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ABBREVIATIONS

3DGA Three-dimensional gait analysis
BSCP Bilateral spastic cerebral palsy
GPS Gait Profile Score

MLS Multilevel surgery

SAEs Surgical adverse events

AIM We Iinvestigated the long-term efficacy and safety of multilevel surgery (MLS) in
ambulatory. children with bilateral spastic cerebral palsy (BSCP).

METHOD Jweshundred and thirty-one children were evaluated at short-term @D1§.4)

and long-term(9.1y, SD 3.0) follow-up using clinical examination and gait analysis. MLS
was investigated by studying changes in the Gait Profile Score (GPS) referenced to the
minimally impertant clinical difference.

RESUL TS Ambulatory children aged 10 years 7 mont8® 2y 11mo) at MLSin Gross
Motor Function Classification System levels | (19), Il (144), and IIl (68) showed a decrease
(improvement) in preoperative GPS from 16.3D(4.8) to 11.3° §D 3.2) at short-term
follow-up, @an improvement of 5°. At long-term follow-up, GPS was maintained at 13D4° (
3.1). Overall, 177 (76.6%) children maintained their improvement in GPS after 9 years.
INTERPRETATION MLS is a safe and effective surgical intervention, which leads to a
significant’improvement in gait kinematics in children with BSCP. This study improves our
understanding=of MLS in the long term and will help to inform families and children when

planning for-MLS.
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[Boxed text to appear on page 2]

What this paper adds

e Largest study of multilevel surgery (MLS) for children with bilateral spastic cerebral
palsy, with,longest follow-up.

e MLS resulted in significant long-term improvemeirtgait function.

e« Minorfadverse events were common, while events requiring intervention were
uncommon (4% of children).

e Thirty-nine per cent of children required additional surgery during follow-up.

e ‘Single-event multilevel surgerghanged to the more realistic termultilevel surgery.

[Main text]
Cerebral palsy./(CP) is the most common cause of lifelong physical disability in most
developéd“cotftries, with a prevalence of between 1.5 and 3 per 1000 liveé' bighs.
operative management is the treatment of choice in children with CP younger than 6 years of
age, when problems are largely dynamic. In older children, the musculoskeletal pathology
usually becomes fixed and includes contractures of musddon units, bony torsional
deformitie§, and painful subluxation of adjacent joints, for example hip displacéiesite
is robust evidence for deterioration in gross motor function and deterioration in walking
ability during childhood, despite the stability of the central nervous system fesion.
Consequently orthopaedic surgery is recommended and ideally perfoasied
multilevel 'surgery (MLS). MS (sometimes referred to as single-event MLS), has been
defined as*fourior moregarate orthopaedic proceduraseach affected anatonaidevel, in
both lower=limbs, during one operative session, combined with one extended period of
rehabilitation’lt is considered to be the standard of care for ambulatory children with bilateral
spastic cerebral palsy (BSCP, also known as spastic dipfeégiBjocedures include
lengthening muscléendon units to correct contractures, tendon transfers for muscle
imbalance, rotational osteotomies for torsional deformities, and stabilization of the hip and

mid-foot®”’
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Three-dimensional gait analysis (3DGA) before MLS is an established diagnostic tool
to plan orthopaedic interventions and is esskttiavaluate outcome® The development of
summary statistics of gait, and the widespread adoption of the Gait Profile Score (GPS) as an
objective index of overall gait pathology, make multicergtudies feasible with a good
standardofsseientific rigodr.

Recent teviewS' reported that evidence of long-term outcome studies of
orthopaedic surgeries in ambulatory patients with CP that were performed in childhood is
needed. @ne single-centre randomized clinical “tridl MLS/single-event MLS showed
clinically relevant improvement across all domains of the International Classificaition
Functioning, Disability and Health. One prospective cohort stuelyaluating MLS 5 years
postoperativly, found that improvements in gait and gross motor function were stable over
time. Furthér, Some randomized clinical siahalysed individual surgical procedur@gut
not the whole approach of MLS. There are several retrospective, short-term, uncontrolled
studie$®** and long-term retrospective studies from single cefittethat report favourable
outcomes after MLS. However, contractures often progress during growth and this may result
in deteriorationgboth in gross motor function and in gait, especially when MLS is performed
before the'pubertal growth spdrtThe optimal timing of MLS remains a matter for debte.

