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Abstract

Background: Patient education is crucial in the secondary prevention of cardiovascular disease. Novel technologies such as
augmented reality or mixed reality expand the possibilities for providing visual support in this process. Mixed reality creates
interactive digital three-dimensional (3D) projections overlaying virtual objects on the real-world environment. While augmented
reality only overlays objects, mixed reality not just overlays but anchors virtual objects to the real world. However, research on
this technology in the patient domain is scarce.

Objective: The aim of this study was to understand how patients perceive information provided after myocardial infarction and
examine if mixed reality can be supportive in this process.

Methods: In total, 12 patients that experienced myocardial infarction and 6 health care professionals were enrolled in the study.
Clinical, demographic, and qualitative data were obtained through semistructured interviews, with a main focus on patient
experiences within the hospital and the knowledge they gained about their disease. These data were then used to map a susceptible
timeframe to identify how mixed reality can contribute to patient information and education.

Results: Knowledge transfer after myocardial infarction was perceived by patients as too extensive, not personal, and inconsistent.
Notably, knowledge on anatomy and medication was minimal and was not recognized as crucial by patients, whereas professionals
stated the opposite. Patient journey analysis indicated the following four critical phases of knowledge transfer: at hospital discharge,
at the first outpatient visit, during rehabilitation, and during all follow-up outpatient visits. Important patient goals were
understanding the event in relation to daily life and its implications on resuming daily life. During follow-up, understanding
physical limitations and coping with the condition and medication side effects in daily life emerged as the most important patient
goals. The professionals’ goals were to improve recovery, enhance medication adherence, and offer coping support.

Conclusions: There is a remarkable difference between patients’ and professionals’ goals regarding information and education
after myocardial infarction. Mixed reality may be a practical tool to unite perspectives of patients and professionals on the disease
in a more even manner, and thus optimize knowledge transfer after myocardial infarction. Improving medication knowledge
seems to be a feasible target for mixed reality. However, further research is needed to create durable methods for education on
medication through mixed reality interventions.

(JMIR Hum Factors 2020;7(2):e17147)   doi:10.2196/17147
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Introduction

Coronary artery disease is a major cause of mortality in
developed countries, leading to roughly 1.5 million deaths
annually worldwide [1,2]. Improvements in early recognition
of the disease and treatment have significantly decreased the
mortality rate after myocardial infarction over the last few
decades [3]. However, increased complexity in treatment and
long-term care makes educating patients about their disease a
challenge for health care professionals. Guiding patients through
complex terminology, pathophysiological concepts, and
extensive treatment options in a limited time frame is a stressful
and demanding process for both health care professionals and
patients [4].

Improvements have been made regarding patient information
and education through extensive written information,
informational videos, or digitalized “how does it look” visual
models [5-8]. Attempts at improving education in patients
following myocardial infarction are scarce and have mainly
focused on care processes and anatomical knowledge [9-11].
With rapid development of new technologies such as virtual
reality [12] or more recent mixed reality modalities [3], patient
information and education approaches have also been changing
[13-15]. Mixed reality creates interactive digital
three-dimensional (3D) projections that are viewed through a
head-mounted display such as Microsoft HoloLens.

With the introduction of this new technology, the possibilities
to support daily care increase, in particular regarding
improvements in anatomical knowledge. However, this adds
another layer of complexity to the care process. The question
therefore remains as to how to best establish the added value
of implementing a new technology such as mixed reality in the
educational process on a patient level.

To optimize the process of patient information and education
after myocardial infarction, information should add to the
sustainability of health and disease prevention [16]. The latter
aspect is a particular cornerstone of myocardial infarction care
[1]. Toward this end, the aim of this study was to assess how
patients perceive patient information and education resources
offered after myocardial infarction without the use of a mixed
reality app. A secondary aim was to identify targets for mixed
reality within the domain of patient information and education
after myocardial infarction.

Methods

Design
This was a cross-sectional interview study. Ethical approval for
the project was obtained through the local medical ethics
committee of Leiden University Medical Center (protocol
number P18.132).

Study Population
Twelve consecutive patients who visited the dedicated outpatient
clinic for patients after myocardial infarction were asked to
participate in the study. The patients were at various stages in
their recovery, ranging between 1 and 12 months after the initial
myocardial infarction. In addition, two cardiologists, two nurse
specialists, one psychologist, and one sexologist were included
in the study to obtain the professional stakeholders’ point of
view. Demographic data such as age, gender, occupation, and
time of interviewing (1, 3, 6, or 12 months after myocardial
infarction) were collected. Additionally, clinical demographics
such as comorbidities (smoking, hypertension, diabetes
mellitus), initial diagnosis (ST-elevation myocardial infarction
[STEMI] or nonST-elevation myocardial infarction [NSTEMI]),
culprit lesion of the myocardial infarction, maximum troponin
levels at admission, and left ventricular ejection fraction
(LVEF%) at hospital discharge were collected from the
electronic medical record.

Semistructured Interviews and Questionnaires
In line with existing value-based health care literature, generic
Patient Reported Outcome Measure tools were used in the
current study [17]. First, we evaluated whether patients felt that
the information provided during clinical care was sufficient, if
they understood what medications they were taking, and the
purpose of the medication. Second, we assessed the extent of
knowledge the patients had about their disease and the effect
on cardiac function.

We conducted semistructured interviews to assess patients’
knowledge about personal myocardial infarction characteristics.
A list of questions (Multimedia Appendix 1) was used to
conduct the interviews. The first part of the interview included
questions related to social and demographic factors. The second
part of the interview consisted of questions related to myocardial
infarction-specific knowledge. The last part of the interview
included the Generic Short Patient Experiences Questionnaire
(GS-PEQ). This questionnaire was originally developed to be
used in multiple health care settings to evaluate the patient
experience through standardized questions in addition to other
qualitative measures such as semistructured interviews [18].
According to the aim of this study, the GS-PEQ was used to
gain insight into patients’opinions about their experience during
clinical care.

Since one of the core features of mixed reality is visualizing
complex 3D models to interact with, it is relevant to understand
if patients have a basic understanding of cardiac anatomy.
Therefore, the level of knowledge about coronary artery disease
was tested. Two forms were used: one that showed a
representation of the coronary arteries, in which the patients
could label the vessels that were occluded/obstructed in their
case (Multimedia Appendix 2), and the other included two
diagrams representing the simplified cardiac anatomy of the
heart on which patients could label the area affected and how
it is related with pump function, if applicable (Multimedia
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Appendix 3). All interviews were audio-recorded and
subsequently transcribed.

Semistructured Interview With Professionals
To gain insights into the process and map the professionals’
perspective on information provision during the patient journey,
semistructured interviews were conducted with professionals
engaged in the treatment of patients with myocardial infarction.
A list of questions was used to guide the interview (Multimedia
Appendix 4), which were adapted according to the specific
professional activities. The main focus of the interviews was to
identify the materials professionals use to interact with patients,
the dynamics of the consultations they conduct, and how and
when they consider the need to educate patients.

Analysis

Content Analysis
Content analysis was used to structure all of the qualitative data
from the interviews, which were summarized through descriptive
statistics and examples of general comments. Numerical data
are presented as means (SD) and categorical data are presented
as proportions. GS-PEQ outcomes were used to structure the
patient journey (see further description below); these outcomes
were then used for the establishment of themes relevant to both
professionals and patients.

Patient Journey Analysis
A patient experience journey was created via a standardized
approach to analyze the patient experience within the dedicated
care track of myocardial infarction treatment, with specific
attention paid to knowledge transfer between professionals and
patients [19]. For this purpose, the patients underwent
observations during outpatient visits at our department, and
were then interviewed subsequently with the researchers and
were asked to fill out questionnaires consecutively.

Patient journey mapping is a frequently used method among
design engineers, but is relatively new in the medical domain.
This approach combines several methods to best understand the
patient’s experience by dividing the management of a specific
condition, or process such as education, into a series of
consecutive steps or events [19]. The mapping is performed
using data collected from semistructured interviews,
questionnaires, and observations. Combining these data, the
result of the final patient journey offers a description of the
dedicated care track as seen by professionals and experienced
by the patient. In this study, the patient journey analysis included

descriptions of the main event (myocardial infarction), acute
treatment and total duration of treatment, the environment in
which treatment takes place, and interactions with professionals.
Importantly, this analysis can highlight the key points of
knowledge transfer, materials of interaction, patient concerns,
patient goals, professional goals, and guide eventually possible
mixed reality interventions throughout the patient experience
when treated for myocardial infarction.

Results

Demographics of the Study Population
A total of 12 patients and 6 professionals were interviewed in
this study. There were 9/12 (75%) and 3/6 (50%) men in the
patient and professional group, respectively. The average age
of the patients and health care professionals was 62.7 (SD 10.4)
years and 43.2 (SD 9.6) years, respectively. Among the patients,
there were 2/12 (17%) current smokers, and the remaining 10
(83%) had stopped smoking after myocardial infarction. Six
(50%) patients suffered from hypertension and 2/12 (16%) had
diabetes. The majority of patients (10/12, 83%) suffered from
a STEMI, with a common culprit vessel being the left anterior
descending artery (6 patients, 50%, Table 1). The average LVEF
at discharge after myocardial infarction was 49.8% (SD 6.8%)
and the average maximum troponin release was 8140.3 ng/L
(SD 13.623).

General Experience
Six (50%) patients (all men) indicated that the information
shared (written or spoken, presented in analog or digital format)
was too extensive and repetitive, whereas one male patient stated
that more information was needed. Overall, the patients
indicated that clinicians were able to provide them with
sufficient care, specifically regarding information on their
diagnosis. However, 9/12 (75%; 2 women, 7 men) patients noted
that they were not involved in specific decisions regarding their
treatment process. Only one male patient reported that the given
treatment was incorrect according to his own judgment (Table
2).

From the professionals’ perspective, optimal timing for
information exchange is perceived at the first visit at 1 month
after myocardial infarction (6/6, 100%). All professionals (6/6,
100%) also stated that they wish to educate patients in a
understandable and complete manner, although the timeframe
is perceived to be too short in the outpatient setting.
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Table 1. Demographic overview of the patients.

Culprit vesselType of
MI

Tmaxe

(ng/L)

LVEF

(%)d
DBcHTbSmokingInterview time

after MIa
ProfessionAge

(years)
Sex

LADgSTEMIf10,55339YesYesStopped1 monthAdministrative assistant61Female

LADSTEMI50,00058NoNoStopped1 monthLawyer62Male

RCAhSTEMI116058NoNoStopped3 monthsVice principal74Male

RCANSTEMIi150458NoYesStopped3 monthsManager52Male

LADSTEMI838948NoYesYes6 monthsForeman57Male

RCASTEMI2058NoYesStopped6 monthsNurse63Female

LADSTEMI565944NoNoStopped6 monthsEngineer54Male

RCASTEMI530850NoYesStopped6 monthsInformation technology
consultant

56Male

LADSTEMI399049YesNoYes12 monthsDentist64Male

D1jNSTEMI207845NoNoStopped12 monthsArchitect78Male

RCxkSTEMI840648NoNoStopped12 monthsTruck driver82Male

LADSTEMI62242NoYesStopped12 monthsHousewife49Female

aMI: myocardial infarction.
bHT: hypertension.
cDB: diabetes mellitus.
dLVEF: left ventricular function at infarction.
eTmax: maximal troponin release.
fSTEMI: ST-elevation myocardial infarction.
gLAD: left anterior descending artery.
hRCA: right coronary artery.
iNSTEMI: nonST-elevation myocardial infarction
jD1: diagonal branch.
kRCx: circumflex artery.

Table 2. Generic Short Patient Experiences Questionnaire (GS-PEQ) (N=12).

Agree, n (%)Question

12 (100)Did the clinician talk to you in a way that was easy to understand?

9 (75)Do you have confidence in the clinicians’ professional skill?

11 (92)Did you get sufficient information about your diagnosis?

11 (92)Did you perceive the treatment as adapted to your situation?

3 (25)Were you involved in decisions regarding your treatment?

12 (100)Did you perceive the institution’s work to be well organized?

12 (100)Did you have to wait before you were admitted for services at the institution?

11 (92)Overall, was the help and treatment you received at the institution satisfactory?

11 (92)Did you benefit from the care given at the institution?

1 (8)Do you believe that you were in any way given incorrect treatment?

Medication Usage
Six of the 12 (50%; 2 women, 4 men) patients were unaware
of the type of medication they were taking and its purpose. In
addition, 10/12 (83%; 3 women, 7 men) patients considered the
medication to influence their recovery in a negative manner.

From the professionals’ perspective, written and hand-drawn
educational information were stated as the most frequently used
materials for both providing medication information and
anatomical knowledge transfer (6/6, 100%), followed by video
(3/6, 50%) and Microsoft PowerPoint presentations (1/6, 17%).
Accurate insight on medication (“what medication do you use
and why?”) among patients was perceived to be poor by
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professionals; 4/6 (85%) of the professionals stated that they
frequently encounter this problem in the outpatient setting. The
professionals equally stated a desire to educate patients on the
cardioprotective function as completely as possible (6/6, 100%).

