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or shortening in ambulatory children
with cerebral palsy: A modified Delphi
consensus study and literature review

Erich Rutz', Tom F Novacheck? Thomas Dreher?, Jon R Davids*'”,
James McCarthy®, Robert M Kay®'"’, Benjamin J Shore’,

M Wade Shrader?, Matthew Veerkamp?, Hank Chambers'?,

Unni Narayanan'!, Kristan Pierz'%, Jason Rhodes'?,

Jeffrey Shilt'4, Tim Theologis'®, Anja Van Campenhout'®,

and Kerr Graham'

Abstract

Purpose: In children with cerebral palsy, flexion deformities of the knee can be treated with a distal femoral extension
osteotomy combined with either patellar tendon advancement or patellar tendon shortening. The purpose of this
study was to establish a consensus through expert orthopedic opinion, using a modified Delphi process to describe the
surgical indications for distal femoral extension osteotomy and patellar tendon advancement/patellar tendon shortening.
A literature review was also conducted to summarize the recent literature on distal femoral extension osteotomy and
patellar tendon shortening/patellar tendon advancement.

Method: A group of |6 pediatric orthopedic surgeons, with more than 10years of experience in the surgical management
of children with cerebral palsy, was established. The group used a 5-level Likert-type scale to record agreement or
disagreement with statements regarding distal femoral extension osteotomy and patellar tendon advancement/patellar
tendon shortening. Consensus for the surgical indications for distal femoral extension osteotomy and patellar tendon
advancement/patellar tendon shortening was achieved through a modified Delphi process. The literature review,
summarized studies of clinical outcomes of distal femoral extension osteotomy/patellar tendon shortening/patellar
tendon advancement, published between 2008 and 2022.

Results: There was a high level of agreement with consensus for 31 out of 44 (70%) statements on distal femoral
extension osteotomy. Agreement was lower for patellar tendon advancement/patellar tendon shortening with consensus
reached for 8 of 21 (38%) of statements. The literature review included 25 studies which revealed variation in operative
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technique for distal femoral extension osteotomy, patellar tendon advancement, and patellar tendon shortening. Distal
femoral extension osteotomy and patellar tendon advancement/patellar tendon shortening were generally effective in
correcting knee flexion deformities and extensor lag, but there was marked variation in outcomes and complication rates.
Conclusion: The results from this study will provide guidelines for surgeons who care for children with cerebral palsy

and point to unresolved questions for further research.
Level of evidence: level V.

Keywords: Crouch gait, distal femoral extension osteotomy, patellar tendon advancement, patellar tendon shortening,

modified Delphi, cerebral palsy

Introduction

In ambulatory children with cerebral palsy (CP), crouch gait
is the most common gait pathology in older children.! A
recent systematic review reported that the natural history
of crouch gait was for increasing knee flexion in children
with spastic diplegia, over time.? A large population-based
study found that knee flexion deformity may significantly
impair functional mobility, as measured using the Functional
Mobility Scale (FMS).3

The causes of crouch gait are complex and multi-
factorial.>* Contributing factors may include weakness of
the antigravity muscles, especially the soleus, hamstring
spasticity and contracture, contracture of the knee joint, and
lever arm deformities in the lower limbs.*> Crouch gait is
part of the natural history in some children with spastic
diplegia but lengthening of the Achilles’ tendons may also
be a precipitating factor.® Conservative gastrocsoleus
lengthening (GSL) in Zone 1, in the context of multilevel
surgery (MLS), may substantially reduce the risk of iatro-
genic crouch gait.%’

In ambulant children with diplegia, knee flexion usually
increases slowly during childhood and then more dramati-
cally during the pubertal growth spurt.>*>® This may be
related to increases in body mass index (BMI) outstripping
reserves of muscle strength to maintain upright posture.>*3
The overload of the extensor mechanism may result in
anterior knee pain, stress lesions in the patellae, and fatigue
fractures.® As crouch gait increases, kinematic and kinetic
gait parameters deteriorate, the Gait Profile Score (GPS)
increases, and deterioration in the FMS may indicate
increasing dependence on assistive devices such as crutches
or walkers.>%8 Progression of untreated crouch gait in spas-
tic diplegia is illustrated in Figure 1. These are sequential
captures of the ground reaction force (GRF), overlaid on a
skeletal model, of a girl with spastic diplegia, Gross Motor
Function Classification System (GMFCS) II, who attended
the Motion Analysis Laboratory over a 4-year period, from
age 8—12years with no surgical intervention. Surgery was
delayed because of multiple factors including the COVID-
19 pandemic. The principal features included increasing
knee flexion and knee pain, the GRF moving behind the
knee joint axis, and progressive deterioration in knee kine-
matics and kinetics, GPS, and FMS.>38

