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Introduction

Abstract

Objective: Traditional posturography measurements characterize postural insta-
bility in patients with chemotherapy-induced peripheral neuropathy (CIPN),
while underlying postural control mechanisms remain unclear. Taking a model-
based approach can yield insights into these mechanisms. This study’s aim was
to characterize the modifications in postural control of CIPN patients associ-
ated with exercise in relation to the postural behavior of healthy control partici-
pants (hCON) via an exploratory approach. Methods: Thirty-one CIPN
patients were randomly assigned to two interventions (balance plus moderate
endurance training vs. moderate endurance training only) and exercised twice
per week over 12 weeks. Baseline data were compared to 36 matched hCONs.
We recorded spontaneous sway and postural reactions to platform tilts using
Optotrak and a Kistler force platform pre- and post-intervention. Data inter-
pretation relied on a model-based parameter identification procedure. Results:
Spontaneous sway amplitudes were larger and postural reactions smaller, with a
relative phase advance, in our pre-intervention patients than the hCONs. Post-
intervention, spontaneous sway, and postural reactions were reduced and the
sensory-motor ratio larger in both groups, while the postural reaction timing
differed between groups. Interpretation: The abnormally small postural reac-
tions in CIPN patients before the intervention can be interpreted as the conse-
quence of abnormally strong velocity control—a strategy modification that may
serve as a prediction mechanism to compensate for the lack of timely and accu-
rate proprioceptive signals. While both groups reduced postural sway and
showed an adapted sensory-motor ratio post-intervention, the interventions
seemed to trigger different velocity control strategies. This study emphasizes the
need for taking a more differentiated perspective on intervention effects. Trial
registration: German Clinical Trials Register (DRKS) number: DRKS00005419,
prospectively registered on November 19, 2013.

literature.” ' The term CIPN-associated postural instabil-
ity refers to impaired balance performance,”''"'* poorer

Specific chemotherapy agents damage the peripheral
nerves leading to chemotherapy-induced peripheral neu-
ropathy (CIPN) that impairs sensory perception primar-
ily.! A disabling consequence of CIPN is postural
instability, a topic drawing increasing attention in the
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gait abilities,> and increased fall risk>** ' compared to
persons without CIPN. These functional symptoms can
persist after the completion of chemotherapy.'*

CIPN is associated with preferential damage to the
myelinated primary afferent sensory nerve fibers'>'® that
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also carry somatosensory information essential for ade-
quate posture control.'”'® Applying the sensory organiza-
tion test (SOT), Monfort et al!' confirmed the
assumption that poor balance performance in CIPN is
related to the impaired interpretation of somatosensory
information. In line with their study, we detected abnor-
mally low use of proprioceptive cues in CIPN patients
potentially interfering with effective posture control by
evaluating perturbed stance and applying a model-based
analysis strategy in a pilot approach.'”” Then, we com-
pared the postural behavior of eight CIPN patients to
healthy control participants before and after 12 weeks of
intervention (endurance, balance, and strength training).
Furthermore, in a cross-sectional study including H-reflex
assessment, we observed an altered spinal reflex circuitry
also associated with postural instability in CIPN
patients.'”” Those findings point to interrelated CIPN-
induced afferent dysfunction and postural instability.

Despite CIPN-related neuronal impairments, specific
exercises might have the potential to improve the balance
performance of CIPN patients.”*** In general, balance
exercises are a key interventional component to counter-
act stance- or gait disturbances that limit daily activities
and raise the risk of falling.”*** Balance training can
induce neuromuscular adaptations that can improve pos-
tural control mechanisms.””?® There is far too little
known about underlying postural control mechanisms in
conjunction with CIPN. Deeper understanding thereof
would facilitate effective treatment strategies to manage
postural instability in CIPN, since the evidence level is
still insufficient.’”** Only our aforementioned pilot study
has so far identified relevant parameters responsible for
postural adaptations in CIPN after exercising. There, we
additionally implemented a balance-based exercise inter-
vention that induced a sensory shift toward the postural
behavior of healthy control participants by up-weighting
proprioception despite CIPN.' This pilot approach had
certain limitations (e.g., no patient control group, small
sample size, multimodal intervention),"” but it neverthe-
less formed the basis for the present study.

The present randomized controlled trial included can-
cer survivors suffering from CIPN after completing
chemotherapy. All patients engaged in moderate endur-
ance training, that is, cycling training, while half of the
patient group additionally performed balance training,
assuming that the addition of balance training would lead
to better balance performance. The results of this primary
endpoint were published elsewhere verifying our hypothe-
sis.”> Now, we present a subgroup analysis where we
aimed to identify underlying mechanisms responsible for
CIPN patients’ modifications in postural behavior taking
an exploratory approach. We, therefore, recorded sponta-
neous sway and postural reactions to platform tilts, and

Postural Adaptations in CIPN

applied an established postural control model®*¢ (i) to
detect differences in physiological principles leading to
different postural behaviors of CIPN patients and healthy
control participants and (ii) to explain the effects of both
interventions on patients’ postural behavior.

Materials and methods

Patients and study design

This model-based analysis uses data from patients who
had been enrolled in a randomized controlled trial (RCT)
published elsewhere.®®> In this RCT, 50 cancer survivors
reporting CIPN symptoms after having completed anti-
tumor treatment were randomly allocated to two inter-
vention groups: patients (PAT) performed either balance
training additionally to moderate endurance training
(PATg,p) or only moderate endurance training (PATE).
For further inclusion- and exclusion criteria, see 33.

