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Introduction. Spinal and bulbar muscular atrophy (SBMA) is a neuromuscular disorder that leads to progressive weakness of
bulbar and extremity muscles. Dynamic balance during functional tasks has not been reported in people with SBMA.
Objectives. (1) To evaluate the ability to safely complete a forward lunge (FL), step quick turn (SQT), and step up and over
(SUO), (2) to determine the presence and severity of dynamic balance impairments by comparing performance to normative
data, and (3) to investigate the relationship between lower extremity strength and ability to complete each task. Design. Cross-
sectional analysis. Participants. Fifty-three people with SBMA were included in a cross-sectional analysis. Normative datasets
provided by the NeuroCom manufacturer and isometric strength literature facilitated patient comparisons. Outcome Measures.
Force plate-based dynamic balance measures included FL (distance, impact index, contact time, and force impulse), SQT (turn
time and turn sway), and SUO (lift up index, movement time, and impact index). Maximal isometric contractions of knee
extensors, ankle dorsiflexors, ankle plantar flexors, and hip extensors were measured with fixed frame dynamometry. Results.
The most difficult test, per completion rate, was SUO (52%), followed by FL (57%) and SQT (65%). t-tests revealed significant
abnormalities in eight of nine balance variables (p < 0:05) accompanied by large Cohen’sD effect sizes ≥ 0:8. Receiver operating
characteristics analysis showed knee extensor (SUO 95% CI =0.78–1.00, SQT 95% CI =0.64-0.92) and ankle plantar flexor
strength (SUO 95%CI = 0:75 – 0:99, SQT 95%CI = 0:64 − 0:92) significantly discriminated the ability to perform SUO and SQT
tests with acceptable to excellent areas under the curve. Conclusions. Considerable dynamic balance abnormalities were
observed. Lower extremity strength helps explain low test completion rates. Patients modified task movement patterns,
enabling safe task performance. Study results can help direct patient care and future protocol design for people with SBMA.

1. Introduction

Spinal and bulbar muscular atrophy (SBMA), also known as
Kennedy’s disease (KD) [1], is an X-linked neuromuscular
disorder, resulting from a mutation in the androgen receptor
gene [2]. Recent research indicates the toxic effects of the
mutant gene on skeletal muscle as well as motor neurons,
contributing to a pathophysiology characteristic of both a
motor neuron disorder and myopathy [3]. SBMA primarily

affects males, while female carriers of the mutation are usu-
ally unaffected clinically [4]. The disease causes slowly pro-
gressive weakness of bulbar and extremity muscles with
onset in adulthood. Musculoskeletal presentations include
muscle cramps, fasciculation, tremors, weakness, and
decreased or absent deep tendon reflexes [5].

Major muscle group weakness leads to considerable lim-
itations of function and endurance in people with SBMA [6].
Falls were reported in 64% of individuals from the placebo
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group in a recent randomized clinical trial [7]. A study
including 223 people with SBMA reported the median age
of onset for handrail use on stairs to be forty-nine years,
for the use of a cane to be fifty years, and for requiring a
wheelchair for primary mobility to be sixty-one years [8].
Common endurance limitations in people with SBMA
include difficulty with sustained and repeated movements
such as sit-ups, step-ups, and heel raises [6], and walking
endurance limitations have also been reported [5, 9].

Characterizing and quantifying functional limitations
associated with SBMA are critical in guiding patient care
and research. Some performance-based clinical tools have
been studied, such as the Adult Myopathy Assessment Tool
(AMAT) [6] and the six-minute walking test [9]. Recently,
posturography was used to quantify static postural sway in
people with SBMA [10]. However, no SBMA research has
explored objective dynamic balance assessment during
important tasks such as forward lunging, turning while
walking, and stepping.

This research uses objective balance variables from tests
of forward lunge (FL), step quick turn (SQT), and step up
and over (SUO) to evaluate safe task performance and func-
tional impairment severity in people with SBMA. While
multiple different tasks would be needed to cover all the
diverse aspects of dynamic balance, we selected these three
tasks such that they are challenging yet doable by this clini-
cal population; they are representative of activities of daily
living that are most affected in patients with SBMA and
are standard tests in the NeuroCom system previously used
in multiple other clinical populations. Since one of the main
characteristics of SBMA is muscle weakness, we investigated
the relationship between lower extremity strength and the
ability to perform the dynamic balance tasks.

