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Abstract

Background: Cancer patients with chemotherapy-induced peripheral neuropathy (CIPN) have
deficits in sensory and motor skills leading to inappropriate proprioceptive feedback, impaired
postural control and high fall risk.

Objective: This proof-of-concept study investigated the acceptability and effect of an interactive
motor adaptation balance training program based on wearable sensors for improving balance in
older cancer patients with CIPN.

Methods: Twenty-two patients (age 70.3£8.7 years) with objectively confirmed CIPN (Vibration
perception threshold, VPT > 25 \olts) were randomized to either intervention (1G) or control (CG)
group. The IG received interactive game-based balance training including repetitive weight
shifting and virtual obstacle crossing tasks. Wearable sensors provided real-time visual/auditory
feedback from lower limb trajectory and allowed perception of motor-errors during each motor-
action. The CG received no intervention, while recommended to perform regular exercise at home.
Outcome measures were changes in sway of ankle, hip, and center of mass (CoM) in both medio-
lateral (ML) and anterior-posterior (AP) directions during 30-second balance tests with increasing
task difficulty (i.e. standing in feet-closed-position with eyes open (EO) and eyes closed (EC), and
in semi-tandem-position with EO), at baseline and post-intervention. Additionally, gait
performance (speed, variability) and fear of falling (Falls-Efficacy-Scale-International, FES-I)
were measured.
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Results: Training was safe and well accepted despite participants’ impaired health status, high
severity of CIPN (VPT=49.6+26.7 Volts) and high fear of falling (FES-1=35.10+£13.78). Post
intervention, sway of hip, ankle, and CoM were significantly reduced in the IG compared to CG
during standing in feet-close-position with EO (p=.010-.022, except AP CoM sway) and semi-
tandem-position (p=.008-.035, except ankle sway). While improvement trends were observed for
balance with EC (8-39%), gait speed (8%), and FES-1 (7%) in 1G, they did not achieve statistical
significance (p>0.05).

Conclusions: This study demonstrates that older cancer patients with CIPN can significantly
improve their postural balance with specifically tailored, sensor-based exercise training. The
training approach is well accepted in the target group and has potential as a therapy for improving
CIPN-related postural control deficits. However, future studies comparing the proposed
technology-based training with traditional balance training are required to evaluate the benefit of
the interactive joint movement feedback.

Keywords

cancer; chemotherapy; peripheral neuropathy; exercise training; rehabilitation; postural balance

INTRODUCTION

With the aging of the population and the improved survival of cancer patients, rehabilitation
of older cancer survivors is an increasingly common problem [1]. Studies have shown that
older adults are more likely to experience chemotherapy side effects, and chemotherapy
doses often are reduced clinically, based on concern for comorbidities [2].

One major side-effect of antineoplastic agents is chemotherapy-induced peripheral
neuropathy (CIPN), which, affects up to 40% of patients suffering from cancer [3]. The risk
for and severity of CIPN increases with advancing age [4]. Unfortunately, in most instances,
the CIPN is only partly reversible and in the worst cases damage is completely irreversible
[5]. CIPN therefore represents an important sequela of cancer treatment that can have
significant, often long-term impact on quality of life.

CIPN-associated sensory deficits can lead to inadequate proprioceptive feedback and
increased fall risk [6]. Cancer patients during ongoing or recently completed (<12 months)
chemotherapy often show impairments in postural control [7-9]. Persistent mobility
disability and falls related to neurotoxic chemotherapy and CIPN are more pronounced in
older adults [7].

Mobility deficits and balance disorder in patients with peripheral neuropathy have been
found to be associated with abnormal somatosensory feedback (i.e., diminished sensation in
ankles and feet) [10-12]. This misinformation alters the formation of an internal
representation of body position and motion in the central nervous system [13,14]. It is well
established that based on error-dependent learning rules between prior motor action and
desired action, an internal model is formed and tuned with practice [14-16]. This internal
model enables individuals to produce motor commands (feedforward prediction) appropriate
for arbitrary actions.
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CIPN-associated balance impairment requires the design of novel tailored exercise programs
[17], particularly in older patients who may be less able to compensate for the loss of
proprioception. Several factors need to be considered when designing exercise programs for
patients with peripheral neuropathy including compensation for lost joint perception,
controlled intensity to avoid overtaxing, and tailoring of exercise to meet the needs of the
target group [18]. With advancements in technology, interactive exergaming and virtual-
reality systems have been evaluated for training of motor control in older adults and patient
populations [19,20]; benefits include concordance of visual and proprioceptive information,
enhanced information about joint movements in order to compensate for deteriorated joint
position sense via repetitive practice, and incorporation of gaming features. CIPN patients
with impaired lower-extremity proprioception may particularly benefit from interactive
game-based balance training programs. However, to our knowledge, no study has evaluated
such training program in this particular target population.