Our subgroup analysis contains 42 CIPN patients who
additionally underwent specific postural control assess-
ments analyzed via a model-based approach. Eleven partici-
pants were omitted for the following reasons: Post-
randomization data were unavailable on five of these
patients (time conflict, further therapy indication, orthope-
dic problem). One additional patient was excluded due to a
recruiting mistake, four patients failed to achieve >70%
training compliance, and one data set was unassessable. We
thus describe our postural control analysis of 31 patients.

Postural behavior at baseline was compared to a group of
36 healthy control participants (hCONs) matching in sex, age,
weight, and height (Table 1). The hCONs’ exclusion criteria
were a history of cancer diagnosis or symptoms of peripheral
neuropathy, or any type of balance or gait disorder.

Patients underwent assessments of posture control twice
(beforeand after 12 weeks of the supervised exercise interven-
tion), while the hCONs underwent this assessment only once.

Moreover, patients took functional performance tests
and a cardiopulmonary exercise test (CPET) on a station-
ary bicycle pre- and post-intervention in order to rule out
any cardiovascular risks during exercise and to determine
the load for the endurance exercise.”

This study was approved by the Ethics Committee of the
University of Freiburg, prospectively registered in the Ger-
man Clinical Trials Register (DRKS00005419), and con-
ducted according to the Declaration of Helsinki. Each patient
had to sign written informed consent prior to inclusion.

Interventions

The one-on-one training sessions took place twice per
week over 12 weeks in the division of Sports Oncology in
the Clinic of Internal Medicine I. Both groups underwent
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Table 1. Participants’ characteristics.
Patients .
Patients hCON
PATeg N = 16 PATe n =15 P AN = 31 N =36 P
Sex m:f N (%) 3(19): 13 (81) 6 (40) : 9 (60) 9(29):22(71) 17 (47) : 19 (53)
Age* 67 (44ﬁ82) 60 (46-75) 0.041 64 (44— 82) 70 (36-80) 0.9
Body height (cm)* 168 (148-182) 170 (148-190) 0.446 168 (148-190) 169 (151-190) 0.597
Body Mass (kg)* 72 (42-112) 72 (54-106) 0.83 72 (42-112) 69 (48-96) 0.955
Diagnosis N (%)
Colorectal cancer 3 (19) 9 (60) 12 (39)
Breast cancer 8 (50) 3 (20) 11 (36)
Gynecological cancer” 1 (6) 1(7) 2 (7)
Upper gastrointestinal cancer 1(6) 1(@7) 2(7)
Non-Hodgkin's lymphoma 3 (19) 1(7) 4(13)
Therapies N (%)
Surgery 15 (94) 15 (100) 30 (97)
Radiation 8 (50) 3 (20) 11 (36)
HCT 1(6) 1(7) 2(7)
Chemotherapy 16 (100) 15 (100) 31 (100)
N cycles* 6 (2-16) 6 (2-16) 0.861 6 (2-16)
N neurotoxic agents* 2 (1-4) 1(1-4) 0.066 2 (1-4)
Therapy-free weeks* 13 (1-167) 18 (3-98) 0.984 15 (1-167)
CIPN symptoms N (%)
Reduced vibration sense® 13 (81) 9 (60) 22 (71)
Reduced joint position sense’ 5(31) 4(27) 9 (29)
Reduced temperature sensation® 9 (56) 7 (47) 16 (52)
Reduced pain sensation* 2(13) 1(@7) 3(10)
Loss of reflexes ATR / PTR 11(69)/2(13) 10 (67)/2 (13) 21(68) /4 (13)
Compliance (%) * 92 (71-100) 100 (71-100) 0.118 92 (71-100)

p-values <0.05 are marked in bold; * median (range);

*other than breast; # measured on the first metacarpophalangeal joint, value < 5 (scale 0—

8); T measured on the second toe, > 3 failures out of 10 trials in random order; ¥ measured on arch, > 3 failures out of 10 trials in random order.
Abbreviations: ATR, Achilles tendon reflex; hCON, healthy control participants; HCT, hematopoietic cell transplantation; PATg, CIPN patients per-
forming only endurance training; PATg.g, CIPN patients performing endurance plus balance training; PTR, patellar tendon reflex.

endurance training lasting up to 30 min of moderate
intensity below the individual anaerobic threshold on a
stationary bicycle. Half of the patient group (PATg.p) also
did an additional 30 min of balance training (+balance).
Balance exercise sessions included three to eight exercises
with three repetitions each a 20-30s involving progres-
sively increasing exercise difficulty by reducing the sup-
port surface and visual input, adding motor/cognitive
tasks, and inducing instability. For both groups, we moni-
tored exercise intensity by the perceived exertion rating
scale ¥ aiming to achieve an adequate intensity level
(meaning an exertion of “somewhat hard” to “hard”) by
individually adapting the exercises accordingly.

Assessments of CIPN symptoms

Vibration sense was determined on the first metacar-
pophalangeal joint and knuckle via Rydel-Seiffer tuning
fork. Furthermore, we used the European Organisation
for Research and Treatment of Cancer (EORTC) QLQ-
CIPN20 questionnaire to estimate CIPN severity, see 33.

1682

Functional performance tests

Functional performance tests were conducted on a force
plate (Leonardo Mechanograph® GREFP, Novotec Medical
GmbH, Pforzheim, Germany). For balance assessments,
we recorded the duration (max. 30s) patients were able to
stand on one leg on a stable and instable surface (foam),
respectively. To evaluate the lower body’s muscle power,
patients performed a maximum counter-movement jump
to measure the jumping height (cm) and maximum
power output during take-off (Prax) >

Data were analyzed using Leonardo Mechanography
Research-Software (Novotec Medical GmbH, Pforzheim,
Germany).

