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Background: Hamstring lengthening surgery (HSL) is often performed to correct crouch gait in patients with
cerebral palsy (CP). However, crouch can recur over time, and repeat HSL may be ineffective. One possible
reason is that the hamstrings in repeat HSL patients are neither short nor lengthening slowly and would therefore
not benefit from HSL.

Research question: This study aimed to determine whether the hamstrings are short and/or slow preoperatively
only in patients with primary, and not repeat, HSL.

Methods: We compared pre- and postoperative dynamic semimembranosus muscle-tendon lengths for children
with CP who had primary (N = 15) or repeat (N = 8) HSL to a group of control participants (N = 10). Outcome
measures were compared between visits (pre- vs. postoperative) and groups (control, primary HSL, repeat HSL)
using mixed model analysis.

Results: Preoperatively, hamstrings were shorter and slower than normal on average in both HSL groups
(p < 0.001); all but 3 limbs (primary 26/28, repeat 13/14) had hamstrings that were shorter and/or slower
than controls by more than two standard deviations. Postoperative improvements were observed in the primary
HSL group for popliteal angle, initial contact knee flexion, minimum stance knee flexion, and dynamic hamstring
length (p < 0.001). The repeat HSL group improved only in dynamic hamstring length (p = 0.004) and wor-
sened in passive knee extension (p = 0.01) and minimum hip flexion in stance (p = 0.04). Hamstrings in both
surgical groups on average remained shorter and slower than controls postoperatively (p < 0.001).
Significance: The fact that repeat HSL is less effective in improving knee motion is not due to a lack of short or
slow hamstrings preoperatively. However, in recurrent crouch, short or slow hamstrings do not usually indicate
hamstring dysfunction, and correction of other deformities such as rotational malalignment, fixed knee flexion
contractures, patella alta, weak calf muscles, and/or loose heelcords should be considered rather than repeat
HSL.

1. Introduction and crouch gait can recur over time in patients with CP. One study

showed a need for repeat surgical intervention in 17% of cases [12].

Crouch (flexed knee) gait is a common problem in children with cer-
ebral palsy (CP), progressing in severity with age and growth [1-4]. Sur-
gical lengthening of the hamstrings (HSL) is often performed to correct
crouch gait. Previous research has demonstrated the effectiveness of HSL
in reducing hamstring contracture and improving knee extension at initial
contact and throughout the stance phase of gait [5-12].

Despite the overall effectiveness of HSL in improving hamstring
range of motion and knee extension during gait, hamstring contractures

Unfortunately, repeat HSL may not be as effective as primary HSL in
improving static and dynamic knee extension. Two studies showed
some improvement in knee position at initial contact and in the stance
phase of gait after repeat HSL [5,13], while another study reported
improvement at initial contact, but not in stance [14]. In contrast, a
study done recently at our institution showed improved knee kine-
matics and passive range of motion only after primary, but not re-
peated, HSL [15].
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The ability to estimate dynamic muscle-tendon lengths from three-
dimensional (3-D) joint kinematic data has provided greater insight into
hamstring function during gait in patients with CP. Studies have shown
that in ~70-80% of cases of crouch gait in CP the hamstrings are not
actually shorter than normal during walking despite excessive knee
flexion, owing to the hamstrings’ bi-articular structure and the flexed
posture of the hip [16,17]. Short muscle-tendon length may reflect
hamstring tightness due to contracture, while slow muscle-tendon
lengthening velocity may indicate resistance to stretch due to hamstring
spasticity. Hamstring lengthening surgery could address the former by
reducing passive tension in the muscle-tendon unit and the latter by
attenuating the spastic response [17]. However, the absence of short or
slow hamstrings may indicate that crouch is due to factors other than
hamstring dysfunction and treatments other than hamstring length-
ening are needed. In fact, previous research has shown a relationship
between preoperative hamstring length and velocity and postoperative
changes in hamstring length, hamstring velocity, and knee extension
during gait [17-19]. In patients with short or slow hamstrings, short
hamstrings tend to become longer, slow hamstrings tend to become
faster, and knee extension tends to improve after hamstring lengthening
surgery [17,18]. For cases in which the hamstrings are neither short nor
slow, however, hamstring lengthening is unlikely to improve knee ex-
tension and may worsen pelvic tilt [17,18]. Hamstring length and ve-
locity can therefore serve as predictors of surgical outcome, along with
other clinical characteristics including lower extremity rotational
alignment and muscle strength [19].

