

Database searches yielded 3723 non-duplicated titles and
abstracts for screening. Twenty-one out of 278 full-text arti-
cles were included. Further, manual searches of reference
lists and forward citation of the included articles yielded six
additional included articles (Fig. 1).

Study characteristics

Table 1 summarizes characteristics of the 22 included
cross-sectional studies [8, 9, 11, 16, 17, 33-49] and five
case—control studies [7, 50-53] that involved 3,162 partici-
pants. All included studies used spirometry and some also
used plethysmography [9, 16, 33, 41, 49, 53] to evaluate
lung function. The reported pulmonary function parameters
included the absolute values of forced vital capacity (FVC),
forced expiratory volume in the first second (FEV,), FEV,/
FVC ratio, forced expiratory flow at 25% and 75% of FVC
(FEF)5_75¢), FEF,54, FEFs, peak expiratory flow (PEF),
vital capacity (VC), residual volume (RV), total lung capac-
ity (TLC), RV/TLC ratio, functional residual capacity, etc.
Some studies reported these parameters as the percentage
of predicted values (e.g., %FVC, %FEV,, and %TLC). The
predicted values were determined according to age-, gender-,
and height-matched normative data [54]. Some included
studies used equations to estimate patients’ “actual height”
from the arm span [7, 8, 16, 17, 35-37, 39, 47, 48, 53] or
Cobb angles [11, 42, 45] to predict participants’ pulmonary
functions. Pulmonary functions were considered normal if
their measured values exceeded 80% of the predicted values
[9, 49].

Spinal parameters were measured by X-rays or computed
tomography scans. Five studies used biplanar X-rays with
three-dimensional reconstruction of the spine and/or rib cage
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(n=278) e Inappropriate age (n = 47)
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Fig.1 PRISMA flow diagram

[17,33, 43,49, 55]. The reported spinal parameters included
proximal thoracic Cobb angles [9, 35, 43, 55] main thoracic
Cobb angles on anteroposterior radiographs in a standing [7,
8, 16, 17, 29-35, 34-43, 41-49, 53, 55] or supine bending
position [39], thoracic kyphosis angles [9, 35, 41, 43, 45],
and apical vertebral rotation angles [17, 39, 43, 49, 50, 55]
(Table 1). Most included studies used univariate analyses
to determine the associations of interest. Nine studies used
multiple regression to evaluate such associations [9, 16, 38,
39, 37-44, 51] (Table 1).

Risk of bias assessments

All 22 included cross-sectional studies did not justify their
sample sizes, nor report the response rate or non-responders’
characteristics [8, 9, 11, 16, 17, 29-35, 33-49, 55] (eTa-
ble 4). Five cross-sectional studies [17, 37, 38, 40, 55] did
not describe participants’ demographics (e.g., gender dis-
tribution) [17, 38, 40], while seven studies [11, 34, 37, 39,
46, 48, 49] did not discuss their limitations. Nine included
studies did not mention the ethical approval or the informed
consent process [9, 11, 34, 33-39, 43, 44, 46]. Similarly, all
included case—control studies [7, 46—53] did not describe
the non-response rate, while four of them [7, 47-53] did
not describe the recruitment process of controls (eTable 5).

Associations between spinal parameters and lung
function

Univariate correlations between 43 spinal parameters and
32 pulmonary function parameters were reported (Table 2
and eTable 6). Twenty-seven meta-analyses were conducted
to reveal 22 significant correlations. Of them, 20 showed
significant but weak correlations. Further, 11 included stud-
ies used multivariate analyses to identify independent spinal
parameters that predicted pulmonary function [9, 11, 16, 38,
39, 41-44, 51, 53]. Given the numerous investigated cor-
relations, only significant correlations with at least limited-
quality evidence were reported and discussed in this review.