Assessment of postural control behavior

Postural control assessments, that is, spontaneous sway
and perturbed stance were measured with a custom-built
motion platform under two visual conditions, with eyes
open and with eyes closed.®®”® Each trial lasted one
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minute. The participants were told to stand upright on
the platform in comfortable shoes. Stance width was pre-
determined within a marked area. For safety reasons, par-
ticipants had to hold two ropes hanging from the ceiling
in crossed-arms position so that they could not perceive a
somatosensory spatial orientation signal.”>*

Data analysis was conducted offline with custom-made
software programmed in MATLAB® (The MathWorks
Inc., Natick, MA, USA).

Spontaneous sway was measured on the non-moving
platform. The center of pressure (COP) sway path was
detected with a force-transducing platform (Kistler plat-
form type 9286, Winterthur, Switzerland). From the COP
excursions over time in anterior—posterior and mediolat-
eral sway directions, we calculated the root mean square
(RMS) around the mean COP position. After differentiat-
ing the time series, we calculated mean velocity (MV). In
addition, the center frequency (CF) was extracted from
the power spectrum.*"*?

Perturbed stance was measured on a moving platform
to differentiate sensory contributions in reaction to exter-
nal disturbances. We analyzed rotational tilts in the sagit-
tal plane with the tilt axis passing through the
participant’s ankle joints, as the stimulus profile followed
a pseudorandom stimulus (PRTS, pseudorandom ternary
sequence®®) with two peak angular displacements (stimu-
lus amplitude: 0.5° and 1° peak-to-peak). Data were ana-
lyzed at 11 stimulus frequencies (0.05, 0.15, 0.3, 0.4, 0.55,
0.7, 0.9, 1.1, 1.35, 1.75, and 2.2Hz).

Excursions of the lower (hip movement, determined
by the angle of the leg segment with respect to the
earth vertical) and upper (shoulder movement, deter-
mined by the angle of the head-and-trunk segment with
respect to the earth vertical) body segments and of the
platform in space were measured using an optoelec-
tronic motion-measuring device (Optotrak 3020, Water-
loo, Canada). Each marker consisted of three light-
emitting diodes (LED) fixed to a rigid triangle. The tri-
angles were fixed on the participant’s hips and shoul-
ders. Optotrak® and Kistler® output signals as well as
the stimulus signals were sampled at 100Hz using an
analog-digital converter. We recorded all data with soft-
ware programmed in LabVIEW® (National Instruments,
Austin, Texas, USA).

To analyze postural reactions in relation to platform
stimuli, we calculated transfer functions from stimulus-
response data via a discrete Fourier transform. Fourier
coefficients of stimulus and response time series were
used to determine GAIN and PHASE regarding stimulus
frequencies. GAIN represents the size of the postural reac-
tion as a function of stimulus size (platform angle), while
PHASE is related to the relative timing between the pos-
tural reaction and stimulus *.

Postural Adaptations in CIPN

Parameter identification of postural control
assessment

Transfer functions derived from Fourier transforms
served as the experimental data basis for model simula-
tions using a specific version of an established postural
control model****?%*> with active time-delayed pro-
portional, derivative, and integral feedback as well as pas-
sive stiffness and damping to extract basic constituents of
postural control (Fig. 1). The physical part of the model
is a single inverted pendulum model with corrective tor-
que applied at the ankle joint. The model used here
includes a negative feedback loop that relates the body’s
excursion detected by visual, vestibular, and propriocep-
tive sensors to a corrective torque via a neural controller.
The neural controller represents the relation between a
sensory error, that is, the difference between the current
and desired position on the one hand, and the strength
of the motor output, that is, torque, on the other hand.
With the help of an automated optimization tool (fmin-
con, MATLAB®, The MathWorks Inc.) which minimized
the difference between experimental and simulated GAIN
and PHASE curves, we estimated the neural controller’s
parameters with proportional (Kp), derivative (Kd), and
integral (Ki) contributions (PDI-controller), representing
the ratio between sensory input and motor output. More-
over, we derived time delay (Td), proprioceptive sensory
weight (Wp), and passive elasticity (Bpas) and dampening
(Dpas) due to the biomechanical characteristics of mus-
cles and tendons. We fitted model simulations to experi-
mental transfer functions under different stimulus
amplitudes (0.5° and 1°) and visual conditions (eyes
open/closed).

Data analysis

Statistical analysis was performed using Microsoft Excel
and statistic program (JMP®, SAS Institute Inc., Cary,
NC, USA). The sample size is derived from the under-
lying RCT, for which we had calculated the sample size
based on the primary outcome. Details have been pub-
lished.”> The comparison between patients at baseline
and hCONs was conducted via regression model (least
square fit): for spontaneous sway analysis, the parame-
ters RMS, MV, and CF were each considered a depen-
dent variable; for perturbed stance analysis, GAIN and
PHASE; and for model-based analysis, the parameters
Kp, Kd, Ki, Td, Wp, Bpas, and Dpas. Each analysis
included group allocation as the primary independent
variable. To analyze the intervention effect, group dif-
ferences were subjected to multivariate analysis of vari-
ance (MANOVA) including aforementioned variables,
CIPN  symptoms, and functional performance

© 2021 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association 1683
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Figure 1. Schematic representation of the human postural control. The figure shows the modified postural control model used to identify
parameters substantially involved in posture control via an optimization procedure where differences between experimental data and model
simulations were minimized. The human body is represented by an inverted pendulum with the mass concentrated at the center of mass of the
body (J, moment of inertia of the body; mgh, body mass*gravitational constant*height of the center of mass from the ankle joint; s, Laplace
transform variable). Body movement (6, body sway angle), as a response to an external stimulus (8 ref) and to the sensory feedback, is regulated
by the neuromuscular system including passive components (Dpas, passive damping factor, Bpas, passive stiffness factor;), sensory weighting
factors (Wp, proprioceptive sensory weight: Wves, vestibular sensory weight), a time delay (Td), and a neural controller (Kp, proportional gain

(stiffness factor); Kd, derivative gain (dampening factor); Ki, integral gain).

parameters as dependent variable each, time as the
repeated measures variable and group allocation as
independent variable.

