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Abstract

Purpose Utilizing 2D measurements, previous studies

have found that in AIS, increased thoracic Cobb and

decreased thoracic kyphosis contribute to pulmonary dys-

function. Recent technology has improved our ability to

measure and understand the true 3D deformity in AIS. The

purpose of this study was to evaluate which 3D radio-

graphic measures predict pulmonary dysfunction.

Methods One hundred and sixty-three surgically treated

AIS patients with preoperative PFTs (FEV, FVC, TLC) and

EOS� imaging were identified at a single center. Each

spine was reconstructed in 3D to obtain the true coronal,

sagittal, and apical rotational deformities. These were then

correlated with the patient’s preoperative PFT measure-

ments. Regression analysis was performed to determine the

relative effect of each radiographic measure.

Results There were 124 thoracic and 39 lumbar major

curves. The range of preoperative thoracic and lumbar 3D

coronal angle was 11–115� and 11–98�, respectively. The
range of preoperative thoracic 3D kyphosis (T5–T12) and

thoracic apical vertebral rotation was -56 to 44� and

0–29�, respectively. Increasing thoracic 3D Cobb and

thoracic vertebral rotation and decreasing thoracic 3D

kyphosis most significantly correlated with decreasing

pulmonary function, especially FEV. In patients with the

largest degree of thoracic deformity (3D Coronal

Cobb[ 80�, 3D thoracic lordosis[20�, and absolute api-

cal rotation[25�), the majority of patients had moderate to

severe pulmonary impairment (B65 % predicted). 3D

thoracic kyphosis was the most consistent predictor of FEV

(r2 = 0.087), FVC (r2 = 0.069), and TLC (r2 = 0.098)

impairment.

Conclusions Larger thoracic coronal, sagittal, and axial

deformities increase the risk of pulmonary impairment in

patients with AIS. Of these, decreasing 3D thoracic

kyphosis is the most consistent predictor. This information

can guide surgeons in the decision making process for

determining which surgical techniques to utilize and which

component of the deformity to focus on.

Keywords Pulmonary function � Idiopathic scoliosis �
Kyphosis

Introduction

A significant amount of attention has been directed towards

spinal deformity and its effect on pulmonary function. In

patients with early onset scoliosis, spinal deformity can

profoundly affect pulmonary function, altering lung

development and even cause early mortality through res-

piratory failure [1–3]. This has resulted in recommenda-

tions for early interventions to alter the natural history of

these patients. In adolescent idiopathic scoliosis (AIS), the

focus of most studies has either been directed toward the

effect of spinal deformity magnitude or the effect of dif-

ferent surgical approaches on pulmonary function [3–19].

Weinstein et al. demonstrated a direct correlation

between thoracic magnitude and pulmonary impairment

with significant decrease in respiratory function in curves

greater than 100� [20]. Others have supported these
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findings in their evaluation of patients with scoliosis. In

addition to curve magnitude, previous studies have also

reported on curve location, the number of vertebrae in the

curve, and curve rigidity in relation to pulmonary function

[12, 21–23]. Besides coronal plane measurement, thoracic

hypokyphosis and chest wall deformity have also been

shown to have a negative impact on pulmonary function

[24]. Newton et al. reported on the results of pulmonary

function testing in 631 patients with AIS [12]. They found

that while thoracic magnitude, number of vertebrae in the

thoracic curve, thoracic hypokyphosis and coronal imbal-

ance had a statistically significant effect, it represented less

than 20 % of the variability on pulmonary function testing.

One of the limitations of many of these studies is the use

of two-dimensional radiographs. AIS is known to be a three

dimensional spinal deformity [25, 26]. Standard scoliosis

films do not allow accurate assessment of the axial plane

deformity and frequently underestimate the sagittal plane

deformity. The recent development of bi-planar X-ray

imaging techniques that allow for 3D reconstruction of the

spine have resulted in improved measurement and better

understanding of the true coronal, sagittal and apical

rotational deformity [27, 28]. The purpose of this study was

to evaluate which 3D radiographic measures predict pul-

monary dysfunction.

