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Abstract

Background: Wearable sensors gather datathat machine-learning models can convert into an identification of physical activities,
aclinically relevant outcome measure. However, when individuals with disabilities upgrade to a new walking assistive device,
their gait patterns can change, which could affect the accuracy of activity recognition.

Objective: The objective of this study was to assess whether we need to train an activity recognition model with labeled data
from activities performed with the new assistive device, rather than data from the origina device or from healthy individuals.

Methods: Datawere collected from 11 healthy controls as well asfrom 11 age-matched individuals with disabilities who used
astandard stance control knee-ankle-foot orthosis (KAFO), and then acomputer-controlled adaptive KAFO (Ottobock C-Brace).
All subjects performed a structured set of functional activities while wearing an accelerometer on their waist, and random forest
classifiers were used as activity classification models. We examined both global models, which are trained on other subjects
(healthy or disabled individuals), and personal models, which are trained and tested on the same subject.

Results:. Median accuracies of global and personal models trained with data from the new KAFO were significantly higher
(61% and 76%, respectively) than those of models that use datafrom the original KAFO (55% and 66%, respectively) (Wilcoxon
signed-rank test, P=.006 and P=.01). These models also massively outperformed a global model trained on healthy subjects,
which only achieved a median accuracy of 53%. Device-specific models conferred amajor advantage for activity recognition.

Conclusions: Our results suggest that when patients use a new assistive device, labeled data from activities performed with the
specific device are needed for maximal precision activity recognition. Personal device-specific modelsyield the highest accuracy
in such scenarios, whereas models trained on healthy individuals perform poorly and should not be used in patient populations.

(JMIR Rehabil Assist Technol 2017;4(2):e8) doi: 10.2196/rehab.7317
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track and quantify daily physical activities or other physiological
parameters and  ultimately  provide  personalized
Activity recognition (AR) has become an active area of research recomm_erjdaf[i ons to prevent health problems or tailor exercise
in the past decade, largely driven by the availability of low-cost  OF rehabilitation programs.

wearable sensors and general purpose machine learning

algorithms[1,2]. A promise of such systemsisto unobtrusively
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Rehahilitation is an area of health care that can largely benefit
from AR [3]. By monitoring functional activities of individuals
with disabilities, clinicians and researchers can rely on
guantitative data to evaluate the effectiveness of a treatment or
an assistive device and optimize them to improve patient
outcomes. Thisneed isfueled by the rapid development of novel
prostheses, orthoses, and wearable robots that can recognize
the user intentions or the environment properties and adapt the
device's mechanical properties accordingly [4,5]. In order to
justify reimbursement of such devices from health insurance
companies, clinical studiesneed to provide quantitative evidence
that this technology significantly improves a patient’s quality
of life, compared with conventional assistive devices. Therefore,
AR systems can overcome the limitations of current clinical
testsin collecting such data.

The magjority of wearable- and mobile phone-based AR studies
have been conducted using healthy individuals, whereas
relatively fewer studies are focused on people with disabilities
[6], such as those resulting from stroke [7-9] or Parkinson
disease [10,11]. Some of these studies showed that a model
trained on young healthy individual swill yield poor performance
when used with adifferent population [9,11-13], including those
who need an assistive device for walking [ 14]. These differences
arise due to the fact that movements are unique to individuals,
and movements in people with a disability are different from
that of able-bodied individuals [15]. As a result, AR systems
are still of limited usein health care applications [16].

Furthermore, gait patterns of individuals with disabilities can
change significantly from that of healthy individuas, and
additional variability can arise when disabled individuals who
walk with an assistive device switch to anew device. The source
of such variability can be due to differences in the mechanical
design or in the way the new device is controlled, which often
requiresthe person to learn new movement strategies[4]. These
differences could affect the reliability of an AR model and
should be considered when deploying an AR system for clinical
purposes.

In general, an AR model can be user specific (personal model)
or it can be trained on datafrom other individualsto predict the
activities of a new individua (population or global model).
Globa models are arguably easier to deploy, as they do not
require labeled data from every new user; in addition, they can
be trained on a larger dataset, as data from many users are
aggregated to train themodel. However, their lack of specificity
can affect accuracy [17], due to the variability that exists
between individuals. Personal models, in contrast, are trained
on data from each new subject, with the advantage of being
highly specific. However, collecting labeled data from each
new subject is expensive. Thus, it is important to understand
under which conditions a model will perform well.
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Studies comparing personal with global models showed mixed
results [2], with some emphasizing the need of using personal
models [18] whereas others reporting that global models can
be flexible enough to generalize to new users [19]. Few
approaches attempted to enhance the performance of global
models with unlabeled [20] or labeled [21] data from the new
user or by combining activity models from other users with
similar characteristics[22]. However, it isunclear how all these
resultswill apply to patient popul ations, specifically those using
different assistive devices.

Here we focus on identifying physical activities using a
wai st-worn accel erometer in people walking with aleg orthosis,
namely a knee-ankle-foot orthosis (KAFO). A KAFO is
normally used by individuals who suffered a traumatic or
neurological injury, aswell asaneuromuscular disease causing
weakness or partial paralysis of one or both legs [23]. In our
scenario, the persons with disabilities are testing a novel
computer-controlled hydraulic KAFO (Ottobock C-Brace) that
substitutes their control KAFO. We ask whether an AR model
has to be trained with labeled data from the person performing
physical activities with the C-Brace or whether data obtained
from the control device or from other individuals will suffice.
We analyze how the specificity of the training data affects the
performance of the model as we move from a model trained
with data from other subjects (global model) to one specific for
each subject and brace (persona device-specific modd!).