No included studies investigated the gender-related cor-
relations between spinal parameters and lung function. No
included studies reported the temporal relations between
changes in spinal structure and the corresponding changes
in pulmonary function in conservatively treated patients with
AIS. Although Lin et al. [35] reported that lung function
parameters did not significantly differ between AIS patients
with and without a history of brace usage, some studies
[44, 51] found that compared to “non-brace” patients, those
with bracing had poorer lung function. Furthermore, some
studies compared patients’ lung function based on different
Lenke classification types [47, 48], a Cobb angle cutoff [52],
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Table 2 Summary of significant correlation between various spinal deformities and pulmonary function parameters

Spinal deformity Pulmonary parameter References N Correlation, » CL 95% Cl1,95% P
UL LL

Level of evidence

Significant negative correlations

Proximal thoracic %FVC Please refer to Sup- 1029 -0.194 —-0.134 -0.253 P<0.001
Cobb angle plementary Material
eFigure 1 for meta-
analysis
%FEV Please refer to 1029 —0.234 -0.175 -0.291 P<0.001
eFigure 1 for meta-
analysis
Main thoracic Cobb ~ %FVC Please refer to Fig. 2 2238 —0.302 —-0.210 -0.388 P<0.001
angle
Please refer to Fig.3 965 —0.309 -0.365 -0.250 P<0.001
(For multiple
regression model)
FVC Please refer to Fig.2 679 —0.245 -0.108 -0.374 P<0.001
%FEV, Please refer to Fig. 2 1865 —0.348 —-0.243 -0414 P<0.001
FEV, Please refer to Fig. 2 419  —0.232 -0.037 -0.410 P<0.001
FEV,/FVC Please refer to Fig. 2 389  —0.166 -0.262 -0.067 P=0.001
%TLC Please refer to Fig. 2 1090 —0.183 -0.125 -0.241 P<0.001
TLC Please refer to Fig. 2 167 —0.302 -0.021 -0.538 P=0.036
%VC Please refer to Fig. 2 350 —0.272 -0.171 -0.368 P<0.001
Number of vertebrae ~ %FVC Please refer to eFig- 1045 —0.262 -0.215 -0.524 P<0.001
in thoracic curve ure 2
%FEV, Please refer to eFig- 1045 —0.255 —-0.159 -0.346 P<0.001
ure 2
Main thoracic apical ~ %FVC Please refer to eFig- 352 —-0.215 -0.112 -0.314 P<0.001
vertebral rotation ure 3
%TLC Please refer to eFig- 285 —0.126 —-0.009 -0.240 P=0.035
ure 3
Maximum rib hump  FVC Please refer to eFig- 166  —0.225 -0.072 -0.367 P=0.004
©) ure 4
Lumbar lordosis %FVC Please refer to eFig- 861  —0.099 -0.032 -0.165 P=0.004
ure 5
%FEV, Please refer to eFig- 861 —0.116 -0.049 -0.182 P<0.001
ure 5
Significant positive correlations
Main thoracic kypho- %FVC Please refer to eFig- 1079 0.180 0.432 0.151 P <0.001
sis (TS5 to T12) ure 6
Please refer to Fig. 3 1271 0.226 0.277 0.172 P<0.001
(for multiple regres-
sion model)
%FEV Please refer to eFig- 1079 0.193 0.365 0.007 P=0.042
ure 6
Please refer to Fig. 3 966  0.318 0.260 0.374 P<0.001
(for multiple regres-
sion model)
Maximum rib cage FvC Please refer to eFig- 166  0.377 0.562 0.155 P<0.001
thickness ure 7
Maximum rib cage FVC Please refer to eFig- 166  0.635 0.748 0.486 P<0.001
width ure 8
Rib cage volume FVC Please refer to eFig- 166  0.784 0.838 0.716 P<0.01
ure 9

Limited evidence

Limited evidence

Limited
evidence
Limited
evidence

Limited evidence
Limited evidence
Limited evidence
Limited evidence
Limited evidence
Limited evidence
Limited evidence
Limited evidence

Limited evidence

Limited evidence

Limited evidence

Limited evidence

Limited evidence

Limited evidence

Limited evidence

Limited evidence

Limited evidence

Limited evidence

Limited evidence

Limited evidence

Limited evidence

FEV, =forced expiratory volume in 1 s; %FEV,=percentage of predicted forced expiratory volume in the first second; FVC=forced vital
capacity; %FVC =percentage of predicted forced vital capacity; TLC =total lung capacity; %TLC =percentage of predicted total lung capacity;

%VC = percentage of predicted vital capacity
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a kyphosis angle cutoff [17, 37], and BMI [38, 42]. Two
included studies compared spinal parameters based on the
severity of lung impairment [41, 49].