The reasons for recurrence of crouch gait after hamstring length-
ening surgery and the lower effectiveness of repeat HSL are unclear.
One possibility is that in cases of recurrent crouch the hamstrings are
not short or lengthening slowly, and are therefore unlikely to benefit
from hamstring lengthening. We hypothesized that patients undergoing
primary HSL would have short and/or slow hamstrings preoperatively
that would become longer and/or faster after HSL, resulting in im-
proved knee extension, while patients undergoing repeat HSL would
not have short or slow hamstrings preoperatively and would therefore
not change hamstring length, hamstring velocity, or knee extension
after surgery. Therefore, the aims of this study were 1) to determine if
the hamstrings were short and/or slow preoperatively only in the pri-
mary, and not the repeat, HSL group, 2) to corroborate whether sig-
nificant improvements in knee range of motion (popliteal angle, knee
extension during gait) occurred only in the primary HSL group, and 3)
to determine whether improvements in dynamic knee extension were
accompanied by increased hamstring length and/or velocity.

2. Methods

A chart review was conducted to identify children with CP under 15
years of age who had primary or repeat hamstring lengthening surgery
with pre- and postoperative gait analysis at our institution between
November 2005 and March 2016. Limbs were excluded if they had
undergone bony correction of knee flexion contractures in addition to
HSL (such as anterior distal femoral hemiepiphysiodesis or extension
osteotomy with or without patellar tendon advancement). The retro-
spective patient data were accessed under a waiver of consent granted
by our institutional review board (IRB). A convenience sample of con-
trols who had undergone gait analysis for a previous study [20] was
also included. Written assent and consent were obtained from control
participants and their parents/guardians, and protocols approved by
our IRB were followed.

All study participants had undergone gait analysis testing using an
8-10 camera 3-D motion capture system (Vicon 612 or Nexus 2, Vicon
Motion Systems Ltd., Oxford, UK). Reflective markers were placed on
the patients’ legs and pelvis following the Plug-in-Gait implementation
of the conventional gait model [21] with a marker on the center of the
patella in place of thigh wands [22] and in some cases a marker on the
tibia crest in place of tibia wands [23]. Marker position data were
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collected at 120 Hz during barefoot walking at a self-selected speed
using commercial software (Vicon Workstation or Nexus 2). The marker
data were analyzed in the musculoskeletal modeling software OpenSim
[24] to calculate joint angles and muscle-tendon lengths. Specifically, a
generic model [25] was scaled to each participant based on anatomic
marker positions during a static trial. Joint angles during a single re-
presentative trial of walking were then calculated using inverse kine-
matics in which the model was positioned to minimize the difference
between the experimental (participant) and model marker positions.
Muscle-tendon length of the semimembranosus (SM) was determined
across the gait cycle for each surgical and control limb. SM was selected
because it is one of the most frequently lengthened hamstring muscles
in CP and because SM length correlates strongly with the length of the
other hamstring muscles [26,27]. After smoothing with a 2-way 4th
order Butterworth filter with a cutoff frequency of 6 Hz, SM length was
numerically differentiated to determine SM lengthening velocity. To
account for differences in size among participants, SM length and ve-
locity were normalized by SM length with the model positioned in the
anatomic position. Walking speed was normalized by \/@ to calcu-
late non-dimensional walking speed, where g is the acceleration due to
gravity and Ly, is the participant’s average leg length.

Joint range of motion measures were taken at each gait analysis test
session by one of three experienced gait laboratory physical therapists
using standardized procedures. Measures included passive knee exten-
sion, popliteal angle (maximum knee extension with the hip flexed to
90°) to assess hamstring tightness/contracture, and hip extension
(maximum hip extension with the opposite hip flexed to flatten the
lumbar spine). Hamstring spasticity was measured clinically using the
modified Ashworth scale.

All surgeries were performed by the same surgeon except for one
case which was performed by another surgeon from the same group.
The extent of hamstring lengthening done varied among patients and
between groups, depending on the severity of hamstring contracture
and the surgeon’s common practice at the time of operation (percuta-
neous HSLs being done more recently than open ones). Details of the
hamstring surgeries done are shown in Table 2.