2. Methods

2.1. Participants. Fifty-three males diagnosed with SBMA,
with a mean age of 51:5 ± 3:5 years, BMI: 26:4 ± 3:4 kg/m2,
and disease duration: 12 ± 4:2 years participated. The pres-
ent investigation is a cross-sectional analysis of a larger ran-
domized controlled trial conducted during 2011-2014 in a
research hospital on the benefits of functional exercise for
people with SBMA [11]. Healthy control subjects were not
a part of this trial because the functional exercise group in
this study was compared to a group who received stretching
only. Inclusion criteria required participants to be ambula-
tory and able to travel to our hospital. All subjects were
men over 18 years of age with genetically confirmed diagno-
sis of SBMA. The balance data were acquired at the baseline
assessment. The protocol was approved by the Institutional
Review Board, and informed consent was obtained from all
participants. We compared balance scores to a normative
dataset provided by the manufacturer, since healthy control
participants were not included in the exercise trial. The nor-
mative dataset includes four age groups: 20-39, 40-59, 60-69,
and 70-79 years old. All subjects in the normative dataset
were reported to have no current or past diagnosis or injury
affecting balance, be taking no medications affecting the cen-
tral nervous system or known to affect balance or coordina-

tion, and have no symptoms of dizziness or lightheadedness,
no symptoms suggestive of vestibular or neurological disor-
ders, no psychological disorders including depression, no
history of two or more unexplained falls within the past 6
months, and normal vision with or without glasses.

2.2. Outcome Measures. Participants performed the FL,
SUO, and SQT bilaterally three times each without upper
extremity support (NeuroCom Balance Master; previously
Natus Medical Inc., Seattle, WA). Each subject received a
detailed test description and a demonstration by the exam-
iner. A physical therapist provided safe guarding against
falls. Lower extremity strength was tested bilaterally, using
a Quantitative Muscle Assessment (QMA) device consisting
of a fixed-frame dynamometer (AEVERL Medical, LLC,
Gainesville, GA) and load cells (Interface, Scottsdale, AZ)
with computer-assisted data acquisition. Below is a descrip-
tion of each outcome measure.

2.2.1. Forward Lunge. Each subject was asked to step forward
and lunge as far and as quickly as possible on one leg, while
staying upright at the trunk, and then push backward and
return to the starting position. Participants were required
to bend their lunging knee to some degree for it to be consid-
ered a valid trial. For safety reasons, we could not predeter-
mine a cut point for a minimal degree of lunging knee
flexion. The variables measured were (a) distance: length of
the forward movement of the COG, expressed as a percent-
age of participants height; (b) impact index: the maximum
vertical force exerted by the lunging leg as it contacts the
force plate during landing, expressed as a percentage of body
weight; (c) contact time: time lapsed, in seconds, between the
lunging leg contacting the force plate and leaving the contact
surface; and (d) force impulse: total vertical force generated
by the lunging leg during the forward lunging and return
to starting position phases of the movement, expressed as a
percentage of body weight multiplied by the time, in sec-
onds, that the force was exerted (total work). This test has
been reported to have good to excellent reliability [12].

2.2.2. Step Quick Turn. Each subject was asked to take two
steps on the force plate, make a quick pivot turn of 180
degrees, and walk back to the starting position as fast as pos-
sible. The variables measured were (a) turn time, the time to
execute the turn portion of the test and (b) turn sway veloc-
ity, the distance travelled by the center of gravity (sway
path), in degrees/second, during the turn. This test has been
reported to have good to excellent reliability for both mea-
sures [13].

2.2.3. Step Up and Over. Each subject was asked to step up
onto a four-inch curb/step (step up leg), lift the other leg
(swing leg) up and over the curb without touching it, and
safely lower the swing leg to land on the force plate. The var-
iables of interest were (a) lift up index: maximum force
exerted by the step up leg on the curb, expressed as a per-
centage of the body weight; (b) movement time: time elapsed
between the initial weight shift to the nonstepping/swing leg
and the impact of the swing leg down onto the force plate;
and (c) impact index: the vertical force exerted by the swing
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leg as it landed on the force plate, expressed as a percentage
of the body weight. This test has been reported to have good
to very good reliability in healthy adults [12].

