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Abstract
Study design Feasibility study.
Objective The objective of this study is to explore the feasibility of capturing egocentric (first person) video recordings in
the home of individuals with cervical spinal cord injury (SCI) for hand function evaluation.
Setting Community-based study in Toronto, Ontario, Canada.
Methods Three participants with SCI recorded activities of daily living (ADLs) at home without the presence of a
researcher. Information regarding recording characteristics and compliance was obtained as well as structured and semi-
structured interviews involving privacy, usefulness, and usability. A video processing algorithm capable of detecting
interactions between the hand and objects was applied to the home recordings.
Results In all, 98.58 ± 1.05% of the obtained footage was usable and included four to eight unique activities over a span of
3–7 days. The interaction detection algorithm yielded an F1 score of 0.75 ± 0.15.
Conclusions Capturing ADLs using an egocentric camera in the home environment after SCI is feasible. Considerations
regarding privacy, ease of use of the devices, and scheduling of recordings are provided.

Introduction

The return of arm and hand function is of the highest
priority for individuals with cervical spinal cord injury
(SCI) [1]. An individual’s ability to perform activities of
daily living (ADLs) with their upper extremity (UE) is a
crucial indication of independence and reliance on care.
Outcome measures that can accurately quantify hand
function in a natural context are needed for assessing new
rehabilitation interventions and examining the transition
back into the community after injury.

Current technique for monitoring hand function at home is
limited to self-report and questionnaires, which are known to be
sensitive to biases [2–8]. Such restrictions limit our under-
standing of how changes in UE function, extracted through
direct observation by a clinician or investigator in a controlled
environment, are impacting activity and participation at home
and in the community. In particular, the “performance” domain
of UE impairment (i.e., the actual use of the limb, as opposed to
the capacity to use it [9]) cannot currently be measured directly.

In order to solve this gap in research, multiple studies have
proposed wearable sensor systems based on accelerometers or
inertial measurement units. The devices are ideal for the home
setting as they are wearable, relatively small, and easy to wear.
However, they primarily capture arm movements, such as in
studies in hemiparetic stroke survivors for comparing move-
ment in impaired vs. unimpaired arms [10, 11], and lack the
necessary resolution to capture information about the hand.
Although previous studies demonstrated a relationship
between accelerometry measures and independence, a dis-
connect remains between measured capacity and performance
[12]. Similarly in SCI, accelerometers have been used to
measure wheeling movements, independence, and the later-
ality of the injuries [13, 14] but still without directly revealing
information about hand function.
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To address this limitation, we have previously proposed
a wearable system based on a first-person (egocentric)
camera, where the user’s point of view is recorded [15, 16].
Egocentric video is not only able to capture hand movement
information but also hand posture and its interactions with
objects or the environment.

Furthermore, computer vision techniques for extracting
information about the hand from egocentric video are a
rapidly growing area of research, though not in the context
of rehabilitation. Technical challenges including hand
detection (locating the hand in the image) as well as seg-
mentation (separating the outline of the hand from the
background of the image) are described in [17–27]. Ego-
centric vision research to further extract information relating
to ADLs has also been attempted, specifically in activity
recognitions and object detections in ADLs [21–24].
However, generalizability can be a challenge in such sys-
tems, given the large variety of activities and objects found
in the community.

In our previous work [15, 16], we investigated the problem
of detecting interactions between the hand and objects in the
environment using automated analysis of egocentric videos.
Detecting the use of the UE in ADLs (performance) was
conjectured to have applications as an indicator of indepen-
dence. “Hand–objection interaction” is defined here as when
the hand manipulates an object for a functional purpose; for
example, resting a hand on the object would not constitute an
interaction. Thus, the system is a binary classifier (interaction
vs. no interaction) applied to each video frame.

In [15], we proposed a system to detect hand–object
interactions in egocentric videos and evaluated it with able-
bodied participants. In [16], we expanded our hand–object
interaction system to participants with SCI (our target clinical
population). Nevertheless, a limitation of these previous stu-
dies is that they were based on recordings in a controlled
environment, namely, a home simulation laboratory.

