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Abstract

Background—Inefficient central processing and integration of visual, vestibular, and
somatosensory information may contribute to poor balance and diminished postural control in
children with fetal alcohol spectrum disorders (FASD).

Objectives—This pilot study examined sensorimotor performance and the sensory control of
balance using a battery of clinical tests in combination with an experimental laboratory assessment
that quantifies sensory subsystem use (i.e., sensory weighting) among a systematically diagnosed
sample of children with FASD and children with typical development.

Methods—Using a case-control design, 10 children with FASD (8.0-15.9 years; 20% female)
were compared to 10 age- and sex-matched controls on standardized clinical measures and on
kinematic outcomes from the Multimodal Balance Entrainment Response system (MuMBER), a
computerized laboratory assessment whereby visual, vestibular, and somatosensory input is
manipulated at different frequencies during standing balance.

Results—Children with FASD showed poorer sensorimotor performance across clinical
outcomes with significant group differences (p < .05) on parent-reported movement behaviors
(Sensory Processing Measure and Movement Assessment Battery for Children-2 Checklist) and
performance on the Dynamic Gait Index. Experimental kinematic outcomes yielded statistically
significant group differences (p <.10) on a small proportion of somatosensory and vestibular
sensory weighting fractions and postural sway velocity in response to the manipulation of sensory
input.

Conclusions—Preliminary findings showed small group differences in sensorimotor and
sensory weighting behaviors, specifically those that rely on the integration of vestibular sensation.
Differences must be examined and replicated with a larger sample of children with FASD to
understand the impact on balance control and functional sensorimotor behaviors.

© 2013 Canadian Society of Pharmacology and Therapeutics. All rights reserved
Corresponding Author :tracyj@uw.edu.
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Alcohol is a well-established neurobehavioral teratogen. Prenatal alcohol exposure (PAE)
can increase the risk for lifelong neurobehavioral problems, as well as developmental and
intellectual disabilities that fall under the umbrella term of fetal alcohol spectrum disorders
(FASD). Balance deficits are a more frequent and persistent sensorimotor impairment
reported among individuals with FASD.1-® Studies examining brain structures in association
with PAE have identified cerebellar differences and deficits in cerebellar-dependent
behaviors (e.g., gait, balance, and coordination) in both animal models®” and in children.8:°
Impairments on standardized clinical tests of balance and motor function have also been
described among clinically affected childrenl2 and adults.> The nature of these balance
deficits are not yet fully understood, and clinical assessment and intervention guidance
remain limited.

Efficient balance and postural control provide the stability needed to support participation in
many higher-level physical, play, and learning activities that promote function and healthy
child development.1911 Children with impaired or inefficient balance and postural stability
may have difficulty with simple tasks that rely on good postural control, such as sitting in a
desk, maintaining attention, and learning and controlling complex movements. Poor balance
and postural control may also underlie undesirable behaviors that may be misinterpreted as
aggression or inattention and contribute to frustration, anxiety, and decreased self-
esteem.12.13.14 Accurately identifying and developing interventions for balance and postural
control impairments has the potential to improve postural stability and adaptive motor
function as a foundation for participation in childhood activities (e.g., playground activities,
organized sports) that promote health and well-being (e.g., social interaction, self-esteem)
among this high-risk and underserved clinical population.1®

Postural control is a complex and dynamic perceptual-motor process that involves the
integration of three sensory subsystems (visual, vestibular, and somatosensory), which cue
the neuromuscular system to activate postural muscles in response to specific task or
environmental conditions.10:16 The inefficient use of, or adaptation to, sensory information
has been explored as a potential mechanism for balance impairments in children with PAE;
however, there has been limited replication or expansion of previous findings.3# Roebuck et
al® used computer posturography to evaluate postural sway while sensory information was
manipulated both in accuracy and complexity during standing balance.

The children with PAE had significantly lower composite scores (p < 0.01) on the Sensory
Organization Test than controls. Results indicated that the children with PAE had adequate
postural stability when environmental conditions were stable (i.e., accurate visual and
vestibular information), but had more postural sway when somatosensory information was
inaccurate (i.e., they were less able to compensate with visual and vestibular information).
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Roebuck et al* also examined whether the balance deficits among children with PAE were
central or peripheral in nature. Twelve children with PAE were compared to 12 controls on
postural and neuromuscular responses to movement perturbations using electromyographic
(EMG) activity of the lower limbs. No significant group differences were found on short-
latency and medium-latency EMG responses, suggesting intact peripheral responsiveness.
However, the children with PAE demonstrated more delayed and variable long-latency
responses, suggesting poor central processing of sensorimotor information during balance.

Taken together, these study results suggest that inefficient central processing and integration
of visual, vestibular, and somatosensory information may play a role in balance and postural
control impairments in children affected by PAE. While important, these findings do not
precisely specify a child’s ability to continually integrate the three sensory subsystems
during balance, which is needed to adapt to changing environmental situations. For example,
when standing on a moving surface (e.g., boat, escalator, bus) both the feet and the eyes may
not give accurate orientation information, therefore, one needs to weight vestibular input to
adequately maintain stability.

