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15 ABSTRACT
16 Introduction
17 Children with cerebral palsy (CP) have gross motor and balance disorders altering

18 standing, walking and activities. Since trunk control is central for balance, rehabilitation
19  targeting the trunk is developing. In children with CP aged 5 to 12 years, rehabilitation by
20 activitiesinvolving the trunk (RAIT) based on activities in intermediate postures for 3 months
21 has been demonstrated to significantly improve trunk control while standing and early trunk
22 deceleration and coupled negative ankle power due to plantar flexors while walking
23 autonomously. As motor disorders develop early, the effects of RAIT are investigated in
24 younger children and for longer time: the adapted design of this study is presented. Initial
25 motor disorders in children with CP aged 18 months to 5 years and 6 months, compared with
26  typically developing children, are expected to be better reduced after RAIT during its first 3
27  months application than after usual rehabilitation, and to be increasingly reduced after 3, 6
28 and 12 months of RAIT.

29 Methods

30 The studied motor disorders include -1- during gait, excessive early anterior
31 deceleration of the sternum (primary outcome) measured by inertial measurement unit,

32 excessive anterior location of center of pressure on affected leg(s), excessive enhanced gait

NOTE: This preprint reports new research that has not been certified by peer review and should not be used to guide clinical practice.
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33 variability index and step width measured by a walkway equipped with pressure sensors, -2-
34  Altered gross motor, balance and trunk function measured by the item set version of the Gross

35  Motor Function Measurement 66 and by the Early Clinical Assessment of Balance.
36 Expected results

37 All these variables would be influenced by trunk balance and control, and therefore
38  reduced after RAIT.

39
40 Trial registration

41 ClinicalTrials.gov | D: NCT 06438432

42

43 Keywords:. cerebral palsy, trunk rehabilitation, balance control, postural control,

44  gait analysis

45 What this paper adds?

46 e Balance control is essential in motor control with acentral role of the trunk.

47 e Children with cerebral palsy (CP) have motor, balance and trunk deficits.

48 e A trunk-focused rehabilitation by activities in intermediate postures presented
49 (RAIT).

50 e Study design to assess the long-term effects of RAIT in young children with CP.

51 e RAIT would improve trunk and foot dynamics during gait and gross motor
52 function.

53 1. Introduction

54 Cerebral Palsy (CP) is the most frequent disability of childhood that disturbs motor

55  function with a prevalence of 2-3 births in every 1000 births (1). Cerebral palsy is a group of
56 permanent but not unchanging disorders of posture and movement which are attributed to
57  hon-progressive brain damage occurring during perinatal development (2,3). The International
58  Classification of Functioning, Disability and Health - children and youth version (ICF-CY) is
59 a good way of addressing the impact of these deficits in children with CP. The ICF-CY
60 provides a conceptual and systematic framework based on a biopsychosocial approach to
61  standardize the health and health-related states of various pathological populations. Disability
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62 and function are described through the following three main domains. body functions and
63  structures, activity and participation (4). Cerebra palsy affects these three levels, with
64  structural alterations of the neural and musculoskeletal systems (5) affecting posture, activity
65 and participation (6).

66 Indeed, postural control ensure safety balance against gravity and regulate the
67  orientation and the position of body segments relative to the environment (7,8) in order to
68 interact with the latter during voluntary movement. Its development relies on the proper
69  maturation of the central nervous system (9), which is influenced by internal, such as the
70  maturation of sensory information processing, and environmental constraints. These processes
71 take place from the first year of life and continue during early childhood. The effective
72 development of postural control is closely linked to the emergence of gross motor skills,
73 which influences the field of activity and participation (10). In fact, all interaction with and

74 within the environment involves a postural component and others.

75 The axial segments, in particular the trunk, play a key role in the development of
76  postural control, with an impact on the different domains of the ICF. When trunk control is
77 sufficiently developed, it provides a stable sitting posture that alows for the development of
78  gross motor function (11), manual skills (12,13) and interactions with others (14). Later on,
79  during childhood, spontaneous postural oscillations when standing decrease as the child
80  grows. This decrease in oscillations is associated to improvement in postural control (15),
81  where proactive control completes reactive control of disequilibrium (16), with an important

82  part of trunk control (17).

83 Independent standing, which requires effective tonic antigravity activity of the trunk
84  muscles, is an essential prerequisite for the onset of autonomous walking. The organization of
85 the locomotor pattern, which emerges between 11 and 15 months (18,19), depends in large
86  part on the progressive mastery of the coordination of axial segments during childhood (20—
87 22). The importance of trunk control during walking is present even in adulthood,

88  contributing not only to the maintenance of locomotor balance but also to propulsion (23-27).

