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INTRODUCTION

The overexertion theory of bone damage recognizes that 
some participants may exceed tolerance limits in sports and 
other activities. This mechanism is considered the most com-
mon cause of spondylolysis.1,2) However, there are sporadic 
reports of spondylolysis in patients with cerebral palsy (CP) 
both with and without a history of sports participation.3) In 
cases of athetotic CP, twisting of the trunk and abnormal 
changes in muscle tone have been reported to cause spondy-
lolysis.4) However, there is a lack of recent studies on spastic-
type lumbar spondylolysis, with the most recent report dat-
ing back to 1993.5) The current study aimed to investigate 

the epidemiological and clinical features of spondylolysis in 
ambulatory children with spastic CP. In addition, given the 
absence of reports focusing on spondylolysis in CP that in-
vestigate gait patterns, the secondary objective of this study 
was to detect specific gait patterns in children with spastic 
CP who developed lumbar spondylolysis.

MATERIALS AND METHODS

This study was approved by the institutional review 
board of Hokkaido Medical Center for Child Health and 
Rehabilitation where the surgeries and measurements were 
performed (approval no.: 42–26; approval date: February 8, 
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Objectives: Lumbar spondylolysis is a common condition; nonetheless, its cause in patients with 
spastic cerebral palsy (CP) remains unknown. Furthermore, examination of children with CP may 
not accurately capture complaints, thus causing diseases to be overlooked. Understanding the 
clinical features and gait patterns of lumbar spondylolysis in CP can aid in diagnosis. This study 
aimed to identify the clinical features and specific gait patterns of lumbar spondylolysis in ambu-
latory children with CP. Methods: Seventy-three children with CP were divided into two groups 
according to the presence or absence of lumbar spondylolysis on X-ray and magnetic resonance 
imaging. Three-dimensional gait analysis (3DGA) was performed to evaluate the kinematic data 
of the lower limbs. Results: Eight participants (11.4%) had lumbar spondylolysis primarily affect-
ing the L5 vertebra. The lumbar spondylolysis group had a higher body weight and Body Mass 
Index, along with a smaller left popliteal angle on the spastic side. In 3DGA, detailed kinematic 
data indicated significant group differences in the mean angles of hip internal rotation (39.6° vs. 
20.2°) during an entire gait cycle. The gait profile score was 19.7° in the lumbar spondylolysis 
group and 14.9° in the spinal uninvolved group; the difference in gait profile score between the 
two groups showed a minimal clinically important difference of 2.75. Conclusions: The overall 
gait profile score revealed that the gait of the lumbar spondylolysis group was deteriorated. Exces-
sive internal rotation of the hip during gait might be a contributing factor to lumbar spondylolysis 
in children with CP.
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2022). Informed consent was obtained from the patients in 
written form.

This study included 73 children with spastic CP (mean 
age, 10.4 years), and all participants received treatment at 
the same institution. At the time of hospitalization, informed 
consent was obtained from all patients for the academic use 
of their data, such as the type of treatments, treatment prog-
ress, and any other details acquired during their treatments; 
no identifiable information of the participants is included in 
this article. The children were categorized into two groups 
based on the presence or absence of lumbar spondylolysis, 
as determined by three orthopedic surgeons (R.F., H.F., Y.Y.) 
using X-ray and magnetic resonance imaging data. The Gross 
Motor Function Classification System (GMFCS)6) was used 
to classify the motor function of the children, with levels I–
III indicating ambulatory status. The following variables of 
interest were assessed or recorded: age, sex, type of paralysis 
[spastic diplegia (SD) or spastic hemiplegia (SH)], height, 
weight, Body Mass Index (BMI), Functional Mobility Scale 
(FMS),7) presence of back pain, perinatal information (days 
of gestation and birth weight), right and left range of motion 
of hip joints (Thomas test, abduction, internal and external 
rotation), knee joint parameters (angle of extension, popliteal 
angle), various spinal and pelvic parameters from X-ray data 
(lumbar lordosis, pelvic inclination, pelvic tilt, sacral slope, 
pelvic incidence of lumbar lordosis), and the age of initial 
walking. These variables were compared between the two 
groups.

