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Abstract

Background: Chemotherapy-induced peripheral neuropathy (CIPN) is a common and debilitating adverse effect of neurotoxic
chemotherapy characterized by symptoms such as numbness, tingling, and weakness. Effective monitoring and detection of CIPN
are crucial for avoiding progression to irreversible symptoms. Due to the inconvenience of clinic-based objective assessment,
CIPN detection relies primarily on patients’ reporting of subjective symptoms, and patient-reported outcomes are used to facilitate
CIPN detection. Our previous study found evidence that objective functional assessments completed within a smartphone app
may differentiate patients with and those without CIPN after treatment.

Objective: This prospective, longitudinal observational cohort study aimed to determine the feasibility and accuracy of app-based
remote monitoring of CIPN in patients with cancer undergoing neurotoxic chemotherapeutic treatment and to conduct exploratory
comparisons of app-based functional CIPN monitoring versus patient-reported outcome–only monitoring.

Methods: The NeuroDetect app (Medable Inc) includes subjective EORTC (European Organization for Research and Treatment
of Cancer) Quality of Life Questionnaire (QLQ)–20-item scale (CIPN20) and 6 objective functional assessments that use
smartphone sensors to mimic neurological examinations, such as walking, standing, and manual dexterity tests. The functional
assessment data were collected from patients with cancer undergoing neurotoxic chemotherapy, and a neurological examination
was conducted at the end of treatment to diagnose CIPN in the feet (CIPN-f) or CIPN in the hands (CIPN-h). Various classification
models including NeuroDetect features only (NeuroDetect Model) CIPN20-only (CIPN20 Model) or a combination of both
(Combined Model) were trained and evaluated for accuracy in predicting CIPN probability.

Results: Of the 45 patients who completed functional assessments and neurological examinations, 24 had CIPN-f, and 29 had
CIPN-h. The NeuroDetect Model could discriminate between patients with and those without CIPN-f (area under the curve=83.8%,
comparison with no information rate P=.02) but not CIPN-h (area under the curve=67.9%, P=.18). The rolling rotation features
from the eyes-closed phase of the Romberg Stance assessment showed the greatest contribution to CIPN-f (40% of total variable
importance) and the Finger Tapping assessment showed the greatest contribution to CIPN-h (85% of total variable importance).
The NeuroDetect Model had numerically, and at some time points statistically, superior performance to the CIPN20 Model in
both CIPN-f and CIPN-h, particularly before and early in treatment. The Combined Model numerically, though not statistically,
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outperformed either assessment strategy individually, indicating that the combination of functional and patient-reported assessment
within a smartphone may be optimal to CIPN detection.

Conclusions: Our findings demonstrate the feasibility of integrating subjective and objective CIPN assessment into a smartphone
app for remote, longitudinal CIPN monitoring. Studies of larger patient cohorts are needed to refine the app-based CIPN detection
models and determine whether their use in practice improves CIPN detection.

(J Med Internet Res 2025;27:e65615) doi: 10.2196/65615
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Introduction

Chemotherapy-induced peripheral neuropathy (CIPN) is a
common adverse effect of chemotherapy, affecting up to 70%
of patients receiving taxanes for breast, lung, ovarian, and other
cancer types [1]. CIPN typically presents with numbness or
tingling in the feet or hands that may progress to motor weakness
and impairment [2,3]. In some cases, CIPN can be irreversible,
resulting in long-term gait imbalance and impaired manual
dexterity, which hinder daily activity, reduce independence,
increase fall risk, and reduce quality of life [4,5].

Detecting CIPN during treatment is critical to avoid these
potentially irreversible adverse effects [4,5]. Detection of CIPN
during neurotoxic chemotherapy treatment primarily depends
on patients self-reporting symptoms during routine appointments
with their medical oncology team [6]. Objective CIPN
assessment may be useful to detect symptoms but is not
commonly used in practice due to logistical barriers, including
the need for additional trained personnel, time, space, and
equipment [7]. As an alternative, validated patient-reported
outcome (PRO) questionnaires have been developed to enable
convenient subjective CIPN assessment. One such tool is the
CIPN Quality of Life Questionnaire developed by the European
Organization for Research and Treatment of Cancer (EORTC),
which includes a 20-item scale (CIPN20) [8]. PROs may be an
improvement over routine physician assessments via the
National Cancer Institute Common Terminology Criteria for
Adverse Event grading, but PROs lack objective measurement
and rely on patients’ willingness to accurately report CIPN
symptoms [9]. Consequently, there remains an unmet need to
develop strategies for objective CIPN assessment that are
feasible and accurate.