If the primary analysis revealed a significant group dif-
ference, we conducted a sensitivity analysis as follows: For
spontaneous sway analysis, visual condition and sway
direction were applied as within-subjects’ factors. For per-
turbed stance, stimulus frequency, visual condition, body
segment, and rotational amplitude were applied as
within-subjects’ factors; for model-based analysis, visual
condition and rotational amplitude were applied as
within-subjects’ factors. The level of statistical significance
was set to p = 0.05. Results of our primary analysis are
presented in Tables 2—6. The sensitivity analyses are
described in the results’ section and selectively illustrated
in Figures 2—4.

Results

Comparing patients and hCONs revealed similar charac-
teristics, while the comparative patients’ groups, PATg.p

and PATYE, differed significantly in age. To control for the
potential influence of age on the interaction of specific
parameters with time, we correlated change over time
(T1-T0) with age for those parameters, where we detected
a significant time effect between patients’ groups.

Spontaneous sway

Patients’ postural sway was more pronounced than the
hCONs’ (F = 12.02; p = 0.001; Table 2). This difference
did not depend on visual condition (F = 0.40; p = 0.526)
or sway direction (F =0.89; p = 0.345). Neither did
patients’ and hCONs” MV (F = 3.18; p = 0.076) and CF
(F=0.02; p=0.898) differ (Table 2). Longitudinally,
patients’ RMS changed significantly during the interven-
tion time (p = 0.014; Table 2). This time effect is mainly
based on a significant RMS reduction with eyes closed
(—0.07 cm, 95% CI —0.01 to —0.13 cm) and in an ante-
rior—posterior direction (—0.09 cm, 95% CI —0.02 to
-0.16 cm), but does not depend on the intervention type
(Fig. 2). In contrast, time did not affect MV and CF.

1684 © 2021 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association
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Table 2. Spontaneous sway.

Postural Adaptations in CIPN

All patients Change after Therapy-effect
hCON at baseline Patients interventions Therapy- between
N =36 N =31 at baseline T1-T0 effect groups
Mean (95% Cl)  Mean (95% Cl) p  Group Mean (95% Cl) Mean (95% Cl) p P
RMS (cm) 0.50 (0.46 to 0.59 (0.55 to 0.001 E+B 0.59(0.54 to —0.03 (0.01 to —0.07)  0.014 0.392
0.53) 0.63) 0.65)
E 0.58 (0.52 to —0.07 (0.00 to —0.13)
0.64)
MV (cm/s) 0.99 (0.88 to 1.15(1.02 to 0.076 E+B 1.23(1.03 to —0.04 (0.05to —0.13)  0.738 0.667
1.11) 1.27) 1.44)
E 1.07 (0.86 to 0.01 (0.17 to —0.16)
1.27)
CF (Hz) 0.64 (0.61 to 0.65 (0.61 to 0.898 E+B 0.65(0.60 to —0.01(0.02 to —0.04)  0.554 0.846
0.67) 0.68) 0.69)
E 0.65 (0.60 to —0.01 (0.04 to —0.05)
0.69)

* indicates a significant change to TO; p-values <0.05 are marked in bold.

Abbreviations: CF, center frequency; Cl, confidence interval; E, CIPN patients performing only endurance training; E + B, CIPN patients performing
endurance plus balance training; hCON, healthy control participants; MV, mean velocity; PAT, patients; RMS, root means square.

Table 3. Perturbed stance.

All patients Change after
hCON at baseline Patients interventions  Therapy- Therapy-effect
N =36 N =31 PAT at baseline T1-TO effect between groups
Mean (95% Cl) Mean (95% Cl) P Group Mean (95% Cl) Mean (95% Cl) P P
Mean GAIN 2.11(2.10to 2.16) 1.78 (1.76 to 1.82) <0.001 E+B 1.85(1.81to 1.90) —0.06 (—0.02 to 0.001 0.537
—0.10)*
E 1.71 (1.68 to 1.77) —0.04 (0.01 to
—0.09)
Mean PHASE —128.22 (-130.2 —-116.58 (-1189 <0.001 E+B —111.03(-115.5 —13.52(-7.7to 0.495 <0.001
°) to —125.4) to —113.8) to —106.6) —19.3)*
E —121.78 (—=126.3 10.35(17.3 to
to —117.2) 3.4)*

* indicates a significant change to TO; p-values <0.05 are marked in bold.

Abbreviations: E, CIPN patients performing only endurance training; E + B, CIPN patients performing endurance plus balance training; hCON,

healthy control participants; PAT, patients.

