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Abstract.
PURPOSE: There is no established clinical standard to evaluate ankle proprioception in children with cerebral palsy (CP).
This study compared ankle position sense of children with CP to age-matched children who are typically developing (TD).
METHODS: Children aged 6–17 years participated (15 CP, 58 TD). Using a custom-built device, the ankle was passively
rotated to two positions for 25 trials. Using a psychophysical forced-choice paradigm, participants indicated which position
was more plantarflexed. A psychometric function was fitted to the response data to determine the just noticeable difference
(JND) threshold and the associated uncertainty (random error) for ankle position sense.
RESULTS: Median JND thresholds for the CP group were elevated (CP: 4.3◦, TD: 3.0◦). Three children with CP exceeded
the 95th percentile of TD. No differences in random error were found.
CONCLUSION: This method assessed ankle proprioception relative to norm data and identified position sense impairments
in children with CP. Using this method can provide data on proprioceptive status in CP, augmenting the assessment of motor
impairment.
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1. Introduction

Proprioceptive signals from peripheral mechanore-
ceptors form the basis of conscious awareness of
body or joint position or movement [1] and are used
to control posture and gait. Lower limb propriocep-
tive impairment likely contributes to the high rate of
falls reported in children with cerebral palsy (CP)
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[2]. However, proprioceptive status is almost never
assessed clinically, and no comprehensive data exists
on the breadth and severity of proprioceptive dysfunc-
tion in CP [3]. Previous research examining lower
extremity proprioceptive function in CP applied joint
position matching or movement detection methods
at various joints [4–13]. Yet, there are limitations to
these approaches. For example, the movement detec-
tion method is commonly used in clinical sensory
tests (e.g., Nottingham Sensory Assessment or Eras-
mus MC modified Nottingham Sensory Assessment;
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Table 1
Participant demographics

n Age, mean (SD) [range] Male sex,
n (%)

GMFCS
level,
n (%)

Topography,
n (%)

Tone type,
n (%)

Prior
Treatment,
n (%)

Typically
developing

58 12 y∗ (3 y) [7 y – 17 y] 24 (41)

Cerebral
palsy

15 11 y 10 mo (2 y 10 m)
[6 y 8 mo – 15 y 10 mo]

11 (73) I: 6 (40)
II: 7 (47)
III: 2 (13)

Hemi: 6
(40)
Di: 7 (47)
Tri: 2 (13)

Spastic: 13
(87)
Mixed: 2
(13)

Orthopedic: 4
(27) Selective
dorsal
rhizotomy: 3
(20) Tone: 9
(60)

Tone treatments included intrathecal baclofen pump, botulinum toxin, and phenol. ∗Age in months was not collected for the typically
developing population. Di: diplegic, GMFCS: Gross Motor Function Classification System, Hemi: hemiplegic, mo: months, n: sample size,
SD: standard deviation, Tri: triplegic, y: years.

Rivermead Assessment of Somatosensory Perfor-
mance), in which participants, with eyes closed,
identify if, or in which direction, a limb was moved.
The proportion of correct responses is summed over
3-6 trials. While quick, this method cannot quan-
tify the extent of the proprioceptive deficit since it
yields only dichotomous classification. Joint position
matching methods address some of the above short-
comings but often they require participants to actively
move their limb. Consequently, motor impairments
may confound the proprioceptive (somatosensory)
function one aims to measure [4–8, 10, 11, 13, 14].
Only Damiano et al. [4] accounted for this motor
impairment by subtracting out the joint position
matching error during a vision condition compared
to a no-vision condition. Another problem with many
existing methods is the lack of age-matched data for
peers who are typically developing (TD), making it
difficult to contextualize proprioceptive impairment
among individuals with CP [5, 6, 8, 11, 12]. Lastly,
none of the previous CP proprioception studies used
the method of constant stimulus, which is considered
the most accurate of the three psychophysical meth-
ods to quantify proprioceptive acuity [1, 15]. Acuity
reflects the sharpness of a sense, that is, the ability to
discriminate between small stimuli.

This study utilized the method of constant stimulus,
in which participants were repeatedly presented pairs
of joint positions in a two-alternative forced-choice
paradigm to determine their smallest perceived angu-
lar difference. This method affords the necessary
sensitivity and accuracy lacking in the available clin-
ical tests. Importantly, it provides information about
two aspects of position sense acuity – the bias, or
systematic error, in the form of the just noticeable
difference (JND) threshold, and precision, or ran-
dom error, in the form of the uncertainty area (UA).