The primary goal of this study was to report the long-term outcomes of MLS on gait
function at_skeletal maturity, in a large representative cohort of children with BSCP. The
secondary goal was to study the safety of MLS, using a reliable patient-oriented approach by

reporting surgical adverse events (SAEs) using the modified Cldileto systent’

METHOD
This was a retrospective study of data collected prospectively, according to standardized gait
laboratory“protocols, from three ces#t: two in Europe and one in Australia. The three
centes share. similar management and data collection protocols. Specifically, they manage
children with®BSCP non-operatively with injections of botulinum neurotoxin A (BONT-A),
physiotherapyy7and orthoses until age 5 to 6 years, then progress to MLS when gait function
deteriorates®@wing to progression of contractiirése planning of MLS and postoperative
monitoring 18 based on 3DGA, using similar protoddis®

All ambulatory children, in Gross Motor Function Classification System (GMFCS)
levels | to Ill, had 30BA as part of a diagnostic matrix to plan for MLS intervention. The
diagnostic matrix included standardized physical examination and radiographic studies of hip
development and foot morpholo§yChildren were followed up after MLS with EBA
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repeated between 1 and 2 years after surgery, at 5 years, and at long-term follow-up, before
transition to or during adult services. For this study, children with BSCP who were treated in

childhood with MLS were identified from the local database at eachecent

Scr eening; enrolment, and follow-up

Recruitment to this study was consecutive in each centre, observing the following inclusion
criteria: BSCP- afbulatory (GMFCS levelslil); * MLS at age 5 to 16 years, inclusive; full
biomechanical assessment including 3DGA within 6 months of MLS; repeat 3DGAR 1 to
years after MLS (short-term follow-up)epeat 3DGA 5 to 10 years after MLS (long-term
follow-up): data.of sufficient quality to compute a GPS.

Thesexélusion criteria were the following: a dystonic movement disorderer limb
surgery before MLSBONT-A injections in the 6 months before MLS; selective dorsal
rhizotomyor intrathecal baclofen before or after MLS.

Gait laboratory databases in each centre were screened to identify ambulatory children
with BSCP, who had MLS, between the ages of 5 and 16 years; this process identified 386
children. Oneshtndred and seven children were excluded on the following grdOnlad
previous surgery, 28 were GMFCS levellV, 12 did not have a baseline gait study, 10 had
injections_of BONTA in the 6 months before surgery, eight had a dystonic movement
disorder, sevenhad selective dorsal rhizotomy or intrathecal baclofen pump before MLS, and
two were outside the study age range. Of the 279 children who met eligibility criteria, 48
were excluded from analysis because of missing data at either short- or long-term follow-up
because families and children had moved domicile (19), had lost contact with the treatment
centre (16), or refused to be involved in follow-up after initial recovery (5), and an additional
8 children _had_selective dorsal rhizotomy or intrathecal baclofen after MLS. We had a
complete data set on 231 out of 279 children who met all eligibility criteria, for a long-term
follow-up.rate.of 8%%.

The=institutional ethics committee of each participating reeapproved the study
(DA002-2014=03S-145/2010, 26-285 ex 13/14).

3DGA was performed using state-of-the-art motion-capture cameras and software
(Vicon, Oxford,Metrics, UK) and force plates. Experienced physiotherapists and biomedical
engineers performed all assessments according to standardized protocols with quality control.
Skin-mounted markers were applied to bony landmarks and kinematics, and kinetics were
calculated according to the conventional gait model, implemented inifRlagi (Vicon,

Oxford, UK). Children were asked to walk barefoot along a walkway at least 7m long at their
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self-selected walking speed using their usual assistive device if required. Data were collected
for a minimum of five strides and the most representative stride was retained for further
analysis following the algorithm published by Sangeux and Pdl@ke primary outcome
measure was the GBS.

The 'GPS consists of nine key kinematic variable$ @ be presented as a single
number It i measured in degrees and a higher GPS indica&ategdeviation from typical gait.

The minimal"€lini¢ally important difference for the GPS is 1%6it.is important to note that

the minimal clinically important difference was computed by reference to a valid and reliable
measure of gross motor function, the Gillette Functional Assessment Questidtinaire.
Therefore, when the GPS improves by more than 1.6°, it can be inferred that thegrioibd
motor function has also improved. GPS was calculated at eaale. cEme following steps

were performed to ensure uniformity of data processing. First, the data from typically
developing children from all three ceeg were combined and all GPS calculations utlize

the data of pooled typical kinematics. Second, a quality control exercise was conducted, as
follows: de-identified kinematic data from three children, randomly selected, were exchanged
between cemésyand it was verified that calculations in each eted to the same GPS
results.