Participant characteristics were compared among the control, pri-
mary HSL, and repeat HSL groups using ANOVA with Bonferroni ad-
justed post-hoc t-tests for continuous variables and Fisher’s exact test
for categorical variables. Outcome measures were also compared
among groups and visits using a linear mixed model with participant as
a random effect and side as a fixed effect to account for the inclusion of
two sides for some participants. An indicator variable was created for
each combination of group (control, primary HSL, repeat HSL) and visit
and was included as a fixed effect in the mixed model. Pairwise com-
parison of means was then performed to examine pre-specified com-
parisons (comparison of groups pre- and postoperatively, pre- vs.
postoperative within each HSL group). Prior to running the mixed
model analyses, outcome variables were checked for excessive skew-
ness graphically, and none was found. The primary outcome measures
were peak hamstring length and peak hamstring lengthening velocity;
secondary outcome measures included hip and knee flexion at initial
contact, minimum hip and knee flexion (peak extension) during the
stance phase of gait, and passive range of motion of the hip and knee
(popliteal angle, hip and knee extension). All statistical analysis was
performed in Stata (version 14.0, StataCorp LP, College Station, TX,
USA) with a significance level of 0.05.

3. Results

A total of 23 patients and 10 controls were included in the analysis.
Fifteen patients had undergone primary HSL (13 bilateral), and 8 had
undergone repeat HSL (7 bilateral). One limb was excluded from ana-
lysis in the repeat HSL group due to anterior distal femoral hemi-
epiphysiodesis on one side in a patient with bilateral HSL (i.e., only the
side without hemiepiphysiodesis was analyzed). As might be expected,
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Table 1
Participant characteristics at baseline.
Control Primary Repeat P-value
(N =10) (N =15) N=28)
Sex, male 8 (80%) 7 (47%) 5 (63%) 0.29
Age at baseline (yr) 10.6 (2.1) 8.6 (2.4) 12.6 (1.2)7 0.0005
Age at surgery (yr) — 9.0 (2.5) 13.0 (1.3)7 0.0004
Time baseline to surgery (months) — 4.6 (2.8) 5.0 (3.0) 0.70
Time surgery to follow-up (yr) — 1.4 (0.7) 1.9 (1.1) 0.22
GMEFCS — 0.44
1 2 (13%) 0 (0%)
I 8 (53%) 3 (38%)
111 5 (33%) 5 (63%)
Bilateral HSL — 13 (87%) 7 (88%) 1.00
Walking speed (m/s) 1.3 (0.1) 0.7 (0.3)* 0.8 (0.2)* < 0.0001
Non-dimensional walking speed ~ 0.36 (0.03) 0.18 (0.07)* 0.21 (0.07)* < 0.0001

Continuous variables are presented as mean (SD). Categorical variables are
presented as N (%). Comparison among groups was performed using ANOVA
with Bonferroni adjusted post-hoc tests for continuous variables and Fisher’s
exact test for categorical variables.

*indicates p < 0.05 vs. Control; T indicates p < 0.05 vs. Primary group.

Table 2
Hamstring lengthening procedures done and concomitant surgeries.

Primary
(N = 28 sides)

Repeat

Hamstring Lengthening (N = 14 sides)

Muscles Lengthened

Medial 16 (57%) 3 (21%)
Medial and Lateral 12 (43%) 11 (79%)
Approach
Percutaneous 24 (86%) 1 (7%)
Open 4 (14%) 13 (93%)
Concomitant Procedures
Femur Derotation 19 (68%) 5 (36%)
Hip Adductor Release 18 (64%) 2 (14%)
Tibia Derotation 15 (54%) 2 (14%)
Foot Bony Procedures 8 (29%) 8 (57%)
Gastrocnemius Recession 8 (29%) 2 (14%)
Distal Rectus Femoris Transfer 4 (14%) 2 (14%)
Tendo-Achilles Lengthening 1 (4%) 1 (7%)
Flexor Digitorum Longus Lengthening 1 (4%) 0
Split Posterior Tibialis Tendon Transfer 1 (4%) 0
Split Anterior Tibialis Tendon Transfer 1 (4%) 0
Posterior Tibialis Tendon Lengthening 1 (4%) 0
Hardware Removal 0 2 (14%)
None 4 (14%) 0
Spasticity (modified Ashworth scale)
0 2 (7%) 5 (36%)
1 18 (64%) 4 (29%)
1+ 6 (21%) 5 (36%)
2 2 (7%) 0

the group with repeat HSL was older than the primary HSL group
(Table 1). The groups did not differ in terms of sex or time from baseline
to surgery and from surgery to follow-up. There was a higher propor-
tion of participants at Gross Motor Function Classification System
(GMFCS) levels I and II in the primary HSL group, and at level III in the
repeat HSL group, though this difference did not reach the level of
statistical significance. Both HSL groups walked more slowly than the
controls. The repeat HSL group had a higher proportion of open HSL
procedures (p = 0.048) and procedures involving both the medial and
lateral hamstrings (p < 0.001) (Table 2). Concomitant surgeries are
shown in Table 2.