Gait Analysis
Kinematic data of the lower limbs were evaluated, and the 

Gait Profile Score (GPS)7) and Gait Variable Score (GVS)8) 
were calculated and compared. Multiple instrumented 
three-dimensional gait analysis (3DGA) data were used to 
assess prior gait function by utilizing quantitative scoring 
systems (Movement Analysis Profile [MAP], including 
the GVS and GPS).7–9) 3DGA data were collected using an 
MXF-20 motion capture camera (Vicon; Oxford, UK) with 
two force plates (AMTI; Watertown, MA, USA). Kinematic 
and kinetic data were calculated using Plug-in Gait software 
(Vicon). The MAP visually represents kinematic data with 
simple bar charts, improving readability over conventional 
graphs. The constituents of MAP were GVS and GPS, as de-
scribed by Baker et al.8) Both GVS and GPS were measured 
in degrees. On a GVS chart, higher bars indicated greater 
deviation from control in each joint motion, whereas higher 
bars on GPS represented decreased function in the overall 
gait pattern. The GVS was calculated as the root mean square 

difference of the individual kinematic data, which consisted 
of nine kinematic parameters: pelvic tilt, pelvic obliquity, 
pelvic rotation, hip flexion, hip abduction, hip rotation, knee 
flexion, ankle dorsiflexion, and foot rotation. These param-
eters were compared against a control dataset collected from 
38 normative Australian children (aged <18 years) from 2005 
to 2007.8) We defined a change of 1.6° on the GPS as the 
minimal clinically important difference (MCID).10)

Statistical Analysis
The Mann–Whitney U-test was used for statistical analy-

sis of the interval data, and Fisher’s exact probability test 
was used to analyze the data in a cross-contingency table. 
Statistical significance was set at P<0.05. Non-parametric 
tests were utilized in this study because of the small sample 
size, the presence of outliers, and the qualitative nature of 
data, which led to concerns about the normality of the data.

RESULTS

The GMFCS of the 73 participants was I in 23 cases, II in 
41 cases, and III in 9 cases. The L5 vertebra was involved in 
seven of the eight affected cases, and the L4 was involved in 
one. Six L5 cases and one L4 case exhibited bilateral separa-
tion, whereas one L5 case displayed separation on the left 
side. The group with lumbar spondylolysis had a higher body 
weight (47.9 kg vs 31.3 kg; P=0.043) and BMI (22.5 kg/m2 
vs 17.8 kg/m2; P=0.031) along with a smaller left popliteal 
angle (18.1° vs 35.2°; P=0.025) compared to the group with-
out lumbar spondylolysis. Two patients (25%) in the lumbar 
spondylolysis group had lower back pain, whereas none of 
the patients without lumbar spondylolysis reported such 
symptoms (P=0.0001). No significant inter-group difference 
was observed for other variables (Tables 1 and 2).

The gait analysis included 5 patients with CP (3 boys and 2 
girls; mean age, 7.4 years) in the lumbar spondylolysis group 
and 20 patients with CP (10 boys and 10 girls; mean age, 8.0 
years) in the group without lumbar spondylolysis (Table 3). 
The mean angle of hip internal rotation (lumbar spondyloly-
sis group, 39.6°; group without lumbar spondylolysis, 20.2°; 
P=0.046) during one gait cycle demonstrated significant 
group differences (Table 4, Fig. 1). The GPS was 19.7° in the 
lumbar spondylolysis group and 14.9° in the group without 
lumbar spondylolysis. The observed gait difference corre-
sponded to an MCID of 2.75 in GPS (Table 5). There was 
no significant inter-group difference in other gait parameters, 
including pelvis anterior/posterior tilt, pelvis vertical move-
ment, pelvis internal/external rotation, hip flexion/extension, 
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Table 1. Patient background

Characteristic Lumbar spondylolysis Without lumbar spondylolysis P value
Number 8 65
GMFCS (I/II/III) 3/5/0 20/36/9 0.132
Age, years 12.9 10 0.141
Sex (male/female) 5/3 35/30 0.648
Type of paralysis (SD/SH) 5/3 48/17 0.945
Height, cm 141.6 129.8 0.129
Weight, kg 47.9 31.3 0.043*

BMI, kg/m2 22.5 17.8 0.031*
FMS 5 m 5.125 5.11 0.77
 50 m 5.00 4.94 0.976
 500 m 4.75 4.58 0.831
Back pain (yes/no) 2/6 0/65 0.0001*

Gestation, days 232 229 0.696
Birth weight, g 2034.9 1935 0.832
*P<0.05.
Data given as number or mean.