Recently, an experimental technique has been developed to examine how sensory
subsystems integrate to permit successful stabilization for postural control.16 This technique
involves the manipulation of small, barely perceptible oscillating sensory stimuli (visual
field movement or tactile movement) provided at low frequencies in a standing position. The
frequency and amplitude of an individual’s body sway relative to a particular sensory
stimulus frequency and amplitude are examined to determine how a person differentially
weights each sensory subsystem for balance control (i.e., sensory weighting).1718

Developmentally, children as young as 4 years have been shown to weight visual and tactile
stimuli and shift their response between the two sensory stimuli when stimulus amplitude
becomes too large.1® This capacity to prioritize the reliance on a particular sensory input
enhances postural stability in response to changing environmental conditions. In contrast,
the inability to weight certain sensory inputs to activate the most efficient and effective
postural motor adjustments has been implicated in individuals with postural control
impairments and motor deficits.20

Sensory weighting between visual and tactile subsystems as a potential mechanism for
balance and postural control impairments has not been examined in children with FASD. In
addition, manipulations to discover vestibular weighting capabilities in both children with
FASD and children with typical development (TD) have not been studied. A clearer
understanding of balance impairments among children with FASD is needed in order to
develop and evaluate the effects of sensory directed rehabilitation programs, especially in
light of the potential for therapeutic motor training to ameliorate motor deficits described in
alcohol-exposed animal models.%’

This study had two primary objectives. The first objective was to describe clinical
sensorimotor profiles, with an emphasis on the sensory control of balance, of a
systematically diagnosed clinical sample of children with FASD compared to an age- and
sex-matched control group of children with TD. The second objective was to examine
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visual, vestibular, and somatosensory weighting during standing balance between the two
groups with an experimental laboratory test using kinematic outcome measures. We
hypothesized that the children with FASD would show poorer performance on clinical
sensorimotor outcomes compared to controls. On kinematic outcomes, we expected that
compared to controls, children with FASD would demonstrate poorer postural control
(higher velocity and greater area of postural body sway) and would show different sensory
weighting fractions as compared to controls when the frequency of sensory input increased.

MATERIALS AND METHODS

Participants

This study was approved by the University of Washington Human Subjects Division
Institutional Review Board. A sample of children with FASD was recruited from the
University of Washington Fetal Alcohol Syndrome Diagnostic and Prevention Network
(FAS DPN) clinical registry and database of over 2,500 patients. Participants in the database
represent a clinical population of individuals with confirmed prenatal alcohol exposure
systematically diagnosed by an interdisciplinary team?! using the FASD 4-Digit Diagnostic
Code.22.23 The 4-Digit Diagnostic Code is a rigorously defined and extensively validated
diagnostic system.2224.25 The four digits of the code reflect the magnitude of expression of
the key diagnostic features of FASD: (a) growth deficiency, (b) facial features, (c) central
nervous system (CNS) structural and/or functional abnormalities, and (d) maternal alcohol
consumption during pregnancy. The magnitude of expression of each feature is ranked
independently on a 4-point Likert scale with 1 reflecting complete absence of the FAS
feature and 4 reflecting a strong "classic" presence of the FAS feature. Each 4-Digit
Diagnostic Code falls into unique clinical diagnostic categories, including the following that
fall broadly under the designation of FASD: (a) fetal alcohol syndrome/alcohol-exposed
(FAS/AE), (b) partial FAS/alcohol-exposed (PFAS/AE), (c) static encephalopathy/alcohol-
exposed (SE/AE), and (d) neurobehavioral disorder/alcohol-exposed (ND/AE). See Astley?3
for a full explanation of the 4-Digit Diagnostic Code, diagnostic methods, and categories,
and Astley?® for a profile of the FAS DPN clinical population.

Ten children with FASD and 10 age- and sex-matched children with typical development
(TD) participated in the study. Children in both groups were included in the study if they
were ages 8-16 years, male or female, and of any race/ethnicity. Specific inclusion criteria
for children with FASD were: confirmed prenatal alcohol exposure at any level, a diagnosis
on the fetal alcohol spectrum of FAS, PFAS, SE/AE, or ND/AE, and a previously identified
sensorimotor impairment based on clinical diagnostic assessment results. Exclusion criteria
for the children with FASD included an 1Q < 60 to assure children could adequately follow
test directions. In addition, children with severe neuromotor conditions (e.g., cerebral palsy)
that impaired ambulation or independent standing for less than 2 minutes, a history of
serious head injury, seizures, a visual acuity impairment not corrected by glasses, or a lower
limb or back injury within the previous six months were also excluded to control for severe
neurological, visual, and orthopedic conditions. Children were recruited and enrolled in
accordance with IRB guidelines established for the University of Washington FAS DPN.
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Children with TD were recruited from a university research participant pool whose
caregivers consented at the time of the child’s birth to be contacted for university research
studies, through flyers posted in the university community, and by word-of-mouth. Each
child with TD was matched to a child in the FASD group by age (+ 6 months) and sex.
Children with TD were not eligible if, by parent report, they had a sensory or motor
impairment, were enrolled in special education or occupational or physical therapy
programs, reported any neurological illness/injury, seizure, genetic, metabolic, behavioral,
cognitive disorders, or had a lower limb or back injury within the previous six months.
Children in the comparison group were excluded from the study if during the enrollment
screen caregivers reported prenatal alcohol exposure of = 3 drinks (defined as %2 0z absolute
alcohol = 12 oz beer = 5 0z wine= 1 o0z of 100 proof spirit) prior to pregnancy recognition or
during the pregnancy.