Anatomical Knowledge
Regarding anatomical knowledge, 4/12 (33%; 1 woman, 3 men)
patients were aware of the culprit vessel (Figure 1, Table 3) and
4/12 (33%; 1 woman, 3 men) knew the affected site (Figure 2,
Table 4). Only 2/12 (17%, both men) patients knew the area of

the heart that was affected by the culprit lesion: 10/12 (83%; 3
women, 7 men) patients had no knowledge of the relationship
between the diseased (culprit) vessel and the effect on their
heart. Six (50%; 1 woman, 5 men) of the patients noted that this
type of information was not relevant to them. Examples of
comments given by patients are shown in Textbox 1.

All professionals (6/6, 100%) stated that there should be more
time available to educate patients on an anatomical
understanding of myocardial infarction.

Figure 1. Representation of the coronary arteries. Patients were asked the following: “Could you please tick on the boxes which of your arteries have
been affected, if any? Also, on the left illustration, draw the parts affected after the myocardial infarction.”

Table 3. Culprit lesion knowledge (also see Figure 1).

Correctly shown in figure?Culprit lesionPatient

NoLADa1

YesLAD2

NoRCAb3

NoRCA4

NoLAD5

NoRCA6

YesLAD7

YesRCA8

NoLAD9

YesD1c10

NoRCxd11

NoLAD12

aLAD: left anterior descending artery.
bRCA: right coronary artery.
cD1: left anterior descending artery diagonal branch.
dRCx: circumflex artery.
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Figure 2. Representation of heart blood circulation (left) and the main parts of the heart (right). Patients were asked: “Could you please tick on the
boxes corresponding to the parts of your heart that have been affected, if any? Also, draw the affected parts on the left illustration.”

Table 4. Affected site knowledge (see Figure 2).

Correct site shownPatient

No1

No2

No3

No4

Yes5

No6

Yes7

Yes8

No9

No10

No11

Yes12

Textbox 1. Example patient comments related to information exchange with professionals.

• Overall information exchange

“Too much information to comprehend at once”

“I really don’t need to know all what they tell me”

“I really wanted to know way more than they tell me”

• Medication-related information

“I have no idea what I am taking”

“I am in charge over my body and I want to live a great life without medication”

“So many pills! That is a big problem for me, but what can I do?”

“I have different kind of colors and sizes, don’t know what they do”
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Patient Experience Journey: Care Track and
Opportunities for Mixed Reality

Mixed Reality Information Exchange Goals
Figure 3 shows the key elements regarding knowledge transfer
after myocardial infarction, and Multimedia Appendix 5
provides a full overview of the patient journey. The patient

journey includes the goals of both patients and professionals at
each step of the care track. Key points regarding information
transfer were assessed at hospital discharge, during the first
outpatient visit, and during the rehabilitation initiation.
Information exchange during these phases is currently performed
using drawings, the postmyocardial infarction care track
information booklet, and videos (Figure 3).

Figure 3. Overview of patient experience regarding knowledge transfer and mixed reality (MR) possibilities.
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Discharge and First Outpatient Visit
Patient goals at discharge were understanding what happened,
what the current condition is, and how it affects their daily life.
Professionals focus on describing the event, relating it to risk
factors, and stressing the importance of seeking attention when
similar symptoms that may indicate a myocardial infarction are
experienced.

Goals at the first outpatient visit were the same as those at
discharge with the addition of understanding the side effects of
medications as well as coping with the disease in daily life.
Professionals focus on optimal recovery through optimal
medication adherence, stressing the importance of rehabilitation
and providing psychological guidance when needed. Mixed
reality can help to visually support the patient’s clinical state
when they leave the hospital, as well as stressing the importance
of medication, risk factor impacts such as smoking, and possible
side effects of medication that are to be expected (Figure 3).

Rehabilitation and Outpatient Follow-Up
During rehabilitation, patient goals focus on physical fitness in
terms of understanding the impairment of the disease and
reaching the premyocardial infarction level of fitness.
Professionals focus on increasing physical fitness through
exercise and support recovery by stressing medication
adherence.

During outpatient follow-up, patient goals focus on adjusting
to the current health condition in daily life and understanding
the potential side effects that may occur. Professionals focus
mainly on prolonging survival by optimizing medication
adherence and lifestyle as well to prepare patients for eventual
discharge to the family physician. Mixed reality can visually
support the physical condition of patients by showing the current
state of heart function and its effect on physical fitness, along
with the state of recovery of the heart and highlighting the
long-term importance of medication on survival.

Discussion

Principal Findings
Overall, the results of the current study demonstrate that patients
and clinical staff have very different opinions about the overall
information shared during outpatient clinical visits, anatomical
knowledge, and medication. First, patients reported that the
information shared was too extensive and superfluous, whereas
staff members stated a desire to share more information. Second,
patients perceived medication as a hurdle toward their recovery,
whereas professionals viewed the medication as an important
part of their recovery. Third, the anatomical knowledge of
patients was minimal regarding the culprit lesion and its effect
on cardiac function. The patient journey in this regard showed
that patients transition from a state of uncertainty to a state of
confidence; however, the lack of knowledge remains and
reassurance by health care providers is regarded as important.

Patient Information Education After Myocardial
Infarction
Throughout the year following myocardial infarction, patients
see roughly 4 clinical specialists and often also see a

psychologist or sexologist, all of whom elaborate on the same
concept of myocardial infarction. However, our outcomes
suggest that patient knowledge of simple anatomical and
physiological concepts of heart disease remains minimal.
Furthermore, patients regard medication as a hurdle toward
recovery although it is the hallmark of secondary prevention in
cardiovascular care.

Scott et al [20] found that patients ranked explanation of
anatomical and pathophysiological concepts as well as
medication information at high importance after myocardial
infarction; however, the effect of teaching these aspects to
patients regarding their long-term survival is not known. It is
also questionable if teaching of these concepts is essential to
reach the goal of preventing new myocardial infarction, and
evidence in this regard is lacking.

Our patients received identical information after myocardial
infarction; however, they seem to have gained little
understanding from this education, and mainly perceived the
information provided as too extensive, which was not considered
to be in line with their own goals. Therefore, our study highlights
room for improvement in patient information education after
myocardial infarction.

Professional goals (prevention of new myocardial infarction)
and patient goals (living a normal life) differ to a striking degree
(Figure 3). Although the necessity of teaching anatomical and
pharmacological concepts might be debatable, patient care
regarding information exchange should be in line with the goals
of patients to support patient-centered care [17]. To unite these
goals, the interaction between a patient and professional needs
to be assessed and reevaluated based on the results of our study.
When this information exchange is goal-oriented, learning and
adoption of new information will be more effective, as stated
by the cognitive load theory proposed by Sweller [21]. This
theory states that the methods of information exchange should
promote a low extraneous cognitive load (ie, presentation of
information). Conventional methods (ie, booklets) create high
levels of extraneous load, whereas visual methods create a low
extraneous load [21]. Therefore, use of a mixed reality app
might effectively aid in generating a low extraneous load and
offer a new method of learning. This warrants further research,
particularly if implementation of mixed reality for patient
information education can lead to improvement of medication
adherence.

Identifying Targets for Mixed Reality
As seen in the patient journey analysis, there are certain points
at which mixed reality may provide solutions in patient
information exchange. Certain targets might provide less
information, but will nonetheless be aligned with actual patient
data, including guidance on the effect of medication on their
current health condition.

Mixed reality has been recently popularized by the development
of Google Glass and subsequently Microsoft HoloLens, released
in March 2016 [14]. HoloLens can project interactive 3D images
in the field of vision of the user and recognize the environment
owing to the presence of four environment-sensing cameras, a
depth camera, and a light sensor. Apart from recognizing the
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environment, HoloLens also memorizes it, thereby reducing
the time required for the next interaction. HoloLens can also
recognize human gestures to enable interaction and teamwork
around the same projected objects owing to integration of human
understanding software such as spatial sound, gaze tracking,
gesture input, and voice support [22].

Table 5 provides an overview of the different types of media
available for mixed reality and their usability, along with a
summary of usability and capabilities. The main capabilities of
HoloLens to be considered in the outpatient setting are: (i)
recognize and interact with the environment, to choose the best
environment for the interventions and base the design
accordingly; (ii) project 3D images that can rotate, scale, or
move; and (iii) encourage teamwork by enabling doctors and
patients to collaborate through synchronization of doctor and
patient images in space, giving them an opportunity to
collaboratively study the model. Through these capabilities,
mixed reality creates new ways of collaboration between the
patient and professional. Recent studies have tested mixed reality
for medical training [15] and as a surgical assistive technology

[23]. For medical students, especially those with lower
visual-spatial abilities, mixed reality was shown to significantly
improve 3D knowledge acquisition [24]. However, no apps
currently exist that use mixed reality specifically to educate
myocardial infarction patients or to improve their experience
during the treatment after myocardial infarction.

Our results indicate that mixed reality may be of aid in
compiling patient-specific data in one model such as a simplified
model of the heart and coronary anatomy using radiographic
and ultrasound data. This may be used at the end of the hospital
stay when patients are fit to go home, and when uncertainties
are present. A mixed reality intervention at discharge can
provide a crude overview of myocardial infarction and the
importance of medication and education on minimizing risk
factors such as smoking. This technology can be used
consecutively throughout all outpatient visits, compiling cardiac
function in the model and thereby offering the possibility to use
one model consecutively. Furthermore, mixed reality can be
used to explain the effects of medication on long-term survival.

Table 5. Media types and usefulness in patient education.

Text and ImagesVideoVirtual RealityAugmented RealityMixed Reality (HoloLens)Usability and capability 

NoNoPartialPartialFullInteraction between two or
more users

NoPartialYesYesYesMovement

NoNoNoPartialYesEnvironment aware

NoYes (TV, computer,
or phone)

Yes (phone)Yes (phone)YesDevice needed

Medication as a Specific Target for Mixed Reality
The patients included in our study perceived medication as a
hurdle toward recovery. They indicated that this is mainly
coupled to side effects but also that the beneficial effects are
unclear (despite all information provided). Optimal medical
therapy after myocardial infarction is the cornerstone of
cardioprotective care and is essential in preventing new events
[12]. This has been stressed by both the European and American
cardiology societies [25]. However, nonadherence to medication
is a common problem [26]. Through the years, attempts have
been made to improve medication nonadherence; however, it
remains a challenge to create sustainable interventions [27].

The patient journey analysis suggested that reassurance is
important for patients to understand their condition such as
whether or not they are physically fit. Clear explanation of
medication benefits on their health and daily life may resolve
the lack of understanding of medication effects and potentially
lower the need for reassurance.

Tailoring education to patient-specific features and needs such
as medication adherence seems to be effective, which has been
proposed in other studies. Nieuwkerk et al [28] demonstrated
that by clarifying the effect and importance of statins visually,
low-density lipoprotein cholesterol levels can be reduced along
with an increase in the intake of statins. A randomized study
conducted by Jones et al [29] in 2015 showed that providing

visual education after myocardial infarction improved illness
and medication perceptions in the intervention group. A similar
approach may be feasible in patients after myocardial infarction
that are offered a new form of education through mixed reality.
A model could be developed, not focusing on anatomy per se
but rather on statin use and the effect on the patient’s
cardiovascular health, such as by demonstrating atherosclerosis
in coronary vessels, which is targeted by statin therapy [1]. The
effect of such a mixed reality intervention could be measured
according to assessing medication beliefs and illness
perceptions.

Further research is needed to test our assumptions. Importantly,
the implementation and evaluation of a mixed reality app in the
elderly should be undertaken. Along with an aging population,
potential users will be between 60 and 80 years old, which is
accompanied by different forms of disabilities (ie, impaired
vision, hearing, or cognitive function) that can complicate use.
However, mixed reality seems to be an accessible and feasible
tool in the elderly, as highlighted by Rohrbach et al [30] in
patients with Alzheimer disease. Since patients with Alzheimer
disease comprise a complex patient group, it is feasible to
assume that patients with no cognitive impairments might also
benefit from mixed reality apps.

In this era of rapidly evolving technology that brings new
opportunities regarding patient information education, it is
important to thoroughly evaluate how these technologies can
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be used in a changing medical setting and with what goal in
mind, especially given the sparsity of research on the topic.

Limitations
There are certain limitations to our study. First, all interviews
were conducted in a group of patients and professionals
belonging to a single hospital. Using a different group of
professionals and patients from different hospitals and social
backgrounds, different outcomes may be generated concerning
patient information education. Second, and following this point,
the small study size could have led to overestimating the
assumptions such as the problems patients have with medication.
Further investigation on this subject is therefore warranted.
Third, observational interview studies have inherent biases (such

as responder bias or social desirability bias). This can also be
corrected using a larger-scale study.

Conclusion
We identified a remarkable difference between the goals of
patients and health care professionals regarding information
and education after myocardial infarction. Mixed reality may
be a practical tool to unite the perspectives of patients and
professionals on the disease in a more even manner, and thus
optimize knowledge transfer after myocardial infarction.
Medication understanding seems to be a feasible target for mixed
reality. However, further research is needed to develop durable
methods for education on medication through mixed reality.
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Abstract

Background: In order to give a wide range of people the opportunity to ensure and support home care, one approach is to
develop medical devices that are as user-friendly as possible. This allows nonexperts to use medical devices that were originally
too complicated to use. For a user-centric development of such medical devices, it is essential to understand which user interface
design best supports patients, caregivers, and health care professionals.