Children who lack knee extension during the stance
phase of gait are usually described as having flexed knee
gait or crouch gait." ®%° Some reserve the term crouch
gait for a gait pattern in which there is incomplete exten-
sion/excessive flexion at the hip and knee, combined
with calcaneus at the ankle.? Crouch is a subset of flexed
knee gait, and it may be important to recognize it as a
distinct entity in a classification system because the etiol-
ogy, natural history, urgency to treat, treatment options,
and outcomes may differ from other types of flexed knee
patterns.*%%10

Previous studies have reported variation in surgical
management for ambulatory children with CP, including
discordant responses and knowledge-practice gaps.’
Variability in decision-making might lead to inconsistent
treatment recommendations, suboptimal outcomes and
excessive costs to the healthcare systems.” In consider-
ation of this background, a group of 16 orthopedic sur-
geons with fellowship training in pediatric orthopedics
used a modified Delphi process to develop consensus
guidelines for the management of various aspects of lower
limb deformities in ambulatory children with CP.7-!1-13

The management of flexed knee/crouch gait has been
considered to be one of the more difficult problems to
address and achieve consistently good long-term out-
comes, in ambulatory children with CP.*>!* The introduc-
tion of surgical techniques including transfer of the medial
hamstrings to the distal femur, as well as anterior distal
femoral hemiepiphysiodesis (ADFH), means that the role
of distal femoral extension osteotomy (DFEO) combined
with patellar tendon advancement (PTA) or patellar tendon
shortening (PTS) need to be re-evaluated and better
defined.'>!3 For this reason, our group addressed the indi-
cations and outcome assessment for DFEO and PTA/PTS,
following previous studies addressing hamstring lengthen-
ing, transfer of the hamstrings to the distal femur, and the
role of guided growth (ADFH) for small flexion deformi-
ties of the knee.!> !4

Research design and methods

Sixteen fellowship-trained pediatric orthopedic sur-
geons with expertise in three-dimensional gait analysis
(3DGA) and musculoskeletal surgery for children with
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Figure |. These are serial screen captures of lower limb alignment and ground reaction force (GRF, vertical red arrow) overlaid
on the skeletal model of a girl with spastic diplegia, GMFCS I, between 8 and 12years, during 3DGA. She attended the Gait
Laboratory on four occasions without surgical intervention. This is an illustration of the progressive nature of untreated crouch
gait. The deterioration was slow initially and became rapid with the onset of the pubertal growth spurt, between || and |2years.
The increasing knee flexion in stance is apparent and was confirmed on kinematics. The deterioration in GPS between age |1 and
12years was |1.5° more than seven times the MCID. The deterioration in FMS was also dramatic with the need for a wheelchair

for FMS 500 m distances, by age |2years.

CP participated in the consensus-seeking process. Group
members had a mean of >20years of experience
(range=10—41 years) in the orthopedic care of children
with CP and a mean of 20years (range=7-31 years) of
experience in the interpretation of clinical gait analysis.
All members continued their involvement until the end
of the consensus-seeking process.

The format consisted of statements in eight categories
including, general issues, clinical problems/history,
physical examination, imaging, 3DGA, intra-operative
assessment, post-operative management, and outcome
measures and goals. The sequence of questions and sum-
marizing of responses have been described in previous
publications.”!'"!3 We were unable to conduct face-to-
face meetings during the COVID-19 pandemic. This was
replaced by virtual meetings and three rounds of ques-
tions and responses. The modified Delphi process has
been described in previous publications, to which the
reader is referred.!' "3

Literature review

Contemporary techniques for DFEO and PTA/PTS were
reported in the literature from 2008.% Since then, there has
been a rapid increase in publications with variations in sur-
gical techniques and outcome measures.*!>22 We reviewed
the recent literature to summarize clinical outcomes from
recent studies and to compare and contrast with the findings
of the modified Delphi consensus building. We focused on
studies reporting clinical outcomes of DFEO and/or PTA
and/or PTS in patients with CP from 2008 to 2022. We also
wanted to survey the choice of outcome measures and the
prevalence of complications, especially neural injury and its
prevention.”>?* The search criteria, inclusion criteria, and
study summaries are found in Supplemental Appendix.