Children were tested during a 2.5-hour laboratory visit. Assessments were administered in
the same order by an occupational therapist or physical therapist trained in the assessment
battery and who was masked to group status. Each parent completed three questionnaires.

Instrumentation

Measures to describe the participants were:

1. Demographic Questionnaire: Parent questionnaire to gather demographic, child
health, and developmental information.

2. Anthropometric Measures. Child’s height, weight, and foot size.

3. Clinical Sensory Screen:27 Child’s responses to light touch and light pressure on
each foot and lower leg. A limb position test and limb movement test examined
proprioception and kinesthesia. Responses were scored as pass or fail.

4. Clinical Strength, Range of Motion, and Posture Screen: Child’s lower extremity
range of motion and strength were examined, and standing posture for scoliosis,
kyphosis, lordosis, leg length difference, and standing foot position were observed.

5. Kaufman Brief Intelligence Test-2, Matrices Subtest (K-BIT-2):28 A measure of
non-verbal intelligence for persons 4-90 years to estimate cognitive level. For
children 4-18 years, good internal reliability (o = .86 - .92), test-retest reliability (r
=.83 - 91), and construct validity have been reported. The Matrices Subtest
standard score was the variable of interest with higher scores indicating better
performance.

Standardized clinical measures of sensorimotor behaviors and adaptation during static and
dynamic balance activities were:

1.  Movement Assessment Battery for Children- 2" edition (MABC-2):2° A measure
of motor skills in children 3-16 years. Internal reliability (o = 0.90) and test-retest
reliability for the total score are high (ICC = 0.97).30 The Balance subtest scaled
score is reported with higher scores indicating better performance.
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2. Sensory Processing Measure (SPM): 31 A standardized parent questionnaire for
children 5-12 years that examines child behavioral responses to touch, movement,
visual, and auditory input. Internal reliability (a =.77-.95), inter-rater reliability (r
> .94), and construct validity have been reported. Balance subsection and total
score T scores are reported, with higher scores indicating more behaviors indicative
of poor sensory processing.

3. Pediatric Clinical Test of Sensory Interaction for Balance-2 (P-CTSIB-2):32 Static
balance was assessed under six systematically altered sensory conditions. The
conditions were: (1) eyes open standing on floor, (2) eyes closed standing on floor,
(3) sway-referenced vision via wearing a dome with eyes open standing on floor,
and (4-6) the three visual conditions repeated while standing on medium-density
memory foam. Total ordinal score and vestibular (condition 5 + 6) sensory system
scores are reported; higher scores indicate better performance. Test-retest reliability
(ICC[2,1]=.67-.89), inter-rater reliability (ICC[2,1]=.49-.92), and validity are
adequate.33:34

4. Movement Assessment Battery for Children- 2nd edition Checklist (MABC-2
Checklist):29 Parent questionnaire that examines child movement behaviors in
everyday situations, including movement in static or predictable environments and
in dynamic or unpredictable environments. Raw scores for each subtest are
reported with lower scores indicating better performance.

5. Dynamic Gait Index (DGI):3° Eight walking tasks test dynamic balance during
vestibular challenges (e.g., walking 20” while turning head right and left, stepping
over obstacles). Adequate test-retest reliability (ICC[2,1] =.71) and construct
validity have been demonstrated in children.36 The total raw score is reported with
higher scores indicating better performance.

Laboratory measure of sensory weighting:

MultiModal Balance Entrainment Response (MuMBER) system: This computerized
laboratory assessment system was developed based, in part, on the work of Jeka et al.18 This
experimental method measures sensory weighting across sensory subsystems by determining
the fraction between body sway frequency and sensory stimulus frequency during standing
balance under varying sensory conditions. The construct validity of the MuMBER system as
sensitive measure of sensory system weighting has been demonstrated, as children with and
without FASD showed changes in sensory weighting behaviors as sensory input was
introduced and as sensory stimuli frequency was increased. Within session trial-to-trial
reliability of sensory weighting is fair.

During the MuMBER protocol, participants stood on a piece of medium-density memory
foam (5 cm thick) overlaid on a platform that tilts (vestibular stimulus), faced a visual screen
that displayed a field of horizontally moving dots (visual stimulus), and rested the right
index finger on a moveable touch pole (somatosensory stimulus) (Figure 1). The finger
pressure on the touch pole was regulated to light touch indicated by a tone. If the child
pressed too hard (>5N), the tone would stop and the examiner would assist the child to the
correct touch pressure. A helmet (weighing 1.5 kg) restricted peripheral vision to the screen

J Popul Ther Clin Pharmacol. Author manuscript; available in PMC 2014 December 22.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Jirikowic et al. Page 7

(approximately 110° horizontally and 45°vertically) and white noise was played through
earphones during the trials to mask touch pole and platform noise. A safety harness was
attached to an overhead trolley to prevent falls. Participants were instructed to stand with
feet together, keep their finger resting on the touch pole, look at the screen, and then do
whatever felt natural.

