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Skeletal growth velocity of adolescent idiopathic scoliosis: 
abnormal in spine but normal in lower limbs
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Background: Abnormal spinal overgrowth has been identified in patients with adolescent idiopathic 
scoliosis (AIS), which may be attributed to a secondary change. However, growth velocity in adolescents with 
different maturity statuses, and the final length of the lower extremities were not investigated in patients 
with AIS. Here, we compared the peak height velocity (PHV) time point of the lower limbs between AIS and 
healthy adolescents and analyzed whether abnormal growth of the lower limbs exists in patients with AIS.
Methods: Female AIS patients with a thoracic Cobb angle of 20° to 60° were enrolled in the current study. 
The major Cobb angle, length of the spine (LOS), length of the lower limbs (LLL), and height of the pelvis 
(HOP) were measured. In addition, RatioSL was defined as LOS/LLL; RatioSP was defined as LOS/HOP; 
and RatioPL was defined as HOP/LLL. All patients and healthy controls were classified into three groups 
according to skeleton maturity status: pre-PHV, defined as Risser 0, and open triradiate cartilage (TC); 
during-PHV (Risser 0, and closed TC); and post-PHV (Risser ranging from 1 to 5). 
Results: RatioSL and RatioSP were significantly higher in scoliosis patients at Risser ≥4 compared to 
healthy controls (all, P<0.05). However, RatioPL was similar between patients with AIS and healthy controls 
in both the Risser 0 and Risser ≥4 groups. The change in ratio from pre-PHV to post-PHV showed similar 
trends between patients with AIS and healthy controls; both RatioSL and RatioPL were significantly lower 
in the during-PHV group (all, P<0.05).
Conclusions: The final length of the lower extremities was similar between groups, while the peak growth 
of the lower extremities was earlier than that of pelvis and spine in both patients with AIS and healthy 
adolescents, indicating that lower limb growth pattern was not altered in AIS patients.
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Introduction 

Adolescent idiopathic scoliosis (AIS) is a 3-dimensional 
spine deformity that influences patient appearance with 
body disfigurement and causes pulmonary function 
impairment (1,2). To date, the specific pathogenesis of AIS 
remains unclear (3,4). A range of growth abnormalities have 

been identified in AIS patients throughout the pubertal 
growth period, including higher corrected height and lower 
body mass index (BMI) compared to healthy adolescents 
(5,6). It has been proposed that scoliosis might be caused by 
a discrepancy between the growth velocity of the anterior 
and posterior columns of the spine (7). However, recent 
studies have shown that anterior overgrowth might be 
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due to an adaptation to the altered loading, rather than a 
primary growth disorder in the spine (8,9).

While the spinal overgrowth has been confirmed in AIS 
patients, the lower limbs have received little attention from 
spine surgeons and researchers alike. To date, only a few 
studies investigated the growth pattern of the lower limbs 
in patients with AIS. Dimeglio et al. (10) suggested that the 
peak height velocity (PHV) in patients with AIS is not a 
single time point, but rather a combination of three micro-
peaks during puberty involving first the growth of lower 
limbs followed by the growth of the spine, and later the 
broadening of the thorax. However, the study did not clarify 
whether the growth disturbance seen in AIS patients is only 
localized at the spine or is a phenomenon that affects the 
whole skeleton, including the lower limbs. In addition, the 
study solely relied on anthropometric measurements, and 
a more accurate and quantitative assessment is warranted. 
With recent advances in radiological equipment, the new 
full-body length imaging system allows the visualization 
of the body from head to ankle in its actual size and 
proportions (11), providing a quantified method to evaluate 

the exact lengths of the lower limbs and their relationships 
with abnormal spinal growth in patients with AIS.

The prospective research aimed to investigate the 
PHV time point of lower limbs between AIS and healthy 
adolescents and to clarify whether there is the abnormal 
growth of the lower limbs in AIS patients. 

