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Abstract

Background: Although several studies have investigated the outcomes after distal hamstring lengthening (DHL),
no study has undertaken an approach that included all or most of the important factors that could influence the
results. This study was performed to evaluate the outcomes after DHL and analyze the factors that influence the
improvement and serial change in knee motion after surgery in patients with cerebral palsy (CP), using a linear
mixed model (LMM).

Methods: The study included 314 ambulatory CP patients (594 limbs) with spsastic diplegia who were followed up
after undergoing DHL as part of a single-event multilevel surgery and who underwent preoperative and
postoperative 3-dimensional (3D) gait analyses. Relevant kinematic values, including knee flexion at initial contact,
minimum knee flexion in the stance phase, knee range of motion (ROM), mean pelvic tilt and gait deviation index
(GDI) score, were the outcome measures. Changes in knee motion and the GDI score were adjusted for multiple
factors, such as sex, the Gross Motor Function Classification System (GMFCS) level, and concomitant surgeries as
fixed effects, and follow-up duration, laterality, and each subject as random effects, using a LMM.

Results: We found significant improvements in knee flexion at initial contact, minimum knee flexion in the stance
phase, knee ROM, and GDI score 2 years after DHL. In patients with GMFCS level I and II, improvement in all sagittal
knee kinematics was maintained during follow-up. In addition, GDI score, which represents overall gait pathology,
consistently improved throughout the follow-up duration (1.2 per year, p = 0.008).

Conclusion: Medial hamstring lengthening with semitendinosus transfer, as a part of a SEMLS, was effective
procedure in treating flexed knee gait with regard to sagittal knee kinematics and GDI score in spastic CP with
flexed knee gait.
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Background
Flexed knee gait is one of the most common gait abnor-
malities in patients with cerebral palsy (CP), and it is
partly caused by spastic and contracted hamstring
muscles [1]. Distal hamstring lengthening (DHL), as part
of a single-event multilevel surgery (SEMLS), is widely
considered the standard surgical procedure for the correc-
tion of increased knee flexion in patients with CP [2, 3].
Previous studies have shown that DHL is effective for re-

ducing knee flexion and improving knee motion [2, 4–16].
However, there have been concerns that DHL might aggra-
vate anterior pelvic tilt, lumbar hyperlordosis, and genu
recurvatum, and eventually induce crouch gait [2, 17].
Even though the length of time of improvement in knee
motion are maintained is unclear, several studies showed
that the improvements after DHL were maintained 10 years
postoperatively in patients with CP [11, 13, 14, 18].
Limb-based analysis could cause demographic data to

be duplicated [8]. Additionally, the inclusion of both
limbs in statistical analyses violates the underlying
principle of statistical independence and could bias the
study results by exaggerating the significance levels and
narrowing the confidence intervals if the findings for the
limbs of an individual are significantly related to each
other [8, 19, 20]. However, most previous studies includ-
ing bilateral cases did not consider this issue. Moreover,
previous studies have not considered factors that could
affect the study results, such as age, sex, the anatomical
type of CP, Gross Motor Function Classification System
(GMFCS) levels, and concomitant surgeries. These
factors should be considered in retrospective studies
because of their heterogeneity.
A linear mixed model (LMM) is a parametric linear

model for longitudinal data that quantifies the relation-
ships between a continuous dependent variable and vari-
ous predictor variables, providing a simple and effective
way to incorporate within-subject and between-subject
variations and the correlation structure of longitudinal
data [21]. Analysis using a LMM is appropriate in longi-
tudinal or repeated-measures studies, in which subjects
are measured repeatedly over time or under different
conditions [22]. In a LMM, fixed effects, such as sex,
represent factors that are measurable and not random,
while random effects represent factors that can be speci-
fied to individuals within a population and that account
for the variation among individuals [23]. Therefore, the
application of a mixed model is appropriate to estimate
the outcomes after DHL in terms of multiple influencing
factors.
Although several studies have investigated the outcomes

after DHL, no study has undertaken an approach that
included all or most of the important factors that could
influence the results. Therefore, in the present study, we
evaluated the outcomes after DHL and analyzed the
factors that influence the improvement and serial change
in knee motion after surgery in patients with CP, using a
LMM.