MLS “included various combinations of individual orthopaedic procedures. The
indications forseach component procedure of MLS, which were the standard of care at each
cente, were agreed between the gestand have been reported elsewhere (Table Sl, online
supporting.information**?

SAEs were graded according to the modified ClaviEndo classificatioh’ by a
medical record review conducted by a senior orthopaedic surgeon at each centre.

Statistical analysis

Descriptivé. statistics were computed for the partidigademographics and the change in
GPS at thelevel of the individual was calculated. The minimal clinically important difference
of 1.6° (Bakeret al'§ was used to categorize the change in GPS between baseline and long-
term follow=up.

A linear,mixed model was fitted to the change in GPS (since previous visit) at first
and second follow-up independently. In each mixed model, the change in GPS is regressed
against GMFCSsex change in height (metres), change in weight (kilograms), and baseline
GPS. The last three variablesre centred to simplify interpretation of the model output.
Random effect for centres was fitted, and the residual was interpreted as the subject effect.
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All fixed effects in the linear mixed model were tested using the conditional Wald F-
test with Kenward and Roger adjustm&hion-significant fixed effects were removed and a
reduced model was fitted. All random effects were retained and thus not subject to model
selection.Finally, since the effect of baseline GPS is subject to the regrdssibe-mean
effect, wercorre@d it using the method of Blomqviét.®*

The' statistical analysis was done using R (R Foundation for Statistical Computing,

Vienna, Austria).

RESULTS

Demographics_for each centre and for the whole study cohort are reported in Table I. A total
of 142 males/and 89 females with a mean age at surgery of 10 years 7 r8&n2ysi{Lmo)

were included in the analysis (83% of eligible patients). The mean age at long-term follow-up
(9y Imo, SD 3y Omo) after MLS was 19y 8mo (4y 1mo). The surgeries performed as part of
MLS and the frequency of these procedures is shown in Table SI (online supporting
information). The mean number of surgical procedures was &ghthfee) per child. Mean
height increased from 135cm (SD 16) at baseline to 165cm (10) at final igtlodean
weight increased from 32.6kg (SD 11.5) at baseline to 59.7kg (12.3) at final fglavean

body mass'index increased from 17.4 (SD 3.1) at baseline to 21.9 (4.2) at final follow-up.

In mast=children (216, 94%), GMFCS levels were unchanged. At long-term follow-up
four children had improved from GMFCS level Il to level |, nine had improved from GMFCS
level 1l to I, and two had deteriorated from GMFCS level 1l to .

Tale Il presents the summary statistics at baseline and for the two follow-ups, while
Tablelll reports the significance test and estimated effects for the first follow-up. The mean
GPS at baseline was 16.3[0 4.8). At first follow-up, there was a significant reduction in
GPS (Takellll; intercept 4.99°, standard error 0.32, p=0.004). The only significant factor that
correlated'with.the reduction at first follow-up was baseline GPS. For every degree that the
patients baseline GPS was in excess compared with the average of their peers, a further
0.75° drop=in=GPS could be observed. At second follpwthe average reduction was not
significantly-different from 0° (0.07°, standard error 0.87, p=0.815), therefore indicating the
effect of MLS'is stable.

We estimated intercentre and interpatient variance components for both first and
second follow-ups (Tdé lll). While recognizing the uncertainty associated with the
estimated intexentre variance component, the estimate itselfery small, less than 10% of
the interpatient variability, indicating the effects of MLS were similar across the three
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centres. The large interpatient variability indicates the benefit of MLS may vary considerably
between individuals.

Of the 231 children, 177 (77%) showed long-term clinically significant improvement
in GPS (<1.6°; Fig. 1a), whereas 11 (5%) showed a clinically significant deterioration in GPS
(>1.6°; Fig. 19:

Subsequent surgery

Ninety-one (39%) children needed secondary procedures other than removal of implants. All
secondary surgeries were less invasive in number and magnitude than the index Aurgery.
summary of the secondary procedures, which were done at the time of implant removal or

later, can be found in Table SlI (online supporting information).