The present work expands the scope of this work to
egocentric recordings at home. A feasibility study focusing
on recording in participants’ homes was conducted. In this
study, we explored the possibility of using our egocentric
system in the participant’s own home to analyze unscripted
activities performed without an investigator present. We
report on the successes and challenges of deploying an
egocentric wearable camera at home, as well as the tech-
nical performance of the system.

Methods

Data set and participants

Three participants (n= 3) with SCI participated in this
study. The inclusion criteria for this study consisted of

participants with SCI self-reporting an impairment in hand
function. There were no restrictions placed on the level or
severity of injury, the amount of time since injury or on the
etiology of the injury. Before the recording, participants met
with the investigators in person, along with their primary
caregiver (if applicable). During this visit, two assessments
indicative of upper limb function were administered by the
investigators: the Spinal Cord Independence Measure III
(SCIM) [4, 5] and the Graded Redefined Assessment of
Strength, Sensibility and Prehension (GRASSP) [28]. Table 1
summarizes the participants’ demographics and upper limb
assessments. The level of injury and AIS grade were self-
reported by the participants, while the GRASSP and SCIM
were assessed.

Following a discussion with the participant, a schedule
was made for video recordings in the participant’s home,
without the investigators being present. They were asked to
take part in three or more sessions of data recording of
~1.5 h each over a 2–3-week period. Egocentric video was
recorded using a commercially available egocentric camera
(GoPro Hero5, San Mateo, California, USA) worn by the
participant on a head strap. A caregiver could help to set up
the camera, if needed. The tasks and scheduled time of the
recording sessions were decided on in collaboration with
the participants, such that the recordings were representative
of their normal ADLs while minimizing interruptions to
their schedules and preventing recordings of situations that
they did not want recorded (e.g., activities with privacy
concerns). The recorded tasks included but were not limited
to eating or preparing food, performing household tasks
(laundry, putting away groceries, using a computer, playing
a video game, etc.), or non-private personal tasks (e.g.,
combing hair, exercise, driving, etc.). Although efforts were
made to minimize the presence of other people in the
videos, any individual who did appear in segments of
the videos (e.g., caregivers) provided informed consent for
the study. Figure 1 shows an example of some of the
activities in the data set.

Feasibility measures

To characterize the video recordings obtained, we first
extracted the total recording time and usable recording time
for each participant. The footage was considered usable
when the camera was positioned correctly to capture the
hands, and when it did not accidentally contain any
unwanted recordings (e.g., individuals that did not sign the
consent form or footage containing confidential informa-
tion). Additionally, information relating to participants’
recording behavior was tallied, including number of
recording days, number of recording sessions per day, and
average duration of recording sessions. Finally, we also
compared the number of scheduled activities with the
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number of activities actually performed in the video
recordings.

Beyond tracking the compliance with the planned sche-
dule, we also kept track of any issues that were raised,
including troubleshooting with equipment or additional
concerns resulting in home visits, scheduling issues that
resulted in delayed or missed recordings, as well as any
other possible concerns that were reported by the
participant.

Structured and semi-structured interviews were admi-
nistered at the end of the recording session similar to those
described in [29]. The questionnaires explored three main
topics relating to the use of wearable cameras: privacy,
perceived usefulness of the information obtained, and
usability. Each section consisted of structured questions on
a five-point Likert scale, as well as an opportunity for open-
ended comments. The privacy questions focused on con-
cerns over sharing information from the wearable cameras
with different stakeholder groups (i.e., clinicians and
researchers), as well as the distinction between sharing raw
videos and sharing only metrics automatically extracted
from these videos (i.e., measures such as duration and fre-
quency of hand use that would be extracted by a video
processing algorithm without the videos being watched by a
human). The second set of questions focused on how useful
the participants felt the information would be for different
stakeholders (i.e., clinicians, researchers, and participants
themselves). Lastly, the usability questions focused on
factors that might encourage or dissuade participants from
using the system. These three categories (privacy, useful-
ness, and usability) were chosen because wearable tech-
nology must overcome these challenges to be translated into
practice. In addition to the participant interviews, we also
interviewed one caregiver, who was a family member of a
participant.