89 From infancy onwards, children with CP show impaired control of axial segments and
90  particularly of the trunk. These disorders appear first in the sitting position with abnormal
91  postural reaction compared to children with typical development (TD) (28) and persist
92  throughout childhood with combined impairment of static and dynamic control, with probable
93  disturbance of proactive control mechanisms (29-31). The correlation between impaired trunk

94  control and deficitsin gross motor function has also been confirmed in children with CP (11).
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95 Independent walking is a motor function that is crucia for autonomy, enabling the
96 magjority of activities of daily life to be carried out within the community. During walking,
97  children with CP show deviations in head and trunk kinematics and kinetics in all three planes
98  compared to children with TD (32-35). These deviations are associated with altered balance
99  control during walking (36), leading to greater step width and variability in step length
100  (37,38) and increased accelerations of the axial segments in al three planes (39,40). The latter
101 is significantly related to trunk control deficit (41,42) that is the primary contributor to
102 impaired walking performance in children with cerebral palsy, above neuromuscular deficits
103 (43). Since the trunk and lower limbs interact reciprocally during walking, deviations of the

104  trunk can induce deviations of the lower limbs, and vice versa (41).

105 Toe walking, characterized by the absence of the first heel pivot from initial contact
106  (44), is common in children with CP. During weight acceptance (WA) phase of gait (defined
107  asthe period of combined initial power absorption activity around the lower joints (45), toe
108  walking is associated with an early ankle power absorption and negative work, resulting in
109  early decelerated ankle dorsiflexion and anterior tibial tilt (46). While the spastic origin of toe
110  walking, i.e. related to hyperexcitable stretch reflexes, has been debated for decades and is
111 now considered unlikely (47), authors have proposed this walking pattern to be part of an
112 adaptive process (46,48). Given that the role of plantar flexors during WA is mainly to control
113 trunk and body support and balance through their action on the tibia as soon as the foot is flat
114  on the floor (49-51) toe walking allows the plantar flexors to early control the trunk from
115 initia contact, suggesting their potential role to compensate for trunk control deficits that are
116  associated to trunk lower stability (42). In a recent report from our research team (52), this
117  adaptive role of the plantar flexors has been supported -1- by the significant correlation
118  between negative ankle power and both the anterior deceleration of the upper trunk and the
119  downward deceleration of the sacrum during WA; and -2- the simultaneous reduction in the
120  upper trunk and sacrum deceleration and the negative ankle work during WA following trunk-

121 focused rehabilitation resulting in significant improvement in trunk control.

122 Considering the significant role of the trunk in static and dynamic activities, as well as
123 itsimpact on gross motor function from early childhood, rehabilitation targeting the trunk is
124 being explored in children with CP (53-55) but it’s long term outcomes remains unexplored.
125 In children with CP aged 5 to 12 years walking autonomously, trunk-focused rehabilitation
126  (RAIT) but not usua rehabilitation (UR), for 3 months each, significantly improved trunk

127 control while sitting and standing and early trunk deceleration and coupled negative ankle
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128  power due to plantar flexors (52). As these findings are promising, and since trunk control
129  deficits appear early in children with CP, it is worth studying the effects of RAIT applied in
130 younger children and for longer time. However, the protocol of this study needs specific
131 adaptations in the content of RAIT and in technical aspects of assessing trunk control, gross
132 motor control and gait dynamics. The aims and protocol of this project are presented and
133 discussed below.

134 The aims of this randomized open-label crossover trial are to evaluate the motor
135  effects of RAIT along its 9 to 12 months application and comparatively to usual rehabilitation
136  (UR) during its first 3 months application in young children with CP who walk independently
137 or with inconsistent use of a walking aid. Thus, initial motor disorders in children with CP
138  aged 18 months to 5 years and 6 months, compared with children with TD, are expected to be
139  better reduced after RAIT than after UR, and to be increasingly reduced after 3, 6 and 12
140  months of RAIT. Motor evaluation is carried out with consideration for the young age of the
141 children. Trunk analysis during gait and gait analysis are based on inertial measurement units
142 (IMUs) placed on the trunk for upper and lower trunk acceleration, on the use of a walkway
143 equipped with pressure sensors for temporo-spatial parameters and center of pressure of the
144  feet, and video recording for the Edinburgh visual gait score (56). The Item Set version of the
145  Gross Motor Function Measurement 66 (GMFM-66-1S) (57) and the Early Clinical
146  Assessment of Balance (ECAB) (58) are used to assess gross motor function and early

147 balance and trunk function, respectively.

148 Initial motor disorders in young children with CP compared to children with TD are
149 hypothesized to affect: -1- balance and trunk control and gross motor function: decrease in
150  ECAB and GMFM-66-1S scores; -2- trunk dynamics during WA of gait: increase in anterior
151 deceleration of the sternum (primary outcome) and downward deceleration of the waist at the
152 level of the L5 vertebra (closed to body center of mass); -3- gait pattern related to balance
153 disorder: increase in the enhanced gait variability index (eGVI) and in step width; -4- gait
154  pattern including atoe walking: excessive anterior location of center of pressure (CoP) during
155 WA and decrease in the Edinburgh Visua Gait Score.

