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Abstract
Chemotherapy agents used in the standard treatments for many types of cancer are neurotoxic and can lead to lasting sensory and motor symptoms that compromise day-to-day movement functions in cancer survivors. To date, the
details of movement disorders associated with chemotherapy are known largely through self-reported symptoms
and functional limitations. There are few quantitative studies of specific movement deficits, limiting our understanding of dysfunction, as well as effective assessments and interventions. The aim of this narrative review is to consolidate the current understanding of sensorimotor disabilities based on quantitative measures in cancer survivors who
received chemotherapy. We performed literature searches on PubMed and found 32 relevant movement studies. We
categorized these studies into three themes based on the movement deficits investigated: (1) balance and postural
control; (2) gait function; (3) upper limb function. This literature suggests that cancer survivors have increased postural
sway, more conservative gait patterns, and suboptimal hand function compared to healthy individuals. More studies
are needed that use objective measures of sensorimotor function to better characterize movement disabilities and
investigate the underlying causes, as required for developing targeted assessments and interventions. By updating
our understanding of movement impairments in this population, we identify significant gaps in knowledge that will
help guide the direction of future research.
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Introduction
Chemotherapy agents used in the standard treatments
for many types of cancer—including platinum compounds, taxanes, and vinca alkaloids—exhibit neurotoxic
adverse effects. Depending on individual compounds,
chemotherapy can damage the nervous system via various mechanisms (e.g., interference with axonal transport,
mitochondrial damage, and altered ion channel activity)
[1]. These adverse effects are commonly referred to as
chemotherapy-induced peripheral neuropathy or neurotoxicity (CIPN). Although the ‘P’ in CIPN is included
to describe damage to the peripheral nervous system,
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there is also evidence of central neurotoxicity [2, 3]. To
acknowledge the central involvement that is not captured
by peripheral neuropathy, we adopted CIN as chemotherapy-induced neurotoxicity for this review.
The prevalence of CIN varies from 19% to more than
85%, with the highest reported for platinum compounds
(70–100%) and taxanes (11–87%) [4]. Although the
mechanisms and prevalence of CIN may vary with drug
type, the clinical presentations of patients with CIN share
similar characteristics. Sensory symptoms associated
with chemotherapy are most common and may include
numbness/tingling, neuropathic pain, increased sensibility to hot/cold temperatures, and decreased vibration
and pinprick sensitivity. Motor symptoms may include
hyporeflexia, weakness, and muscle cramps. Autonomic
symptoms, although less common, may include dizziness, hearing loss, and constipation [5, 6]. CIN symptoms
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can present immediately or progress after several cycles
of treatment, and their severity usually increases with
drug accumulation. These symptoms often improve over
time after treatment cessation but can persist for years
in a subset of patients, limiting their quality of life across
the entire cancer illness trajectory [7–10]. A major issue
associated with these sensory and motor symptoms is
compromised movement function that contributes to
functional impairments in day-to-day tasks [11, 12].
However, few studies quantify the specific movement
deficits linked to sensory and motor signs and symptoms
that reduce the quality of life in cancer survivors posttreatment. Specifying which components of a movement
are impaired could focus the assessment of disability and
recovery as well as possibly help identify more targeted
interventions.
Descriptions of movement dysfunction associated
with chemotherapy have come largely from self-reported
symptoms and functional limitations, with few quantitative evaluations of movement function. Patient-reported
outcome measures are the common clinical tools for
assessing chemotherapy-induced neurotoxicity [13].
These measures are useful for tracking functional impairments and promoting communication of adverse symptoms and activity limitations among patients, oncologists,
infusion nurses and personnel within cancer care teams
[14]. However, self-reports are subjective, potentially
biased (depending on the patient’s recall) and inconsistently interpreted among patients and health care providers [15]. Most importantly, they provide no insight into
the etiology of movement disability. Conventional neurological assessments, including nerve conduction studies, sensitivity of light touch, pin-prick and vibration, and
deep-tendon reflexes may provide complementary information on CIN [13], though it is often noted that changes
in neurophysiological signs do not reflect patient’s symptoms or function [16]. To address the limitations of selfreports and conventional neurological assessments on
understanding the CIN-related movement dysfunction,
quantitative and objective tools that directly evaluate the
movement deficits are needed.
With the rising number of long-term survivors of
cancer [17], there is a greater emphasis by the National
Cancer Institute on improving quality of life and mitigating disability associated with the long-term effects
of cancer treatment. A critical first step is to improve
the understanding of chemotherapy-related movement
deficits. Quantitative and instrumented movement studies have been widely used in other neurological populations to identify the characteristics and underlying
causes of movement deficits [18–20]. In recent decades,
more researchers have adopted this approach to investigate chemotherapy-induced movement dysfunction.
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Therefore, the objectives of this narrative review are to
consolidate current knowledge of which movement functions are most commonly impaired in cancer survivors
who received neurotoxic chemotherapy, to identify areas
of research needed to improve the understanding of the
movement deficits in this population, and to help guide
improved assessment and treatments.

Methods
We performed a literature search on 5/15/2020 in PubMed, with a combination of search terms including
derivations related to movement deficits (sensorimotor,
movement, physical) and the disease (chemotherapyinduced neurotoxicity, chemotherapy-induced peripheral neuropathy, cancer, cancer patient, cancer survivor).
Six hundred and eighty-six articles were identified from
the search. Articles were included if they met all of the
following inclusion criteria: (1) published within 2000–
2020; (2) human subjects of any age, any cancer type;
(3) most of the participants had received or were receiving neurotoxic chemotherapy, including platinum compounds, taxanes, and vinca alkaloids; (4) provided
quantitative and instrumented assessments of movement
deficits; (5) published in English. Articles were excluded
if they (1) were a review or abstract; (2) assessed movement deficits only based on patient-reported outcome
measures, functional outcome measures, or electrophysiological methods. Sixteen articles were selected after
reviewing the titles and abstracts. We then used the ‘Similar Articles’ feature of Pubmed and identified 127 additional articles using Kneis et al. 2016 [21] as the search
article. After reviewing the titles and abstracts of the 127
articles and checking for duplicates, we added eight articles to the list. We further reviewed the reference lists of
the 24 selected articles and added eight additional articles. A total of 32 articles are included in this review
(Fig. 1). The list of the 32 reviewed articles is shown in
Tables 1, 2, and 3.
Results and discussion
Thirty-two movement studies related to chemotherapyinduced neurotoxicity were identified. All of the reviewed
movement studies focused on one of the three areas of
movement function: (1) balance and postural control;
(2) gait function; (3) upper limb function; therefore, we
organized the results and discussion using these three
themes.
Characteristics of balance and postural control
impairments in cancer survivors with CIN