Smartphone and wearable sensor-based technology have been
increasingly used to advance the detection and monitoring of
various diseases [10], for example, smartphone apps can monitor
gait and balance changes and provide valuable insights for
patients with progressive Parkinson disease [11]. Similar to
Parkinson disease, objective evidence of CIPN includes impaired
gait, increased sway, and reduced manual dexterity, all of which
can be detected through functional assessments using wearable
or smartphone sensors [12,13]. Our previous study of the first
version of NeuroDetect (Medable Inc) used off-the-shelf
smartphone sensor–based functional assessments and showed
feasibility in differentiating patients with and those without
CIPN posttreatment [13]. Integrating PRO data with objective

assessments within a smartphone app could achieve remote and
objective CIPN monitoring and enhance the detection of CIPN
with minimal inconvenience and cost [14]. The objective of this
longitudinal study was to determine the feasibility of conducting
longitudinal, remote smartphone-based functional assessments
that emulate certain aspects of a formal bedside neurological
examination and investigate whether these functional
assessments can detect CIPN during neurotoxic treatment.
Exploratory analyses in this unpowered feasibility study
investigated the sensitivity and specificity of an app-based
approach compared with or combined with PRO-only CIPN
assessment.

Methods

NeuroDetect App
NeuroDetect is an iOS (Apple Inc) app that incorporates both
subjective and objective evaluations of CIPN. The subjective
evaluations include EORTC Quality of Life Questionnaire
(QLQ)–CIPN20, a validated PRO questionnaire for the
collection of CIPN sensory, motor, and autonomic symptoms
on a 4-point Likert scale (1=not at all, 2=a little, 3=quite a bit,
and 4=very much) [8,15]. The objective functional assessments
were customized from the available activities in the ResearchKit
(Apple Inc) framework to replicate certain aspects of the
neurological examination [16]. The 6 NeuroDetect functional
assessments use embedded sensors within the smartphone
including an accelerometer, gyroscope, and touchscreen to
monitor speed, sway, accuracy, and rhythm during gait and
balance tasks (natural walk, tandem walk, tandem stance, and
Romberg stance) and manual dexterity tasks (finger tapping
and hole-peg test). For both natural walk and tandem walk, the
user is asked to place their phone in their back pocket while
taking 10 steps forward, turning around, and then walking 10
steps back at their usual pace [16,17]. For both tandem stance
and Romberg stance, the user is asked to stand as still as possible
for 10 seconds. In tandem walk and tandem stance, the user’s
feet are lined up with 1 foot directly in front of the other while
walking or standing, respectively [17-19]. In Romberg stance,
the user stands still for 10 seconds with their eyes open and then
for another 10 seconds with their eyes closed [18,19]. In finger
tapping, the user taps 2 buttons on the screen of their phone
with their index and middle fingers, alternatively for 100 taps
or 100 seconds (whichever comes first) [16]. In the hole-peg
test, which is adapted from the standard 9-hole peg test, the user
repeats the process of placing a “peg” (indicated by a closed
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circle) into a “hole” (indicated by an open circle) on the phone
screen and then removing it 4 times [13,20].

Study Participants
Patients scheduled to begin taxane or platinum treatment for
breast or colorectal cancer were identified by the Breast or
Colorectal Clinical Research Teams within the University of
Michigan Rogel Cancer Center. After the medical oncologist
approved recruitment of the patient, the study team called the
potential participant up to 3 times to describe the study and
assess their eligibility and interest in participating. Patients who
were interested in participating in the study were screened during
the phone call to confirm that they (1) had consistent access to
an iPhone (Apple Inc) and (2) did not have baseline neuropathy,
defined as any score >1 in the first 4 items of the CIPN20, which
ask about tingling or numbness in the fingers or toes [21]. After
screening, interested participants completed verbal informed
consent to participate and were provided email instructions to
download NeuroDetect and complete the integrated written
informed consent, a baseline CIPN20, and the 6 functional
assessments.

Patients were asked to repeat the CIPN20 and functional
assessments within 24 hours before each chemotherapy cycle.
Depending on the chemotherapy regimen, the evaluations ranged
from every 2 to 4 weeks and the timing was adjusted to
accommodate treatment delays or early discontinuations.
Patients were also allowed to complete additional evaluations
during treatment.

