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LIST OF ABBREVIATIONS

CST  Corticospinal tract

PDC  Proximal to distal concordance

SCALE Selective Control Assessment of the
Lower Extremity

SVMC Selective voluntary motor control

AIM Multiple impairments contribute to motor deficits in spastic cerebral palsy (CP). Selective
voluntary motor control (SVMC), namely isolation of joint movement upon request, is important,
but frequently overlooked. This study evaluated the proximal to distal distribution of SVMC
impairment among lower extremity joints.

METHOD Using a recently developed tool, the Selective Control Assessment of the Lower
Extremity (SCALE), we evaluated the SVMC of the hip, knee, ankle, subtalar joint, and toes in a
cross-sectional, observational study of 47 participants with spastic, diplegic, hemiplegic, and
quadriplegic CP (22 males, 25 females; mean age 11y 9mo, SD 4y 8mo; Gross Motor Function
Classification System levels |-1V).

RESULTS Statistically significant decreases in SCALE scores from hip to toes were found using the
Page statistical test for trend (p<0.001). Statistically significant differences (p<0.05) were found
between all joint pairs, except toes versus subtalar, toes versus ankle, and right ankle versus sub-
talar joints. Cross-tabulation of score frequencies for all pairs revealed that proximal joint scores
were higher or equal to distal ones 81 to 100% of the time. Excluding toes versus subtalar joints,
proximal scores exceeded distal ones 94 to 100% of the time.

INTERPRETATION We confirmed increasing proximal to distal SVMC impairment, which may have

implications for treatment and research.

Individuals with cerebral palsy (CP) have limitations in motor
function resulting from multiple impairments including spas-
ticity, contractures, weakness, and diminished selective motor
control. Selective motor control has been defined as ‘... the
ability to isolate the activation of muscles in a selected pattern
in response to demands of a voluntary movement or posture.”
Selective voluntary motor control (SVMC) describes the per-
formance of specific isolated joint movements upon request, as
opposed to the habitual activation of selected muscles during
functional tasks.” SVMC at the ankle is a strong predictor of
functional movement ability in children with CP,> and SVMC
has been used as a prognostic factor in selecting candidates for
selective posterior rhizotomy.* We recently reported the
development, validity, and reliability of the Selective Control
Assessment of the Lower Extremity (SCALE).” SCALE is a
clinical tool designed to assess SVMC of the entire lower
extremity by summing the scores for five joints (hip, knee,
ankle, subtalar joint, and toes).

Voluntary isolated joint movements require activation of
the corticospinal tracts (CSTs). In patients with CP, damage
to these tracts commonly occurs in the periventricular area.’
Damage to the periventricular white matter is the most
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frequent abnormal magnetic resonance imaging (MRI) finding
associated with the spastic diplegic form of CP and it is found
in more than one-third of those with hemiplegia and quadri-
plegia.® Strong correlations between damage to the CSTs and
motor impairment have been reported for children with CP.>

The CSTs have a specific anatomical arrangement as they
descend from the motor cortex to the spinal motor neuron
pools.* % In the periventricular area, motor fibers leading to
the lower extremities are more likely to be damaged than those
supplying the upper extremities because of their more medial
position.” This anatomical relationship has been confirmed
in recent studies using MRI tractography.'"'? The somato-
topic organization of the lower extremity in the sensorimotor
cortex suggests that distal lower-extremity tracts are closer to
the ventricle and more vulnerable than those of proximal
lower-extremity muscles (Fig. 1). Evidence exists of increased
distal impairment of lower-extremity motor function in chil-
dren with spastic CP,"*™"* but studies specifically examining
the relatonship between SVMC of proximal compared with
distal lower-extremity joints have not been reported. Tedroff
et al."? evaluated the temporal sequence of muscle recruitment
during maximal voluntary contractions in patients with
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Figure 1: Representation of corticospinal tracts as they relate to lateral
ventricles (adapted from Aicardi and Bax'?).

hemiplegic and diplegic CP compared with participants with-
out disability. Inappropriate activation of non-agonists before
agonists was more prevalent in distal than proximal muscula-
ture in children with CP. During gait, Wakeling et al.'*
reported that disordered muscle firing occurred more fre-
quently in distal than proximal musculature in children with
spastic diplegia. In addition, greater muscle weakness has been
quantified at the ankle joint than at more proximal joints."~"’

The aim of this study was to analyse the distribution of
SVMC scores among lower-extremity joints in patients with
spastic CP using the SCALE tool. We hypothesized that
SVMC impairment would be greater in distal than proximal
joints.

