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Abstract
Purpose Although lung volume (LV) can be measured directly by computed tomography (CT), the literature regarding 
CT-assessed LV in adolescent idiopathic scoliosis (AIS) patients is limited, and the influence of posterior spinal fusion with 
instrumentation (PSF) on LV has not been established. This study aimed to identify factors associated with decreased LV 
after PSF in AIS patients.
Methods We retrospectively reviewed 111 consecutive AIS patients who were between 10 and 20 years of age and were 
treated by PSF at our facility. We assessed age at surgery, sex, height, body weight, Risser stage, Lenke classification, 
radiographic parameters, pulmonary function tests, and LV. Factors associated with a postoperative decrease in LV were 
identified by multivariable analysis.
Results The mean total LV had increased at the 2-year follow-up, although marginally significant (p = .06), and there was a 
significant increase in the left LV (p = .01) but not the right LV (p = .25). We observed a postoperative reduction in total LV, 
defined as a total LV postoperative/preoperative ratio < 0.9, in 20 of the 111 patients (18.0%). Univariable analysis showed a 
significant correlation between ≥ 11 fusion levels and postoperative LV reduction (OR 3.11, 95% CI 1.13–8.57). This factor 
remained significant in the multivariable analysis, which yielded an adjusted OR of 2.82 (95% CI 1.01–7.93) for postopera-
tive LV reduction in patients with ≥ 11 fusion levels.
Conclusion Our data suggest that a longer fusion area is associated with postoperative LV reduction. Therefore, avoidance 
of a longer fusion area of ≥ 11 will be preferable for preserving LV.
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Take Home Messages

1. Total lung volume measured by low-dose CT is a suitable indicator 
of pulmonary function in patients with adolescent idiopathic 
scoliosis.

2. At the 2-year follow-up, left lung volume was significantly 
increased in adolescent idiopathic scoliosis patients with posterior 
spinal fusion, but not right lung volume. 

3. Longer fusion length (≥11 levels) is a risk factor for a postoperative 
reduction of total lung volume in patients with adolescent 
idiopathic scoliosis.
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PFT  Pulmonary function testing
CT  Computed tomography
LV  Lung volume
CSVL  Center sacral vertical line
C7PL  C7 plumb line
VC  Vital capacity
FEV1  Forced expiratory volume in 1 s
RLV  Right lung volume
LLV  Left lung volume
TLV  Total lung volume
RLV/LLV ratio  Ratio of the right lung to left lung 

volume
UIV  Upper instrumented vertebra
ORs  Odds ratios
CIs  Confidence intervals

Introduction

Impaired pulmonary function is a common complication of 
adolescent idiopathic scoliosis (AIS), due to deformity of the 
spine and ribcage [1, 2]. Several factors that can potentially 
affect pulmonary function in patients with AIS have been 
identified, including structural features, the proximal tho-
racic curve, apex displacement, sagittal hypokyphosis and 
even thoracic lordosis, and the number of vertebrae involved 
in the major curve [2, 3]. One of purposes of corrective sur-
gery for AIS is to prevent the deterioration in pulmonary 
function caused by progressive spinal deformity. Particu-
larly, posterior spinal fusion with instrumentation (PSF) has 
been shown to yield small or moderate increases in pulmo-
nary function in AIS patients [4–6]. However, the underlying 
mechanisms of pulmonary impairment in AIS patients, and 
of its postoperative improvement, is not fully understood.

Pulmonary function testing (PFT) is commonly used to 
evaluate the effect of obstructive and restrictive pulmonary 
diseases on respiratory function [7, 8]. However, AIS is 
often initially assessed in children who are too young to 
cooperate with the PFT protocol [9]. Computed tomography 
(CT) can accurately measure actual lung volume (LV) in this 
population [3, 10–14].

Although studies have reported that corrective surgery 
for AIS improves pulmonary function, two studies found no 
significant postoperative improvements in total LV among 
patients with AIS who underwent PSF [11, 13], and Lee 
et al. reported a significant decline in total LV at 4 weeks 
post-PSF in this population [12]. However, given the rela-
tively small number of subjects and short follow-up periods 
in these studies, they might not represent the ultimate out-
comes of these patients.

