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A B S T R A C T

Background: Falls are a major public health concern in older adults, and the proportion of older adults that has
been diagnosed with cancer is growing. Yet, while falls, peripheral neuropathy, and postural instability are more
common in aging cancer survivors, it is unclear how these factors interact.
Research question: Our objective was to examine how components of sway related to self-reported neuropathy
and falls.
Methods: Postural sway during static stance was recorded with an inertial sensor (APDM Opal), placed on the
lumbar spine region in 434 older female cancer survivors (mean age 63) and 49 healthy older female control
subjects (mean age 63). Measures of sway were resolved into principal components that were compared between
women with and women without self-reported falls in the previous 6 months and between those with and
without self-reported symptoms of peripheral neuropathy.
Results: Cancer survivors had worse sway than healthy control subjects in components related to sway magni-
tude and mediolateral frequency of sway, but no difference in the component related to resultant / AP sway jerk
and frequency. Cancer survivors who reported neuropathy were more likely to have higher resultant / AP sway
frequencies and jerk than asymptomatic survivors, while survivors who reported a fall were more likely to have
lower frequencies of mediolateral sway than non-fallers. Falls were more strongly associated with mediolateral
sway in survivors with more severe neuropathy; whereas falls were more strongly associated with resultant / AP
sway frequency in survivors with less severe neuropathy
Significance: Postural stability, falls, and neuropathy have complex interactions that can vary across components
of postural sway. While the frequency of mediolateral sway was associated with falls across our entire cohort,
neuropathy influenced the associations between specific characteristics of sway and falls, which may have
implications for fall prevention interventions.

1. Introduction

Preventing falls in older adult populations is an important public
health mission that requires understanding the influence of age-related
comorbidities. The number of adults age 65 or older in the United States
is expected to double by 2050 [1], and an increasingly large proportion
of these older adults will have a previous diagnosis of cancer. Since
1971, the number of cancer survivors has quadrupled, with 60% of
survivors over the age of 65 [2]. By 2020, an estimated 11 million older
adults will be cancer survivors [2] who have a greater risk of falls [3,4]

and hip fracture [3,5] compared to older adults with no cancer history.
Since falls increase after cancer diagnoses, the disease and/or

treatments must make balance or other known fall risk factors worse or,
alternatively, cause new problems. Cancer survivors exhibit poor pos-
tural stability [6–9], a strong and independent risk factor for falls in
older adults [10]. Additionally, chemotherapy-induced peripheral
neuropathy (CIPN) [11] can develop during treatment in up to 90% of
cancer patients and can significantly impact mobility and fall risk [12].
However, the relationship between postural instability, neuropathy,
and falls is unclear.
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Studies using objective measures of postural sway have consistently
reported impaired postural stability in cancer survivors [6–9], but
clinical interpretations of these deficits are not established. Different
sway measures can quantify independent domains of sway (e.g., spa-
tiotemporal measures, frequency-based measures, jerk) and represent
unique components of postural control [13,14]. Direction-dependent
deficits may also have clinical significance; increased sway in the
mediolateral direction (ML) has been linked to falls in older adults [15]
and may be influenced by neuropathy given the reliance on proprio-
ceptive information for control of ML balance [16]. Across clinical
populations, peripheral neuropathy has consistently been related to
poorer postural sway, increased falls, and decreased quality of life
[17,18]. While both ML sway and neuropathy may worsen over the
course of chemotherapy and remain associated with one another up to 3
months after completion of chemotherapy [6], it is unclear if balance,
or specific components of balance, are related to falls in cancer survi-
vors and/or the extent to which this relationship is influenced by
neuropathy. Additionally, these previous studies used force platforms to
quantify sway based on displacement of the center-of-pressure under
the feet. While measures derived from center-of-pressure sway and
center-of-mass sway estimated by inertial sensors on the pelvis are
highly correlated [19], there are no known studies using inertial sensors
to quantify body sway in cancer survivors.