Compared to controls, both the primary and repeat HSL groups had
higher mean values for preoperative initial contact knee flexion and
minimum stance knee flexion, with lower peak hamstring length and
peak hamstring lengthening velocity (Fig. 1, Table 3). Mean values for
baseline range of motion, kinematic variables, and hamstring length/
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velocity did not differ between the primary and repeat HSL groups.

Statistically significant pre- to postoperative improvements were
observed in the primary HSL group for popliteal angle, initial contact
knee flexion, minimum stance knee flexion, and hamstring length
(Table 3). All joint angles improved by > 10° on average, which is
clinically significant. The repeat HSL group improved only in terms of
hamstring length and worsened in passive knee extension and minimum
hip flexion in stance. Both groups had minimal knee flexion contracture
(restriction of passive knee extension range) both pre- and post-
operatively. Knee flexion at initial contact improved by > 10° in 20/28
(71%) of limbs in the primary HSL group compared with 3/14 (21%) in
the repeat group (p < 0.001).

At the postoperative visit, both groups still had greater average knee
flexion at initial contact and in the stance phase of gait compared to
controls, as well as lower average peak hamstring length and length-
ening velocity. The repeat HSL group exhibited higher postoperative
knee flexion at initial contact and minimum knee flexion angles (less
knee extension) than the primary HSL group during gait, along with
greater popliteal angles and less passive knee extension.

With regards to classifying hamstrings as short and/or slow, all
limbs in the surgical groups had hamstrings that were dynamically
shorter and/or slower than controls by at least 1 standard deviation
(SD) preoperatively, and all but 3 limbs (2 primary, 1 repeat) had
preoperative hamstring lengths and/or velocities > 2 SD below normal
(Table 4). Short hamstrings at the 2SD threshold improved to within
2SD of normal for 13/14 limbs (93%) in the primary HSL group and 2/7
limbs (29%) in the repeat HSL group (Table 4). Only 4/25 slow ham-
strings (16%) in the primary HSL group and 0/13 in the repeat group
improved to within 2SD of normal postoperatively.

4. Discussion

Consistent with our previous study, which had 17 limbs in common
with the current study [15], primary HSL surgery produced better
outcomes than repeat HSL. The primary HSL group had improvements
of 14.3° in knee flexion at initial contact and 11.6° in minimum knee
flexion in stance, compared to improvements of only 4.0° and 2.5° for
the same measures in the repeat HSL group. In addition, while
minimum hip flexion in stance was essentially unchanged in the pri-
mary HSL group (change of 0.1°), minimum hip flexion in stance
worsened by 6.0° in the repeat HSL group; passive knee extension also
worsened by 6.8° in the repeat HSL group.

The improved knee range of motion in the primary HSL group was
accompanied by increased hamstring length. Of 14 limbs with short
hamstrings before surgery, only 1 remained short after surgery
(Table 4). Although the repeat HSL group showed a similar average
increase in hamstring length (Table 3), 5/7 short hamstrings remained
short postoperatively (Table 4). Neither group showed a significant
change in hamstring velocity with surgery (Table 3); 21/25 slow
hamstrings remained slow postoperatively in the primary HSL group,
and all 13 slow hamstrings remained slow in the repeat HSL group
postoperatively. The high percentage of slow hamstrings may be due to
the patients’ slow walking speed. Previous studies have found that
walking speed has a small effect on hamstring length (1% change with
doubling of walking speed) but a large effect on hamstring velocity
(40% change with doubling of walking speed) [28,29]. We could not
classify hamstring velocity using speed-matched norms because our
controls only walked at a self-selected speed. While this would make it
more difficult for hamstring velocity to improve to within the normal
range, it should also be emphasized that hamstring velocity did not
change significantly in either patient group postoperatively (Table 3).
This may be because our patients had only mild spasticity which was
likely not a major cause of slow hamstring velocity or crouch.

The lower effectiveness of repeat HSL does not appear to be related
to preoperative hamstring length or velocity, which were similar be-
tween the two surgical groups. Approximately half of limbs in both the
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Fig. 1. Normalized hamstring length and velocity for primary and repeat HSL. The black line and grey shaded region represent the mean *+ 2 standard deviations of

controls.

Table 3

Within-group and between-group comparison of static and dynamic measurements.