METHOD

This cross-sectional, observational study was approved by the
University of California, Los Angeles, institutional review
board. All participants with CP, or their parent or legal guard-
ian, provided informed assent and consent. Forty-seven indi-
viduals with spastic CP who attended the UCLA/Orthopaedic
Hospital Center for Cerebral Palsy interdisciplinary clinic in
Los Angeles volunteered to participate. Consecutive individu-
als who met inclusion criteria were invited to enroll. It was
important to include participants across the spectrum of sever-
ity, based on Gross Motor Function Classification System
(GMEFCS) level. There were a minimum of nine participants
representing each GMFCS level (I-IV). Previous work
revealed that the SCALE assessment could not be performed
for patients at GMFCS level V.” This sample size was consid-
ered sufficient, based on previous work showing significant
correlation between GMFCS levels and SCALE scores for 51
participants.” Participant characteristics are presented in
Table I. The following inclusion criteria were used: (1) diag-
nosis of spastic CP, (2) ability to follow simple directions, and
(3) age between 4 and 25 years. The following exclusion crite-
ria were used: (1) history of lower-extremity musculotendinous
transfer or joint fusion, (2) neurosurgical or musculoskeletal
surgery within the past year, (3) initial placement of baclofen

Table I: Participant characteristics (n=47)

Age (y:mo)
Mean (SD) 11:9 (4:8)
Range 5:1-23:0
Characteristic (n)
Sex
Male 22
Female 25
Distribution of impairment
Diplegia (three had hemiplegic overlay) 35
Hemiplegia 6
Quadriplegia 6
GMFCS-ER level
| 10
1] 10
1l 18
[\ 9

GMFCS-ER, Gross Motor Function Classification Scale, Expanded and
Revised edition.

pump within the past year, (4) botulinum toxin injections
within 5 months, or (5) musculoskeletal injury within the past
month.

One of three experienced raters performed the SCALE
assessment for the right and left lower extremity of each
participant. These raters previously demonstrated a high
level of interrater reliability with intraclass correlation coeffi-
cients ranging from 0.88 to 0.91. Fach participant was
asked to perform specific non-synergistic reciprocal move-
ments and scores of unable 0, impaired 1, or normal 2 were
assigned for the hip, knee, ankle, subtalar, and toe joints for
each side.” All tests were performed in the sitting position,
with the excepton of the hip test, which was performed
side-lying with the limb supported by the examiner. The
patient was asked to perform the following reciprocal move-
ment patterns: (1) hip flexion and extension with the knee
extended, (2) knee extension and flexion, (3) ankle dorsiflex-
ion and plantarflexion with the knee extended, (4) subtalar
inversion and eversion, and (5) toe flexion and extension. A
normal score (2) was given when the participant demon-
strated isolated reciprocal joint motion through at least 50%
of the available passive range of motion within an approxi-
mately 3-second verbal count. Unable (0) was assigned if the
participant could not move the joint or if the attempted
movement occurred in a synergistic pattern (simultaneous
one-to-one movement at two or more joints of the same
limb). A grade of impaired (1) was given if one or more of
the following occurred: (1) the range of active movement
was less than 50% of the participant’s available passive range
of motion, (2) movement occurred in only one direction, (3)
the task was performed slower than a 3-second verbal count,
(4) motion at untested joints occurred (including mirror
movement of the opposite limb). (See Data S1, the SCALE
Score Sheet, Directions for Administration, and Instructions
for Grading, supporting information, published online.)