Postural imbalance is one of the most common movement dysfunctions reported by cancer survivors.
The ability to maintain postural balance, therefore, is an
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Records identified via the ‘Similar
Articles’ feature in PubMed
(n = 127)

Records after duplicates
were removed
(n = 783)
Records eliminated due to
exclusion criteria
(n = 759)

Records screened
(n = 783)
Full-text articles assessed
(n = 24)
Total studies included
(n = 32)

Articles added after
reviewing the reference list
of the 24 articles
(n = 8)

Fig. 1 Flow diagram of article selection process

area commonly investigated in cancer survivors. Maintaining postural balance is a complex process involving various components of postural control, including a
neural representation of body segments and position of
the center of gravity, multisensory inputs that monitor
the orientation and stability of body segments, and reactive or anticipatory responses for balance recovery after
perturbations or postural stabilization during voluntary
actions [22]. Most of the postural studies on cancer survivors evaluated this by measuring spontaneous postural
sways (Table 1). Spontaneous postural sways are the
natural oscillations of our body during normal stance,
but they can become maladaptive in various pathologies [23]. Characterization of spontaneous postural sway
in cancer survivors with CIN reveals postural instability.
Nine studies compared the spontaneous sway of cancer
survivors to that of healthy controls when standing with
eyes open [21, 24–30]. Sway amplitude, including the
root mean square (RMS) of the resultant sway [30], the
mediolateral (ML) sway [25, 29], and the total sway area
[25, 26, 28] were greater in cancer survivors than healthy
controls. Sway velocity, including the mean velocity of
ML sway [25, 28] and mean velocity of the resultant sway
[24] were also greater in cancer survivors than that in
controls. Three studies (the majority of participants had
breast cancer) [31–33] assessed the longitudinal effect of
chemotherapy on spontaneous sway and found that sway
amplitude (area, ML RMS, AP RMS) and sway velocity (AP mean velocity, ML mean velocity) parameters

worsen after treatment. This evidence suggests that cancer survivors with CIN are unstable in standing. Among
the eight studies that investigated direction-dependent
sway characteristics, seven identified ML sway deficits (RMS, velocity, and frequency) [25, 27–29, 31–33],
whereas two also identified AP deficits [30, 33], suggesting that cancer survivors may be more unstable in frontal
balance control. Impaired ML sway has been shown to be
an important predictor of retrospective and prospective
falls in older adults [34–36]. Fino et al. 2019 used principal component analyses on sway data and confirmed
the association of ML sway frequency and falls in cancer
survivors with severe neuropathic symptoms [27]. Unlike
balance control in the sagittal plane that uses both distal
ankle and proximal hip strategies, balance in the frontal
plane is predominantly controlled via the load-unload
mechanism accomplished by hip adductors and abductors while the ankle inversion-eversion plays a minimal
role [37, 38]. The association of the impaired ML postural
control with falls is likely due to the lack of a compensatory control scheme for ML balance.
These existing spontaneous sway studies suggest that
there is excessive postural sway in cancer survivors, especially in the ML direction, but the factors underlying the
amplified postural sway in this population have yet to be
clarified. One hypothesis is that excessive postural sway is
caused by the peripheral sensory neuropathy associated
with CIN. This hypothesis is well motivated as the somatosensory system contributes more to postural stability

Cancer patients with severe neu- Age, weight, height matched
ropathic symptoms: N = 8
healthy controls: N = 15

Cancer survivors: N = 82 (CIPN+: Age-matched controls: N = 57
N = 58 and CIPN−: N = 24)

Cancer survivors 3 months
NA
to 5 years post neurotoxic
therapy: N = 190 (symptomatic
N = 129, asymptomatic N = 61)

Kneis 2020 [30]

Zahiri 2019 [29]

McCrary 2019 [40]

Gender, age, height, weight
matched healthy controls:
N = 35

CT

Breast cancer patients: N = 35
(tested prior to and 3 weeks
after neurotoxic treatment)

PAT

Population

Muller 2020 [33]

Authors

Table 1 Movement studies on balance and postural control

Area of ankle and hip sway, area
of CoM sway, and ML CoM
sway
Vibration perception threshold
FES-I

CoP: AP and ML RMS, mean
velocity, center frequency
Angular excursion of lower and
upper body segments
NCS of the tibial and sural
nerves
Vibration sense
Achilles and Patellar reflex
FACT&GOG-Ntx

CoP: AP and ML mean velocity,
95% ellipse area, AP and ML
mean frequency
TNSr and TNSc
NCS of the peroneal and sural
nerves
CIPN15-item questionnaire
FES-I

Examined variables

Swaymeter measured postural
Total movement path length of
sway during bipedal stance
CoM for all 4 tasks
EO, EC on ground, and bipedal TNSc
stance EO, EC on foam
CIPN20 symptom index (first 4
items)
CIPN Rasch-built Overall Disability Scale

IMU on the shins, thighs, and
low back measured CoM sway
during bipedal stance EO, EC

Force plate measured CoP during bipedal stance EO, EC and
during externally perturbed
stance

Force plate measured CoP
during bipedal stance EO, EC;
semi-tandem stance EO, EC;
monopedal stance EO

Procedures

Both symptomatic and asymptomatic patients had greater postural sway sum score compared
to healthy elderly population.
Patient-reported numbness/
tingling, weakness, and balance
deficits, age and vibration perception were strongly linked to
the postural sway sum score.

PAT had greater sway compared
to CT with the largest effect
observed in ankle sway during
EC. The same trend held comparing CIPN+ to CIPN−.
Vibration perception threshold
was correlated with balance
(ML CoM sway EO, area of CoM
sway EC) and gait (stride time)
parameters, and FES-I.

Sway amplitude and velocity were
larger in PAT than CT. There was
a significant group difference
between PAT and CT that interacts with vision.
PAT’s reactions to perturbations
were smaller than CT’s.

PATpost showed more sway than
PATpre and CT.
Occluding vision resulted in a
greater sway increase in PATpost
than PATpre and CT.
Sway of PATpost correlated strongly
with NCS, but weakly to none
with the TNSr, TNSc, CIPN15 and
FES-I.