Results: modified Delphi

The results of the modified Delphi process are summa-
rized in Tables 1-3. Consensus for agreement occurred
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Patellar tendon advancement
(b)

Figure 2. These are the techniques for PTA described by Novacheck and colleagues for skeletally immature patients (a) and
skeletally mature patients (b).'® In (a), the patellar tendon is carefully divided with attention to avoiding injury to the growth
cartilage of the tibial tuberosity. In (b), the insertion of the patellar tendon is mobilized and moved distally on a bone block and
fixed with a compression screw. In both cases, the PTA is protected by a FiberTape (Arthrex, Inc., Naples, FL, USA) loop inserted
through drill holes in the patella and proximal tibia (for a full description, see reference Stout et al.* and Novacheck et al.'*).

when at least 80% of the panel selected one of the highest
two responses on the 5-point Likert-type scale (strongly
agree or agree). Consensus for disagreement occurred
when at least 80% of the panel selected one of the lowest
two responses (strongly disagree or disagree). General
agreement occurred when 60%-79% chose one of the
highest two responses, and general disagreement if
60%—79% chose one of the lowest two responses (general
agreement or general disagreement). There was no con-
sensus if fewer than 60% of the panel responses were in
either the highest or lowest two categories for a given
statement.

There was consensus for agreement in 31 of 44 (70%)
statements regarding DFEO. The subjects covered general
issues, clinical problems/history, physical examination,
imaging, 3DGA, intra-operative assessment, post-operative
management, and outcome measures/goals (Tables 1 and 2).
The panel agreed that the primary indication for DFEO
was the correction of knee flexion deformities (KFD) of
between 10° and 45°, in children who are >10years with
crouch gait, GMFCS Levels I-1I1, especially in the pres-
ence of knee pain and with patellar avulsion fractures.
Children at GMFCS IV could be considered for DFEO if
there was evidence that progressive KFD had resulted in
loss of ambulatory or standing ability, but DFEO would
rarely be considered at GMFCS V because of anticipated
problems with impaired sitting function (Table 1). Lateral
radiographs of the knee in maximum extension are useful

to quantify KFD and to quantify patella alta. There was no
consensus on the benefit of hamstring lengthening prior to
DFEO to reduce the KFD to a more manageable range.
Rotational deformity of the distal femur of up to 30° was
not considered a contraindication to DFEO, the implication
being that this deformity could be corrected at the same
time as KFD. Correction of rotational deformities was con-
sidered important with smaller deformities corrected at the
same site as the DFEO and a preference for rotational
deformities >40° to be corrected in the proximal femur.
The view of the panel was that DFEO routinely includes
femoral shortening, for bilateral cases when KFD >25°, by
excision of a trapezoidal segment of bone and therefore
requires concomitant PTA/PTS, to correct the length of the
muscle-tendon units around the knee. A hinged brace or
knee immobilizer was preferred to a cast after surgery. The
panel did not support casting the knee in extension after
DFEO surgery.

Statements on the use of regional anesthesia and epidural
catheters did not reach consensus. The preferred outcome
measures were assessment of knee pain, knee kinematics,
and knee kinetics (Table 2).

The level of consensus for PTA/PTS was lower, per-
haps reflecting the wider range of techniques described in
the literature (Table 3 and Figures 2 and 3). There was
consensus that PTA/PTS was indicated in children with
excessive knee flexion during stance, GMFCS Levels
I-III, with extensor lag >10°, patella alta on a lateral knee
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Patellar tendon shortening

Figure 3. These are four of the many techniques which have been described for PTS. The simplest technique is that originally
described by Selber and Feraretto, AACD Sao Paulo, Brazil. In their original description, the “vest over pants” repair was protected
by a transverse Steinman pin inserted transversely through the patella and incorporated into an above knee cast, with the knee
extended. The use of a FiberTape (Arthrex, Inc.) loop offers secure fixation and the freedom to allow the knee to remain flexed to
30° in a hinged brace. Imbrication techniques as described by Sossai et al.'® and Hyer et al.?2 have the theoretical benefit of allowing
the patella to return to the pre-operative position if the repair gives way, but complete dehiscence of the extensor mechanism
might be avoided. These benefits are possibly more theoretical than real with the use of FiberTape: (a) Selber et al., (b) Sossai et al.,

(c) Hyer et al., and (d) Joseph et al.
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radiograph, and open growth plates and two or more years
of growth remaining. PTA was preferred by some in skel-
etally mature patients (Table 3).

When DFEO is indicated, a PTS/PTA is also required
but a DFEO is not always indicated when performing PTS/
PTA. That is, a PTA/PTS may be helpful in crouch gait
when there is an extensor lag but minimal or no KFD and
a DFEO is not required or guided growth is the preferred
option (Tables 2 and 3).