Methods

Study Design

After being consented, 11 individualswith disabilities (3F, mean
age 56.4 [SD 12.9] years) and 11 age-matched, able-bodied
individuals (5F, mean age 49.2 [SD 19.4] years) participated in
thisstudy. Northwestern University’s Ingtitutional Review Board
approved the experimental proceduresfor the study, which took
place at the Rehabilitation Institute of Chicago. For the sake of
convenience, in the following, we will aso refer to our pool of
participants with disabilities as “ patients.”

All patients reguired the use of a unilateral KAFO to ambulate
due to either a neurological or traumatic injury or a
neuromuscular disease causing muscular weakness in one leg
(see Table 1). The recruited participants were part of a larger
study that investigated whether a microprocessor-controlled
KAFO (C-Brace) helps differently abled persons to better
perform functional everyday activitiesand to have amore active
lifestyle. All patient participants were able to transfer to sitting
and standing and walk independently or with the supervision
of acaregiver. Out of the 11 patients, 2 were not able to safely
manage going up and down aflight of stairsand did not require
stair climbing in their homes. The speed of walking and daily
distance of walking varied within the patient population.
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Table 1. Demographics of participants with disabilities.

Lonini et al

Subj # Gender Age, in  Diagnosis Control assistive device
years

1 M 64 Poliomyelitis Freewalk - Ottobock

2 F 59 Spinal cord injury SPL 2 - Fillauer

3 M 40 Poliomyelitis E-MAG - Ottobock

4 M 64 Poliomyelitis E-MAG - Ottobock

5 F 41 Poliomyelitis E-MAG - Ottobock

6 M 35 Spinal cord injury E-MAG - Ottobock

7 M 72 Poliomyelitis E-MAG - Ottobock

8 M 68 West Nile meningitis E-MAG - Ottobock

9 F a4 Peripheral neuropathy Becker Stride - Becker

10 M 65 Poliomyelitis E-MAG - Ottobock

11 M 68 Spinal cord injury E-MAG -Ottobock

Each patient wasfitted and effectively trained at using apassive
stance-control KAFO as their control device and a
microprocessor-controlled hydraulic KAFO as their novel
device, namely the C-Brace (Ottobock, Duderstadt, Germany).
Each device was used by the participants at home and in the
community. Unlike traditional KAFOs, the C-Brace embeds a
computer-controlled hydraulic unit that dynamically changes
the impedance of the knee joint by using sensors in the knee
and ankle joint that infer the slope of the ground surface and
the user intent [4]. This stance and swing impedance feature
assists the user in performing stand-to-sit movements as well
aswalking on avariety of surfaces and descending stairs.

All subjects wore a triaxia accelerometer (Actigraph
wGT3X-BT; Actigraph LLC, Pensacola, FL) that recorded data
at asampling frequency of 30 Hz and was strapped around their
waist on the right side with a belt. We aimed at detecting the
following 5 functional activities: sitting, stair climbing and
descent, standing, and walking. All subjects performed ascripted
sequence containing the 5 activities, over 3 different sessions,
which took place on separate days. Here, we define a single
repetition of the sequence as a“session.” The total time of the
recordings for each patient lasted an average of 35 minutes.

During each session, subjects were asked to sit comfortably
while talking, gesturing, or checking their phone. They were
then asked to stand while washing their hands or pouring and
drinking water. Participants then walked at a self-selected,
comfortable pace, and finally ascended and descended at |east
one flight of stairs at a self-selected pace. Each activity was
performed for at least 30 seconds to ensure that enough data
were collected. For safety purposes, al individuas with
disabilities were supervised by a physical therapist.

Healthy subjects performed the scripted activities 3 timesduring
1 session. Patients performed the scripted activities during

http://rehab.jmir.org/2017/2/e8/

clinical training. For this data analysis, 3 sessions using the
control assistive device and 3 using the novel assistive device
were used. The sessions took place over a 3-week period on
average. Due to comfort and safety issues related to their
disability when using the new device, 2 patients could not ascend
or descend stairs. A researcher observed the sessions and
recorded the length of the activitiesfor subsequent datalabeling.
Furthermore, al patients were administered the Orthotics
Prosthetics Users Survey self-report questionnaire for lower
extremity functional status (OPUS-LEFS) at the end of the
study, to rate their level of comfort in using each KAFO. On
average, al participants rated both the control and the novel
device equally comfortable.

Activity Recognition

Accelerometer data were downloaded on a personal computer
using the Actigraph ActiLife software (Actigraph LLC,
Pensacola, FL). Data windows of 6 seconds with 75% overlap
were extracted from the raw acceleration data and a set of 131
features (Table 2) were computed on each window. Both time
and frequency domain featureswere used, asin previous studies
[24]. The window length was selected based on previous AR
studies that aimed at recognizing functional daily activities,
such aswalking or stair climbing [2,25] using wearable sensors.
A random forest classifier [26] was used to predict the activity
given a vector of features calculated on each window (Figure
1).

We selected random forest asit does not suffer from overfitting,
performs well in activity recognition problems[27], and it has
fewer hyper-parameters to optimize as compared with other
classification models (eg, support vector machines). The number
of trees was optimized to maximize the balanced accuracy (see
the section “ Performance Metric”), which resulted in 10 trees
for the Healthy model and 50 trees for all the other models.
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Table 2. List of features computed on the accelerometer data used for activity classification.

Description

Number of features

Mean, range, interquartile range (X, y, 2)

Moments: standard deviation, skew, kurtosis (x, Y, 2)

Histogram: bin counts of -2 to 1 z-scores (X, Y, 2)

Derivative of moments: mean, standard deviation, skew, kurtosis (x, y, 2)
Mean of the squared norm

Sum of axial standard deviations

Pearson correlation coefficient, r (xy), r (x2), r (y2)

Mean cross products (raw and normalized), xy, Xz, yz

Absolute mean of cross products (raw and normalized)

Power spectra: mean, standard deviation, skew, kurtosis (X, y, 2)

Mean power in 0.5 Hz bins between 0 and 10 Hz (x, y, 2)

9
9
12
12

1
1
3
6
6

12
60

We trained 5 classification models (Figure 2) to compare how
thetraining data affected classification accuracy when predicting
each patient’'s activities performed with the novel assistive
device. Classification models are divided into 2 categories:

global models, which are trained on data from subjects other
than the one being tested, and personal models, which are
trained and tested using data from the same subject.