Results/Conclusions
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Cancer patients (71% had
chemo, 21% was actively
receiving rad/chemo): N = 34

Patients with breast cancer prior
to, during and 1–3 months
after taxane chemotherapy:
N = 33

Patients with breast cancer prior
to, during and 1–3 months
after taxane chemotherapy:
N = 33

Schmitt 2017 [25]

Monfort 2017 [32]

Monfort 2016 [31]

Force plate measured bipedal
stance with EO and EO

Force plate measured bipedal
stance with EO
A custom-built timing gate
assessed gait speed and step
length during fast forward
10-m walking

NA

NA

Force plate measured CoP during bipedal stance on rigid
and compliant surfaces with
EO and EC

Force plate measured CoP during bipedal stance EO, EC

IMU at the lumbar spine measured tri-axial accelerations
and angular velocities during
bipedal stance EO

Procedures

Age-matched (mean age) control: N = 34

Controls: N = 14

Cancer survivors: N = 19

Morishita 2018 [26]

CT

Female cancer survivors: N = 434 Controls: N = 49
Classified into CIPN+ (N = 216)
and CIPN− (N = 218)

PAT

Population

Fino 2019 [27]

Authors

Table 1 (continued)
Results/Conclusions

CoP: ML and AP RMS, ML and
AP mean velocity, and 95%
ellipse area

CoP: ML RMS sway
mTNS
CIPN20
C30
Brief Pain Inventory
Gait: step length, walking speed

CoP: AP and ML RMS, AP and
ML mean velocity, 95% ellipse
area, AP and ML frequency,
95% power frequency of AP
and ML sway

All parameters were impaired
over the course of treatment;
deficits were more pronounced
during EC.

All measures progressively worsen
over time. PATpost had significant
increased ML RMS sway.
CIPN20 sensory subscale was
significantly correlated with ML
RMS.

PAT had greater RMS and mean
velocity in the ML direction and
95% sway area.

CoP: total sway length, sway
PAT had increased sway area and
area, the ratio between length
decreased length/area during
and area
EO and decreased length/area
TUG
during EC.
Grip strength
PAT had decreased TUG score
Knee-extensor strength
compared to control. TUG was
correlated with muscle strength,
but no sway parameters were
related to muscle strength.

Principal component (PC) analy- PAT had worse sway (PC1 and
sis of the IMU data
PC3) than CT. PAT fallers were
FACT&GOG-Ntx
likely to have smaller PC3 than
Self-reported fall
PAT non-fallers
PC1: sway amplitude
PC3 was associated with falls if
PC2: resultant and AP frequency
neuropathy was severe.
and Jerk
PC2 was associated with falls
PC3: ML frequency
when neuropathy is mild.

Examined variables
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Patients with breast cancer and
diagnosis of CIPN: N = 20

Cancer patients with mild CIPN:
N = 8;
Cancer patients with severe
CIPN: N = 6

Adult survivors of childhood
acute lymphoblastic leukemia:
N = 365

Monfort 2019 [64]

Varedi 2018 [41]

PAT

Population

Kneis 2016 [21]

Authors

Table 1 (continued)

Force plate measured CoP during bipedal and monopedal
stance

Sex-, race-, and age- (within
5 years) matched controls:
N = 365

CoP: 95% ellipse area, ML RMS,
ML mean velocity and resultant mean velocity

Total CoP
Ankle and hip angle
H-reflex
EMG of lower limb muscles
to calculate co-contraction
indices
Neuropathy deficit score
FACT&GOG-Ntx

Examined variables

CIPN+ group had significant deficits in summary CoP measures
compared to that of CT and
CIPN−.
CIPN+ had greater ML sway
deficits compared to CIPN−,
particularly during rigid surface
conditions.

CoP displacement was greater
than CT during monopedal
stance. Total CoP was correlated
with co-contraction of soleus
and tibialis anterior muscles and
self-reported CIPN symptoms.
PAT revealed prolonged H-wave
latency, decreased H-reflex
elicitability, and increased
H-reflexed sensitivity from bi- to
monopedal stance.

Results/Conclusions

Dynamic posturography imple- SOT score, somatosensory ratio, SOT score was not different
mented the Sensory Organizavision ratio and vestibular ratio
between PAT and CT.
tion Test (SOT)
TUG
Higher mTNS score was associ6MWT
ated with longer TUG, shorter
quality of life
6MWT, and reduced quality
mTNS
of life.
AROM of DF and PF
Poorer visual-motor processing
Visual-motor processing speed
speed was associated with
poorer SOT, TUG, and quality
of life.
PAT with impaired SOT score
had lower vision and vestibular ratios than those without
impaired SOT, but there was no
difference in somatosensory
ratio.

Cancer patients who had not
Balance pad assessed CoP
received chemotherapy: N = 6
during bipedal stance during
seven conditions: (1) EO, head
upright, rigid surface; (2) EC,
head upright, rigid surface;
(3) EO, head upright, foam
surface; (4) EC, head upright,
foam surface; (5) EO, head tilt,
rigid surface; (6) EC, head tilt,
rigid surface; (7) EC, head tilt,
foam surface

Sex, age, height, weight
matched healthy controls:
N = 16

CT

Procedures
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NA

Sensory Organization Test: 6
standing conditions

Sensory Organization Test: 6
standing conditions
Force plate assessed CoP during
bipedal stance with (1) EO
head straight; (2) EC head tilt;
(3) EC, head straight; (4) EO,
head tilt

Sensory Organization Test:
percent of time spent inside a
12-deg sway envelope during
6 conditions (SMART EquiTest): < 70% indicates problem
with functional balance

Procedures

PAT had worse performance on all
measures compared to CT.
The mTNS was moderately correlated with the total SOT score,
explaining 44% of the variance
in the SOT score.

12% PAT had problem with functional balance.
18% PAT had dorsiflexion weakness associated with Vincristine
exposure.
20% PAT had sensory impairment associated with platinum
exposure.
Sensory impairment was associated with poor 6MWT and poor
TUG.