Significant negative univariate correlations

Meta-analyses showed that proximal thoracic Cobb angles
were negatively related to %FVC (r= —0.194; 95% con-
fidence interval [95% Cl1]: —0.253 to—0.134) and %FEV,
(r=-0.234; 95% C1: — 0.291 to —0.175) (Supplementary
Material eFigure 1), while main thoracic Cobb angles
were negatively associated with %FVC (r= —0.302), FVC
(r=—0.245), %FEV, (r= —0.348), FEV, (r= —0.232),
FEV /FVC ratio (r= —0.166), %TLC (r= —0.183), TLC
(r=-0.302), and %VC (r= —0.272) (Fig. 2). Similarly,
significant negative correlations were noted between
the number of involved thoracic vertebrae and %FVC
(r=-0.262; 95% Cl: —0.524 to—0.215) and %FEV,
(r=-0.255; 95% Cl: —0.346 to—0.159), between main
thoracic apical vertebral rotation and %FVC (r= —0.215;
95% Cl: —0.314 to—0.112) and %TLC (r= —0.126; 95%
CI: - 0.240 to —0.009), between maximum rib hump and
FVC (r=—-0.225; 95% Cl: —0.367 to—0.072), as well
as between lumbar lordosis and %FVC (r= —0.099; 95%
Cl: - 0.165 to—0.032) and %FEV, (r=—-0.116; 95%
Cl: —0.182 to—0.049) (Table 2; eFigures 2-5).

Significant positive univariate correlations

Thoracic kyphosis angles were positively related to %FVC
(r=0.180; 95% Cl, 0.151 to 0.432) and %FEV(r=0.193;
95% Cl: 0.007 to 0.365) (Table 2; eFigure 6). Other meta-
analyses revealed that higher rib cage thickness (r=0.377;
95% Cl: 0.155 to 0.562), width (r=0.635; 95% Cl: 0.486
to 0.748), and volume (r=0.784; 95% Cl: 0.716 to 0.838)
were significantly associated with higher FVC (Table 2;
eFigures 7-9).

Reported multivariate analyses

Three meta-analyses showed significant correlations between
main thoracic Cobb angles and %FVC (r= —0.309), as
well as between main thoracic kyphosis angles and FEV,
(r=0.318) or %FVC (r=0.226) after adjusting for confound-
ers (Fig. 3). These results were similar to the corresponding
meta-analyses of univariate analysis (Fig. 2; eFigure 6).

Discussion
This is the first systematic review and meta-analysis to sum-

marize the associations between various spinal parameters
and pulmonary function parameters in patients with AIS.

@ Springer

Limited-quality evidence supports that increased thoracic
Cobb angles, number of involved thoracic vertebrae, api-
cal vertebral rotation, rib hump, and lumbar lordotic angles
are related to decreased %FVC, whereas increased tho-
racic kyphosis angles are associated with larger %FVC and
%FEV . Rib cage parameters are positively correlated with
FVC.

Scoliosis involves three-dimensional spinal deformity
and thoracic cage distortion that may affect each other and
worsen lung function [56]. Notably, thoracic cage deformity
may alter spinal curvature, and causes rotation and short-
ening of the thoracic spine, leading to compromised chest
wall compliance [57], decreased lung volume under the rib
hump, and lung impingement on the concave side. The com-
pressed lung tissues may reduce lung compliance, causing
restrictive lung diseases [58]. Similarly, the rotational ver-
tebral deformity may cause thoracic asymmetry [11], which
increases the chest wall stiffness [59], reduces the efficiency
of respiratory muscles and the diaphragm [8]. The vertebral
rotation and rib hump can also cause imbalance in bilateral
paraspinal and respiratory muscles [60], limiting the eleva-
tion of ribs and reducing lateral and anteroposterior move-
ments of the thoracic cage [11]. These altered chest wall and
respiratory muscle mechanics may decrease TLC [61], and
increase the risk of hypercapnia, hypoxemia, and alveolar
hypoventilation, causing irreversible lung atrophy [57].

While it is well known that patients with thoracic Cobb
angles > 50° display clinically significant pulmonary impair-
ments [62], our findings suggest that pulmonary impairment
exists even in patients with mild-to-moderate idiopathic sco-
liosis [53]. However, some patients with severe spinal curva-
ture may not show pulmonary decline if they have good api-
cal vertebral rotational flexibility [39]. Notably, AIS patients
with a flexible spine (rotational flexibility > 55%) have nor-
mal lung function [56]. Therefore, thoracic curve flexibility
should be considered in evaluating the associations.