2.2.4. Isometric Strength. The average of two maximal volun-
tary isometric contractions (MVICs) were measured and
recorded bilaterally for the following muscle groups: knee
extension, ankle dorsiflexion, ankle plantarflexion, and hip
extension [11]. Additionally, these four muscle groups were
summed bilaterally to create a lower extremity strength
composite score for each subject. Individualized strength
prediction values were derived for each muscle considering
gender, height, weight, age, and body side using published
normative dataset equations [14]. A ratio (percent of pre-
dicted MVIC) was then calculated for individual muscle
groups (right and left) and the composite value (averaged
right and left) for each subject.

2.3. Statistical Analysis. Data were dichotomized into able
participants who completed all three trials of a test bilater-
ally, without loss of balance, or not able participants who
required reaching for upper extremity support, therapist
assistance, or took a corrective step to prevent a fall. Mean
differences between people with SBMA who were able to
complete each test and the normative database were
explored with independent sample t-test. Data analysis
followed age subgroups determined by the normative data-
base. Differences between people with SBMA able and not
able to complete dynamic balance tasks by age, age at disease
onset, and disease duration were also explored with an inde-
pendent sample t-test. Analyses were performed with R soft-
ware (R Foundation for Statistical Computing, version 3.6.0,
Vienna, Austria). Cohen’s D values were calculated to deter-
mine the effect size of each measure with the following inter-
pretation criteria: small (0.20), moderate (0.50), and large
(0.80) [15]. Additionally, a receiver operating characteristic
(ROC) curve analysis was completed to evaluate the discrim-
inatory value of lower extremity strength on ability to com-
plete the functional tests (Epi: a package for statistical
analysis in epidemiology, R package version 2.40). We inter-
preted the data as follows: an area under the curve (AUC) of
0.5 suggests no discrimination (i.e., ability to discriminate
patients able and unable to complete the test), 0.5-0.7 is con-
sidered poor, 0.7 to 0.8 acceptable, 0.8 to 0.9 excellent, and
more than 0.9 outstanding [16]. Sensitivity and specificity
were calculated post hoc for tests that demonstrated excel-
lent discriminatory value. We analyzed the right side of the
body for all variables, except composite values, because we
noticed no asymmetries when strength data was examined.

3. Results

The most difficult test for our cohort, based on completion
rate, was the SUO (52%), followed by FL (57%) and SQT
(65%). Comparisons between people with SBMA able to
complete each test and the normative database are shown
in Table 1.

Data were compared to two age range groups (40-59 and
60-69 years old). Two participants younger than 40 and one

subject older than 69 were excluded. Significant abnormali-
ties were found for nearly all measures. Our cohort lunged
forward with significantly shorter COG displacement (dis-
tance, p < 0:001 for groups 40-59 and 60-69 years old),
landed more softly (impact index, p < 0:001 for both
groups), and spent longer time (contact time, p ≤ 0:001 for
both groups) in the lunge position. The group with ages
40-59 also performed more work during the forward lunge
(force impulse, p < 0:001), and a similar finding towards
larger force impulse was observed for the older group; how-
ever, those results did not reach statistical significance
(p = 0:06). Large effect sizes (Cohen’s D > 0:8) were found
for all variables of FL and nearly all age groups. Significant
abnormalities were also observed for the SUO, with the 40-
59 years old group, stepping up onto the step with signifi-
cantly less force on the step up leg (lift up index, p < 0:001
), taking longer time to execute the entire test (movement
time, p < 0:001), and landing more softly with the swing
leg (impact index, p = 0:004). On the other hand, people
with SBMA with ages 60-69 years demonstrated significant
differences only on SUO lift up index (p = 0:006) when com-
pared to the normative dataset. Effect sizes were large for
SUO variables in the 40-59 age range and for the lift up
index in the 60-69 age range. Contrary to FL and SUO, the
only significant finding on the SQT was that people with
SBMA with ages 40-59 took significantly more time to exe-
cute the 180-degree pivot turn compared to the normative
data (turn time, p = 0:009), and a large effect size accompa-
nied that difference.