Perturbed stance

Patients’ GAIN was significantly smaller than that of
hCONs (F = 116.22; p <0.001; Table 3). In addition,
group designation interacted significantly with frequency
(F =7.33; p <0.001): at mid-range frequencies, hCONs
exhibited a more pronounced GAIN than patients, in
contrast to low or high frequencies (Fig. 3A-D). Group
designation interacted significantly with visual condition
(F =11.00; p=10.001) and body segment (F = 27.01;
p <0.001): Patients revealed a smaller GAIN with eyes
open and closed (Fig. 3A-D), and hip and shoulder
movement compared to hCONs (Fig. 3E,F). Differences
between groups were more pronounced with eyes closed

© 2021 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association

(Fig. 3B,D) and at shoulder movement (Fig. 3E, upper
body). Furthermore, group designation interacted with
rotational amplitude (F =4.29; p = 0.038): patients
showed a smaller GAIN at 0.5° and 1° rotational ampli-
tudes; patients’ GAIN at 0.5° was comparable to hCONs’
GAIN at 1°.

Longitudinally, patients’ GAIN changed significantly
over the intervention time (Table 3). This time effect
interacted significantly with body segment (F = 9.66;
p =0.002) and frequency (F = 2.42; p = 0.007) and is
mainly attributable to a GAIN reduction at the shoulder
segment (Fig 3 E, upper body) and at mid-range frequen-
cies (Figs 3 A-D), but it does not depend on the inter-
vention type.

1685



Postural Adaptations in CIPN

Table 4. Model parameters.
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Change after

Therapy-effect

hCON All patients at baseline interventions (between
N =36 N =31 PAT Patients at baseline T1-TO groups)
Mean (95% Cl) Mean (95% Cl) p Group Mean (95% Cl) Mean (95% Cl) p
Ki (s~ "-rad™") 76.15 (74.09 to 73.00 (70.79 to 75.22) 0.041 E+B 70.86 (67.67 to 0.69 (4.77 to —3.40) 0.738
78.20) 74.05)
E 75.28 (71.99 to 0.29 (4.55 to —3.98) (0.892)
78.58)
Kp (rad™") 989.4 (949.3 to 936.2 (893.0 to 979.4) 0.077 E+B 943.1 (882.7 to 65.6 (108.4 to 22.7)* <0.001
1029.5) 1003.5)
E 928.9 (866.0 to 85.8 (150.3 to 21.3)* (0.600)
991.3)
Kd (s-rad™") 267.0 (257.4 to 286.3 (275.9 to 296.7) 0.008 E+B 291.4 (276.5 to 0.90 (13.39 to 0.750
276.7) 306.4) —11.58)
E 282.8 (265.4 to —4.66 (15.71 to (0.637)
296.2) —25.04)
Wp (%) 71.93 (69.15 to 70.87 (67.87 to 73.86) 0.610 E+B 72.08 (67.65 to —0.04 (0.00 to 0.022
74.71) 76.51) —0.08)*
E 69.57 (65.00 to —0.03 (0.02 to (0.782)
74.15) —0.08)
Td (msec) 171 (165 to 177) 176 (171 to 182) 0.229 E+B 178 (170 to 186) —-8.1(0.3to —16.5) 0.011
E 175 (167 to 183) -10.5 (1.1 to —22.1) (0.738)
Ppas (rad™") 86.01 (83.73 to 85.08 (82.62 to 87.53) 0.583 E+8B 82.72 (79.47 to 2.81(6.06 to —0.44) 0.178
88.29) 85.97)
E 87.59 (84.23 to 1.23 (6.31 to —3.85) (0.596)
90.95)
Dpas (srad™")  57.71 (56.32 to 57.08 (55.58 to 58.58) 0547 E+B 57.09 (54.79 to 0.94 (3.68 to —1.79) 0.624
59.10) 59.39)
E 57.07 (54.70 to 0.16 (3.69 to —3.37) (0.727)

59.45)

* indicates a significant change to TO; p-values <0.05 are marked in bold.

Abbreviations: Cl, confidence interval; Dpas, passive damping factor; E, CIPN patients performing only endurance training; E + B, CIPN patients
performing endurance plus balance training; hCON, healthy control participants; Ki, integral gain of the neural controller; Kp, proportional gain
(stiffness factor), Kd, derivative gain (dampening factor); PAT, patients; Ppas, passive stiffness factor; Td, feedback time delay; Wp, proprioceptive

sensory weight.

Patients displayed less PHASE lag than the hCONs
(F = 41.40; p <0.001; Table 3). Moreover, group designa-
tion interacted significantly with rotational amplitude
(F = 32.69; p <0.001). Groups’ PHASE behaviors differed
between rotational amplitudes: patients revealed a smaller
PHASE lag at 0.5° than hCONs (Fig. 4A,B), while PHASE
behavior at 1° was approximately the same across groups
(Fig. 4C,D). Differences in groups’ PHASE behavior did not
depend on visual condition, body segment or frequency.

The intervention type interacted significantly with time
longitudinally (F = 27.21; p <0.001; Table 3). This time
effect between intervention groups interacted significantly
with visual condition (F = 12.05; p = 0.001), rotational
amplitude (F = 12.55; p <0.001), and body segment
(F = 4.64; p =0.031). Thus, the time effect is mainly
attributable to changes with eyes open (interaction:
F = 33.70; p =< 0.001) and at 0.5° rotational amplitude
(interaction: F = 21.42; p = 0.001) (Fig 4 A), and to an
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increase in PHASE lag at the hip segment for PATg.p
(F = 4.49; p = 0.034; Fig. 4F) and a reduced PHASE lag
at the shoulder segment for PATgyp (F = 28.22;
p =< 0.001; Fig 4E, upper body). As there was no signifi-
cant correlation between PHASE change over time (T1-
T0) and age (r = 0.0262, p = 0.173), we did not adjust
our PHASE analysis for age.