Objective: Using the benefits of mobile eye tracking, this work aims to gain a deeper understanding of the challenges of user
cognition. As a consequence, its goal is to identify the obstacles to the usability of the features of two different designs of a single
medical device user interface. The medical device is a patient assistance device for home use in peritoneal dialysis therapy.

Methods: A total of 16 participants, with a subset of seniors (8/16, mean age 73.7 years) and young adults (8/16, mean age 25.0
years), were recruited and participated in this study. The handling cycle consisted of seven main tasks. Data analysis started with
the analysis of task effectiveness for searching for error-related tasks. Subsequently, the in-depth gaze data analysis focused on
these identified critical tasks. In order to understand the challenges of user cognition in critical tasks, gaze data were analyzed
with respect to individual user interface features of the medical device system. Therefore, it focused on the two dimensions of
dwell time and fixation duration of the gaze.

Results: In total, 97% of the handling steps for design 1 and 96% for design 2 were performed correctly, with the main challenges
being task 1 insert, task 2 connect, and task 6 disconnect for both designs. In order to understand the two analyzed dimensions
of the physiological measurements simultaneously, the authors propose a new graphical representation. It distinguishes four
different patterns to compare the eye movements associated with the two designs. The patterns identified for the critical tasks are
consistent with the results of the task performance.

Conclusions: This study showed that mobile eye tracking provides insights into information processing in intensive handling
tasks related to individual user interface features. The evaluation of each feature of the user interface promises an optimal design
by combining the best found features. In this way, manufacturers are able to develop products that can be used by untrained
people without prior knowledge. This would allow home care to be provided not only by highly qualified nurses and caregivers,
but also by patients themselves, partners, children, or neighbors.
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Introduction

Chronically ill patients cared for at home experience a higher
health-related quality of life and a normalization of everyday
life that is less dominated by the disease [1-3]. Therefore, 82%
of end-stage renal disease patients and their families, if fully
informed about their treatment options, would choose a home
modality [4]. However, only 14% of dialysis patients in Europe
are treated at home [5]. The main obstacle to home care is the
availability of caregivers such as community nurses, neighbors,
or relatives [6,7]. In order to allow a broad range of people the
opportunity to ensure and support home care, one approach is
to design medical devices with greater ease of use. This allows
nonexperts to use medical devices that were originally too
complicated to use. For user-centric development of such
medical devices, it is essential to understand which user interface
(UI) designs best support patients, caregivers, and health care
professionals [8,9].

Human factors engineering drives user-oriented design and must
test customized product UIs with intended users to determine
the ideal level of mental workload. According to Kantowitz
[10], mental workload is a subset of attention and the link
between the demands of the environment and the capacity of
the organism; it cannot be directly assessed. In a usability
evaluation, the abstract term demand of the environment means
fulfilling a task correctly. Consequently, when use errors occur,
demand has not been met, and mental workload may have been
too high or too low. This may be evaluated by analyzing the
distribution and characteristic of attention in use error–related
tasks.

Methods such as observations, questionnaires, and interviews
are used to gain insight into the usability of an interface, but
the focus is mainly on the graphical UI on a screen [9,11-15].
However, users gain most information through visual perception
[16], and the short-term memory has only a limited capacity
[17,18]. Therefore, it is difficult to understand the causes of use
errors using traditional methods only.

Eye tracking provides a first-person perspective of the user and
continuous localization of the gaze point. According to Hoang
Duc et al [19], “tracking eye movements has the potential to
provide a more direct measure of where attention is deployed
since the direction of gaze is generally considered to be tightly
coupled to the orienting of attention.” Furthermore, “when
people attend to a particular spatial location, there is greater
neural processing in portions of the visual cortex corresponding
to that location” [20]. Eye tracking thus allows objective
feedback to find perception problems [21,22] and gain valuable
insights into hotspots in attention distribution on the UI. This
information can be used for both qualitative and quantitative
evaluation of the usability of the UI. As a result, in recent years
eye tracking has increasingly become a method for testing
attention and improving or evaluating the features of UIs.
Examples are web and print advertisements [23,24] and

graphical representations like x-ray images of patients [25].
More complex subjects of the investigations include graphical
UIs such as computer tomography interfaces [26] or spacecraft
displays [27,28]. Further, there are single studies where eye
tracking is used to evaluate highly interactive UIs of tangible
products like smart TVs [29], smartwatches [12,21], or medical
devices [30,31].

Most studies used a remote eye-tracking system where the
stimulus is presented on a screen and participants are asked to
sit still in front of a desk. Aside from this setup, mobile eye
tracking with minimally invasive head-mounted systems
provides a degree of freedom in movability. This promises
natural user behavior in the testing of tangible medical devices
[30].

In a first step of the eye-tracking data analysis, the raw gaze
point data are classified into three events: fixation (nearly no
eye movement), saccade (fast eye movement), and blink (closed
eye). Since classified gaze data contain no semantic information
on the looked-at objects or features, a second step of areas of
interest mapping is needed. In this step, the single fixation events
are manually assigned to the specific looked-at objects or UI
features. As a result, data can subsequently be analyzed
object-related in terms of durations of single fixations or
cumulative dwell times (DTs) on an object or feature for a
particular task. Fixation duration (FD), describing a property
of visual attention per unit, is associated with the processing
depth, which when increased leads to longer fixations [32-35],
and with the rate of information extraction [23,35,36]. DT,
describing the sum of visual attention related to specific objects
or features, is associated with the length of the information
extraction [28,37]. Thus, these measurements represent attention
and, in the context of handling tasks, mental workload as a
subset of attention in two dimensions.

Using the benefits of mobile eye tracking, we aimed to gain a
deeper understanding of the challenges and differences in user
cognition and thus identify obstacles to the user-friendliness of
single UI features of a patient assistance device intended for
home use in peritoneal dialysis (PD) therapy. This paper
describes, to our knowledge, the first benchmark tests of two
different UI designs based on physiological measurements using
mobile eye tracking. The underlying research questions of this
work are as follows:

• RQ1: Do slight differences in the design of the UI of a
patient assistant device lead to differences in the
effectiveness of use?

• RQ2: What are the differences in visual perception between
two UI designs of a patient assistant device related to single
task-relevant UI features in use error–related handling tasks?

JMIR Hum Factors 2020 | vol. 7 | iss. 2 | e15581 | p.16http://humanfactors.jmir.org/2020/2/e15581/
(page number not for citation purposes)

Wegner et alJMIR HUMAN FACTORS

XSL•FO
RenderX

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


Methods

Summary
The aim of this work was to gain a deeper understanding of the
challenges in user cognition and thus the obstacles to
user-friendliness of single UI features of a medical device.
Therefore, a quasi-experimental study was conducted for data
collection with the medical device with the intention of being
as realistic as possible and representing the intended use. As a
result, naïve representatives of the user group of patients (young
adults and seniors) were recruited, and the study was conducted
in the intended environment.

Stimuli
The stimuli of the study were prototypes with two different UI
designs (D1 and D2, see Figure 1) of a medical device system.

The system consists of medical device, inlet for guiding and
manipulating a bag system with dialysis fluid, and catheter,
which is connected to the patient in the real therapy application.
The most important interface features of the medical device are
the buttons for manipulating the bag system and the lever for
moving the inlet inside the device. The inlet has functions for
fixing, clamping, and opening a predetermined breaking point
feature inside the bag lines. The medical device system supports
PD handling and is aimed at adults aged 18 and older. The
stimuli provide acoustic (click sounds), haptic (positioning by
stops), and visual (clear states and observation windows)
feedback. Both prototypes support the same functionalities and
require the same handling steps. At the top level, appearance
of the UI designs was neutral in a monochrome design, as shown
in Figure 1, to eliminate the effects of different coloring as an
additional variable.

Figure 1. Illustration of user interface designs D1 (left) and D2 (right) including features lever and buttons 1-3. Additional parts for the therapy handling
with the medical device are bag lines and catheter (standard parts used in therapy) and inlets D1 and D2, compatible with their respective designs.

Recruitment and Data Exclusion
A total of 25 participants (18 men and 7 women, average 50.2
years, range 24 to 90 years) were recruited and participated in
this study. The sample was recruited from a retirement home
(10 men and 5 women, average 74.0 years, range 67 to 90 years)
and from university (8 men and 2 women, average 25.1 years,
range 24 to 26 years). In the PD patient population in Europe,
52% are younger than age 65 years [5]. Due to potential
technical challenges with the eye-tracking technology related
to the physiology of the eye area, which is especially relevant
for seniors as reported by Bojko [38], more participants were
invited than analyzed in the final analysis. All participants were
in good physical and mental condition and assessed the
suitability of study participation themselves. No participant was
familiar with PD therapy or mobile eye tracking. All participants

had normal or corrected vision with contact or corrective lenses
that could be connected to the mobile eye-tracking system.

One senior left the study prematurely after the first handling
cycle and was therefore excluded from the analysis. For five
seniors and one young adult, data quality was insufficient due
to measure errors by the eye tracker resulting from drooping
eyelids, watery eyes, or long eyelashes. In order to achieve a
counterbalance in terms of the order of use of the two designs
and represent the target population characteristic of PD patients
in age, the data sets of a randomly selected senior and young
adult were not included in the data analysis. Thus, a total of 16
data sets with 8 data sets from each group of young adults (25.0
years on average) and seniors (73.7 years on average) could be
analyzed. Four participants in each group started with D1 and
four with D2, achieving a complete counterbalance. As a result,
this within-subject design mitigated the effect of individuality.
Consequently, measures that naturally differ from participant
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to participant, such as FDs, could be compared with this
balanced design of the study.

Study Procedure
When participants arrived in the test environment, they were
welcomed and thanked for their participation. Before the study
began, participants were asked to read information on the goal
of the study, data safety, and data management. If they agreed
to participate in the study, they were asked to sign the consent
form. Subsequently, participants put on the mobile eye-tracking
system, and the moderator conducted a 3-point calibration. Since
all participants were beginners in PD therapy and in the use of
the device, the moderator briefly described the disease and
associated PD therapy. Next, the moderator demonstrated the
handling procedure with a low-level representation of the UI,
designed and built for this purpose, and the devices. After the

introduction, participants performed the handling cycle of tasks
1 through 7 in a simulated PD therapy (see Figure 2), starting
either with D1 or D2 and guided by written instructions. Each
instruction was printed in a neutral design on an individual sheet
to test the usability of the medical device and not the instruction.
There was no time limit for the fulfillment of tasks, and the
moderator assisted only in cases where the study would
otherwise have had to be terminated due to the use error.
Subsequent to the first completed handling cycle, participants
were asked to give their feedback on usability in a
semistructured interview with predefined high-level questions
asking for general feedback on tasks related to use errors,
guiding to the root causes of handling difficulties and use errors.
Starting with the handling cycle, this process was repeated for
the remaining prototype of the UI design.

Figure 2. Seven tasks in medical device handling cycle. User interacts manually with inlet, bag lines, catheter, and user interface features lever and
buttons 1-3.

Data Analysis
In the data analysis, a 2-step approach was used. It started with
the analysis of task effectivity searching for use error–related
tasks. Subsequently, the in-depth gaze data analysis focused on
these identified critical tasks.

For analysis of the task effectivity, the handling process of
participants was observed via a live recording from the first
person’s perspective from the eye-tracking system. The
performance in each task was evaluated by an observer. In the
evaluation, two categories were distinguished according to the
international standard IEC 62366-1 (2015). The first category,

safe use, is defined as “normal use without use error” [39]. The
second category, use error, is defined as “user action or lack of
user action while using the medical device that leads to a
different result than that intended by the manufacturer or
expected by the user” [39].

Gaze data were recorded with the mobile eye-tracking system,
SMI Eye Tracking Glasses 2 (SensoMotoric Instruments
GmbH), with a scene resolution of 1280×960 pixels (viewing
angle: 60° horizontal, 46° vertical) of the front camera offering
a sampling frequency of 24 Hz with the gaze point measurement
having an accuracy of 0.5° over all distances. The raw gaze
point data were classified into the events of fixations, saccades,
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and blinks by SMI BeGaze version 3.7 (SensoMotoric
Instruments GmbH). Subsequent to the areas of interest analysis,
information on FD for depth and rate and DT for length of
information extraction related to particular objects and features
of the medical device system (Figure 1) were calculated. This
information was used to understand the challenges of user
cognition in use error–related tasks. Blinks were not considered
in this work.

Combining the information on FD and DT, the data were
analyzed with a multivariate analysis of variance (MANOVA)
using SPSS Statistics 24 (IBM Corp). The MANOVA had one
independent variable with two levels, D1 and D2 (see Figure
1), two dependent variables, FD and DT, both measured on a
ordinal level and representing the rank of the mean

measurements for every participant for the UI features in
error-related tasks.

For a better understanding of the two analyzed dimensions,
length and depth of visual perception, Figure 3 combines
information on the two measured parameters. Evaluating user
perception of all participants as a whole, it shows the
relationship between mean FD and mean DT for individual UI
features of D1 compared with D2. Based on the two analyzed
dimensions assigned to D1 in the coordinate origin, the mean
FD and mean DT of D2 can be longer or shorter. Consequently,
four different categories or patterns can be distinguished. A
suggested interpretation of these patterns in terms of workload
or gaze behavior is shown in Figure 3. Equations for calculating
the values of the shift in both dimensions (∆DT and ∆FD) from
D1 to D2 for the diagram can be seen in Figure 4.