Control (N = 20 sides)  Primary (N = 28 sides)

Repeat (N = 14 sides)

Pre Post Change P Pre Post Change P
Change Change
Popliteal Angle (*) — 53.4 (9.9) 40.5 (10.1) -12.9 (14.2) <0.001 51.4(9.1) 50.7 (10.5)" -0.7 (11.6)  0.52
Knee Extension () — —5.4(5.9) -4.1 (4.7) 1.3(5.9) 0.30 -2.9 4.7) -9.6 (6.3) —6.8(7.2) 0.01
Hip Extension (°) — -23(3.7) -1.4(3.6) 0.9 (3.9 0.27 0.0 (0.0) -2.1(6.4) -2.1(6.4) 0.06
IC Knee Flexion (°) 11.4 (6.2) 40.6 (12.0)*  26.3 (10.49)* —14.3(12.6) <0.001  41.7 (8.9)* 37.6 (14.3)*" -4.0(@13.6) 0.22
IC Hip Flexion (°) 36.7 (11.5) 40.3 (5.8) 34.8 (16.0) —-5.5(17.2) 0.056 36.7 (17.4) 40.7 (10.7) 4.0 (10.2) 0.32
Min Knee Flexion Stance ()  —0.1 (10.0) 27.0 13.1)*  15.4 (9.7)* —11.6 (12.8) <0.001 284 (10.5* 259 (14.0)" —-25(10.5) 0.43
Min Hip Flexion Stance (°) 3.8 (6.9) 3.5(10.1) 3.4 (10.3) —0.1 (12.4) 0.95 1.0 (13.9) 7.1(12.7) 6.0 (13.9) 0.04
Max Hamstring Length?® 1.08 (0.03) 1.02 (0.03)*  1.05 (0.02)*  0.03 (0.03) <0.001 1.02(0.03)*  1.04 (0.09)* 0.02 (0.03) 0.004
Max Hamstring Velocity® 0.87 (0.13) 0.40 (0.16)*  0.45 (0.17)*  0.05 (0.13) 0.08 0.39 (0.14)*  0.41 (0.13)* 0.03 (0.18) 0.47

Results are presented as mean (SD); IC = initial contact; min = minimum; max = maximum.

*indicates p < 0.05 vs. Control;  indicates p < 0.05 vs. Primary.

“Normalized to length in the anatomic position. Values < 1.0 indicate shorter length than in the anatomic position, > 1.0 indicate longer length than in the anatomic

position.
>Normalized length per second.

primary and repeat HSL groups had hamstrings more than 2SD shorter
than normal, and almost all hamstrings in both groups were either short
or slow or both. While normal dynamic hamstring length and velocity
may be a potential contraindication to surgical hamstring lengthening
because they suggest that the hamstrings are not restricting motion
abnormally during gait [17], having short and/or slow hamstrings only
implicates the hamstrings as a potential, and not necessarily an actual,
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cause of crouch. In the case of repeat HSL, it appears that the ham-
strings are not usually a primary contributor to crouch gait despite
being short and slow. Other factors may play a larger role, and treat-
ments other than hamstring lengthening may be needed.

Other possible causes of recurrent crouch include lever arm dys-
function caused by rotational malalignment between the upper and
lower leg, fixed knee flexion contractures, and quadriceps insufficiency
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Table 4
Limbs with short hamstring length or slow lengthening velocity (> 2SD below normal) pre- and post-operatively for (a) primary HSL group and (b) repeat HSL group.
Primary HSL Post-op
Neither short nor slow Short only Slow only Both short and slow Total pre-op
Pre-op Neither short nor slow 2 0 0 0 2 (7%)
Short only 1 0 0 0 1 (4%)
Slow only 1 1 9 1 12 (43%)
Both short and slow 2 0 10 1 13 (46%)
Total post-op 6 (21%) 1 (4%) 19 (68%) 2 (7%) 28
Repeat HSL Post-op
Neither short nor slow Short only Slow only Both short and slow Total pre-op
Pre-op Neither short nor slow 0 0 1 0 1 (7%)
Short only 0 0 0 0 0
Slow only 0 0 6 0 6 (43%)
Both short and slow 0 0 2 5 7 (50%)
Total post-op 0 0 9 (64%) 5 (36%) 14

due to patella alta [19,30]. Patella alta and quadriceps insufficiency, in
particular, can result from prolonged flexed-knee gait [31], and failure
to address over-stretched patellar tendons may contribute to recurrent
or residual crouch after hamstring lengthening [32]. These problems
can be addressed through surgical shortening of the patellar tendon
(patella tendon advancement) combined with distal femoral extension
osteotomy in cases of fixed knee flexion contracture [32,33]. Quad-
riceps insufficiency likely contributed to recurrent crouch in our par-
ticipants since none had undergone these procedures, which were not
routinely performed at our institution at the time these patients were
treated.