The current research focuses on the evaluation of a new interactive training regimen
specifically developed to improve balance [18,21,22]. This exercise system integrates data
from wearable sensors into a human-computer interface designed for game-based motor
adaptation training. A key feature of the system is its ability to provide lower extremity real-
time feedback in order to visualize motor errors during exercise. Our group has shown the
effectiveness of this interactive balance training program in patients with diabetic peripheral
neuropathy [18] and frail older adults [22]. This study sought to estimate the effectiveness of
the new balance exercise regimen for improving balance in older cancer patients with
confirmed CIPN. We hypothesized that 4-weeks of balance training (twice a week) would
result in improved balance performance in our study cohort.

METHODS
Study design

The study was designed as a single blinded, randomized, controlled trial. Investigators were
not aware of group assignment. The study was approved by the University of Arizona
Institutional Review Committee (project no 12-0616-01).

Study Population

Individuals were recruited from the University of Arizona Cancer Center (Tucson, AZ).
Recruitment started in September 2013 and follow-up was completed in August 2014.
Inclusion criteria were (1) age =55 years; (2) ability to provide written informed consent, (3)
diagnosis of current or prior malignancy; (4) neurotoxic chemotherapy exposure; (5) ability
to walk without an assistive device for a minimum of 10 meters; and (6) presence of CIPN
as confirmed by (a) presence of clinical key symptoms including numbness, tingling or pain
in feet [23] and (b) objective assessment of vibration perception threshold score at the hallux
bilaterally using a Biothesiometer (Diabetica Solutions, Inc. San Antonio, TX, USA). A cut-
off of >25 VoIt was defined as an indicator of peripheral neuropathy [24]. Vibration
perception threshold measured in the feet has been identified as a sensitive method for
assessment of CIPN [23]. Exclusion criteria included (1) diabetes; (2) foot ulcers or
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infection; (3) neurological disorders including stroke, Parkinson’s disease, multiple
sclerosis, and dementia; and (4) severe visual impairment.

Participants meeting the inclusion criteria were randomly assigned to the intervention group
(1G), or the control group (CG), using the urn design [25] (numbered containers). The
sequence was concealed until group assignment (after baseline measurement) was
completed. A person unrelated to the study performed the randomization procedure. The
progress through the phases of screening, enrolment, allocation, follow-up, and data analysis
is illustrated in figure 1.

Balance training technology: The technology used has been specifically developed for
measuring and improving postural control, as described previously [18,22,26]. It consisted
of a personal computer with 17 inch screen, a virtual user interface, and five inertial sensors
(LegSysTM, BioSensics LLC, MA, USA) equipped with tri-axial accelerometer, gyroscope,
and magnetometer; for estimation of joint angles and position [26]. Sensors were mounted
on each shank, thigh, and on the lower back using elastic straps (Figure 2 and 3). Sensor data
were acquired and transmitted in real-time at a 100 Hz sample frequency for real-time
visualization of ankle and knee movement trajectory on the computer screen as well as
providing audio/visual reward or notification of motor-error at the end of execution of each
trial.

Training procedure: Training was conducted in a separate room in the University of
Arizona Cancer Center clinic. During the exercises the participant stood in front of the
computer screen placed on an elevated desk (Figure 2 and 3). A supervisor gave instructions
during the first training session. In subsequent sessions, participants conducted exercises
using interactive sensor feedback only. The supervisor remained with the participant to
guarantee safety.