Figure 3. Visualization of shifts in two dimensions of the physiological gaze data measurements fixation duration and dwell time. The displayed shifts
are from a Design D1 in the coordinate origin to a Design D2, presented in the middle column. In total, a distinction is made between the four categories.
The right column explains the four patterns.

Figure 4. Equations for calculating the values of the shift in both dimensions of dwell time and fixation duration (∆DT and ∆FD) from UI design D1
to D2.

Results

Each of the 16 participants performed 30 handling steps in the
7 tasks with both UI designs, resulting in 480 evaluated handling
steps for each UI design. The results of the task performance
are shown in Figure 5. Overall, 97% of the handling steps were
performed correctly for D1 and 96% for D2.

According to the results, the main challenges were in task 1
(insert), task 2 (connect), and task 6 (disconnect) for both UI
designs. The remaining four handling tasks were performed
without errors, except for one missing catheter closure in task
5 (fill) with D2. Observed use errors in the first task were mainly

incorrectly inserted bag lines in the inlet. Further use errors
were forgetting to attach the cap of the bag lines to a safety
feature on the device and folding the protective film of the inlet
outwards. All use errors were discovered and corrected by
participants at a later stage of the handling cycle. In task 2
(connect), use errors occurred when the lever should have been
used to connect bag lines and catheter. In task 6 (disconnect),
some participants forgot to operate the lever for disconnecting
catheter from bag lines and for placing a new cap onto catheter.
In the semistructured interview, participants mentioned
difficulties positioning bag lines and catheter in the inlet,
oblivion of some details in the handling from the presentation,
hesitation because of fear of breaking something, and misleading
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wording in the instructions for tasks 2 (connect) and 6
(disconnect). In addition, participants gave positive and negative
feedback on the overall impression and experience with the
device.

Multimedia Appendix 1 focuses on handling tasks with observed
use errors and shows the results of the data analysis of the
physiological gaze data in both dimensions. The mean values
for FD are given in milliseconds and for DT in seconds. The
mean FD for single UI features was between 149 and 405
milliseconds. The mean DT for single UI features was between
0.3 and 28 seconds. At task 1 (insert), there were large shifts
from the UI features bag lines, inlet, and catheter to the UI
features levers and buttons. While the first group had average
DTs between 7 and 28 seconds, the second group had average
DTs between 0.3 and 3 seconds. At task 2 (connect) and task 6
(disconnect), the DT varied from less than 1 second for the
buttons to 3 seconds for bag lines and catheter. For the mean
FD, clustering was not found in any of the three tasks.

A MANOVA revealed statistically significant differences
between D1 and D2 for catheter (Pillai trace=.216, F2,29=3.985,

P=.03) and for lever (Pillai trace=.348, F2,25=6.674, P=.005) in
task 1 (insert) and for inlet (Pillai trace=.22, F2,25=3.534,
P=.045) in task 6 (disconnect). All other UI features showed
no statistically significant differences in the three error-related
tasks.

For better understanding, Figure 6 visualizes the data presented
in Multimedia Appendix 1. As shown in Figure 3, this
visualization combines FD and DT as two dimensions of the
gaze data. In task 1 (insert; Figure 6A), the mean DT for all
task-relevant UI features is longer for D2. The bag lines show
a strong category 1 pattern, while the other two UI features
show little to no shift for the mean FD. For task 2 (connect;
Figure 6B), three UI features show a strong category 4 pattern,
while the bag lines show mainly shorter mean DTs and only a
slightly longer mean FD, thus showing a weak category 2
pattern. For task 6 (disconnect; Figure 6C), the UI elements
located inside the device in this task show a strong category 2
pattern, while the lever on the outside of the device shows a
strong category 1 pattern.

Figure 5. Comparison of task performance between D1 and D2 for all seven tasks. Evaluation in two categories, safe use and use error, according to
International Electrotechnical Commission 62366-1 (2015).
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Figure 6. Shifts from D1 (in the coordinate origin) to D2 in terms of mean fixation duration (ordinate) and mean dwell time (abscissa) for task 1 insert
(A), task 2 connect (B), and task 6 disconnect (C). The relevant user interface features in these three tasks are bag lines, inlet, catheter, and lever.

Discussion

Principal Findings
Task performance analysis generally showed little or no use
errors in the various handling tasks for both UI designs (see
Figure 5). The tasks with observed use errors were the insertion
of material and connection and disconnection of bag lines and
catheter. In line with the observations, participants described
in semistructured interviews difficulties in the execution and in
remembering of the correct handling step details in the observed
use error–related tasks. Further, they reported misleading
wording in the instructions as the explanation for their use errors
in task 2 (connect) and task 6 (disconnect), thus providing
additional information for the development of the supplementary
material. In the first task, most use errors occurred when
inserting the bag lines into the inlet. For this task, Figure 6A
shows a category 1 pattern with longer mean DT and longer
mean FD for the bag lines. Therefore, the results of gaze data
analysis are consistent with the results of task performance.
Gaze data shows more scrutinizing for D2 compared with D1
in order to insert bag lines and catheter into inlet and device.
The longer and higher depth in visual perception indicates a
higher mental workload for this task using D2.

When connecting and disconnecting the catheter, some
participants missed pulling down the lever to connect bag lines
and catheter again and putting a new cap on the catheter. For
connecting and disconnecting bag lines and catheter, the most
important interface features show category 4 patterns (task 2,
Figure 6B) and category 2 patterns (task 6, Figure 6C). This
visual pattern indicates more skimming behavior for task 2 and
less skimming behavior for task 6. This in turn indicates more
visual controls when connecting bag lines and catheter in task
2 for D2. Compared with task performance, this seems to result
in slightly fewer use errors for D2 (2% vs 4%). For task 6,
results indicate less visual searching associated with the relevant
features inlet and catheter for D2 when a new cap is placed on
the catheter. In a comparison of the two UI designs, the main
difference between D1 and D2 is the position of the top window.
With D2, the user can better see the inlet. This may help finding
the important features while a new cap is placed on the catheter.
Furthermore, the lever in task 6 shows a category 1 pattern
associated with a longer and higher depth in visual perception
for D2. Although the results show fewer use errors, handling
the lever with D2 appears to be mentally more difficult than
with D1.

When evaluating the total mental workload of the medical device
system, the analyzed UI features of the medical device showed
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shifts in both the mean FD and mean DT. The mean FD varied
from 149 to 405 milliseconds in the critical tasks across all
features (Multimedia Appendix 1). In order to be able to
interpret these values, the results of three different task examples
as described in the literature are compared. In a case study of a
driving situation described by Velichkovsky et al [34], the values
for the mean FD were between 499 and 543 milliseconds. Bojko
et al [33] reported in an evaluation of drug label designs that
the FD varied between 260 and 392 milliseconds. Just and
Carpenter [35] observed a mean FD of 477 milliseconds
observing the task of reading a scientific text. Compared with
these studies, the mean FD of the handling cycle is in the same
range as reading a drug label. The mean DT in the critical tasks
varied in a range from 0.3 to 28.3 seconds (Multimedia
Appendix 1). Especially in the first task, the insertion of the
material in both UI designs required longer DT for bag lines
and catheter compared with other tasks. This shows that this
task requires special attention from the user. This is supported
by significant differences in a MANOVA for the catheter in the
considered task. The statistical analysis showed only in two
other cases significant differences in the gaze data. The reason
for merely three significant differences is probably because of
the low level of variation in the design.

Based on the results of this study, benchmarking D1 and D2
showed the following. Inserting the material seemed to be
challenging for both UI designs in general. Therefore, the
guiding material (manual and quick starting guide) and training
should focus on this task. The lever of D1 seemed to result in
lower mental workload. It has a more dominant appearance
compared with D2, where the lever is integrated into the housing
for protection in case of a fall. The UI design D2 of the inlet
seems to be easier to perceive visually. The higher position of
the top window in D2 shows a positive impact on the task
connecting and disconnecting bag lines and catheter.

Analysis of two dimensions of visual perception using eye
tracking provided a detailed picture of the length and depth of
the visual perception and therefore the challenges in user
cognition and ease of use. Results highlighted the differences
in information extraction for different UI features in single tasks.
This information helped human factors engineering to focus the
development on the critical UI features. Following this work,
a summative study evaluated the final UI of the device. This
final design and the instructions incorporated the results of this
study, such as the detailed description of the insertion of the
material and the coloring of the main UI features to guide the
user’s gaze. The summative study included patients, relatives,
nurses, and physicians. They represented the later user
population in the characteristic in age, preknowledge, and
comorbidities. Patients had two types of comorbidities, such as
arthritis and Reynaud syndrome, in addition to the renal disease
with its own accompanying symptoms. The summative study
confirmed the safety, efficiency, and effectiveness of use [40].

Limitations
Due to the novelty of the medical device presented in this study,
there are several limitations regarding the results. First,
participants were not patients in the real therapy. They were
beginners who had no experience in this specific therapy or

associated tasks. Furthermore, the device was not used in the
real therapy application but in a simulation. These factors
provide information on how forgetfulness or even dementia
would influence use of the medical device in the later use by
patients. Second, when the final product is used, individual
training of the user is mandatory and labeling material supports
the user. This support was not provided in this study. Instead,
a presentation with an additional low-level representation of
the UI and a neutral text of the seven tasks guided participants
through the handling cycle. Consequently, the focus was on
intuitive task performance and perception of information
depending on the different UI designs. Third, the design of the
two different top-level designs was similar due to a unicolored
representation. This is not a strong contrast between the main
UI functions and the rest of the medical device. As stated in
Methods, this was chosen to eliminate influences of different
coloring as an additional influencing factor. At the level of gaze
data analysis, representation of the combination of mean FD
and mean DT is the first published. Further research is needed
to assess whether identified patterns apply to different usability
studies with different tasks and stimuli.

Conclusion
The prototypes of the medical device system as stimuli of the
study had only little differences in the single UI features.
Consequently, results in the effectiveness of use revealed only
marginal differences, with a maximum of 6% versus 10% use
errors in task 1 (insert). Based on the two dimensions of the
physiological gaze data measurements FD and DT, four distinct
patterns could be distinguished between the two UI designs. A
MANOVA revealed statistically significant differences in these
patterns for three UI features.

Studying the impact on the usability of alternatives of different
UI designs is crucial to understand which best supports the user.
Traditional methods such as observation, interviews, or
questionnaires tend to give feedback only at the level of the UI
as a whole. Furthermore, when it comes to reporting usability
issues or first impressions of the medical device during
interviews or questionnaires, several challenges arise. Test
participants may forget to report their impressions or adapt their
answers to social expectations [30,41]. This makes it difficult
to identify the root causes of usability problems and thus the
necessary changes in UI design. In alignment with Lohmeyer
et al [31] and Koester et al [30], this study showed that mobile
eye tracking provides objective quantitative results based on
physiological measurements related to individual UI features.
These results can be used to evaluate usability in much more
detail compared with traditional methods.

This information is crucial to be able to adapt the design of a
product to the needs of the users. Therefore, results of usability
testing must be more detailed than just a yes-or-no result of use
errors. On the contrary, evaluation of each feature of the UI
promises to achieve the best possible UI design by combining
the best features found. This combined solution would therefore
offer the highest level of usability. In this way, manufacturers
can develop products that can be used even by untrained people
without prior knowledge. This would allow home care to be
provided not only by highly qualified nurses and caregivers,
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but also by patients themselves, partners, children, or neighbors.
This would contribute to removing barriers to home care and

thus to a higher quality of life and normalization of everyday
life, which is less dominated by illness for patients.

 

Acknowledgments
The authors express their gratitude to all participants of the handling study and to the administration team of the retirement home
Limmat in Zurich, Switzerland, for their support. The study was reviewed by the Swiss Ethics Committees on research involving
humans (Req-2017-00832). It was assessed to not fall under the Human Research Act.

Conflicts of Interest
SN and JCG are employed by Peripal AG.

Multimedia Appendix 1
Analysis of eye tracking metrics for user interface features bag lines, inlet, catheter, lever, and buttons. Mean fixation duration
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task 1 (insert), task 2 (connect), and task 6 (disconnect). Multivariate analysis of variance analyzed the combination of FD and
DT for significant differences according to the Pillai trace (p) between D1 and D2.
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Abstract

Background: Improving teamwork in surgery is a complex goal and difficult to achieve. Human factors questionnaires, such
as the Safety Attitudes Questionnaire (SAQ), can help us understand medical teamwork and may assist in achieving this goal.

Objective: This paper aimed to assess local team and safety culture in a cardiovascular surgery setting to understand how
purposeful teamwork improvements can be reached.

Methods: Two cardiovascular surgical teams performing complex aortic treatments were assessed: an endovascular-treatment
team (ETT) and an open-treatment team (OTT). Both teams answered an online version of the SAQ Dutch Edition (SAQ-NL)
consisting of 30 questions related to six different domains of safety: teamwork climate, safety climate, job satisfaction, stress
recognition, perceptions of management, and working conditions. In addition, one open-ended question was posed to gain more
insight into the completed questionnaires.