Areas with lower levels of agreement were reported in
skeletally immature patients with crouch gait and extensor
lag, because of the overlap in indications between DFEO
and ADFH.'3 There was uncertainty about the timing of
PTS, given that correction of KFD is acute with DFEO and
gradual with guided growth.*!3

Results: literature review

The literature search identified 110 papers, with 25 meet-
ing the inclusion criteria, summarized in Supplemental
Appendix Tables 1 and 2. The sample size in most studies
was rather small (<40) with short-term follow-up (mean
<3years). The notable exceptions were the study by Stout
et al.* and De Morais Filho et al.*® which included
73 patients and the study by Filho and colleagues which
included 95 subjects, subdivided into three treatment
groups. There were two long-term studies: the study by
Kuchen et al. with a mean follow-up of 9 years® and Boyer
et al.”’ with a mean follow-up in excess of 13 years. The
study designs were most often a retrospective case series,
but there were several studies with comparison groups
and one randomized clinical trial (RCT).?°

Notable findings in the patient populations were the
predominance of children at GMFCS Levels II and 11, and
the very high prevalence of prior surgical intervention,
usually GSL and/or hamstring lengthening.*>!>23 DFEO
and PTS/PTA were most often used to salvage failure of
prior hamstring lengthening for crouch gait.*>!%18.22.23

The instrumentation for DFEO was usually a fixed
angle blade plate (FABP) or a distal femoral locking plate
(LCP).#151828 The locking plate may offer greater ease of
correction in all three planes as described by Sossai et al.'®
and Brunner et al.’® Two studies reported the use of a
straight plate with a distal femoral shortening osteotomy
(DFSO) rather than an extension osteotomy. %%’

A wide range of techniques were described for shorten-
ing the extensor mechanism, including PTA as described
by Stout et al.* and Novacheck et al.!*> One study reported
a high prevalence of premature closure of the anterior part
of the proximal tibial apophysis, and this may have
decreased the utilization of PTA influenced in favor of
PTS, in the skeletally immature patient.’* Another factor
may have been the availability of strong synthetic materi-
als for protecting PTS constructs, with Fibertape replacing
wire cerclage in most recent studies.!>!8-20-22

The majority of patients in the reviewed studies had an
MLS approach with concomitant correction of fixed
deformities at multiple levels.*>1320.22 This is ethically
appropriate and good for individual patients but makes the
evaluation of surgery at the knee level more difficult.

The prevalence of reported surgical complications
varied from 0% to 40% with neural injury causing the
greatest concern.*?324 Proposals for the reduction of nerve
stretch injury included femoral shortening, immobiliza-
tion in 20-30° of flexion after surgery, and most recently,
the use of intra-operative neuromonitoring (IONM).?*

Satisfactory correction of KFD, extensor lag, and patella
alta were reported.*?!?>?” Studies with 3DGA reported
improvements in Gait Deviation Index (GDI), GPS, and
specific kinematic parameters at the knee.*'32°22 There
were only three studies which reported kinetic parameters,
despite the modified Delphi process identifying knee kinet-
ics as being an important outcome measure. An increase in
anterior pelvic tilt (APT) was noted in several studies after
DFEO/PTS and was associated in one study with pre-oper-
ative increased spasticity in rectus femoris and limitations
in hip extension.*

There were a few studies which included functional
outcomes, such as the FMS and the Functional Assessment
Questionnaire (FAQ), and the results were mixed.?”*! Only
the long-term study by Boyer et al.?’ included a range of
patient-reported outcomes measures (PROMs).

Discussion

Management of flexed knee/crouch gait in ambulatory chil-
dren with CP is undergoing rapid change with the introduc-
tion of new surgical techniques including combinations of
soft tissue surgery which include distal hamstring lengthen-
ing and transfer of one or more of the hamstring tendons to
the distal femur.'>"'* In addition, ADFH has had an impact
by extending the menu of procedures and potentially reduc-
ing the need for DFEO and PTS.'* The panel therefore con-
sidered that it could be useful to study consensus for the
indications for DFEO/PTS, as a logical follow-up after
establishing consensus for soft tissue surgery (distal ham-
string lengthening/transfer of the hamstrings) and guided
growth for the correction of KFDs.!3

Although description of DFEO and PTS occurred spo-
radically in the second half of the twentieth century, wide-
spread adoption of DFEO and PTA did not happen until
the procedure was refined and described by the Gillette
Children’s Hospital team.*!> This heralded increasing
interest in the procedure and widespread adoption through-
out North America and in many other countries.'®2?