Figure 1. A. The two types of assistive devices (knee-ankle-foot orthosis, KAFO) used in the study. Patients performed activities with their control
KAFO (passive stance-control orthosis) and then with the novel KAFO (Ottobock computer-controlled C-Brace). B. Experimental setup, data processing,
and activity recognition steps (adapted with permission from [14]). A patient performed a set of activities while wearing a KAFO and a triaxial
accelerometer. Windows of 6 seconds were extracted from the raw acceleration data (sampled at 30 Hz) yielding a matrix [a] of size 3x180. A set of
131 features were computed on each window, and the resulting vector f was inputted to arandom forest classifier, which predicts the performed activity.
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Figure 2. Diagram depicting increasing specificity of classification models in terms of what groups of individuals (able-bodied or individuals with
disabilities/patients) they are trained on. Patients are depicted using their control (black) or novel (red) assistive device. Each classification model is
used to predict activitiesfor the patient of interest (Test), walking with the novel assistive device. Thetop 3 layers of the pyramid contain global models,
which aretrained on individual s other than the one used to test the model . The 2 bottom layers of the pyramid contain personal models, which aretrained

and tested with data from the same individual.
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Healthy model: aclassifier istrained on data collected from the
healthy subjects (~9000 data points) and evaluated on each
patient while using the novel device.

I mpairment-specific model: a classifier istrained on data from
other patients while using their control device (~16,000 data
points), and evaluated on the patient of interest while using the
novel device.

Device-specific model: aclassifier istrained on datafrom other
patients while using the novel device, and evaluated on the
patient of interest while using the novel device.

Personal Models

Patient-specific model: each personal classifier istrained on a
patient’s own control device data and evaluated on their novel
device data (~1500 data points).

Patient- and device-specific model: each personal classifier is
trained on a patient’s own novel device data and evaluated on
their data using aleave-one-session-out cross-validation (~1000
data points).

Performance Metric

As stair-climbing data are largely underrepresented, thereis a
significant class imbalance in the dataset. Because of that, we
used the balanced accuracy (mean recall) asthe metric to assess
classifier performance, such that the error in each classreceives
equal weight. In scenarios with classimbalance, it isimportant
to use an unbiased performance metric, such as the balanced
accuracy or balanced error rate, to prevent drawing erroneous
conclusions about the performance of the AR model [28].

Balanced accuracy =1/ C X i_.c (TP, / )
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where C is the number of activities (5 in our case), TP, the
number of true positivesfor activity i, and n; the number of data
pointsfor activity i. Put simply, the balanced accuracy averages
the prediction accuracy for each activity and, consequently, is
not affected by the presence of more data for some activities.
Classimbalance stemsfrom the fact that patientsusingaKAFO
can have difficulty ascending and descending stairs. However,
these 2 activities are still performed by patients to some extent
and, thus, are important in the assessment of a clinical AR
system.

To compare performances across models we performed 4
Wilcoxon-signed rank teststo account for the non-normality of
one of the distributions (Shapiro-Wilk test). These 4 tests were
performed sequentially, such that each classification model was
compared with the next more specific model, with alpha=.05.

Training Data Sizein Global Models

Whereas personal models are trained on data from a single
subject, global modelsaretrained on datafrom multiple subjects.
Asthe number of subjectsin the training dataset increases, the
amount of training data increases, and the classification error
of aglobal model will likely decrease. Therefore, we evaluated
the balanced accuracy of both global models (healthy and
impairment-specific) as a function of the number of training
subjects. For each selected number of subjects, we ran 1000
training iterations, where in each iteration we randomly picked
subjects to train on and one patient’s novel device data to test
on. We chose 1000 iterations to account for a sufficient number
of combinations of training and test subjects and for minor
fluctuations in performance of the random forest. The largest
number of training subjects for the impairment-specific model
is 1 minus the total number of patients, as 1 patient is always
set asidefor testing. For each set of modelstrained on a selected
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number of subjects, we inferred the mean and 95% confidence
interval of the median balanced accuracy by bootstrap using
1000 repetitions.

Results

We compared the performance of global and personal classifiers
trained with either data from patients who used their control
KAFO assistive device or the novel C-Brace assistive device.
A global model trained on healthy subjects was included in the
comparison, representing the least specific classification model.
M odel swere compared based on their balanced accuracy. Global
models were then compared in terms of the amount of training
data (number of subjects) used to reach a certain level of
accuracy.

Classifier Specificity

To understand whether training data from the novel assistive
device will improve performance of a global model, we
compared the classification accuracy acrossthe 3 global models
(Figure 3). A classifier trained with only healthy subjects’ data
yielded the lowest balanced accuracy, with a median of 53%,
for predicting the activities of apatient using the novel assistive
device. A global model trained on patients using their control
KAFO (impairment-specific) only performed marginally better
(P=.03) than the healthy model, with a median balanced
accuracy of 55%. In contrast, agloba model trained using data
from the novel device (device-specific) boosted the balanced
accuracy significantly over the former 2 models (P=.006),
reaching a value of 61%. Thus, data from activities performed
with the specific assistive device used should be collected to
achieve the highest accuracy with an AR system.

We then examined whether training data from the novel device
affected the accuracy of personal models. The patient-specific
model, which isapersona mode trained with apatient’s control
device data and tested on the patient’s own novel device data,
yielded a median balanced accuracy of 66%. However, the
performance of this model varied drastically across patients
(interquartile range, |IQR=[47%-72%)]), and overall there was
no statistically significant improvement over the global
device-specific modd (P=.29). Model accuracy did not correlate
with how comfortable patients felt using the novel device, as
measured by the OPUS-LEFS questionnaire (r=0.14, P=.69),
indicating that the variable performance of the model is not
related to the perceived comfort in using the device. This
suggests that a personal model might overfit to the data from
the control assistive device, and therefore, it does not confer an
advantage over a global device-specific model.