156 As balance disorders with a primary role of trunk control deficit are believed to be
157  essential factors of these motor disorders in children with CP, we hypothesize a significant
158  correlation between all these variables. For the same reason, all these variables are expected
159  to better improve after RAIT than after UR, and to increasingly improve after 3, 6 and 12
160  months of RAIT.
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161 In addition, as upper limb(s) function may be affected in children with CP with
162  consequencesin child's activity and participation, the parents are asked to complete the Reach
163  Out Questionnaire that allows a holistic overview of functioning including activity limitations
164  and participation (59). In our experience in children with hemiplegic and triplegic CP, RAIT
165  improved the functiona use of hand and upper limb and the child’s participation in various
166  activitiesinvolving the upper limb. Thus, the Reach Out Questionnaire score is hypothesized
167  to be reduced in children with CP compared to children with TD and to be increased more
168 significantly after RAIT than after UR and further increased as RAIT is prolonged.

169 2. Materials and methods
170 2.1 Ethics
171 The experimental protocol complied with the tenets of the Declaration of Helsinki was

172 approved by the French ethic committee (Comité de Protection des Personnes EST-1, numéro
173 Sl 24.00651.000276) as required by French legislation. The ethics committee approved the
174  study on 11 April 2024. This clinical trial is registered on ClinicalTrials.gov (reference:
175 NCT06438432) and was developed in accordance with SPIRIT guidelines (60). Further
176  information on enrollment, interventions and assessmentsin Fig 1.

177 Fig 1. Time schedule of enrollment, inter ventions and assessments.

178  Overview of enrollment, intervention and outcome assessment for participants, in accordance with SPIRIT 2013
179  guideline recommendations.

180
181 The anonymity of participants will be ensured by assigning them a unique
182  aphanumeric reference. This reference will be used to design the participant in any files
183  containing the data to be analyzed. Only the principal investigator and his first collaborator
184 (CB, SZ) have access to the folder containing the conversion key. In practice, the security of
185  the anonymity of participants is not possible due to the close collaboration between the health
186 care professionals and the patients. However, quantitative results will be presented in
187  accumulated form, and care will be taken to guarantee that no participants are recognizable in
188  the results. All data from assessments and rehabilitation participation will be securely stored
189  and the patients deleted after completion of the study.

190 2.2 Participant enrolment and study timeline
191
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192 The children are recruited and evaluated at the Centre de Médecine Physique et de
193  Réadaptation de I'Enfance (CMPRE) in Flavigny-sur-Moselle, Lorraine, France. This is a
194  regional center providing a range of functional assessment and treatment services for children
195  with orthopedic, neurological or neuro-orthopedic abnormalities. The children with CP
196  recruited may be part of cohorts of patients followed at the CMPRE or be referred by
197  pediatricians, neuro-pediatricians and physica medicine and rehabilitation physicians from
198  different networks interacting with the CMPRE. During an initial medical consultation with a
199  physician working in collaboration with the CMPRE, if a child is €eligible, their parents are
200 informed about this study, receive an information and consent form, and are referred to the
200 CMPRE for an assessment of their motor skills and a medical consultation. The
202 physiotherapist treating their child will then be informed about the study and invited to
203 collaborate. During the second medical consultation with the principal investigator (CB) at the
204  CMPRE, the child will be offered the opportunity to participate in the study, if their eligibility
205 is confirmed and if the physiotherapist and parents have given their written consent. If the
206  child is enrolled, the therapeutic group assignment contained in a sealed envelope is revealed
207 by the principal investigator (CB) and the motor skills assessments from that day are used as

208  baseline assessments (MO).

209 For children with TD, recruitment will be conducted through an email announcement
210  presenting the study and including the information and consent form. The email will be sent
211 to staff at the Regional Rehabilitation Institute, the Nancy Regional and University Hospital
212 Center, and the University of Lorraine, who reside in the Nancy metropolitan area and have
213 no hierarchical relationship with the study investigators. As with the children with CP, they

214 will be seen in consultation by an investigating physician.

215 The duration of patient participation is 12 months. Patient enrolment started on 25
216 April 2024 and will end on 31 October 2026. This enrolment period of 30 monthsis in line
217  with the usual recruitment and follow-up of children with CP by the CMPRE. The total
218  planned duration of the study (participation and data analysis) is 54 months.