Results/Conclusions

SOT score, equilibrium scores for Past fallers had lower SOT scores
each condition and sensory
with vestibular deficit patterns
ratios
and took longer time to read
Visual assessment battery
letters on the contrast sensitivity
Muscle mass
chart.
Rep max leg press
Vestibular score mediated fallers
Timed stair climb
vs. non-fallers model.
Gait speed by 4 m walk
Retrospective falls (last year) and
prospective falls (6 months)

SOT score
CoP: mean velocity
Fullerton advanced balance
scale
TUG
mTNS

mTNS
peak dorsiflexion strength
TUG
6MWT

Examined variables

PAT patients, CT controls, CoP center of pressure, CoM center of mass, EO eyes open, EC eyes closed, AP anteroposterior, ML mediolateral, TNSr total neuropathy score reduced version, TNSc total neuropathy score clinical
version, mTNS modified total neuropathy score, NCS nerve conduction study, CIPN chemotherapy-induced peripheral neuropathy, FES-I Fall efficacy scale international version, FACT&GOG-Ntx Functional assessment of
cancer therapy-gynecologic oncology group-neurotoxicity, TUG time-up-and-go test, RMS root mean square, CIPN20 chemotherapy-induced peripheral neuropathy 20-item quality of life questionnaire, C30 quality of life
core questionnaire, EMG electromyography, SOT sensory organization test, 6MWT six-minute walk test, DF dorsiflexion, PF plantarflexion, AROM active range of motion, PROM passive range of motion

Winters-Stone 2011 [46] Breast cancer survivors within
2 years of treatment: N = 59

Patients with breast cancer
Age, weight and height
within 30 days of their final
matched healthy controls:
cycle of chemotherapy: N = 20
N = 20

Wampler
2007 [24]

Healthy adults: N = 343

CT

Adult childhood cancer survivor
at least 10 years post neurotoxic chemotherapy: N = 475

PAT

Population

Ness 2013 [43]

Authors

Table 1 (continued)
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CT

Age-matched controls: N = 17

Age and sex-matched controls:
N = 12

CIPN+ : N = 9
CIPN−: N = 8

Cancer patients within 6 weeks Cancer patient has not received
of completing chemotherapy
chemotherapy: N = 6
CIPN− (mild to no symptoms):
N=9
CIPN+ (severe symptoms): N = 6

Hsieh 2019 [53]

Monfort 2019 [64]

Cancer survivors: N = 82 (CIPN+ : Age-matched controls: N = 57
N = 58 and CIPN−: N = 24)

PAT

Population

Vallabha-josula 2019 [54] Postmenopausal breast cancer
survivors: N = 17

Zahiri 2019 [29]

Authors

Table 2 Movement studies on gait
Examined variables

PAT had greater sway compared
to CT with the largest effect
observed in ankle sway during
EC. The same trend held comparing CIPN+ to CIPN−.
Vibration perception threshold
was correlated with balance
(ML CoM sway EO, area of CoM
sway EC) and gait (stride time)
parameters, and FES-I.

Results/Conclusions

CIPN+ group had worse executive
function and was associated
with decreased orbital stability
during the dual-task condition.
Chemotherapy maybe associated
with impaired gait stability, but
there was no evidence for an
isolated association between
CIPN and orbital stability.

FACT&GOG-Ntx
There were no group differences
Activities-specific Balance Confiin gait speed, step length, or
dence Scale
step width, but CIPN+ had
Physiological Profile Assessment
greater step width variability
to assess overall fall risk
and less step length variability
than control.

Speed, step length, step width, PAT had 7% shorter step length,
stance time, swing time, single
8% slower gait speed compared
support time, and double
to CT while walking both forsupport time
ward and backward.
Strength: hand grip, chest press PAT had greater stance time
and leg press
variability during forward and
fast forward conditions, but less
during backward condition.

An instrumented split belt
Orbital stability
treadmill assessed orbital gait Groton Max Learning Test to
stability during single-task and
assess executive function
dual-task walking
CIPN20
Bilateral lower extremity kinematics (motion capture)

Zeno walkaway assessed spatiotemporal gait parameters
during self-paced forward
walking

Zeno walkway assessed selfpaced and fast-paced forward
walking, and self-paced
backward walking on 16-ft
walkaway

LEGSys assessed spatiotemporal Area of ankle and hip sway, area
gait parameters during 15-m
of CoM sway, and ML CoM
walk using self-paced speed
sway
Vibration perception threshold
FES-I

Procedures
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Breast and colorectal cancer
Age- and morphologicallysurvivors with CIPN diagnosed
matched controls: N = 8
by CTCAT: N = 8

Pediatric cancer patients with
Age- and sex-matched healthy
mTNS > 5 (average 6 months
controls: N = 52
after treatment begins): N = 52

Marshall 2017 [52]

Gilchrist 2016 [51]

NA

Patients with breast cancer prior
to, during and 1–3 months
after taxane chemotherapy:
N = 33

Monfort 2017 [32]

NA

CT

Women cancer survivors (average 6 years post treatment):
N = 512
CIPN+ : N = 238
CIPN−: N = 274

PAT

Population

Winters-Stone 2017 [49]

Authors

Table 2 (continued)
Results/Conclusions

Gait: speed, step length, step
time, swing time, single support time, base of support
TUG

CoP: ML RMS
mTNS
CIPN20
C30
Brief Pain Inventory
Gait: step length, walking speed

PAT had significant slower gait
speed, shorter step length, and
greater TUG score compared
to CT.

All parameters progressively
worsen over time; CIPN20 sensory subscale was significantly
correlated with ML RMS.
Gait speed and step length
worsen during chemotherapy
compared to baseline, but
no difference was observed
1–3 months post chemotherapy.

CIPN+ group took significantly
Rep max leg press
more step, shorter step length,
Short physical performance batslower step time, shorter strides,
tery (5×STS, standing balance,
and more time in double limb
4-m walk speed)
support compared to CIPN−
PRO: physical function and
group.
mobility disability; falls; severIncreased CIPN symptom severity
ity of CIPN symptoms 1–4
was linearly associated with
Gait speed, step number, rate
slower walking speed, slower
and length, stride length,
chair stand time, and worse
base of support and % time
short physical performance
in single support and double
support
battery score.