Training protocol: Participants attended two sessions per week (45 min. each), for four
weeks. Sessions included: 1) ankle point-to-point reaching tasks; and 2) virtual obstacle
crossing tasks (described below). Balance exercises included repetitive, error-dependent
forward/backward/sideward/diagonal leaning tasks and cognitively challenging dynamic
weight shifting tasks designed to improve postural balance [27]. The graphical interface was
designed to be intuitive and easy to navigate, while avoiding complex animations, which
may distract the user from observing relevant information related to motion performance and
motor error.

Ankle point-to-point reaching task: This task has been described previously in detail
[22]. In summary, the exercise required forward/backward/sideward/diagonal leaning
(Figure 2A-C) and partial weight transfer during standing in front of the computer screen.
Data from shank mounted sensors provided real-time visual feedback about 2D ankle
trajectory during exercises. The kinematic of the ankle joint rotation was translated to a
linear cursor movement on a screen. The participant had to navigate the cursor from a start
circle to a target circle by ankle joint rotation during standing (Figure 2A). Task repetition in
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the opposite direction completed one cycle. The participant had to navigate rapidly (<1
second) and accurately (in middle of circle) from one circle to another. Correct execution
was awarded by visual (exploding of the target) and auditory (positive sound) feedback used
as incentive to be engaged in the exercise and perceive the improvement in the course of
exercise. Motor-error due to inaccuracy of navigating to and stopping at the center of the
target circle in a timely manner was also notified to the subject via an audio-visual feedback
at the end of execution of each trial. In order to move the cursor forward/backward, the
participant had to move the hip in anterior-posterior direction to generate ankle dorsi-flexion
or plantar-flexion (Figure 2A). Medial-lateral hip movement navigated the cursor sideward
(Figure 2B).

Each session included 6 blocks each with 20 cycles of ankle reaching. Blocks 1+2 were
performed in anterior-posterior direction (Figure 2A). Block 3+4 combined anterior-
posterior and medial-lateral direction for a diagonal movement (Figure 2B). Block 5+6 were
conducted with a visuomotor rotation task [28], in order to increase motor and cognitive
challenge. The trajectory of the cursor was rotated by a 20° angle (Figure 2C). The
participant had to observe this change in trajectory during the exercise and adjust ankle
coordination to navigate the cursor towards the target circle. Visuomotor rotation aimed to
improve postural adaptation and postural calibration, as described earlier [29]. Participants
could rest between blocks to avoid fatigue.

Virtual obstacle crossing task: The participant crossed virtual obstacles (boulders)
moving on the computer screen from the left to the right side (Figure 3). Real-time feedback
was given using a stick figure avatar representing the participant’s hip and knee movements.
The avatar replicated lower limb movements including lifting of designated leg to
appropriate height to cross an obstacle. Each session included three series of obstacle
crossing with ten repetitions each, with progressive increase in obstacle height (10%, 15%,
20% of leg length). To cognitively challenge participants, the program required that they
crossed obstacle alternatively with the left or the right leg. If the sequence of leg lifting was
mistaken, the subject was notified via audio-visual feedback. The next obstacle was released
only after the participant had either crossed or hit the previous obstacle and was now in
double-stance support for at least 2 sec (for safety). Participants received audio feedback at
the end of each obstacle-crossing trial which indicated whether they successfully crossed the
obstacle or not. They could hold on to a sturdy desk for support, if required (see Figure 3).
However, they were encouraged to perform the exercises without support. The CG continued
their normal activity but did not receive any formal exercise, while were verbally encouraged
to do home exercise and be active.

Measurements

Clinical characteristics including type and duration of cancer, severity of CIPN (VPT score),
neuropathy-related pain (Numeric rating scale, NRS, score 0-10 [30]), neuropathy-related
numbness in feet (NRS, score 0-10), health-related quality of life (Short-Form Health
Survey, SF-12 [31]), fear of falling (Falls-Efficacy-Scale International, FES-1 [32]), body
mass index (BMI), and history of falls (past year) were documented by standardized
interviewer-administered assessment.
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Outcome measures: Measurements were performed at baseline and after 4 weeks in the
Arizona Cancer Center clinic. Balance was measured using three wearable sensors
(BalanSens™, BioSensics, MA, USA) attached to both shanks and lower back. Participants
were instructed to stand for 30-seconds under 3 conditions: 1) feet close together (but not
touching) with eyes open (EO), 2) feet close together and eyes closed (EC), 3) semi-tandem
position with EO. CoM was quantified as anterior-posterior (AP, cm) sway and medial-
lateral (ML, cm) sway using validated algorithms [12]. Reduction in ML CoM sway with
EO was defined as the primary study endpoint. This sway component is an established
predictor for future falls [33,34]. Additionally, hip sway (deg2) and ankle sway (deg2) were
calculated [12].