Methods

One hundred and sixty-three surgically treated AIS patients

with preoperative pulmonary function tests (PFTs) and

EOS images (EOS imaging, Paris, France) were identified

at a single center. The pre-operative spine images are all

standardly obtained at this center and include simultaneous,

upright, bi-planar X-ray images (anteroposterior and lat-

eral), which allow for 3D reconstructions of the spine to be

performed. Angle of trunk rotation, as measured by Scol-

iometer, was also collected. 2D coronal Cobb and T5–T12

kyphosis measurements were obtained. Each spine was

reconstructed in 3D to obtain the true coronal, sagittal, and

apical rotational deformity measurements utilizing sterEOS

software. 3D sagittal kyphosis was regionally defined

between T5 and T12. To obtain the 3D reconstructions, a

trained operator generated a full spine (thoracic and lum-

bar) reconstruction by morphing a model of each vertebra

from T1 to L5 to match that of the patient’s vertebra as

observed on both the posterior–anterior and lateral radio-

graphs [27, 29]. This method has been shown to be an

accurate and reliable assessment of the scoliotic spine

[27, 30–34].

As described by Newton et al. [29]. custom Matlab

(Mathworks, Natick, MA) software was used to create a

local reference frame for each vertebra and disc, which

allows for segmental evaluation of one aspect of the

deformity (e.g., kyphosis) by removing the other two

dimensions (e.g., coronal and axial rotation). Local seg-

mental kyphosis measurements from T5 to T12 were

summed to obtain a 3D measure of kyphosis. In the same

manner, local vertebral Cobb measurements were summed

between bounding vertebrae to obtain a 3D measure of

Cobb. For example, for a curve between T4 and T11, T4 to

T11 vertebra measurements and T4–T5 to T10–T11 disc

measurements would be summed to get the 3D Cobb.

Clockwise axial rotation was defined as positive.

These 3D values of coronal Cobb, kyphosis, and axial

rotation were then correlated to the patient’s corresponding

preoperative forced expiratory volume (FEV), forced vital

capacity (FVC), and total lung capacity (TLC) pulmonary

function measurements. Each of the three measures of

deformity were also evaluated in an incremental fashion to

identify the percentage of patients with moderate–severe

pulmonary impairment as defined by the American Tho-

racic Society [35]. Moderate impairment was defined as

having\65 % but[50 % of any predicted PFT value and

severe was defined as\50 %. Normal/Mild impairment

was defined as[65 % predicted. Multivariate linear

regression analysis was performed to determine the relative

effect on pulmonary function of each radiographic measure

and the thoracic Scoliometer measurement. SPSS v.12 was

utilized for all analyses and alpha was set at p\ 0.05 to

declare significance (SPSS Inc., Chicago, IL).

Results

There were 124 thoracic and 39 lumbar major curves.

There were 141 females and 22 males, and the average age

of the cohort was 15 ± 2 years. The range of preoperative

thoracic and lumbar coronal 3D Cobb angles was 11–115�
and 11–98�, respectively. The average curve flexibility on

2D bending radiographs for the entire cohort was

26 ± 21 % (range 0–92 %) for the thoracic curves and

67 ± 23 % (range 12–100 %). The range of preoperative

3D thoracic kyphosis (T5–T12) and thoracic apical verte-

bral rotation was -56 to 44� and 0–29�, respectively. The
range of preoperative thoracic and lumbar 2D Cobb angles

was 5–118� and 14–98�, respectively. The range of 2D T5–

T12 kyphosis was -11 to 62�.
The correlation between 3D radiographic and pul-

monary function values can be found in Table 1. Increasing

thoracic 3D Cobb was associated with decreasing FVC,

TLC, and especially FEV values (Fig. 1). Increasing axial

rotation of the thoracic spine was also associated with

decreasing pulmonary function values (Fig. 2). Decreasing

3D thoracic kyphosis was associated with decreasing pul-

monary function values, again, most significantly with FEV
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(Fig. 3). Thoracic rib prominence obtained via Scoliometer

also significantly correlated with PFT values, with

increasing rib prominence associated with decreasing pul-

monary function (Fig. 4). Regression analysis found tho-

racic kyphosis to be the most consistent predictor of FEV

(r2 = 0.087), FVC (r2 = 0.069), and TLC (r2 = 0.098)

impairment.