Within 1 week before or 2 weeks after the end of chemotherapy
treatment, patients underwent a structured clinical neurological
history and examination that included assessment of neuropathic
symptoms, signs, and reflexes, which was conducted by
neuromuscular specialists (BC and AS) on the study team. CIPN
signs and symptoms were diagnosed based on the Toronto
Consensus Definition of possible clinically evident distal
symmetrical polyneuropathy, which was considered the
gold-standard CIPN definition for this study [22,23]. Each
patient was clinically assessed for sensory symptoms (numbness,
dysesthesias, hypersensitivity to touch, or pain), muscle strength,
sensory function of small and large fibers, gait and coordination,
and reflexes. From these data, the clinician determined whether
the patient had symptoms, sensory exam findings, or decreased
reflexes consistent with polyneuropathy. If at least 1 of these 3
were present, a patient is considered to have possible CIPN and
thus was considered a CIPN case for this analysis. CIPN cases
were then classified as experiencing CIPN in the hands (CIPN-h)
or CIPN in the feet (CIPN-f) based on the location of the
symptom or sensory or reflex exam finding that caused them
to be considered a CIPN case.

Data Preprocessing
Sensor data from the walking and standing samples were filtered
and preprocessed before feature extraction. Walking forth and
back were treated as 2 samples. Walking samples with durations
of less than 7.5 seconds in natural walking or 10.5 seconds in
tandem walking were discarded as these indicate the patient
stopped the walking task rather than completing it. Walking
samples were trimmed to keep only the active walking phase

without interruption, including turning around. Walking and
standing samples were rotated to the global reference frame to
adjust for individual variations in the orientation of the patient’s
phone in their pocket or the direction the patient faced while
walking.

A total of 3700 features were generated from the 6 functional
assessments (Table S1 in Multimedia Appendix 1). An
open-source tool, mhealthtools in R (Posit), was used to extract
statistical or informational features from sensor data of walking,
standing, and finger-tapping assessments [24]. For walking and
standing data in each of the 3 dimensions of acceleration
(side-to-side, forward-backward, and up-and-down) and rotation
(pitch, yaw, and roll), empirical 2-mode decomposition
transformation and empirical wavelet transformation were used,
respectively, to generate features in time-domain (signal
amplitude and distribution) and frequency-domain (signal
composition in different frequencies) [24]. For finger-tapping
data, features of tapping intervals and drifts were generated to
characterize both dominant and nondominant hand movements
[24]. The mean and SD of the duration of placing and removing
pegs were calculated for hole-peg tests in R.

Features were filtered using an ensemble method of minimum
redundancy maximum relevance through mRMRe in R to
account for multicollinearity [25]. The number of features to
select was based on the number of features with a positive score,
which means the relevance to the outcome was higher than
redundancy with any previously selected features. Feature
selection was determined by majority voting among multiple
solution sets through 3 steps. First, baseline features were
filtered within each assessment and voted among 5 solution
sets. Second, end-of-treatment features were filtered together
with selected baseline features within each assessment and voted
among 5 solution sets to remove features correlated with the
baseline. Third, all selected end-of-treatment features were
further filtered and voted on among 15 solution sets to remove
features correlated with each other between different
assessments.

NeuroDetect Model Training and Testing
In total, 2 elastic net classification NeuroDetect Models were
built to filter feet and hand features, respectively, and to achieve
the highest area under the curve (AUC) in detecting CIPN-h
and CIPN-f [26]. NeuroDetect Models were trained using 70%
of the end-of-treatment data set with repeated cross-validation
through caret and glmnet in R, and the performance was
evaluated in the unbiased 30% testing data set [27,28]. The
numbers of repeats and folds were the square root of the sample
size. Optimal model parameters were first searched using
sequences automatically generated by the glmnet package based
on the range of input data, which were then fined-tuned to the
same magnitude [28]. Infinite values were imputed with 1.5
times the maximum value. All input values were centered and
scaled before training and testing. Variable importance was
calculated using the caret package based on regression
coefficients [27].

NeuroDetect Model performance was evaluated via AUC and
accuracy, which was compared with the accuracy that could be
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obtained by always predicting the majority class (ie, Yes CIPN-f
or CIPN-h), referred to as the no information rate.

Contribution of Functional Assessments in
NeuroDetect Models
The contribution of each functional assessment (eg, natural
walk, Romberg stance, and finger tapping) to NeuroDetect
Model classification was assessed by building and evaluating
exploratory models that included only a single functional
assessment and models that included all but 1 of the functional
assessments using a similar process as that used to build the
NeuroDetect Models. The AUC of each exploratory model was
compared with the NeuroDetect Models using all functional
assessments by a 1-sided bootstrap method with 400
permutations.

Comparisons With CIPN20 Models and Combined
Models
To compare the performance between functional assessments
and PROs to detect CIPN-f and CIPN-h, a similar process was
used to build models for CIPN-f and CIPN-h that included either
CIPN20 items only (CIPN20 Models) or the combination of
CIPN20 items and NeuroDetect features (Combined Models).
A 2-sided bootstrap method with 400 permutations was used
to compare the AUCs of these models for detecting CIPN-f or
CIPN-h at the end of treatment.