The purpose of this study was to investigate the relationship be-
tween postural sway, falls, and neuropathy in 434 older female cancer
survivors who had received chemotherapy. Using principal component
analysis (PCA), we identified three independent components of sway
quantified using a wearable inertial sensor located on the lumbar spine.
PCA identifies orthogonal projections within a variable space that re-
present the axes of maximum variance. While others [14] have used
this technique as a feature selection tool for postural sway, it is still
unclear if variations along these principal components of maximum
variance have clinical significance. Here, we examined the relationship
of each sway component with self-reported fall history and symptoms of
neuropathy, and interpreted the make-up of each component based on a
priori knowledge of sway domains. To confirm the interpretations of
each principal component, representative variables were examined and
step-wise logistic regression models were implemented using individual
sway measures. We expected that variation in the principal components
of sway would be uniquely associated with falls and neuropathy
symptoms, and that principal components would largely align them-
selves with previously defined domains of sway from other types of
cohorts [13,14]

2. Methods

2.1. Participants

We analyzed baseline data from 434 female cancer survivors [mean
(SD) age=62.5 (6.4) years] who were enrolled in a randomized clin-
ical trial (ClinTrials.gov NCT01635413)to compare the efficacy of ex-
ercise-based fall prevention strategies post-cancer treatment [> 3
months, mean (SD)=61.0 (51.5) months] [20]. All subjects had a di-
agnosis of cancer that did not have central nervous system (CNS) in-
volvement, were age 50–75 years old, physically inactive, free of me-
tastatic disease and neurologic conditions, ambulatory (assistive device
permitted), and medically cleared to exercise. The severity of symptoms
associated with CIPN were based on self-reported noticeable dysthesia
or parasthesia in the lower extremities using select items in the Func-
tional Assessment of Cancer Therapy Gynecologic Oncology Group
Neurotoxicity (FACT/GOG-Ntx). Based upon the presence or absence of
symptoms related to neuropathy (numbness, tingling or discomfort in
the feet in the past week) women were categorized into one of two
groups: symptomatic (CIPN+) or asymptomatic (CIPN-). Individuals
were classified as fallers if they reported at least one fall in the previous
six months. Forty-nine healthy control participants without a cancer

history [mean (SD) age=63.3 (6.9) years] were recruited from the
local community to serve as comparators. All subjects gave written
informed consent and the protocol was approved by the Oregon Health
& Science University institutional review board.

2.2. Procedures

Baseline data collected before subjects were randomly assigned to
study arms were used for this analysis. Each subject performed a series
of performance tests, including a quiet stance test with eyes open for
30 s [19,21], and completed questionnaires about fall history, cancer
history and treatment-related symptoms (i.e., neuropathy). For the
purposes of this analysis, only the quiet stance trials were analyzed.
During the stance tests, subjects were instructed to stand steady for 30 s
with their eyes open, arms at their side, and feet spaced apart 10 cm
between the heels and 15 cm between halluxes using a template [22].
Subjects were instrumented with an inertial sensor (Opal v1, APDM,
Inc. Portland, OR USA) over the lumbar spine that collected tri-axial
accelerations and angular velocities at a sampling frequency of 128 Hz.

2.3. Analysis

Analysis of the inertial sensor data during quiet standing was per-
formed in Mobility Lab v2 (APDM, Inc. Portland, OR, USA) [19,23]. The
output of this analysis yielded 46 measures of sway (See Supplemental
Table A1). Additionally, all sway measures were classified based on the
direction of movement: anteroposterior (AP)-sway, ML-sway, or re-
sultant sway (Euclidean norm of AP and ML sway).

To examine how sway varied within our sample, we performed a
principal component analysis (PCA) using the data from our cohort of
cancer survivors and healthy controls to reduce our multi-dimensioned
sway data into a few, interpretable, orthogonal components. First, all
measures of sway were transformed into z-scores with respect to our
entire cohort (controls and cancer survivors). Measures of sway that
had non-normal distributions were log-transformed prior to the z-score
transformation. Next, a PCA was implemented using the z-scores of all
measures of sway (using the ‘pca’ function in MATLAB). Principal
components (PC) that explained> =10% of the total variance were
retained for interpretation, and the PC coefficients were used to cal-
culate scores for each participant for the respective component.

