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Abstract
Introduction: The neck–shaft angle and head–shaft angle in children with varying levels of neurological disability were 
evaluated to define change over different ages.
Methods: Children aged 1–12 years with spastic cerebral palsy, spinal muscular atrophy types 1 and 2, or typical 
development were reviewed to evaluate the neck–shaft angle and head–shaft angle. Patients were divided into five 
groups: Gross Motor Function Classification System levels I and II, Gross Motor Function Classification System level 
III, Gross Motor Function Classification System levels IV and V, spinal muscular atrophy types 1 and 2, and typical 
development. A linear mixed model was utilized to evaluate neck–shaft angle and head–shaft angle.
Results: Data from 196 children (mean age 4.8 ± 4.5 years) were included. Gross Motor Function Classification System 
levels I and II: 22 children, 130 hip radiographs measured, neck–shaft angle 143.7 ± 7.4, and head–shaft angle 160.0 ± 7.1. 
Gross Motor Function Classification System level III: 8 children, 33 hips evaluated, neck–shaft angle 153.1 ± 4.3, 
and head–shaft angle 163.4 ± 4.2. Gross Motor Function Classification System levels IV and V: 30 children, 137 hip 
radiographs measured, neck–shaft angle 156.4 ± 5.6, and head–shaft angle 167.9 ± 6.8. Spinal muscular atrophy types 
1 and 2: 32 children, 83 hip radiographs measured, neck–shaft angle 161.9 ± 9.7, and head–shaft angle 173.4 ± 7.4. 
Typical development: 104 children, 222 hip radiographs measured, neck–shaft angle 138.6 ± 7.0, and head–shaft angle 
156.4 ± 5.9. There were significant statistical differences when comparing neck–shaft angle and head–shaft angle.
Conclusion: As children grow, neck–shaft angle and head–shaft angle tend to decrease in typical development and 
Gross Motor Function Classification System levels I and II groups. However, in low-tone (spinal muscular atrophy types 
1 and 2) and high-tone groups (Gross Motor Function Classification System levels IV and V), neck–shaft angle and head–
shaft angle tend to increase with age. In both low-tone and high-tone groups, coxa valga is observed. When evaluating 
the effect of proximal femur-guided growth, these defined normal growth patterns should be considered.
Level of Evidence: Level III Retrospective comparative study.

Keywords: Cerebral palsy, spinal muscular atrophy, Gross Motor Function Classification System, neck–shaft angle, 
head–shaft angle, proximal femoral guided growth, linear mixed model

Introduction

Proximal femoral geometry varies in children due to factors 
such as age, genetics, and medical conditions.1 One particu-
lar aspect of proximal femoral geometry is coxa valga, 
which refers to an increased angle between the neck and 
femoral shaft (neck–shaft angle (NSA)) and the head and 
femoral shaft (head–shaft angle (HAS)) and is often associ-
ated with hip dislocation in children with cerebral palsy 
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(CP).1 In typically developing children, HSA starts high and 
decreases over time, consistent with the acquisition of 
weight-bearing and ambulation.2 By contrast, in children 
with CP and spinal muscular atrophy (SMA), HSA starts 
high and remains high, associated with increased coxa 
valga, increased hip migration percentage, and secondary 
acetabular dysplasia.2,3 Abnormal joint forces are theorized 
to cause changes in proximal femoral growth and geome-
try.2 The optimal treatment of early hip dysplasia in children 
with CP has not been determined.4 In young children, force 
balancing and muscle lengthening procedures as well as 
bony hip reconstruction have been widely used. To avoid 
reconstructive bone surgery, there has been increased inter-
est in using guided growth in the proximal femur to correct 
the coxa valga.5 If abnormal growth is the primary driver, 
interventions that modulate proximal femoral growth by 
reversing coxa valga seem to be the better option. In addi-
tion, proximal femoral-guided growth has the potential to 
provide dynamic correction of proximal femoral deformity 
during growth,6,7 with a low complication rate.7

This research aimed to assess NSA and HSA at ages as 
close to birth as possible and up to skeletal maturity, com-
paring children with low-tone conditions with children 
with high-tone conditions and children with typical devel-
opment (TD). The goal was to determine whether there 
was a difference between low tone and high tone in the 
evolution of childhood coxa valga. The role of spasticity in 
the development of coxa valga is a topic of ongoing 
research and controversy.5