Methods

Cohort

The ethics committee of our hospital approved this 
prospective study; 73 female adolescent AIS patients with 
thoracic curve were enrolled between November 2016 
and July 2017. The inclusion criteria included patients 
with a main thoracic curve (the Cobb angle between 
20° and 60°); a thoracic vertebral rotation(Nash-Moe  
grade I) (12); normal thoracic kyphosis (the angle between 
the superior endplate of T4 and the inferior endplate of 
T12 ranging between 10° and 40°); with full-body X-ray 
images; and without any prior treatment. Exclusion criteria 
were as follows: patients with current or a history of hip joint 
diseases; patients with a history of back pain, hip or lower 
limb discrepancy or disease; patients with spondylolisthesis. 
Another 42 age-matched control subjects were selected from a 
prospective database containing more than 300 asymptomatic 
subjects with full-body films who were recruited when 
attending a clinic with no or minor spinal asymmetry. 

Measurements on coronal films 

All images were acquired using a full-body imaging 
system (EOS® imaging, Paris, France) (11,13). During the 
procedure, patients received standardized verbal instructions 
by radiographers to “keep the eyes horizontal and look 
straight ahead, stand straight without leaning forwards or 
backwards, and touch the collar bones with the fingers.”

Full-body coronal films of the spine, pelvis, and lower 
limbs were obtained from all participants. Using the PACS 
system (Picture Archiving and Communication System, 
GE healthcare, Mount Prospect, IL, USA), the following 
parameters were obtained (Figure 1): 
 Length of the spine (LOS) (line A). The midpoint 

of the superior endplate of each vertebra was 
selected, and straight lines connected every two 
points. The LOS was defined as the sum of the 
lengths of straight lines from T1 to S1. 

 Height of the pelvis (HOP) (line B). A horizontal line 

Figure 1 Radiographic parameters were measured on full body 
standing coronal images. Line A represents the length of spine; 
line B, the height of pelvis; and lines C and D, the length of lower 
limbs.
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was passed through the upper margin of the ilium 
and another through the ischial tuberosity. The offset 
between the two lines was defined as the HOP. 

 Length of the lower limbs (LLL) (lines C+D). Line 
C was drawn between the greater trochanter and 
the center of the notch. Line D was drawn between 
the middle of the tibial spine and the middle of the 
distal articular surface of the tibia. LLL was defined 
as the sum of the lengths corresponding to line C 
and line D.

All patients and controls were classified into three groups 
according to skeleton maturity status (14): pre-PHV, defined 
as Risser 0, and open triradiate cartilage (TC); during-PHV 
(Risser 0, and closed TC); and post-PHV (Risser ranging 
from 1 to 5). All subjects were also divided into two groups 
according to Risser grades, with group A including AIS and 
healthy girls at Risser grade 0, and group B including AIS 
and healthy girls at Risser grade 4 and 5. 

Standardized ratios were used to investigate growth 
features in subjects while minimizing the effect of personal 
differences. RatioSL was defined as LOS/LLL. Similarly, 
RatioSP was defined as LOS/HOP and the RatioPL as HOP/
LLL. The ratios were calculated to evaluate better the 
growth of the spine and lower limbs among the cohort 
using the self-control method. All parameters and ratios 
were compared between AIS and control group, and all the 
ratios were compared between these three maturity stages.

All the parameter measurements were performed by two 
independent surgeons (SS and TZ) to assess inter-observer 
reliability. Furthermore, another researcher (QG) repeated 
the measurements after half a month to compare intra-
observer reliability.

Statistical analysis 

Data were analyzed with SPSS 23.0 (SPSS Inc., Chicago, 
IL). The independent t test was used to compare continuous 
parameters between AIS patients and healthy adolescents in 
group A and group B. Each dependent variable was compared 
between the three skeleton maturity groups (pre-PHV, during-
PHV, and post-PHV groups) with ANOVA analysis. A P value 
less than 0.05 was considered statistically significant.