The following results are derived from the model-based
approach described above, and present the relevant
parameter differences between groups.

Between patients and hCONs, we observed a significant
group difference for the integral (Ki) (F = 4.21;
p =0.041) and derivative (Kd) (F =7.11; p = 0.008)
parts of the neural controller, while the proportional (Kp)
part did not differ (Table 4). Group designation concern-
ing Ki and Kd did not interact with visual condition or
rotational amplitude. The sensory weighting factor Wp,

indicating the proportion of proprioceptive versus

© 2021 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association
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Table 5. CIPN symptoms.

Postural Adaptations in CIPN

Patients at baseline

Change after interventions

N =31 T1-T0 Therapy-effect  Therapy-effect between groups
Group Mean (95% Cl) Mean (95% Cl) P p
Vibration sense (scale 0 — 8)
First metacarpophalangeal joint  PATg.g 9 (0.6 to 3.2) 1.1 (0.1 to 2.1)* 0.016 0.840
PATE 4(3.0t05.7) 0.7 (-0.41t0 1.7)
Knuckle PATE g 7 (2.6 to0 4.7) 0.1 (=0.8t0 1.0) 0.306 0.133
PATE 0(3.9t06.1) 0.7 (-0.3t0 1.6)
EORTC-QLQ CIPN20*
Sum score PATE.s 7 (25 to 48) —6 (6 to —18) 0.024 0.469
PATE 32 (20 to 43) —11 (=2 to —21)*
Sensory score PATE.s 2 (29 to 54) —3 (10 to —15) 0.038 0.164
PATE 0 (27 to 53) —14 (-3 to —24)*
Motor score PATe.g 33 (21 to 46) -7 (7 to —-21) 0.048 0.857
PATE 23 (11 to 35) —8 (—=1to —16)*
Autonomic score PATe,g 20 (7 to 33) —8 (2 to —18) 0.021 0.590
PATE 23 (10 to 37) —13 (3 to —29)
Upper extremity score PATe.g 35 (19 to 50) —4 (10 to —18) 0.109 0.535
PATE 29 (13 to 44) —8 (=1to —17)*
Lower extremity score PATe,g 46 (31 to 60) —8 (7 to —23) 0.018 0.483
PAT: 38 (24 to 53) —14 (-2 to —27)*

* indicates a significant change to TO; p-values <0.05 are marked in bold; * scoring from 0 (no symptoms) to 100 (severe symptoms).
Abbreviations: Cl, confidence interval; CIPN20, module of the EORTC-QLQ (European Organization for Research and Treatment of Cancer Quality
of Life) questionnaire; p, p-value; PATg, CIPN patients performing only endurance training; PATgg, CIPN patients performing endurance plus bal-

ance training; TO, pre-intervention (baseline); T1, post-intervention.

vestibular and visual cues, the time delay between stimu-
lus and response (Td), passive muscle stiffness (Bpas),
and dampening (Dpas) did not differ significantly
between patients and hCONs (Table 4).

Longitudinally speaking, patients’ Kp increased signifi-
cantly (F = 1545, p <0.001), while Wp (F = 5.38,
p =0.022) and Td (F = 6.66, p = 0.011) lessened with
time (Table 4). These time effects did not interact with
intervention type, visual condition, or rotational ampli-
tude. Further model parameters were unaffected by time.

CIPN symptoms and functional performance

After the interventions, patients’ vibration sense, subjec-
tive CIPN symptoms (Table 5), and functional perfor-
mance outcomes were altered significantly (Table 6).
Patients’ vibration sense measured at the first metacar-
pophalangeal joint increased significantly over time
(F = 6.49, p = 0.016), but did not interact with interven-
tion type. Vibration sense measured at the knuckle
remained stable (F=1.09, p = 0.306). Accordingly,
patients reported alleviated symptoms measured via
EORTC-QLQ CIPN20 questionnaire leading to a signifi-
cant reduction in sum- (F =5.79, p = 0.024), sensory-
(F=4.79, p=0.038), motor- (F=4.33, p=0.043),
autonomic- (F = 6.04, p = 0.021), and lower extremity
scores (F = 6.45, p = 0.018), which did not interact with
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intervention type. Only the upper extremity score
(F=2.75, p=0.109) was unaffected by time. Further-
more, patients improved their functional performance sig-
nificantly: they prolonged their durations standing on one
leg—on stable (F=4.36, p =0.046) and instable
(F = 26.14, p <0.001) surfaces—and raised their jump
height (F = 5.50, p = 0.028). We also detected an interac-
tion between the intervention type and duration of stand-
ing on one leg on an instable surface at T1 (F = 20.87,
p <0.001), a finding that relies on greater improvement in
the PATg.p compared to PATg. As we noted a significant
correlation between the change over time regarding the
duration of standing on one leg on an instable surface
(T1-T0) and age (r = 0.5680, p = 0.003), we adjusted our
analysis for age. Adjusted for age, we found no time effect
on the duration of standing on one leg on an instable
surface (F = 1.67, p = 0.209).

Discussion

CIPN is unfortunately highly prevalent among cancer sur-
vivors*® and the evidence is growing showing that CIPN
patients benefit from exercising through alleviated symp-
toms*>*” % and improved functional performance.*!
234851 Punctional impairments and postural instability
due to CIPN carry relevant health risks for affected

patients.>*>'® While there are many reports about CIPN-
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Table 6. CIPN symptoms and functional performance.