The expert panel agreed that there may be a need for
DFEO when flexion deformity at the knee exceeds 30°, in
a skeletally immature patient with ambulatory CP and
>2years of growth remaining, and a flexion deformity of
>10° in the skeletally mature patient, refractory to less
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invasive therapies. Although the adoption of hamstring
lengthening/transfer combined with additional modalities
such as serial casting has extended the role of soft tissue
surgery, many children present with more severe flexion
deformities which are not amenable to this manage-
ment.'>!3 The literature reviewed found that DFEO and
PTA/PTS were used to salvage recurrent crouch gait after
hamstring lengthening, in the majority of patients. For
those who are skeletally immature, the panel has previ-
ously advocated the use of soft tissue surgery combined
with guided growth for less invasive correction of small
KFDs, typically in the region of 10-30° in growing chil-
dren." This still leaves a group of skeletally mature teen-
agers and young adults with severe flexed knee/crouch
gait and severe functional impairment who may require
more invasive management by DFEO and PTA/PTS.
PTA/PTS is always indicated with DFEO, but the corol-
lary is not always true. That is, PTA/PTS may be indicated
without DFEO. The panel wishes to emphasize that DFEO
with PTA/PTS is a major reconstructive surgical option
which is not indicated solely by a set of agreed indica-
tions. A complete appraisal of the patient, family circum-
stances, and preferences as well as a careful consideration
of the experience of both the surgical and rehabilitation
team are required.'>?3

The literature review identified 25 clinical studies.
Most studies were small, and the mean follow-up was rela-
tively short term apart from the long-term study by Kuchen
et al.?® and Boyer et al.?’ The study design was most often
a retrospective analysis of a case series, but there were
several comparative studies and one RCT.?

Most studies included pre- and post-operative physical
examination measures including knee flexion deformity,
radiographic measurement of patella alta, and extensor
lag. In future studies, the use of these three measures is
encouraged to determine if the surgical procedure has been
effective for the correction of KFD. It is accepted that
patella alta has a poor correlation with knee pain, crouch
gait, and functional mobility. However, it is a key objec-
tive measure to assess the effectiveness of PTA/PTS at
both short-term and long-term follow-up. The outcome
measures included observational gait analysis, 3DGA
(kinematics, rarely kinetics) with few studies including
measures of gross motor or community function (Gross
Motor Function Measure (GMFM), FAQ, and FMS). Only
the long-term study by Boyer et al.?’ included a raft of
patient reported outcome measures.

The majority of patients in the included studies had
surgery prior to DFEO and PTA/PTS, most often gastroc-
soleus lengthening and hamstring lengthening. 5820
The interpretation of these data includes the fact that iso-
lated GSL, especially in Zone 3, may precipitate crouch
gait.%'* Distal hamstring lengthening may be relatively
ineffective for the correction of crouch gait with a high
rate of incomplete correction and recurrence.* %8123

The majority of patients in the included studies had surgery
at other levels with DFEO, including a full single-event
multilevel surgery (SEMLS) approach.'®?%?2 These precipi-
tating and confounding issues are worthy of further study.

The safety of acute correction of KFD has been a con-
cern in the literature for many years, especially the risk of
neurovascular complications.*® It has been suggested that
a DFSO might be safer that a DFEO. The two studies
which utilized a shortening osteotomy with no extension
component reported no neural injuries.'®* However, Inan
and colleagues who reported a significant prevalence of
neural stretch injuries have proposed a possible solution,
the use of intra-operative neuromonitoring.?>** In their
study of neural monitoring during DFEO, alert signals
were recorded in all cases, and in two knees, they chose to
under correct the KFD to relieve neural stretch. This sug-
gests that all lower limbs are at risk of neural injury during
DFEO, and extreme caution is advised.?* Reporting of sur-
gical adverse events or complications in this review was
variable, and a few studies used a validated system.

Those who are considering study design for future
studies are referred to Supplemental Appendix Tables 1
and 2 to review what has been trialed in the literature to
date. More robust study designs with prospective inclu-
sion of baseline and post-operative PROMs would
improve the level of evidence.

Conclusion

We identified areas of agreement and disagreement for
DFEO and PTA/PTS surgery in children with CP, which may
be useful to surgeons who manage this difficult problem.

Taken as a whole, the clinical outcomes literature pro-
vides a good description of surgical techniques, anticipated
outcomes, and complications. The summary of outcome
measures in Supplemental Appendix Tables 1 and 2 may
give some guidance for those designing future studies.
Prospective, multicenter studies with PROMs would
improve the evidence base significantly.
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