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Abstract

Purpose—To test the effects of segmental trunk support on seated postural and reaching
control in children with cerebral palsy (CP).

Methods—Seventeen children (age range 2-15y, GMFCS levels 111-V) were classified with
the Segmental Assessment of Trunk Control into: mild (complete trunk control/lower-lumbar
deficits), moderate (thoracic/upper lumbar deficits) and severe (cervical/upper thoracic deficits).
Postural and arm kinematics were measured while reaching with trunk support at axillae, mid-ribs
or pelvis.

Results—Children in the mild group did not display changes in posture or reaching across
conditions. The moderately involved group showed decrements in postural and reaching
performance with pelvic compared to higher supports (P < 0.01). Children in the severe group
were unable to maintain posture with pelvic support and showed postural deficiencies with mid-
ribs compared to axillae support (P< 0.01).

Conclusion—Children with CP and trunk dysfunction demonstrate improved motor

performance when the external assistance matches their intrinsic level of trunk control.
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INTRODUCTION

Cerebral palsy (CP) is a non-progressive heterogeneous neurological condition, often
associated with cognitive-attentional and visuomotor impairments. Motor dysfunction is
considered the most characteristic clinical sign in these children due to their frequent
problems in learning, planning and coordinating posture and voluntary movements.1-2
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According to the Gross Motor Function Classification System (GMFCS), the most severe
functional impairments are observed in children classified at levels IV and V, which are in
fact, an understudied subpopulation.3

Children with CP show a delayed acquisition and dysregulation of automatic postural
responses in both sitting and standing. Children with GMFCS level 111 may have the ability
to walk short distances with external aids, but they still may require help for acquiring the
sitting position at younger ages, and a hip support for maximizing hand function and
keeping postural balance at older ages.* Postural control is affected in those children with
GMFCS levels 111-V, whose sensorimotor experiences are substantially limited compared to
healthy children.>6 Lack of movement complexity and impoverished motor prognosis are
also observed in children with CP without the ability to independently sit by the age of two,
and when motor development plateaus early in life.37 The musculoskeletal and neural
components of posture establish a stabilizing framework that supports the capacity to plan
and generate skilled reaching and fine manipulation.8(195-222)-10 Eyen though postural and
reaching abilities emerge early in infancy, fine control develops progressively throughout
childhood due to the many degrees of freedom in the upper body that must be coordinated
during reaching tasks.1!

Research investigating postural control in children with CP has demonstrated ambiguous
results in the type and amount of support that should be used to enhance posture and
subsequent upper limb performance.1213 The stabilization of the pelvis and/or trunk is a
core biomechanical element to improve head stability, visual field orientation and hand
manipulation across a wide range of children with CP14. An important goal in rehabilitation
is to obtain the maximum degree of function, promoting volitional control of posture, and
particularly, of hands and arms while providing the minimal extent of external assistance.1®
Thus, providing intermediate levels of trunk stabilization would be a better solution than
providing full support in children with CP. However, the optimal level of trunk support for a
child with moderate-to-severe CP still remains unknown. This study aims to address this
issue in rehabilitation.

Recent research in our lab supports that during development, sitting postural control is
acquired following a cranial-caudal progression of the trunk segments, starting with the
head, followed by the upper trunk, lower trunk and finally pelvic regions.16:17 Postural
control and reaching performance are dependent on the extent of segmental trunk control
acquired during sitting development.16 Children with CP (GMFCS 111-V), without the
ability to sit, display segmental deficits of the trunk, comparable to those observed during
sitting development in typical infants. In fact, the extent of segmental trunk control acquired,
measured with the Segmental Assessment of Trunk Control (SATCo), is related to the
child’s functional disability.18:19 The SATCo evaluates trunk stability in static, reactive and
active domains of balance at 7 different trunk segments — changing manual support
progressively from the shoulders through the hips.18 The test helps clinicians identify the
level of the trunk at which balance is lost.