Results 

The demographic characteristics of all subjects are shown in 
Table 1. The mean age of patients with AIS was 13.6±2.55 years  
(range: 10 to 18 years), similarly to the age of the control 
group (12.9±2.36 years, P=0.174). The mean magnitude 
of the main thoracic curve was 30.5°±12.03° (range: 20° 
to 59°). In the group of AIS patients, 46 subjects (63.01%) 
were post-PHV, versus 26 subjects (61.90%) in the control 
group. The reliability analysis showed high intra- and inter-
observer agreements in the evaluation of parameters, with 
intraclass correlations (ICC) more than 0.8 (Table 2). 

The differences in parameters and ratios in Group A 
(Risser 0) and Group B (Risser ≥4) are summarized in  
Table 3. No significant differences were found in LOS, HOP, 
or LLL between the two groups (all P>0.1). In order to 
eliminate the effect of individual variance, the standardized 
ratios were also compared between the subgroups. The 
RatioSL and RatioSP were significantly higher in patients 
with AIS at Risser ≥4 compared to healthy controls (P=0.033, 
and 0.003, respectively), implying that the final length of the 
spine was longer in patients with AIS. Meanwhile, RatioPL 

Table 1 The distribution by maturity in each subgroup 

Group T-AIS group (n=73) Control group (n=42) P

Mean age (yrs) 13.56±2.55 12.90±2.36 0.174

Gender Female Female –

Cobb (°) 30.51±12.03 – –

Group A 27 16 –

Group B 31 13 –

Pre-PHV 15 10 –

During-PHV 12 6 –

Post-PHV 46 26 –

T-AIS, thoracic-adolescent idiopathic scoliosis; Cobb, Cobb angle of the main thoracic curve; Group A, Risser 0; Group B, Risser 4 and 5; 
pre-PHV, Risser 0 and open TC; during-PHV, Risser 0 and closed TC; post-PHV, Risser 1 to 5 
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had no significant differences between the patients with AIS 
and controls in both the Risser 0 and Risser ≥4 groups (P=0.499 
and 0.303, respectively). Besides, no significant differences 
were found in 3 ratios between patients with AIS and controls 
with Risser 0 (P=0.780, 0.367, and 0.499, respectively). These 
results indicated that the final spinal length was longer in AIS 
patients compared to that of healthy girls, while the length of 
the lower extremities was similar. 

Moreover, the ratios were compared within the 
subgroups according to maturity status (Table 4). The 
change of these ratios from the pre-PHV to the post-PHV 
showed the similar trends in both scoliosis patients and 
controls: RatioSL and RatioPL were significantly the lowest 
in the during-PHV group (all P<0.02), implying PHVs of 
the spine and the pelvis are later than PHV of the lower 
extremities. RatioSP showed no significant differences 
between the three maturity subgroups in the control group 
(P=0.884). Meanwhile, RatioSP was higher in the post-period 
of PHV in the AIS group (P=0.003), revealing abnormal 
spinal overgrowth in patients with AIS.

Discussion

Numerous studies have reported that the spinal length 

of AIS patients is longer than that of controls (8,15,16). 
However, to date, no study has solely focused on the 
growth pattern of the lower extremities in AIS patients. 
The present study demonstrated that the final length of 
the lower limbs was not affected by scoliosis despite the 
abnormal spinal overgrowth. Moreover, the peak growth 
of lower extremities occurred earlier than that of pelvis and 
spine in both patients with AIS and healthy adolescents. 