Between 2007 and 2014, patients who were treated surgi-
cally for AIS at our institution underwent low-dose CT scans 
prior to surgery, to develop the surgical strategy, and 2 years 

after surgery to detect postoperative screw loosening and 
perforation especially in the upper and lower instrumented 
vertebrae [15]. Thus, we were able to review detailed LV 
data for a relatively large pool of AIS patients treated by 
PSF. For this analysis, we used an established technique for 
reconstructing pulmonary anatomy from low-dose CT scans 
[10, 16]. We first analyzed differences between the preopera-
tive and postoperative LV in the AIS patients in this dataset. 
We then sought to identify the factors associated with a post-
operative LV reduction in this population.

Methods

Subjects

We retrospectively reviewed the data for consecutive AIS 
patients (aged 10–20 years) who had right-side major tho-
racic curves and were treated by PSF at our institution 
between 2007 and 2014. All patients had complete radiog-
raphy, CT, and PFT data from the preoperative assessment 
and the 2-year follow-up. After excluding patients with a 
Lenke type 5 curve, 111 patients (103 female, 8 male) were 
included in the study. The following data were collected and 
analyzed: age, sex, height, body weight, Risser stage, Lenke 
classification, radiographic parameters, PFT data, and LV 
values measured on reconstructed CT. The mean age, height, 
body weight, and body mass index are shown in Table 1. By 
Lenke curve type, there were 66 type 1 patients, 20 type 2, 7 
type 3, 4 type 4, and 14 type 6. By Risser stage, there were 
8 stage 0 patients, 5 stage 1, 16 stage 2, 15 stage 3, 44 stage 
4, and 23 stage 5 (Table 1). This research was approved by 
our institution’s review board. We obtained written informed 
consent for the use of patient data from each patient or their 
guardian, according to the hospital’s ethics guidelines.

Surgical procedure

All surgeries were performed by the same experienced surgi-
cal team and under general anesthesia and neuro-monitoring. 

Table 1  Patient details

Patients N = 111

Gender Female: 103, Male: 8
Age 14.8 ± 2.11
Height (cm) 156.71 ± 6.92
Body weight (kg) 45.23 ± 7.38
Body mass index (BMI) 18.4 ± 2.4
Lenke classification Type 1: 66, type 2: 20, type 3: 7, type 4: 

4, type 6: 14
Risser stage 0: 8, 1: 5, 2: 16, 3: 15, 4: 44, 5: 23
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Extent of fusion was basically chosen according to Lenke 
classification. The patient was positioned prone on a spinal 
frame. A cell saver was used routinely. A medial skin inci-
sion was used to expose the posterior elements. A bilateral 
partial facetectomy was performed at each level. Pedicle 
screws were inserted bilaterally at all levels using a free hand 
technique, except for some cases (n = 30, 27.0%) in which 
pedicle width was too narrow for screw insertion. A gradual 
correction was done under neuro-monitoring supervision 
guidance. A wide decortication and spread of autologous 
bone graft was carried out.

Radiographic parameters

We used full-length standing posteroanterior and lateral 
radiographs of the spine, obtained before surgery and 
2 years after surgery. The following radiographic param-
eters were evaluated: magnitude of the proximal thoracic, 
main thoracic, and thoracolumbar/lumbar curves; upper 
thoracic (T2–T5) and main thoracic kyphosis (T5–T12); 
lumbar lordosis (T12 to sacrum); sagittal vertical axis 
(SVA); apical vertebral translation, defined as the distance 
between the apex of the main thoracic curve and the C7 
plumb line (C7PL); and coronal balance, defined as the dis-
tance between the center sacral vertical line (CSVL) and the 
C7PL. The coronal balance was defined as negative when 
the C7PL was to the left side of the CSVL.

Pulmonary function testing

We measured the following parameters by PFT before the 
operation and at the 2-year follow-up: vital capacity (VC), 
the maximum volume of air that can be exhaled after a 
maximum inspiration; the forced expiratory volume in 1 s 
(FEV1), the amount of air expired in 1 s during a rapid and 

maximal expiration from full inspiration; and FEV 1% which 
represents the FEV1/ forced VC ratio. For calculating %VC, 
the value of VC was normalized to the patient’s age, sex, 
height, or arm span-matched standards, according to the 
Japanese Respiratory Society guidelines [17].