Sensory stimuli were provided in various combinations of Low (L), Medium (M), and High
(H) frequencies for visual (dots on screen), somatosensory (touch pole), and vestibular
(platform support surface) inputs, under fixed amplitudes (Table 1). For example, as the
frequencies increased the dots, touch pole, and platform oscillated medially-laterally at a
faster rate. Stimulus conditions were grouped in a sequence where the frequency of one
sensory system increased from L, to M, to H while the other two were held at low frequency
stimulation. Each stimulus was triggered to move in a medial-lateral direction at a specific
frequency unique to each sensory stimulus and at consistent small amplitudes. Two trials of
60 seconds duration each, over seven test conditions, were applied (Table 1). A Qualysis
Oqus 300 motion analysis system3 captured body sway movements at 120 Hz through five
cameras located posterior and lateral to the child. The system tracked five reflective markers
located on the head (helmet), seventh cervical (C7) vertebra, sacrum between the posterior
superior iliac crests, and Achilles tendons, approximately 5 cm above the inferior surface of
each heel. Postural sway was tracked in response to the changing sensory stimulation, and
kinematic data were used to determine the proportion that the child weighted each stimulus
as the frequency of sensory movement was altered. The expectation was that children would
decrease sensory weighting to high frequency stimuli due to the potential destabilizing effect
on their balance.

Data Reduction

All kinematic data were examined frame by frame for missing data. If markers momentarily
disappeared due to the child's body movements (e.g., if the child extended his head, the
helmet could obscure the C7 marker; if the child's safety vest shifted it could obscure the C7
or sacral marker), those segments were interpolated. Any trials with a marker gap (>300 ms)
were discarded. Each marker component was centered, by subtracting the mean, before
further processing. Spectral analysis was conducted using custom LabVIEW software to
derive the magnitude of the sacrum marker movement at the three sensory stimuli movement
frequencies for the seven conditions tested. To derive the sensory weighting variables, we
calculated the fraction, defined as the magnitude of (medial-lateral) body sway at each
sensory frequency divided by all other peaks of body sway movement at other frequencies
(Figure 2).

The vestibular weighting fraction, somatosensory weighting fraction and visual weighting
fraction are calculated as a/N, b/N and ¢/N, respectively, where N is the sum of all peaks
observed. The methodology relies on stimulating the various balance subsystems, each with
its own unique stimulus frequency, to reveal how much each subsystem contributes to the
whole. The total response (i.e., marker motion) is broken down into frequency and
amplitude components (i.e., spectral analysis), and the results across stimulus frequencies
are compared. For each stimuli response the amplitude vs. frequency data form distinct
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amplitude peaks at specific frequencies (i.e., response peaks), which often, but not
exclusively, correspond to the stimulus frequencies. For example, a response peak at the
frequency of the somatosensory stimulus would suggest a large somatosensory subsystem
contribution (weighting). The fraction of the somatosensory response peak to the total of all
response peaks provides a relative weighting metric for the somatosensory subsystem. Two
kinematic postural control variables were derived by sensory condition using MatLab
software: (1) velocity of body sway movement (root mean square mm/sec), and (2) area of
the ellipse of body sway (cm2). The mean of two trials per sensory condition was used for
all analyses. Outcomes from all body markers yielded similar trends, however, because the
sacral marker is closer to the body center of mass and had fewer missing data points (as
compared to the C7 marker where the helmet obscured more data points) only data from the
sacral marker are reported for all analyses.38

Data Analysis

Descriptive statistics were used to summarize demographic, standardized sensorimotor
clinical outcomes and sensory weighting/postural sway kinematic outcomes. Due to the
small sample size, we used a non-parametric Wilcoxon signed-rank test for paired data to
compare the performance of children with FASD to children with TD. Two-tailed
significance levels were set at a = 0.05 for clinical outcomes and a = 0.10 for experimental
outcomes (MuMBER). Since this is the first study to use MUMBER outcome variables, the
study has an exploratory and preliminary nature, and corrections for multiple comparisons
were not applied.

RESULTS

Sample Demographics

Personal characteristics for both groups are presented in Table 2. Matching during sampling
produced comparable age and sex distributions. Only one child with FASD was in the care
of a biological parent, whereas all 10 children with TD had a biological parent listed as
primary caregiver. Groups were similar on parent level of education; however, all families
of the TD group had income greater than $75K, compared to three families of the group with
FASD. The mean intellectual estimate was lower for the children with FASD than children
with TD. We refrained from doing hypothesis testing for group differences since the sample
size was small, and due to self-selection (especially of the control group), the groups are not
likely to be representative of the entire population of caregivers.