To evaluate the performance of each model for detecting CIPN
at earlier time points during treatment, data collected from
NeuroDetect Models, CIPN20 Models, and Combined Models
at months 0 (M0, before day 0), 1 (M1, from day 0 to day 29),
2 (M2, from day 30 to day 59), and 3 (M3, day 60+) were used,
and the AUC for detecting CIPN-f and CIPN-h was calculated
and compared using the same 2-sided bootstrap method. The
earliest time point a model could differentiate patients with and
those without CIPN is estimated based on the first consecutive
day that there was a statistically significant association between
the model classification and CIPN diagnosis using a Fisher
exact test. Multiple comparisons for testing each day throughout

treatment were accounted for using the Benjamini and Hochberg
false discovery rate.

Ethical Considerations
This study was approved by the University of Michigan IRBMed
(HUM00171478). All participants completed oral informed
consent before downloading NeuroDetect and then completed
comprehensive written informed consent within NeuroDetect.
All data were collected within secure databases accessible only
to the study team. Clinical data were collected within REDCap
(Research Electronic Data Capture; Vanderbilt University) and
NeuroDetect data were collected within the secure data
environment provided by Medable. Patients were compensated
US $50 if they completed at least 3 NeuroDetect assessments
and the clinical neurological assessment, otherwise, they did
not receive compensation and were replaced in the study. No
identifying information for individual participants is included
in this manuscript.

Results

Patient Enrollment and CIPN Data Collection
Of the 85 eligible patients who indicated interest in participating,
a total of 66 patients enrolled and completed CIPN20 and
functional assessments at baseline and at least once during
treatment, and 45 completed a neurological examination at the
end of treatment (Multimedia Appendix 2). Among these 45
patients, 24 had CIPN-f and 29 had CIPN-h (Table 1). On
average, each patient performed each gait and balance
assessment 7.5 times, each manual dexterity assessment 7.4
times, and CIPN20 7.4 times during treatment. Most patients
(40/45, 80%) completed NeuroDetect assessments and CIPN20
questionnaires every 3 weeks. After data cleaning, the walking
and standing data had 567 unique samples throughout treatment,
including 70 samples at the end of treatment, and the finger
tapping and hole-peg test data had 318 samples throughout
treatment, including 41 samples at the end of treatment. A total
of 333 CIPN20 questionnaires were collected including 45 at
the end of treatment.
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Table 1. Clinical characteristics of the 45 patients included in the analyses.

Statistical valueCharacteristic

48 (15)Age (year), mean (SD)

Sex, n (%)

40 (89)Female

5 (11)Male

Self-reported race, n (%)

38 (84)White

4 (9)Black

2 (4)Asian

1 (2)Other

Tumor type, n (%)

40 (89)Breast

5 (11)Colorectal

Neurotoxic chemotherapy treatment, n (%)

26 (58)Taxane

13 (29)Platinum

8 (18)Taxane and platinum combination

11.5 (4.6)Neurotoxic chemotherapy treatment duration (week), mean (SD)

Treatment adjustment, n (%)

9 (20)Dose delay

13 (29)Dose decrease

2 (4)Switch to nab-paclitaxel

CIPNa from neuromuscular specialist assessment, n (%)

24 (53)CIPN in the feet (CIPN-f)

29 (64)CIPN in the hands (CIPN-h)

6.9 7.5 (9.2)NeuroDetect gait and balance assessments per patient, mean (SD)

7.4 (8.9)NeuroDetect manual dexterity assessments per patient, mean (SD)

7.4 (8.1)CIPN20b assessments per patient, mean (SD)

aCIPN: chemotherapy-induced peripheral neuropathy.
bCIPN20: 20-item scale.

NeuroDetect Models for Detecting CIPN at the End of
Treatment
From the 3700 features generated from the 6 functional
assessments (Table S1 in Multimedia Appendix 1), minimum
redundancy maximum relevance selected 300 gait and balance
features and 20 manual dexterity features, of which elastic net

selected 182 gait and balance features and 19 manual dexterity
features to be included in the final NeuroDetect Models of
CIPN-f and CIPN-h, respectively (Tables S2 and S3 in
Multimedia Appendix 1). The NeuroDetect Model accuracy
was significantly higher than no information rate for CIPN-f
(80% vs 53%, P=.02, Table 2, Figure 1) but not CIPN-h (82%
vs 64%, P=.18).
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Table 2. End-of-treatment chemotherapy-induced peripheral neuropathy detection performance by NeuroDetect, CIPN20, and Combined Models.