Examined variables

GAITRITE system measured
Gait speed, cadence, step
Before 6MWT, PAT had signifispatiotemporal gait pattern
length, base of support, time
cantly slower speed and wider
during self-paced 14-ft walk (2
in single and double limb
base of support; the decreased
trials before and 2 trials after
support
gait speed was related to
6MWT-fatigue)
Ped-mTNS
decreased step length rather
Ankle ROM
than cadence.
Strength and balance subscale
After 6MWT, all parameters were
of the Bruininks-Oseretsky Test
significantly different between
of Motor Proficiency Ed 2
groups except double support
time. PAT group had increased
forefoot contact that reflects
decreased eccentric control and
fatigue of dorsiflexors.
Decreased DF AROM and balance
score explained the variance
in step length the most for PAT
group.

GAITRite system assessed spatiotemporal gait pattern during
self-paced 8.2 m-walk

A custom-built timing gate
assessed gait speed and step
length during fast forward
10-m walking

GAITRite system assessed spatiotemporal gait pattern during
self-paced 4-m walk

Procedures

Wang et al. J NeuroEngineering Rehabil
(2021) 18:16
Page 9 of 18

3D motion capture and force
plate analyzed kinematic and
kinetic of gait during selfpaced 8-m walk while surface
EMG sensors recorded muscle
activities on tibialis anterior
and medial gastrocnemius
muscles

Microgate Optogait 2D Gait
Analysis System assessed
spatiotemporal gait pattern
during self-paced 2-m walk

Procedures

Gait Deviation Index quantified the magnitude of gait
deviation
Kinematic, kinetic and spatiotemporal gait variables
PROM DF
Strength: DF and PF

Gait: step time, length and
width, stride time and length,
and gait cycle percentage
DF AROM
6MWT to assess walking
efficiency
German Motor Test 6–18 to
assess motor performance

Examined variables

Gait deviation was heterogenous
in PAT group.
PAT group had significantly less
peak hip extension, knee flexion
in loading, dorsiflexion at initial
contact, plantarflexion at preswing, and dorsiflexion in swing,
shorter step lengths, and lower
ankle moments and powers
compared to CT.
PAT group also exhibited out of
phase firing of MG and TA and
high proportion of MG-TA coactivation compared to CT.

DF AROM, gait (stance, swing and
pre-sway phase) and walking
efficiency were significantly
impaired in PAT group compared to CT group. There was
no group difference found in
motor performance.

Results/Conclusions

PAT patients, CT controls, CoP center of pressure, CoM center of mass, AP anteroposterior, ML mediolateral, mTNS modified total neuropathy score, Ped-mTNS pediatric version of the modified total neuropathy score, CIPN
chemotherapy-induced peripheral neuropathy, FES-I Fall efficacy scale international version, FACT&GOG-Ntx Functional assessment of cancer therapy-gynecologic oncology group-neurotoxicity, CIPN20 chemotherapyinduced peripheral neuropathy 20-item quality of life questionnaire, C30 quality of life core questionnaire, 6MWT six-minute walk test, DF dorsiflexion, PF plantarflexion, AROM active range of motion, PROM passive range
of motion, 5 × STS five times sit to stand, PRO patient-reported outcome, TA tibialis anterior muscle, MG medial gastrocnemius muscle

Age-matched healthy controls:
N = 10

Pediatric cancer patients who
are receiving or have completed vincristine treatment
and presented with CIPN:
N = 17

Wright 2017 [63]

CT

Childhood cancer survivors who Age and gender-matched
completed cancer treatment
healthy controls: N = 13
and < 5 years from diagnosis
(85% received chemotherapy):
N = 13

PAT

Population

Beulertz 2016 [55]

Authors

Table 2 (continued)
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PAT patients, CT controls

Pediatric cancer patients receiving vin- Age-matched A digitizer tablet and a force sensing
cristine for acute lymphoblastic leukemia: healthy chilpen measured quality of hand drawN = 11
dren: N = 11
ing during drawing tasks of different
complexity

Reinders-Messelink 2001 [70]

CT

Procedures

Cancer patients with perceived numb- Age-matched Electromagnetic motion tracking sysness from chemotherapy: N = 12
controls:
tem measured kinematic data while
N = 12
participants completed reach-tograsp movement

PAT

Population

Osumi 2019 [69]

Authors

Table 3 Movement studies on upper limb function
Results/Conclusions

Quality of hand drawing:
velocity, fluency, pause
durations and pen
pressure

PAT group drew slower, with longer pause
durations and increased drawing pressure. PAT group were able to overcome
the problems after vincristine was
withdrawn, except for the increased
drawing pressure.

Kinematic analysis: Reach PAT group had impaired grasp jerk index
and grasp movement
compared to controls, but no signifi(jerk index)
cant difference was found in reach jerk
Von Frey filament
index.
Numbness rating
Grasp jerk index was directly correlated
Motor function: # of
with poor scores in sensory tests and
grasp and release
hand grip-release test.
movements can be
performed in 10 s