Gait performance was measured using wearable sensors attached to each shank and thigh
(LegSys™, BioSensics, MA, USA). Participants walked ten meters at usual pace. Gait speed
and variability (coefficient of variation of stride velocity) were calculated [35].

Fear of falling was evaluated with the FES-I [32], by direct interview. The FES-I assesses
the participants’ confidence (1= concerned, 4= very concerned, total range: 16-64) in
performing different physical and social activities of daily living without falling. Higher
FES-I scores indicate a lower fall related self-efficacy.

Statistical Analysis

Unpaired t-tests and Chi-square-tests were used for baseline comparisons according to the
scale of the investigated variable. Analysis of covariance was used to compare the effect of
the intervention on outcome parameters at follow-up adjusting for baseline values [36].
Effect sizes were calculated as partial eta squared (npz). Values ranging from 0.01 to 0.06
indicate small; from 0.06 to 0.25 moderate, and above 0.25 large effects [37]. Univariate
linear regression analyses were performed to delineate predictive factors of training response
for the primary study endpoint (pre- to post-changes in ML CoM sway with EO). Variables
included age, severity of CIPN (VPT score), numbness, pain, fear of falling (FES-I), health-
related quality of life (SF-12), and baseline balance. Results are given as regression
coefficients B and fit of the model is reported by coefficient of determination R2. SPSS
statistics 22.0 (IBM, Armonk, NY, USA) was used for analysis.

RESULTS

Twenty-two participants were recruited into the study (Figure 1). Three participants (13.6%)
dropped out during the study period (IG n=2: reasons: lack of transport to the study center;
CG n=1: reason: medical event unrelated to the study). The remaining IG participants
completed all sessions. All participants felt comfortable in using the sensor-based
technology and enjoyed the interactive balance training. Training was safe despite the
participant’s impaired health status, high severity of CIPN (average VPT=49.6+26.7 \olts),
high concerns about falling (FES-1=35.10 * 13.78), and functional impairment and no
adverse events occurred.

The participant’s average age was 70.3+8.7 (range 55-86) years. Cancer diagnosis included
lung (n=11, 50%), multiple myeloma (n=2, 9.1%), breast (n=2, 9.1%), colorectal (n=1,
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4.5%), melanoma (n=1, 4.5%), bladder (n=1, 4.5%), prostate (n=1, 4.5%), pancreas (n=1,
4.5%), ovarian (n=1, 4.5%), and chronic lymphoid leukemia (n=1, 4.5%). Gait speed
averaged 0.94 + 0.22 meters per second, which is comparable to the speed found in pre-frail
older adults (mean age 83 years) [38], indicating substantial functional impairment in our
study participants. Eight participants (36.4%) reported 1 or more falls in the last year. No
differences between 1G and CG were found at baseline (Table 1).

Effect of the intervention on outcome parameters

Outcome measures are shown in table 2. Post-intervention, ML CoM sway, hip sway, and
ankle sway were reduced in the IG compared to CG during balance assessment with feet
close and EO (p=.010- .022). Significant reductions in postural sway parameters were also
found during the more challenging semi-tandem position (p=.008- .035), except for ankle
sway (p=.294). Greatest effects were found for hip sway during semi-tandem stance (np2: :
388; —74.8%).

While noticeable trends were observed for other outcome parameters of interest, they did not
achieve statistical significant level in the IG compared to the CG (Table 2). Specifically, ML
CoM sway, hip sway, and ankle sway during standing with EC were improved in the IG by
34.9%, 39.1%, and 24.7% respectively. On the same note, gait speed was improved in the IG
by 8.2%. Although, the observed trends were not significant compared to CG, effect sizes
for these outcomes suggest presence of a moderate effect (np2: .037-.078), which may be
verified in a larger sample.