Interpretation of each sway component was based on: 1) the mag-
nitude of the coefficients for individual sway measures within each
component, 2) the correlation between sway components and sway
measures, and 3) previously defined domains of sway from other co-
horts [13,14,19]. Pearson’s correlation coefficients compared the PC
scores to each sway measure (See Supplemental Material, Appendices B
and C).

2.4. Statistical analysis

Independent t-tests compared PC scores between cancer survivors
and healthy controls, and all further analyses were performed in the
cohort of cancer survivors only. To test whether variation along each
eigenvector was clinically meaningful, comparisons were performed
using the PC scores as primary outcomes of interest. Pearson correlation
coefficients compared the relationship of each PC score to age, body
mass index (BMI), and time since the completion of chemotherapy. Age,
BMI and time since treatment completion were examined based on our
prior findings linking these to neuropathy severity and mobility im-
pairment [12]. Independent t-tests compared whether the PC scores
differed between cancer survivors with (CIPN+) and without (CIPN-)
neuropathy, and whether PC scores differed between cancer survivors
with a history of falling and those with no falls.

Three logistic regression models were then implemented to test
whether, after adjusting for age, BMI, and time since the completion of
chemotherapy, 1) PC scores were associated with one or more falls in
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the previous six months, 2) PC scores were associated with the presence
of neuropathy (CIPN+), or 3) PC scores, neuropathy severity, or their
interaction were associated with falls in CIPN+ cancer survivors.
Comparisons of individual sway measures between cancer survivors
and control subjects are presented in the Supplemental Material
(Appendix D). To determine the best classifiers of fallers / non-fallers in
the cohort of cancer survivors, forward and backward stepwise logistic
regression models were implemented using individual sway measures,
time since completion of chemotherapy, age, BMI, and CIPN group as
independent variables. Constant and linear predictor terms were per-
mitted within the models, and stepwise progression was based on the
Bayesian Information Criteria (BIC). All analysis was performed in
MATLAB (r2018a, Statistics and Machine Learning Toolbox, The
Mathworks, Natick, MA, USA) using a significance level of 0.05.

3. Results

3.1. Sample characteristics

In general, the cancer cohort was in their early 60’s, overweight to
obese based on BMI and had a low prevalence of diabetes (Table 1). The
majority (71%) of women were breast cancer survivors and had also
had radiation treatment, while the stages of cancer were evenly spread
across the sample. Fifty percent of the women with cancer reported that
they currently experienced symptoms of sensory loss in their lower
extremities and were grouped into CIPN+ .

3.2. Independent postural sway components

The first three principal components explained over 70% of the total
variance across the sway variables (Fig. 1). Descriptively, variables
related to sway magnitude were dominant in the first PC, with larger
sway leading to larger PC1 scores. Resultant and AP frequency and jerk
variables were dominant in the second PC, with more jerk and higher
frequencies leading to larger PC2 scores. Mediolateral variables, spe-
cifically frequency-based ML variables, were dominant in the third PC,
with less ML sway and higher ML frequencies leading to larger PC3
scores (Fig. 2).

3.3. Cancer survivors versus controls

Cancer survivors had significantly higher PC1 scores (p < 0.001,
95% CI of difference = [1.95, 4.39]) compared to healthy control
subjects. Cancer survivors also had significantly lower PC3 scores (p <
0.001, 95% CI of difference = [-3.23, -1.84]). No difference in PC2
scores was found between cancer survivors and healthy control subjects
(p= 0.504, 95% CI of difference = [-1.16, 0.57]).

3.4. Clinical characteristics

Within the cohort of cancer survivors, age was positively associated
with PC1 scores, but not associated with PC2 or PC3 scores (Table 2).
Higher BMIs were associated with greater PC1 scores and smaller PC3
scores. Time since the completion of chemotherapy was not associated
with any PC score.