219
220 2.3 Study design

221

222 This protocol is a monocentric open-label randomized cross over study with two

223 groups of children with CP pre-per and post interventional rehabilitation. The control group of

224  children with TD will be evaluated once and compared to children with PC at their initial

Version 1 19/09/2025 7


https://doi.org/10.1101/2025.10.02.25336667
http://creativecommons.org/licenses/by/4.0/

medRXxiv preprint doi: https://doi.org/10.1101/2025.10.02.25336667; this version posted October 7, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY 4.0 International license .

225  period of evaluation (MO), carried out after recruitment. Children with CP are followed for 12
226  months, with evaluations a 3, 6 and 12 months after MO.

227 Children are randomly divided into two groups: In the first group (UR-RAIT), UR
228  received by children is continued during the first 3 months, and is replaced by RAIT for the
229  following 9 months. In the second group (RAIT-RAIT), children benefit from RAIT for the
230  entire duration of the study. An individual random allocation of participants into the two
231 groups in blocks of four using Matlab software was carried out in advance, then placed in
232 sedled, numbered envelopes to be used in the order of inclusion. The study design is depicted
233 inFig2.

234 Fig 2. Study design.

235 Children with cerebral palsy (CP) are randomly allocated UR — RAIT or RAIT — RAIT group. In the UR — RAIT group,
236 Usua Rehabilitation (UR) is applied for 3 months and the Rehabilitation by activities involving the Trunk (RAIT) for the
237 following 9 months. In the RAIT — RAIT group, RAIT is applied for 12 months. The children with CP are evaluated before
238 the start of the rehabilitation program (at M0), after 3 months (M3), 6 months (M6) and 12 months (M12) of rehabilitation.
239 A group of children with TD is evaluated once for comparison with the children with CP at MO.

240
241 2.4 Participants

242 2.4.1 Children with CP

243

244 The main inclusion criteria for the children with CP are as follows: age between 18

245 months and 5 years and six months (toddlers and early childhood); the ability to walk without
246  aidson 7 meters, i.e. the length of the walkway equipped with pressure sensors (Gross M otor
247  Function Classification System level: | or 1) (61); little or no contracture of the triceps surae
248  (defined as forced ankle dorsiflexion of at least 5° with the knee extended), and the presence

249  of soleus spasticity, according to the Tardieu scale (62).

250 The main exclusion criteria are as follows: botulinum toxin injections in the lower
251 limbsin the 6 months preceding the study; lower limb surgery in the 12 months preceding the
252 study; any changes in physical or orthopedic therapy within the previous 2 months; minimum
253 hip flexion greater than 20°; pain in the lower limbs when standing or walking; insufficient
254  cognitive level and cooperation to perform the evaluations or rehabilitation (mimic the tasks,

255  walk asusual).

256 2.4.2 Children with TD
257
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258 The children with TD will be age-matched with the children with TD. They must be
259  able to walk independently at 18 months of age, to have sufficient cognitive level and
260  cooperation to perform the evaluations, with no history of neurological or orthopedic disease,

261 no history of lower limb surgery, and no pain.

262 2.5 Evaluations

263 2.5.1 Gait analysis

264

265 Gait analysis is threefold: analysis of trunk accelerations using IMUs, analysis of

266  temporospatial gait parameters and centers of pressure using a walkway equipped with

267  pressure sensors, and analysis of the Edinburgh visual gait score using video recording.

268 2.5.1.1 Trunk dynamics
269
270 Trunk accelerations are measured by Inertial Measurement Units (IMUs), from the

271 mTest3 system (mHealth Technologies, Bologna, Italy). They are attached to the skin by a
272 hypoallergenic double-sided adhesive on the sternum (upper trunk), on the waist at the level
273 of the L5 vertebra (lower trunk location close to the body center of mass) and on feet to
274  determine foot contact and foot-off. The IMUs have a sampling frequency of 100Hz for the
275  accelerometer signal. Data are processed using a custom-made script on Matlab R2022b
276  (MathWorks, Inc., Natick, MA, USA). The raw data are filtered using a 10 Hz low-pass filter

277  and averaged over al gait cycles.

278 Peak anterior deceleration of the sternum during WA is the primary outcome of the
279  study. High value of this variable is suggested to reflect the higher need to break the upper
280  trunk forward progression during WA in order to compensate for insufficient postura control
281  of thetrunk (52). Peak downward deceleration of L5 during WA is a secondary outcome: high
282  valueis suggested to reflect the higher need to break the downward movement of body center

283 of massduring WA in order to compensate for insufficient balance and trunk control (52,63) .

284
285 2.5.1.2 Tempor ospatial parametersand trajectory of CoP

286

287 Gait pattern related to balance disorder and to toe walking are obtained by a Zeno

288  Wakway Gait Analysis System ®) equipped with pressure sensors positioned on its surface

289 (427 cm x 122 cm, sampling frequency of 120 Hz). These sensors detect plantar pressures
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290 during walking, alowing to assess foot prints, trgectory of CoP and temporospatial
291  parameters, processed by PKMAS software (ProtoKinetics Movement Analysis Software).
292 The children are asked to walk barefoot back and forth along the 7 meters-long track several
293 times, a spontaneous speed. Series of successive gait cycles during which the child is not
294  distracted and walks in line with the treadmill are selected in order to obtain a total of more

295  than 17 gait cycles for each side.