Results: The SAQ-NL was completed by all 23 ETT members and all 13 OTT members. Team composition was comparable
for both teams: 57% and 62% males, respectively, and 48% and 54% physicians, respectively. All participants worked for 10
years or more in health care. SAQ-NL mean scores were comparable between both teams, with important differences found
between the physicians and nonphysicians of the ETT. Nonphysicians were less positive about the safety climate, job satisfaction,
and working climate domains than were the physicians (P<.05). Additional education on performed procedures, more conjoined
team training, as well as a hybrid operating room were suggested by participants as important areas of improvement.

Conclusions: Nonphysicians of a local team performing complex endovascular aortic aneurysm surgery perceived safety climate,
job satisfaction, and working conditions less positively than did physicians from the same team. Open-ended questions suggested
that this is related to a lack of adequate conjoined training, lack of adequate education, and lack of an adequate operating room.
With added open-ended questions, the SAQ-NL appears to be an assessment tool that allows for developing strategies that are
instrumental in improving quality of care.

(JMIR Hum Factors 2020;7(2):e17131)   doi:10.2196/17131

KEYWORDS

human factors; organizational culture; SAQ; SAQ-NL; safety assessment; vascular surgery

Introduction

The World Health Organization (WHO) has stated that knowledge
on human factors (HF), especially nontechnical skills, is crucial
in developing safe environments for patients [1]. A 2017

analysis of the Dutch health care system showed that
nontechnical aspects of work were understudied in professional
training [2,3]. Nontechnical dimensions of teamwork, such as
communication, stress awareness, and shared decision making,
all contribute to the effectiveness of teamwork. Importantly,
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failing to invest in these issues may have negative effects on
patient safety and clinical outcomes [4-6]. The challenge lies
in how to identify, analyze, and improve these nontechnical
skills.

In aviation and offshore industries, for example, awareness of
nontechnical skills is crucial in daily work. Training and
improving nontechnical skills are often part of corporate
policies, with proven effects on safety [7,8]. Similarly, positive
results have been observed in health care, although the number
of studies is scarce [9,10]. Understanding the safety culture and
climate within a team is central to improving nontechnical skills.
This can be assessed through questionnaires such as the Safety
Attitudes Questionnaire (SAQ), which is a medical HF
questionnaire that has been validated in different medical
domains. In 2016, the SAQ Dutch Edition (SAQ-NL) was the
questionnaire validated in the Dutch language [11,12]. Although
often used to assess an ex ante baseline and the ex post effect
of team trainings, the SAQ-NL as a diagnostic tool is not
commonly used to identify what exactly needs changing within
a team nor to adjust subsequent training accordingly.

The outcome of complex aortic aneurysm surgery is highly
dependent on team dynamics. Aortic aneurysms are defined as
complex when important side branches are included in the
aneurysm. This necessitates inclusion of these side branches in
the vascular reconstruction, making the procedure high risk.
Open, as well as endovascular complex aortic, reconstructions
are associated with high mortality and morbidity rates. Both
treatments are conducted by multidisciplinary teams.

In this study, the SAQ-NL was used as a diagnostic tool to
examine teamwork and safety climate in two types of teams:
an open-treatment team (OTT) and an endovascular-treatment
team (ETT). The aim of this study was to understand, and
ultimately help improve, teamwork conditions and safety climate
in this high-risk setting. Primarily, it was hypothesized that (1)
the SAQ-NL will provide insight into how teamwork and safety
is perceived by different team members and (2) this knowledge
may help guide future teamwork improvement strategies.

Methods

Terminology
Pinpointing safety culture and safety climate within a medical
department is difficult, especially because they are not mutually
exclusive. The safety culture of an organization is the product
of individual and group values, traditions, perceptions, and
competences that determine the commitment to, and the style
and proficiency of, an organization’s health and safety
management [13]. An organization’s safety culture is the context
in which personal safety attitudes develop, persist, and are
promoted [8]. It is like a “script” that is taught to every employee
that is continuously formed, shaped, and reshaped not only by
themselves, but also by their fellow “actors” in the work setting.
This concept has been used widely since the 1980s in aviation,
as well as industrial settings, such as power plants and offshore
environments.

The safety climate is the manifestation of that safety culture in
the behaviors and attitudes of professionals, for instance, during
surgical procedures. When one would take a “snapshot” of such
an environment, certain behavioral cues would be seen; for
example, a surgeon being focused on the patient and on his or
her tools, the scrub nurse seeing a drop in blood pressure, and
the anesthetist reacting accordingly. This “snapshot” with all
the interactions between professionals can be seen as the climate
people are working in. This climate (ie, the “play” or the
day-to-day atmosphere when working) is directly influenced
by the department’s culture (ie, the “script” which consists of
perceptions, beliefs, and traditions). For example, when
convention holds that nurses do not speak up when things go
wrong, this negatively impacts the safety climate and often leads
to errors and eventually diminished patient safety [14].

Measuring perceptions of safety and teamwork in a specific
setting at a certain point in time (ie, during a surgical procedure)
provides insight into the safety climate as well as the safety
culture. Put differently, it allows for the assessment of how
every “actor” plays their role and, while doing so, to what extent
they are influenced by others and the “script” used. Figure 1
gives an overview of the terminology used.
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Figure 1. Safety culture and safety climate (source: AD Hilt).

Design and Study Setting
This study followed a cross-sectional survey design. The Leiden
University Medical Centre is one of eight university hospitals
in the Netherlands. For this study, two complex aortic aneurysm
treatment teams were evaluated: the ETT and the standard OTT.

There were two reasons for the assessment of the two teams.
Firstly, the endovascular treatment is relatively new to this
hospital, having been performed starting in 2013. Refinement
of nontechnical skills is of great interest in this setting, since it
has been shown that this improves patient safety and outcomes
[10,15]. Secondly, the introduction of the endovascular treatment
demanded a shift in work environment for part of the team.

The OTT continued to work in the familiar environment of their
operating theater, whereas the ETT had to perform their
procedures in an angiography suite, an environment where many
team members were not used to working. For daily workflow
of the ETT, it was important to understand how it was influenced
by this shift in environment. An outline of routine ETT and
OTT procedures is shown in Multimedia Appendix 1.

Study Population
The ETT consisted of 23 team members with a large diversity
of radiology personnel, surgical staff, and the addition of a
supplier specialist. The OTT consisted of 13 team members
with predominantly surgical staff and perfusionists, the latter
not being included in the ETT. Noticeably, a supplier specialist
was present in the ETT but not the OTT. The specific role of
the supplier specialist lies in participating in the discussion of
stent type and design, as well as on-site product advice during
the procedure. The supplier specialist is a standard, crucial team
member of the ETT. Additionally, it should be noted that 2
vascular surgeons, 1 neurologist, and 1 clinical neurophysiology
technician were part of both teams. The partial overlap of
members of different teams is common in medical settings. All
4 interviewees with dual team membership were able to clearly
distinguish between the two teams when answering our
questions. In all further analyses, vascular surgeons, thoracic
surgeons, radiologists, anesthetists, and neurologists are referred
to as physicians, whereas scrub nurses, nurse anesthetists,
clinical neurophysiology technicians, radiology technicians,
supplier specialists, and perfusionists are referred to as
nonphysicians. Table 1 summarizes the physician and
nonphysician composition of both teams, as well as health care
tenure and team tenure.
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Table 1. Overview of team composition in the endovascular-treatment team (ETT) versus the open-treatment team (OTT).

Average team tenure, yearsAverage health care tenure, yearsN (%)Team and members

ETT (N=23)

≥5≥102 (9)Radiologist

4≥101 (4)Thoracic surgeon

≥5≥103 (13)Anesthetist

4≥104 (17)Vascular surgeon

3≥101 (4)Neurologist

≥5≥105 (22)Radiology technician

≥583 (13)Scrub nurse

≥5≥101 (4)Nurse anesthetist

4≥102 (9)Clinical neurophysiology technician

≥581 (4)Supplier specialist

OTT (N=13)

3≥101 (8)Thoracic surgeon

1≥102 (15)Anesthetist

≥5≥103 (23)Vascular surgeon

4≥101 (8)Neurologist

492 (15)Scrub nurse

4≥101 (8)Nurse anesthetist

4≥101 (8)Clinical neurophysiology technician

≥5≥102 (15)Perfusionist

Human Factors and the Safety Attitudes Questionnaire
Research into HF aims to understand how humans function in
different environments, in order to improve human performance
and safety within these environments [16]. HF research has
become a core part of major industries, such as aviation and the
offshore industry, mainly because of the high dependence on
human performance and its effect on safety. Teamwork safety
has been extensively evaluated in aviation through HF
questionnaires, originally through the Cockpit Management
Attitudes Questionnaire (CMAQ) [7,17]. This questionnaire
assessed the perceptions concerning safety climate and
teamwork among personnel working on an aircraft. This was
later refined into the Flight Management Attitudes Questionnaire
(FMAQ) [7]. In the medical domain, intensive care units were
the first to adopt a medical version of the FMAQ: the Intensive
Care Unit Management Attitudes Questionnaire (ICUMAQ)
[17]. Developed by Sexton et al, the SAQ is a refinement of the
ICUMAQ for a health care setting. It has proven its
psychometric and clinical quality in different clinical settings,
as well as in the Dutch setting (ie, the SAQ-NL) [11,17,18].
The SAQ assesses 30 items in six domains: safety climate (SC),
teamwork climate (TC), job satisfaction (JS), stress recognition
(SR), perceptions of management (PoM), and working
conditions (WC). The 30 items are each assessed on a 5-point
Likert scale: disagree strongly (1), disagree slightly (2), neutral
(3), agree slightly (4), and agree strongly (5). The WHO
indicates that the SAQ is a valuable HF instrument for assessing
medical teamwork dynamics in a standardized fashion [1]. For

this study, the strong methodological foundation of the SAQ
and its usability in the field were the main reasons to use it.

Additionally, to gain insight into teamwork, safety attitudes,
and the meaning of the SAQ-NL outcomes, respondents were
asked to answer the following open-ended question: “What are
your top three recommendations for improving patient safety
in this clinical area?” A Web-based survey of the SAQ-NL via
Google Forms (Google) was sent to all ETT and OTT members
(see Multimedia Appendix 2).

Statistics
Frequency tables for gender, professional positions, team tenure,
and general health care tenure were generated to give an
overview of both teams. Response patterns are shown as
percentages. For normally distributed categorical data, a
chi-square test was used to calculate statistical differences. For
each SAQ dimension, mean scores and standard deviations were
calculated per team (ie, ETT and OTT), per professional group
(ie, physicians and nonphysicians), and per department. An
unpaired t test was used to calculate differences between the
SAQ-NL mean scores for the ETT and the OTT. A univariate
analysis of variance (ANOVA) test was performed to evaluate
whether there was a significant difference between average
SAQ-NL scores among professional groups, the ETT and OTT,
as well as the departments. Data from the open-ended questions
were displayed in a descriptive manner; content analysis was
used to analyze these. Two authors (ADH and JvS) labelled
responses according to major themes that emerged from the
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data. Cronbach alpha was calculated for all SAQ dimensions
of our sample. For analysis, SPSS Statistics for Windows,
version 23.0 (IBM Corp), was used. A P value of less than .05
was considered significant.

Biases
Teamwork and safety are delicate subjects, leading to a risk of
response bias. Examples of response bias are question order
bias and social desirability bias. The use of a self-administered
questionnaire via an online survey is known to minimize the
latter effect [19]. All questionnaire data were available only to
the main researcher (ADH), who has no professional position
in the ETT or the OTT.

Ethical Considerations
By Dutch law, no ethical approval was needed to conduct this
study. All participants gave informed consent for participating
in the study and the use of their pseudoanonymized data.

Results

Demographics
The ETT consisted of 23 members of which 13 (57%) were
male and 11 (48%) were physicians. The OTT consisted of 13
members of which 8 (62%) were male and 7 (54%) were
physicians. The composition of the teams regarding number of
males and physicians was not significantly different (P=.60 and

P=.50, respectively; see Table 2). Team tenure of 5 years or
more was more prevalent among the ETT (12/23, 52%) than
among the OTT (3/13, 23%), but this difference was not
statistically significant (P=.16; see Table 2). Both teams had a
large proportion of members working 10 years or more in health
care (ETT 19/23, 83%, vs OTT 12/13, 92%, P=.30). Long
working weeks (ie, ≥50 hours) were more prevalent among the
OTT than among the ETT; however, this difference was not
significant (OTT 6/13, 46%, vs ETT 5/23, 22%, P=.50).

Mean Scores From the Dutch Safety Attitudes
Questionnaire: Endovascular-Treatment Team Versus
Open-Treatment Team
An overview of mean SAQ-NL scores with standard deviations
per domain is shown in Table 3. Higher means were observed
for the OTT; however, an independent-samples t test showed
that for all SAQ-NL domains, no statistically significant
differences existed between the ETT and OTT.