Methods
This retrospective study was approved by the institutional
review board of our hospital, and informed consent was
waived owing to the retrospective nature of the study.
The inclusion criteria were as follows: (1) consecutive

patients with CP for less than 20 years who visited our
hospital, which is a tertiary referral center for CP,
between January 1995 and June 2014, (2) ambulatory pa-
tients with spastic diplegia (GMFCS level I, II and III),
(3) patients who underwent distal medial hamstring
lengthening plus semitendinosus transfer, (4) patients
who had undergone preoperative and postoperative 3-
dimensional (3D) gait analysis, and (5) patients with a
minimum of 1 year of follow-up. At our hospital,
postoperative gait is routinely analyzed approximately 1
to 2 years after SEMLS. From the second postoperative
follow-up, we recommended regular 3D gait analysis
follow-up, which was performed if the patients or their
parents agreed. If a repeat surgery was performed for
contracture or deformity recurrence during the follow-
up period, only gait analysis data obtained before the
repeat surgery were included. Exclusion criteria were as
follows: (1) patients who had incomplete or missing 3D
gait analysis data and (2) patients who underwent lateral
hamstring lengthening or supracondylar extension osteot-
omy. Age at surgery, sex, duration of follow-up, GMFCS
level, and details of concomitant surgeries were obtained
from medical records. Intramuscular psoas lengthening
(IMPL), femoral derotation osteotomy (FDO), rectus
femoris transfer (RFT), tendo-Achilles lengthening (TAL),
and the Strayer procedure (gastrocnemius recession) were
considered relevant concomitant surgeries, which could
affect sagittal plane motion during gait.

Operative protocol
DHL, as part of a SEMLS to improve gait pattern, was
performed by 2 pediatric surgeons (CYC and MSP) with
27 and 11 years of experience in pediatric orthopedics,
respectively. Both surgeons followed the same treatment
approach. Preoperative 3D gait analysis was used to plan
the procedures. Surgical procedures were performed
after considering both clinical and gait analysis findings.
The indications for DHL were an increased popliteal
angle and an increased knee flexion at initial contact or
terminal swing. All patients underwent unilateral or
bilateral DHL, which included gracilis lengthening,
semitendinosus tendon transfer to the adductor magnus,
and aponeurotic lengthening of the semimembranosus.
In cases of concomitant RFT, the gracilis tendon was
transferred to the rectus femoris tendon. In the SEMLS,
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FDO was performed at the intertrochanteric level of the
proximal femur and TAL was performed using coronal
Z-plasty. For the Strayer procedure, the gastrocnemius
tendon was resected at its most distal part, and then, the
resected end of the gastrocnemius tendon was sutured
to the underlying soleus fascia. After the surgery, all
patients were placed in a removable knee immobilizer
and patients who underwent TAL or bony surgery in the
foot were placed in a short leg cast. All patients had a
postoperative non-weight bearing period of 3–6 weeks
depending on the type of concomitant surgeries. Subse-
quently, the patients were referred to a local rehabilita-
tion center to perform muscle-strengthening exercises
and receive gait training.

Acquisition of kinematic data and gait deviation index
(GDI) score
3D gait analysis was performed few days before the sur-
gery and after the surgery using a Vicon 370 system (Ox-
ford Metrix, Oxford, United Kingdom) equipped with 7
cameras and 2 force plates. Markers were placed accord-
ing to the Helen Hayes marker set [24] by 2 assistant op-
erators under the supervision of a senior operator or by
the senior operator. Patients walked barefoot on a 9-m
walkway 3 times with an interval of approximately 30 s,
and kinematic data were recorded. The data of the 3 tri-
als were averaged to obtain the values of the index vari-
ables. The preoperative and postoperative kinematic
variables were compared to assess the effects of DHL on
knee kinematics. The GDI score [25] was calculated to
determine the functional improvement in gait after sur-
gery. A GDI score of >100 denotes a non-pathological
gait, and each 10-point decrement below 100 represents
1 SD from normal kinematics. Relevant kinematic
values, including knee flexion at initial contact, mini-
mum knee flexion in the stance phase, knee range of
motion (ROM), mean pelvic tilt, and GDI score, were
considered outcome measures.

Constructing an LMM
For each of 5 outcome measurements, changes in knee
motion and the GDI score were adjusted for multiple
factors, such as sex, age at surgery, the GMFCS level,
IMPL, FDO, RFT, TAL, and the Strayer procedure as
fixed effects, and follow-up duration and each subject as
random effects, using an LMM. The covariance struc-
ture was considered the variance component. Restricted
maximum likelihood estimation was used to produce an
unbiased estimator. On examination of the individual
pattern of the rate of change in the knee motion along
with the follow-up duration, a LMM with a random
slope and random intercept was suggested. The linearity
of the follow-up duration effect was interpreted to evalu-
ate the estimation of the 5 outcome measurements. The
models were compared using the Akaike Information
Criterion (AIC) and the Bayesian Information Criterion
(BIC). A low AIC or BIC value is preferred in terms of
model selection. All models had low AIC and BIC
values, and therefore, they were considered valid for the
estimation of the 5 outcome measurements.