The study participants provided written consent prior to
participation in the study, which was approved by the
Research Ethics Board of the institution (Research Ethics
Board, University Health Network: 17-5322).

Hand use measures

In our previous work in [15] and [16], we demonstrated the
possibilities of egocentric video for extracting the interac-
tions of the hand with objects. The system consisted of a
binary classification for detecting interaction or no interac-
tion in each video frame, summarized over time.

In the present study, the framework used for hand–object
interaction detection consisted of three processing steps,
similar to [16]. First, the hand location was determined in
the form of a bounding box. This was accomplished using a
deep-learning-based object detector (YOLOv2 [30]),
retrained to detect the left and right hands of the user, and
the hands of other people in the frame [31]. This method is
in contrast to our previous work where hand detection was
based on a Regional Convolution Neural Network [32].
Next, the bounding box was processed for hand segmen-
tation, where the pixels of the hand were separated from the
non-hand pixels. With the hand being located and seg-
mented, image features including hand motion, hand shape,
and color distribution were extracted for the classification of
hand–object interaction. The hand segmentation and inter-
action detection steps were trained in our previous study,
using data from individuals with SCI performing ADLs in
the home simulation lab [16].

A total of 108,050 frames from the three participants in
the home recordings were labeled and used in the evalua-
tion. The binary classifier trained in [16] was evaluated
using data manually labeled by two human observers,
where each frame was either classified as interaction or no

Fig. 1 Example frames of data
set collected from each of the
three participants. The video
recordings were taken in the
partcipants’ own homes and
involved a recording of ADLs
using an head-mounted
egocentric camera.
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interaction. Labeling was performed on a frame-by-frame
basis, with no bounding box or segmentation shown to the
annotator. An annotator was instructed to label the user’s
left hand, the user’s right hand, and other people’s hands
separately.

Results

Feasibility analysis

The feasibility results are summarized in Fig. 2. Figure 2a
shows the total recording time and usable recording time for
each participant. Figure 2b shows the total number of days
of the study (from participants receiving the camera to
returning the camera) and the number of days during that
time in which they collected video. Finally, Fig. 2c shows
the number of activities performed (i.e., number of distinct
activities observed in the video) vs. the number of activities
scheduled (i.e., the number of distinct activities planned
with the participants during the first appointment).

All three participants performed at most one recording
session in a given day with an average recording duration of
32 ± 5 min per session. Two out of the three participants
completed the study later than the planned 21 days, due to
technical issues with the devices and conflicts in personal
schedules (e.g., health, family matter, etc.). Technical issues
relating to operation of the camera resulted in an additional
home visit for two participants.

Participant feedback

The questions regarding privacy for each participant of this
study are shown in Fig. 3a. Participants in this study
expressed relatively low levels of concern about egocentric
video being stored and used by clinicians or by researchers,
with a mean of 1.33 ± 0.58 in both cases. When asked about
storing only automatically extracted metrics rather than the
videos themselves, all participants reduced these concerns
down to 1.00 ± 0.00 (the lowest possible score) regardless of
whether the data were to be used by clinicians or researchers.
Nevertheless, privacy concerns were slightly raised when
asked to wear a camera in daily life at home (1.33 ± 0.58).
The reason provided by the individual was the potential risk
of ascertaining their location or leaking private information, as
well as the inconvenience of concealing unwanted footage,
e.g., having to cover the password on the computer screen.
They described little concerns about other family members
appearing in the video (1.33 ± 0.15). Participants were
somewhat comfortable with wearing the camera at home
(3.33 ± 1.55) and in public (3.67 ± 1.55). However, they noted
that capturing a public recording of other people without
permission could cause conflict and unwanted attention.