Clinical sensory, strength, range of motion, and posture screen measures were grossly intact
and comparable between groups with one exception. A higher proportion of children with
FASD (50%) than children with TD (10%) were unable to complete trunk force flexion
testing for 30 seconds. A similar proportion of children in each group demonstrated minor
postural or musculoskeletal differences that included postural lordosis (FASD 40%; TD
60%), hyper-pronated feet (FASD 50%; TD 40%), and borderline to mild signs of scoliosis
(FASD 30%; TD 20%).
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Standardized Clinical Measures of Sensorimotor Behaviors and Balance

Mean and median scores on child performance and caregiver-reported sensorimotor
outcomes are reported by group in Table 3. The median scores for children with FASD
suggested clinically poorer performance than the children with TD across all clinical
sensorimotor measures. Statistically significant differences (p < 0.05) were seen on the
MABC-2 checklist and SPM, indicating more parent-reported balance problems during
functional movement for the children with FASD. The children with FASD also had
significantly lower median scores on the DGI; lower scores on the MABC-2 Balance and P-
CTSIB-2 total ordinal and vestibular scores approached significance.

Laboratory (kinematic) Measures

Table 4 and Figure 3 show the visual, somatosensory, and vestibular fractions across sensory
conditions manipulated at low, medium, and high frequencies and group comparisons.
Overall, both children with and without FASD systematically decreased sensory weighting
as the stimulus frequency increased. Visual median weighting fractions were not statistically
different between groups across the seven conditions tested. Somatosensory median
weighting fractions were significantly different for two of the conditions tested: LLL (p =
0.09), with the children with FASD showing a lower median weighting fraction, and HLL (p
= 0.07), with the children with FASD showing a slightly higher median weighting fraction.
A statistically significant difference in one Vestibular median weighting fraction for the
LLL condition (p = 0.09) was found. Clinical significance cannot yet be determined as this
is a new measure utilized only in the sample tested for this study. Postural control outcomes
(median body sway area and velocity) were almost uniformly higher for the group of
children with FASD; with a statistically significant group difference in sway velocity in the
LLH condition (p =.07) (Table 5) suggesting poorer postural control in the children with
FASD compared to children with TD.

DISCUSSION

This pilot study is the first to describe the sensory control of balance using an experimental
assessment system that quantifies the sensory weighting of visual, somatosensory, and
vestibular stimuli in combination with clinical sensorimotor tests among a systematically
diagnosed sample of children with FASD and children with TD. Our overall results describe
and replicate evidence of diminished functional sensorimotor performance on clinical
measures for children with FASD compared to matched controls with TD. Our experimental
outcome of sensory weighting yielded a small proportion of statistically significant group
differences on somatosensory and vestibular sensory weighting fractions and postural sway
velocity. Significant group contrasts were not found on other clinical and kinematic
(postural control) measures that focused on the sensory control of balance. We interpret
findings from our experimental measure as evidence of possible differences in how
efficiently children with FASD adapt to and use sensory subsystems, namely vestibular
input, for balance control. These findings are small and preliminary given our limited
sample size, and the clinical significance of our experimental sensory weighting outcomes
needs further validation.
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Clinical Measures

As expected, given the range of alcohol-related diagnoses of the children with FASD in this
sample, standardized clinical measures yielded a heterogeneous descriptive profile of
sensorimotor performance. As a group, the children with FASD generally had intact
strength, musculoskeletal integrity, and peripheral responses to sensation. Mean and median
scores on standardized clinical sensorimotor measures suggested poorer balance and
functional sensorimotor performance for the children with FASD than their counterparts
with TD. The children with FASD scored approximately 1 standard deviation lower than
controls on the MABC-2 Balance subtest. Caregivers of the children with FASD almost
uniformly reported difficulties with day-to-day movement behaviors on the SPM and
MABC-2 checklist. This demonstrates the difficulties children with FASD have using motor
and postural skills efficiently in the context of complex, dynamic tasks and environments.?
While the results of the caregiver-reported measures (SPM and MABC-2 checklist) for
participants older than age 12 (30%) should be interpreted with caution, as they were beyond
the upper age limits of the normative sample, the latter findings are consistent with previous
research.?

Mixed results were seen on clinical measures that examined the sensory control of balance
under static and dynamic conditions. We found statistically significant group differences on
the DGI, which measures gait quality during dynamic vestibular conditions. The lower score
for the children with FASD on this measure suggests that the children with FASD
demonstrated less efficient vestibular processing in response to dynamic vestibular
challenges. However, the clinical significance of these subtle differences requires more
investigation as the DGI has not been utilized extensively with children.