Conversely, apersonal model trained with the novel device data
(patient- and device-specific) yielded the highest median
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balanced accuracy (76%), providing a significant advantage
over all the previous models (P=.01). Of natice, thismodel was
trained with the least amount of data (~1000 samples) across
all models, which is about one-third less data than the
patient-specific moddl. Therefore, regardless of whether amodel
is global or personal, the resulting classifier will perform
significantly better if trained on data from the specific assistive
device used by the patient.

As the results on the balanced accuracy do not reveal which
activities are misclassified by each model, we analyzed the
accuracy per class (recall) across the 5 activities for all models
(Figure4). Therecall for sedentary/stationary activities (sitting
and standing) was overall high for all models (>70%) and did
not change dramatically across them. Thisis not surprising, as
features used by each model to identify these activities are not
expected to depend on the patient popul ation, nor onthe assistive
device used.

The global healthy model had the lowest recall for predicting
walking (27.13%, 1337/4928), which was mostly misclassified
asclimbing upstairs (Figure 4, top-l€ft). Interestingly, recall for
climbing upstairs had the highest value (53.1%, 331/623)
compared with all other models, suggesting that features
describing climbing upstairs might be similar between healthy
subjects and patientswalking with the novel device. In contrast,
recall for climbing downstairs was quite low (7.7%, 45/582).
Thisis surprising in that the C-Brace allows the knee to bend
and support the user in a step-over-step stair descent similar to
the pattern used by the healthy subjects. Thus, models trained
on able-bodied displayed poor performance for capturing
dynamic activities in patients.

On the other hand, recall for walking was significantly higher
(79.26%, 3906/4928 and 91.61%, 4514/4928, respectively) in
the impairment-specific and device-specific models (Figure 4,
top-center and top-right), although both models misclassified
most of the stair-climbing data (<21.8%, 127/582) as walking.
Consequently, global models trained on patients generalized
well to walking data but were still poor at capturing stairs ascend
and descend activities.

Patient-specific model s performed in between the global -heal thy
model and the global-patients’ models, with arecall of 64.33%
(3170/4928) for walking and of 43.8% (273/623) for stair
climbing up. Recall for stair climbing down was till low
(17.2%, 100/582). Recognition of both stair-ascend and descend
activities only improved with the patient- and device-specific
model (43.1%, 83.7/194 and 48.0%, 99.7/207.7), although the
recall was well below that for walking or other activities.
Therefore, the main gain achieved by personal models trained
with the new device data was on the recognition of
stair-climbing activities.
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Figure 3. The distribution of balanced accuracies for the 5 models. Each model is tested on each patient using the novel assistive device (C-Brace).
Boxes represent the interquartile range (IQR), red lines are medians, and whiskers show 1.5 |QR. Red crosses are ouitliers.
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Effect of Number of Subjectson Global Models

As global models are trained with data from multiple subjects,
we evauated how many subjects are required to achieve a
desired level of performancefor each global model. Asexpected,
the median balanced accuracy increased with the number of
subjectsfor al 3 globa models (Figure 5). The median accuracy
of the impairment-specific models seemed to plateau already
with 11 subjects. However, trends for the Healthy and

http://rehab.jmir.org/2017/2/e8/

RenderX

device-specific models suggest a further increase in accuracy
if additional subjectsare added. Neverthel ess, the device-specific
model showed a net advantage over the heathy and
impairment-specific model, as a model trained on 1 patient
performed aswell asamodel trained on 11 healthy individuals.
Therefore, device-specific global models require significantly
less data from patients to achieve the same performance, as
compared to the other global models.
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Figure 4. Confusion matrices for the 5 classification models, grouped by global and personal models. Numbers represent percentage of instancesin

that class.
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accuracy of the patient- and device-specific models (personal model).
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Discussion

Principal Findings

We asked whether AR models for individuals walking with an
assistive device (KAFO) require training data from the new
KAFO (C-Brace) or whether datafrom their control KAFO will
suffice. We found that both global and personal models
performed significantly better when trained with data from the
novel KAFO used by the subjects to perform the functional
activities. Therefore, an AR system has to be trained with data
specific to the assistive device used to maximize classification
accuracy.

We examined both global and personal models. Although global
models were trained with about 16 times more samples than
persona models, a personal model trained on the novel KAFO
data (patient- and device-specific) largely outperformed all
global models. Interestingly, thiswas not the case for apersonal
model trained on the control KAFO data (patient-specific), as
the accuracy of this model was highly variable across subjects
and overall not better than that of aglobal device-specific model.
Therefore, in this scenario, a personal model might only help
if trained with data from the specific assistive device used.

On the other hand, global models are arguably easier to deploy,
as they do not require collecting data on each and every new
patient [14]. Interestingly, in our scenario, personal
device-specific models surpassed global models only for
identifying stair-climbing activities, while being equally accurate
at detecting walking. This suggests that when stair climbing is
not a predominant daily activity that needs to be identified for
a patient, a global device-specific model will equal the mean
accuracy of apersonal model.

Although the performance of the global-healthy model increased
with the number of training subjects, this model was
outperformed by global models trained on patients using the
novel KAFO (device-specific). One reason is that gait patterns
in individuals with disabilities can be markedly different from
those of able-bodied subjects[15], and the algorithms could use
different sensor features to identify activities in different
populations [9,29]. Indeed, former studies found that activity
recognition model strained on apopulation of young able-bodied
individuals generalize poorly to patient populations, such asthe
elderly or patients of stroke or Parkinson’'s disease [9,11-13].
Our findings are in line with these results and show that
additional variability can be introduced by the use of different
KAFOs. Therefore, amodel trained on able-bodied individuals
will likely be inaccurate when applied to a population that uses
aKAFO to walk.