CIPN-hb ModelsCIPN-fa ModelsPerformance metric

CombinedCIPN20NeuroDetectCombinedCIPN20cNeuroDetect

0.860.560.680.940.760.84Area under curve

0.730.580.820.850.690.80Accuracy

.39.82.18.005f.20.02fAccuracy versus NIRd, P valuee

aCIPN-f: chemotherapy-induced peripheral neuropathy in the feet.
bCIPN-h: chemotherapy-induced peripheral neuropathy in the hands.
cCIPN20: 20-item scale.
dNIR: no information rate.
eP value testing accuracy of each Model versus the no information rate, which is the accuracy obtained by always predicting the majority class.
fSignificance level P<.05.

Figure 1. Predicted chemotherapy-induced peripheral neuropathy probability of NeuroDetect models at the end of treatment. CIPN: chemotherapy-induced
peripheral neuropathy; CIPNf: chemotherapy-induced peripheral neuropathy in the feet; CIPNh: chemotherapy-induced peripheral neuropathy in the
hands.

All data were collected within a prospective observational study
of 45 patients with cancer receiving neurotoxic chemotherapy
treatment who completed NeuroDetect functional assessments
during treatment and a clinical neurological assessment at the
end of treatment. The NeuroDetect models were used to estimate
the likelihood (y-axis) that each patient had CIPN-f (left panel)
and CIPN-h (right panel) at the end of neurotoxic chemotherapy
treatment. Patients are reordered in descending order of the
strength of the CIPN prediction probability from NeuroDetect.
There was strong concordance between these estimated
probabilities and the clinical diagnosis from the clinical
neurological examination; red circles indicate patients who were
diagnosed with CIPN, and blue circles indicate patients who
were not. Closed and open circles indicate the 2 walking phases,
forth and back, respectively, which were connected by a line
for each patient. There was strong agreement between CIPN-f
probability estimated between the 2 walking phases in all except
a single patient.

The final NeuroDetect Models are enriched for features from
Romberg stance (40.2% of total variable importance in CIPN-f)
and finger tapping (84.7% of total variable importance in
CIPN-h, Table S4 in Multimedia Appendix 1) assessments. The
3 most important CIPN-f features are all rolling rotations from
tandem walk and Romberg stance assessments (Table S2 in
Multimedia Appendix 1). The most important CIPN-h feature
is the autocorrelation of the nondominant hand-tapping interval
during the finger-tapping assessment (Table S3 in Multimedia
Appendix 1). In CIPN-f detection, the model built using only
features from Romberg stance had the best performance and
had higher AUC than the model built using all functional
assessments (AUC=98% vs 83.8%, P=.04, Table S5 in
Multimedia Appendix 1). Similarly, the detection performance
of the CIPN-f model declined most when removing Romberg
Stance features (Table S6 in Multimedia Appendix 1), indicating
that Romberg stance had the highest contribution to CIPN-f
detection. Neither finger tapping nor hole-peg test had a
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significant independent contribution to CIPN-h classification
(Tables S5 and S6 in Multimedia Appendix 1).

Comparisons Between NeuroDetect, CIPN20, and
Combined Models
In exploratory analyses comparing end-of-treatment CIPN
detection between models, NeuroDetect Models had

numerically, but not statistically, superior performance to
CIPN20 Models in both CIPN-f (AUC=84% vs 76%, P=.55,
Table 2 and Table S7 in Multimedia Appendix 1) and CIPN-h
(AUC=68% vs 56%, P=.67). Combined Models numerically,
but not statistically, outperformed either independently (Figure
2, Table S7 in Multimedia Appendix 1).

Figure 2. Receiver operating characteristic curves for chemotherapy-induced peripheral neuropathy detection at the end of treatment. CIPN20: 20-item
scale; CIPNf: chemotherapy-induced peripheral neuropathy in the feet; CIPNh: chemotherapy-induced peripheral neuropathy in the hands.