Methods

Institutional review board approval (approval number 
1936699) was obtained for this study. A review of standard 
anteroposterior pelvic radiographs and medical records 
from 2006 to 2022 was performed to assess the proximal 
femoral geometry in children. The study included children 
between the ages of 3 months and 12 years. This age range 
was chosen because it corresponds with the time when the 
proximal femoral epiphysis is detectable on radiographs 
and the time when it begins to fuse, respectively. The study 
participants were diagnosed with either CP or SMA types 
1 and 2 or were typically developing. In this study, chil-
dren with TD were defined as those who did not have any 
orthopedic medical diagnosis, gait abnormality, or delay in 
walking age. Children with CP were identified by the 
International Classification of Diseases 10th Revision 
Clinical Modification (ICD-10-CM) code G80, while chil-
dren with SMA types 1 and 2 were identified by the ICD-
10-CM code G12. All children diagnosed with SMA had 
their diagnosis confirmed by a genetic test. For children 
with TD, radiographs taken at intervals of at least 12 months 
were included. For children with CP and SMA, radio-
graphs taken at intervals of at least 12 months were 
included up to the last preoperative radiograph in children 

undergoing hip surgery. Exclusion criteria consisted of 
previous spine or hip surgery; other concomitant neuro-
muscular diagnoses; children with CP classified as athe-
toid, hypotonic, or mixed movement disorder; and an 
absence of complete medical records.

Demographic data obtained from the medical records 
included sex and age. For children with TD, the reason for 
the radiograph to be ordered was verified. To be included, 
children with CP had to be classified as spastic. Motor 
function was classified by the Gross Motor Function 
Classification System (GMFCS), and the distribution was 
classified as hemiplegic (unilateral on the right or left side) 
or diplegic and quadriplegic (bilateral).

From the anteroposterior pelvic radiographs, angular 
measurements were obtained. The standard instruction at 
the clinic for making the anteroposterior pelvis radiograph 
was to have the patella pointed straight up in the supine 
position. The HSA is a line drawn connecting the epiphy-
seal growth plate of the proximal femur and measuring the 
angle it creates to the femoral shaft. The longitudinal fem-
oral shaft was identified by a straight line connecting two 
different points located centrally at two different levels in 
the diaphysis of the femur8 (Figure 1). To measure the 
NSA, the axis of the femoral neck was defined by a line 
bisecting the femoral neck through the center of the femo-
ral head. Again, the longitudinal femoral shaft was identi-
fied by a straight line connecting two different points 

Figure 1. Anteroposterior radiograph of the right hip. Method 
of measurement of the anteroposterior head–shaft angle.
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located centrally at two different levels in the diaphysis of 
the femur9 (Figure 2). Radiographs where hip position did 
not show the greater trochanter in profile were excluded 
and not measured.

Frequency distribution was used to summarize cate-
gorical variables, while mean, standard deviation, and 
range were used to summarize continuous variables. For 
this analysis, the children were categorized into five 
groups: CP at GMFCS levels I and II, CP at GMFCS level 
III, CP at GMFCS levels IV and V, SMA types 1 and 2, 
and TD. We employed the linear mixed model with 
Tukey’s honestly significant difference test to analyze 
developmental patterns of the NSA and HSA across these 
groups, accounting for age effects by including age as a 
variable in the model. We avoided dividing the sample by 
age to prevent potential sampling bias. The NSA and HSA 
data were assessed for normality using the Kolmogorov–
Smirnov test. A p-value <0.05 was considered statisti-
cally significant. Data analysis was performed using IBM 
SPSS Statistics, version 29 for Windows (IBM Corp., 
Armonk, NY, USA) and the R studio software, version 
2023.06.2.10

Results

This study included 196 consecutive children from 2006 to 
2022. Sixty children were diagnosed with spastic CP 

GMFCS levels I–V (300 hip radiographs were measured), 
32 children with SMA types 1 and 2 (83 hip radiographs 
were measured), and 104 were children with TD (222 hip 
radiographs were measured). A summary of each group of 
children’s hip radiographs measured is shown in Table 1. 
Although the study criteria included infants as young as 
3 months old, our study only included infants 4 months or 
older. The mean age of all children was 4.8 ± 4.5 years 
(range, 0.4–12.78 years). In all, 104 children were females, 
and 92 were males. The Kolmogorov–Smirnov test dem-
onstrated normality for all measurements.