The decreased %FVC and %VC but a normal FEV /FVC
ratio among patients with AIS in the included studies indi-
cate that they show restrictive lung characteristics [7, 55].
However, there are conflicting findings regarding the rela-
tion between spinal deformity and obstructive lung disease
in patients with AIS. While one included study reported no
significant relation between main thoracic Cobb angles and
FEV,/FVC ratio [34], another included study found that 68
out of 176 AIS patients with thoracic Cobb angle >40° had
obstructive lung diseases although no significant correlation
between Cobb angles and FEV,/FVC ratio was noted [16].
The latter study also showed that 73% of these 68 patients
had irreversible obstructive lung disease that could not be
improved by bronchodilator [16]. Although multiple factors
(e.g., lower airway malacia, asthma) may lead to obstructive
lung characteristics [16], rib cage deformity-related intratho-
racic airway compression or respiratory muscle weakness
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F|g_ 2 Forest plOtS of univariate Meta-Analysis (The Percentage of the Predicted Forced Vital Capacity and Main Thoracic Cobb Angle)
. . . Study Total Correlation  Lower Limit  Upper Limit z-value p-value
meta-analysis of main thoracic Akazawa ct al,, 2021 45 -0353 -0.586 -0.066 2391 0017
C bb 1 d 1 meallu and Tan, 1985 30 -0.499 -0.728 -0.169 -2.847 0.004
0Db angles and pulmonary Gitelman et al., 1976 49 -0.410 0,620 -0.146 2954 0.003
Huhetal, 2015 81 -0.331 -0.512 -0.121 -3.038 0.002
parameters Tharreborde et a., 2013 54 0.000 0268 0.268 0.000 1.000
Kim et al., 2005 118 -0.180 -0.349 0.001 -1.952 0.051
Kim et al,, 2007 139 0.045 0.122 0.210 0.525 0.599
Lin etal,, 2021 168 -0.283 -0.417 -0.137 -3.737 0.000
Machino et al., 2021 67 -0.307 -0.510 -0.072 -2.538 0.011
McPhail et al.,, 2015 176 -0.096 -0.240 0.053 -1.263 0.207
Newton et al., 2005 631 -0.300 -0.369 -0.227 -7.357 0.000
Szeinberg et al., 1988 24 -0.466 -0.732 -0.077 -2314 0.021
Tung et al., 2018 142 -0.230 -0.380 -0.068 22751 0.006
Upadhyay et al., 1995 68 -0.303 -0.505 -0.070 -2.522 0.012
Vilamor et al., 2019 91 -0.320 -0.453 -0.122 23111 0.002
Wang et al., 2019 k7] -0.805 -0.874 -0.705 -9.242 0.000
Xuetal, 2015 120 -0.260 -0.420 -0.085 -2.878 0.004
Yaszay etal., 2017 163 -0.298 -0.432 -0.151 -3.887 0.000
Total 2238 -0.302 -0.388 -0.210 -6.206 0.000
Heterogeneity: : 7= 0.032; 3*= 79.28, df = 3 (p <0.001); I*=78.56% 1.00
Meta-Analysis (Forced Vital Capacity and Main Thoracic Cobb Angle)
Total _ Correlation _ Lower Limit _ Upper Limit z-value p-value Correlation and 95% CI
Abdclaal ct al., 2018 3 0.030 -0.201 0.258 0.251 0.802
Akazawa et al., 2021 45 -0.311 -0.554 -0.019 -2.085 0.037 4+
Bouloussa et al., 2019 54 -0.370 -0.580 -0.113 -2.774 0.006 4.
Gitelman et al., 1976 49 -0.390 -0.605 -0.122 -2.793 0.005 =
Kim et al., 2007 139 0.096 -0.072 0.258 1.123 0.261
Machino ct al., 2021 67 -0.263 -0.473 -0.024 -2.155 0.031 =
Pietton et al., 2022 45 -0.280 -0.530 0.015 -1.864 0.062
Saravira et al., 2017 46 -0.506 -0.694 -0.253 -3.655 0.000
Upadhyay et al., 1995 70 -0.150 -0.372 0.088 -1.237 0216
Vilamor ctal., 2019 91 -0.370 -0.535 -0.178 -3.644 0.000
Total 679 -0.245 -0.374 -0.108 -3.447 0.001 E 3
Heterogeneity: 2= 0.036; 12=29.51, df = 9 (p <0.001); I'=69.50% 400 050 000 050 100
Meta-Analysis (The Percentage of the Predicted Forced Expiratory Volume in the First Second and Main Thoracic Cobb Angle)