Here, the UA corresponds to the variability in mak-
ing repeated judgements about ankle positions. The
method requires an attentive participant, short-term
memory to compare the pairs of stimuli, and more
trials than the other two methods. The purpose of
this proof-of-concept study was to document that the
proposed method can be used in children with CP
who can walk and is able to identify children with
abnormal ankle position sense when compared to TD
children. Based on moderate to large effect sizes for
proprioceptive impairments observed in other studies
[4, 10, 13, 14], it was hypothesized that children with
CP would collectively show evidence of impaired
ankle position sense compared to a TD cohort.

2. Methods

2.1. Participants

A power analysis using an effect size estimated
from between group differences observed in Zarkou
et al. informed the target sample size of children with
CP [14]. For power = 0.8, alpha = 0.05, and Cohen’s d
≈ 0.96, a minimum of 15 participants per group were
necessary to detect a statistically significant differ-
ence in ankle position sense acuity. Fifteen children
with CP (mean [M] age: 11 years 10 months; stan-
dard deviation [SD]:±2 years 10 months; range: 6
years 8 months – 15 years 9 months; 6 males, 9
females) and 58 TD children (M age: 12 years 3
months; SD:±3 years 2 months; range: 7 –17 years;
34 males, 24 females) were able to follow the instruc-
tions and complete the study (Table 1). All children
with CP were recruited from patients undergoing, or
who had recently undergone, a clinical gait analysis
at Gillette Children’s. All but four completed the pro-



E. Boyer et al. / Cerebral palsy ankle proprioception 77

prioception test immediately after a 2.5-hour clinical
gait analysis. Inclusion criteria were 1) a diagnosis
of CP, 2) Gross Motor Function Classification Sys-
tem (GMFCS) level I-III, 3) age six to < 18 years, 4)
able to comprehend English, and 5) expected to be
able to follow instructions. Ambulatory individuals
were enrolled as part of a larger project that required
participants to be able to ambulate and perform other
standing balance tasks. Exclusion criteria were any
surgery in the past nine months or botulinum toxin
injection in the past three months. One participant
was receiving intrathecal baclofen. All TD children
were recruited and tested at the 2019 Minnesota
State Fair. Inclusion criteria were 1) no reported his-
tory of central or peripheral nervous system disorder,
2) no current injury to the lower limbs, and 3) no
exposure to chemotherapy which could have affected
somatosensory and motor function. Before testing,
TD children completed the footedness questionnaire
to determine the dominant foot to be tested [16].
Appropriate written parental consent and child assent
were obtained prior to data collection. The studies
were approved by the University of Minnesota Insti-
tutional Review Board.

2.2. Apparatus

Data were collected using the manual Ankle
Proprioceptive Acuity System for all participants
(Fig. 1A). Feasibility of this system for mea-
suring human ankle position sense acuity had
been established previously [17]. Moreover, intra-
and inter-rater reliability concerns were negligible
because the applied psychophysical method was not
subject to researcher bias. The researcher did not rate
a perceiver’s performance but only rotated the joint
to the position indicated by the psi-marginal adaptive
algorithm. With respect to test-retest reliability, the
only source of variability was the inherent variabil-
ity of the responder’s perception of ankle position.
Unpublished data from eight healthy adults tested on
three consecutive days showed very low test-retest
variability (standard error of measurement = 0.09◦).

The system allowed for manual plantarflex-
ion/dorsiflexion of the tested ankle to distinct ankle
positions with a pegboard position resolution of 0.1◦.
Angular position and velocity were recorded by a
US Digital H6 Optical Encoder (resolution: 0.036◦)
embedded in the device and aligned with the partici-
pant’s ankle joint axis (sampling frequency 100 Hz).

Fig. 1. A. Front and side view of the manual Ankle Proprioceptive
Acuity System. Rotating the handle by the researcher rotates the
ankle. Desired degree of rotation can be set by mechanical stops in
the semicircular pegboard at 0.1◦ increments. The system compo-
nents can be adjusted to the leg anthropometrics of the participant,
so that the approximate ankle joint axis aligns with the axis of
rotation of the device. B. Example of the time course of a single
trial. All trials started at the neutral 45◦ position. Reference posi-
tion was always at 15◦ plantarflexion. Here, the researcher rotates
the foot to the reference position, then returns the footrest to the
initial position before rotating it to the comparison position (10◦
plantarflexion in this example). Thus, the stimulus difference is
5◦. The participant indicates which experienced position (1st or
2nd) was closer to the floor. C. Example of a derived psychometric
function. The just noticeable difference threshold corresponds to
the difference between reference and comparison position at the
75% correct response rate. The uncertainty area is defined as the
distance between the stimulus size differences at the 60th and 90th

percentiles.
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2.3. Assessment procedure

Participants were barefoot and seated on a chair
to perform the ankle position discrimination test on
the more-involved (CP) or dominant ankle (TD).
The more-involved side was determined by clinical
diagnosis or a comprehensive exam (e.g., contrac-
ture, spasticity, weakness, selective motor control)
by the physical therapist during the gait analysis. The
footrest height and heel rest position were adjusted
to align the ankle center, approximated as the lateral
malleolus, with the device axis of rotation. The tested
foot, stabilized by a strap, sat on the footrest with the
participant’s ankle at approximately 90◦ relative to
the shank. Participants wore vision occluding glasses
to remove possible visual cues of ankle position dur-
ing testing.