3.5. Neuropathy

In univariate comparisons, CIPN+women had greater PC2 scores
compared to CIPN- women (p= 0.013, 95% CI of difference = [0.15,
1.26]), but no difference in PC1 (p= 0.134, 95% CI of difference =
[-0.19, 1.42]) or PC3 (p= 0.450, 95% CI of difference = [-0.62,
0.28]). Results were unchanged when adjusting for covariates in the
logistic regression models (Table 3).

3.6. Falls

Cancer survivors who reported at least one fall in the previous 6
months had lower ML frequency-dominated PC3 scores (i.e., more ML
sway at lower ML frequencies) compared to those who did not report a
fall (p= 0.021, 95% CI of difference = [-1.19, -0.10]). Scores for PC1
(p= 0.057, 95% CI of difference = [-0.03, 1.94]) and PC2 (p= 0.525,
95% CI of difference = [-0.90, 0.46]) did not differ between survivors
who reported a fall and those who did not. Results remained unchanged
when adjusting for covariates in the logistic regression models. Forward
and backward stepwise-logistic regression models for individual sway
measures agreed on final classifiers of ML Median Frequency (p <
0.001, β= -0.97, SE=0.31) and CIPN+ status (p < 0.001, β=0.87,
SE= 0.25) to differentiate fallers from non-fallers.

In CIPN+ survivors, self-reported falling was associated with an
interaction between neuropathy severity with PC2 and PC3 scores
(Table 3). As the severity of CIPN increased, smaller (i.e., more negative)
PC3 scores were associated with an increased likelihood of reporting a
fall (Fig. 3). A significant main effect was found for PC2, indicating that
survivors who reported “a little bit” of neuropathy and exhibited smaller

Table 1
Baseline demographic and clinical characteristics of all participants.
Characteristics of the cohort of cancer survivors is presented for the whole
cohort, as well as separated by those with (CIPN+) or without (CIPN-) self-
reported neuropathy. Data expressed as mean (SD) or % of sample.

Characteristic Controls
(n=49)

Cancer
Cohort
(n=434)

CIPN+
(n= 216)

CIPN-
(n= 218)

Age (yrs.) 63.3 (6.9) 62.5 (6.4) 63.0 (6.3) 62.2 (6.3)
BMI (kg/m2) 25.6 (4.0) 29.3 (6.7) 30.0 (7.0) 28.6 (6.2)
Time since completion

of chemotherapy
(months)

61.0 (51.5) 55.5 (46.5) 66.6 (55.6)

Cancer
Breast (%) 71 68 75
Colon (%) 6 10 3
Ovarian (%) 5 6 4
Lymphoma (%) 4 3 5
Uterine (%) 3 2 4
Lung (%) 3 3 2
Other (%) 8 8 7
Stageb

Stage 0-I (%) 30 25 34
Stage II (%) 42 40 45
Stage III (%) 28 35 20
Received radiation

therapy (%)
60 62 59

Diabetes (%) 10 13 8

Fig. 1. Scree plot illustrating the percentage of variance explained by the 46
principal components. The first three principle components explained 70.9% of
the total variance. The dashed line shows the 10% cut-off used to select com-
ponents for future analysis.
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PC2 scores were more likely to report a fall. But, as the severity of
neuropathy increased, the association between PC2 scores and falls
weakened. A significant main effect for PC1 indicated that, after ad-
justing for the interactions between PC2, PC3, and neuropathy severity,
greater PC1 scores were more likely to report a fall. No main effect for
PC3 or neuropathy severity was found.