Group differences on the P-CTSIB-2, a clinical measure of the sensory control of balance,
approached statistical significance for the total score and vestibular score. We consider the
lower mean scores for the children with FASD as clinically significant and suggestive of
decreased postural stability under complex sensory conditions (i.e., inaccurate or conflicting
sensory information). We base this on previous testing of children with balance disorders
with the P-CTSIB and P-CTSIB-2 in which most children ages 4-9 years receive the
maximum total score.3%40 Therefore, any deviation from a maximum total point score
suggests a clinically significant difference, especially since the mean age of the children
with FASD in our sample was 11.9 years. Poorer performance on the P-CTSIB-2 is aligned
with previous research findings in children with PAE of similar age who showed less
efficient vestibular processing during standing balance under altered sensory conditions.3

Sensory Weighting Measures

Using our novel laboratory MuMBER measurements, we have described and quantified how
children in both groups weight visual, vestibular, and somatosensory information with the
aim of examining how children differentially utilize each subsystem to control overall
stability. Children in both groups showed similar decreases in sensory weighting for all
subsystems as the frequency of the sensory stimuli increased. This suggests that all of the
children could unweight from potentially destabilizing visual, somatosensory, and vestibular
sensory stimuli. However, two interesting group differences in the sensory weighting
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outcomes were seen. First, the children with FASD showed consistently higher vestibular
sensory weighting fractions than controls across most conditions. Second, the children with
FASD showed consistently higher velocity of body sway (observed as “jerky” movements)
to control standing balance as compared to controls across all of the sensory conditions.

These findings suggest that the children with FASD had less efficient postural stability
specifically in response to the platform stimuli (£0.25 degree of medial-lateral tilt). We
hypothesize that the children with FASD were less able to actively synchronize their body
sway to the subtle platform support surface movement. This, in turn, may have caused their
body movement to be “dragged” by the platform movement, resulting in higher vestibular
sensory weighting fractions in comparison to the children with TD. Children with TD
appeared to react to the tilting by coordinating their movements opposite to the platform
movement, resulting in smaller sway amplitudes and fractions. This hypothesis will need to
be tested further with larger samples of children with FASD.

Taken together, our clinical and experimental findings are consistent with, and expand,
previous research that suggests that children affected by PAE demonstrate poorer postural
stability and static balance? and have more difficulty adapting when sensory (i.e., vestibular)
information is inaccurate.2 However, this study was preliminary and had a small sample
size, and therefore, any statistically significant group differences need to be corroborated in
larger studies powered to confirm findings. Results from our laboratory measurement
system need replication in larger samples of children with and without FASD. Further, we
observed that younger children (8-9 years) with and without FASD demonstrated poorer
postural control during the computerized laboratory assessment compared to older controls.
This agrees with other findings that suggest that sensory integration for postural control does
not fully mature until adolescence.! We did not test enough children in either group to
estimate the effect of developmental differences, but this warrants further study.

The overall severity of postural disability in the children with FASD was minimal to
moderate, despite our effort to include children with FASD who had a history of
sensorimotor dysfunction. In further exploration of the data utilizing only the seven matched
pairs with children with FASD who had more “severe” diagnosis on the fetal alcohol
spectrum (i.e., FAS or SE/AE) there were statistically significant differences between the
groups on all clinical measures, but differences on the MuMBER sensory weighting
fractions were unchanged. Examining larger samples of children with more moderate to
severe postural control impairments is needed to better understand the clinical utility of the
MuMBER system.

Despite study limitations, our results are congruent with other descriptive studies that report
a range of sensorimator abilities (from subtle to clinically significant impairments) in
individuals clinically affected by PAE.2> Our focus on the measurement of sensory
weighting behaviors provides new and more precise information about how children with
and without FASD integrate sensory information to control balance. Our comprehensive
sensorimotor profile that included both clinical and kinematic outcomes was an attempt to
more precisely test whether the inefficient central processing of sensation, in particular
vestibular input, plays a role in diminished postural control and functional sensorimotor
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rformance among children with FASD. Further investigation is warranted to more fully

understand how children with FASD use and integrate visual, vestibular, and somatosensory
information during balance under both experimental and naturalistic conditions and how this

Ca

pacity affects functional movement behaviors.
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FIG. 1.
MultiModal Balance Entrainment Response (MuMBER) system components:

A. Moveable visual screen dots (visual stimulus), B. touch pole for right index finger
(somatosensory stimulus), C. moveable platform surface with foam overlay (vestibular
stimulus). D. Safety harness for fall protection. E. Reflective markers for motion capture on
heels, sacrum, spine, and head (helmet).
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FIG. 2.
Spectral analysis from the sacrum marker of one participant derived from Labview software

for an LLL condition. a) Peak at the vestibular frequency 0.4Hz; b) Peak at the
somatosensory frequency 0.24Hz; c) Peak at the visual frequency 0.32Hz.
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Visual, somatosensory, and vestibular weighting fractions across conditions: Children with

FASD are depicted in solid circles and children with TD are depicted in open circles.
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TABLE 1
Multi Modal Balance Entrainment and Response (MuMBER) Protocol: Visual, Somatosensory and Vestibular
Conditions
. Somatosensory  Vestibular
Condition™ 2 Acronym® \F/rI;?I[HZ] V) l(:Tr)eq [HZ] Eg)z]
All systemslow LLL 0.32 0.24 0.40
MediumV, low T,low P  MLL 057 0.24 0.40
High V, low T, low P HLL 1.01 0.24 0.40
Low V, mediumT,lowP LML 0.32 0.59 0.40
Low V, high T, low P LHL 0.32 111 0.40
LowV,low T, mediumP LLM 0.32 0.24 0.52
Low V, low T, high P LLH 0.32 0.24 0.86