Individual joint SCALE scores were compared using non-
parametric repeated measures methods (Friedman procedure);
the corresponding test for trend (Page test)'® was computed to
analyse the relation among joints from hip to toes for the left

Selective Voluntary Motor Control in Patients with CP Eileen G Fowler et al. 265



O = = 4 a4 aN
moihvhr o ®®Oo
A R A A

Mean SCALE score

©cooo
ok o
harair

Figure 2: Mean Selective Control Assessment of the Lower Extremity (SCALE) scores by joint for left and right lower extremities. A score of 0.0 indicates the

participant was unable to isolate or used the full synergy pattern, 1.0 indicates impaired motor control, and 2.0 indicates normal isolated movement. Error bars
represent one standard deviation (+ for left and — for right). a, significant differences for all joint pairs on both left and right (p<0.05); b, left ankle score was
significantly different from left hip, knee, and subtalar joint scores (p<0.05); c, right ankle joint score was significantly different from right hip and knee
(p<0.05) and showed a tendency toward a difference from the subtalar joint score (p=0.065). Specific p values for all joint pairs are given in Table II.

STJ, subtalar joint.

and right lower limbs. Additionally, score frequencies for all
pairs of joints were cross-tabulated for the left and right sides.
When the proximal joint score was equal to or greater than
the distal joint, we called this proximal to distal concordance
(PDC). The percentage of PDC was calculated for all combi-
nations of joint pairs within each limb. One hundred per cent
PDC indicated that distal joint scores never exceeded those of
proximal joints. StatXact 8.0 (Cytel Inc, Cambridge, MA,
USA) was used for statistical computations.

RESULTS

Mean SCALE scores showed greater SVMC impairment in
distal than proximal joints bilaterally (Fig. 2). A statistically
significant decrease in SCALE scores from hip to toes was
found using the Page statistical test for trend (p<0.001). Signif-
icant differences were found between all pairwise SCALE
score comparisons involving the hip and the knee joints bilat-
erally. The left ankle scores were significantly different from
all other joint scores except the toes. The right ankle joint
scores differed from the hip and knee scores and showed a ten-
dency toward a difference from the subtalar joint score
(p=0.065) Comparisons between scores for toes versus subta-
lar, and toes versus ankle, did not show a significant difference
for either limb. Table II presents p values for all pairwise com-
parisons using the Friedman test. The percentage PDC for
cross-tabulations of joint score frequencies ranged from 81 to
100% (Fig. 3). Excluding comparisons between score frequen-
cies for toes and subtalar joints, the percentage PDC was 94 to
100% (Fig. 3). Distal joint scores exceeded proximal ones for
only nine limbs (seven participants) when comparisons involv-
ing the toes were excluded.

DISCUSSION

To our knowledge, this is the first study to report SVMC of
the hip, knee, ankle, subtalar, and toe joints in individuals with
spastic CP. Our hypothesis of greater distal than proximal
SVMC impairment within each limb was mostly confirmed.
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Table Il: Comparison between SCALE scores for five joints on the right
and left with individual p values (Friedman test) and overall trend (Page
test)

Joint comparison Left p value Right p value
Hip vs knee 0.023 <0.001
Hip vs ankle <0.001 <0.001
Hip vs subtalar joint <0.001 <0.001
Hip vs toes <0.001 <0.001
Knee vs ankle <0.001 <0.001
Knee vs subtalar joint <0.001 <0.001
Knee vs toes <0.001 <0.001
Ankle vs subtalar joint 0.023 0.065
Ankle vs toes 0.227 0.180
Subtalar joint vs toes 0.424 0.774
Overall trend <0.001 <0.001

Significant at p=0.023 and p<0.001. SCALE, Selective Control
Assessment of the Lower Extremity.

These results support the concept of increased vulnerability of
CSTs associated with distal lower-extremity musculature. Pre-
vious research examining muscle strength'> 7 similarly found
increased deficits in distal joints. Impaired SVMC may be
associated with the observations reported in these studies. To
determine the relative influence of muscle strength (force-gen-
erating capacity) and SVMC (neurological recruitment by
CSTs) on movement production, both test positioning and
the movement pattern requested must be examined. In design-
ing the SCALE ankle assessment for isolated motion out of
synergy, we positioned the knee in extension when requesting
ankle dorsiflexion. To verify force-generating ability at the
ankle, a flexor synergy pattern was elicited separately by resist-
ing hip flexion and noting the active ankle dorsiflexion. This
phenomenon has been referred to as the ‘confusion test’.'”
Participants in the present study with an absence of SVMC at
the ankle (a SCALE score of 0) could demonstrate active ankle
dorsiflexion only when using the total flexor synergy pattern.
Wiley and Damiano'® found greater ankle dorsiflexor strength
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Figure 3: Cross-tabulations of Selective Control Assessment of the Lower Extremity score frequencies for (a) left and (b) right lower-extremity joints showing

the percentage proximal to distal concordance (PDC). Shaded zones indicate relationships that violated PDC because the distal joint scores exceeded the

proximal joint scores. STJ, subtalar joint.