296 The enhanced gait variability index (eGVI) is hypothesized to be increased. It is a
297  composite score based on 9 temporospatial parameters that quantifies the distance between
2908  the amount of variability observed in an asymptomatic reference group and the amount of
299  variability observed in the patient (64,65). Indeed, this index that assesses instability during
300 gait andtherisk of falling is usually high in children with CP, as they are impacted by balance
301  disorders (66,67).

302 Step width is hypothesized to increase. Indeed, this variable reflects a strategy for
303  reducing therisk of fallsin unstable gait and is usually high in children with CP (68).

304 Center of pressure location normalized to foot length during WA, on the affected side
305 in cases of hemiplegic CP or on both sides in cases of paraplegic CP, is hypothesized to be
306  excessively shifted toward the front of the foot due to toe walking, with a higher anterior

307 locationin cases of more important toe walking (69).

308 2.5.1.3 Visual evaluation of the gait kinematic pattern
309
310 The Edinburgh Visual Gait Score, a kinematic gait pattern score based on two

311 cameras recording front and side view, is hypothesized to be decreased as the gait pattern in

312 CPchildren, including toe walking, is different from children with TD (56).
313 2.5.2 Evaluation of gross motor function by clinical scores

314 The Item Set of the Gross Motor Function Measurement 66 (GMFM-66-1S) is
315  hypothesized to be reduced with CP. Compared to the standardized 66-items used to assess
316 gross motor function (57), the item set version (GMFM-66-1S) which has the same validity is
317  faster to realize (around 20 to 30 minutes versus 60 to 80 minutes) since it uses 15 to 39 items
318  selected according to the achievement of 3 main items (70). Thus, the GMFM-66-IS by

319  savingtimeis of great interest for the young children of this study.

320 The Early Clinical Assessment of Balance (ECAB) is hypothesized to be reduced in
321 children with CP. This 13-item clinical scale assesses postural stability (balance ability) in
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322 children with cerebral palsy, with two subscales. one dedicated to head and trunk postural
323 control, the other to sitting and standing postural control. This scale is validated for children
324 aged 1.5to0 11 years, regardless of GMFCS level (58,71). The optimal scoreis 100.

325 2.5.3 Evaluation of upper limb function, activity and participation
326
327 Evaluation of upper limb function and child’s activity and participation is made by the

328  Reach Out Questionnaire. This questionnaire filled by the parents ensure a holistic overview
329  of functioning, when a hand and upper limb are affected, including the assessment of activity
330 limitations, participation in activities, attitudes in different environments and satisfaction,
331 according to the domains of the ICF (59). Rehabilitation by activities involving the trunk is
332 hypothesized to improve hand and upper limb function in case of disorders affecting the upper

333 limb function and the child’s participation, since the trunk appears central in motor activities.

334 Therefore, by combining neuromuscular assessment, evaluation of overall body and
335  trunk postural control, overall motor function, walking, as well as reaching, grasping

336  behavior, and participation, our study evaluates the effect of RAIT on all ICF domains.

337 2.6 Intervention
338
339 If the children are randomly assigned to the first group (UR-RAIT), they will receive 3

340  months of UR followed by RAIT for the following 9 months. In the second group (RAIT-
341 RAIT), children benefit from RAIT for the entire duration of the study.

342 2.6.1 Rehabilitation by activitiesinvolving thetrunk
343
344 If the physiotherapist caring for the child with CP agrees to participate in the study,

345 he/she will beinitially briefed on the principles of RAIT and given detailed instructions on its
346 content shortly before the start of the RAIT treatment.

347 Rehabilitation by activities involving the trunk (RAIT) exploits the automatic postural
348 control of body balance, an essential aspect of motor function that enables individuals to
349  maintain balance during static postures or motor activities. It is also noteworthy that our
350  rehabilitation protocol extends over a duration of up to one year, which appears to be an
351 important factor for maintaining improvements in motor function. In our previous study in
352 children with CP aged from 5 to 12 years, the RAIT was applied for 3 months with significant

353 improvement of gait dynamics and pattern (52).
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354 The RAIT program focuses on self-directed exercises actively performed by the child,
355  so that balance is controlled by the child and not by another person, in order to develop and
356  engram balance strategies. These exercises aim to enhance body postural control and balance,
357 including the trunk and affected muscles, rather than focusing rehabilitation on the affected
358  muscles. In fact, RAIT does not only involve the trunk, but the entire body in selected
359  intermediate postures involving the trunk that the child performs on his’/her own. These
360  postural activities are less challenging than standing or walking when considering balance
361  control and help eliminate fear of falling. These activities allow automatic recruitment of
362  deficient muscles through their contribution to balance control. For example, children with
363 hemiplegic CP often have limited voluntary control of their affected upper limb: using the
364 latter as support will automatically activate wrist and elbow extension and shoulder control

365  without voluntary control of the affected muscles.