Predictors of training response

Patients with lower baseline balance performance (i.e. higher ML CoM sway with EO)
showed significantly greater improvements in balance (i.e. more reduction in ML CoM sway
with EO stance: p= —.962, R2= 0.916, p< 0.001). Also, patients with higher CIPN associated
numbness of feet (8= —.729, R2= 0.465, p= 0.026) or higher pain (B= —.698, R2= 0.413, p=
0.037) at baseline showed significantly greater improvements in balance. A similar trend
was observed for the FES-I indicating that those with higher fear of falling a baseline had
greater improvements in balance (B= —.729, R%= 0.465), although this result did not achieve
statistical significance in our sample (p= 0.059). Other parameters did not significantly
predict training response (p=.071-.779).

DISCUSSION

The findings of the current study indicate that interactive, error-dependent, award-based
balance training is safe and effective for improving postural balance in CIPN patients. We
observed significant reductions in postural sway in the IG after 4 weeks of training during
balance assessments with large effect sizes during EO condition. We believe that postural
coordination during ankle-reaching and dynamic weight shifting during obstacle crossing
led to these improvements. We hypothesize that the training helped to restore sensory
mapping by performing several repetitive and identical motor tasks and assisted patients in
perceiving motor errors (i.e. difference between desired action and actual motor action),
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which is not well accomplished by conventional balance training programs without real-time
feedback about body motion.

Previous studies have shown that ML CoM sway is more associated with falls than AP CoM
sway [33,34]. In healthy individuals body sway is larger in AP compared to ML direction,
related to the inherent structural mechanism of ankle and hip joints [39,40]. In contrast,
CIPN patients in our study had higher baseline sway in ML direction compared to AP,
increasing their risk of falling. Notably, baseline ML CoM sway in our participants (2.47

+ 1.32 c¢cm, standing with feet close and EO) was similar that of our previously reported
cohort of frail fall-prone adults (1.97 + 0.83 cm, p=.107), who were, on average, 15 years
older (84.6 + 6.8 years) [22]. Importantly, after the training, ML CoM sway was reduced by
48-56% depending on the stance. We hypothesize that the weight shifting during the virtual
obstacle crossing task, intended to improve control of ML body movements, may be an
important training element that led to these improvements [41].

Our positive results in CIPN patients are in line with earlier studies reporting improvements
in balance in older adults without CIPN after exergame interventions with comparable
frequency and length [20,42,43]. However, previous studies used consumer exergaming
devices based on force platforms (Nintendo Wii) or video system (Microsoft Kinect) which
might be appropriate in more healthy populations but have limitations in functionally
impaired subjects such as older patients with CIPN. Force platforms restrict the base of
support during exercising which may result in falls during training [44,45]. In contrast, our
sensor-based system allowed participants to exercise on the ground in a natural stance
position and did not use real obstacles which could have caused tripping. Unlike camera-
based exergame systems (i.e., Microsoft Kinect), our sensor-based system did not require a
continuous unobstructed sightline, allowing the placement of a desk or chair in front of the
participant to add to the safety of our system.

While it is of importance to try to minimize the development of CIPN in cancer patients, we
observed, interestingly, that participants with more severe CIPN signs and symptoms (foot
numbness, pain, and balance deficits) and increased fear of falling had a better training
response, suggesting that the most impaired participants reaped the most benefit from the
training. Our findings are in accordance with earlier studies demonstrating that participants
with the lowest performance benefit most from physical activity interventions [22,46].

While noticeable improvements were observed in the IG, effects obtained for balance
assessed with EC condition, gait, and fear of falling, were not significant compared to the
CG. The sample size of this proof-of-concept study may have been too small to show a
significant effect for these outcomes. Further, it may be that our intervention primed the
visual input system for balance control which may explain larger effects on balance with
EO. Future studies may incorporate auditory or vibro-tactile feedback in order to allow
specific balance training with EC [47]. In addition, the distance for gait assessment (10
meters) may have been too short to detect a training effect on gait fatigue, which is a
frequent symptom in cancer patients.
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Limitations and future research

The major limitation of this trial is the low number of participants. Further, IG participants
visited the clinic twice per week during the study period, which may have slightly biased the
findings. However, participants in both study groups (IG and CG) visited the cancer clinic
frequently for routine care and IG participants often combined training sessions with routine
care Visits.

Participants had relatively few weeks of training. Despite this limitation, however, balance
improvements found here are congruent with previous studies in older adults without CIPN
which have used a comparable frequency of training sessions and length of intervention
period [42,43].