When it comes to the control of the devices, all partici-
pants saw a relatively high value in the ability to start and
stop recording at any time (4.33 ± 1.15) as well as ability to
review the video (4.00 ± 1.00).

In regard to the usefulness of the information collected
(Fig. 3b), participants believed that the hand usage
information collected from an egocentric camera in their
home would be useful to clinicians (4.33 ± 0.58) and more
so for researchers (4.67 ± 0.58). Participants also saw the
value in keeping track of their own hand function recov-
ery (4.67 ± 0.58).

For usability (Fig. 3c), we explored how often partici-
pants would comply with the use of the camera. They
reported high likelihood of using an egocentric device to
record specific activities during their rehabilitation process,
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Spinal Cord Series and Cases            (2021) 7:17 Page 5 of 9    17 



when prescribed by a doctor or therapist (4.67 ± 0.58).
However, this level of compliance dropped in a case where
a doctor or therapist asked them to wear the camera all the

time during their rehabilitation process (4.00 ± 1.00). This
drop in compliance continued at the same level when the
participants were asked if they were willing to use the

Fig. 3 Distribution of answers
to questionnaire sections. The
questions pertained to a privacy
of information, b usefulness of
the information, and c usability
of the technology.
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wearable camera to track their hand usage for their own use
(i.e., without medical instruction or involvement). One
participant stated that the current GoPro camera can feel a
little heavy over time. Nevertheless, they still felt that the
camera is somewhat easy to use and not difficult to set up
(4.33 ± 1.15) and that it was easy to review the video before
sharing with the researchers (4.33 ± 0.57). However,
according to one of the participants, this review process can
take some time because of the long video footage. Never-
theless, the overall consensus was that the video recording
did very little to interfere with their daily routine (1.33 ±
0.58).

When we asked participants how many hours per week
they would be willing to wear the system as part of their
rehabilitation, they indicated that they were willing to
record more often if asked to do so only for a short term
(participants denoted short term as about 1 month of 3 h per
week, no more than 7 h a week, with 1–2 h per session. A
shorter duration of recording per week was preferred (i.e.,
<1 h). For longer-term recording (i.e., >1 month), the par-
ticipants indicated that recording sessions and hours per
week should be shorter (e.g., 1 h per week with sessions
ranging from 10 to 30 min).

The caregiver expressed a low level of concern (1.0,
lowest possible score) about appearing in video that is
intended for assessing hand function by a clinician or a
researcher. Again, an identical score was reported when the
caregiver was asked if they had any concerns about a
wearable camera system that does not store recorded video
but uses a computer algorithm to analyze the video and
output hand function data. Additional questions relating to a
household member wearing a camera in daily life at home
and in public also revealed no concerns by the caregiver. In
the open-ended section, the caregiver indicated that he/she
did help the household member in using the camera system.
The caregiver assisted the participant in putting on the
camera head strap, replacing the battery or accessing SD
card for the purposes of viewing the video on the computer.
The assistance required was often short and lasted around
30 s.

Functional hand use

Finally, we evaluated the performance of the hand–object
interaction detector using the collected home video data.
Table 2 shows the F1 score and accuracy where the pre-
dicted interactions from the algorithm output are compared
with the actual interactions from the manually labeled data.
The processing time of the entire hand–object interaction
detection pipeline is 0.21 s per frames from the input image
frame to the output metrics using an Intel-i7-8700k, DDR4-
16GB, GTX1080Ti-11GB, and Ubuntu16.04 LTS (64-bit).
The mean F1 score and accuracy for all three participants

(left and right hand) are 0.75 ± 0.08 and 0.72 ± 0.19,
respectively.