1 . . . . . .
Amplitude range was kept constant as follows: visual dots (visual stimulus) = 9 mm medial-lateral; touch-pole (somatosensory stimulus) = 4 mm
medial-lateral; platform tilt (vestibular stimulus) = 0.25° tilt;

2V = Visual; T = Somatosensory; P = Vestibular;

3 . .
L = low frequency movement; M = medium frequency movement; H = high frequency movement
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TABLE 2

Personal and Demographic Characteristics by Group

Characteristic FASD (n=10) TD (n=10)

Age in months

Mean (SD) 142.2 (30.4) 144.5 (30.2)
Median (Min, Max) 130.5 (111, 186)  133.0 (113, 187)
Sex, % of females 20.0 20.0

Caregiver relationship to child, %

Biological parent 10.0 100.0

Adoptive/legal guardian/other 90.0 0.0
Caregiver level of Education,%

High School Diploma 10.0 0.0

Some College 20.0 10.0

College or Professional Degree 70.0 90.0
Annual income

< $25,000 10.0 0.0

$25,000 to $50,000 20.0 0.0

$50,000 to $75,000 40.0 0.0

> $75,000 30.0 100.0

K-BIT-2 Matrices1
Mean (SD) 90.8 (19.2) 112.7 (12.4)
Median (min, max) 97 (56, 100) 116.5 (93,129)

FASD diagnosis, %

FAS/pFAS? 20.0 00
Static encephalopathy/alcohol exposed 50.0 0.0
Neurobehavioral disorder/alcohol exposed ~ 30.0 0.0

1 . . .
Kaufman Brief Intelligence Test-2, Matrices Subtest (K-BIT-2).

2 .
Fetal Alcohol Syndrome (FAS)/partial fetal alcohol syndrome
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TABLE 3

Standardized clinical measures of sensorimotor behaviors and adaptation during static and dynamic balance by
group

Measures of Sensorimotor FASD TD 5
Behaviorsand Balance pvalue
MABC Balance Total1

Mean (SD) 8.5 (2.7) 113 (3.1)

Median (min, max) 9.0(5.0,14.0) 12.0(6.0,14.0) .08
MABC Checklist A Static (raw score)

Mean (SD) 7.1(4.8) 8(1.9)

Median (min, max) 7.0 (1.0, 15.0) 0.0 (0.0, 6.0) .02
MABC Checklist B Dynamic (raw score)

Mean (SD) 105 (7.2) 4 (1.0)

Median (min, max) 10.5(0.0,24.0) 0.0(0.0, 3.0) .01
SPM Total Score2

Mean (SD) 63.7 (6.6) 46.8 (8.2)

Median (min, max) 65.0 (47, 69) 43.0 (40, 60) .007
SPM Balance 2

Mean (SD) 58.0 (10.7) 49.4 (9.6)

Median (min, max) 59.5 (40, 71) 47.0 (40, 61) .04
DGl Total Score3

Mean (SD) 21.4 (1.4) 232 (1.1)

Median (min, max) 21.0 (19, 24) 24.0 (21, 24) .02
P-CTSIB-2 Static Ordinal Total4

Mean (SD) 27.6 (2.3) 29.1 (1.1)

Median (min, max) 28.5 (22,30) 29.5 (27, 30) .07
P-CTSIB-2 Vestibular

Mean (SD) 8.2 (1.4) 9.3 (1.1)

Median (min, max) 8.5 (5, 10) 10.0 (7, 10) .06

1M0vement Assessment Battery for Children 2nd egition (MABC-2; standard score M = 10, SD=3);
2Sensory Processing Measure (SPM; T score; M = 50, SD=10).

3Dynamic Gait Index (DGI; raw score) — missing 1 pair;

4Pediatric Clinic Test of Sensory Interaction for Balance-2 (P-CTSIB-2; raw score).

5, . .
Wilcoxon signed-rank test for paired data.
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TABLE 4