deficits when the knee was extended rather than flexed, dem-
onstrating the influence of impaired SVMC. Although these
investigators concluded that distal muscles were generally
weaker than proximal muscles, the hip extensors were an
exception, being weaker than the ankle muscles. As the
SCALE hip test was performed in an antigravity side-lying
position, minimizing the need for muscle force-generating
capacity, we found that SVMC at the hip exceeded that found
at the ankle.

Tedroff et al.”’ reported that during maximal voluntary
contractions, children with spastic CP more frequently

activated a muscle other than the intended prime mover
first, especially when the prime mover was a more distal
muscle. These results are consistent with our findings of
decreased ability to perform isolated joint motion distally.
As Tedroff et al. did not specify whether the participants
performed isolated joint motion out of synergy, and we
did not record electromyograms, direct comparisons are
limited.

Excluding comparisons involving the toes, PDC exceptions
in our study were rare, and could have been caused by scor-
ing errors or other factors affecting patient performance, such
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as impaired motor planning. Some exceptions to the PDC
appeared to be related to the presence of either restricted
range of motion or mirror movements. Contractures or
severe spasticity can mask underlying SVMC. One 15-year-
old participant with spastic diplegia (GMFCS level I) had a
subtalar score of 2, whereas the more proximal ankle joint
was scored 1, owing to restricted range of motion. As this
study supports increased proximal SVMC, it is possible that
this participant’s ankle would have been scored 2 if tested at
a younger age, before contracture development. The higher
score at the subtalar joint predicts greater functional
improvement after contracture release than if the score were
1 or 0. This is one example of how SVMC assessment, par-
ticularly as part of a periodic evaluation for children with
spastic CP during development, may be helpful in predicting
the potential for functional improvement after a specific
treatment.

Mirror movements are simultaneous, obligatory move-
ments that occur at contralateral joints during active
movement. In adults without disability, most CSTs are
crossed; however, extensive ipsilateral tracts are normally
present in early development. In hemiparetic CP, there is
evidence that surviving contralateral tracts may be compet-
itively displaced by persistent ipsilateral tracts”*!, which
may be responsible for mirroring.”? Using the SCALE
tool, a score of 1 is given at a joint when the same move-
ment pattern is observed contralaterally. Mirror move-
ments negatively affected the PDC in the less involved
limb for some participants with asymmetrical CP. In par-
ticular, two participants with spastic hemiplegia could iso-
late movement of their ankle joint on their non-
hemiplegic side, but received scores of 1 owing to mirror
ankle movement on their hemiplegic side. Mirroring did
not occur during subtalar joint testing on their non-hemi-
plegic sides, giving these limbs a score of 2 at the more
distal joint. Although the presence of mirroring is more
likely to reflect a primary pathology for the hemiplegic
limb, we assigned the SVMC impairment for the limb
being assessed, as it is movement of this limb that elicits
the abnormal movement pattern and any resulting func-
tional problems. The effects of obligatory mirror move-
ments on functional lower-extremity motor tasks such as
walking are unknown and require further study.