The percentage of short and slow hamstrings in our cohort is higher
than those reported in other literature, which have reported lower
percentages. Arnold et al. found that in 35% of cases of children with
CP and crouch gait the hamstrings were neither short nor slow [18]
compared with only 7% in our study. The reason for the discrepancy in
rates is unclear. Participant characteristics were similar, including age,
popliteal angle, and knee kinematics at initial contact and in stance.
However, our study included participants who walked with ambulatory
aids (GMFCS III), and our sample may have had more severe neurologic
involvement and greater hamstring dysfunction. There may have been a
difference in patient selection criteria for surgical intervention for
crouch gait or differences in the technique of the hamstring lengthening
procedures between the two institutions affecting hamstring length and
velocity in patients with recurrent crouch.

The current study has similar limitations to other retrospective co-
hort studies. Because of the retrospective nature of the study, we could
not control postoperative management (therapy and bracing) or re-
habilitation. Given the vagaries of our healthcare system, we are often
unable to perform routine postoperative gait studies in patients who are
not deemed to be in need of additional surgery. Therefore, some of our
postoperative studies were likely done in patients who had recurrent or
new gait problems requiring further intervention, which may bias our
sample toward patients with poorer outcomes. Additionally, though not
statistically significant, the repeat HSL group had a higher percentage
of participants with lower ambulatory function (GMFCS III) which
could have contributed to their poorer outcome. However, in our prior
study [15] the percentage of participants at GMFCS level III was more
balanced between the primary (38%) and repeat (50%) groups, and the
results were similar to the current study. Crouch is known to increase
with age in children with CP [1,2,4,31]. The repeat HSL group was
significantly older (average age 13.0 years) than the primary HSL group
(average age 9.0 years), and older age could contribute to the lack of
improvement in the repeat HSL group. However, age-related differences
in body size should not have affected the analysis since the muscle-
tendon length data were normalized to subject-specific length in the

anatomic position. Greater muscle weakness and prior surgery, which
were not considered in this study, could also predispose the repeat HSL
group to worse outcomes. Walking velocity also was not controlled in
this study, but was similar between the two HSL groups. Finally, while
the musculoskeletal model utilized is well described in the literature
[25] and is often used to model children with CP, it is not fully known
how well these models represent children with disabilities; we also did
not model anatomic differences such as femoral anteversion in a sub-
ject-specific manner.

In conclusion, children with CP who underwent repeat HSL showed
limited improvement in gait measures postoperatively, but as a group
did not have worse preoperative kinematics or hamstring length/velo-
city than the group of patients undergoing primary HSL who showed
greater improvement. This suggests that the poor outcomes after repeat
HSL are due to factors other than hamstring dysfunction such as
quadriceps weakness or the natural history of CP. Since repeat HSL may
not be the most appropriate intervention, other interventions such as
distal femoral extension osteotomy and patellar tendon shortening
should be considered.

5. Clinical significance

Both patients who underwent primary and repeat hamstring
lengthening procedures had shorter than normal hamstrings and/or
slow hamstring lengthening velocity, though better functional out-
comes were observed following primary HSL. Short or slow hamstrings
do not usually indicate hamstring dysfunction in recurrent crouch,
leading to the lower effectiveness of repeat HSL.

Conflict of interest statement
The authors have no conflicts of interest to disclose.
Acknowledgement

A portion of this work was supported by the National Institutes of
Health — Eunice Kennedy Shriver National Institute of Child Health and
Human Development (NIH-NICHD Grant # 5R01HD059826).

References

[1] T.A. Wren, S. Rethlefsen, R.M. Kay, Prevalence of specific gait abnormalities in
children with cerebral palsy: influence of cerebral palsy subtype, age, and previous
surgery, J. Pediatr. Orthop. 25 (2005) 79-83.

S.A. Rethlefsen, G. Blumstein, R.M. Kay, F. Dorey, T.A. Wren, Prevalence of specific
gait abnormalities in children with cerebral palsy revisited: influence of age, prior
surgery, and Gross Motor Function Classification System level, Dev. Med. Child

[2]


http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0005
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0005
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0005
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0010
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0010
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0010

M. Osborne et al.

[31
[4]

[5]

[6]

71

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

Neurol. 59 (2017) 79-88.