366 Self-exercises are performed by the child, under the guidance of the physiotherapist, in
367  separate small sessions, if possible, for a total of 20 to 30 minutes a day, 6 days a week, at
368  home under the supervision of a parent and by the physiotherapist in one to two sessions per
369  week. The use of a monitoring log, in which the physiotherapist notes down the exercises to
370  be performed and the parents indicate those that have been completed, will alow for smoother
371 and more regular monitoring of difficulties and progress in rehabilitation (Fig 3).

372 Fig 3. Part of a monitoring log in which a series of exercises ar e suggested.

373 Part of a monitoring log in which a series of exercises are suggested: the physical therapist selects and adjusts some of them
374 according to the child’ s abilities, and the parents indicate which ones have been completed by the child.

375
376 2.6.2 Usual rehabilitation

377

378 The UR corresponds to the type of rehabilitation already received by the child before

379  the study. It variously combines muscle stretching, muscle strengthening (e.g., resistance
380  training), muscle tone reduction (e.g., Bobath concept neuro — developmental treatment), and
381 upper and lower limb motor skill training facilitated by the therapist. These therapies usually
382  involve limited groups of muscles in elementary stretching or actions. In the UR-RAIT group,
383 the physiotherapist is asked to give to the parents an adapted selection of the usual
384  rehabilitation to be achieved a home for atotal duration of 20 to 30 minutes per day, the days
385  without physiotherapist session, for atotal of 6 days aweek. A monitoring log, as previously
386  described for RAIT, will be used with the exercises prescribed by the physiotherapist.
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387 2.7 Data management

388 The study is conducted in accordance with the provisions of Law No. 78-17 of January
389 6, 1978, on information technology, files, and civil liberties, as amended by Law No. 2018-
390 493 of June 20, 2018, on the protection of persona data, and European Regulation No.
391 2016/679 (GDPR). The reference methodology for the processing of persona data in the
392 context of biomedical research applied in this study is MR-001.

393 Medical data concerning the children, and data necessary for the study will be
394  collected and transmitted under the responsibility of the Research Promotor and its Data
395  Protection Officer. The data collected during this study may be used for publication in
396  scientific journals, and may be reused for other research in the field of trunk control and gait

397 disordersin CP.

398 2.7.1 Samplesize
399
400 The sample size is calculated for the main criterion. The distribution of peak anterior

401  deceleration of the sternum during WA of gait in a previous study followed a normal
402  distribution (52). On average, this distribution was centered on 3.0 £+ 1.1 m. s-2 (mean = 1
403  standard deviation) in children with CP and on 1.1 + 0.3 m. s-2 in children with DT. The
404  expected effect of RAIT is a minimal reduction in peak anterior deceleration of the sternum
405  during WA by one-third of its value, similar to the effect of RAIT in the previous study (52).
406 In order to show an effect of RAIT using a repeated-measures ANOV A in which we expect a
407  medium effect size, with an aphathreshold set at 0.05 and a power of 80%, a total number of
408 24 patients, i.e,, 12 per group, is required (calculation using G*Power 3.1 software). In
409  addition, to account for the greater variability of gait dynamicsin toddlers and early childhood
410 compared to middle childhood (72) and possible lost to follow-up, we plan to recruit 32 PC
411 children (16 per group). Missing data for the primary and secondary outcomes will be
412 handled under a missing-at-random assumption using multiple imputation by chained
413 equations. Input datasets will be created including baseline outcome, treatment group,

414  participation in rehabilitation activities, age and sex as predictors.

415 2.8 Statistical analysis
416
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417 Statistical analyses will be carried out within the framework of general linear models,
418 the overall sample (N=64) and for each group (n=32) being a priori sufficient for the
419  application of such procedures. The conditions for applying such tests will be checked
420 beforehand, in particular the normal distribution (using quantile-quantile graphs and Shapiro-
421 Wilk tests) and the homogeneity of variance (Levene tests). If the data do not meet these

422 conditions, non-parametric equivalents will be used.

423 To compare the children with CP vs. the children with TD, independent samples t-tests
424  will be used for each outcome variable, checked of normality and the homogeneity of
425  variance. In case of normality violation, the non-parametric Mann—Whitney U test will be
426  applied. In children with CP, taken together at MO, correlation tests will be performed using
427  Pearson’s coefficient to test correlations between variables related to trunk dynamics, gait

428  instability, and gross motor control.