The most frequent exceptions to the PDC occurred
when the toes were graded as 1 and the subtalar joint was
graded as 0, indicating absent subtalar SVMC with sparing
at the toes. There are several possible explanations for
these findings. One may be that the toes are not truly
distal anatomically. Although the insertions of the toe mus-
culature are more distal, the origin of muscles controlling
the ankle, subtalar joint, and toes are similar. In addition,
control of the subtalar joint appears to be more challenging
than that of other joints. We observed that isolated motion
of the subtalar joint was the most difficult movement
sequence for participants with CP to understand and per-
form. Similar observations have been reported for patients
after stroke. Eversion was described as a challenging
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movement in adults after stroke and is an indicator of the
highest level of recovery for the lower extremity.”> Another
possible explanation is that moving only one of muldple
toe joints was sufficient to obtain a SCALE score of I,
reducing the relative potential for a score of 0 at the toes
compared with the subtalar joint. Finally, there may be
greater capacity for sparing of corticospinal fibers associ-
ated with toe movement owing to greater density of CSTs.
In early mapping studies of the human motor cortex, the
area of cortical representation for the great toe was
exceeded only by the tongue, mouth, thumb, and fingers.*’
More recent studies indicate that both toe musculature
and tibialis anterior have a higher density of associated
monosynaptic  corticospinal  projections than  proximal
lower-limb musculature.**

SVMC assessment and the proximal to distal distribution of
impairment can be useful in treatment planning and in consid-
ering prognoses for the development of motor function in
young children with CP. Based on the proximal to distal
increase in SVMC impairment, patients who are assigned a
score of 2 at the ankle or subtalar joint are more likely to have
scores of 2 at the knee and hip. Although examining SVMC at
the individual joint level can be helpful in treatment planning,
the SCALE total limb score is more useful when describing a
patient’s overall functional ability. For example, we have
shown that SCALE total limb scores are significantly related
to the performance of simultaneous hip flexion and knee
extension, as normally occurs, during the terminal swing phase
of gait.®

We believe this is the first systematic evaluation and
comparison of SVMC among multiple lower-extremity
joints in individuals with spastic CP. It confirms the
increase in severity of impairment from proximal to distal
joints. Although previous research supports greater impair-
ment in distal muscles and joints, this phenomenon has
received little attention. Anatomical and physiological
mechanisms contributing to these findings require further
study. Our results support selective vulnerability of the
corticospinal tracts innervating distal musculature owing to
their proximity to the ventricles. Although the participants
in this study had a clinical diagnosis of spastic CP, damage
to the periventricular white matter was not documented in
this sample. Newer technologies allow documentation of
precise damage to white matter tracts using MRI with dif-
fusion tensor imaging. This may be useful in elucidating
the relation between the injury and functonal impairment
these studies are currently in progress.

SUPPORTING INFORMATION

Additional supporting information is available for this article online:

Data S1: The Selective Control Assessment of the Lower Extremity
(SCALE), Score Sheet, Directions for Administration and Instructions for
Grading.

Please note: Wiley-Blackwell are not responsible for the content or func-
tionality of any supporting materials supplied by the authors. Any queries
(other than missing material) should be directed to the corresponding
author of the article).



REFERENCES

—

N

w

IS

w

=

A

. Sanger TD, Chen D, Delgado MR, Gaebler-Spira D,

Hallett M, Mink JW. Definition and classification of
negative motor signs in childhood. Pediatrics 2006; 118:
2159-67.

Fowler E, Staudt L, Greenberg M, Oppenheim W. Selective
Control Assessment of the Lower Extremity (SCALE):
development, validation, and interrater reliability of a clinical
tool for patients with cerebral palsy. Dev Med Child Neurol
2009; 51: 607-14.

. Ostensjo S, Carlberg EB, Vollestad NK. Motor impairments

in young children with cerebral palsy: relationship to gross
motor function and everyday activities. Dev Med Child Neu-
rol 2004; 46: 580-9.

. Staudt LA, Peacock W. Selective posterior rhizotomy for the

treatment of spastic cerebral palsy. Pediatr Phys Ther 1989;
1:3-9.

. Staudt M, Pavlova M, Bohm S, Grodd W, Krageloh-Mann I.

Pyramidal tract damage correlates with motor dysfunction in
bilateral periventricular leukomalacia (PVL). Neuropediatrics

2003; 34: 182-8.

. Bax M, Tydeman C, Flodmark O. Clinical and MRI corre-

lates of cerebral palsy: the European Cerebral Palsy Study.
FAMA 2006; 296: 1602-8.

Glenn OA, Ludeman NA, Berman JI, et al. Diffusion
tensor MR imaging tractography of the pyramidal tracts
correlates with clinical motor function in children with
congenital hemiparesis. Am J Neuroradiol 2007; 28:
1796-802.