Limitations

There were certain limitations to our study that we need to
acknowledge. We only had a sample of 11 individuals with
disabilities (patients) for training the global models; adding
more subjects could increase the performance of these models,
and should be explored in future studies. It has to be noted
though that the accuracy of global models was dramatically
lower than that of personal device-specific models. Asreported
by some prior studies, globa models might not reach the
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performance of personal models even when a large number of
subjects are used [18]. On the other hand, a global
device-specific model equaled the performance of a
patient-specific personal model, which suggests that personal
models may suffer from overfitting to the specific assistive
device used, and therefore, not generalize well across different
assistive devices.

We asked our subjects to perform a structured set of activities
in a lab setting and under the supervision of a clinician.
Although specific instructions on how to perform activitieswere
not provided (eg, washing hands or checking the phone), this
scenario is still different from a natural environment. Previous
studies showed that the accuracy of AR can drop significantly
when the data collection is performed outside of alab-controlled
condition [30], and therefore, these findings should be validated
outside of the lab. However, collecting labeled data in
naturalistic environments remains a challenge, particularly with
patient populations.

We compared performance of global modelsto that of personal
models. However, one can aso use intermediate approaches,
where both data from other subjects and personal data are
combined to train a new model. For example, activity-specific
personal models from other subjects can be combined to fit a
small dataset of labeled data from the target subject
(semipopulation models) [31]. Such an approach can be guided
by individual characteristics of the target individual, such as
height and weight [32]. Transfer learning methods can aso be
employed: here, features|earned in one domain, where dataare
abundant (eg, healthy or patient), are modified to fit the datain
the target domain (eg, new patient or new assistive device),
where labeled data are scarce or expensive to collect [28,33].
While we are investigating the application of these methods,
further validation in alarger pool of subjectsis needed, before
they can be implemented in our scenario.

We only used one sensor (accelerometer) attached to the
participants’ belt to detect the activity performed. This solution
is unobtrusive and well suited for a long-term monitoring
scenario, particularly in disabled or elder populations [34].
Using additional inertial sensors (eg, gyroscope or barometer)
could improve the model performance, although at the cost of
increased power requirements[35]. Similarly, the placement of
the sensor on the body can affect the prediction accuracy for
certain activities, as the optimal location is often a function of
the activity to recognize [36]. Using multiple sensors on
different body partsisalso known to increase the accuracy [25],
although it is likely to decrease patient compliance. Future
studies should expl ore how these factorsinfluence the accuracy
of AR when patients use an assistive device.

Conclusions

Guidelines on how to use wearable technology to track
functional activitiesin populations other than young able-bodied
are still lacking [37]. Our results suggest that AR models need
to be validated on both the specific patient population and
assistive device used and that personal models may confer an
advantage only when trained on the specific assistive device
used. Maximizing thereliability of AR modelsisakey enabling
factor that will allow clinicians performing informed decisions
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based on the data. This is a necessary step to favor the deployment of such technology into the clinic.

Acknowledgments

This research was funded by Otto Bock Healthcare Products, GmBH (Grant: CBrace 80795). The sponsor had no role in the
design of the study and collection, analysis, and interpretation of data and in writing the manuscript.

Conflictsof I nterest
None declared.

References

1.  Mannini A, Sabatini AM. Machine learning methodsfor classifying human physical activity from on-body accelerometers.
Sensors (Basel) 2010;10(2):1154-1175 [FREE Full text] [doi: 10.3390/s100201154] [Medline: 22205862]

2. LaraO, Labrador M. A survey on human activity recognition using wearable sensors. IEEE Commun Surv Tutorials 2012
Nov 29;15(3):1192-1209 [FREE Full text] [doi: 10.1109/SURV.2012.110112.00192]

3. Pad S, Park H, Bonato P, Chan L, Rodgers M. A review of wearable sensors and systemswith application in rehabilitation.
JNeuroeng Rehabil 2012;9:21 [FREE Full text] [doi: 10.1186/1743-0003-9-21] [Medline: 22520559]

4.  Schmalz T, Probsting E, Auberger R, Siewert G. A functional comparison of conventional knee-ankle-foot orthoses and a
microprocessor-controlled leg orthosis system based on biomechanical parameters. Prosthet Orthot Int 2016
Apr;40(2):277-286. [doi: 10.1177/0309364614546524] [Medline: 25249381]

5. Lenz T, HargrovelL, Sensinger J. Speed-adaptation mechanism: robotic prostheses can actively regulate joint torque. IEEE
Robot Automat Mag 2014 Dec;21(4):94-107. [doi: 10.1109/MRA.2014.2360305]

6. SteinsD, DawesH, Esser P, Collett J. Wearable accelerometry-based technology capable of ng functional activities
in neurological populations in community settings: a systematic review. J Neuroeng Rehabil 2014;11:36 [FREE Full text]
[doi: 10.1186/1743-0003-11-36] [Medline: 24625308]

7. Lenzi T, Sensinger J, Lipsey J, Hargrove L, Kuiken T. Design and preliminary testing of the RIC hybrid knee prosthesis.
Conf Proc IEEE Eng Med Biol Soc 2015 Aug;2015:1683-1686. [doi: 10.1109/EMBC.2015.7318700] [Medline: 26736600]

8. Dobkin BH, Xu X, Batalin M, Thomas S, Kaiser W. Reliability and validity of bilateral ankle accelerometer algorithms
for activity recognition and walking speed after stroke. Stroke 2011 Aug;42(8):2246-2250 [FREE Full text] [doi:
10.1161/STROKEAHA.110.611095] [Medline: 21636815]