Discussion

This study evaluated the feasibility of deploying an ego-
centric wearable camera to capture the hand use of indivi-
duals with SCI in their home environment. The information
from this study is needed because limited methods are
available for capturing rehabilitation progress in the com-
munity, and accurate outcome measures are critical for the
advancement of new interventions. We deployed the
wearable cameras in the community, where participants
were instructed to record their ADLs at home without the
presence of researchers. Using this data, we showed that it
is possible to capture egocentric recordings of ADLs at
home. The study provides feasibility information necessary
to the planning of egocentric video recording in the com-
munity. Furthermore, hand use in ADLs was automatically
quantified from the egocentric videos using a custom
algorithmic framework. The proposed wearable system was
deployed in the real world for the first time. The information
obtained may help to form the basis for new home-based
outcome measures that reflect performance of UE tasks, and
thus give insight into independence.

In evaluating feasibility, we found that the majority of
recordings had a view of the hand and were thus usable for
capturing hand-use information. Unfortunately, two out of
three participants took more than the planned 21 days to
complete the study. This delay was attributable to technical
issues with the devices and conflict in personal schedules.
Hands-on training with the devices for both the participants
and caregivers has the potential to minimize the delay.
Video or picture step-by-step instructions for necessary
camera functions are recommended (e.g., start/stop record-
ing, review recording, battery change, etc.). Careful plan-
ning of the recordings to ensure that they are feasible within
the participant’s schedule is also highly beneficial.

While most participants managed to meet or even exceed
the activities planned with the researcher, the activities were
not diverse and most of the recordings have repetition

Table 2 F1 score and accuracy of the hand–object interaction for left
(L) and right (R) hand for each of the participants.

F1 score Accuracy

Participants L R L R

1 0.59 0.87 0.74 0.88

2 0.84 0.56 0.76 0.47

3 0.82 0.82 0.75 0.73

Mean ± SD 0.75 ± 0.14 0.75 ± 0.16 0.75 ± 0.01 0.69 ± 0.21
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across recorded sessions and days. The lack of diversity is
concerning because other ADLs might be missed, and so a
clearer scheduling plan is required. In another words, the
recording schedule needs to consider a diversity of activities
while still maintaining the flexibility of recording time for
the participants.

Since the participants expressed a preference for short
recordings (i.e., 12–39 min), we recommend emphasizing
recordings lasting ~1 h. This will enable meaningful
capture of hand use in a natural context while keeping the
recording relatively short. Some flexibility in the target of
21 days may be needed to leave room for unforeseen
issues to be addressed and for participants to record more
unique activities. Clear communication with the partici-
pants early on is necessary to ensure that the videos
genuinely reflect their normal routine, rather than artifi-
cial activities with more hand use than usual. Further-
more, weekly reminders and follow-up with participants
during the recording period may help to increase the
number of days of recording. These strategies have the
potential to increase the diversity of activities as well as
promote more days of recording during study period,
which are currently low.

The performance of the hand–object interaction detection
was comparable here to the results reported in a home
simulation laboratory (e.g., F1 scores of 0.75 ± 0.14 vs.
0.74 ± 0.15 for the left hand and 0.75 ± 0.16 vs. 0.73 ± 0.15
for the right hand, respectively) [16]. This consistency
demonstrates the potential of a wearable egocentric camera
for capturing quantitative measures of hand use as well as
the robustness and generalizability of the system in the
home environment.

A limitation to our study was that the participants
recruited had times since injury ranging from 15 to 22
years. Thus, our participants had been living with SCI
for a long time, which likely informed their indepen-
dence as well as their perceptions of disability and
rehabilitation. This, in turn, may contribute to the nature
of activities performed at home, compliance with ego-
centric recording, and the opinions shared in the inter-
views. A wider variety of perspectives should be sought
in the future.

In this study, we established the feasibility of deploying a
wearable camera system to track functional hand use after
SCI in the target setting, the home. We additionally found
that the technical performance obtained in the laboratory
was transferable to the less constrained real home envir-
onment. With proper recording scheduling, we believe that
such a tool will provide clinicians and researchers with a
basis for objective measures of hand function in the home.
This framework lays the groundwork for studies to
further validate new egocentric video-based UE outcomes
after SCI.

Data availability

Please contact the corresponding author for data
availability.
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