Computed tomography scanning and quantitative 
image analysis

The preoperative and 2-year postoperative CT examinations 
were obtained with a 16-, 64-, or 320-detector CT scan-
ner. Low-dose CT scans were acquired at 0.5-mm or 0.625-
mm collimation with autoexposure control (depending on 
the size of the patient) to generate contiguous 1-mm-thick 
or 1.25-mm-thick CT images. The effective dose estimate 
for CT was 4.1 ± 0.9 mSv, which was determined by the 
dose length product measurements and appropriate normal-
ized coefficients reported in the literature [18]. LV values 
were measured on preoperative and 2-year postoperative 
CT images by a board-certified radiologist with 15 years 
of experience, using a commercially available workstation 
(Advantage Workstation 4.6, GE Healthcare, Waukesha, WI, 
USA) (Fig. 1). We measured the right lung volume (RLV), 
left lung volume (LLV), and total lung volume (TLV) and 
calculated the ratio of the right lung to left lung volume 
(RLV/LLV ratio). We calculated the ratio of the postop-
erative to preoperative TLV volumes for each patient, and 
defined a ratio less than 0.9 as a postoperative LV reduction.

Statistical analysis

Data are presented as the mean ± standard deviation. Differ-
ences between preoperative and postoperative variables were 
evaluated for significance by paired t test. We calculated 
Pearson’s correlation coefficients to evaluate correlations 

Fig. 1  Quantitative image 
analysis. a Postoperative axial 
computed tomography (CT) 
image of the trunk. b Post-
operative axial CT image of 
the lungs, used to calculate 
lung volumes. c Postoperative 
volume-rendering CT image of 
the lungs
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between TLV and PFT variales including VC and FEV1. We 
applied a logistic regression model to examine associations 
between individual risk factors and postoperative LV reduc-
tion and estimated the odds ratios (ORs) and 95% confidence 
intervals (95% CIs) for postoperative LV reduction. Logistic 
regression was performed with STATA14 software (Stata 
Corporation, College Station, TX, USA). A p value less than 
0.05 was considered statistically significant.

Results

Preoperative and postoperative radiographic parameters, 
PFT data, and LV Table 2 shows the preoperative and 
2-year postoperative radiographic parameters and PFT data 
used in this evaluation. From the preoperative assessment 
to the 2-year follow-up, the average Cobb angle decreased 
significantly for the proximal thoracic (27.8° ± 9.3° vs 
13.9° ± 6.6°; p < 0.01), main thoracic (54.9° ± 10.4° 
vs 17.4° ± 7.5°; p < 0.01), and thoracolumbar/lumbar 
curves (34.0° ± 13.4° vs 10.2° ± 7.9°; p < 0.01). We also 
observed significant differences between the preoperative 
and 2-year postoperative coronal balance (0.6 ± 16.8 mm 
vs − 4.6 ± 10.7  mm, p = 0.01) and apical translation 
(43.8 ± 37.8 mm vs − 2.6 ± 18.6 mm; p < 0.01). For sag-
ittal radiographic parameters, we observed an increase, 
although not significant, in the magnitude of upper tho-
racic kyphosis (T2–T5; p = 0.07) and main thoracic kypho-
sis (T5–T12; p = 0.10) at the 2-year follow-up. Meanwhile, 
the average value of SVA was significantly decreased 

from the preoperative assessment to the 2-year follow-
up ( − 16.9 ± 22.4  mm vs − 25.9 ± 21.0  mm; p < 0.01). 
PFT showed a significant decrease in %VC (p < 0.01) and 
significant increases in VC (p = 0.02), FEV1 (p < 0.01), 
and FEV 1% (p < 0.01) at the 2-year follow-up. Table 3 
shows the preoperative and postoperative LV values. TLV 
increased from the preoperative evaluation (2.75 ± 0.65 L) 
to the 2-year follow-up (2.82 ± 0.65 L); this increase was 
marginally significant (p = 0.06). LLV increased signifi-
cantly from the preoperative (1.24 ± 0.31 L) to the post-
operative evaluation (1.29 ± 0.32 L; p = 0.01); an increase 
in RLV (from 1.51 ± 0.36 L to 1.53 ± 0.34 L) was not sig-
nificant (p = 0.25). The RLV/LLV ratio decreased signifi-
cantly from the preoperative (1.22 ± 0.15) to the 2-year 
postoperative evaluation (1.20 ± 0.11; p = 0.02).