S. Waibel et al.

Patients at Change after
baseline interventions Therapy- Therapy-effect between
N =31 T1-TO effect groups
Functional tests Group  Mean (95% Cl) Mean (95% Cl) p p
One leg stance (s) PATeg 24 (21 to 28) 3 (1 to 6)* 0.046 0.065
PAT: 30 (26 to 34) 0.0 (-3 to 3)
One leg stance (s) on an instable PATe,g 14 (8 to 19) 12 (8 to 15)* <0.001 <0.001
surface PATe 26 (20 to 32) 1(=31to5)
Jump height (cm) PATeg 23 (17 to 29) 1.3(-0.8 t0 3.4) 0.028 0.729
PAT: 31 (2510 37) 1.8 (0.4 to 4.0)
Jump Prax (Watt/kg) PATeg 25 (20 to 30) 0.0(-1.2t0 1.3) 0.110 0.347
)

PATe 31 (26 to 37

1.6 (0.2 to 2.9)*

* indicates a significant change to TO; p-values <0.05 are marked in bold.
Abbreviations: Cl, confidence interval; p, p-value; PATg, CIPN patients performing only endurance training; PATg.s, CIPN patients performing
endurance plus balance training; Pmax, maximum power output (during take-off); TO, pre-intervention (baseline); T1, post-intervention.

induced postural instability,>>'>!>2133

postural  control mechanisms barely  been
described®''**>—in particular when it comes to charac-
terizing different exercise effects.'” The aim of the present
exploratory study was, therefore, to quantify the exercise

the underlying
have

effect based on the set of abnormalities derived from
comparing the quiet and perturbed stance of patients to
healthy control participants via a model-based analysis.
Interestingly, both intervention groups experienced allevi-
ated CIPN-related impairments and exhibited alterations
in their postural behavior.

Spontaneous sway

3,11,13,53 . .
we identified

In line with previous CIPN studies,
greater postural sway in CIPN patients than in healthy
participants. Our patients’ larger sway did not depend on
visual conditions or sway directions (anterior-posterior
vs. mediolateral)—in contrast to, for example, Monfort
et al.'"' or Mueller et al."”* who reported a preponderance
with eyes closed. In an earlier pilot study, we replicated
their finding of large postural sway with closed eyes."® We
are assuming that this study’s patients were less severely
affected by CIPN than those in our earlier pilot study,
which may have contributed to this difference. In general,
we are still assuming that this amplified postural sway is
related to a CIPN-induced proprioceptive deficit,'”**¢
for example, due to more proprioceptive noise. Function-
ally speaking, larger postural sway seems to correlate with
an increased fall risk.”’

Perturbed stance

Analyzing patients’ body reactions to external perturba-
tions enables us to deduce various adjustments in
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physiological mechanisms such as the weighting of sen-
sory information, the effort to correct for positional devi-
ations of the body away from the desired position
(sensorimotor feedback loop gain), or the duration of
sensorimotor time.”* In fact, we applied data on per-
turbed stance in this paper to evaluate postural reactions
and to estimate parameters of a single inverted pendulum
model including the neural controller.

Following this reduced proprioceptive
cues would imply a stronger spatial orientation rather
than one relative to the platform. As a consequence,
platform movements would yield smaller body excur-
sions in CIPN patients than in healthy control partici-
pants, quantifiable by smaller GAIN." Indeed, patients
exhibited a significantly smaller GAIN across both visual
conditions than healthy participants. However, as we
show below, the results of our model-based simulation
imply another main strategy in the patient cohort stud-
ied here. GAIN differences were especially pronounced
with eyes closed. While healthy participants demon-
strated a significant GAIN increase from eyes open to
eyes closed, the patients’ GAIN increase was weaker.
This group difference might be a consequence of either
weighing visual orientation signals differently,'"® or may
be caused by other strategies discussed in the models’
section below.

PHASE behavior relates to the relative timing of body
reactions with respect to the platform stimulus. Since a

framework,

decelerated nerve conduction velocity is an attribute of
CIPN-induced nerve damage, one might expect that
CIPN patients would display a relatively larger PHASE
lag. Surprisingly, our patients’ PHASE lag was less pro-
nounced compared to healthy participants. We assume
that a certain strategy triggers this relative PHASE
advance. More specifically, we speculate that patients shift

© 2021 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association
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Figure 2. Spontaneous sway. The figure shows root means square (RMS) results of spontaneous sway measures as a function of the visual
condition and sway direction. Mean and standard error of center of pressure (COP) RMS (cm) in anterior—posterior (A, B) and mediolateral (C, D)
direction for eyes open (A, C) and eyes closed (B, D) condition in healthy control participants (hNCON), CIPN patients before (PAT TO) and after
(PAT T1) intervention. PATg, endurance exercise only; PATg.g, endurance exercise + balance exercise.

to controlling velocity away from controlling their posi-
tion, which may function as a prediction mechanism.

Model-based parameter identification

To address patients’ GAIN- and PHASE behavior, we fit-
ted participants’ data via a simple feedback system based
on the single inverted pendulum mentioned
above.*****% Qur CIPN patients showed a significantly
lower integral part of the neuronal controller (Ki) and a
significantly larger velocity part (Kd). We interpret this as
a shift in the feedback gain toward velocity control in
CIPN patients. This shift leads to the relative PHASE
advance of CIPN patients compared to healthy control
participants.

Interestingly, the model-based parameter identification
procedure proved unable to identify a different use of
proprioceptive cues represented by the sensory weighting

factor Wp, unlike in our pilot study."” Comparing this
study’s patient group with our pilot study.

reveals differences in CIPN severity: those patients who
participated in the present study were less severely
affected by CIPN, probably because of less exposure to
neurotoxins. The more severe neurotoxic impact on affer-
ent pathways in the pilot study’ patients may be reflected
by their especially low use of proprioceptive cues, that is,
Wp. We speculate that the present patients’ afferent
impairments have not yet significantly influenced their
sensory weighting, rather, they have induced a mechanism
that triggers velocity control as outlined above.