In the CP diagnosis group, seven (12%) children were 
classified as GMFCS level I (three diplegics, three hemi-
plegics right-sided, and one hemiplegic left-sided), 15 
(25%) as GMFCS level II (10 diplegics, four hemiplegics 
right-sided, one hemiplegic left-sided), eight (13%) as 
GMFCS level III (eight diplegics), 13 (22%) as GMFCS 
level IV (two diplegics and 11 quadriplegics), and 17 
(28%) as GMFCS level V (17 quadriplegics). The children 
with TD had multiple indications for taking the radio-
graphs (Table 2). In the SMA type 1 and 2 group, 14 (44%) 
children were classified as type 1 and 18 (56%) as type 2.

The mean HSA was 160.0° ± 7.1° for the GMFCS lev-
els I and II group; 63.4° ± 4.2° for the GMFCS level III 
group; 167.9° ± 6.8° for the GMFCS level IV and V group; 
173.4° ± 7.4° for the SMA types 1 and 2 group; and 
156.4° ± 5.9° for the TD group. There was a negative cor-
relation pattern for GMFCS levels I and II and TD groups 
(p < 0.001) as well as considering all groups at the same 
time (p < 0.001). There was a positive correlation pattern 
for SMA types 1 and 2 and GMFCS levels IV and V 
(p < 0.001) and GMFCS level III groups (p < 0.001) 
(Figures 3 and 4).

The mean NSA was 143.7° ± 7.4° for the GMFCS lev-
els I and II group; 153.1° ± 4.3° for the GMFCS level III 
group; 156.4° ± 5.6° for the GMFCS levels IV and V 
group; 161.9° ± 9.7° for the SMA types 1 and 2 group; and 
138.6° ± 7.0° for the TD group. There was a negative cor-
relation pattern for GMFCS levels I and II and TD groups 
(p < 0.001), as well as considering all groups at the same 
time (p < 0.001). There was a positive correlation pattern 
for SMA types 1 and 2 and GMFCS levels IV and V groups 
(p < 0.001) as well as the GMFCS level III group 
(p < 0.001) (Figures 5 and 6).

The linear mixed model used for the HSA revealed that 
the strongest coefficient of correlation was observed for 
the SMA types 1 and 2 group (r = 0.65, p < 0.001), indicat-
ing the highest coefficient of determination (R2 = 0.42, 
p < 0.001). When all groups were examined together, the 
R2 value was small, and the pattern was negative (r = −0.24, 
p = 0.020), which confirms the suitability of the linear 
mixed model for this study (Table 3). When analyzing the 
NSA, the linear mixed model revealed that the strongest 
coefficient of correlation was observed for the GMFCS 
levels IV and V group (r = 0.63, p < 0.001), indicating the 

Figure 2. Anteroposterior radiograph of the right hip. Method 
of measurement of the anteroposterior neck–shaft angle.
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highest coefficient of determination (R2 = 0.40, p < 0.001). 
When all groups were examined together, the R2 value was 
small, and the pattern was negative (r = −0.10, p = 0.020), 
which confirms the suitability of the linear mixed model 
for this study (Table 4).

Discussion

Hip displacement and dislocation have historically been 
linked to muscle imbalance across the hip joint and spastic-
ity in the hip adductors and flexors.11 In recent years, the 
emphasis has shifted to include the role of abnormal proxi-
mal femoral geometry. Children with CP and SMA have 
different underlying causes. CP is the result of brain injury 
affecting muscle control,12 while SMA is a genetic disorder 
of the anterior horn motor neuron.13 However, the second-
ary effects of these conditions on hip development can be 
similar, potentially leading to coxa valga. NSA and HSA 
increase progressively as impairment levels increase from 
GMFCS levels I–V.5 However, in children with low tone, 
the prevalence of hip dislocation is the same as for children 
with high tone.3 We measured the NSA and HSA as close to 
birth as possible to address the gap in the existing literature. 
This provided a better understanding of these angles in both 
high-tone and low-tone groups and clarified how these 
angles progress over time in those groups.

Table 1. Summary of hip radiographs measured in each group of children.