The role of strength in discriminating our participants’
ability to complete each functional test is shown in
Table 2. Several muscle groups significantly discriminated
between those able or not able to perform the SUO and
SQT tests, including the composite lower extremities, knee
extensors, and ankle plantar flexors, with the only difference
being that strength discriminated better for SUO with excel-
lent AUCs (0:80 < AUC < 0:90), whereas the SQT yielded
acceptable AUCs (0:70 < AUC < 0:80). The hip extensors
were also discriminatory for the SUO test, with acceptable
AUCs. Of note, people with SBMA able to perform the
SUO test had lost almost half of their predicted strength in
some muscle groups (remaining strength ranging from
36% to 56%) except for the hip extensors, while those not
able to perform the SUO test had much less strength ranging
from 19% to 35% (Table 2).

Additionally, peak knee extensor strength was approxi-
mately double in those able to complete the SUO and
SQT tests versus those who were not able. Our compari-
sons between group demographics showed that partici-
pants who were not able to perform the SUO test had a
significantly longer disease duration than those who were
able (19:3 ± 10:5 vs. 12:4 ± 8:5 years, respectively; p =
0:039). Finally, the FL test yielded no significant discrimi-
natory value.

Given the excellent discriminatory value found for
most muscle groups during the SUO test, we performed
a post hoc analysis to identify cutoff values of those mus-
cle groups at optimal sensitivity and specificity. Findings
revealed a strength cutoff at 57% of predicted for the
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lower extremities (sensitivity 0.88, specificity 0.87), 58%
for the right knee extensors (sensitivity 0.84, specificity
0.87), and 50% for the right ankle plantar flexors (sensi-
tivity 0.92, specificity 0.73).

4. Discussion

This study is the first, to our knowledge, to report objec-
tive dynamic balance measures in an SBMA cohort.
Results indicate people with SBMA have great difficulty
with FL, SQT, and SUO movements. Significant abnormal-
ities in eight of nine balance variables were observed.
Those able to perform the tasks utilized altered movement
strategies and required more of their available lower
extremity strength for safe task completion, due to loss
of reserve strength.

Our results suggest ambulatory people with SBMA expe-
rienced a high degree of difficulty performing functional bal-
ance tasks as only approximately half of the participants
could safely complete the tests. These results are not unex-
pected given that our cohort had substantial lower extremity
muscle weakness and is classified as having moderate func-
tional deficits [6] with mean AMAT scores of 31/45, pre-
sented in previous work [11].

4.1. Comparison to a Normative Dataset

4.1.1. Forward Lunge. We suggest the FL may have been the
most difficult task to perform based on large and very large
effect sizes seen for all four variables measured. Only 57%
of participants were able to complete the test and did so
while moving their center of gravity forward by only 33-
41% of expected values. This degree of step distance reduc-
tion is about four standard deviations below the normative
group mean and is a movement strategy that allows for a
shallower FL depth reducing the eccentric and concentric
demand of the knee extensors. This finding is also not sur-
prising because the quadriceps, which provide the dominant
resistance to knee buckling during FL, were weak in this
cohort and are often one of the most affected lower extrem-
ity muscle groups in people with SBMA [6]. Participants also
landed on the lunging limb with only 36-54% of the
expected force, utilized 33-46% more time than expected,
and performed 17-33% more work to complete the lunge
in comparison to normative data.

The increased time our cohort used to perform FL aligns
with expectations for noncopers with ACL injury [17].
Alkjaer et al. found longer FL contact time and decreased
quadriceps strength among noncopers. Given the role of
the quadriceps in decelerating and accelerating the body
during FL, the authors surmised, and we agree that increas-
ing FL time is a compensatory strategy that reduces quadri-
ceps muscle power demands. This longer FL time also

Table 1: Comparisons between SBMA cohort and NeuroCom normative references on forward lunge, step quick turn, and step up and over
tests. Right-sided data are presented.