Examined variables
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than the visual and vestibular systems [39]. The peripheral sensory system constitutes different perceptual subsystems involving mechanoreceptors in skin, muscles,
tendons, and ligaments, but the precise determination of
the diminished peripheral sensory capability associated
with CIN is not straightforward. Researchers investigating the relationship between increased postural sway and
peripheral sensory neuropathy relied on various measures to assess the state of the peripheral sensory system,
including subjective reports of sensory symptoms (e.g.,
severity of numbness/tingling, Functional Assessment of
Cancer Therapy-Gynecologic Oncology Group-neurotoxicity (FACT&GOG-Ntx), and CIPN 20-item quality of
life questionnaire (CIPN20)) [21, 29, 32, 33, 40], vibration
perception threshold [29, 40], and conduction studies of
peripheral nerves [33]. Composite scores that combine
subjective symptoms and objective measures of sensory
signs and reflexes (e.g., modified Total Neuropathy Score
(mTNS)) [24, 41] were also used [33]. Zahiri et al. 2019
identified a significant correlation between the ML sway
and plantar vibration perception threshold in patients
reporting feet numbness/tingling [29]. Kneis et al. 2016
correlated the total center of pressure sway during monopedal stance with perceived symptom severity measured
by the FACT&GOG-Ntx in breast cancer survivors with
CIN [21]. Monfort et al. 2017 investigated the longitudinal effects of taxanes chemotherapy on breast cancer
patients and found a significant correlation between ML
sway and sensory symptoms measured by CIPN20 [32].
Muller et al. 2020 also investigated the longitudinal effect
of neurotoxic chemotherapy, but on a cohort of patients
with mixed cancer diagnoses. In contrast to Monfort
et al. 2017, Muller et al. did not find a significant correlation between sway measures and sensory symptoms;
instead, they found a significant correlation between
sway measures and conduction speeds of the peroneal
and sural nerves [33]. Wampler et al. 2007 and Varedi
et al. 2018 observed a similar inconsistency. Both studies quantified a composite score of postural sway during
six standing conditions and mTNS. Wampler et al. found
a significant association between the composite score
and the mTNS score in a group of breast cancer patients,
but Varedi et al. studying a cohort of adult survivors of
childhood acute lymphoblastic leukemia did not find the
same association [24, 41]. Although different measures
of postural sway and neuropathy were used in these correlational studies, the majority support an association of
excessive postural sway with peripheral sensory deficits.
The inconsistent findings between Monfort et al. 2017
and Muller et al. 2020 and between Wampler et al. 2007
and Varedi et al. 2018 suggest that the link between postural deficits and CIN might be specific to the type of
cancer and/or type of chemotherapy used. Future studies
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should consider the impact of these variables on chemotherapy-induced impairments of posture and balance
control.
The correlational studies, however, do not suffice to
conclude a causal relationship between peripheral sensory deficits and excessive postural sway or rule out other
contributing factors. In fact, McCrary et al. 2019 found
that cancer patients, regardless of sensory symptoms,
had greater postural sway compared to age-matched
normative values. Among the five factors contributing to
increased postural sway (patient-reported balance/mobility deficits, abnormal vibration, numbness/tingling, selfreported weakness, and age > 65), only two were related
to peripheral sensory deficits [40]. These results suggest
that motor deficits such as weakness may also affect postural balance [40, 42], but few have directly assessed their
impact. One study with a cohort of mixed cancer types
found no difference in grip or knee extension strength
between control subjects and cancer survivors and no
correlation between these strength measures and postural sway [26]. In contrast, a separate study on cancer
survivors who had received vincristine chemotherapy
found that impaired dorsiflexion strength was correlated
with balance score [43]. These variable findings underscore the need for assessing the impact of motor function
on postural control in more tightly controlled patient
cohorts and treatment types, as it could be a major contributor to chemotherapy-induced disability along with
sensory deficits.
Postural balance depends on the integration of sensory
inputs from the somatosensory, visual, and vestibular systems to elicit appropriate motor responses [44]. Although
current evidence suggests a link between CIN-induced
somatosensory deficits and postural instability, it is not
clear if there are also deficits in the visual and vestibular system contributing to postural instability and how
cancer survivors adapt their control strategies. Systematically altering or removing one or more sensory inputs has
been used to investigate the contribution of an individual sensory system to postural stability and the sensory
integration process. Among the six studies that occluded
vision to investigate the visual dependency of changes
in postural sway, four observed a greater effect of visual
occlusion on postural sway in cancer survivors than that
in controls [28–31], whereas two did not [24, 26]. The
greater weighting of the visual system by cancer survivors
suggests potential deficits in the somatosensory and/or
vestibular systems. Kneis et al. 2020 ruled out potential
vestibular dysfunction via the rotational chair test [30].
They further dissociated the relative weighting of somatosensory and vestibular systems in postural control
by perturbing standing posture using a tilting platform
and measuring the subsequent excursions of the upper
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(shoulder-hip) and lower (hip-ankle) body and center of
pressure displacements. They found that cancer survivors
had smaller body excursions than controls in response
to platform tilts, suggesting that cancer survivors use
vestibular rather than proprioceptive cues for postural control as proprioceptive cues may drag the body
along platform movements (greater body excursions),
whereas vestibular cues would stabilize the body in space
(smaller body excursions). A postural-control model fitting the experimental data was consistent with a downweighting of the proprioceptive cues in cancer survivors.
The underutilization of the somatosensory system was
also supported qualitatively by Monfort et al. 2019 [28].
Their data revealed that the symptomatic group exhibited smaller postural deteriorations when somatosensory
input was altered (standing on foam) compared to that
of healthy controls and the asymptomatic group, implying that the symptomatic group relied less on somatosensory feedback for postural balance. Although it appears
that cancer survivors rely more on the vestibular system
for postural control, whether the vestibular function is
intact after chemotherapy remains debatable. Kneis et al.
2020 is the only postural study that assessed vestibular function, finding no vestibular dysfunction in their
cohort. However, the rate of abnormal vestibular function after chemotherapy ranges from 0 to 50% [45]. Furthermore, Wampler et al. 2007 found two of the largest
postural sway differences between cancer survivors and
controls occurred in standing conditions relying on vestibular input, suggestive of vestibular impairments [24].
This agrees with the study by Winters-Stone et al., which
identified balance deficits of vestibular origin contributing to falls among breast cancer survivors who received
chemotherapy, although the authors also assessed vision
and identified an association of impaired visual contrast
sensitivity with falls [46].
In summary, studies of sensory integration have
revealed that cancer survivors underutilize somatosensory feedback for postural control, likely due to CINrelated somatosensory deficits. As a compensatory
strategy, cancer survivors increase the weight of the
visual and vestibular systems, but the summarized evidence indicates that this strategy compensates incompletely for the deficits in the somatosensory system
during static standing. The extent to which the visual and
vestibular dysfunction contribute to postural instability
remains unclear, as few of the reviewed postural studies
performed rigorous tests of these systems. Likewise, few
studies performed detailed assessments of the motor system. Future studies should consider how the CIN-related
motor function changes (i.e., muscle strength) affect
postural stability. Kneis et al. 2020 presented a useful
paradigm for investigating sensory integration strategies
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adapted by cancer survivors. However, the study was
based on a small sample with severe balance deficits, so
the conclusion cannot be extrapolated to cancer patients
with different levels of CIN severity. The sample also consisted of mixed cancer types and treatments; whether
there are cancer type-related, treatment-related differences, or interaction effects [47] remains to be investigated. Therefore, robust postural control studies with
larger sample sizes and tightly controlled cancer and
treatment types are needed to further clarify the postural
control strategies adopted by cancer survivors.
Characteristics of gait impairments in cancer survivors
with CIN