All data were collected within a prospective observational study
of 45 patients with cancer receiving neurotoxic chemotherapy
treatment who completed NeuroDetect functional assessments
during treatment and a clinical neurological assessment at the
end of treatment. Models built using only the features generated
from the functional assessments conducted within NeuroDetect
(NeuroDetect Models), only from the patient-reported CIPN20
questionnaire items (CIPN20 Models), or the combination of
both (Combined Models) were compared for their accuracy in

detecting CIPN-f and CIPN-h at the end of treatment. CIPN-f
and CIPN-h are based on a clinical neurological assessment.
The top 2 panels present the sensitivity and specificity of the
CIPN-f (left) and CIPN-h (right) models in only the unbiased
independent testing data set (30% of the entire data set, not used
in model training). The bottom 2 panels present similar results
for the entire data set, including both the training and testing
data. Colored lines indicate results from the NeuroDetect Models
(green), CIPN20 Models (red), and Combined Models (blue).
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NeuroDetect Models had a good AUC with balanced sensitivity
and specificity. In CIPN-f classification, the NeuroDetect and
Combined Models had a greater AUC than the CIPN20 Model.

Models were then compared on their ability to detect CIPN at
earlier time points using the patient data at months 0, 1, 2, and

3 of treatment. NeuroDetect and Combined models were
numerically, and in most cases statistically, superior to CIPN20
models at M0 (pretreatment) and at M1, but the models were
similarly accurate by month 2 (Figure 3 and Table S7 in
Multimedia Appendix 1).

Figure 3. Area under the curve of models over the course of treatment. CIPN20: 20-item scale; CIPNf: chemotherapy-induced peripheral neuropathy
in the feet; CIPNh: chemotherapy-induced peripheral neuropathy in the hands.

All data were collected within a prospective observational study
of 45 patients with cancer receiving neurotoxic chemotherapy
treatment who completed NeuroDetect functional assessments
during treatment and a clinical neurological assessment at the
end of treatment. Data before treatment (M0) and during months
1 (from day 0 to day 29), 2 (from day 30 to day 59), and 3 (from
day 60 to day 89) of treatment were used to evaluate the
performance of the CIPN detection models. Models were
generated using only the NeuroDetect objective assessments
(green), only the patient-reported CIPN20 questionnaires (red),
and a Combined Model using both (blue). The data from each
model collected before and throughout treatment were used to
estimate model performance through AUC. The true CIPN-f
and CIPN-h were based on the clinical neurological assessment
conducted at the end of treatment. Asterisk dots indicate
significantly higher AUC than at least 1 of the other 2 models
by a bootstrap method. NeuroDetect and Combined Models

were superior to CIPN20 Models before treatment (M0) and at
M1, but models generally had nonsignificantly different
performance after M2. These analyses suggest that CIPN
detection before and early in treatment can be improved by
using NeuroDetect functional assessments in addition to
patient-reported questionnaires.

Finally, analyses were conducted to determine at what point in
treatment the NeuroDetect and other Models could discriminate
between patients with and those without CIPN. For CIPN-f, the
NeuroDetect Model could statistically discriminate between
patients with and those without CIPN on day 62 (Figure 4),
which was numerically though not statistically later than the
CIPN20 Model and similar to the Combined Model (indicated
in Figure 4, raw data not shown). For CIPN-h, the NeuroDetect
Model reached significance at day 65 (Figure 4), which was not
statistically different from that of the CIPN20 or Combined
Models.
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Figure 4. Percentage of patients detected with chemotherapy-induced peripheral neuropathy over time. CIPN: chemotherapy-induced peripheral
neuropathy; CIPNf: chemotherapy-induced peripheral neuropathy in the feet; CIPNh: chemotherapy-induced peripheral neuropathy in the hands.

All data were collected within a prospective observational study
of 45 patients with cancer receiving neurotoxic chemotherapy
treatment who completed NeuroDetect functional assessments
during treatment and a clinical neurological assessment at the
end of treatment. Data collected during treatment were used to
estimate the earliest time point the Models created from only
the NeuroDetect functional assessments could statistically
differentiate patients with and those without CIPN. Similar
analyses were conducted for the models generated from only
the CIPN20 patient-reported questionnaires and the combination
of both data types (Combined Model) for comparison (raw data
not shown). Red lines indicate the group of patients diagnosed
with CIPN from neurological examinations conducted at the
end of treatment and blue lines indicate the group not diagnosed
with CIPN. For CIPN-f, the NeuroDetect Model reached
statistical significance at day 62 (P=.003, solid vertical line),
which is the same day that CIPN discrimination was significant
for the Combined model (dotted vertical line not visible due to
overlay with solid line). The CIPN20 Model discrimination was
significant at day 54 (dashed vertical line), though this difference
was not statistically significant. For CIPN-h, the NeuroDetect
Model reached statistical significance at day 66 (solid vertical
line), which was not statistically different from the day the
CIPN20 (day 63, dashed vertical line) and Combined (day 65,
dotted vertical line) Models reached statistical significance.