Bao et al. (17) reported no significant differences in the 
pelvic height between AIS patients and healthy girls with 
different maturity statuses, making the HOP a reliable 
reference for the normalization of LLL and LOS in AIS 
patients. In the present study, RatioSL and RatioSP were 
significantly higher in patients with AIS at Risser ≥4 
compared to that of healthy controls (P=0.033 and 0.003, 
respectively), implying that the final spinal length was 
longer in patients with AIS. Meanwhile, RatioPL showed 
no significant differences between patients with AIS and 
healthy girls in both the Risser 0 and Risser ≥4 groups 
(P=0.499 and 0.303, respectively). The results revealed 
that the pathogenesis of AIS does not alter the final length 
of lower limbs. A peri-pubertal study that compared 
anthropometric measurements between female patients 
with AIS and controls at different chronological ages also 

Table 2 Inter-observer reliability of radiographic measurements

Parameters
Intra-observer reliability, intraclass 

correlation
95% CI

Inter-observer reliability, intraclass 
correlation

95% CI

LOS 0.827 0.753 to 0.899 0.811 0.723 to 0.867

LLL 0.838 0.764 to 0.913 0.816 0.729 to 0.868

HOP 0.932 0.896 to 0.976 0.917 0.841 to 0.978

CI, confidence interval; LOS, length of spine; LLL, length of lower limbs; HOP, height of pelvis. 

Table 3 Comparison of the measurements and ratios between AIS and control group (mm) 

Group A-AIS (n=27) Group A-Control (n=16) P Group B-AIS (n=31) Group B-Control (n=13) P

LOS 380.23±19.60 373.32±26.11 0.329 420.69±17.82 412.95±14.15 0.172

LLL 725.07±44.48 709.28±52.97 0.301 735.83±27.95 743.31±47.21 0.516

HOP 177.13±8.86 172.14±12.02 0.126 189.36±8.45 193.37±11.55 0.206

RatioSL 0.525±0.02 0.527±0.02 0.780 0.572±0.02 0.557±0.02 0.033*

RatioSP 2.147±0.07 2.170±0.09 0.367 2.223±0.07 2.140±0.10 0.003*

RatioPL 0.245±0.01 0.243±0.01 0.499 0.257±0.01 0.260±0.01 0.303

*, P<0.05. AIS, adolescent idiopathic scoliosis; Group A, Risser 0; Group B, Risser 4 and 5; RatioSL = LOS/LLL, RatioSP = LOS/HOP, RatioPL 

= HOP/LLL; LOS, length of spine; LLL, length of lower limbs; HOP, height of pelvis.
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suggested that the final length of the lower limbs is similar 
between AIS and healthy controls (15). Our study provided 
further evidence in support of this. 

The onset and progress of pubertal growth varied 
significantly between individuals, even at a similar age. In 
order to avoid inaccurate evaluation of growth using age, 
skeleton maturity was confirmed in this study. Although the 
menarche is a landmark during the pubertal growth of girls, 
it could not assess growth potential reliably and accurately. 
Song et al. (18) proposed that the closure of TC is related 
to the PHV closely. Nault et al. (19) further reported that 
Risser 0 with the closed TC implied a curve acceleration 
phase. Therefore, we divided all subjects into 3 groups based 
on the status of TC, and Risser sign: the pre-PHV group, 
the during-PHV group, the post-PHV group. Dimeglio  
et al. (10) elucidated that the peak growth is a combination 
of three micro-peaks during puberty in healthy adolescents 
and that the peak growth of the spine and pelvis are later 
than that of lower extremities. Another study (20,21) by the 
same team based on anthropometric measurements showed 
the relative velocity between sitting height and the lower 
limbs during puberty in adolescents, and the results have 
further suggested a similar conclusion. Cheung et al. (15)  
also suggested in an anthropometric study that the peak 
growth of the lower extremities occurred earlier than 
that of the spine in both patients with AIS and healthy 
girls. Our quantified results using full-body radiographic 
measurements also confirmed these previous conclusions. 
The change in ratios from the pre-PHV to the post-PHV 
illustrated the similar trends between patients with AIS and 
healthy adolescents: RatioSL and RatioPL were significantly 
lower in the during-PHV group compared to the other two 
groups (all P<0.02), indicating that the PHV of the lower 
limbs is earlier than the PHVs of spine and pelvis. Nault  
et al. (19) found that Risser 0 with the closed TC was the 
best predictor of the beginning of the curve acceleration 

phase, which was further confirmed by Shi et al. (22). 
Regarding the current study, subjects in the during-PHV 
group were with a closed TC and Risser 0, suggesting that 
they were at the beginning of the curve acceleration phase 
and that the peak growth of the lower limbs has just passed. 
Therefore, RatioSL and RatioPL were significantly lower in 
this group. 