In line with our pilot study, parameters related to pas-
sive muscle and tendon behavior (passive stiffness and
dampening, Bpas and Dpas) did not differ between
patients and healthy control participants. These findings
might further support the assumption that patients’ dif-
ferent postural behavior might be a central mechanism—
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Figure 3. Transfer function: GAIN behavior. A-D show GAIN results as a function of frequency, visual condition, and rotational amplitude. Mean
and standard error of GAIN as the function of frequency at 0.5° (A, B) and 1° (C, D) sway amplitude for eyes open (A, C) and eyes closed (B, D)
condition in healthy control participants (hCon), patients before (Pat TO) and after (Pat T1) intervention. E and F show the mean GAIN across all
frequencies, sway amplitude, and visual condition as a function of body segments. Mean and standard error of GAIN for upper body (E, shoulder
movement) and lower body (F, hip movement) in healthy control participants (hCON), CIPN patients before (PAT TO) and after (PAT T1)
intervention. PATg, endurance exercise only; PATe.g, endurance exercise + balance exercise.
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Figure 4. Transfer function: PHASE behavior. A-D show PHASE results as a function of frequency, visual condition, and rotational amplitude.
Mean and standard error of PHASE as the function of frequency at 0.5° (A, B) and 1° (C, D) sway amplitude for eyes open (A, C) and eyes closed
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rather than a result of CIPN-induced alterations on
muscle- or tendon structures.

Intervention effect

Concerning spontaneous sway, both intervention groups
reduced their postural sway slightly—mainly with eyes
closed and in an anterior—posterior direction. Qur spon-
taneous sway results may tend to concur with other
CIPN-studies reporting reduced postural sway after an
exercise intervention.””' However, Schwenk et al.*'
reported a sway reduction with eyes open and in the
mediolateral direction, and McCrary et al.’! also detected
only an eyes-open effect on postural sway.

After the intervention time, both groups had changed
their reaction to the external perturbation. Based on our
pilot study’s findings,'” one could speculate that patients
after balance training would shift their postural behavior to
resemble that of healthy participants more strongly. How-
ever, that was not the case. Instead, our patients’ post-
intervention GAIN continued to diminish compared to pre-
intervention, a finding mainly relying on their GAIN reduc-
tion on the shoulder segment (upper body). The post-
intervention decrease in proprioceptive sensory weight Wp
may explain these GAIN findings: Wp results reflect the
assumption that patients after interventions tend to inte-
grate space cues even more strongly—a finding more pro-
nounced in the balance-training group (PATg.p). We
assume that CIPN patients optimize their individual postu-
ral control strategy when trying to respond to an impaired
proprioceptive signal. However, we cannot conclusively
clarify whether these effects are due to the intervention type
or the natural recovery process, as our study lacks compar-
ison to a non-intervention group. We had initially expected
that moderate endurance training would not provoke postu-
ral adaptations (unlike additional balance training). Inter-
estingly, PHASE effects contrasted across groups, which led
us to suppose that our interventions might have triggered
different postural strategies. The balance training group
(PATg4p) increased their PHASE lag, meaning a shift toward
the postural behavior of healthy participants. In contrast,
the PATE (endurance training only) reduced their PHASE
lag even more. The PHASE effect of PATg depends mainly
on changes in upper body movements, while PATg.p
changes lower body movements. Since both intervention
groups differed in age, we cannot completely rule out the
possibility that PHASE effects are at least partially age-
related. However, to control for the age effect, we tested for
any correlation between the PHASE change over time (T1-
T0) and age across both groups, which was not significant.
We, therefore, speculate that balance training could have
induced more efficient muscular activation that may have
moderated our patients’ aforementioned prediction

Postural Adaptations in CIPN

strategy. Endurance training may also have increased mus-
cular capacity and thus allowed them to intensify their
proactive muscular activity, represented by the increase in
the PHASE advance after training. Functional tests can high-
light patients’ stronger capacity after an intervention, that is,
when they jump higher.

Both of our groups revealed a positive impact on time
delay (Td) and a larger sensory-motor ratio (Kp) of the
feedback loop with both parameters corrected toward
healthy participants’ values. Additionally, patients subjec-
tively reported having perceived alleviated symptoms
(CIPN20) after the intervention time.>> The present sub-
group analysis revealed a greater improvement in PATg
compared to PATg.p.

Conclusion

Our CIPN patients displayed larger postural sway associated
with postural instability as compared to matched healthy
controls. Our external perturbation experiments revealed
patients’ small sensory-motor ratio together with stronger
velocity control leading to a smaller GAIN and shorter
PHASE lag. After the intervention time, postural behavior
changed, but in somewhat different ways. Both groups
increased their sensory-motor ratio toward the normal
range and reduced their time delay between sensory input
and motor output. However, the balance training group
(PATgp) corrected their PHASE behavior toward that of
healthy participants, while the endurance training group
only (PATg) seemed to intensify their proactive posture
strategy represented by a relative PHASE advance with
respect to the pre-intervention state. Thus, the behavior of
PATg,p shifts closer to resembling the behavior of healthy
control participants. Although we cannot conclusively clar-
ify whether interventions are, indeed, responsible for these
effects, we propose including at least one type of the exer-
cises we tested here into an interventional strategy to allevi-
ate further the functional impairments that CIPN patients
suffer.
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