With this concept in mind, we explored the effects of external trunk support located above
and below the level of segmental deficit of the trunk, on posture and reaching performance
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in children with CP. Children differed on their level of segmental trunk control and thus, we
supported the trunk at axillae, mid-ribs and pelvic levels. Children were classified according
to their SATCo score as having mild, moderate or severe sitting postural impairments. It was
hypothesized that children in the moderate and severe groups would display inefficient
posture and reaching, depending on their intrinsic level of trunk control. Moderately affected
children would perform worse with pelvic support due to deficits in thoracic-lumbar control;
and participants in the severe group would perform worse with the external support at pelvic
and mid-ribs levels due to their lack of control at cervical-thoracic segments. Effects of
support would not be observed in the mild group, given their ability to sit independently.
Thus, the mild group would serve to test the hypothesis that the optimal level of assistance
depends on the child’s intrinsic trunk control.

METHODS

Participants

The sample included 17 children diagnosed with CP (12 males & 5 females) between 2 and
15 years. This age range was selected because studies on the developmental progression in
children with CP demonstrate that gross motor skills, including independent sitting, plateau
early in life, at the age of 3.5 and 3.7 years for children with GMFCS levels IV and I11,
respectively and at the age of 2.7 years for children with GMFCS level V.3 Thus, we selected
2 years as our lower limit since one-year olds did not comply with the experiment when
doing pilot testing. Diagnosis and subtype of CP were confirmed by medical records.
Families throughout Oregon were recruited and research was conducted at the University of
Oregon. All procedures were approved by the Institutional Review Board for protection of
human subjects.

As inclusion criteria, children with medical diagnosis of CP, classified as GMFCS I1I-V,
with vision and ability to reach were considered for the experiment. Children with fixed
structural vertebral deformities (scoliosis > 40° and/or kyphosis > 45°), spinal arthrodesis, or
administration of chemodenervation in upper limb muscles three months prior to the
experimental session were excluded. Functional gross motor ability was evaluated using the
GMFM-66-Item-Set and then calculated with the GMAE-2 Gross Motor Ability Estimator
(McMaster University, Canada). The ability to reach and grasp was further tested with the
Quality of Upper Extremity Skills Test (QUEST). The child’s functional ability to
manipulate was classified based on the Manual Ability Classification System (MACS). All
children were grouped according to their level of segmental trunk impairment by using their
SATCo score: severe (n = 4: lack of cervical/upper thoracic control); moderate (n = 7: lack
of thoracic/upper lumbar control) and mild (n = 6: lack of lower lumbar control/complete
trunk control) (Table 1).

Experimental Setup

Children sat on a tall bench with feet off the floor to exclude postural reactions elicited by

feet-ground contact. The pelvis and hips were firmly attached to the bench with non-elastic
straps. A rigid U-shaped support placed behind the subject and a belt with a firm foam pad
attached was used for restricting lateral and anterior displacement of the trunk at each level
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of support (Figure 1). The support was raised or lowered to allow evaluation of trunk
segments above the support: axillae, surrounding armpits (T4-T5); mid-ribs, below the
inferior angles of the scapulae (T7-T8); and pelvic, surrounding the waist (L3-L5). The
order of trunk support was randomly assigned for each child.

During the reaching test, a colorful circular ring was used as the target toy. The toy was
attached to a rigid rod which was presented from above, locked within a brace over the
child’s head, to a point in front of the child’s suprasternal notch at his/her maximum reach
length. This setup permitted a stationary and consistent presentation of the target along the
vertical and anteroposterior axes. Children were instructed to rest their hands on their thighs
at the beginning of each trial; however, this was not always possible due to their difficulties
in maintaining balance (which required them to raise their arms) or in following instructions.
Children were encouraged to reach and grasp the toy for 10-15 trials at each condition. The
reaching task was video recorded (30Hz) and synchronized with kinematic data collection
(84Hz).