SAEs

SAEs occurred in 108 children (47%) and most were mild, self-limiting, with no permanent
sequelae. These are listed in detail in Table SlII (online supporting information). Adverse
events wereggraded Il in seven childré3%), and one child had a permanent grade IV

complication. There were no grade V complications.

DISCUSSION
This is the largest MLS outcome study with the longest mean follow-up (9y) to date. As such,
it addresses some of the weaknesses in the MLS evidence base, namely small study cohorts
and short'term follow-up>* Results of this investigation show that MLS is effective in
improvinggait in children with BGP and that improvements are maintained until skeletal
maturity, in_most children (Tad 1l and Fig. 2). The short-term improvements in GPS are
similar to“those reported in previous randomized clinical trials and short-term cohort
studiest1%4213Hewever, the important contribution of this study is to confirm that overall the
improvementstin gait are stable from the time of MLS, through the pubertal growth spurt to
skeletal maturity. In our study the baseline GPS was the only predictor for the significant
reduction.ef'GPS at first follow-up; however, at long-term follow-up this effect was not
significant. Therefore it can be interpreted that the postoperative improvements remain stable
at long-term follow-up.

Multiple surgical procedures in one operative session increase the risk of SAEs, which
have been reported inconsistently in previous studiesing the modified Claviemindo
system for SAEs, which focuses on the impact on the child and family, we found a high
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prevalence of grade | and Il SAEs. However, by definition, those either do not require
treatment or resolve with simple measures such as analgesia or antibiotics, with no long-term
sequelae. We recorded seven grade Il SAEs, which required surgery for resolution, and one
grade IV SAE, a complex regional pain syndrome with permanent impairment. This study is
the firstto=report SAEs after MLS in a standardized way, which will allow improved
comparisons in the future (Table Sllil). These results support MLS as a relatively safe
intervention and represent invaluable information for counselling parents and children when
considering MLS.

Different factors may influence the long-term development, for example child-related
factors at the time of surgery such as age and GMFCS level. Other factors that change with
time suchas/height and weight may also have an effect. Younger age at index surgery was
seen as a predictive factor for recurrence in previous smaller stlidHesvever the age at
surgery did nothave a significant influence in this stuéurthermore, we did not find a
significant relation between baseline GMFCS level and deterioration. The children who
showed gait deterioration were evenly spread across the GMFCS levels. Most of our patients
at baseline,were classifiead GMFCS level Il. Although childrein GMFCS levels | and Il
by definition walk independently, in the only randomized clinical trial to date, children in the
comparison group treated with a strengthening programme showed a measurable
deterioration.in‘gait and function during 12 months compared with the MLS roup.

Other factors such as environmental influences, family dynamics, and personal
preferences may affect the outcome of MLS, but are beyond the scope of this study. We
accept thi§ as a significant study limitatfoRurther, our patients have been followed for 9
years and at baseline there was no outcome measure based on the International Classification
of Functioning, Disability and Health for activities and participation at this stage, nor a
measure of gait efficiency such as oxygen cost. Future prospective studies measuring
outcomes across all domains of the International Classification of Functioning, Disability and
Health are"necessary to determine the impact of such factors and are highly relevant to
establishingsthe'efficacy of ML

Afterindex MLS, additional surgical procedures were requitedcorrect new
contracturestacquired during growth and performed in 37% of the patient cohort (Table SlI).
Additional indications for further surgery include the obsdrncreased negative impact of
torsional deformities with tim&*?'* These surgeries could be considered raslti-event
multilevel surgery procedures: few were major and none required the extensive

rehabilitation of the index MLS. It is therefore mandatory to inform parents and children
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about the potential need for additional surgical procedures when considerinyf FuSthis
reason MLS cannot be interpreted literally a®@acein-a-lifetime surgery or as a‘single-
event multilevel surgety We have therefore conceded that the term we have previously
used,‘single-event multilevel surgeryis in part misleading and should be replaced by the
term ‘multilevelsurgery.