In patients with the largest degree of thoracic deformity

(3D Coronal Cobb[80�, 3D thoracic lordosis[20�, and
absolute apical rotation[25�), the majority of patients had

moderate to severe pulmonary impairment (B65 % pre-

dicted). The number of patients with pulmonary impair-

ment in relation to 3D thoracic Cobb, 3D thoracic

kyphosis, and thoracic apical rotation can be found in

Figs. 5, 6, 7, respectively.

Table 1 Correlation of 3D

radiographic and pulmonary

measurements

% predicted

FEV

% predicted

FVC

% predicted

TLC

T1–T5 kyphosis 0.026 0.065 -0.002

T5–T12 kyphosis 0.444 0.298 0.327

T10–L2 kyphosis 0.173 0.132 0.148

T12–L5 lordosis -0.088 -0.086 -0.136

Upper thoracic curve 20.224 20.166 -0.142

Thoracic curve 20.401 20.298 20.212

Lumbar curve 0.015 -0.026 0.032

Thoracic apex rotation (absolute value) 20.408 20.256 -0.175

Lumbar apex rotation (absolute value) 0.233 0.067 0.197

Bold values represent statistical significance, p\ 0.05

Fig. 1 Correlation between predicted FEV and 3D thoracic kyphosis

Fig. 2 Correlation between predicted FEV and T5–T12 kyphosis

Fig. 3 Correlation between predicted FEV and thoracic apical

rotation

1660 Eur Spine J (2017) 26:1658–1664

123



Discussion

There have been extensive studies evaluating the rela-

tionship of spinal deformity and its effect on pulmonary

function [1–16, 20–23]. Specifically, there has been con-

cern about the associated decline of respiratory function

with increasing severity of curve magnitude. Furthermore,

studies have found increasing effect with sagittal plane

deformity, especially the hypokyphosis seen with AIS [12].

As treatment methods evolved, studies began focusing on

the surgical approach and the negative effect of procedures

that violated the thoracic cage [16, 17].

This study supports many of the previously published

reports demonstrating a decline in pulmonary function with

increasing spinal deformity. In the coronal plane, a larger

thoracic Cobb correlated with decreased pulmonary func-

tion. The greatest decline in PFT’s was found in thoracic

curves greater than 80 degrees. In the sagittal plane, 3DFig. 4 Correlation between predicted FEV and thoracic rib

prominence

Fig. 5 Effect of thoracic

coronal cobb on pulmonary

impairment

Fig. 6 Effect of thoracic

kyphosis on pulmonary

impairment
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reconstructions from biplanar X-ray imaging allowed more

accurate assessment of the true thoracic kyphosis than in

previous studies. As expected, increasing loss of 3D tho-

racic kyphosis resulted in a greater decline in PFTs.

Interestingly, thoracic kyphosis was the most consistent

radiographic predictor of pulmonary dysfunction with the

greatest declines seen in frankly lordotic thoracic spines.

These 3D reconstructions also allowed for a more reliable

assessment of axial plane deformity on respiratory func-

tion. Similar to the coronal plane, greater axial rotation

correlated with a decline in PFTs.