Procedures

Data Collection—Magnetic tracking (Minibird system, Ascension Technology,
Burlington, VT) was used to collect head, trunk and arm position. Tracking sensors were
placed bilaterally on the two radial styloid processes, on the spinous process of 7t cervical
vertebrae (C7) and on the center of the forehead. Aside from the tracking sensors, marker
positions were digitized at: left and right tragus, suprasternal notch and the anteroposterior
and mediolateral edges at the top of the external trunk support. These digitized points were
used to estimate the location of the virtual center of the head (VHC) and trunk (VTC) and
the center of the trunk support. The VHC location was computed by first calculating the
midpoint of the vector created between the two tragus markers. The center between this
point and the forehead sensor was estimated as being the VHC. The VTC location was
estimated as the midpoint between the suprasternal notch and C7. For calculating the center
of trunk support, the intersection between the vectors connecting the anteroposterior and
mediolateral edges of the support were used. All position data were referenced to the center
of the trunk support.

Video Coding—An open source, computerized video coding tool (http:/
www.datavyu.org/) was used to select intentional valid reaches when the child directed
his/her gaze to the toy and contacted the toy with the hand. Trials in which children used
other strategies for contacting the toy, like reaching with the head or mouth, were excluded.
A primary coder scored for reach initiation and offset (RorrsgeT), defined as beginning of
arm movement and hand contact with object, respectively. The velocity profile of the
reaching arm was used to refine the reach initiation for reach onset (RonseT)- Inter-rater
reliability of RonseT and Roprset Were evaluated by having a second coder score 50% of
each child’s data. The correlation coefficients for Ronset and Rorrset Were 0.94 (with an
average coding error of 25ms) and 0.88 (with an average coding error of 145 ms),
respectively.
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Reaches were coded as unimanual or bimanual (when the child touched the object with both
hands with an onset time difference less than 1000ms). For bimanual reaches, the reaching
arm, defined as the first one contacting and manipulating the object, was used for further
kinematic analysis.

Kinematic Analysis—Kinematics were analyzed offline with MATLAB (MathWorks,
Inc., Boston, MA) and data were filtered with zero-lag fourth-order, low-pass Butterworth
filter (cut-off frequency: 6Hz). Reaching variables included movement time (MT), the time
between Ronset and RorrseT, and arm path length (distance covered by the arm during the
reach). Smoothness of the reach was described based on the spatial-temporal features of the
arm trajectory. Straightness score assumes that a proficient reach follows a more or less
uniform rectilinear trajectory; the number of movement units (MUSs) represents the level of
reaching coordination, with more MUs demonstrating uncoordinated patterns because of a
change in speed or direction. Straightness score was computed as the ratio of the arm path
length divided by the shortest path between Ronset and RorrseT- The closer the score is to
one, the straighter the reach. Increasing deviation from a straight line is represented by an
increased ratio?0. A MU was defined as the portion of the arm movement between two
velocity minima (or speed valleys) with a peak velocity greater than 2.3cm/s.20-21

In order to analyze posture, the digitized markers were used to calculate the anatomical
coordinate systems for head and trunk with their origins at VHC and VTC, respectively. The
forehead and C7 sensors were used to track and update the head angular displacements
relative to trunk and trunk angular displacements relative to the global space by using the
following Euler’s sequence of rotations: X (flexion (+)/extension (-)), Y’ (right (+)/left (-)
lateral flexion) and Z” (right (+)/left (<) rotations).22:23 We computed angular displacement,
absolute summation of angles, and angular orientation, defined as the average angular
position of the head and trunk during the reach.