K.J. Bell, S. Ounpuu, P.A. DeLuca, M.J. Romness, Natural progression of gait in
children with cerebral palsy, J. Pediatr. Orthop. 22 (2002) 677-682.

G.E. Rose, K.A. Lightbody, R.G. Ferguson, J.C. Walsh, J.E. Robb, Natural history of
flexed knee gait in diplegic cerebral palsy evaluated by gait analysis in children who
have not had surgery, Gait Posture 31 (2010) 351-354.

W.N. Chang, A.L. Tsirikos, F. Miller, N. Lennon, J. Schuyler, L. Kerstetter, et al.,
Distal hamstring lengthening in ambulatory children with cerebral palsy: primary
versus revision procedures, Gait Posture 19 (2004) 298-304.

J.U. Baumann, H. Ruetsch, K. Schurmann, Distal hamstring lengthening in cerebral
palsy. An evaluation by gait analysis, Int. Orthop. 3 (1980) 305-309.

S.E. Adolfsen, S. Ounpuu, K.J. Bell, P.A. DeLuca, Kinematic and kinetic outcomes
after identical multilevel soft tissue surgery in children with cerebral palsy, J.
Pediatr. Orthop. 27 (2007) 658-667.

A.B. Gordon, G.O. Baird, M.L. McMulkin, P.M. Caskey, R.L. Ferguson, Gait analysis
outcomes of percutaneous medial hamstring tenotomies in children with cerebral
palsy, J. Pediatr. Orthop. 28 (2008) 324-329.

R.M. Kay, S.A. Rethlefsen, D. Skaggs, A. Leet, Outcome of medial versus combined
medial and lateral hamstring lengthening surgery in cerebral palsy, J. Pediatr.
Orthop. 22 (2002) 169-172.

T. Dreher, D. Vegvari, S.I. Wolf, A. Geisbusch, S. Gantz, W. Wenz, et al.,
Development of knee function after hamstring lengthening as a part of multilevel
surgery in children with spastic diplegia: a long-term outcome study, J. Bone Joint
Surg. Am. 94 (2012) 121-130.

M.S. Park, C.Y. Chung, S.H. Lee, I.H. Choi, T.J. Cho, W.J. Yoo, et al., Effects of distal
hamstring lengthening on sagittal motion in patients with diplegia: hamstring
length and its clinical use, Gait Posture 30 (2009) 487-491.

S.H. Dhawlikar, L. Root, R.L. Mann, Distal lengthening of the hamstrings in patients
who have cerebral palsy. Long-term retrospective analysis, J. Bone Joint Surg. Am.
74 (1992) 1385-1391.

0.S. Westwell M, Effect of repeat hamstrin glengthenings in indivicuals with cere-
bral palsy, Dev. Med. Child Neurol. 46 (2004) 14-15.

M.C. de Morais Filho, F.C. Blumetti, K.C. M, M.S. Matias, M.H. Fujino, J.A.F. Lopes,
et al., Comparison of the Results of Primary Versus Repeat Hamstrings Surgical
Lengthening in Cerebral Palsy. Pediatric Orthopaedic Society of North America,
Pediatric Orthopaedic Society of North America, Austin, TX, 2018.

S.A. Rethlefsen, S. Yasmeh, T.A. Wren, R.M. Kay, Repeat hamstring lengthening for
crouch gait in children with cerebral palsy, J. Pediatr. Orthop. 33 (2013) 501-504.
S.L. Delp, A.S. Arnold, R.A. Speers, C.A. Moore, Hamstrings and psoas lengths
during normal and crouch gait: implications for muscle-tendon surgery, J. Orthop.
Res. 14 (1996) 144-151.

A.S. Arnold, M.Q. Liu, M.H. Schwartz, S. Ounpuu, S.L. Delp, The role of estimating
muscle-tendon lengths and velocities of the hamstrings in the evaluation and
treatment of crouch gait, Gait Posture 23 (2006) 273-281.

328

[18]

[19]

[20]

[21]
[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

Gait & Posture 68 (2019) 323-328

A.S. Arnold, M.Q. Liu, M.H. Schwartz, S. Ounpuu, L.S. Dias, S.L. Delp, Do the
hamstrings operate at increased muscle-tendon lengths and velocities after surgical
lengthening? J. Biomech. 39 (2006) 1498-1506.

J.L. Hicks, S.L. Delp, M.H. Schwartz, Can biomechanical variables predict im-
provement in crouch gait? Gait Posture 34 (2011) 197-201.