9. CapelaNA, Lemaire ED, Baddour N, Rudolf M, Goljar N, Burger H. Evaluation of asmartphone human activity recognition
application with able-bodied and stroke participants. J Neuroeng Rehabil 2016 Jan 20;13:5 [FREE Full text] [doi:
10.1186/s12984-016-0114-0] [Medline: 26792670]

10. Antos SA, Albert MV, Kording KP. Hand, belt, pocket or bag: practical activity tracking with mobile phones. J Neurosci
Methods 2014 Jul 15;231:22-30 [FREE Full text] [doi: 10.1016/j.jneumeth.2013.09.015] [Medline: 24091138]

11. Albert MV, Toledo S, Shapiro M, Kording K. Using mobile phones for activity recognition in Parkinson's patients. Front
Neurol 2012;3:158 [FREE Full text] [doi: 10.3389/fneur.2012.00158] [Medline: 23162528]

12. Ded RM, Wang K, Wang J, Liu Y, Brodie M, Delbaere K, et al. A comparison of activity classification in younger and
older cohorts using a smartphone. Physiol Meas 2014 Nov;35(11):2269-2286. [doi: 10.1088/0967-3334/35/11/2269]
[Medline: 25340659]

13. O'Brien MK, Shawen N, Mummidisetty CK, Kaur S, Bo X, Poellabauer C, et a. Activity recognition for persons with
stroke using mobile phone technology: toward improved performance in a home setting. J Med Internet Res 2017 May
25;19(5):€184 [FREE Full text] [doi: 10.2196/jmir.7385] [Medline: 28546137]

14. Lonini L, GuptaA, Kording K, Jayaraman A. Activity recognition in patients with lower limb impairments; do we need
training data from each patient? Conf Proc |EEE Eng Med Biol Soc 2016 Aug;2016:3265-3268. [doi:
10.1109/EMBC.2016.7591425] [Medline: 28269004]

15. Mizuike C, Ohgi S, Moarita S. Analysis of stroke patient walking dynamics using atri-axial accelerometer. Gait Posture
2009 Jul;30(1):60-64. [doi: 10.1016/j.gaitpost.2009.02.017] [Medline: 19349181

16. Piwek L, EllisDA, Andrews S, Joinson A. The rise of consumer health wearables: promises and barriers. PLoS Med 2016
Feb;13(2):€1001953 [FREE Full text] [doi: 10.1371/journal.pmed.1001953] [Medline: 26836780]

17. TapiaEM, Intille S, Haskell W, Larson K, Wright J, King A, et al. Real-time recognition of physical activities and their
intensities using wireless accelerometers and a heart monitor. : IEEE; 2007 Oct 29 Presented at: 11th |EEE International
Symposium on Wearable Computers, 2007; October 11-13, 2007; Boston, MA p. 37-40 URL.: https://doi.org/10.1109/
|SWC.2007.4373774 [doi: 10.1109/ISWC.2007.4373774]

18. Weiss GM, Lockhart JW. The impact of personalization on smartphone-based activity recognition. 2012 Jul 22 Presented
at: AAAI Workshop on Activity Context Representation: Techniques and Languages; July 22, 2012; Toronto URL: http:/
/www.aaai .org/ocs/index.php/WS/A A AIW12/paper/downl 0ad/5203/5564

http://rehab.jmir.org/2017/2/e8/ JMIR Rehabil Assist Technol 2017 | vol. 4 |iss. 2| e8| p. 10
(page number not for citation purposes)

RenderX


http://www.mdpi.com/resolver?pii=sensors-10-01154
http://dx.doi.org/10.3390/s100201154
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22205862&dopt=Abstract
https://doi.org/10.1109/SURV.2012.110112.00192
http://dx.doi.org/10.1109/SURV.2012.110112.00192
http://jneuroengrehab.biomedcentral.com/articles/10.1186/1743-0003-9-21
http://dx.doi.org/10.1186/1743-0003-9-21
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22520559&dopt=Abstract
http://dx.doi.org/10.1177/0309364614546524
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25249381&dopt=Abstract
http://dx.doi.org/10.1109/MRA.2014.2360305
http://jneuroengrehab.biomedcentral.com/articles/10.1186/1743-0003-11-36
http://dx.doi.org/10.1186/1743-0003-11-36
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24625308&dopt=Abstract
http://dx.doi.org/10.1109/EMBC.2015.7318700
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26736600&dopt=Abstract
http://stroke.ahajournals.org/cgi/pmidlookup?view=long&pmid=21636815
http://dx.doi.org/10.1161/STROKEAHA.110.611095
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21636815&dopt=Abstract
https://jneuroengrehab.biomedcentral.com/articles/10.1186/s12984-016-0114-0
http://dx.doi.org/10.1186/s12984-016-0114-0
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26792670&dopt=Abstract
http://europepmc.org/abstract/MED/24091138
http://dx.doi.org/10.1016/j.jneumeth.2013.09.015
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24091138&dopt=Abstract
https://dx.doi.org/10.3389/fneur.2012.00158
http://dx.doi.org/10.3389/fneur.2012.00158
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23162528&dopt=Abstract
http://dx.doi.org/10.1088/0967-3334/35/11/2269
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25340659&dopt=Abstract
http://www.jmir.org/2017/5/e184/
http://dx.doi.org/10.2196/jmir.7385
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28546137&dopt=Abstract
http://dx.doi.org/10.1109/EMBC.2016.7591425
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28269004&dopt=Abstract
http://dx.doi.org/10.1016/j.gaitpost.2009.02.017
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19349181&dopt=Abstract
http://dx.plos.org/10.1371/journal.pmed.1001953
http://dx.doi.org/10.1371/journal.pmed.1001953
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26836780&dopt=Abstract
https://doi.org/10.1109/ISWC.2007.4373774
https://doi.org/10.1109/ISWC.2007.4373774
http://dx.doi.org/10.1109/ISWC.2007.4373774
http://www.aaai.org/ocs/index.php/WS/AAAIW12/paper/download/5203/5564
http://www.aaai.org/ocs/index.php/WS/AAAIW12/paper/download/5203/5564
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIRREHABILITATION AND ASSISTIVE TECHNOLOGIES Lonini et al

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

35.