Discussion

Principal Results
Tremendous advancements in the development of smartphone
and wearable sensor–based technology in health care enable
various apps relating to disease and treatment [10], including
monitoring gait, balance, and manual dexterity changes in

Parkinson disease [11]. Like Parkinson disease, CIPN is
associated with changes in gait and balance, and reductions in
manual strength and dexterity. Detecting CIPN is essential to
prevent its progression to debilitating symptoms that can
irreversibly diminish function and quality of life [4,5]. The
current approach to CIPN detection, which relies on patient’s
reporting symptoms during appointments, has limitations that
are not addressed by currently available clinic-based objective
assessment or PRO subjective assessment strategies. Our
previous NeuroDetect V1.0 cross-sectional study revealed
evidence that a single timepoint remote, smartphone
sensor–based functional assessments after neurotoxic
chemotherapy treatment can differentiate patients with and those
without CIPN [13]. Building upon our previous study, the
objective of this NeuroDetect V2.0 longitudinal study was to
determine the feasibility of completing longitudinal app-based
functional assessments that emulate certain aspects of the
neurological examination that can detect CIPN during neurotoxic
treatment. In addition, we conducted exploratory comparisons
of functional assessments collected via NeuroDetect V2.0 with
CIPN20 questionnaires. The results demonstrated the feasibility
of integrating subjective and objective CIPN assessment into a
smartphone app for remote, longitudinal CIPN monitoring.

Comparison With Previous Work
In this longitudinal observational cohort study, the NeuroDetect
Model effectively distinguished patients with and those without
end-of-treatment CIPN-f based on gold-standard clinical
assessment by neuromuscular specialists, while maintaining an
acceptable false discovery rate. The features contributing the
most in the final CIPN-f NeuroDetect Model were rolling
rotation, which is intertwined with the side-to-side swaying
movement features from balance assessments. These features

J Med Internet Res 2025 | vol. 27 | e65615 | p. 9https://www.jmir.org/2025/1/e65615
(page number not for citation purposes)

Chen et alJOURNAL OF MEDICAL INTERNET RESEARCH

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


during the eyes closed period of the Romberg stance assessment
showed the greatest contribution to CIPN-f detection.
Furthermore, 2 previous studies used smartphone or smart device
sensors to monitor CIPN [13,29]. One study did not detect any
correlation between CIPN and a small set of gait and balance
features [29]. Alternatively, in our cross-sectional study of
NeuroDetct V1.0, a side-to-side swaying acceleration pattern
during a normal walk assessment indicated diminished balance
in patients with CIPN [13]. Side-to-side swaying features were
also identified in studies with open-eye and closed-eye balancing
assessments using commercial or self-designed wearable devices
and software [30-32] or other clinic-based balance assessments
[12,14]. Previous studies have also reported shorter step lengths
in patients with CIPN [4,13,32]. This analysis could not be
conducted since NeuroDetect V2.0 does not estimate step length.

The CIPN-h NeuroDetect Model was not able to distinguish
patients with and those without end-of-treatment CIPN-h, which
might suggest a more sensitive functional assessment is needed.
Our NeuroDetect V1.0 and V2.0 studies are the only attempts
to our knowledge to objectively evaluate manual dexterity using
a remote app-based strategy [13]. The hole-peg test is an
on-screen assessment that is supposed to mimic the 9-hole peg
test, which is often used to assess manual dexterity, in which
patients physically pick up pegs and stick them into a hole on
a board [20]. In our cross-sectional study of NeuroDetect V1.0,
features from the hole-peg test were indicative of CIPN.
However, user feedback indicated that the hole-peg test was
confusing to operate on a screen [13], which was also reported
by patients within poststudy interviews conducted in this
longitudinal study (data not included). In the longitudinal study
of NeuroDetect V2.0, the newly added finger-tapping assessment
was more informative than the hole-peg test, but the overall
performance remained poor. Finger tapping is also used as an
objective manual strength assessment in neurological disorders
and hereditary peripheral neuropathy [33,34], although its use
in CIPN has not been validated to our knowledge. Adding other
screen-compatible manual dexterity assessments, such as line
tracing, might improve the ability of smartphone sensor–based
assessments to detect diminished manual dexterity indicative
of CIPN-h [35]. One potential challenge will be to develop
manual dexterity assessments that are specific for CIPN
symptoms without the interference of other chemotherapy
toxicities, such as cognitive impairment [36].