R.E. Horenstein, S.J. Shefelbine, N.M. Mueske, C.L. Fisher, T.A. Wren, An approach
for determining quantitative measures for bone volume and bone mass in the pe-
diatric spina bifida population, Clin. Biomech. Bristol Avon (Bristol, Avon) 30
(2015) 748-754.

R. Davis III, S. Ounpuu, D. Tyburski, J. Gage, A gait analysis data collection and
reduction technique, Hum. Mov. Sci. 10 (1991) 575-587.

T.A. Wren, K.P. Do, R. Hara, S.A. Rethlefsen, Use of a patella marker to improve
tracking of dynamic hip rotation range of motion, Gait Posture 27 (2008) 530-534.
A. Peters, M. Sangeux, M.E. Morris, R. Baker, Determination of the optimal loca-
tions of surface-mounted markers on the tibial segment, Gait Posture 29 (2009)
42-48.

S.L. Delp, F.C. Anderson, A.S. Arnold, P. Loan, A. Habib, C.T. John, et al., OpenSim:
open-source software to create and analyze dynamic simulations of movement,
IEEE Trans. Biomed. Eng. 54 (2007) 1940-1950.

E.M. Arnold, S.R. Ward, R.L. Lieber, S.L. Delp, A model of the lower limb for
analysis of human movement, Ann. Biomed. Eng. 38 (2010) 269-279.

A.S. Arnold, S.S. Blemker, S.L. Delp, Evaluation of a deformable musculoskeletal
model for estimating muscle-tendon lengths during crouch gait, Ann. Biomed. Eng.
29 (2001) 263-274.

L.M. Schutte, S.W. Hayden, J.R. Gage, Lengths of hamstrings and psoas muscles
during crouch gait: effects of femoral anteversion, J. Orthop. Res. 15 (1997)
615-621.

M.M. van der Krogt, C.A. Doorenbosch, J. Harlaar, The effect of walking speed on
hamstrings length and lengthening velocity in children with spastic cerebral palsy,
Gait Posture 29 (2009) 640-644.

K.J. Agarwal-Harding, M.H. Schwartz, S.L. Delp, Variation of hamstrings lengths
and velocities with walking speed, J. Biomech. 43 (2010) 1522-1526.

J. Hicks, A. Arnold, F. Anderson, M. Schwartz, S. Delp, The effect of excessive tibial
torsion on the capacity of muscles to extend the hip and knee during single-limb
stance, Gait Posture 26 (2007) 546-552.

J.R. Gage, The Treatment of Gait Problems in Cerebral Palsy, Mac Keith Press,
London, 2004.

T.F. Novacheck, J.L. Stout, J.R. Gage, M.H. Schwartz, Distal femoral extension os-
teotomy and patellar tendon advancement to treat persistent crouch gait in cerebral
palsy, Surg. Techn. J. Bone Joint Surg. Am. 91 (Suppl. 2) (2009) 271-286.

J.L. Stout, J.R. Gage, M.H. Schwartz, T.F. Novacheck, Distal femoral extension os-
teotomy and patellar tendon advancement to treat persistent crouch gait in cerebral
palsy, J. Bone Joint Surg. Am. 90 (2008) 2470-2484.


http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0010
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0015
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0015
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0020
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0020
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0020
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0025
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0025
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0025
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0030
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0030
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0035
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0035
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0035
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0040
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0040
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0040
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0045
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0045
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0045
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0050
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0050
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0050
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0050
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0055
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0055
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0055
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0060
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0060
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0060
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0065
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0065
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0070
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0070
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0070
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0070
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0075
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0075
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0080
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0080
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0080
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0085
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0085
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0085
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0090
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0090
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0090
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0095
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0095
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0100
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0100
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0100
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0100
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0105
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0105
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0110
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0110
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0115
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0115
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0115
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0120
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0120
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0120
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0125
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0125
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0130
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0130
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0130
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0135
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0135
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0135
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0140
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0140
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0140
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0145
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0145
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0150
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0150
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0150
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0155
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0155
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0160
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0160
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0160
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0165
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0165
http://refhub.elsevier.com/S0966-6362(18)30743-4/sbref0165

	Pre-operative hamstring length and velocity do not explain the reduced effectiveness of repeat hamstring lengthening in children with cerebral palsy and crouch gait
	Introduction
	Methods
	Results
	Discussion
	Clinical significance
	Conflict of interest statement
	Acknowledgement
	References