Group CP GMFCS I GMFCS II GMFCS III GMFCS IV GMFCS V SMA TD

Number of children  60 7 15 8 13 17 32 104
Number of hip 
radiographs measured

300 40 89 34 71 66 83 222

Average of hip 
radiographs measured

5.0 5.7 5.9 4.2 5.5 3.8 2.6 2.1

CP: cerebral palsy; GMFCS: Gross Motor Function Classification System; SMA: spinal muscular atrophy; TD: typically developed.

Table 2. Indications for radiographs taken in children with 
typical development.

Indication Number of hips

Hip pain 102
In-toeing 40
Hip click 303
Knee pain 18
Out-toeing 18
Congenital sternocleidomastoid 
torticollis

10

Limping 4

Figure 3. Linear mixed model presenting the head–shaft angle 
among the groups over time. The filled circles represent head–
shaft angle measurements. The lines represent the regression 
line. SMA 1–2: spinal muscular atrophy types 1 and 2; GMFCS: 
Gross Motor Function Classification System; Typical: typical 
development.

Figure 4. Boxplot showing the results of the linear mixed 
model. The letters at the top represent the result of Tukey’s 
post hoc and indicate statistically significant differences at a 
significance level of p < 0.05. GMFCS: Gross Motor Functional 
Classification System; SMA: spinal muscular atrophy; Typical: 
typical development.
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A fundamental question is whether increased NSA and 
HSA are primary responses to gait limitations, which cre-
ate abnormal hip joint reaction force vectors and magni-
tudes, or a secondary response to spastic contractures of 
the hip adductors and flexors.11 Ulusaloglu et al.3 com-
pared proximal femoral and acetabular geometry in non-
ambulatory children with spastic CP GMFCS level IV 
and GMFCS level V to nonambulatory children with 
SMA types 1 and 2. They reported an earlier onset of hip 
dislocation in the SMA types 1 and 2 group, with similar 
radiographic features in children with CP GMFCS levels 
IV and V and children with SMA types 1 and 2, despite 
CP being characterized by high tone and SMA by low 
tone.3 We found that NSA and HSA were not significantly 
different between children with CP GMFCS levels IV 
and V and SMA types 1 and 2 groups, although the SMA 
group trended higher. These findings suggest that abnor-
mal hip joint reaction force magnitude and too high and 
too low abnormal force vectors contribute to hip dyspla-
sia, which is a more complex effect than just adductor 
spasticity.3,11

For both CP GMFCS levels IV and V and SMA types 1 
and 2 groups, we found a persistent coxa valga that did not 
significantly decrease with increasing childhood age. 
Ulusaloglu et al.3 found that both children with CP GMFCS 
levels IV and V and children with SMA types 1 and 2 show 

consistent persistence in increased HSA, which does not 
significantly decrease throughout the age intervals up to 
8 years.

On the other hand, List et al.14 discovered that HSA was 
high and remained unchanged over similar age intervals 
for GMFCS levels IV and V. The authors attributed the 
imbalance between hip adductors and abductors, along 
with associated physeal realignment, to be responsible for 
their findings. When List et al.14 compared children with 
TD and children with CP, they found that there was a sig-
nificant decrease in HSA over time in children with TD 
compared with age-matched children with CP. However, 
HSA in GMFCS levels I–III decreased significantly over 
time, although to a lesser extent than for typically develop-
ing children. Terjesen et al.15 reported persistently high 
and unchanged HSA for GMFCS levels IV and V but sig-
nificant decreases over time for GMFCS level III under the 
age of 5 years. In the current study, we added the low-tone 
children with SMA types 1 and 2 group and found that they 
also had a progressive increase in HSA and NSA angle 
with age, indicating that muscle tone is not a primary etiol-
ogy; rather other activities such as the ability to ambulate, 
which greatly impacts the hip joint reaction force vector 
and magnitude, are more significant. This is consistent 
with the finding that children with high-tone GMFCS lev-
els I–III align more closely to children with TD compared 
with either the high-tone GMFCS levels IV and V or SMA 
type 1 and 2 groups (Figures 3 and 5). These findings sup-
port the role of proximal femoral guided growth as a good 
alternative to bone surgery since the procedure does not 
interfere with muscle tone, but may provide progressive 

Table 3. Values of correlation coefficients for the head–shaft 
angle.