Mean scores for the SAQ dimensions for the ETT and OTT,
respectively, were as follows: TC 3.7 (SD 0.37) vs 3.9 (SD
0.31), P=.40; SC 3.6 (SD 0.43) vs 3.7 (SD 0.31), P=.65; JS 4.1
(SD 0.50) vs 4.2 (SD 0.46), P=.39; SR 3.0 (SD 0.73) vs 3.1 (SD
0.92), P=.84; PoM 2.9 (SD 0.66) vs 3.1 (SD 0.51), P=.44; and
WC 3.5 (SD 0.64) vs 3.6 (SD 0.70), P=.69. For our sample, all
SAQ domains had an acceptable level of reliability (alpha≥.70),
with the exception of the TC domain, which had poor reliability
(alpha=.58).

Table 2. Demographics of the endovascular-treatment team (ETT) and the open-treatment team (OTT).

P valueOTT (N=13), N (%)ETT (N=23), N (%)Demographic

.608 (62)13 (57)Male

.507 (54)11 (48)Physician

.163 (23)12 (52)Team tenure of ≥5 years

.3012 (92)19 (83)Health care tenure of ≥10 years

.506 (46)5 (22)Weekly work time of ≥50 hours

N/Aa13 (100)23 (100)Response

aN/A: not applicable.
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Table 3. Scores from the Safety Attitudes Questionnaire Dutch Edition (SAQ-NL) per domain.

Scores for each domain, mean (SD)Respondents

Working
conditions

Perceptions of
management

Stress recog-
nition

Job satisfac-
tion

Safety climateTeamwork
climate

Team

3.5 (0.64)2.9 (0.66)3.0 (0.73)4.1 (0.50)3.6 (0.43)3.7 (0.37)Endovascular-treatment team (ETT) (N=23)

3.6 (0.70)3.1 (0.51)3.1 (0.92)4.2 (0.46)3.7 (0.31)3.9 (0.31)Open-treatment team (OTT) (N=13)

Positions within each team

ETT

3.2 (0.68)e2.7 (0.67)2.9 (0.61)3.8 (0.41)e3.4 (0.35)e3.6 (0.43)Nonphysiciana (n=12)

3.9 (0.37)e3.1 (0.64)3.1 (0.86)4.4 (0.33)e3.9 (0.34)e3.9 (0.31)Physician (n=11)

OTT

3.5 (0.54)2.9 (0.43)3.0 (0.93)4.0 (0.47)3.7 (0.33)3.8 (0.40)Nonphysiciana (n=6)

3.7 (0.83)3.2 (0.52)3.1 (0.98)4.4 (0.39)3.7 (0.33)3.9 (0.23)Physician (n=7)

Department within each team

ETT

3.3 (0.56)2.9 (0.86)3.1 (0.62)4.0 (0.56)3.7 (0.39)3.8 (0.35)Surgery (n=8)

4.1 (0.17)3.0 (0.00)2.6 (1.12)4.4 (0.51)4.0 (0.32)3.9 (0.26)Anesthesiology (n=4)

3.2 (0.79)2.5 (0.39)3.2 (0.49)4.1 (0.46)3.4 (0.41)3.7 (0.45)Radiology (n=7)

4.0 (0.33)3.6 (0.53)3.4 (0.76)4.0 (0.40)3.5 (0.59)3.4 (0.20)Neurology (n=3)

4.03.62.04.24.14.4Industry (n=1)b

OTT

3.5 (0.39)3.0 (0.51)3.0 (1.01)4.3 (0.46)3.7 (0.38)3.9 (0.30)Surgery (n=8)

3.4 (0.96)2.8 (0.00)2.8 (0.90)4.3 (0.61)3.7 (0.10)3.6 (0.34)Anesthesiology (n=3)

N/AN/AN/AN/AN/AN/AdRadiology (n=0)c

4.7 (0.47)3.7 (0.42)3.8 (0.35)4.1 (0.42)3.7 (0.40)4.0 (0.00)Neurology (n=2)

N/AN/AN/AN/AN/AN/AIndustry (n=0)c

Overlapping members within each team

ETT (n=1 of each)b

3.72.42.34.64.24.2Vascular surgeon W

3.42.43.84.23.53.4Vascular surgeon X

4.33.84.34.44.13.6Neurologist Y

3.73.03.34.03.33.4Clinical neurophysiology technician Z

OTT (n=1 of each)b

4.03.41.85.04.24.2Vascular surgeon W

3.32.63.74.43.24.2Vascular surgeon X

5.04.04.04.44.04.0Neurologist Y

4.33.43.53.83.44.0Clinical neurophysiology technician Z

aNonphysicians include scrub nurses, nurse anesthetists, clinical neurophysiology technicians, radiology technicians, supplier specialist, and perfusionists.
bBecause there is only 1 member within this group (or within each group), SDs were not calculated.
cBecause there are no members in this group, scores were not collected.
dN/A: not applicable.
eStatistical difference, P<.05.

JMIR Hum Factors 2020 | vol. 7 | iss. 2 | e17131 | p.31https://humanfactors.jmir.org/2020/2/e17131
(page number not for citation purposes)

Hilt et alJMIR HUMAN FACTORS

XSL•FO
RenderX

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


Mean Scores From the Dutch Safety Attitudes
Questionnaire: Physicians Versus Nonphysicians
Univariate ANOVA showed that for the ETT, there were
significant differences between physicians and nonphysicians
on mean scores for the SC, JS, and WC domains; physicians
were significantly more positive about SC, JS, and WC
compared to nonphysicians. Mean scores for these domains for
physicians versus nonphysicians, respectively, were as follows:
SC 3.9 (SD 0.34) vs 3.4 (SD 0.35), P=.002; JS 4.4 (SD 0.33)
vs 3.8 (SD 0.41), P=.001; and WC 3.9 (SD 0.37) vs 3.2 (SD
0.68), P=.008. For the ETT, the supplier specialist did not have
significantly different scores from the other nonphysicians (see
Table 3); there was a slight trend toward higher TC (P=.08) and
SC (P=.07) scores. For the OTT, besides a slight trend toward
higher mean scores among physicians for the JS domain—3.7
(SD 0.83) vs 3.5 (SD 0.54), P=.12—no significant differences
were found between scores from physicians and nonphysicians
for all domains.

Mean Scores From the Dutch Safety Attitudes
Questionnaire: Departmental Differences
Univariate ANOVA and independent t tests showed no statistical
differences between members of different departments (ie,
radiology, surgery, neurology, industry, and anesthesiology)
among the ETT and OTT.

Subanalysis of Mean Scores From the Dutch Safety
Attitudes Questionnaire: Overlapping Team Members
A total of 3 physicians and 1 technician filled out both the ETT
and OTT questionnaires; the mean SAQ-NL scores are also
shown in Table 3. An independent t test showed no significant
differences between the ETT and OTT for any of the SAQ-NL
domains in this group. Despite a slight trend toward lower JS
among nonphysicians (P=.18), no significant differences were
found for any of the domains when comparing physicians and
nonphysicians in the ETT and OTT, both through univariate
ANOVA.

When eliminating these 4 participants from the total analysis
of physicians versus nonphysicians in the ETT and OTT,
univariate ANOVA showed identical results for the ETT; mean
scores for SC (P=.002), JS (P<.001), and WC (P=.008) were
significantly lower among nonphysicians compared to
physicians in the ETT but not in the OTT.

Open-Ended Questions
Out of 23 members in the ETT, 21 (91%) respondents together
provided 50 comments. Of the 13 members in the OTT, 7 (54%)
respondents together provided 14 comments. For the ETT, five
themes were identified through content analysis. Comments
were related to periprocedural planning; dynamics during
procedures, both technical and nontechnical aspects; facilities
present in the operating room (OR); and patient privacy (see
Multimedia Appendix 3). In total, 23 out of 50 comments (46%)
were related to teamwork between nonphysicians and
physicians. Nonphysicians expressed their desire to be more
involved in the surgical process (12/23 comments, 52%);
individual example quotes were as follows: “... more open
communication about the patients’ status during surgery,” “...

more clarification of the surgical steps taken,” and “... more
debriefing after performed surgery.” Physicians found the
education of nonphysicians to be an important issue (10/23
comments, 43%); individual example quotes were as follows:
“... more time for extra training,” “... more team members should
attend the conjoined presurgery meetings,” “... there should be
more postsurgery evaluations together,” and “... more open
communication at different stages in surgery should be applied
toward all.” Additionally, the need for a hybrid OR (ie, fit for
both open and endovascular treatment) was stressed (11/50
comments, 22%): “... a hybrid OR where all the radiology and
surgery devices are available is a must.”

For the OTT, two major themes were identified; comments were
related to periprocedural planning and dynamics during
procedures (ie, nontechnical aspects). In total, 6 out of 14
comments (43%) were education related. Nonphysicians wanted
to be educated more (4/6 comments, 67%); individual example
quotes were as follows: “... there should be more clinical classes
about this procedure done by the anesthetist and surgeons” and
“... there should be more dedicated trainings and preparation.”
Physicians also expressed a desire for more education of
nonphysicians in the different phases of surgery (2/6 comments,
33%); individual example quotes were as follows: “... if there
are lessons learned during procedures, we should conjointly
evaluate them” and “... clinical evaluations after surgery should
be evaluated with the whole team.” An overview of relevant
themes for both the ETT and OTT with example remarks is
included in Multimedia Appendix 3.

Discussion

Principal Findings
The results of this study can be summarized as follows: (1)
physicians from the ETT were more positive about SC, JS, and
WC than were nonphysicians; (2) conjoined training sessions,
education, postprocedural evaluation, and a hybrid OR are
important topics for future improvements for both physicians
and nonphysicians from the ETT; and (3) using the SAQ-NL
with the addition of open-ended questions was an instrumental
way of assessing the safety culture and climate of two surgical
teams and to propose strategies to improve this further.

The findings of our local study suggest that there is room for
improvement in teamwork within the ETT. Regarding SC, JS,
and WC domains, physicians were more positive than
nonphysicians, which was not observed in the OTT. These
outcomes were specified by the answers to the open-ended
questions. In particular, the remarks regarding more conjoined
education on procedures and the desire for a hybrid OR provide
a good explanation for the lower scores on the JS and WC
domains, and possibly the SC domain, within the nonphysician
group. Higher SC, JS, and WC scores reflected aspects of overall
perceptions regarding commitment to safety, the work
experience, and the quality of the work environment (ie,
equipment and staffing), respectively. It is striking that this was
different from the OTT. A reasonable explanation for lower JS
and WC scores in the ETT may be that nonphysicians need to
operate outside of their own habitat, in an environment (ie, the
angiography suite) they are not familiar with and do not know
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as well as the OR. This setup is due to the absence of adequate
radiological facilities in the OR. This condition results in
nonphysicians having to move large amounts of instruments
and materials from the OR to the angiography suite. Having to
work outside of their familiar environment and having to move
surgical equipment is not necessary for OTT members, who
operate in the OR where all materials are close at hand.
Qualitative results suggest that building a hybrid OR must be
prioritized to raise ETT scores to the level of OTT scores. A
hybrid OR is a fully functional surgical theater that is equipped
with advanced medical imaging devices, such as fixed C-arms,
computed tomography scanners, or magnetic resonance imaging
scanners. These imaging devices enable complex, minimally
invasive surgery as well as hybrid procedures where minimally
invasive techniques are combined with conventional open
surgery.

The perceived need for more education and adequate working
conditions could also explain the lower SC score among
nonphysicians of the ETT. For future improvements, some
suggestions would be cross-functional teaching between
radiology technicians and scrub nurses, a more explicit definition
of roles and use of equipment, and instruction for team members
by physicians. SAQ-NL outcomes can be used after these
improvements to measure the effect of these changes in working
circumstances on teamwork.

Implications for Surgical Procedures
Previous studies have shown the effectiveness of using the SAQ
as a measure to assess teamwork in different medical settings,
largely focusing on measuring the effect of team trainings on
daily work [20,21]. The SAQ-NL has not been solely used as
a diagnostic tool.

Although no overall differences were found in our study between
the ETT and OTT as a whole, there were important differences
within the ETT. Physicians were more positive than
nonphysicians. Through open-ended questions, important themes
for improvement of daily procedures were found. Differences
between physicians and nonphysicians are not new [10,22].
However, this is still an important finding, especially for a large
tertiary referral hospital. Our findings are not only useful for
patient-facing employees, but also for team managers. These
findings stress not only the need for facilitating conjoined
training and education, but also to direct this more specifically
toward the needs of the employees. An example of the latter is
slowing down during surgery, which enables team members to
ask questions at certain key points during the surgical process
[23].

Outcomes of the Dutch Safety Attitudes Questionnaire
Improving health care team culture and teamwork safety is not
straightforward, and thorough assessments of workflow and
interactions between different professionals are time-consuming.
While improvements are necessary, trying to change the entire
health care system at once is doomed to fail because of the
complex nature of this working environment. For instance, it
is questionable what the relevance of a national teamwork
assessment would be, essentially assessing teamwork among
thousands of people having no direct interaction with each other.

Therefore, as proposed by Sexton et al, it is especially important
to put effort into the analysis of the working environment of
patient-facing employees and focus on local settings [18].

Attitudinal surveys on a local team level can be a valuable
addition to this. This study shows that small teams can be
fruitfully assessed using the SAQ-NL. Firstly, the strength of
using the SAQ-NL among small teams is that a complete
response rate is more easily obtained. Secondly, the clinical
implications of the study outcomes can be used immediately.
For example, regarding the education-related remarks, a focus
on more education during procedures can be started during the
next surgery. The SAQ-NL could subsequently be used to
monitor how such changes would influence a team’s safety
attitudes.