4. Discussion

We investigated how peripheral neuropathy, falls, and age are

associated with each component of sway in over 400 female cancer
survivors treated with chemotherapy. This is one of the largest studies
in any cohort to quantify postural sway and relate sway characteristics
to falls and/or signs of peripheral neuropathy. The first three principal
components (magnitude, resultant / AP frequency, and ML frequency)
explained 39.0, 18.6, and 13.3% of the variance within the sway data,
respectively. While each component contained every measure of sway,
magnitude components comprised the majority of PC1, whereas re-
sultant and AP frequency and jerk components comprised the majority
of PC2, and ML frequency components comprised the majority of PC3.
Our results closely match PCA results based on center-of-pressure based
sway in much smaller samples young healthy subjects, despite some
differences in the measures of sway [14].

Our results show that self-reported falls and neuropathy were both
associated with abnormalities in postural sway, but these associations
were specific to unique components of sway. PC2, most highly re-
presented by higher frequencies and jerkiness of resultant and AP
postural sway was associated with the presence of neuropathy symp-
toms. In contrast, PC3, mostly represented by the ML direction of sway
frequency, was associated with falls. Surprisingly, variation along the
first eigenvector (PC1), representing the projection of maximum var-
iance and most highly associated with measures of sway magnitude
such as sway area, was not associated with neuropathy or falls across
the entire cancer cohort. However, PC1 scores were weakly associated

Fig. 2. Composition of each PC with variables ordered by coefficients. Symbols indicate the domain of sway represented by each variable (magnitude= diamond;
frequency= square; jerk= circle), and shades indicate the direction of sway (gray=AP, black=ML, white= resultant). Sway measures that are dominant within
the component are bolded, and their icons are shown next to the PC name at the top.

Table 2
Pearson correlation coefficients for correlations of postural sway PC scores with
age, BMI, and time since completion of chemotherapy in cancer survivors.
Significant correlations (p < 0.05) are indicated in bold.

Age BMI Time Since
Chemotherapy
(months)

ρ P-value ρ P-value ρ P-value
PC 1 (Magnitude) 0.106 0.027 0.177 < 0.001 −0.012 0.805
PC 2 (R/AP Jerk &

Frequency)
0.084 0.080 −0.094 0.051 0.017 0.724

PC 3 (ML
Frequency)

0.074 0.124 −0.162 < 0.001 0.066 0.167
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with falls in CIPN+women. In addition, the association between self-
reported falls and sway area depended on the severity of self-reported
neuropathy symptoms, and the directionality of this interaction differed
by component – ML sway frequency (PC3) was associated with falls if
the neuropathy symptoms were severe, whereas AP and resultant fre-
quency and jerk characteristics of sway (PC2) were associated with falls
if the neuropathy symptoms were mild.

The present results illustrate that different characteristics of sway
have unique relationships to fall risk. Previous studies have identified
deficits in postural sway with forceplates in cancer survivors [6–9] but
lacked data on falls for clinical interpretations. In those previous stu-
dies, cancer survivors exhibited larger magnitudes of sway [7,8,9], but
in the one study that used a control group, frequency-based measures of
sway did not differ between cancer patients and controls [8]. Further-
more, ML, but not AP sway was worse in cancer survivors compared to
healthy control subjects [8]. Our results confirm other findings of ex-
cessive sway magnitude, and especially ML sway, in cancer survivors
relative to healthy controls. Additionally, our results suggest that im-
paired sway in cancer survivors without regard to neuropathy may not
be informative for fall risk assessments; variation in sway magnitude
measures was not significantly associated with self-reported falls across
our entire sample of cancer survivors.

The fact that ML sway was associated with falls across our sample is
consistent with other studies in older adults and clinical populations.
ML sway is an important predictor of retrospective [10,24] and pro-
spective [15] falls in older adults, and ML sway is impaired in other
populations with neurological injury or disease [25,26]. Impaired ML
sway has also been reported in people with peripheral neuropathy from
chronic diabetes [17]. However, neither ML nor spatiotemporal sway
was related to the presence of self-reported neuropathy symptoms
within our cohort; only the frequency of sway was related to the pre-
sence of neuropathy symptoms.

The association between higher PC2 (resultant / AP sway fre-
quency) scores and the presence of neuropathy symptoms may be due

Table 3
Logistic regression models for the presence / absence of neuropathy and falls
within cancer subjects using PC scores. Bold values indicate significant effects
(p < 0.05).