Statistical analysis
Descriptive statistics, such as mean and SD, were used
to summarize patient demographics. The Kolmogorov–
Smirnov test was used to verify the normality of the
distribution of variables. The LMM was constructed to
estimate the rate of change in the knee motion based on
the linearity of the follow-up duration effect and with
sex, age at surgery, GMFCS level, IMPL, FDO, RFT,
TAL, and the Strayer procedure as covariates. The slope
indicated the annual change in the estimated values
obtained on 3D gait analysis. The LMM was applied to
estimate the change in the values at (1) the preoperative
and first postoperative evaluations and (2) subsequent
postoperative evaluations according to GMFCS level
(I and II vs. III).
Statistical analyses were performed using R version 3.2.5

(R Foundation for Statistical Computing, Vienna, Austria;
ISBN 3–900,051–07-0; http://www.r-project.org) with the
NLME package. All statistics were 2-tailed, and p-values
<0.05 were considered significant.

Results
The study considered 375 patients for inclusion.
However, 61 patients were excluded based on exclusion
criteria. Therefore, 314 patients (594 limbs) were finally
enrolled in this study. Of the patients, 198 were male
and 116 were female, and 119 had GMFCS level I,
160 had GMFCS level II and 35 had GMFCS level III
(Fig. 1). The mean age of the patients at the time of sur-
gery and the mean age at the final follow-up were
7.9 ± 3.7 years (range, 3.4–20.0 years) and 10.6 ± 4.6 years
(range, 5.3–26.8 years), respectively. The total number of
surgical procedures performed was 1935, including DHLs
(mean, 3.3 per limb), as well as 55 IMPLs, 314 FDOs, 443
RFTs, 382 TALs, and 147 Strayer procedures. Addition-
ally, 607 preoperative and postoperative 3D gait analyses
were performed. The mean follow-up duration was
2.7 ± 2.9 years (range, 1.0–14.7 years). The first postopera-
tive 3D gait analysis was performed at a mean of
1.7 ± 1.0 years after surgery. Eighty five limbs that under-
went 3D gait analysis over 3 times were included to
analyze longitudinal outcomes (Table 1). The mean dura-
tions between the first and second postoperative 3D gait
analyses, and between the second and third postoperative
3D gait analyses were 4.7 and 8.3 years, respectively.
At 2 years after DHL, the estimated knee flexion at

initial contact and minimum knee flexion in the stance

http://www.r-project.org


Fig. 1 Flow chart for study inclusion

Table 1 Patients demographics and summary of concomitant
surgeries and gait parameters

Value

Sex (male/ female) 198 / 116

Laterality (right/ left) 290 / 304

Age at surgery (years) 7.9 ± 3.7 (3.4–20.0)

Age at final follow-up (years) 10.6 ± 4.6 (5.3–26.8)

Follow-up duration (years) 2.7 ± 2.9 (1.0–14.7)

No. of follow-up 2 (2–4)

Preoperative popliteal angle (degree) 58.1 ± 13.3

Preoperative knee flexion contracture
(degree)

2.2 ± 5.3

Concomitant surgery Limbs

Intramuscular psoas lengthening 55 (9.3%)

Femoral derotation osteotomy 314 (52.9%)

Rectus femoris transfer 443 (74.6%)

Tendo-Achilles lengthening 382 (64.3%)

Strayer procedure 147 (24.7%)

Gait parameters Preoperative Postoperative

Mean pelvic tilt (°) 16.7 ± 6.7 17.5 ± 6.1

Knee flexion at initial contact (°) 33.6 ± 11.8 24.6 ± 9.9

Minimum knee flexion in stance (°) 11.3 ± 14.1 6.5 ± 10.8

Knee range of motion (°) 47.1 ± 15.4 52.5 ± 11.9

Gait deviation index 69.9 ± 10.2 79.8 ± 9.6

Sung et al. Journal of NeuroEngineering and Rehabilitation  (2017) 14:83 Page 4 of 13
phase were significantly decreased by 8.7° and 6.0° (both
p < 0.001), respectively, in patients with GMFCS level I
and II, and by 8.1° (p < 0.001) and 5.0° (p = 0.009),
respectively, in patients with GMFCS level III. In
addition, the estimated knee ROM and GDI score had
significantly improved 2 year after DHL by 7.4° and 9.9
(both p < 0.001), respectively, in patients with GMFCS
level I and II, and by 7.1° (p = 0.002) and 10.4
(p < 0.001), respectively, in patients with GMFCS level
III (Figs. 2 and 3). The estimated mean pelvic tilt did not
significantly changed in patients with GMFCS level I
and II (p = 0.053) and those with GMFCS level III
(p = 0.958) (Tables 2 and 3).
In patients with GMFCS level I and II, the extent of