One of three researchers slowly plantarflexed the
participant’s foot from an initial neutral position (0◦
plantarflexion) to a reference (15◦ plantarflexion)
or comparison (0-15◦ plantarflexion) position. The
participant’s foot was held for approximately two sec-
onds, then moved back to the initial neutral position
before moving to the other reference or comparison
position (Fig. 1B). Participants were asked to ver-
bally indicate in which of the two positions (first
or second) their toes were closer to the floor. They
were told to provide their best guess if they were
unsure. Also, they were allowed to repeat a trial if
they were not paying attention. Before the testing,
there were at least three practice trials with or without
vision occluding glasses to help participants accli-
mate to the device and testing procedure. The practice
trials began with a large difference between the refer-
ence and comparison position (approximately 10◦),
to ensure that participants were able to discrimi-
nate and to understand the testing scheme. During
actual testing, a participant’s verbal response (incor-
rect/correct) in the previous trial was used as input
for an adaptive psi-marginal algorithm to determine
the comparison position for the next trial within the
allowable 15◦ stimulus range [18]. A total of 25
trials were performed. After 10 trials or when par-
ticipants requested, a break was given. Instructions
were reiterated when necessary. The complete pro-
tocol including practice and 25 test trials took 15-30
minutes to complete.

2.4. Psi-marginal adaptive algorithm

The psi-marginal adaptive algorithm was used to
update which comparison ankle position to present to

the participant for each test trial [18]. This algorithm
effectively decreased the number of trials (and thus
time) necessary to determine the smallest detectable
stimulus difference that a participant could perceive.
The four parameters for this algorithm include the
threshold (alpha), slope (beta), upper asymptote (i.e.,
lapse rate; lambda), and lower asymptote (i.e., guess
rate; gamma). The threshold was of primary interest
and was the stimulus intensity (difference between
the reference and comparison ankle positions, in
degrees) at which a participant would discriminate
two different ankle positions at 75% accuracy. The
range in which each participant’s threshold was
assumed to fall was 0-15◦ of plantarflexion, with an
increment of 0.1◦. The slope measured the variability
in perceptual judgments during an assessment. The
range in which each participant’s slope was assumed
to fall was -1.2 to 1.2. Lapse rate represented the pro-
portion of trials the participant incorrectly answered
because of inattentiveness for stimuli that the par-
ticipant was truly capable of differentiating when
vigilant. The range in which each participant’s lapse
rate was assumed to fall was 0 to 0.1. Guess rate
for this two-alternative forced choice task was 0.5,
meaning that participants could have guessed cor-
rectly 50% of the time. Wait time was set to four,
which represented the number of trials after the max-
imum stimulus intensity was presented (15◦ in this
study) in which lapse rate was assumed fixed (0.1 in
this study). Thus, if a wrong answer occurred dur-
ing this wait time, lapse rate was not updated in the
posterior distribution but rather stayed fixed.

2.5. Psychometric function fitting

A logistic Weibull function (i.e., Gumbel function)
was fitted to the stimulus difference-response data
(i.e., the difference in the reference and comparison
ankle angular positions and the incorrect/correct ver-
bal response data for each participant) [19]. Based
on the fitted function (Fig. 1C), two components
of ankle position sense acuity were calculated: bias
(systematic error) and precision (random error). Bias
was measured as the JND threshold, the stimulus
difference between the reference and comparison
angular positions (in degrees) at the 75% proba-
bility of correct response of the function [15, 20].
Smaller JND thresholds (or less bias) represented
higher ankle position sense acuity, which implied that
the participant could discriminate between smaller
differences in ankle position. Precision reflected how
consistently a participant responded across all trials,
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represented by the UA of the fitted function. UA was
calculated as the range of the stimuli (in degrees)
between the 60% and 90% probabilities of a cor-
rect response [20]. A smaller UA value represented
a higher ankle position sense precision, that is, the
participant was more certain in their responses. The
function fit allowed a range of UA ≤ 25◦.