Study Total _Correlation __ Lower Limit _ Upper Limit z-value p-value and 95% CI
Akazawa et al., 2021 45 -0.382 -0.607 -0.100 -2.608 0.009
Daruwalla and Tan, 1985 30 -0.570 -0.772 -0.264 -3.367 0.001
Gitclman ct al., 1976 49 -0.350 -0.575 -0.076 -2.479 0.013
Huh ct al., 2015 81 -0.391 -0.561 -0.189 -3.647 0.000
Tharreborde et al., 2013 54 0.000 -0.268 0.268 0.000 1.000 ——

Kim ct al., 2005 118 -0.260 -0.421 -0.083 -2.854 0.004 -
Lin et al., 2021 168 -0.374 -0.497 -0.236 -5.049 0.000

Machino ct al., 2021 67 -0.123 -0.353 0.121 -0.989 0323 —
McPhail et al., 2015 176 -0.131 0274 0.017 -1.739 0.082 i
Newton ct al., 2005 631 0293 0363 -0.220 -7.564 0.000 |
Vilamor ct al., 2019 91 -0.350 -0.519 -0.155 -3.428 0.001

Wang ctal., 2019 n -0.812 -0.878 -0.715 -9.416 0.000 L 2

Xuctal, 2015 120 -0.240 -0.402 -0.063 2,648 0.008 ——
Yaszay etal., 2017 163 -0.401 -0.523 -0.264 -5.374 0.000

Total 1865 -0.348 -0414 -0.243 -6.213 0.000 <&
Heterogencity: 2= 0.035; 2= 67.08, df = 13 (p <0.001); I*=80.6% 400 05 000 050 100
Meta-Analysis (Forced Expiratory Volume in the First Second and Main Thoracic Cobb Angle)

Study Total _ Correlation _ Lower Limit __Upper Limit z-value p-value Correlation and 95% CI1
Abdclaal ctal., 2018 3 0.030 -0.201 0.258 0.251 0.802
Akazawa et al., 2021 45 -0.352 -0.585 -0.065 -2.383 0.017
Gitelman ct al., 1976 49 -0.420 -0.627 -0.157 -3.036 0.002
Kim et al., 2007 139 0.038 -0.129 0.203 0.443 0.658
Maching et al., 2021 67 -0.277 -0.485 -0.039 -2.275 0.023
Saravira et al., 2017 46 -0.462 -0.663 -0.198 -3.278 0.001
Total 419 -0.232 -0.410 -0.037 -2.319 0.020 -
Heterogeneity: : 72= 0.045; 32= 19.39, df = 5 (p =0.002); F=74.2% -1.00 050 0.0 0.50 1.00
Meta-Analysis (Forced Expiratory Volume in the First Second to the Forced Vital Capacity Ratio and Main Thoracic Cobb Angle)

Study Total _Correlation Lower Limit Upper Limit z-value p-value
Lin etal,, 2021 168 -0.215 -0.355 -0.066 -2.805 0.005 --

McPhail,, 2015 176 -0.128 -0.271 0.020 -1.696 0.090 -

Pigtton et al,, 2022 45 -0.130 -0.408 0.170 -0.847 0.397 e

Total 389 -0.166 -0.262 -0.067 -3.274 0.001 <>

Heterogeneity: 7°= 0.036; *=29.51, df = 9 (p <0.001); I*=69.50% A6, 056 000 686 0o
Meta-Analysis (The Percentage of the Predicted Total Lung Capacity and Main Thoracic Cobb Angle)

Study Total _ Correlation  Lower Limit _ Upper Limit z-value p-value Correlation and 95% CI
Ilharreborde ct al., 2013 54 0.000 -0.268 0.268 0.000 1.000 —_—
McPhail ct al., 2015 174 -0.172 -0.313 -0.024 -2277 0.023 —a
Newton et al., 2005 631 -0.193 -0.267 -0.117 -4.898 0.000 -