429 To compare the groups UR-RAIT and RAIT-RAIT, a repeated measures ANOVA will
430  be conducted. The between-subject factor is the rehabilitation group (UR-RAIT vs. RAIT-
431 RAIT), and the within-subject factor is time, assessed across four periods: 0 months (MO0), 3
432 months (M3), 6 months (M6), and 12 months (M12). If assumptions of normality or
433 sphericity is violated, appropriate corrections (such as Greenhouse-Geisser) or non-parametric

434  dternatives will be applied (Friedman’s test).

435 If the repeated measures ANOVA is significant, analysis of local comparisons using
436 post-hoc analyses (Holm or Bonferroni) will be conducted to further explore the results.
437  Comparisons between evaluations (MO, M3, M6, and M12) will be performed to examine the
438  evolution of outcomes over time within each group. In the case of a significant group x time
439  interaction, simple effects analyses will be carried out to compare the two groups (UR-RAIT
440  vs. RAIT-RAIT) at each time point, as well as to assess the progression within each group

441  acrossthedifferent time intervals.

442 This analysis will alow us to explore three key aspects: (1) the compared
443  effectiveness of both rehabilitation approaches, between MO and M3 for the primary outcome
444  (peak anterior deceleration of the sternum during WA) and the secondary outcomes ; (2) the
445  reproducibility of the RAIT effect, by observing whether similar improvements occur
446  between M3 and M6 in the UR-RAIT group and between MO and M3 in the RAIT-RAIT
447  group; and (3) the amplification of the RAIT effect with continued application, by comparing
448  changes between M6 and MO versus M3 and MO, and between M12 and MO versus M6 and
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449 MO inthe RAIT-RAIT group, as well as between M12 and M3 versus M6 and M3 in the UR-
450  RAIT group.

451 3. Discussion

452 Due to the high frequency of balance and postural disorders in children with CP (73)
453  and in particular of trunk disorders (29,30,42), which affect the different domains of the ICF-
454  CY (6,74,75), it isimportant to offer adequate rehabilitation programs targeting these specific
455  deficits. Among trunk targeted interventions that develop for more than a decade (76-78), to
456  our knowledge, this study self-distinguish by the original approach and content of RAIT, by
457  the young age of the children with CP and by the long-term application and evaluation of
458  RAIT.

459 The RAIT considers balance control as a priority motor function that significantly
460  impacts motor patterns and activities in upper motor neuron syndromes such as in cerebral
461  palsy (79). In these pathologies, the brainstem and cerebellum that support balance and
462  postural control are usualy anatomically intact (79). In RAIT, the children perform functional
463  exercises, i.e., self-directed activities based on intermediate postures involving the trunk and
464  the four limbs and exploiting the automatic control of balance. In other words, the affected
465 trunk and limbs will automatically participate to balance control according to their
466  involvement to balance in intermediate postures. The intermediate postures are chosen to be
467  securely performed with no fear of falling and to further involve the affected muscles in body
468  balance. For example, being on all fours or in cobra posture would automatically recruit
469  extensors of the different joints of the upper limbs to contribute to body balance (see Fig. 2).
470  Activities in progressively more challenging intermediate postures for balance will be chosen
471 to further increase the contribution of the trunk and affected limbs to balance in various motor
472 activities. Therefore, an improvement in activities and participation according to the ICF-CY
473 is expected after RAIT. The self-exercises of RAIT, carried out daily, are subject to

474  individualized adjustments in line with the child's abilities.

475 In addition, this study could provide new elements towards a rethinking of the
476  pathophysiology of motor disorders during walking in children with CP. For example, recent
477  studies question spasticity as the main explanatory factor for toe walking in children with CP
478  (47,80). One possible explanation is that it is an adaptive strategy (46,48) to compensate for a
479  deficit in trunk control during walking. Indeed, the improvement in trunk control through

480 RAIT is expected to lead to a reduction in compensation exerted by the foot: a reduction in
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481 the anterior deceleration of the sternum is expected to be associated to a reduction in the
482 anterior shift of the CoP, during the WA of walking.

483 3.1 Limitations

484 This study presents several limitations mainly related to the young population of
485  children with CP.

486 3.1.1 Participation: In longitudina studies, involving young children can be
487  particularly challenging, as fluctuations in the child's level of cooperation, alertness or health
488 may prevent regular involvement or completion of the rehabilitation program 6 days per
489  week. Additionally, participation rates may be reduced by time constraints due to parents’ or

490  school schedules.

491 3.1.2 Developmental variability: At young age (18 months to 5 and a half years of
492  age), children's development is highly variable, either for motor, cognitive, emotional, or
493  socia development. This natural variability linked to the young age of the children, combined
494  with the variability in the severity of CP and the performance of RAIT, makes it difficult to
495  estimate the number of subjects required for statistical purposes.