Estimate SE P-value

Neuropathy (presence/absence); (n= 434)
(Intercept) −2.003 1.088 0.066
PC1 Magnitude 0.020 0.024 0.399
PC2 R / AP Jerk & Frequency 0.092 0.035 0.009
PC3 ML Frequency −0.015 0.043 0.720
Age 0.020 0.016 0.200
BMI 0.034 0.016 0.029
Time Since Chemo −0.005 0.002 0.014

Falls (> =1 in past 6 months); (n= 434)
(Intercept) −2.836 1.326 0.032
PC1 Magnitude 0.049 0.029 0.089
PC2 R / AP Jerk & Frequency −0.051 0.043 0.242
PC3 ML Frequency −0.116 0.052 0.026
Age 0.014 0.020 0.485
BMI 0.011 0.018 0.536
CIPN+ 0.793 0.255 0.002
Time Since Chemo −0.004 0.003 0.158

Falls (> =1 in past 6 months) in CIPN+ subjects; (n= 216)
(Intercept) −2.549 1.858 0.170
PC1 Magnitude 0.169 0.083 0.041
PC2 R / AP Jerk & Frequency −0.346 0.143 0.016
PC3 ML Frequency 0.210 0.180 0.245
Age −0.006 0.028 0.830
BMI 0.022 0.024 0.363
Neuropathy Severity 0.278 0.165 0.092
Time Since Chemo −0.005 0.004 0.194
PC1 * Neuropathy Severity −0.050 0.032 0.112
PC2 * Neuropathy Severity 0.129 0.052 0.013
PC3 * Neuropathy Severity −0.156 0.073 0.033

Fig. 3. Box and scatter plots showing the PC scores in cancer survivors and
controls (A) and the interactions between neuropathy and postural sway, and
falls in CIPN+ cancer survivors (B–D). Scattered points indicate individual
subjects contained within the boxplot representation of the group. Y-axes values
indicate the z-score for each component, relative to the entire sample of cancer
survivors and control subjects. For clarity, the scale on the y axes has been
adjusted between panels A–D. A.) PC scores for the entire cancer cohort (pink)
and healthy controls (blue). B–D.) Individual PC scores in cancer survivors with
neuropathy, separated by self-reported faller status (fallers shown in red) and
neuropathy severity (x-axis). Lines illustrate the interaction between self-re-
ported neuropathy and postural sway in individuals with (faller, red) or without
(nonfaller, gray) one or more reported falls in the previous six months. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article).
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to increased sway at the hip joint in people with lower extremity
neuropathy. While healthy individuals control sway predominantly at
lower frequencies about the ankle joints (i.e., ‘ankle strategy’) [27],
individuals with peripheral neuropathy control sway at the hip joints
(i.e., ‘hip strategy’) to make use of more accurate proprioceptive in-
formation at the hips [28,29]. As greater hip control is associated with
higher sway frequency [30], we speculate that the association between
self-reported neuropathy symptoms and high frequency sway was due
to increased expression of the ‘hip-strategy’ to compensate for unreli-
able somatosensory information from the feet and ankles [31]. How-
ever, this interpretation of excessive use of a hip strategy by cancer
survivors should be confirmed with inertial sensors on both the lower
and upper body [32].