Upadhyay et al., 1995 68 -0.190 -0.410 0.051 -1.551 0.121 —

Yaszay ct al., 2017 163 -0.212 -0.354 -0.060 -2.723 0.006 ——

Total -0.183 -0.241 -0.125 -6.084 0.000 *

Heterogeneity: 2= 0 ; x*= 1.98, df = 4 (p =0.740); 1*'=0.00% <100 050 000 0.50 1.00
Meta-Analysis (Total Lung Capacity and Main Thoracic Cobb Angle)

Study Total _ Correlation Lower Limit _ Upper Limit z-value p-value Correlation and 95% CI
Bouloussa et al., 2019 54 -0.470 -0.655 0231 -3.643 0.000
Pietton et al., 2022 45 -0.380 -0.606 -0.097 2593 0.010
Upadhyay et al., 1995 68 -0.047 0.282 0.194 0379 0.705
Total 167 -0.302 -0.538 -0.021 -2.100 0.036
Heterogeneity: : 72= 0.047; 3= 6.82, df = 2 (p =0.033); =70.7% <100 050 0.00 0.50 1.00
Meta-Analysis (The Percentage of the Predicted Vital Capacity and Main Thoracic Cobb Angle)

Stud; Total _ Correlation _ Lower Limit _ Upper Limit z-value p-value Correlation and 95% CI
Muirhead and Corner, 1985 51 -0.161 -0418 0.120 -1.125 0.260
Takahashi et al., 2007 109 -0.271 -0.437 -0.087 -2.862 0.004 —_—

Upadhyay et al., 1995 70 -0.303 -0.502 -0.073 -2.561 0.010

Xuetal, 2015 120 -0.300 -0.455 -0.128 3348 0.001 -

Total 350 -0272 -0.368 -0.171 -5.136 0.000 <>

Heterogeneity: 7%= 0; ¥*=0.084, df = 3 (p =0.840); I*'~0.00% 400 050 000 0.50 1.00
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Meta-Analysis for Multiple Regression Model (The Percentage of the Predicted Forced Vital Capacity and Main Thoracic Cobb Angle)

Study Total  Correlation  Lower Limit  Upper Limit z-value p-value Correlation and 95% CI
Newton et al., 2005 631 -0.190 -0.264 -0.113 -4.812 0.000 B
Tung et al., 2018 142 -0.530 -0.639 -0.400 -6.958 0.000
Wang et al., 2019 72 -0.805 -0.874 -0.705 -9.242 0.000 -
Xu et al., 2015 120 -0.210 -0.375 -0.032 -2.304 0.021 —-—
Total 965 -0.309 -0.365 -0.250 -9.858 0.000 L 4
Heterogeneity: : 72= 0.124; = 65.12, df =3 (p < 0.001); I*= 95.40% -1.00 -0.50 0.00 0.50 1.00
Meta-Analysis for Multiple Regression Model (The Percentage of Predicted Forced Vital Capacity and Thoracic kyphosis angle)
Study Total Correlation Lower Limit Upper Limit z-value p-value Correlation and 95% CI
McPhail et al., 2015 169 0.280 0.135 0.413 3.707 0.000 ——
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Heterogeneity: 72= 0; x2 = 3.90, df = 4 (p = 0.420); *=0.00% -1.00 -0.50 0.00 0.50 1.00

Meta-Analysis for Multiple Regression Model (The Percentage of the Predicted Forced Expiratory Volume in the First One Second and Main

Thoracic Kyphosis)

Study Total Correlation Lower Limit Upper Limit z-value p-value Correlation and 95% CI
McPhail et al., 2015 169 0.210 0.061 0.350 2.747 0.006 —_—
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Total (95% CI) 966 0.318 0.260 0.374 10.207 0.000 *
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Fig. 3 Forest plots of multivariate meta-analysis

may contribute to such findings [8]. Given the high preva-
lence of irreversible obstructive lung diseases in patients
with moderate to severe AILS, endoscopy or chest imaging
may be indicated for this airway obstruction [16].