It has been reported that delayed menarche and PHV 
in AIS patients can lead to a delayed and prolonged period 
of rapid growth (23,24). The longer spinal length in AIS 
girls thus may be due to a lengthened period of growth. 
However, the peak growth velocity of lower limbs emerges 
before the beginning of the curve acceleration phase. As 
a result, the final length of the lower limbs may not be 
affected by the prolonged period of growth, which also 
indicated that the sequence of reaching PHV for lower 
limbs and spine in AIS patients is consistent with healthy 
subjects. In addition, a new consensus was recently reached 
that the anterior spinal overgrowth was caused mainly 
by the altered loading pattern in AIS patients instead of 
a primary growth disturbance (8,9). Nevertheless, the 
lower extremities and pelvis were not subjected to changed 
loading, indicating that the growth of the lower extremities 
and pelvis are not affected in AIS patients. RatioSP showed 
no significant differences between the three maturity 
subgroups in the control group (P=0.884). In contrast, 
RatioSP was higher in the post-PHV AIS group (P=0.003), 
showing only abnormal spinal overgrowth in AIS.

Several limitations of the present study need to be 
addressed. First, this study was limited by the relatively 
small sample size confined to girls with the single thoracic 
curve. Only patients with thoracic curve were recruited in 
the cause of allowing consistency. The lumbar curve is less 
prevalent than the thoracic curve. As for lumbar AIS, the 
axial vertebral rotation in the lumbar curve is unavoidable, 
as is sagittal thoracolumbar kyphosis, both of which would 

Table 4 Comparison of the Ratios between the 3 maturity stages

Ratio
AIS group Control group

Pre-PHV (n=15) During-PHV (n=12) Post-PHV (n=46) P Pre-PHV (n=10) During-PHV (n=6) Post-PHV (n=26) P

RatioSL 0.531±0.02 0.517±0.02 0.565±0.02 <0.001* 0.533±0.01 0.517±0.04 0.553±0.03 0.015*

RatioSP 2.147±0.07 2.148±0.08 2.217±0.09 0.003* 2.180±0.09 2.155±0.10 2.169±0.10 0.884

RatioPL 0.248±0.01 0.241±0.00 0.255±0.01 <0.001* 0.245±0.01 0.240±0.01 0.255±0.01 0.001*

*, P<0.05. AIS, adolescent idiopathic scoliosis; pre-PHV, Risser 0 and open TC; during-PHV, Risser 0 and closed TC; post-PHV, Risser 1 to 
5 and closed TC; RatioSL = LOS/LLL, RatioSP = LOS/HOP, RatioPL = HOP/LLL; LOS, length of spine; LLL, length of lower limbs; HOP, height 
of pelvis.
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affect the actual length of the spine (25). Nevertheless, 
the conclusion of this investigation may still apply to all 
different kinds of AIS, including lumbar scoliosis. These 
findings were based on a single-center study and should 
be validated in different centers or ethnicities. Besides, 
in order to further illuminate the growth pattern of the 
lower extremities in the progression of AIS, a longitudinal 
investigation is currently underway. 

Conclusions 

This is the first study to specifically quantify the growth 
pattern of the lower extremities in AIS patients with whole-
body radiographic images. Our results revealed that the final 
length of the lower extremities was not affected by scoliosis, 
despite the abnormal spinal overgrowth and that the fact 
that the peak growth of the lower extremities is earlier 
than that of pelvis and spine in both patients with AIS and 
healthy adolescents. These results suggested that the lower 
limb growth pattern was not altered in AIS patients. 
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