Statistical Analysis

A two-level Generalized Linear Mixed Model (GLMM) was applied using SPSS version
22.0 (SPSS Inc., Chicago, IL, USA). As fixed effects, we entered group classification (mild,
moderate & severe), level of trunk support (axillae, mid-ribs and pelvic) and their
interaction. Age was entered as a covariate. As random effects, we had intercepts for
children and trials within children, accounting for child-to-child variability and trials-within-
child variability in overall outcomes. Visual inspection of residual plots did not reveal
obvious deviations from homoscedasticity and normality. We report all interaction effects, if
there were no interactions then main effects were explored and reported. Post-hoc pairwise
comparisons were performed in case of significant interactions. The P level was adjusted
applying Bonferroni’s sequential procedure.

RESULTS

A total of 431 trials were analyzed. Children in the severe group were unable to perform
more than 5 reaches on average, at each level of support; however, children in the moderate
and mild groups performed at least 10 reaches per level of support. Number of reaches
performed by each participant are shown in Table 1. All children performed unimanual
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reaches. However, eight children showed a combination of unimanual and bimanual reaches
that were highly variable in number across levels of trunk support. In those cases, no
significant differences were observed for the main reaching and postural variables between
unimanual and bimanual reaches (straightness score: {7) = 0.24, £=0.82, and trunk
displacement in the flexion-extension plane: {7) = 0.57, £=0.59). Thus, unimanual and
bimanual reaches were pooled for kinematic analysis. We also found no effects of age on
any of the kinematic parameters tested.

With pelvic support, children in the moderate and mild groups were able to maintain
balance. Subjects in the severe group could not control their posture when provided with
pelvic support and continuously lost balance. Therefore, reaches performed with axillae and
mid-ribs supports were analyzed in the severe group.

Reaching Kinematics

Figure 2 depicts the arm trajectories and corresponding photographic images of one child
with moderate segmental trunk impairment across the three levels of trunk support. For the
moderate group, impairments in reaching kinematics were observed when support was
reduced to the pelvic level (see Video, Supplemental Digital Content 1, 2 & 3).

The interaction model was significant for MT, A3, 418) = 11.33, £< 0.01, 77 = 0.08, path
length, A3, 415) = 10.31, P< 0.01, 77 = 0.07, straightness score, A3, 417) = 2.89, P< 0.05,
77 = 0.02, and number of MUs, A3, 416) = 5.39, A< 0.01, 77 = 0.04 (Figure 3).

Children with moderate segmental trunk control demonstrated a significant increase in MT
with pelvic support compared to both mid-ribs and axillae supports. In addition, the path
covered by the arm during the reach was significantly increased with pelvic support in
comparison to mid-ribs and axillae supports (Table 2a).

Major changes were also observed in the moderate group for the level of reaching

smoothness. Straightness score worsened when the support was lowered at pelvic level in
comparison to mid-ribs and axillae supports. Pelvic support was also accompanied by an
increased number of MUs in contrast to mid-ribs and axillae levels of support (Table 2a).

Trunk Kinematics

Angular Displacement—The interaction model was significant for trunk displacement
in the flexion-extension plane, A3, 387) = 7.76, P< 0.01, 172 = 0.06, the lateral flexion
plane, A3, 388) = 4.60, P< 0.01, 77 = 0.04, and the rotational plane, A3, 389) = 9.82, P<
0.01, 77 =0.08.

Children in the moderate group showed significantly increased angular trunk displacement
in the three axes of motion with pelvic support compared to mid-ribs and axillae levels.
Children with severe trunk dysfunction increased lateral displacement of the trunk while
reaching with mid-ribs compared to axillae support. However, these children unexpectedly
presented an exacerbated trunk rotation with axillae compared to mid-ribs support (Table
2b).
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Head Kinematics

Angular Displacement—The interaction model was significant for head displacement
in the flexion-extension, A3, 390) = 10.01, A< 0.01, 77 = 0.08 and rotational planes of
motion, A3, 387) = 14.04, P< 0.01, 77 = 0.11.