Clinical group ß SE r R2 p-value

Intercept 158.98 0.71 1 1.00 <0.001*
SMA 1–2 16.72 0.95 0.65 0.42 <0.001*
GMFCS I and II 3.34 0.81 0.2 0.04 <0.001*
GMFCS III 6.55 1.78 0.18 0.03 <0.001*
GMFCS IV and V 10.78 0.91 0.5 0.25 <0.001*

ß: vector of unknown fixed effects; GMFCS: Gross Motor Function 
Classification System; SMA: spinal muscular atrophy; r: coefficient of 
correlation; R2: coefficient of determination; SE: standard error.
*p-value denotes significant difference.

Table 4. Values of correlation coefficients for the neck–shaft 
angle.

Clinical Group ß SE r R2 p-value

Intercept 139.87 0.77 0.99 0.98 <0.001*
SMA 1–2 23.39 1.07 0.7 0.49 <0.001*
GMFCS I and II  5.13 0.92 0.24 0.06 <0.001*
GMFCS III 14.59 1.7 0.36 0.13 <0.001*
GMFCS IV and V 17.57 0.98 0.63 0.40 <0.001*

ß: vector of unknown fixed effects; GMFCS, Gross Motor Function 
Classification System; r: coefficient of correlation; R2: coefficient of 
determination; SE: standard error; SMA: spinal muscular atrophy.
*p-value denotes significant difference.

Figure 5. Linear mixed model presenting the neck–shaft angle 
among the groups over time. The filled circles represent neck–
shaft angle measurements. The lines represent the regression 
line. GMFCS: Gross Motor Function Classification System; SMA 
1–2: spinal muscular atrophy types 1 and 2; Typical: typical 
development.
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change in the proximal femoral geometry; however, it does 
not fundamentally alter the hip joint reaction force.

In our study, the knee radiographs were taken with the 
knees facing forward. However, due to the complexity of 
the proximal femoral geometry, the true NSA can only be 
accurately measured when the hip is internally rotated to 
the same degree as the femoral anteversion.5 As the femo-
ral anteversion increases, the apparent NSA becomes 
larger than the true angle, leading to increased measure-
ment error.16 Nevertheless, the NSA is an important param-
eter for assessing the proximal femur, especially for 
performing osteotomies. Hence, we included NSA in our 
analysis to compare low lone, high tone, and typically 
developing children, facilitating comparison with other 
studies. By examining NSA across different groups, we 
can identify patterns and differences specific to muscle 
tone and development status, providing a more compre-
hensive understanding of hip deformities. Moreover, to 
minimize the influence of anteversion on NSA, we also 
measured the HSA, which is an effective way to assess the 
coxa valga deformity.

The use of linear mixed models in orthopedic literature 
has been gaining popularity over the traditional analysis of 
variance statistics analysis (ANOVA). Linear fixed models 
offer higher statistical power and a more intuitive interpre-
tation of results. One of the major advantages of linear 
mixed models is the ability to handle datasets with missing 
values effectively. In contrast with ANOVA, which 
excludes the entire case if a missing value is present, 
resulting in lower statistical power, linear mixed models 
can accommodate missing data without compromising the 

integrity of the analysis.17 However, we need to mention 
that linear mixed models yielded strikingly more false 
positives than ANOVA in a simulation study by Hesselmann 
for massively unbalanced within-participant datasets when 
a previously unknown grouping factor remained unac-
counted for.18

Our data were collected retrospectively; therefore, mis-
classification bias or selection bias are possibilities. Since 
our study period included all consecutive cases of 196 
children who met our inclusion criteria, a record missing 
error was minimized. A selection bias error is possible in 
that the children, family, and surgeon determined treat-
ment, and children who had reconstructive hip surgery 
were excluded from this assessment. The study was not 
based on a representative sample, and the number of 
patients in some groups was relatively small, which may 
limit the reliability and generalizability of the findings.

Conclusion

As children grow, NSA and HSA tend to decrease in TD and 
GMFCS levels I and II groups. However, in nonambulatory 
children classified in low-tone groups (SMA types 1 and 2) 
and high-tone groups (GMFCS levels IV and V), NSA and 
HSA tend to increase with age, demonstrating that the proxi-
mal femoral shape is very sensitive to the impacts of normal 
hip joint reaction force produced by normal early walking. 
As proximal femoral-guided growth has the potential to 
dynamically correct proximal deformities during growth, 
this technique may help reduce the HSA and NSA, which 
tend to increase with age in both low- and high-tone groups.
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