This study most closely supports the findings already

published by Newton et al. [12]. In their study of 631 AIS

patients, the magnitude of the 2D thoracic curve, the

number of vertebrae in the thoracic curve, 2D thoracic

hypokyphosis, and coronal imbalance significantly corre-

lated with a decline in pulmonary function testing. While

supporting the coronal findings, our study provides more

accurate assessment of the sagittal deformity and also

demonstrates the effect of axial deformity. In their dis-

cussion, Newton et al. did suggest that axial rotation may

have an effect on PFT through its effect on chest wall

shape. However, they questioned all previous studies due to

the low reliability of rotation assessment at that time.

Similar to that study, our correlations also demonstrate that

these radiographic measures are not the only factors

involved in the variability of pulmonary function testing.

This study did not evaluate all of the potential factors

that may affect pulmonary function as many of them do not

relate to the measurement of spinal deformity in 3D. Pre-

vious studies have found that in addition to what was

analyzed in the current study, pulmonary dysfunction is

likely influenced by a greater number of vertebrae in the

thoracic curve, a more cephalad curve location, and

increased age [12, 22, 36]. Coronal imbalance and curve

rigidity have both been found to be associated with

decreased pulmonary function; however, the rigidity of the

thoracic curve in relation to pulmonary function has had

mixed findings [21, 23]. Numerous studies have evaluated

various aspects of the impact scoliosis has on the thoracic

cage [37] and, in turn, how that affects pulmonary function

[38]. These measures were not assessed in the current study

as our utilization of 3D reconstructions did not provide a

more accurate assessment of these variables than that of the

previous studies.

Other studies have attempted to relate pulmonary

function in AIS to some 3D measures utilizing CT scans.

However, the majority of these studies focused on lung

volumes and chest wall dimensions. Chun et al. found that

patients with increasing spinal deformity had greater dis-

crepancy between their concave and convex lung volumes

suggesting an effect on lung function [39]. Yu et al. sub-

sequently demonstrated that patients with AIS, as com-

pared to normal controls, had lower lung volumes that

correlated with lower PFT’s [40]. Interestingly, when lung

volumes were assessed by postoperative CT scan, Sarwahi

et al. was unable to demonstrate any improvement in lung

volumes or concave–convex lung ratios following surgical

correction of AIS [41]. They suggested that any postoper-

ative improvement in lung function was related to dynamic

rather than static factors.

The advantage of this study is the more accurate

assessment of the three dimensional deformity seen in AIS

in an upright posture. While not able to provide exact 3D

spine rendering or 3D rib cage assessments, recent

advances in biplanar X-ray technology and computer

modeling have allowed scoliosis physicians to more easily

see spinal deformity in 3D without the radiation associated

with computed tomography. Even before the current use of

3D imaging, studies have shown the underestimation of

thoracic hypokyphosis seen with a standard lateral radio-

graph. A significant portion of our patients were found to

be frankly lordotic across the thoracic spine. In the axial

plane, prior to 3D reconstructions, surrogate measures were

used to categorize vertebral rotation as opposed to pro-

viding an absolute measure [42–44].

Fig. 7 Effect of thoracic apical

rotation on pulmonary

impairment
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One of the limitations of this study is the reliability with

which the PFTs were obtained. Utilizing normative data

based on height is a concern when evaluating patients that

have a condition that is known to affect their height. This

may have resulted in a slight underestimation of the effect

of the scoliosis on pulmonary function. In addition, scol-

iosis may also affect a patient’s activity level especially in

the more severe cases which may be a confounding vari-

able. It is likely that patients who engage in fewer sports

and exercise activities will have decreased PFTs compared

to their more active counterparts.

Conclusion

Larger thoracic 3D coronal, 3D sagittal, and axial defor-

mities increase the risk of pulmonary impairment in

patients with AIS. Of these, decreased 3D thoracic

kyphosis is the most consistent predictor. This information

can guide surgeons in the decision making process for

determining which surgical techniques to utilize and which

component of the deformity to focus on. Further analysis is

needed to determine the value of improvement in these

radiographic measures following surgery on the potential

for improved pulmonary function.
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