Table 2  Preoperative and 
postoperative radiographic 
parameters and pulmonary 
function testing data

Bold indicates p value < 0.05, which is considerd as statistical significance
SVA sagittal vertical axis, LL lumbar lordosis
a paired t test

Preoperative Postoperative p  valuea

Coronal balance
Proximal thoracic Cobb angle (°) 27.8 ± 9.3 13.9 ± 6.6  < 0.01
Main thoracic Cobb angle (°) 54.9 ± 10.4 17.4 ± 7.5  < 0.01
Thoracolumbar/lumbar Cobb angle (°) 34.0 ± 13.4 10.2 ± 7.9  < 0.01
Coronal balance (mm) 0.6 ± 16.8  − 4.6 ± 10.7 0.01
Apical translation (mm) 43.8 ± 37.8  − 2.6 ± 18.6  < 0.01
Sagittal balance
T2–5 (°) 6.9 ± 5.2 8.1 ± 4.8 0.07
T5–12 (°) 15.2 ± 10.6 17.0 ± 8.4 0.10
LL (°) 48.3 ± 8.8 48.7 ± 8.5 0.78
SVA (mm)  − 16.9 ± 22.4  − 25.9 ± 21.0  < 0.01
Pulmonary function
%VC 80.0 ± 15.9 77.7 ± 14.7  < 0.01
VC (L) 2.54 ± 0.53 2.74 ± 0.76  < 0.01
FEV1 (L) 2.13 ± 0.50 2.38 ± 0.49  < 0.01
FEV1% 85.8 ± 7.6 89.0 ± 6.2  < 0.01

Table 3  Preoperative and postoperative lung volume values (L)

Bold indicates p value < 0.05, which is considerd as statistical sig-
nificance
a paired t test

Preoperative Postoperative p valuea

RLV 1.51 ± 0.36 1.53 ± 0.34 0.25
LLV 1.24 ± 0.31 1.29 ± 0.32 0.01
TLV 2.75 ± 0.65 2.82 ± 0.65 0.06
RLV/LLV ratio 1.22 ± 0.15 1.20 ± 0.11 0.02
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Correlations between PFT data and TLV

To validate TLV as an indicator of pulmonary function, we 
analyzed correlations between TLV and the pulmonary func-
tion variables including VC and FEV1 at pre- and post-oper-
ation. Notably, we found that TLV was correlated moderately 
or strongly with VC and FEV1 at both pre- and post-opera-
tion (r = 0.66 – 0.92, p < 0.01) (Fig. 2a, b). In addition, the 
TLV postoperative/preoperative ratio was correlated weakly 
but significantly with those ratios for both the VC (r = 0.34, 
p < 0.01) and the FEV1 (r = 0.35, p < 0.01) (Fig. 2c).

Analysis of factors associated with postoperative LV 
reduction

Of the 111 patients, 20 (18.0%) had a postoperative LV 
reduction (Table 4). We used a logistic regression model 
to evaluate associations between postoperative LV reduc-
tion and age, sex, Risser sign, Lenke classification, number 
of fusion levels, level of the upper instrumented vertebra 

(UIV), preoperative magnitude of the main thoracic curve, 
operative change in thoracic kyphosis, and correction rate 
of the Cobb angle of the main thoracic curve. Univariable 
analysis revealed an association between postoperative LV 
reduction and a fusion length of ≥ 11 levels (OR 3.11, 95% 
CI 1.13–8.57). After adjusting for age (p value in univariable 
analysis = 0.44) and the magnitude of the operative main 
thoracic curve prior to surgery (p value in univariable analy-
sis = 0.15), this association was still significant (OR 2.82, 
95% CI 1.01–7.93).