36.

37.

Dalton A, OLaighin G. Comparing supervised learning techniques on the task of physical activity recognition. IEEE J
Biomed Health Inform 2013 Jan;17(1):46-52. [doi: 10.1109/TITB.2012.2223823] [Medline: 23070357]

Zhao Z, Chen Y, Liu J, Shen Z, Liu M. Cross-people mobile-phone based activity recognition. In: IJCAI'11 Proceedings
of the Twenty-Second international joint conference on Artificial Intelligence. 2011 Jul 16 Presented at: Twenty-Second
International Joint Conferenceon Artificial Intelligence; July 16-22, 2011; Barcel ona, Catalonia, Spain p. 2545-2550 URL :
http://dl.acm.org/citation.cfm?d=2283820 [doi: 10.5591/978-1-57735-516-8/| JCA111-423]

Cvetkovic B, KaluzaB, Lustrek M, Gams M. Semi-supervised learning for adaptation of human activity recognition
classifier to the user. 2011 Jul 16 Presented at: International Joint Conference on Artifical Intelligence (1JCAI) - Workshop
on space, time and ambient intelligence; July 16, 2011; Barcelona p. 24-29 URL: http://ai.ijs.si/Mitjal /documents/
Cvetkovic-Semi-supervised learning_for_adaptation_of_human_activity recognition classifier_to_the user-1JCAI-STAMI-11.
pdf

LaneN, XuY, LuH, HuS, Choudhury T, Campbell A, et al. Enabling large-scale human activity inference on smartphones
using community similarity networks (csn). 2011 Sep 17 Presented at: UbiComp '11 Proceedings of the 13th international
conference on Ubiquitous computing; September 17, 2011; Beijing, Chinap. 355-364 URL : https://doi.org/10.1145/2030112.
2030160 [doi: 10.1145/2030112.2030160]

TianF, Hefzy M S, ElahiniaM. State of the art review of knee-ankle-foot orthoses. Ann Biomed Eng 2015 Feb;43(2):427-441.
[doi: 10.1007/s10439-014-1217-z] [Medline: 25631201]

Preece SJ, Goulermas JY, Kenney LPJ, Howard D, Meijer K, Crompton R. Activity identification using body-mounted
sensors--areview of classification techniques. Physiol Meas 2009 Apr;30(4):R1-33. [doi: 10.1088/0967-3334/30/4/R01]
[Medline: 19342767]

Bao L, Intille S. Activity recognition from user-annotated acceleration data. : Springer; 2004 Presented at: International
Conference on Pervasive Computing; April 18-23, 2004; Linz/Vienna, Austriap. 1-17 URL: https://link.springer.com/
content/pdf/10.1007/b96922. pdf#page=18 [doi: 10.1007/978-3-540-24646-6_1]

Flaxman AD, Vahdatpour A, Green S, James SL, Murray CJ, Population Health Metrics Research Consortium (PHMRC).
Random forestsfor verbal autopsy analysis: multisite validation study using clinical diagnostic gold standards. Popul Health
Metr 2011 Aug 04;9:29 [FREE Full text] [doi: 10.1186/1478-7954-9-29] [Medline: 21816105]

Saeb S, Kording K, Mohr DC. Making activity recognition robust against deceptive behavior. PLoS One
2015;10(12):e0144795 [FREE Full text] [doi: 10.1371/journal.pone.0144795] [Medline: 26659118]

Segev N, Harel M, Mannor S, Crammer K, El-Yaniv R. Learn on source, refine on target: amodel transfer learning
framework with random forests. IEEE Trans Pattern Anal Mach Intell 2016 Oct 18:- Epub ahead of print. [doi:
10.1109/TPAMI.2016.2618118] [Medline: 27775512]

CapelaNA, Lemaire ED, Baddour N. Feature selection for wearable smartphone-based human activity recognition with
able bodied, elderly, and stroke patients. PL0oS One 2015;10(4):€0124414 [FREE Full text] [doi:

10.1371/journal .pone.0124414] [Medline: 25885272]

Foerster F, Smeja M, Fahrenberg J. Detection of posture and motion by accelerometry: a validation study in ambulatory
monitoring. Comput Human Behav 1999 Sep;15(5):571-583 [EREE Full text] [doi: 10.1016/s0747-5632(99)00037-0]
Hong J, Ramos J, Dey AK. Toward personalized activity recognition systems with a semipopul ation approach. |EEE Trans
Human-Mach Syst 2016 Feb;46(1):101-112. [doi: 10.1109/THM S.2015.2489688]

Maekawa T, Watanabe S. Unsupervised activity recognition with user's physical characteristics data. 2011 Jul 22 Presented
at: 2011 15th Annual International Symposium on Wearable Computers (ISWC); June 12, 2011; San Francisco, CA p.
89-96 URL : http://ieeexplore.ieee.org/document/5959600/ [doi: 10.1109/ISWC.2011.24]

Cook D, Feuz KD, Krishnan NC. Transfer learning for activity recognition: a survey. Knowl Inf Syst 2013 Sep
01;36(3):537-556 [FREE Full text] [doi: 10.1007/s10115-013-0665-3] [Medline: 24039326]

Cheung VH, Gray L, Karunanithi M. Review of accelerometry for determining daily activity among elderly patients. Arch
Phys Med Rehabil 2011 Jun;92(6):998-1014. [doi: 10.1016/j.apmr.2010.12.040] [Medline: 21621676]