Trunk support had a significant impact on head displacement during reaching for the
moderate group. Compared to mid-ribs and axillae supports, the angular motion of the head
increased along flexion-extension and rotational planes with pelvic support. In the severe
group, no significant differences between levels of support were observed for angular head
displacement in the flexion-extension and lateral planes; however, head instability in the
rotation plane was substantially reduced with mid-ribs support (Table 2b).

Angular Orientation—The interaction model was significant for head orientation in the
flexion-extension plane, A3, 385) = 3.86, £< 0.05, 77 = 0.03.

External trunk support affected head positioning in the flexion-extension plane during the
reach in the severe group. With axillae support, the head angle was vertically oriented, but
with mid-ribs support the head drifted to a more extended position while reaching (Table
2b).

DISCUSSION

This study investigated the effects of different levels of trunk support on posture and
reaching in children with moderate-severe CP. Children differed in their extent of intrinsic
trunk control, measured with the SATCo. The biomechanical analysis demonstrated that for
children in the moderate group pelvic support was the level that had significant detrimental
effects on postural and reaching control. Children with severe trunk impairments were
unable to sustain posture for reaching with pelvic support and displayed drastic postural
deficits during reaching with mid-ribs support. Children in the mild group did not display
differences across levels of support, as hypothesized. Thus, external support below the level
of the trunk at which postural deficiencies are observed has adverse effects on posture and
reaching performance. Identifying the trunk segment at which stability is compromised in
children with moderate-severe CP may guide clinicians toward implementation of optimal
levels of trunk assistance during rehabilitation.

Children in the mild group did not present deficits in segmental trunk control at cervical,
thoracic or upper lumbar regions. Thus, none of the provided trunk supports had an impact
on their performance. Children with mild trunk dysfunction were able to sit independently
and walk limited distances with the use of external aids. They would most likely have
experienced deficiencies if we had provided an external support at, or below, the level of the
hips, as has been previously described for sitting and standing positions.242% The
stabilization of their trunk while sitting did not modify reaching proficiency in spite of the
fact that they were classified as GMFCS-I11 and were restricted to the sitting position during
most of their daily-life activities.2 This is a critical aspect that should be taken into
consideration during assessment and treatment in children with mild trunk dysfunctions.
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In the moderate group, children mainly presented quadriplegic forms of CP and most were
classified as GMFCS-1V, showing difficulties in postural control while sitting. In addition,
they displayed low reaching and manipulation skills, determined by the QUEST and MACS.
In this group, postural and reaching skills were highly dependent on the level of support
provided, given their segmental deficiencies in the thoracic-lumbar regions. No striking
differences were observed when lowering the support from axillae to mid-ribs level;
however, transitioning trunk support from mid-ribs to pelvis significantly impaired trunk
stability and reaching control. Reaching time, the path covered by the arm and the degree of
spatial-temporal deviation considerably increased. In addition, they demonstrated excessive
head and trunk motion during reaching. Thus, according to these biomechanical outcomes,
children with moderate trunk dysfunction do not benefit from support at the axillae due to
the excessive restriction of posture. On the contrary, reaching and postural control are
impaired when the trunk is completely free with pelvic support. Thus, external trunk support
should be placed at mid-ribs to promote volitional control of posture and reaching. At this
anatomical region, reaching ability is preserved while simultaneously allowing for optimal
voluntary control of the greatest number of trunk segments in upright sitting.

These results are comparable to those observed in typically developing infants. We recently
explored reaching performance across development of segmental trunk control.18 Infants
who had not acquired control of the lumbar region demonstrated significant postural and
reaching impairments with pelvic compared to mid-ribs support. However, once infants had
acquired lumbar control, and thus, had the ability to sit independently, reaching differences
between levels of support disappeared. This suggests that the acquisition of lumbar control
leads both to an increased proficiency of posture and reaching skills, and is critical for
achievement of independent sitting. Similarly, in our sample, all children in the mild group
had independent sitting and showed no performance differences between support levels. In
the case of the moderate-severe groups, the ability to independently sit was absent.