Parameter Age group (years)
SBMA cohort Normative

p value Cohen’s D
n Mean ± SD n Mean ± SD

Forward lunge

Distance (% ht.)
40-59 17 16:5 ± 3:5 47 49:7 ± 8:3 <0.001 4.5

60-69 10 17:2 ± 4:5 26 41:9 ± 6:2 <0.001 4.2

Impact index (% wt.)
40-59 17 13:5 ± 5:1 47 38:1 ± 11:6 <0.001 2.4

60-69 10 16:0 ± 6:4 26 29:8 ± 14:6 <0.001 1.1

Contact time (sec)
40-59 17 1:6 ± 0:4 47 1:1 ± 0:2 <0.001 1.9

60-69 10 1:6 ± 0:3 26 1:2 ± 0:4 0.001 1.1

Force impulse %wt:ð Þ × secð Þ 40-59 17 159:7 ± 38:2 47 120:1 ± 22:2 <0.001 1.4

60-69 10 163:8 ± 28:9 26 139:6 ± 41:4 0.06 0.6

Step quick turn

Turn time (sec)
40-59 20 1:5 ± 1:1 47 0:8 ± 0:5 0.009 1.0

60-69 11 1:1 ± 0:5 26 1:1 ± 0:8 0.93 0

Turn sway (deg/sec)
40-59 20 28:5 ± 13:9 47 23:2 ± 8:8 0.13 0.5

60-69 11 23:6 ± 7:9 26 24:0 ± 10:2 0.91 0

Step up and over

Lift up index (% wt.)
40-59 17 22:4 ± 6:9 47 46:9 ± 14:1 <0.001 1.9

60-69 8 26:7 ± 9:3 26 39:6 ± 12 0.006 1.1

Movement time (sec)
40-59 17 1:8 ± 0:5 47 1:3 ± 0:3 <0.001 1.5

60-69 8 1:6 ± 0:4 26 1:5 ± 0:4 0.42 0.4

Impact index (% wt.)
40-59 17 30:9 ± 15:9 47 45:9 ± 21 0.004 0.8

60-69 8 40:3 ± 12:8 26 48:2 ± 22:3 0.22 0.4
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increased the work (force impulse) performed by our partic-
ipants. While each subject was instructed to step as far as
possible and return to the starting position without extra
steps or loss of balance as quickly as possible within safety
limits, most were not able to meet the established test
standards.

Surprisingly, strength did not discriminate people with
SBMA who were able to perform FL from those who were
not able. These results may be partially explained by the
movement alterations reviewed above, which allowed our
cohort to complete the test with less requirement for quadri-
ceps strength. We speculate that early clinical attention to
optimize or preserve quadriceps strength, safely refine and

augment the modified FL movement, and become aware of
individual FL speed and distance limits may help people
with SBMA preserve this important functional ability and
may decrease fall risk from an unexpected knee buckling
occurrence.

4.1.2. Step Up and Over. The step up and over test was also
difficult for our participants with a completion rate of only
52%. In a previous study, the majority of people with SBMA
required the use of one handrail to successfully step onto a
7-inch step [6]. However, in the current study, hand support
was not allowed and thus a four-inch step was used. In con-
trast, manufacturer control data was derived with an eight-
inch step. Participants generated 32-48% less force than
expected, took 38% longer to complete the test (younger
cohort), and landed on the swing limb with 33% less force
(younger cohort). These results are intuitively consistent
with the difficulty of this test, which places high demands
on postural stability and lower extremity strength genera-
tion. The reduced lift up index indicates poor force genera-
tion capacity of the lower limb to raise the body weight
onto the step, and longer SUO time may indicate less confi-
dence and muscle power generated during the test. Some of
these findings are consistent with other studies in Parkin-
son’s disease [18] and Huntington’s disease [19], each
reporting significantly reduced lift up index and longer
SUO times. However, our cohort generated significantly
smaller impact index values but only for the group with ages
40-59 years. The literature is unclear about the role of con-
tralateral quadriceps strength on SUO impact forces. Smaller
impact “landing” forces may represent an indirect measure
of improved contralateral limb eccentric quadriceps strength
and postural stability to lower the body from the step onto
the force plate softly [20, 21]. However, our younger cohort,
having only 46% of mean predicted peak quadriceps
strength, was still able to perform the test, but landed softer
than expected. Chmielewski et al. reported that quadriceps
strength stood out as the main predictor of SUO impact
index (but with weaker quadriceps associated with lower
impact index) in participants recovering from ACL recon-
struction [21]. The impact index was low initially after sur-
gical repair, when quadriceps strength was impaired and
normalized six weeks later when quadriceps strength
improved to a level similar to the contralateral unaffected
limb. Given the considerable muscle weakness seen in our
participants, we suggest quadriceps weakness plays an
important role in the reduced impact index seen. Utilization
of a four-inch step would also likely reduce the impact index.