Survivors with symptoms of neuropathy (49.3%) showed a different
association between sway and falls depending on the severity of their
neuropathy. Interestingly, greater sway magnitude was associated with
self-reported falls in individuals with neuropathy symptoms, and this
association did not change with symptom severity. However, lower
frequencies of resultant and AP sway (PC2) were strongly associated
with self-reported falls when symptoms were mild, but the association
between resultant / AP sway frequency and falls weakened as symp-
toms became more severe. While this analysis cannot determine the
cause of these interactions, sensory reorganization and compensatory
adaptation may be a contributing factor. Individuals with impaired
somatosensory function from peripheral neuropathy have impaired
postural control on firm surfaces if they attempt to depend upon un-
reliable somatosensory information in the feet and ankles to control
sway [33,34]. However, when somatosensory information is further
disrupted in the form of a sway-referenced platform or unstable surface,
individuals with peripheral neuropathy down-weight proprioceptive
information coming from the feet and ankles, up-weight information
from visual and vestibular cues, and control sway more at the hip joints
in order to control AP sway [31,33]. Thus, individuals who can com-
pensate for their mild neuropathy may show normal sway magnitudes
with higher resultant and AP sway frequencies that represent an
adaptive postural control system capable of using ankle- or hip-strate-
gies, based on the available sensory information [30]. Conversely, in-
dividuals with mild neuropathy who exhibit larger sway magnitudes
with lower resultant and AP frequencies may continue use an ankle-
dominant strategy and impaired somatosensory information from the
feet indicative of a rigid postural control system. This interpretation
was supported when examining the coefficients of PC2 and individual
measures of sway; higher AP and resultant sway frequencies were po-
sitively associated with PC2 (Supplemental Material, Table C1), and
PC2 was negatively associated with reported falling in those with mild
CIPN (Table 3).

Opposite to AP-sway frequency, the association between ML balance
and falls increased with increasing neuropathy symptom severity, and
may be influenced by the reliance on proprioceptive information for the
control of ML sway and biomechanical constraints on ML control.
Proprioceptive information is weighted ˜37% higher when controlling
ML sway compared to AP sway [16] potentially due to a greater number
of joints and muscles controlling ML sway [35]. Unlike balance in the
AP direction, which can be modeled as an inverted double pendulum
with separate torque control at the ankles and hips, ML balance consists
of a 4-bar linkage comprised of the right leg, left leg, pelvis, and ground
where, due to biomechanical constraints of the feet, torque is controlled
almost exclusively by the hip adductors and abductors to shift weight
from one leg to the other [36]. The importance of proprioceptive in-
formation and the lack of a robust secondary control scheme for the
control of ML balance may explain why poor ML sway was more as-
sociated with falls as symptom severity increased; unlike AP sway
controlled through ankle and hip strategies, there is no robust com-
pensatory strategy for ML sway. Assessing the individual sway measures
confirmed this interpretation; higher ML sway frequencies were posi-
tively associated with PC3, and the PC3*neuropathy interaction was

negatively associated with reporting a fall (i.e., lower ML sway fre-
quency was associated with falls). Accordingly, ML sway may reflect
the integrity of the postural control system without being affected by
potential compensatory control strategies. The constraints for ML bal-
ance control may also explain why ML sway is a consistent predictor of
falls and impaired balance across numerous populations [10,15,24].

Whereas the large sample size of this cohort enables robust, gen-
eralizable conclusions, limitations should also be noted. First, we did
not know the types of chemotherapy that women received and different
types have varying neurotoxicity. Another limitation was the reliance
on retrospective, self-reported falls, rather than prospective falls.
Therefore, the ability of sway, specifically ML sway, to prospectively
predict falls in cancer survivors needs to be determined. Similarly,
neuropathy severity was limited to self-reported symptoms; assessments
using objective measures of neuropathy may capture more subtle var-
iation in symptoms than the classifications used here. Co-occurring
impairments associated with neuropathy, such as muscle wasting
[37,38] or vestibular ototoxicity [39], may have a significant influence
on balance and falls but were not measured in the original trial and thus
could not be considered. Here, postural sway was recorded during eyes
open quiet standing. It is possible that the effects illustrated here,
particularly the effect of neuropathy on specific characteristics of sway,
may be magnified in eyes closed quiet standing. Finally, the use of
principal component analysis carries several inherent limitations that
have been well characterized [40]. Future studies should use these re-
sults as a guide for interpreting postural sway measures across different
domains. These results can help guide future prospective assessments of
neuropathy in relation to balance and falls to determine onset and
predictors of fall risk and targets for fall prevention approaches.
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