Table 2. Range of motion of the knee joint and hip joint

Measurement Lumbar spondylolysis Without lumbar spondylolysis P value
Hip range of motion (°)
 Thomas (right) 4.5 4.8 0.926
 Thomas (left) 4.4 4.8 0.847
 Abduction (right) 47.4 43.8 0.395
 Abduction (left) 48 44.2 0.357
 Internal rotation (right) 65 62.4 0.483
 Internal rotation (left) 65 64.5 0.64
 External rotation (right) 30 36.3 0.293
 External rotation (left) 30 35.4 0.26
Knee joint range of motion (°)
 Extension angle (right) −0.63 −0.74 0.701
 Extension angle (left) 0 −0.49 0.921
 Popliteal angle (right) 28 34.5 0.444
 Popliteal angle (left) 18.1 35.2 0.025*

X-ray spine and pelvis parameters (°)
 Lumbar lordosis 25.9 20.2 0.204
 Pelvic inclination 46 41.7 0.395
 Pelvic tilt 22.4 20.1 0.679
 Sacral slope 30.1 21.7 0.27
 Pelvic incidence of lumbar lordosis 18.3 18.6 0.837
*P<0.05.
Data are given as mean values.
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hip adduction/abduction rotation, knee flexion, plantar dor-
siflexion of the ankle joint, and internal/external rotation of 
the foot.

DISCUSSION

According to previous reports, the prevalence of lumbar 
spondylolysis is about 1.6%–2.5% in typically developed 
children.3,11) However, in children with CP aged 0–15 years, 
including both spastic and athetotic types, the prevalence 
was notably higher, reaching 5.5%.3) In terms of the preva-
lence categorized by the type of paralysis, Sekiya3) reported 
a prevalence of 9.5% for the athetotic type and 2% for the 
spastic type. Harada et al.5) reported a higher prevalence 
of 21.4% for the spastic type, although the older age of the 
subjects (3–39 years) may have influenced this finding. In the 
present study, the prevalence of lumbar spondylolysis was 
11.0%. Compared to typically developed children, lumbar 
spondylolysis was higher in children with CP, including both 
the spastic and athetotic types.

In a report on the prevalence of back pain based on the 
paralysis type, Nakamura et al.12) reported that back pain 
was experienced by about 70% of patients with athetotic CP 
aged 20–63 years. By contrast, lower back pain was expe-
rienced by 2.9% of patients with spastic-type CP; however, 
the age range of participants was different, spanning 2–24 
years. Furthermore, Nakamura et al.12) reported that the 
prevalence of lumbar spondylolysis in patients with lower 
back pain was 58.6%. Among the patients in the present 
study who had spondylolysis, 25% complained of lower back 
pain. Although this figure is somewhat lower than that of the 
previous report, it underscores the importance of consider-
ing lumbar spondylolysis when children with CP complain of 
lower back pain. Notably, individuals without spondylolysis 
in this study did not report back pain.

The findings of this study regarding the affected vertebrae 
align with those of previous reports, indicating that the L5 
vertebra was the most commonly affected in healthy, spastic, 
and athetotic children with CP (Table 6).5,12) This study 
also identified a single vertebral body with spondylolysis. 
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Table 3. Patient background for cases in which gait analysis was possible

Characteristic Lumbar spondylolysis Without lumbar spondylolysis P value
Number 5 20
GMFCS (I/II/III) 1/4/0 5/13/2 0.164
Age, years 7.4 8 0.71
Sex (male/female) 3/2 10/10 0.65
Height, cm 126.9 124.4 0.753
Weight, kg 27.6 33.2 0.312
BMI, kg/m2 20.2 17.2 0.06
Back pain (yes/no) 4/1 0/20 0.0001*

*P<0.05.
Data given as number or mean.

Table 4. Gait variable scores (average angle during one gait cycle)

Measurement
Lumbar spondylolysis Without lumbar spondylolysis

P value
Left Right Average Left Right Average

Pelvis Anterior/posterior tilt (°) 7.6 7.3 7.45 6.1 6.4 6.25 0.428
Up/down (°) 3.9 4.3 4.1 4.9 4.8 4.85 0.13
Internal/external rotation (°) 8.3 5.9 7.1 7.5 8.8 8.15 0.857

Hip Flexion/extension (°) 11.3 12 11.65 11.4 10.5 10.95 0.793
Internal/external rotation (°) 40.7 38.5 39.6 18.6 21.8 20.2 0.046*