The aim of this proof-of-concept study was to examine whether a novel technology based on
wearable sensors combined with targeted balance exercises in a virtual environment can
enhance balance in patients with CIPN and its applicability in a routine clinical environment.
We did not aim to compare the advantage of the proposed sensor-based training to
traditional supervised or unsupervised balance training. This will be investigated in a future
study with a larger sample size, longer intervention period, active control group (i.e.
conventional balance training, commercial exergames), and follow-up at 3-6 months to
assess durability of observed improvement in balance and effect on fall frequency, fear of
falling and quality of life measures.

We are currently developing a technology for autonomous usage by older adults at home
utilizing Bluetooth sensors, user-friendly computer interface, and automated adjustment of
task difficulty for the purpose of unsupervised home training which should improve its
application broadly in the community and for more home-bound cancer patients.

CONCLUSIONS

The presented study is an initial step towards evaluating a new and minimally supervised
balance training paradigm practical for implementation into clinic and possibly home
environment and specifically designed for rehabilitation of CIPN-related balance deficits,
which place patients at fall risk, increase fear for falling, and negatively impact on quality of
life. Our study provides preliminary evidence that the intervention is beneficial for
improving balance in CIPN and provides a basis for a larger trial with a more rigorous
design. The ability to tailor our training approach to CIPN patients’ specific balance deficits,
minimum requirement for supervision of exercise, award features to engage participants,
along with the system’s safety in high risk patients, supports further study of this novel
method of balance training.
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Abbreviations:

AP anterior-posterior

BMI Body mass index

CIPN chemotherapy-induced peripheral neuropathy

CoM center of mass

EC eyes closed

EO eyes open

€ intervention group

ML medial-lateral

FES Falls-Efficacy-Scale International

SF-12 Short Form Health Survey

VPT vibration perception threshold test
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Figure 2. An illustration of the ankle reaching balance task
The participant performs the ankle reaching balance task in front of a monitor providing

real-time ankle joint feedback as a red cursor. A: The ankle reaching task involves moving a
red cursor from a start circle (yellow) to a target circle (green) in a straight line by rotating
the ankle joint by leaning forward. Task repetition in the opposite direction (leaning
backward) completes one cycle. B: The ankle reaching task is conducted in anterior-
posterior and medial-lateral direction. C: The trajectory of the cursor is rotated by the
computer by an angle of 20°. The participant needs to observe this change in trajectory and
compensate by adjusting ankle/hip coordination. All exercises were administered inside the
clinic without the need of supervision and through on-screen feedback. However, a
supervisor was present in the room to guarantee safety.
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Figure 3. An illustration of the virtual obstacle crossing task
The participant is challenged to cross virtual obstacles appearing on the screen. Lower

extremity real-time feedback is given using a stick figure avatar representing the
participant’s hip and knee movements. The avatar replicates lower limb movements
including lifting of designated leg to appropriate height to cross an obstacle. When needed,
the participant can use support by holding on to a desk, as illustrated in the figure.
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Table 1.

Baseline characteristics of study participants

Characteristic Intervention (n=11) Control (n=11) P-value
Age, years 68.73 +8.72 71.82 +8.85 419
Women, number 7 (63.6) 6 (54.4) .665
BMI, kg/m? 27.91 £ 8.47 23.00 + 3.58 .092
Duration Cancer, month 49.91 +44.11 44.63 +56.78 .810
Vibration perception threshold, Volts 47.47 £25.20 51.7+29.24 720
Numbness NRS, score (0-10) 5.90 +3.25 4,91 +3.08 482
Pain NRS, score (0-10) 3.10+3.31 2.44 +2.83 .651
Falls Efficacy Scale — International, score 35.10 + 13.78 27.64 +8.09 130
SF-12, Physical Component, score 31.48 +10.04 32.95+6.77 .693
SF-12, Mental Component, score 55.75 + 8.52 52.13 +5.87 .260
Habitual gait speed, meter/sec 0.86 £0.25 1.02+0.17 .098

Page 16

Data are mean = standard deviation or number (%); P- values are given for difference between the intervention and control group; NRS, Numeric
Rating Scale; SF-12, Short Form Health Survey
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