Previous studies reported that children classified as GMFCS-V manifest profound seated
postural dysfunction for counter-balancing upper limb movements.®27 In our current study,
children in the severe group were all categorized as GMFCS-V. These children demonstrated
extensive deficits in segmental trunk control that disrupted postural sway during static and
active sitting. When trunk support was provided at pelvic level, children continuously
collapsed over the level of support and were incapable of reaching. Nonetheless, when the
external device was located at mid-ribs or axillae level, these children maintained posture in
sitting and were able to generate a limited number of reaches. This observation mimics the
exploratory and reaching behaviors observed in healthy newborns when the head is fixed in
upright sitting, reinforcing the concept of posture being the foundation for reaching skills.28
The quality of the reach was not altered by support at axillae level compared to mid-ribs,
suggesting that external support is not enough to promote reaching control in this group of
children. However, they demonstrated remarkable improvements in postural kinematics with
axillae compared to mid-ribs support. The compensatory lateral displacement of the trunk
associated with the reaching arm was reduced with axillae support; however, it was
accompanied by excessive trunk rotation. Also, the alignment of the head was more
vertically oriented in the flexion-extension plane while reaching, a pre-requisite for visual
stabilization during reaching tasks. It is well known that children with CP frequently display
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visual impairments associated with postural dysfunction.2® Results from our study indicate
that axillae support could lead to clinical improvements in posture and also enhance eye-
head coordination in children with severe CP.

LIMITATIONS

We note that cognitive impairments and visuomotor deficits in the severe group could have
interfered with postural and reaching performance and could have contributed to reaching
impairments. Also, recruiting children with CP who fit our inclusion criteria was challenging
and resulted in unequal sample sizes among groups. Specifically, the low sample size of the
severe group means that results should be interpreted with caution.

CONCLUSIONS

Postural dysfunction is one of the most limiting factors in the population with CP. It restricts
reaching skills and in turn reduces participation in daily-life activities. The motivation
underlying the current study was the lack of research and evidence-based therapies for
children diagnosed with CP (GMFCS levels 111-V). According to our results, children with
the ability to independently sit would not require external trunk support above the pelvis.
Training protocols with a goal of sitting without hip straps or restriction of the levels below
the pelvis could be a plausible approach to train posture in these children. With respect to
those lacking trunk control at thoracolumbar levels, we highlight the importance of using
external support targeting the thoracic segment for training static and active balance control
with the use of upper extremity activities. The results obtained in children with severe trunk
control deficits indicate that postural performance could be maximized with external support
at the axillae level. In future research, a multi-segmented approach to trunk control in
children with CP could be investigated within the context of evidence-based training
protocols of upper limbs, such as Constraint-Induced Movement Therapy or Hand-Arm
Bilateral Intensive Therapy, expanding the use of these interventions to children with
GMFCS levels 111-V.30
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Figure 1. Seated Reaching Task across Levels of Trunk Support
Diagram representing the explicit level of trunk support provided during the reaching task

with A) axillae support, B) mid-rib support and C) pelvic support.
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Axillae Support Mid-rib Support Pelvic Support
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Figure 2. Three-dimensional Arm Trajectory and Reaching Task
Panel A depicts the three-dimensional representation of the arm path with axillae, mid-rib

and pelvic levels of support of one exemplar child in the moderate group. Circle shape
indicates ReachingonseT and diamond shape indicates ReachingopgseT.
Panel B shows the same child reaching across the three different external trunk conditions.
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Figure 3. Reaching Kinematics of Groups across Levels of Trunk Support
Graphs representing the estimated means across groups for reaching kinematics with pelvic

(dotted line), mid-rib (dashed line) and axillae (solid line) supports. Pelvic support is not
shown for children with severe trunk dysfunction because they were unable to maintain
sitting posture under this condition. Error bars, = 1 SE. * = < 0.01 between pelvic and
mid-rib support; and T = £< 0.01 between pelvic and axillae support.
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