Preoperative and postoperative PFT data in cases 
with fusion length of 6–10 levels and 11–15 levels

Preoperative and postoperative PFT data were separately 
assessed in cases with fusion length of 6–10 levels and 
11–15 levels (Table 5). The value of VC, FEV1, and FEV1% 
was significantly increased from the preoperative to the post-
operative evaluation in cases with fusion length of both 6–10 
levels and 11–15 levels (Table 5). Notably, the value of %VC 
in cases with fusion length of 11–15 levels significantly 
decreased from the preoperative assessment to the 2-year 
follow-up, whereas that of 6–10 levels was comparable 
between preoperatively and postoperatively (Table 5). These 
observations supported our multivariable analysis results.

Discussion

Several studies have analyzed PFT data in patients with 
AIS. However, few have used CT images to measure and 
analyze preoperative and postoperative LV values [11, 13, 
19]. To the best of our knowledge, this retrospective study 
is the largest to evaluate LV values after PSF in a population 
of patients with AIS (n = 111) who were followed at least 
2 years [11, 13]. At the 2-year follow-up, TLV had increased, 
although marginally significant. Importantly, there was a sig-
nificant increase in LLV but not RLV. In addition, our study 
is the first to examine risk factors for postoperative TLV 
reduction. Although our findings should be validated with a 
larger sample, the present study indicates that a longer fusion 
length ( ≥ 11 levels) may be a risk factor for a postoperative 
reduction in TLV.

Our results demonstrated significant associations between 
TLV and PFT data, including VC and FEV1, verifying 
TLV as an indicator of pulmonary function in patients with 
AIS. Whereas PFT evaluates dynamic breathing param-
eters involving the movement of the chest and rib cage, 
such as deep expiration and inspiration, LV calculated by 
reconstructing CT scans represents the static component of 
the lungs. The CT scan method is particularly useful for 
measuring LV accurately in patients who are unable to fol-
low instructions for PFT [3, 10–14], and it has the added 
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Table 4  Logistic regression analysis (postoperative LV reduction)

Bold indicates p value < 0.05, which is considerd as statistical significance
Postoperative TLV preoperative TLV < 0.9, CI confidence interval, OR odds ratio
Adjusted for age and the factors associated with LV reduction in the univariable analysis (p =  < 0.15)

Number of 
patients

Number of 
incidents

Rate of inci-
dence (%)

Crude OR (95% CI) p value Adjusted OR (95% CI) p value

Age
11–15 75 15 20.0 1.00 1.00
16–19 36 5 13.9 0.65 (0.21–1.94) 0.44 0.68 (0.22–2.13) 0.51
Gender
Female 103 20 19.4 1.00
Male 8 0 0.0
Risser sign
0–3 44 9 20.5 1.00
4, 5 67 11 16.4 0.76 (0.29–2.03) 0.59
Lenke classification
Type 1 66 9 13.6 1.00
Type 2 20 5 25.0 2.11 (0.62–7.24) 0.24
Others 25 6 24.0 2.00 (0.63–6.36) 0.24
Fusion
6–10 64 7 10.9 1.00 1.00
11–15 47 13 27.7 3.11 (1.13–8.57) 0.030 2.82 (1.01–7.93) 0.049
UIV
 < Th4 27 7 25.9 1.00
 >  = Th4 84 13 15.5 0.52 (0.18–1.49) 0.22
Preoperative MT
 < 50 38 4 10.5 1.00 1.00
 >  = 50 73 16 21.9 2.39 (0.74–7.73) 0.15 1.88 (0.56–6.34) 0.31
Operative change in TK
Decreasing 40 5 12.5 1.00
No change or 

increasing
71 15 21.1 1.87 (0.63–5.61) 0.26

Correction rate of Cobb angle
 < 0.70 61 12 19.7 1.00
 >  = 0.70 50 8 16.0 0.78 (0.29–2.08) 0.62

Table 5  Preoperative and 
postoperative pulmonary 
function testing data in cases 
with fusion length of 6–10 
levels and 11–15 levels