Falls are common in cancer survivors. It is estimated
that about 30% of cancer survivors fall every year [48],
and individuals with CIN symptoms are 1.7–1.8 times
more likely to fall than the asymptomatic individuals
[7, 49]. The majority of falls occur during walking [50];
therefore, understanding walking behaviors in cancer
survivors with CIN may provide information on how to
prevent falls and fall-related injuries. Walking behavior
is commonly characterized by the spatial and temporal
parameters of gait, including step or stride length, step
width, gait speed, single- or double-support, and swing
time. Eight studies compared these gait parameters of
cancer survivors with CIN to that of healthy controls
(or asymptomatic patient group, or individuals prior to
chemotherapy) and revealed that cancer survivors with
CIN had impaired spatiotemporal gait pattern (Table 2)
[29, 32, 49, 51–55]. During level ground walking with
self-selected speed, six out of eight studies reported
significantly decreased gait speed in the patient group
[29, 32, 49, 51, 52, 54]. Other changes such as increased
stride/step time [29, 53], decreased stride/step length [29,
32, 49, 51, 52, 54], increased double support time [29, 49,
55], and increased step width variability [53] were also
reported. These gait changes reflect a conservative gait
pattern [56], which is also observed in the population
with diabetic neuropathy [19] and has been associated
with fall risk in elderly populations [57, 58].
Similar to postural instability, this impaired gait pattern was shown to be associated with CIN-related neuropathy. Winters-Stone et al. 2017 found a significant
association between lower walking speed and increasing
numbness/tingling and discomfort in feet [49]. Zahiri
et al. 2019 found a significant correlation between stride
time and plantar vibration threshold [29]. Gilchrist et al.
2016 found a correlation of greater than 0.3 between step
length and pediatric mTNS [51]. Although specific gait
pattern changes like decreased step length and increased
cadence can also be explained by decreased gait speed
[59], increased gait variability appears to be related to
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deficits in somatosensory feedback. It has been suggested
that sensory feedback is important for adjusting step-tostep limb trajectories and smoothing unexpected perturbation during locomotion [60, 61]. Deficits in sensory
feedback, therefore, could have a greater influence on
the variability of gait than the mean locomotor pattern.
Wuehr et al. 2014 demonstrated that ML gait variability
was highly sensitive to deficits in peripheral sensory feedback, irrespective of gait speed, supporting the important
role of integrative sensory feedback for walking adjustment in this plane [59]. This hypothesis was consistent
with the study of Hsieh et al. 2019, who found a greater
step width variability in symptomatic cancer survivors
than in healthy controls without a significant difference
in gait speed, suggesting that locomotion instability
observed in cancer survivors may be linked to deficits in
sensory feedback [53].
Cancer survivors with CIN demonstrated conservative
gait patterns characterized by slower gait speed, shorter
step length, longer double support time, and greater ML
gait variability. These altered gait patterns have been
linked to somatosensory deficits associated with CIN [29,
49], but it remains unclear if other factors that contribute to stability during locomotion in healthy subjects also
contribute to disability in cancer survivors. These include
the visual and vestibular systems, spinal and supraspinal networks, and musculoskeletal functions [62]. For
example, musculoskeletal impairments, such as impaired
range of motion and decreased lower extremity strength,
contribute to gait impairments in individuals with diabetic neuropathy, along with the well-documented
sensory deficits in this population [19]. Currently, the
prevalence of similar musculoskeletal impairments in
cancer survivors remains unknown. Wright et al. 2017
used kinematic and kinetic analyses of gait in children
with vincristine-induced neurotoxicity and speculated
that the deviated gait pattern was related to decreased
dorsiflexion range of motion, ankle weakness, and a high
proportion of co-contraction in the medial gastrocnemius and tibialis anterior muscles [63]. Gilchrist et al.
2016 also found that decreased dorsiflexion range of
motion and impaired balance score explained decreased
step length the most [51]. These results are intriguing,
but it is unclear if they are relevant to adult cancer survivors since both studies were performed on children. Cocontraction of medial gastrocnemius and tibialis anterior
muscles has been documented as a safety strategy used
by adult cancer survivors with CIN for balance control,
but only in static standing tasks [21]. These results have
been observed in pediatric cancer survivors during gait,
and it will be useful to determine if a similar strategy is
employed by adult cancer survivors. Monfort et al. 2019
is the only study that considered the role of cognition in
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gait stability [64]. They quantified gait stability in cancer
survivors with CIN during single- and dual-task walking.
They found that cancer survivors had similar gait stability
during the single-task walking compared to healthy controls, but the stability cost was greater during the dualtask walking, and it was associated with poor executive
function. The increased stability cost during dual-task
walking could be due to the diminished sensory feedback associated with CIN that makes gait control more
cognitively costly, but there was no evidence for an isolated association between CIN severity and gait stability.
These results suggest that cognitive impairments in addition to CIN could contribute to gait impairments though
more work is needed to evaluate the prevalence and relative importance of these contributions. Finally, we were
unable to find any studies that evaluated the impact of
chemotherapy on the visual and vestibular systems even
though these are known to be central to unimpaired gait.
In summary, current evidence on the underlying causes
of gait abnormality in cancer survivors remains limited.
Musculoskeletal deficits at the ankles, including reduced
range of motion and strength and increased muscular co-contraction, contribute to altered gait patterns in
pediatric cancer survivors, but further kinematic and
kinetic gait analyses are warranted to determine if similar musculoskeletal changes occur in adult cancer survivors. Future gait studies should also investigate how
chemotherapy-related changes in the central nervous
system (e.g., vision, vestibular, cognition) contribute to
gait impairments.
Characteristics of upper limb function impairments
in cancer survivors with CIN