Wu W, Dasgupta S, Ramirez EE, Peterson C, Norman GJ. Classification accuracies of physical activities using smartphone
motion sensors. JMed Internet Res 2012;14(5):€130 [FREE Full text] [doi: 10.2196/jmir.2208] [Medline: 23041431]
AtalahL, LoB, King R, Guang-Zhong Y. Sensor positioning for activity recognition using wearabl e accelerometers. |IEEE
Trans Biomed Circuits Syst 2011 Aug;5(4):320-329. [doi: 10.1109/TBCAS.2011.2160540] [Medline: 23851946]
Schrack JA, Cooper R, Koster A, Shiroma EJ, Murabito JM, Rejeski WJ, et al. Assessing daily physical activity in older
adults: unraveling the complexity of monitors, measures, and methods. J Gerontol A Biol Sci Med Sci 2016
Aug;71(8):1039-1048. [doi: 10.1093/gerona/glw026] [Medline: 26957472]

Abbreviations

AR: activity recognition

IQR: interquartile range

KAFO: knee-ankle-foot orthosis

OPUS-LEFS: orthotics prosthetics users survey for lower extremity functional status

http://rehab.jmir.org/2017/2/e8/ JMIR Rehabil Assist Technol 2017 | vol. 4 iss. 2| 8 | p. 11

(page number not for citation purposes)


http://dx.doi.org/10.1109/TITB.2012.2223823
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23070357&dopt=Abstract
http://dl.acm.org/citation.cfm?id=2283820
http://dx.doi.org/10.5591/978-1-57735-516-8/IJCAI11-423
http://ai.ijs.si/MitjaL/documents/Cvetkovic-Semi-supervised_learning_for_adaptation_of_human_activity_recognition_classifier_to_the_user-IJCAI-STAMI-11.pdf
http://ai.ijs.si/MitjaL/documents/Cvetkovic-Semi-supervised_learning_for_adaptation_of_human_activity_recognition_classifier_to_the_user-IJCAI-STAMI-11.pdf
http://ai.ijs.si/MitjaL/documents/Cvetkovic-Semi-supervised_learning_for_adaptation_of_human_activity_recognition_classifier_to_the_user-IJCAI-STAMI-11.pdf
https://doi.org/10.1145/2030112.2030160
https://doi.org/10.1145/2030112.2030160
http://dx.doi.org/10.1145/2030112.2030160
http://dx.doi.org/10.1007/s10439-014-1217-z
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25631201&dopt=Abstract
http://dx.doi.org/10.1088/0967-3334/30/4/R01
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19342767&dopt=Abstract
https://link.springer.com/content/pdf/10.1007/b96922.pdf#page=18
https://link.springer.com/content/pdf/10.1007/b96922.pdf#page=18
http://dx.doi.org/10.1007/978-3-540-24646-6_1
https://pophealthmetrics.biomedcentral.com/articles/10.1186/1478-7954-9-29
http://dx.doi.org/10.1186/1478-7954-9-29
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21816105&dopt=Abstract
http://dx.plos.org/10.1371/journal.pone.0144795
http://dx.doi.org/10.1371/journal.pone.0144795
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26659118&dopt=Abstract
http://dx.doi.org/10.1109/TPAMI.2016.2618118
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27775512&dopt=Abstract
http://dx.plos.org/10.1371/journal.pone.0124414
http://dx.doi.org/10.1371/journal.pone.0124414
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25885272&dopt=Abstract
https://doi.org/10.1016/s0747-5632(99)00037-0
http://dx.doi.org/10.1016/s0747-5632(99)00037-0
http://dx.doi.org/10.1109/THMS.2015.2489688
http://ieeexplore.ieee.org/document/5959600/
http://dx.doi.org/10.1109/ISWC.2011.24
http://europepmc.org/abstract/MED/24039326
http://dx.doi.org/10.1007/s10115-013-0665-3
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24039326&dopt=Abstract
http://dx.doi.org/10.1016/j.apmr.2010.12.040
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21621676&dopt=Abstract
http://www.jmir.org/2012/5/e130/
http://dx.doi.org/10.2196/jmir.2208
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23041431&dopt=Abstract
http://dx.doi.org/10.1109/TBCAS.2011.2160540
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23851946&dopt=Abstract
http://dx.doi.org/10.1093/gerona/glw026
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26957472&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIRREHABILITATION AND ASSISTIVE TECHNOLOGIES Lonini et al

Edited by G Eysenbach; submitted 13.01.17; peer-reviewed by A Billis, SGomersall, M Zhang, E Hekler; commentsto author 22.03.17;
revised version received 01.06.17; accepted 19.06.17; published 10.08.17

Please cite as:

Lonini L, Gupta A, Deems-Dluhy S, Hoppe-Ludwig S, Kording K, Jayaraman A

Activity Recognition in Individuals Walking With Assistive Devices. The Benefits of Device-Specific Models
JMIR Rehabil Assist Technol 2017;4(2):e8

URL: hitp://rehab.jmir.org/2017/2/e8/

doi: 10.2196/rehab.7317

PMID: 28798008

©Luca Lonini, Aakash Gupta, Susan Deems-Dluhy, Shenan Hoppe-Ludwig, Konrad Kording, Arun Jayaraman. Originally
published in IMIR Rehabilitation and Assistive Technology (http://rehab.jmir.org), 10.08.2017. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which
permits unrestricted use, distribution, and reproduction in any medium, provided the origina work, first published in IMIR
Rehabilitation and Assistive Technology, is properly cited. The complete bibliographic information, alink to the original publication
on http://rehab.jmir.org/, as well as this copyright and license information must be included.

http://rehab.jmir.org/2017/2/e8/ JMIR Rehabil Assist Technol 2017 | vol. 4 |iss. 2| e8| p. 12
(page number not for citation purposes)

RenderX


http://rehab.jmir.org/2017/2/e8/
http://dx.doi.org/10.2196/rehab.7317
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28798008&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