Sensory weighting fractions: Sensory condition by group

Sensory Visual Fraction Somatosensory Fraction  Vestibular Fraction
Conditionl'2

TD FASD TD FASD TD FASD
LLL
Mean (SD) 11(03)  .11(03) .12(.03) .10 (.02) .13 (.04) .16 (.06)
Median A1 12 12 A1 13 15
(Min,Max)  (.07,.15)  (.06,.17) (.07,.18)  (.06,.13)  (.06,.23) (.10, .29)
b value3 0.51 0.09 0.09
MLL
Mean (SD) 05(01) .05(01) .12(.02) 11 (.03) 14 (.05) .19 (.05)
Median .05 .05 A2 A1 14 19
(Min, Max) ~ (.04,.06) (.02,.07) (08,.15)  (06,.14) (.05 .22) (.11,.26)
D values 0.57 0.45 0.20
HLL
Mean (SD) .02 (005) .02(.02) .12(.03) .10 (.02) 17 (.06) .15 (.02)
Median .02 .02 12 .09 .16 15
(Min, Max) ~ (.01,.03) (.01,.08) (07,.16)  (.08,.12)  (.06,.29) (.12,.20)
D value3 0.72 0.07 0.45
LML
Mean (SD) 12(04)  .11(03) .05(.02) .05 (.02) 15 (.04) .17 (.06)
Median A1 12 .04 .04 .16 15
(Min,Max)  (.08,.20) (.07,.15) (.03,.08)  (.03,.08)  (.06,.20) (.12, .27)
b value3 0.88 0.65 0.39
LHL
Mean (SD) 12(02) .12(03) .01(003) .02(.006) .15(04) .18(.06)
Median A1 A2 .01 .01 .15 A7
(Min, Max)  (.08,.15)  (.08,.17) (.01,.02)  (01,.03)  (.08,.21) (.11,.29)
D values 0.58 0.39 0.14
LLM
Mean (SD) 12(03)  .11(.04) .13(.03) 11 (.04) 10 (.04) .10 (.04)
Median A1 A1 13 v .09 .09
(Min, Max)  (.06,.18)  (.06,.17) (07,16)  (.05,.16)  (.02,.15) (.06,.17)
D value3 0.45 0.33 0.96
LLH
Mean (SD) 15(03)  .12(05) .13(.03) .14 (.05) .04 (.01) .05 (.01)
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Sensory Visual Fraction Somatosensory Fraction  Vestibular Fraction
Lo 12
Condition
TD FASD TD FASD TD FASD
Median 15 A1 A3 A3 .04 .05
(Min, Max) (.09,.20) (.09,.23) (.08, .19) (.09, .23) (.02,.05) (.03,.07)
3 0.20 0.65 0.20
p value

Sensory conditions are presented in the following order visual, somatosensory, vestibular (e.g., MLL = visual stimulus at Medium frequency;
somatosensory stimulus at L ow frequency; vestibular stimulus at L ow frequency).

2 . .
L = low frequency movement; M = medium frequency movement; H = high frequency movement.

3Wilcoxon signed-rank tests for paired data.
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Postural control measures by group

TABLE 5

Sensory 12 Ellipse of body sway area(mmz) Velocity (RM S)3
Condition™ Sacrum Sacrum
TD FASD TD FASD

LLL

Mean (SD) 15.5 (6.5) 14.2 (6.7) 10.4 (1.5) 109 (1.5)

Median 14.1 12.9 10.3 10.3

(min, max) (5.2,24.3) (6.8, 26.2) (7.9,12.4) (9.6,14.2)
4 0.44 0.59

p value

MLL

Mean (SD) 14.7 (6.3) 19.9 (14.1) 10.8(1.5) 13.0(4.4)

Median 12.7 16.1 11.0 12.1

(min, max) (8.7, 28.2) (8.0, 54.3) (8.5,13.4) (9.8,24.2)

b value4 0.52 0.26

HLL

Mean (SD) 15.3(6.2) 16.6 (7.9) 10.4 (1.6) 12.8(2.3)

Median 133 15.6 10.4 12.0

(min, max) (8.4, 25.5) (6.7, 32.4) (8.0,13.6) (10.2,17.6)
4 0.95 0.11

p value

LML

Mean (SD) 14.4 (6.8) 14.0 (6.0) 10.8 (1.4) 11.4(15)

Median 133 14.3 114 11.5

(min, max) (5.6, 26.4) (5.2,25.2) (8.6,13.0) (9.0, 14.0)
4 0.95 0.59

p value

LHL

Mean (SD) 17.0 (8.1) 16.7 (7.5) 10.5(2.0) 11.8(1.2)

Median 155 17.2 10.2 11.7

(min, max) (7.2,31.8) (6.3, 26.2) (7.4,14.1) (9.9,13.8)

b value4 0.77 0.26

LLM

Mean (SD) 16.5 (11.6) 15.7 (9.2) 10.4 (1.8) 12.0(2.8)

Median 11.9 12.7 10.2 115

(min, max) (8.0, 45.0) (9.3, 38.8) (7.8,13.1)  (9.2,19.0)
4 0.95 0.37

p value

LLH
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Sensory 12 Ellipse of body sway area(mmz) Velocity (RM S)3
Condition™ Sacrum Sacrum
TD FASD TD FASD
Mean (SD) 15.2 (5.2) 16.8 (12.8) 10.8 (1.8) 14.0(5.8)
Median 16.3 14.8 10.9 12.3
(min, max) (6.5, 22.0) (6.0, 48.2) (7.6,13.2) (10.3,29.0)
4 0.37 0.07
p value

Page 24

Sensory conditions are presented in the following order visual, somatosensory, vestibular (e.g., MLL = visual stimulus at Medium frequency;
somatosensory stimulus at L ow frequency; vestibular stimulus at L ow frequency).

2 . .
L = low frequency movement; M = medium frequency movement; H = high frequency movement;

3
RMS = root mean square;

4 . . .
Wilcoxon signed-rank tests for paired data.
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