The multilevel approach of the three centres that participated in this study is similar.
There were only minor differences in surgical prescription between centres, which should be
considered a study limitation. The use of a global measure of gait function, the GPS, before
and after intervention, helps to overcome this limitafioFhis may also be considered a
strength since_oaur results show that the effects of MLS were not different between the three
centres and indicate the study results may be generalizable to MLS at other centres that
utilize skilled multidisciplinary teams to plan surgery based on three-dimensional gait
analysis, and ‘experienced high-volume surgical teams, supported by experienced
rehabilitation personnéf®**

This, study was a retrospective analysis of standardized data gathered prospectively,
from three different centres but without a long-term comparison group. Children who did not
undergo MLS, could theoretically have served as such a group, and they did not receive
regular gait analysis because of inconvenience to the families and the expensive gathering
gait data notsrequired for surgical decision making. The effect of selection bias within all
centres ' with regard to the selection of patients is possible. However, the GPS is a relatively
stable parameter and this is emphasized by similar inclusion criteria of previous studies
including ‘the randomized controlled trfalFurther prospective studies are needed to
strengthen the findings and to study the effect of MLS on activity, participation, and the

impact of both environmental and personal factors on the outc8mes.
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The following additional materials may be found online:
Table SI: Frequency of surgical procedures performed as part of single-event multilevel
surgery.
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Table SIl: Frequency of secondary surgical procedures subsequent to single-event
multilevel surgery.
Table SI11: Detailed description and frequency of surgical adverse events of single-event

multilevel surgery according to modified Clawdindo classification leve
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Centre 1 Centre 2 Centre 3 Whole cohort

Age at baseline (y:mo) 10:11(7:8, 138) 10:1 (9:0, 142) 9:5(8:2, 11:1) 9:11(7:11, 122)
Age at short term (y:mo) 12:0(8:8, 1410) 11:4(9:0, 142) 11:4 (104, 125) 11:5(9:2, 137)
Age at long term (y:mo)  20:0 (16:10, 225) 192 (168, 227) 17:10(16:0, 19:10) 1811(16:62111)
Sex (male:female) 2918 6541 4830 14289

GMFCS level'l 5 11 3 19

GMFCS levelll 26 69 49 144

GMFCS levellii 16 26 26 68

GMFCS, Gross Motor Function Classification System.
Tablell: Changes in Gait Profile Score (GPS) by Gross Motor Function Classification
System (GMFCYS) level, at first and second follow-up

Characteristics Baseline First follow-up Second followdp

Follow-up time. (y:mo) Not applicable 1.4 (05)t0 1.2 (0.53.1) 9.4(3.0)to 7.41 (2.316.6)

GPS (°) GMFES¥{n=19)  13.4(3.0)t0 13.7 (9.5 8.6(1.8) 0 8.4 (6.012.2) 8.8 (2.3) to 8.8 (4.412.9)
19.6)

GPS (°) GMFCS || (n=144) 155 (4.3) to 14.8 (6.2 107 (2.4 10.3 (4.818.3)  10.7 (24) t0 10.7 (5.3
30.3) 19.6)

GPS (°) GMFESTIF(n=68) 19.0 (5.0) to 18.2 (11.0 134 (38) t0 12.6 (6.7 13.7 (3.4) to 13.3 (9.2
33.2) 25.5) 26.8)

GPS () overall (n=231)  16.3 (4.8) to 15.8 (6.2 113 (3.2) t0 10.8 (4:8 114 (3.1)11.2 (4.426.8)
33.2) 25.5)

Tablelll: Result of the linear mixed model for the first follow-up

F statistics p (full model) p (reduced Estimated Standard error
model) effect

Intercept 560.10 0.005 0.004 -4.99 0.32

Baseline GPS 426.60 <0.001 <0.001 -0.75 0.04

GMFCS 2.28 0.106

Changednheight 2.56 0.098

(cm)

Change in weight 1.97 0.175

(kg)

Sex 0.03 0.890
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Significant effects in bold. Estimated effects from reduced model are reported. GPS, Gait
Profile Score; GMFCS, Gross Motor Function Classification System.

Figure 1: Individual change in Gait Profile Score (GPS) between baseline and long-term
follow-up. The scales are different for (a), (b), and (c). (a) Distribution of children according
to GPS change‘categorized by minimal clinically important difference. (b) Amount of
improvement in'GPS with respect to minimal clinically important difference. (c) Amount of

deteriorationin GPS with respect to minimal clinically important difference.
Figure 2: Gait Rrofile Score (degrees) against time since operation (year) with locally

weighted regression smoothed lines for children in each Gross Motor Function Classification

System leyef?
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