2.6. Statistical analysis

The statistical analysis was based on custom-
written code in R (version 4.1.2). Shapiro-Wilk tests
were performed to determine the normality of the
outcome variables. Given that all variables were non-
normal, subsequent non-parametric Wilcoxon rank
sum tests were applied to determine group differences
(TD vs. CP) for JND threshold and UA. Statistical
significance was defined as p < 0.05.

3. Results

All individual JND threshold data for children with
CP were compared to the age-appropriate median and
quartiles from the TD cohort (Fig. 2). Most children
with CP (9/15; 60%, standard error: 13%) exhibited
JND thresholds within the third and fourth quartiles
of the TD cohort, with three children (20%, stan-
dard error: 10%) exhibiting thresholds above the 95th

percentile. There was no clear indication that JND
threshold was related to a child’s GMFCS level. With
respect to discerning differences at the group level
(CP vs. TD), the Wilcoxon rank sum test showed a
significant difference (W = 243.5, p = 0.009) between
the JND threshold in TD children, compared to those
with CP. The median JND threshold was 3.0◦ (range:
0.9 – 7.4◦) compared to 4.3◦ (range: 1.3 – 12.3◦),
respectively (see Fig. 3).

The UA (precision or random error) of ankle posi-
tion sense acuity was unaltered in these children with
CP with respect to TD children (Fig. 4). The median
UA was 4.6◦ (range: 0.6 – 22◦) in the group with CP
and 3.4◦ (range: 0.4 – 17.6◦; W = 353, p = 0.27) in the
TD group.

4. Discussion

The goal of this study was to objectively quan-
tify ankle position sense acuity (bias and precision)
in a pediatric CP sample. The results supported the
hypothesis that the CP group tended to have impaired

Fig. 2. Just noticeable difference (JND) thresholds of all partici-
pants with cerebral palsy (CP) relative to chronological age of the
(typically developing) TD cohort. Data of those who were TD were
fitted with a 2nd order polynomial function. Black line represents
the median; dark and light gray bands represent the distribu-
tion between the 25–75th and the 5–95th percentiles, respectively.
GMFCS: Gross Motor Function Classification System.

Fig. 3. Bias of ankle position sense as measured by the just notice-
able difference (JND) threshold. The lower and upper limit of each
box represents the 25th and 75th percentile, the whiskers the 5th

and 95th percentile. Circle symbols represent individual partici-
pants, with filled circles representing participants that fell outside
1.5×the interquartile range of their respective group. ** indicates
statistically significant between-group differences. TD: typically
developing; CP: cerebral palsy.

ankle position sense. When considering these mark-
ers of proprioceptive function, it is important to note
that both groups presented with higher thresholds
than healthy young adults (2.4◦) [17], indicating that
ankle position sense acuity continues to develop until
young adulthood [21].
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Fig. 4. Precision of ankle position sense as measured by the uncer-
tainty area. The lower and upper limit of each box represents the
25th and 75th percentile, the whiskers the 5th and 95th percentile.
Circle symbols represent individual participants, with filled cir-
cles representing participants that fell outside 1.5×the interquartile
range of their respective group. TD: typically developing; CP:
cerebral palsy.

The results suggested that impaired ankle posi-
tion sense can be a clinical feature of children with
CP in GMFCS levels I-III since 20% exhibited JND
thresholds above the 95th percentile of TD children.
This also means that approximately 80% of those
with CP may present with ankle position sense JND
thresholds within the range of TD children, although
most of the CP group were distributed above the
median. In fact, the median JND threshold of the
CP group was 43% higher than the TD group. This
study applied a paradigm in which the ankle was pas-
sively rotated to exclude any possible confounding
due to impaired motor function in CP. The between-
group differences aligned with results reported by
Zarkou et al., who used an active plantarflexion joint
position matching task [14]. Both studies included
individuals in GMFCS level I-III. Currently, there
are no data to indicate that the degree of propriocep-
tive dysfunction observed in ambulatory individuals
with CP is correlated with symptom severity as deter-
mined by GMFCS level. However, it is known that
the initial brain injury experienced by children with
CP may damage ascending somatosensory tracts and
their projections in addition to the descending motor
pathways [22–24]. This finding provides a neuro-
physiological rationale for expecting proprioceptive
deficits in CP, observed here as between-group dif-
ferences.