4.1.3. Step Quick Turn. While our participants were chal-
lenged by SQT, it was the most easily completed test (65%
completion). The younger group of people with SBMA took
significantly longer (88%) than expected to perform the
SQT. Surprisingly, turn sway velocity was the only parame-
ter, of nine studied, not significantly different from norma-
tive control data. A previous study in Huntington’s disease
[19] reported significant differences for both turn time and
turn sway velocity. A possible reason for differing results in
this study may be in the pattern of movement adopted by

Table 2: Muscle strength as a discriminator between those in the
SBMA cohort who were able versus those who were not able to
complete each balance test. Strength values are expressed as a
percentage of predicted. For clarity, only the right side is
presented except for averaged composite strength (lower
extremities).

Muscle group
Able to
complete

(mean ± SD)
N

Not able to
complete

(mean ± SD)
N AUC

95%
CI

Forward lunge

Lower
extremities

0:50 ± 0:17 28 0:43 ± 0:15 15 0.62
0.43-
0.81

Knee
extension

0:39 ± 0:18 28 0:32 ± 0:21 15 0.67
0.48-
0.87

Ankle
dorsiflexion

0:47 ± 0:20 28 0:33 ± 0:17 15 0.67
0.49-
0.85

Ankle
plantarflexion

0:31 ± 0:20 28 0:26 ± 0:17 15 0.60
0.41-
0.80

Hip
extension

1:03 ± 0:43 28 0:93 ± 0:21 15 0.47
0.29-
0.65

Step quick turn

Lower
extremities

0.52±0.18 26 0.39±0.11 19 0.75
0.61–
0.90

Knee
extension

0.44±0.20 26 0.26±0.12 19 0.78
0.64–
0.92

Ankle
dorsiflexion

0.47±0.20 26 0.36±0.36 19 0.65
0.49–
0.82

Ankle
plantarflexion

0.34±0.20 26 0.21±0.21 19 0.78
0.64–
0.92

Hip
extension

1.03±0.43 26 0.92±0.26 19 0.45
0.28–
0.63

Step up and over

Lower
extremities

0:56 ± 0:15 25 0:35 ± 0:10 15 0.89
0.79–
1.00

Knee
extension

0:46 ± 0:19 25 0:24 ± 0:10 15 0.89
0.78–
1.00

Ankle
dorsiflexion

0:47 ± 0:21 25 0:35 ± 0:15 15 0.66
0.48–
0.83

Ankle
plantarflexion

0:36 ± 0:21 25 0:19 ± 0:15 15 0.87
0.75–
0.99

Hip
extension

1:10 ± 0:39 25 0:78 ± 0:25 15 0.78
0.64–
0.93

5Rehabilitation Research and Practice



our participants. Instead of a pivot turn, our participants
used a similar strategy to the “en bloc” turn strategy, which
is commonly seen in people with Parkinson’s disease [22].
Visual inspection of the center of gravity tracings during
turning indicates our participants took two or more (usually
multiple) small steps, in order to widen the base of support
and help maintain the center of gravity within it. We inter-
pret this pattern of movement as a compensatory strategy
to prevent postural instability. This pattern of movement
may help explain why turn time was significantly increased
and had a large effect size in the younger group while turn
sway velocity was not significantly different from normative
control data in both groups. In summary, our data demon-
strated that the majority of ambulatory people with SBMA
could successfully complete a SQT task. However, they use
altered movement strategies that incorporate a wider base
of support and multiple small steps, turning more slowly.
This may help explain why completion rate was the highest
for SQT.

4.2. Role of Strength in FL, SUO, and SQT Performance. The
final goal of the study was to explore the discriminatory
value of lower extremity strength in determining the partic-
ipants’ ability to safely complete the three dynamic balance
tests. Safe execution of these tests requires strength, as well
as adequate joint range of motion and stability, unimpaired
cognition, lack of extreme pain, adequate motor control,
coordination and vision, and many other factors. Our clini-
cal experience treating people with SBMA informs us that
muscle force generation appears to be the primary impair-
ment effect on our cohort’s task performance. This cohort,
therefore, may provide a more direct avenue to examine
strength/function relationships compared with other neuro-
muscular conditions presenting with additional motor con-
trol issues or cognitive impairments. Our data suggest that
MVIC differences in a number of lower extremity muscles
explain why people with SBMA were either able or not able
to perform modified versions of SUO and SQT. While we
did see increased strength in those able to complete the FL,
ROC analysis did not support the ability to discriminate
between those able or not able to perform a FL.