The consistent findings of significant but weak cor-
relations between various structural characteristics and
pulmonary function may be ascribed to no adjustment for
confounders (e.g., BMI and duration of bracing). Abnor-
mal mechanical loading of respiratory muscles and altered
muscle length-tension relationship can affect respiratory
muscle contraction and lung function [7, 63], especially
in patients with mild AIS [60]. Higher BMI is associated
with better %FVC in teenagers with Cobb angle >40° [38,
42]. Research found that the association between BMI and
%FVC was stronger than those between thoracic Cobb
angles or kyphosis angles and %FVC [38]. Heavier teens
tend to have greater thoracic kyphosis, which yields bet-
ter %FVC than hypokyphotic peers [38]. Additionally, one
study found that brace wearing temporarily compromised
%FEV | in AIS patients after accounting for thoracic kypho-
sis [51], although it was unclear whether participants took
off the brace during spirometry. Compared to AIS patients
without bracing, patients with a thoracic curve and bracing
displayed significantly poorer %FVC and %FEV, [44, 51].
However, the pulmonary function/compliance restores to
previous conditions once the brace is removed [64]. Like-
wise, the negative association between lumbar lordosis and
%FVC or %FEV, might have disappeared if confounders
were considered.

This review had some limitations. Because many included
studies performed pulmonary function tests on AIS patients
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preoperatively, their findings may represent patients with
more severe curves. Further, most included studies did not
define the vertebral levels for classifying the proximal and
main thoracic curves, which might introduce discrepancies
in our pooled results.

Implications

Most included studies measured anteroposterior and lateral
spinal features on radiographs. Future studies should adopt
low-dose biplanar X-ray imaging for three-dimensional
thoracic cage and spinal structure reconstruction [19],
which could capture the three-dimensional impacts of spi-
nal/thoracic deformities on patients with AIS. This allows
comprehensive evaluation of the relations between spinal
deformities and lung function, which may guide clinical
management and research.

While patients with mild AIS may not show respiratory
dysfunction at rest, they may display reduced functional
capacity [65], or maximum oxygen uptake during exercise
tolerance tests [S0]. Spirometry may not detect subtle dete-
rioration or dyspnea on exertion, which may indicate scoli-
osis-related respiratory decline. Clinicians should conduct
progressive exercise tests on patients with suspected respira-
tory impairments to detect early respiratory dysfunction. If
the curve progresses, regular progressive exercise tests are
recommended [57].

Scoliosis can directly (spinal deformity) or indirectly (res-
piratory muscle weakness/ inefficiency) affect respiratory
function. Although patients with mild-to-moderate scoliosis
may not experience dramatic pulmonary impairments during
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daily activities, it is important to use bracing or physiother-
apy scoliosis-specific exercises to prevent or delay curve
progression in these patients [64]. However, bracing should
be worn for at least 16 h per day to prevent curve progression
[57, 66]. Therefore, aerobic training should be prescribed to
patients with bracing to optimize their lung functions.

Since pulmonary deficits in AIS patients may worsen
with curve progression, patients indicated for surgical cor-
rection may experience pulmonary impairment secondary to
severe scoliosis [67]. While AIS patients with moderate lung
volume are less likely to require postoperative ventilatory
support [37], those with moderate or severe defects (< 60%
of predicted VC) may indicate high-risk surgical fusion. The
latter should undergo full spirometry before surgery. VC can
be used as a screening indicator for all patients before spinal
surgery [37] because such surgery may adversely affect pul-
monary function/compliance [68].

Because there was no included prospective study, the
causal relations between changes in spinal/thoracic deform-
ity and changes in lung function remain unclear. Future
prospective studies should investigate such relations after
adjusting for confounders. Further, as prior research involv-
ing AIS patients aged > 18 years revealed that patients had
worsening pulmonary function (e.g., FVC) as they aged [67,
69], future prospective research with long-term follow-ups
should determine whether AIS patients with near-normal,
mild, or moderate lung dysfunction would experience
declined lung function and body’s functionality in later life
[70].

Conclusions

This systematic review highlights that larger proximal
and main thoracic Cobb angles, smaller kyphosis angles,
greater lumbar lordotic angles, a longer thoracic curve, a
larger rib hump, increased apical vertebral rotation angles
and smaller rib cages are associated with poorer pulmo-
nary functions. Other factors can also affect the lung func-
tion in these patients. Nevertheless, the clinical impact of
scoliosis on lung function is mainly subclinical except for
those with severe structural deformity. We definitely need
more research to strengthen the quality of evidence. Future
prospective studies should evaluate the temporal relations
between changes in spinal/thoracic parameters and changes
in pulmonary function in order to inform the clinical man-
agement of AIS patients with potential respiratory decline.
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