There was no evidence that precision, the random
error in making repeated judgements about ankle

positions, was systematically affected in the group
with CP. It is known from other studies of upper limb
proprioception in TD children that proprioceptive
bias already reaches adult levels in early childhood,
but proprioceptive precision continues to improve
until late adolescence [25]. In this study, the preci-
sion of ankle position sense in children with CP fell
within the range of the age-matched TD cohort. If
confirmed in a larger sample, this implies proprio-
ceptive dysfunction in CP is characterized by a shift
in proprioceptive bias, not random error. This con-
trasts with reports on children with developmental
coordination disorders. As a group, those children do
not exhibit elevated upper extremity JND thresholds
but have higher values of random error when making
judgements about wrist and elbow positions [26].

Implementing clinical evaluations of propriocep-
tive function and expanding research in this area
will help to establish the prevalence and magnitude
of proprioceptive deficits in CP and to relate such
somatosensory impairment to the observable motor
problems. Having access to this knowledge has impli-
cations for prognosis and rehabilitation. Someone
with widespread proprioceptive impairments may
have a poorer gross motor prognosis than some-
one with intact proprioceptive function but profound
weakness, which is more amenable to resistance
training. However, there is evidence that propri-
oception or somatosensory training can improve
proprioceptive and motor function in other popula-
tions, as well as the upper extremity in CP [27, 28].
Future studies should explore if that effect is repli-
cated in the lower extremity of the CP population.

Intact proprioception is essential for motor con-
trol and learning. Proprioceptive impairment at the
ankle is known to have profound impact on balance
and gait control. Empirically, lower limb propri-
oceptive dysfunction is associated with increased
number of falls in people with a variety of neu-
rological conditions, such as stroke or Parkinson’s
disease [29–31]. Anecdotally, individuals with CP (or
parent-proxy) sometimes report challenges with spa-
tial awareness, which they attribute to their increased
fall frequency. More studies are needed in CP to
elucidate the possible causal contributions of propri-
oceptive impairment on motor learning and balance
outcomes in CP.

4.1. Study limitations

There were several limitations to this study that
need to be considered. First, this proof-of-concept
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study, which focused on high functioning children at
GMFCS levels I-III, only examined a relatively small
group of children with CP. Currently, there is limited
or no data on children in GMFCS levels IV-V. Yet,
it would be imperative to obtain such data to dis-
cern how proprioceptive dysfunction involving the
ankle contributes to deficits in gross motor ability.
Second, like all psychophysical testing procedures,
the method applied here required that the examinee
had the cognitive ability to comprehend the task and
stay focused and attentive during testing. This lim-
ited the applicability of the test to school-age children
and to the approximately half of the CP population
without an intellectual disability [32]. Variability of
maintaining attention, especially in younger children,
was evident in this study. Only 29% (2/7) of the
children with CP younger than nine years old suc-
cessfully completed the testing, compared to 62%
(13/21) of those 9-15 years old. Other researchers
who have performed sensory testing with children
also noted that younger children are less likely to be
able to fully participate and yield valid data [7]. To
ensure that psychophysical testing of children with
CP yields meaningful data, researcher need to create
a test environment that allows for breaks and keeps
the children engaged throughout testing. Third, the
dominant ankle in the TD group was compared to the
more involved/non-dominant ankle in the CP group.
This approach was chosen since no significant dif-
ferences between dominant and non-dominant ankle
proprioception have been reported in TD individ-
uals [33] and because the more-involved side has
the most impairment in CP. Future studies should
explore the differences between sides of asymmet-
rically involved individuals and the impact on gross
motor function. Fourth, siblings were allowed to
participate, so the TD group may not all be inde-
pendent observations. Finally, high lapse rates can
spuriously increase JND thresholds [19, 34, 35].
While the participants’ lapse rates in this study were
not objectively measured, it was assumed that they
ranged from 0-30% as others have observed [34, 35].
If true lapse rate (denoted as lambda in the psy-
chophysical function) was greater than the estimated
lambda from the adaptive psi-marginal algorithm
(restricted to ≤ 10%), JND thresholds presented here
would be overestimated, indicating poorer acuity than
their true ability [19]. However, there is a prac-
tical trade-off between more precise estimates of
JND threshold and UA by collecting more trials and
increased likelihood of attentional lapses with longer
testing.

5. Conclusions

This study provides initial evidence that higher
functioning children with CP can present with
impaired ankle position sense acuity, but such pro-
prioceptive impairment may not be widespread. The
outcome measures herein most closely represent
“pure” proprioceptive function as it does not rely on
active movement, which would make it difficult to
distinguish between sensory and motor impairment
in CP. This research begins to address the knowledge
gap around prevalence and severity of lower extrem-
ity proprioceptive impairment in individuals with CP.
It outlines a more systematic approach to investi-
gate how proprioceptive impairment affects balance
control, whether it is associated with higher fall fre-
quency, and how it impacts the motor learning ability
of these children.
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