CIN-induced sensorimotor dysfunction not only contributes significantly to balance and gait dysfunction in
cancer survivors but also plays a significant role in upper
extremity dysfunction. Particularly, cancer survivors with
CIN report difficulties with skilled hand function such
as typing, writing, and buttoning a shirt [8, 65–68], but
few studies have investigated the specific components
of the impairments and contributions from the CINinduced sensory or motor dysfunction (Table 3). Osumi
et al. 2019 investigated one of the essential upper limb
motor behaviors, reach-to-grasp movement, in cancer
survivors with perceived numbness due to neurotoxic
chemotherapy [69]. Their reach-to-grasp movement consisted of a reach component that primarily reflects the
motor function of the proximal upper limb muscles and a
thumb-index grasp component that requires fine control
of hands and fingers. They found that cancer survivors
had a significantly decreased smoothness during grasping but similar smoothness during reaching compared
to healthy age-matched controls. The grasp smoothness
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was significantly correlated with hand sensory function, measured by tactile detection threshold and numbness rating, and hand motor function, measured by the
hand grip-release test, suggesting that hand sensory and
motor dysfunction may contribute to impaired thumbindex grasp smoothness. Reinders-Messelink et al. 2001
investigated handwriting dexterity in children undergoing vincristine chemotherapy for acute lymphoblastic
leukemia [70] and found that pen pressure increased progressively during and six months after treatment, and the
effect was most significant with the most complex drawing task. Other qualities of handwriting, such as velocity, dysfluency, pause duration, and accuracy, were not
different between patients and healthy controls. It was
speculated that increased pen pressure is a compensatory
mechanism for vincristine-induced sensory impairments
whereby increased pen pressure can, in turn, increase
pen-paper friction, providing more kinesthetic information needed for handwriting tasks.
In summary, these two studies provide preliminary
evidence of suboptimal hand function linked to CINrelated sensory and motor disturbances. However, since
thumb-index grasp and handwriting only represent parts
of skilled hand function, further studies are needed to
investigate other skilled hand function and manual dexterity (e.g., power vs. precision grasp, prehensible vs.
non-prehensible object manipulation) and how they are
affected by CIN. Furthermore, neither study considered
the compensatory effect of vision on task performance,
thus potentially misidentifying the functional significance of CIN-induced sensory and motor dysfunction.
Although incorporating vision is more functionally relevant and takes hand-eye-coordination into account, identifying the relative contribution of sensory and motor
dysfunction independent of vision can be useful for identifying targets of intervention.
Other factors to consider when investigating movement
dysfunction in cancer survivors

Chemotherapy-induced neurotoxicity produces unique
sensory and motor symptoms that contribute to dysfunction in postural control, gait, and upper limb function.
While further research is warranted to fully characterize
CIN movement dysfunction and its underlying causes,
researchers should also consider other side effects of cancer and treatments, including fatigue, cognitive changes,
and pain, when designing future studies. Cancer-related
fatigue is common, with most studies reporting prevalence rates above 60% [71]. Cancer fatigue can have a
peripheral component that is perceived as a sensation of
weakness, which may be confounded with CIN-related
motor symptoms [71]. It also can have a central component, defined as difficulty in initiating or maintaining
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voluntary physical and cognitive activities [2, 71], which
could negatively affect attention and interfere with movement function, particularly during tasks that require
greater cognitive loads (i.e., dual-task). Closely related
to central fatigue is cognitive dysfunction in cancer survivors. It is estimated that 75% of patients might have
measurable cognitive impairments during treatment, and
35% will continue to exhibit cognitive difficulty months
to years following treatment [72]. These cognitive impairments range from changes in attention, memory, executive function, and psychomotor speed, related to the
comorbid factors associated with cancer such as depression and anxiety and/or direct effects of chemotherapy/
radiation and cancer itself [72]. Cognition and attention
play important roles in the maintenance of balance and
postural control [73]; therefore, these factors should be
considered when interpreting the results of balance and
postural impairments. Pain is another factor that can
alter movement patterns [74]. Neuropathic pain related
to chemotherapy, although not as common as numbness/
tingling, can present in a substantial patient population
[75]. Cancer patients may also present with pain originating from tumor excision, removal of a body part (i.e.,
breast), tumor-related spinal cord compression, bone
metastasis, and radiation injuries depending on types of
cancer and course of individual cancer treatment [76].
In summary, individuals with cancer might present
with other side effects add to the CIN-induced sensory
and motor symptoms. Side effects like fatigue, cognitive
dysfunction, and pain could complicate the interpretation of movement dysfunction. Researchers should consider monitoring these side effects, if not controlling for
them when investigating movement dysfunction linked
to CIN.

Conclusion
Motivated by improving the management of chemotherapy-related movement dysfunction, this literature review
evaluated 32 studies and consolidated the knowledge of
common movement disabilities in cancer survivors who
received chemotherapy. Overall, cancer survivors with
chemotherapy-induced neurotoxicity have been shown
to present with increased postural sway, conservative
gait patterns, and suboptimal hand function, but the current understanding of CIN-related movement function
changes is far from comprehensive.
We identified a number of areas where more information is needed. Cancer survivors with CIN report
a wide range of dysfunction in gross mobility (e.g., balance, walking, climbing stairs, and driving) and fine
motor skills (e.g., tying shoes, buttoning clothes, writing, typing, opening lids, and cooking) [7, 8, 12, 65–68,
77]. The majority of the reviewed studies focused on
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quantifying postural and gait impairments, which are
useful for understanding balance and walking dysfunction. However, the understanding of other mobility
limitations, such as driving and stair climbing, is still
lacking. Furthermore, current evidence is not clear on
the underlying causes of gait and postural dysfunction.
CIN-related somatosensory deficits likely play a role, but
more research is needed to control and test other factors, including motor and central factors, to delineate
their relative contributions to gait and postural dysfunction. Similarly, the two studies on the upper extremity
have identified some important deficits of hand function, including impaired smoothness in grasping and
increased pen pressure in writing, but more studies are
needed to understand other aspects of fine motor skills
and manual dexterity.
There are currently no effective treatments for CIN.
Many early reports suggest a possible beneficial effect
of exercise (see reviews [11, 78, 79]). However, most
exercise studies took a multimodal approach. We do
not know what the best therapies are, nor do we have
objective measures to determine if the therapies that we
are using are effective in treating CIN, or they simply
lead to compensation. Knowledge gaps in the objective
characterization and underlying causes of CIN-related
movement dysfunction present formidable barriers. To
begin to address these outstanding issues, researchers
and clinicians should work in concert to integrate and
act upon objective measures deployed across the cancer treatment continuum. While this review characterized significant heterogeneity in evaluative tools and
methodology for understanding CIN-related movement
dysfunction, Kneis et al. provide a framework on which
to build future clinical studies [30]. By integrating more
sensitive and reliable tools, the authors not only gained
information about baseline group level deficits resulting
from the effects of chemotherapy but also the capability
to precisely monitor treatment effects. Both advantages
outlined will be crucial for discovering factors associated
with sensorimotor deficits and making rigorous determinations on the efficacy of proposed treatments.
In summary, we identify significant knowledge gaps
in CIN-related movement dysfunction and recommend
frameworks for future clinical studies. Filling these gaps
will help improve the clinical understanding of CINrelated movement dysfunction and guide the development of targeted assessments and treatments.
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