Mac Keith Press

o®©

©

1

1

w

14.

1

16.

[

b

. Penfield W, Boldrey E. Somatic motor and sensory repre-

sentation in the cerebral cortex of man as studied by electri-
cal stimulation. Brain 1937; 60: 389-443.

Penfield W, Rasmussen T. The Cerebral Cortex of Man.
New York: Macmillan, 1950.

Aicardi J, Bax M. Diseases of the Nervous System in Child-
hood. Clinics in Developmental Medicine Nos 115/118.
London: Mac Keith Press, 1992.

.Ino T, Nakai R, Azuma T, Yamamoto T, Tsutsumi S,

Fukuyama H. Somatotopy of corticospinal tract in the
internal capsule shown by functonal MRI and diffusion
tensor images. Neuroreport 2007; 18: 665-8.

Holodny AT, Watts R, Korneinko VN, et al. Diffusion ten-
sor tractography of the motor white matter tracts in man.

Ann N'Y Acad Sci 2005; 1064: 88-97.

. Tedroff K, Knutson LM, Soderberg GL. Synergistic mus-

cle activation during maximum voluntary contractions in
children with and without spastic cerebral palsy. Dev Med
Child Neurol 2006; 48: 789-96.

Wakeling J, Delaney R, Dudkiewicz I. A method for quan-
tifying dynamic muscle dysfunction in children and young
adults with cerebral palsy. Gait Posture 2007; 25: 580-9.
Wiley ME, Damiano DL. Lower-extremity strength pro-
files in spastic cerebral palsy. Dev Med Child Neurol 1998;
40: 100-7.

Brown JK, Rodda J, Walsh EG, Wright GW. Neurophysio-
logy of lower-limb function in hemiplegic children. Dev Med
Child Neurol 1991;33: 1037-47.

?

THE IDENTIFICATION AND
TREATMENT OF GAIT PROBLEMS
IN CEREBRAL PALSY, 2nd edition

Clinics in Developmental Medicine 180-181

James R. Gage, Michael H. Schwartz,
Steven E. Koop, and Tom F. Novacheck

240 x 167 mm / 644 pages / hardback / June 2009
978-1-898683-65-0 / £125.00, $199.00, €150.00

0800 243407 (FREE PHONE, UK ONLY) or +44 (0)1243 843 294

+44 (0)1243 843296 / E: cs-books@wiley.co.uk

Selective Voluntary Motor Control in Patients with CP Eileen G Fowler et al.

17.

1

®©

19.

20.

21.

2

N

2

w

24

2

v

e New edition of the definitive reference on gait problems in cerebral palsy
e Comprehensive guide to evaluation and optimal treatment
e Companion CD-ROM with videos of cases, gait modelling examples, and surgical procedures
e Free DVD containing teaching video on normal gait

Ross SA, Engsberg JR. Relation between spasticity and
strength in individuals with spastic diplegic cerebral palsy.

Dev Med Child Neurol 2002; 44: 148-57.

. Hollander M, Wolfe M. Non-Parametric Statistical Meth-

ods. New York: John Wiley, 1973.

Davids JR, Holland WC, Sutherland DH. Significance of
the confusion test in cerebral palsy. 7 Pediatr Orthop 1993;
13: 717-21.

Martin JG. The corticospinal system: from development to
motor control. Neuroscientist 2005; 11: 161-73.

Eyre JA. Corticospinal tract development and its plasticity
after perinatal injury. Newrosci Biobehav Rev 2007; 31:
1136-49.

. Cincotta M, Ziemann U. Neurophysiology of unimanual

motor control and mirror movements. Clin Neurophysiol

2008; 119: 744-62.

. Brunnstrom S. Motor testing procedures in hemiplegia:

based on sequential recovery stages. Phys Ther 1966; 46:
357-75.

. Brouwer B, Ashby P. Corticospinal projections to lower

limb motoneurons in man. Exp Brain Res 1992; 89:

649-54.

. Fowler EG, Goldberg EJ. The effect of lower extremity

selective voluntary motor control on interjoint coordination
during gait in children with spastic diplegic cerebral palsy.
Gait Posture 2009; 29: 102-7.

269