Adduction/abduction (°) 6.3 6.8 6.55 6.7 7.2 6.95 0.138
Knee Flexion/extension (°) 18.1 16.3 17.2 15.6 14.7 15.15 0.81
Ankle Dorsiflexion/plantarflexion (°) 13.6 9.4 11.5 16.7 13.5 15.1 0.526
Foot Internal/external rotation (°) 20.1 13.5 16.8 16.3 13.9 15.1 0.661
*P<0.05.
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Generally, the frequency of multiple lumbar spondylolysis 
cases is relatively low, constituting only 1.2%. Although the 
cause of lumbar spondylolysis is unknown, repeated trauma 
is believed to be a contributing factor. This belief is further 
supported by the higher prevalence of lumbar spondylolysis 
among men, likely because of increased participation in 

sports and heavy labor.13) Yanagisawa et al.14) reported that 
healthy girls aged 8–18 years with lumbar spondylolysis had 
significantly lower BMI than girls without lumbar spondy-
lolysis. Their report suggested that healthy children may be 
more active in sports and other activities, resulting in over-
exertion and bone damage that may result in spondylolysis.14) 
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Fig. 1. Kinematic results for gait analysis of lumbar spondylolysis group and those without lumbar spondylolysis. (A) Pelvis 
anterior/posterior tilt, (B) pelvis up/down, (C) pelvis internal/external rotation, (D) hip flexion/extension, (E) hip internal/
external rotation, (F) hip adduction/abduction, (G) knee flexion/extension, (H) ankle dorsiflexion/plantarflexion, (I) foot in-
ternal/external rotation. The (+) and (−) represent the measured values for each range of motion on the vertical axis.

Table 5. Gait profile score as deviation index

Lumbar spondylolysis Without lumbar spondylolysis
Left Right Overall Left Right Overall

Gait profile score (°) 19.1 17.2 19.7 14 13.6 14.9

Table 6. Levels of lumbar spondylolysis in the present study and previous reports

Vertebrae This study Harada et al.5) Nakamura et al.12)

L5 7 18 10
L4, L5 0 0 1
L4 1 0 3
L3, L4, L5 0 0 2
L2, L3 0 0 1
Data given as number.
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By contrast, our study revealed that the children with lumbar 
spondylolysis had a higher BMI than those without the condi-
tion, implying a distinct mechanism of lumbar spondylolysis 
in children with CP. In typically developed children, lumbar 
spondylolysis is attributed to sports and other activities. 
Previous studies have suggested that increased interverte-
bral shear forces and intervertebral joint pressure caused by 
extension and rotation of the lumbar spine are responsible 
for the lumbar spondylolysis.1,2,15‒17) In the current study, it 
is important to note that BMI was within the normal range 
(18–25 kg/m2), even in the lumbar spondylolysis group, and 
we cannot necessarily say that a high BMI is a real risk fac-
tor. As shown by Yanagisawa et al.,14) in general, children 
with lumbar spondylolysis tend to be more active and have 
a lower BMI. We emphasize that a high BMI is not a risk 
factor; rather, the pathogenesis of lumbar spondylolysis with 
CP may differ from that of general spondylolysis.

Based on these results, we studied the cause of lumbar 
spondylolysis in children with spastic CP and found a smaller 
popliteal angle in the group with spondylolysis than in the 
group without spondylolysis. Previous reports have suggest-
ed that a smaller popliteal angle results in high hamstring 
tension and pelvic posterior tilt.18,19) 3DGA is regarded as a 
common modality for evaluating postoperative outcomes and 
assisting in surgical decision-making in ambulatory patients 
with CP.10) This is the first study to use 3DGA to investigate 
the relationship between lumbar spondylolysis and gait pat-
terns in children with CP. We found that the gait patterns 
of children with lumbar spondylolysis were characterized by 
excessive internal hip rotation. The physical findings and the 
results of the 3DGA suggest that posterior pelvic tilt caused 
by decreased popliteal angle (increased hamstring tension) 
and internal hip rotation during gait are associated with the 
development of lumbar spondylolysis in children with CP.

Although lumbar lordosis and pelvic anterior tilt have 
generally been associated with lumbar spondylolysis, an 
alternate theory suggests that patients with a posterior pelvic 
tilt, as observed in this study, may develop lumbar spon-
dylolysis via a different mechanism. This theory is linked 
to the “nutcracker” mechanism, involving impingement of 
the posterior component (articular process), as described by 
Ogilvie and Sherman.20) Repeated impingement may cause 
lumbar spondylolysis in children with CP.