Bold indicates p value < 0.05, which is considerd as statistical significance
a Paired t test

Fusion length

6–10 levels 11–15 levels

Preoperative Postoperative p  valuea Preoperative Postoperative p  valuea

%VC 82.0 ± 16.9 81.3 ± 14.3 0.43 77.1 ± 14.0 72.7 ± 13.9  < 0.01
VC (L) 2.67 ± 0.48 2.91 ± 0.83  < 0.01 2.37 ± 0.55 2.51 ± 0.58  < 0.01
FEV1 (L) 2.21 ± 0.48 2.50 ± 0.49  < 0.01 2.03 ± 0.50 2.21 ± 0.46  < 0.01
FEV1% 84.7 ± 7.0 88.2 ± 5.9  < 0.01 87.3 ± 8.3 90.1 ± 6.5  < 0.01
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advantage of measuring the right and left sides separately. 
CT-based LV measurements can provide further our under-
standing of anatomical characteristics associated with sco-
liosis and marked left–right asymmetry. Sarwahi et al. [13] 
assessed LV in 29 AIS patients and reported that some LV 
values were not altered after PSF. Similarly, our study indi-
cated that PSF did not significantly increase the TLV. How-
ever, a more detailed analysis showed a significant postop-
erative increase in the LV at the concave side of the major 
curve, but not at the convex side. One possible explanation 
for this observation is that vertebral de-rotation for correc-
tion expands the LV at the concave side and contracts that 
of the convex side.

Karol et al. [20] reported that the proximal extent of the 
fusion increases the risk of developing restrictive pulmonary 
disease in patients younger than 9 years who were treated 
by thoracic spine fusion for non-neuromuscular scoliosis. 
In contrast, we did not find a significant correlation between 
UIV level and postoperative LV reduction in AIS patients. 
Demura et al. [21] reported that the presence of an upper 
thoracic curve in AIS was associated with decreased PFT 
values at the 2-year follow-up. However, in the present 
study, the presence of an upper thoracic curve (Lenke type 
2) was not significantly associated with a postoperative LV 
reduction. Although these discrepancies between studies 
might be due to differences in object variables and analysis 
methods, these issues deserve further investigation. In the 
present study, univariable logistic regression analysis iden-
tified a fusion length of ≥ 11 vertebrae as a potential factor 
in postoperative LV reduction. Because cases with a con-
struct ≥ 11 levels have more severe deformity compared with 
those with a construct < 11 levels (Supplementary Table 1), 
multivariable analysis was conducted by adjusting the fac-
tors including preoperative Cobb angle of main thoracic 
curves. Breathing is partially affected by spinal movement 
[22], which becomes more restricted as the fusion length 
increases, and this condition might be a factor in reducing 
the postoperative LV in AIS patients. Thus, our results sug-
gest that using as short a fusion area as possible may help 
maintain LV after PSF.

This study had several limitations. This was a single-
center study, with potential selection bias. Second limitation 
was a lack of direct comparison with anticipated changes in 
LV of a normal age-matched population or of a matched AIS 
group that did not have PSF. The normative reference data 
of Gollogly et al. [16] can be used for comparison. However, 
their study lacks the data of AIS patients aged 10–20 years. 
Without benchmarks, it is difficult to assess exactly whether 
PSF had any impact on LV. Third, despite being the largest 
study of LV values after PSF [11–13], the sample size might 
not be large enough to draw solid conclusions from our find-
ings. Finally, we do not recommend the routine use of CT 
to assess LV due to concerns about increasing the radiation 

burden, especially given recent reports of risks of induced 
malignancy [23]. Nevertheless, the present study success-
fully demonstrated the postoperative change in LV values 
after PSF in a relatively large subject sample.

In conclusion, we retrospectively analyzed LV prior to 
and 2 years after PSF in patients with AIS and conducted the 
first-ever multivariable analysis of risk factors for postopera-
tive LV reduction. Our results indicate that a longer fusion 
area may lead to a postoperative LV reduction. Therefore, 
avoidance of a longer fusion area of ≥ 11 will be preferable 
for preserving lung volume.
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