Lastly, the SAQ-NL is a useful tool in a cross-professional
setting. Due to the intertwinement of work, the supplier
specialist, for example, cannot be left out of the ETT analysis.
The SAQ-NL in this sense is not restricted to particular
professions.

Future Perspectives: Human Factors and Team
Analysis
Assessing team processes such as SC through the SAQ-NL is
a valuable addition to team analysis. A recent meta-analysis by
Schmutz et al assessed the impact of team process analysis on
team performance [24]. It showed that teams who are aware of
processes during daily work were almost three times more likely
to achieve high performance than teams who were not. In line
with this meta-analysis, and as we hypothesized, we recognize
the SAQ-NL as a valuable diagnostic tool for team process
analysis, mainly to assess and create awareness of processes
among team members that define their daily work.

With the knowledge of what needs attention during daily
teamwork, a next step could be HF trainings, such as Crew
Resource Management (CRM) or Team Strategies and Tools
to Enhance Performance and Patient Safety (TeamSTEPPS)
[25]. Both are proven to be effective in altering team
performance through HF principles. They teach participants
that people have certain strengths and weaknesses that can
impact daily work in a good or bad way [16,26-28]. The SAQ
is often used to monitor the effects of these HF trainings. O’Dea
et al proposed in their meta-analysis that, while plausible, it is
difficult to unambiguously link changes in team behavior or
SAQ outcomes to a particular training [29]. However, regarding
the SAQ, starting with a diagnostic approach of what needs
attention in a team before commencing training, the effect of
CRM or TeamSTEPPS could be better understood during the
course of training. For our sample, a CRM or TeamSTEPPS
training could aim at improving communication during crucial
steps of the ETT procedures, in order to assure shared
understanding between physicians and nonphysicians and hereby
increase the SC.

Limitations
Our study has several limitations. Firstly, it is debatable what
the clinical meaning or implication is of the difference between
sections of the Likert scale in daily work. When looking at the
ETT outcomes between nonphysicians and physicians, for
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example, the difference for the JS domain is 0.6 and for the WC
domain is 0.7. What this statistically significant difference
implies, solely from the questionnaire’s outcome, is not directly
clear. However, using open-ended questions helps us understand
this difference. Secondly, we are well aware that there is overlap
in respondents filling out the SAQ-NL for both ETT and OTT.
In this small group, no differences were found between
physicians and nonphysicians for both the ETT and OTT.
Correcting all data for this group did not alter the main
outcomes. Thirdly, the original SAQ and the SAQ-NL showed
good psychometric properties and good reliability (average
Cronbach alpha of .76). In our study, the reliability was
generally acceptable (alpha≥.70), with the exception of the TC
domain, which had rather poor internal reliability (alpha=.58).

However, this is highly dependent on the number of subjects
participating in the study and the number of items per dimension.
Further use of the SAQ-NL and research in this setting should
be stressed to evaluate the psychometric properties of the
SAQ-NL.

Conclusions
Nonphysicians of  a local team performing endovascular aortic
aneurysm surgery perceived SC, JS, and WC less positively than
physicians on the same team. Open-ended questions specified
this to be related to a lack of adequate conjoined training, lack
of adequate education, and lack of an adequate OR. The
SAQ-NL can be a first step in developing strategies to improve
quality of care.
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Abstract

Background: Ineffective coping has been linked to prolonged pain, distress, anxiety, and depression after a hand and upper
limb injury. Evidence shows that interventions based on cognitive behavioral therapy (CBT) may be effective in improving
treatment outcomes, but traditional psychological interventions are resource intensive and unrealistic in busy hand therapy
practices. Developing web-based, evidence-based psychological interventions specifically for hand therapy may be feasible in
clinical practice and at home with reduced training and travel costs. Hand Therapy Online Coping Skills (HOCOS) is a program
developed to supplement traditional hand therapy with therapist-assisted coping skills training based on principles from CBT and
the Technology Acceptance Model.

Objective: This study aimed to describe the development and assess the usability of HOCOS to support hand therapists in the
management of psychosocial problems.

Methods: The ADDIE model (Analysis, Design, Development, Implementation, and Evaluation) of system design was applied
to create HOCOS. The usability testing of HOCOS involved a 2-stage process. In the first step, heuristic testing with information
and communications technology (ICT) experts was completed using two sets of heuristics: Monkman heuristics and the Health
Literacy Online (HLO) checklist. The second step involved user testing with hand therapists performing a series of online and
face-to-face activities, completing 12 tasks on the website using the think-aloud protocol, completing the system usability scale
(SUS) questionnaire, and a semistructured feedback interview in 2 iterative cycles. Descriptive statistics and content analyses
were used to organize the data.

Results: In total, 4 ICT experts and 12 therapists completed usability testing. The heuristic evaluation revealed 15 of 35 violations
on the HLO checklist and 5 of 11 violations on the Monkman heuristics. Initially, hand therapists found 5 tasks to be difficult
but were able to complete all 12 tasks after the second cycle of testing. The cognitive interview findings were organized into 6
themes: task performance, navigation, design esthetics, content, functionality and features, and desire for future use. Usability
issues identified were addressed in two iterative cycles. There was good agreement on all items of the SUS. Overall, therapists
found that HOCOS was a detailed and helpful learning resource for therapists and patients.

Conclusions: We describe the development and usability testing of HOCOS; a new web-based psychosocial intervention for
individuals with a hand and upper limb injuries. HOCOS targets psychosocial problems linked to prolonged pain and disability
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by increasing access to therapist-guided coping skills training. We actively involved target users in the development and usability
evaluation of the website. The final website was modified to meet the needs and preferences of the participants.

(JMIR Hum Factors 2020;7(2):e17088)   doi:10.2196/17088

KEYWORDS

usability testing; upper extremities; psychosocial; internet; coping skills

Introduction

Background
Hand and upper limb injuries are some of the most common
injuries in orthopedic settings [1,2], and approximately 11% to
20% of emergency department visits are because of hand and
upper limb injuries [3,4]. In addition to pathophysiology,
psychosocial factors can predict disability in individuals with
hand and upper limb injuries [5,6]. These injuries have been
shown to impact employment, body image [7], relationships
[8], and functional abilities [9-11] negatively.

Most studies conducted in hand therapy have focused on
maximizing physical recovery and adjustments with regard to
medical or occupational therapy procedures [12-15].
Interventions such as joint protection [16], exercise therapy
[17], mobilization [18], and modalities [19] in hand therapy
have well-established benefits for pain and function. However,
they do not directly target psychosocial factors that contribute
to patient morbidity [20]. Several studies have established the
mediating effect of psychological distress on hand and upper
limb pain and disability [21-24] based on the far-reaching impact
of psychosocial problems on pain and disability, and patient
expectations after hand and upper limb injuries, a greater
understanding of how to facilitate psychosocial adjustments is
warranted [2,25]. Psychological interventions such as cognitive
behavioral therapy (CBT) interventions have been shown to
yield long-term [26] improvements in pain, daily function,
quality of life, and overall mental health compared with active
treatments alone for several musculoskeletal (MSK) problems
[27,28] including knee pain [29], low back pain, [30,31]
fibromyalgia, [32] preoperative spine [33] and post total joint
surgery [34]. CBT is also cost-effective [35] and cost neutral
when considering the overall health care sector and labor market
perspective [33], with reduced health care utilization at the
5-year follow-up [26]. CBT has also been shown to be effective
in improving adherence to exercise [36]. CBT techniques such
as graded activity can be integrated into traditional
physiotherapy [37,38].

In hand therapy, CBT may be efficient treatment to improve
pain and distress by increasing adjustment to hand injury in
relation to illness perception and coping strategies [2,39-41].
Unfortunately, traditional CBT is resource intensive and not
feasible to implement in busy hand therapy practices because
of prolonged face-to-face encounters and associated cost
implications [42]. Web-based CBT is a potential emerging tool
with modern interactive and communicative technologies for
use in rural and urban areas, across languages and cultures, and
on a global scale [43]. Web-based CBT has been shown to be
effective for reducing catastrophization and improving the
attitudes of patients with MSK conditions to exercise therapy

[44]. Current evidence supports the feasible and efficacious
delivery of web-based CBT using nontraditional health
professionals such as physiotherapists (PTs) and occupational
therapists (OTs) [45], with reduced time commitment and
treatment costs, and positive self-reported changes in the PTs’
attitudes, confidence, and practice [46-48]. Therapist
competence and therapeutic alliance are crucial factors
influencing CBT [49]. Therapist competency can be developed
online [50], and therapeutic alliance required for CBT to be
effective does not diminish with the web-based delivery of CBT
[51].

Hagemen et al [52] reported that almost 50% of outpatients
presenting to hand surgery clinics investigated their symptoms
online, which increases the potential to deliver evidence-based
pain management and coping skills for HULI online. Further
studies on the use of psychosocial interventions in HULI have
the potential to convince payers to fund psychotherapy
treatments, generate enthusiasm to include psychosocial
treatments in educational curriculums, and advance
incorporation of evidence-based psychosocial treatments in
hand therapy recommendations for psychosocial problems [53].
In view of the evidence showing evidence-based CBT can be
delivered via the internet and feasible to implement during wait
times for hand therapy or in home-settings and reduce the costs
associated with training providers and fewer hospital visits.
From the foregoing, online evidence-based CBT is feasible to
implement during wait times for hand therapy, is easy to use in
home settings, and reduces costs associated with training
providers and leads to fewer hospital visits. To meet the needs
of patients with hand and upper limb injuries at risk of prolonged
pain and disability because of psychosocial treatments, we
decided to develop an intervention that incorporates evidence
from CBT in orthopedic practice.

Hand Therapy Online Coping Skills Program
Hand Therapy Online Coping Skills (HOCOS) is an
evidence-based and theory-based psychosocial coping skills
program based on CBT principles [37] and the Technology
Acceptance Model [54]. HOCOS was developed by Folarin
Babatunde (PT) during his doctoral studies at McMaster
University In collaboration with a team of PTs (JM and LM),
OT (MS), hand therapists (JM and MS) and an orthopedic
surgeon (RG). HOCOS involves five ‘hand therapist-guided’
modules. It is a multi-component, interactive online-based
program consisting of hand and upper-limb specific information
covering pain education and training in coping skills
(activity-rest cycling, pleasant activity scheduling,
problem-solving, identifying and challenging negative thoughts,
relaxation response and their applications) to daily life for adults
with hand and upper limb injuries (Table 1). Asynchronous
learning was facilitated using PowerPoint (Microsoft Office)
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presentations, audio files, workbooks, and downloadable PDF
(Adobe) and Word (Microsoft Office) files. Links to
evidence-based external educational resources were included
to reinforce learning. The program was designed to supplement
traditional hand therapy with coping skills training. The design
and development of HOCOS were guided by the 5 steps of the
Analysis, Design, Development, Implementation, and Evaluation
from the ADDIE model [55,56]. The structure and specific

ingredients of HOCOS were based on the following
recommendations suggested by Bennell et al [57]: (1) impact
of psychosocial factors on pain and disability in hand injuries,
(2) evidence base for the effects of CBT on MSK conditions,
(3) the importance of incorporating the management of hand
injuries into a biopsychosocial framework, and (4) practical
issues related to the delivery of the intervention.

Table 1. Outline of hand therapy online coping skills session contents.

Outline of contentProjected durationSession

1 week1 • Logging in and account set up using provided password
• Completing battery of questionnaires (demographic information, self-report of hand pain and function,

psychosocial factors, and assessment)
• Information provided about the psychosocial aspects of prolonged pain
• Introduction to the module contents
• Introduction to SMART (Specific, Measurable, Achievable, Realistic or Relevant and Timed) goals

and using the program calendar to plan activities
• Providing information on contacts for technical difficulties

2 weeks2 • Module 1: introduction to pain (meaning, definition, and impact on recovery)
• This module teaches concepts from therapeutic neuroscience education using stories and metaphors
• Promote interest in exercise and physical activity

2-4 weeks3 • Module 2: introduction to the cognitive model
• Encourages users to identify and rate their moods
• Encourages users to reflect on their thinking style and identify patterns
• Encourages users to follow the guidelines for completing a thought record

2 weeks4 • Module 3: introduction to activity management principles
• Encourages users to pace activities to avoid boom and bust situations
• Encourages users to review their day planner and spot patterns of overactivity and underactivity
• Encourages users to focus on activities that have high mastery and pleasure value

2 weeks5 • Module 4: introduction to problems limiting recovery and how to solve them
• Encourages users to consider barriers to coping exercises and reflect on how to overcome those

barriers
• Discussion on challenges to exercise and physical activity adherence and steps to regain control

2 weeks6 • Module 5: introduction to stress management, relaxation response, and sleep training
• Encourages users to reflect on the cycle of stress, muscle tension, and pain
• Encourages users to practice and adopt 1 or 2 relaxation techniques to their day plan
• Encourages users to include downtime in their daily plan

Posttraining (single or multi-
ple modules)

7 • This session focuses on how to continue recommended activities after completing the program
• Users are encouraged to continue to access the resources on the website if necessary
• Clinicians are provided with follow-up strategies to ensure patient success
• Users complete a feedback form on their experience and a battery of questionnaires to measure their

progress

Objectives
This paper aimed to provide a brief overview of the web-based
system and to report on its usability from the perspectives of
information and communications technology (ICT) experts and
clinicians practicing in the field of hand therapy. Usability
testing is a critical step in the development of online
interventions and involves obtaining feedback to understand
what is positive or negative about a system and identify existing
gaps in content or functionality using iterative cycles of
prototype alteration [58].