In exploratory model comparisons, combining both NeuroDetect
features and CIPN20 items together in a Combined Model
numerically outperformed each Model individually early in
treatment. This finding indicates that integration of
sensory-based functional assessments with PRO may improve
CIPN detection, which is consistent with previous research and
statements that support combining subjective and objective
CIPN assessments to improve CIPN detection [37]. The potential
benefits of a combined strategy are further supported by our
exploratory analysis, which suggested that CIPN20 differentiates
between patients with and those without CIPN 2-8 days earlier
than NeuroDetect. Currently available hybrid assessment
strategies can be time-consuming and require specialized
equipment and trained professionals [37] and have not been
demonstrated to improve CIPN detection compared with using

only PROs [32,38]. On the other hand, NeuroDetect might
provide a convenient option for objectively monitoring CIPN
by a smartphone [39] that can be completed at home, where the
patient is comfortable, and at a time that is convenient, with no
added cost for purchasing equipment since most patients own
a smartphone. Objective functional assessments can accurately
detect CIPN without being influenced by a patient’s tolerance
for living with CIPN symptoms [40].

Although there is no effective treatment for CIPN, detecting
CIPN can prompt early interventions, such as physical therapy
referrals, chemotherapy dose reductions, or drug switching, to
prevent severe and irreversible CIPN [41]. Interestingly, our
results indicate that pretreatment functional NeuroDetect
assessments, but not PRO assessments, may be able to identify
patients who are likely to experience CIPN during treatment.
This is consistent with other evidence that pre-existing
neuropathy, such as that resulting from hereditary neuropathy
conditions, diabetes, or advanced age, is a major risk factor for
treatment-limiting CIPN [1,41], perhaps due to treatment-related
exacerbation of subclinical symptoms. If this is validated in
future studies, NeuroDetect may be a particularly convenient
screening tool to identify potential participants for interventional
trials of CIPN prevention or treatment, including approaches
like acupuncture, cryo-compression, and exercise therapy [42],
which could ameliorate the disparity in CIPN among non-White
patients [43].

Limitations
This study advanced the development of app-based functional
CIPN assessment by using a longitudinal study design and
gold-standard clinical neurological history and examination for
CIPN diagnosis. It also used contemporary machine learning
modeling for complex multidimensional data and conducted
comparative and integrative analyses to evaluate the benefits
of using NeuroDetect alone or in combination with PRO.
Despite these strengths, several limitations are worth
considering. First, this was a small cohort with many features
extracted. Rigorous data processing and model training were
used to prevent overfitting and provide evidence of feasibility.
Much larger clinical studies are needed to validate a
NeuroDetect app and CIPN detection model for clinical use and
to further investigate the benefits of adding functional
NeuroDetect assessment to PRO CIPN monitoring. Second, in
longitudinal analysis, the model classification during treatment
could only be compared with the neurological diagnoses at the
end of treatment, rather than a direct comparison with the CIPN
at that moment. Collecting longitudinal objective CIPN
outcomes, perhaps using a hybrid assessment such as the Total
Neuropathy Score [37], is crucial for future studies attempting
to develop real-time CIPN detection or outcome trajectory
prediction. Third, remote functional assessments inherently rely
on patient understanding and adherence to instructions, but the
nonsupervised process and nonstandardized environments can
introduce undesirable variability and missingness in data. This
can be mitigated by simplified tasks, clear instructions, and
regular reminders and is a trade-off we have accepted to gain
convenience of remote CIPN detection without specialized
equipment. Finally, given the small patient cohort, we did not
make any attempt to conduct subgroup analyses or adjust for
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other important clinical variables such as age or neurotoxic
chemotherapy regimen (eg, taxane vs platinum). Our analysis
did not detect statistically significant differences in age in
patients who were CIPN-h or CIPN-f cases versus those who
were controls (data not shown). However, since age likely
affects patient’s performance of functional assessments, age
will be explored in detail for potential incorporation into the
NeuroDetect models built within larger patient cohorts. It is
also possible that other clinical consequences of treatment, such
as general fatigue, would contribute to worsening performance
on functional tasks, though these data were not collected within
the study so this could not be explored.

Conclusions
Our findings demonstrate the feasibility of integrating subjective
and objective CIPN assessment into a smartphone app for
remote, longitudinal CIPN monitoring. Future work will build
NeuroDetect V3.0 and generate validated CIPN-f and CIPN-h
detection models in much larger patient cohorts with
longitudinal CIPN assessment. Eventually, prospective
randomized controlled trials will be needed to investigate
whether app-based CIPN monitoring via NeuroDetect improves
CIPN detection and treatment outcomes, such as reducing
persistent CIPN, in patients with cancer.
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CIPN-h: chemotherapy-induced peripheral neuropathy in the hand
EORTC: European Organization for Research and Treatment of Cancer
PRO: patient-reported outcome
QLQ: Quality of Life Questionnaire
REDCap: Research Electronic Data Capture
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