improvement in knee flexion at initial contact was
greater in patients who underwent FDO (2.4°, p = 0.002)
than in those who did not undergo FDO. The improve-
ment in GDI score was greater in patients who under-
went IMPL (4.3, p = 0.004) or FDO (3.2, p < 0.001) than
in those who did not undergo IMPL or FDO. The in-
crease in mean pelvic tilt was less in patients who under-
went IMPL (2.0°, p = 0.030) than in those who did not
undergo IMPL (Table 2).
On evaluating the annual change of sagittal kine-

matics and GDI score in serial postoperative gait
analyses for the patients with GMFCS level I and II,
we found significant annual changes in GDI score
(1.2 per year, p = 0.008). However, we found no sig-
nificant annual change in mean pelvic tilt, knee
flexion at initial contact, minimum knee flexion in
the stance phase, and knee ROM (p = 0.543, 0.338,
0.554 and 0.755, respectively: Table 4 and Fig. 4).



Fig. 2 Change in knee flexion at initial contact and gait deviation index score 2 years after distal hamstring lengthening in patients with GMFCS
level I and II
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Discussion
Although several studies have reported the outcomes
after DHL, no study has considered the multiple factors
that could affect the results. To our knowledge, this is
the largest study to evaluate the outcomes after DHL
and analyze the factors that influence the improvement
Fig. 3 Change in knee flexion at initial contact and gait deviation index sc
level III
and serial change in knee motion during gait in patients
with CP. In the present study, sagittal knee kinematics
including knee flexion at initial contact, minimum knee
flexion in stance phase, and knee ROM, and GDI score
significantly improved after DHL in both independently
(GMFCS level I and II) and dependently (GMFCS level
ore 2 years after distal hamstring lengthening in patients with GMFCS



Fig. 4 Serial change of knee flexion at initial contact and gait deviation index score throughout the follow-up duration after distal hamstring
lengthening in patients with GMFCS level I and II
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III) ambulatory patients. In patients with GMFCS level I
and II, improvement in all sagittal knee kinematics was
maintained during follow-up. Furthermore, GDI score,
which represents overall gait pathology, consistently
improved throughout the follow-up duration.
The present study has some limitations. First, this was

a retrospective study, and therefore, the follow-up
intervals varied. We used an LMM to overcome the
unbalanced structure of our data set and focused on the
multiple factors that could influence the improvement
and annual change in knee motion after DHL. Second,
the outcomes after DHL were evaluated with 3D gait
analysis. Although functional improvements after DHL
are important, these objective measures may not correl-
ate well with functional and psychosocial outcomes [26].
Therefore, further studies are required on the functional
and health-related quality of life outcomes. Third, no
comparison group that consisted of CP patients who
had not undergone surgery was included. Thus, the
outcomes after DHL could have been underestimated, as
the parameters in the 3D gait analysis tend to worsen in
patients with CP not treated surgically [27]. Fourth,
89.0% of patients underwent triceps surae surgery
(64.3% TAL and 24.7% Strayer) in this study. A TAL or
Strayer operation might affect the knee kinematics.
However, our analysis showed that triceps surae surgery
did not affect the outcomes after DHL. We think that
further study is required to investigate the effect of TAL
or Strayer surgery on knee kinematics. Fifth, tibial
derotation ostoetomy (TDO) or foot surgery could affect
knee kinematics after DHL. However, few patients
underwent TDO in this study. In addition, foot surgery
was heterogeneous according to the pattern of foot
deformity. Therefore, this study did not include TDO or
foot surgery as concomitant surgeries for analysis.
Further study is required to investigate the effect of foot
surgery on knee kinematics.
DHL has been shown to reduce the stress on the knee