The strength/function relationship is the strongest for
the SUO, requiring a fundamental amount of LE strength
to safely complete the test, which is supported by larger
AUC values for all muscles tested except ankle dorsiflexion.
The SUO is particularly demanding on quadriceps function
because it requires one to lift their bodyweight up onto a step
(concentric), stabilize that limb while swinging the opposite
limb over the step, and then lower the body onto the force
plate (eccentric) without upper extremity support. Our
research group previously identified the quadriceps muscle
as one of the most affected lower extremity muscle groups
in SBMA at only 40% of expected compared to age-
matched control participants [5]. The present cohort has
similar quadriceps strength loss, although results from our
sensitivity and specificity analysis suggest a functionally
important threshold of 58% of predicted strength is neces-
sary to complete the SUO test. This threshold may allow cli-
nicians to help identify which participants may be close to

losing or gaining SUO ability and provide a target for
strengthening interventions. Finally, the SUO test was the
only test where hip extension MVIC played a discriminatory
role. However, hip extension MVICs were relatively pre-
served for all people with SBMA when compared to ankle
plantarflexion and knee extension MVICs indicating greater
reserve strength at this key muscle group, which may help
explain why hip extension strength did not discriminate
people who were able or not able to perform FL and SQT.

Despite our participants using a modified SQT (slowing
turn and using a similar “en bloc” turn strategy to improve
postural stability), this modification did not negate the rele-
vance of strength to perform the test, particularly the quad-
riceps and ankle plantar flexors which showed acceptable
discriminatory value (AUC 0.78). Other researchers have
found that these two muscles are key in identifying fallers
versus nonfallers among healthy elderly [23]. Given that
the data presented here reveal the knee extensors and ankle
plantar flexors are the weakest muscles measured in this
cohort, we suggest their inclusion in targeted strength train-
ing programs for people with SBMA.

4.3. Limitations of This Study. The original clinical trial for
this study did not enroll male healthy controls; therefore,
mean normative data supplied by the manufacturer that
included combined male and female values were used in
our comparisons. However, it is likely that group differences
would have been more robust, had we compared our cohort
to men only [24]. Also, when meaningful, the balance vari-
ables investigated in this study were normalized to body
weight or height, which should partially negate gender dif-
ferences. Unfortunately, the manufacturer provided dataset
did not include any BMI data, and therefore, we were unable
to make group comparisons between our patient group and
the control group. The manufacturer dataset only included
8-inch step control values for the SUO test. Had we included
an age-matched control group utilizing the four-inch step,
our group comparisons would have been more accurate,
but also may have led to a SUO completion rate too low to
analyze. Also, the normative data provided only group
means and standard deviations, not individual data, which
precluded our ability to use nonparametric statistics in a
few instances when variables were not normally distributed.
The cutoff values derived from the sensitivity and specificity
estimations reflect the current dataset and should be verified
against additional datasets to validate their discriminatory
value. However, these steps are beyond the scope of this
paper. Our sample size was relatively small and was reduced
further when analysis required stratification by age and by
our decision to require completion of all three trials bilater-
ally to be included in the analysis. Nevertheless, we believe
these limitations do not detract from study conclusions
given the robustness of our findings.

5. Conclusion

This study provides evidence that people with SBMA having
remarkable strength and dynamic balance abnormalities can
still complete challenging tasks by using alternative
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movement strategies. Clinicians and researchers can benefit
from awareness of these strategies to help people with SBMA
improve or maintain dynamic balance task performance and
refine study designs in this population, respectively. How-
ever, these strategies cannot overshadow the importance of
muscle strength. When strength declines from weak to very
weak, altered movement strategies are unable to help com-
plete the SUO and SQT tasks. ROC analyses indicated that
quadriceps and plantar flexor muscles played a key role in
identifying the ability to perform SUO and SQT tasks. More
research is needed to find interventions that help people
with SBMA maintain or improve strength and identify
strength thresholds needed for functional tasks requiring
dynamic balance.
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