In addition, although we have discussed posterior pelvic 
tilt caused by decreased knee popliteal angle, gait analysis 
revealed no significant difference between the two groups in 
“movement of the pelvis.” In general, during gait, the tension 
of the hip adductor muscles, which are antigravity muscles, 

increases, especially in children with CP, as does the internal 
hip rotation and pelvic anterior tilt.21) The lack of a signifi-
cant difference in “pelvic movement” in this study may be 
attributed to an offset of the pelvic posterior tilt because of 
hamstring tension and pelvic anterior tilt associated with hip 
internal rotation by the hip adductor muscle. The movement 
of hip internal rotation during gait may be a compensatory 
movement for the pelvic posterior tilt.

Figure 2 shows the mechanism of lumbar spondylolysis 
based on the results of this study and those from previous 
reports. We reconsidered the mechanism of lumbar spondy-
lolysis, and it is assumed that in children with CP, tension in 
the hamstrings and hip adductor muscles increases as part of 
a pathological condition. We hypothesized that the tension 
in the hamstrings causes a posterior pelvic tilt, leading to 
the nutcracker mechanism, and that the tension in the hip 
adductor muscles, which are antigravity muscles, also in-
creases during walking, further increasing the tension in the 
hamstrings and increasing the likelihood of lumbar spondy-
lolysis. The conventional theory of Harada et al.5) is that hip 
flexion, knee flexion, and pelvic anterior tilt are common in 
the crouched position. The results of this study suggest that 
in children with CP who can walk, a pelvic posterior tilt and 
nutcracker mechanism may occur, which is different from 
the conventional mechanism of lumbar spondylolysis and is 
a new conclusion of this study. Pelvic movements may be off-
set during gait, resulting in an intermediate pelvic position.

This study has several limitations. First, this was a retro-
spective study with a short follow-up period and a limited 
number of patients. This may be the reason why only the 
left side showed a significant difference in knee popliteal 
angle. On the right side, this angle was 28° in the group with 
lumbar spondylolysis and 34.5° in the group without lumbar 
spondylolysis, which, although not statistically significant, 
suggested an apparent trend. We attributed the lack of a 
significant difference for this result to the small sample size 
of this study. Although the data from this study alone cannot 
elucidate all the mechanisms of lumbar spondylolysis, all 
patients with a significant difference in the popliteal angle 
of the left knee also had lumbar spondylolysis on the left 
side. There were no cases of only right-sided lumbar spondy-
lolysis. As described above, we believe that one mechanism 
of lumbar spondylolysis in children with CP is increased 
hamstring tension, which leads to a posterior pelvic tilt and 
nutcracker mechanism. Based on this hypothesis, we believe 
that the left-sided decrease in the popliteal angle is consistent 
with the results of all cases of left-sided spondylolysis. It is 
also possible that in bilateral cases, lumbar spondylolysis oc-
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curred on the left side and then on the right side, resulting in 
lumbar spondylolysis; however, this mechanism is not clear 
from the results of this study alone.

Other limitations include the possibility of selection bias 
caused by small sample size and restricted group alloca-
tion (GMFCS I and II). In addition, gait analysis was not 
performed on all patients. Despite these limitations, this 
study is the first to perform gait analysis in children with CP 
who have lumbar spondylolysis, aiming to explore dynamic 
causes. This approach suggests a cause of lumbar spondy-
lolysis that differs from those proposed previously.

CONCLUSION

We investigated the clinical features of lumbar spondy-
lolysis in children with spastic CP who could walk. The 
incidence of spastic CP spondylolysis was approximately 
11%, with 25% of these patients experiencing lower back 
pain. The most frequently affected vertebra was L5. Notably, 
patients with spastic CP were characterized by a high body 
weight and BMI, along with a smaller left popliteal angle on 
the spastic side. Gait analysis suggested that excessive inter-

nal rotation of the hip joint during gait might contribute to 
lumbar spondylolysis in children with CP. According to the 
study results, if a child with CP exhibits the aforementioned 
gait pattern, it may warrant suspicion of lumbar spondyloly-
sis, prompting the need for diagnostic imaging tests.
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Fig. 2. The mechanism of lumbar spondylolysis in children with CP. It is assumed that in children with CP, tension in the 
hamstring and hip adductor muscles increases as part of a pathological condition. We hypothesized that tension in the ham-
strings causes posterior pelvic tilt, leading to the nutcracker mechanism and facilitating lumbar spondylolysis. Figure ele-
ments prepared using IllustAC (https://www.ac-illust.com/).
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