joint and improve stance stability, which are important
for normal gait [4]. However, the necessity of this
procedure has been questioned because this procedure
has been reported to increase anterior pelvic tilt and
eventually induce crouch gait [2, 17]. In the present
study, no significant change in anterior pelvic tilt 2 years
after DHL was noted. In addition, no annual change in
anterior pelvic tilt after surgery was noted throughout
the follow-up duration. There are 2 possible reasons
for this finding. First, DHL procedures in previous
studies involved medial hamstring lengthening with or
without lateral hamstring lengthening, while our
surgical protocol involved hamstring lengthening with
transfer. Semitendinosus tendon transfer eliminates its
function as a knee flexor but maintains its function
as a hip extensor, and the latter function can
minimize increases in anterior pelvic tilt. Recent
studies found better preservation of hip extension
power and improved hip extension with the ham-
string transfer procedure than without the procedure
[10, 12]. Second, majority of the limbs (443, 74.6%)
underwent RFT in the present study. A previous
study reported that DHL significantly improved knee
motion in patients with CP and did not increase
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pelvic tilt when performed with RFT [8]. Therefore, RFT
might counteract the effect of DHL on pelvic tilt.
In our study, DHL, as part of a SEMLS, was effective

for the treatment of flexed knee gait and the parameters
of 3D gait analysis after surgery were similar to those in
previous studies (Table 5). Many authors have reported
short-term favorable outcomes in terms of sagittal knee
joint parameters after DHL [2, 4–8, 17], and recent
studies investigating the long-term outcomes of DHL
showed that these improvements were maintained at
over 10 years postoperatively [11, 13, 14, 18]. The
present study also found that the improvement in knee
flexion at initial contact, minimum knee flexion in the
stance phase, and knee ROM after DHL was maintained
during the follow-up duration in patients with GMFCS
level I and II, although there was concern that the favor-
able surgical outcomes might diminished over time.
Regarding an increase in knee ROM, it has been re-
ported that a combination of RFT and DHL can improve
dynamic knee function [17, 28]. In addition, the GDI
score, which represents quantitative overall gait path-
ology, showed consistent improvement after surgery in
patients with GMFCS level I and II. Therefore, we be-
lieve that DHL with lengthening and transfer can be the
standard procedure in spastic diplegic CP patients with
flexed knee gait and that favorable surgical outcomes
can be obtained without deterioration of knee kinemat-
ics. However, only 5 patients (10 limbs) underwent 3D
gait analysis more than 3 times; thus, we could not
analyze the annual change in sagittal kinematics and
GDI score in serial postoperative gait analyses in pa-
tients with GMFCS level III. Further study with a larger
cohort is required to analyze the longitudinal outcome
in patients with GMFCS level III.
Several factors could affect the outcome and prognosis

after DHL, such as sex, age at the time of surgery, the
anatomical type of CP, and the GMFCS level. In
addition, because DHL generally is performed as part of
a SEMLS, the multiple concomitant procedures should
be considered as influencing factors. Most studies on
DHL considered bilateral limbs as independent cases.
Because the correlation between right and left sides
should be accounted for when analyzing data, statistical
methods considering statistical independence should be
used in studies involving bilateral cases. We assessed
factors that influenced the outcomes after DHL via re-
petitive 3D gait analyses, using a LMM, and this study is
the first to consider the various factors that could affect
outcomes after DHL. In the present study, we found that
the extent of improvement in knee flexion at initial con-
tact was affected by whether the FDO was performed or
not. However, the reason that FDO significantly affected
the outcomes after DHL is unclear. Therefore, further
study regarding the effects of FDO on the outcome of
DHL is required. In addition, the extent of improvement
in GDI score was greater in the patients who underwent
concomitant surgery, including IMPAL and FDO, than
in those who did not undergo these surgeries. The in-
crease in mean pelvic tilt was also affected by whether
the IMPL was performed. Therefore, we think that IMPL
should be considered in patients with hip flexion
contracture to prevent an increase in anterior pelvic tilt
when performing DHL.

Conclusions
Sagittal knee kinematics, including knee flexion at initial
contact, minimum knee flexion in stance phase, and
knee ROM, and GDI score improved after DHL in am-
bulatory patients with CP. In patients with GMFCS level
I and II, the improvement in sagittal knee kinematics
was maintained without deterioration. Furthermore,
GDI score, which represents overall gait pathology, con-
sistently improved throughout the follow-up duration.
Therefore, medial hamstring lengthening with semiten-
dinosus transfer can be the standard procedure, as part
of a SEMLS, in spastic diplegic CP patients with flexed
knee gait. Based on our results, physicians can predict
the improvement in knee function after DHL, and in-
form patients and parents of the possible improvement
after DHL for flexed knee gait.
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