496 3.1.3 Ethical considerations. When conducting research in children, informed
497  consent must be obtained from the parents or legal guardians, and if possible, from the child.
498 In practice, due to the young age of children, communication with the child is mainly
499  dedicated to the good realization of the rehabilitation content.

500 3.2 Perspectives

501 In case of good results, RAIT, which requires regular monitoring but little equipment
502  and resources, may be to consider for routine clinical practice in children with CP. The self-
503  exercises proposed, guided by the physiotherapist, would be carried out at home under the
504  supervision of parents. Indeed, the active involvement of parents in their child's care process
505  appears to be a considerable asset for the success of this intensive approach for motor
s06  improvement including gait quality. Given the central role of the trunk in the development of
507 body balance control, applying RAIT in young children with CP before they experience
so08  standing and walking would constitute the next step to be studied to reduce or avoid the
509  development of compensatory mechanism by the lower limbs during standing and walking
510  acquisition.

511
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821  FiguresLegends

822

823 Fig 1. Time schedule of enrolment, interventions, and assessments.

824 Overview of enrollment, intervention, and outcome assessments for participants, in accordance with SPIRIT 2013 guideline
825 recommendations.

826

827 Fig 2. Study design.

828 Children with cerebral palsy (CP) are randomly allocated UR — RAIT or RAIT — RAIT group. In the UR — RAIT group,
829 Usua Rehabilitation (UR) is applied for 3 months and the Rehabilitation by activities involving the Trunk (RAIT) for the
830 following 9 months. In the RAIT — RAIT group, RAIT is applied for 12 months. The children with CP are evaluated before
831 the start of the rehabilitation program (at M0), after 3 months (M3), 6 months (M6) and 12 months (M12) of rehabilitation.
832 A group of children with TD is evaluated once for comparison with the children with CP at MO.

833
834 Fig 3. Part of a monitoring log in which a series of exercises ar e suggested.

835 The physical therapist selects and adjusts some of them according to the child’ s abilities, and the parents indicate which ones
836 have been completed by the child.

837
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STUDY PERIOD
Enrolment | Allocation Post-allocation
T3 T6 T12
TIME POINTS TO (3 months (6months (12 months
follow-up) follow-up) follow-up)
X
Eligibility screen
X
Informed consent
Randomization X

INTERVENTIONS:

Group 1: UR-RAIT < >

Group 2: RAIT-RAIT < >
ASSESSMENTS:

Gait Analysis X X X X

Evaluation Of Gross M otor X X X X
Function (GM FM-66-15)

Early Clinical Assessment X X X X
of Balance (ECAB)

X X X X
Reach Out Questionnaire

Fig 1. Time schedule of enrolment, interventions, and assessments.

Overview of enrollment, intervention, and outcome assessments for participants, in accordance with SPIRIT 2013 guideline
recommendations.
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Assessement for eligibility
Children with CP
Children with TD

Initial MO evaluation

Children with CP/Children with DT
Ecab, GMFM-66-1S, Reach Qut Questionnary, Gait analysis

Randomization
for children with
cP

For 3
months

RAIT — RAIT
group

UR - RAIT
group

=

M3 evaluation in children with CP
fecab, GMFM-66-1S, Reach Qut Questionnary, Gait analysis

RAIT RAIT

For 3
months

B =

M M6 evaluation in children with CP

Ecab, GMFM-66-1S, Reach Out Questionnary, Gait enalysis

RAIT RAIT

M12 evaluation in children with CP
Fcab, GMFM-66-1S, Reach Qut Questionnary, Gait analysis

For 6
months

Fig 2. Study design.

Children with cerebra pasy (CP) are randomly dlocated UR — RAIT or RAIT — RAIT group. In the UR — RAIT group,
Usual Rehabilitation (UR) is applied for 3 months and the Rehabilitation by activities involving the Trunk (RAIT) for the
following 9 months. In the RAIT — RAIT group, RAIT is applied for 12 months. The children with CP are evaluated before
the start of the rehabilitation program (at MO0), after 3 months (M3), 6 months (M6) and 12 months (M12) of rehabilitation.
A group of children with TD is evaluated once for comparison with the children with CP & MO.
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DATE
Monday | Tuesday = Wednesday Thursday Friday Saturday

Exercices
Hands or elbows back, knees bent

Lift and rock buttocks back and forth

Lift and rock buttocks to the left and to the right side

Touch a target with 1 foot

On all fours

Alternate with cobra position

Moving knees forward and backward simultaneously

Moviﬂi knees forward and backward a.ltemateli

Rock buttocks back and forth

Alternate placing feet forward and backward

Move on flat ground on stairs

Fig 3. Part of a monitoring log in which a series of exer cises are suggested.

The physical therapist selects and adjusts some of them according to the child’ s abilities, and the parents indicate which ones
have been completed by the child.
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