Methods

Design and Procedure
A mixed methods usability testing approach with semistructured
interviews, observations, and questionnaires was undertaken,
with iterative cycles to determine the usability of HOCOS and
to further refine the prototype [59,60]. Participants were
recruited using snowball sampling by asking key informants to
suggest another participant who they believe is suitable for the
study and introducing that person to the researcher [61]. This
paper reported on step 3 of the ADDIE process (Figure 1).
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ADDIE is commonly used in instructional development as a systematic way to achieve the desired results [62].

Figure 1. Diagram depicting the first 3 steps of Assessment or analysis, Design, Development, of the ADDIE Model. HOCOS: Hand Therapy Online
Coping Skills; ICT: information and communications technology.

Participants
We recruited ICT experts online through the Weebly support
(Weebly) portal to participate as heuristic evaluators in phase
1 of usability testing. In phase 2, PTs and OTs based in Ontario,
Canada, and practicing in the clinical area of hand therapy were
invited to participate in the study to enhance the development
of HOCOS. Clinicians were messaged directly using contact
details available to the public on the Canadian Society of Hand
Therapy (CSHT) website. Interested participants contacted the
research team directly by telephone or email and were provided
with a letter of information and signed consent forms before
data collection. Log-in access to the password-protected HOCOS
website was provided free of charge.

Procedure
One of the researchers, FB, facilitated data collection by
conducting interviews, taking notes, and observing participants’
behavior. Appointments were made to meet with participants
at the study site or at a desired destination within 2 hours of the
study site. A brief description of the study was provided to each
participant, with emphasis that the evaluation was about the
content and functionality of the website. An explanation of
cognitive interviews and information about privacy, and
protection of the data collected were also provided. Before the
interviews, demographic data, including age, gender, educational
level, practice area, and use of technology, were collected. All
participants were identified by pseudonyms to ensure anonymity
[63]. According to Nielsen [56], 5 users are adequate to identify
most usability problems. Current evidence shows that 80% of
usability problems can be identified with 4 to 9 participants and
95% with 9 participants [64], thus we proposed a convenience
sample of 12 participants for usability testing and to account
for attrition. The usability testing protocol was approved by the
Western University Health Sciences Research Ethics Board (no.
108064). Guided by steps 1 and 2 (Figure 1), we revised the
prototype and developed a preliminary version of HOCOS that
was tested by ICT experts (n=4) and therapists (n=12). No

incentive was provided to participate in this study. Parking costs
were covered for participants involved in face-to-face cognitive
interviews.

Phase 1: Heuristic Testing
Heuristic testing is a usability inspection method completed by
usability experts and involves evaluating an application to find
usability problems, assigning them to a specific category of
heuristics and ascribing a severity rating [58]. ICT experts were
given a brief introduction to the background and rationale of
the web portal under review and given instructions on how to
conduct the heuristic testing. Between March and May 2018,
the evaluators each separately conducted a heuristic evaluation
of HOCOS through a page-by-page review of the website and
noted violations where the interface did not conform to two sets
of heuristics of predetermined criteria: the Monkman heuristics
[65] and Health Literacy Online (HLO) checklist [66]. HLO
was designed for the creation of usable online health content
and comprises 35 separate criteria, categorized into 5 domains:
write actionable content, display content clearly on the page,
organize content and simplify navigation, engage users, and
testing site with users with limited literacy skills [66]. The fifth
domain was not factored in this study because this study focused
on system design and development rather than implementation
in practice. Monkman heuristics [65] comprises 11 checklist
items and was designed for experienced heuristic evaluators by
summarizing design guidelines from the HLO guide and
incorporating research from electronic health (eHealth)/health
literacy and usability literature [67]. The evaluators conferred
using Skype clx and aggregated their results only after
completing individual reviews. This phase resulted in the
construction of a list of usability violations that were used to
inform design changes before user testing commenced.

Phase 2: User Testing
User testing involved asking each participant to go through the
website using the thinking aloud method [68], followed by a
semistructured interview to elicit further feedback about user
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interaction. Each session was completed during a 1.5- to 2-hour
face-to-face visit between September 2018 and March 2019.
This enabled the researcher to capture the ongoing thought
processes of the participants while going over the program and
any difficulties encountered [69]. First, participants were
required to log on to the website, read an introductory script,
and familiarize themselves with the online learning environment
using hyperlinks to move between pages. Next, the participants
completed the following tasks: (1) logging in, (2) reading the
introductory page, (3) completing a set of psychosocial outcome
measures, (4) listening to an audio recording, (5) reading a
PowerPoint presentation, (6) downloading a PDF or Word
document script, (7) completing one activity in the workbook,
(8) setting up an activity plan for homework, (9) finding contents
by browsing, (10) finding contents by searching, (11) completing
a feedback form, and (12) contacting the web manager. These
tasks tested the user’s ability to follow the session plan and the
amount of assistance required to use the online electronic tools.
The facilitator did not offer any help during the tasks unless
explicitly requested by the participants [68,70]. The facilitator
encouraged the participants to talk about what they felt, saw,
or thought while browsing through the website during the
cognitive interviews. Verbal probes were also used to clarify
the participant’s answers [70].

The facilitator also asked the participants to explain or
demonstrate the information in the video related to the module
that was reviewed, such as metal practice and breathing
exercises in module 1 and module 5, respectively. The
participant’s ability to follow the instructions correctly was
observed, and any difficulties, doubts, and reports were
documented using a 3-point scale (1=correctly demonstrated,
2=assistance required from an evaluator or replaying the video,
and 3=difficulty demonstrating the activity correctly after being
assisted) [56]. At the participant’s request, whole or specific
areas of content were revisited. On the basis of the benchmark
by Rubin and Chisnell [71], a task was classified as a usability
problem requiring attention to remedy if more than 70% of
participants were unable to complete the task. The system
usability scale (SUS) questionnaire [72,73] was used to evaluate
satisfaction. SUS comprises 10 open-ended, polarity
balance–based questions with a 5-point Likert scale for
responses. The average scores were categorized based on a

descriptor rating scale [74]. Finally, the facilitator interviewed
each participant using a semistructured interview guide
(Multimedia Appendix 1) adopted from the study by Stinson et
al [75] to obtain feedback about navigation, content, and layout
at the end of the second cycle of user testing.

Data Analysis
All interviews were audiotaped and transcribed verbatim in an
anonymized format. The usability testing and interview data
were analyzed together using triangulation [76]. Content analysis
[77] of transcripts from the thinking aloud sessions, field notes,
and feedback interviews was coded using predetermined codes
related to usability issues (navigation, content, layout,
learnability, errors, and satisfaction) after each iterative cycle.
The interviews from the first cycle were analyzed and used to
make minor modifications to the website before evaluation in
the second cycle of testing. Very few modifications to the
prototype were required after the second cycle of testing. To
calculate the SUS score, the score contributions from each item
are summed. Each item’s score contribution ranges from 0 to
4. For items 1, 3, 5, 7, and 9, the score contribution is the scale
position minus 1. For items 2, 4, 6, 8, and 10, the contribution
is 5 minus the scale position. Quantitative data from SUS (10
questions, each scored from 0 to 4 points) were transformed by
multiplying by 2.5 to convert scores to a 0 to 100 range and
categorized using adjective ratings [74]. The descriptive analysis
(means and SD) of the quantitative data was conducted using
Stata 13 software for Microsoft Office.

Results

Participants’ Characteristics
We enrolled four ICT experts to act as evaluators during
heuristics evaluation, which meets the optimal requirement for
detecting all usability problems [78]. During user testing, 26
clinicians agreed to participate in this study (14 for needs
assessment, and 12 for usability testing). A total of 69% (18/26)
of participants were female (Table 2). Most participants (17/26,
65%) had a background in occupational therapy, had at least 16
years of experience in hand therapy (10/26, 38%), and practiced
in outpatient rehabilitation facility (10/26, 38%). Most therapists
were very comfortable using a computer/tablet or internet. See
Table 2 for participants’ characteristics.
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Table 2. Demographic and computer and internet use characteristics of therapists participating in needs assessment/analysis and usability testing of
the study (N=26).

Usability testing (n=12)Needs assessment (n=14)Demographics

Age (years), n (%)

2 (17)3 (21)21-30

2 (17)5 (35)30-40

3 (25)2 (14)40-50

5 (42)4 (29)>50

Gender, n (%)

2 (17)6 (43)Male

10 (83)8 (57)Female

0 (0)0 (0)Prefer not to say

Profession, n (%)

7 (58)10 (71)Occupational therapists

5 (42)4 (29)Physiotherapists

Education, n (%)

3 (25)4 (29)Entry level (baccalaureate degree)

8 (57)8 (57)Entry level (master degree)

1 (8)2 (15)PhD

Work experience (years), n (%)

0 (0)2 (15)<5

3 (25)4 (29)10-15

4 (33)6 (43)16-20

5 (42)2 (15)>20

Practice setting, n (%)

2 (17)2 (15)Private practice

3 (25)3 (21)Acute care

3 (25)2 (15)Inpatient rehabilitation

4 (33)6 (42.8)Outpatient rehabilitation

0 (0)1 (6)Other (teaching)

Employment, n (%)

9 (75)9 (64)Full time

3 (25)3 (21)Part time

0 (0)1 (6)Casual

Information about computer use, n (%)

Computer/tablet use at home

12 (100)12 (85)Yes

0 (0)2 (15)No

Computer/tablet use at work

12 (100)14 (100)Yes

0 (0)0 (0)No

Hours spent on computer/tablet each week

0 (0)0 (0)≤5

12 (100)14 (100)>5
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Usability testing (n=12)Needs assessment (n=14)Demographics

Hours spent on the internet each week

4 (33)5 (35)≤5

8 (67)9 (65)>5

Comfort level on computer/tablet

0 (0)0 (0)Not at all comfortable

0 (0)0 (0)A little comfortable

4 (33)4 (29)Comfortable

8 (67)10 (71)Very comfortable

Comfort level on the internet

0 (0)0 (0)Not at all comfortable

0 (0)2 (14)A little comfortable

4 (33)4 (29)Comfortable

8 (67)8 (57)Very comfortable

Phase 1: Heuristic Testing
The heuristic evaluation of HOCOS against the HLO checklist
identified violations in 15 of the 35 criteria with violations seen
across all domains (Multimedia Appendix 2). Domain 1 showed
violations in 2 of the 7 criteria. There were 4 violations in the
13 criteria for domain 2. Most of the violations were represented
in domain 3, with 6 of the 10 violations reported. Violations
included (1) the home page image not representing the context
of the website, (2) lack of a search function, and (3) links that
are difficult to differentiate from the surrounding text or other
graphic elements. Corrections were made and included adding
a welcome image on the home page, adding a search function,
and creating a box around link icons. Domain 4 revealed 3
violations in the 5 criteria because of heavy reliance on
text-based information, lack of quizzes or forms, and lack of
social media sharing options. We included more pictures and
reduced the words per page, creating a separate link for the
form. We decided against adding a social media link because
of privacy concerns and the sensitive nature of psychosocial
issues. Evaluation of HOCOS using Monkman heuristics
identified violations in 5 of the 11 criteria (Multimedia Appendix
3) including lack of options for tailoring information to the user,
poor use of plain language including medical jargon and
Gunning Fog readability index greater than 8 [79,80],
information in multiple languages, few succinct summaries
versus more detailed information, need for scrolling to find
important information, and poor communication of risks. The
remaining violations were managed by adding activities that
could be personalized, editing the content for therapists and
patients using the Gunning Fog index, creating a summary of
key points in the slides, adding an icon to important information,
and adding a disclaimer to express inherent risks and benefits
of the program.

Phase 2: User Testing
This included findings from the user task performance and
cognitive interviews (thinking aloud) components of usability
testing of the HOCOS.

Task Performance
We measured user performance based on ease of navigating
through the site, assessing the ease of learning for a first-time
user without familiarity with the interface, and the frequency
and importance of errors. Errors observed during usability
testing were reported in 3 categories: completed with ease,
completed with help, and not completed [75]. The performance
of the 10 tasks is presented in Table 3. In summary, seven tasks
were completed easily by participants: logging in, browsing,
reading the introductory pages, listening to audio files, reading
PowerPoint presentations, filling a homework plan, contacting
the researchers, and downloading a document. The remaining
five tasks revealed difficulties with usability. Navigation errors
were defined as failures to locate functions, excessive
keystrokes, or failures to follow recommended screen flow [81].
Five participants were not able to find the assessment page to
fill outcome measures. The page was accessible through the
resources page, although the opening comments on the page
highlighted contents on the resource page. There were 6
participants who did not realize that the workbook contained
both educational information and homework despite text
alongside the introduction highlighting different module
assignments.

Control usage errors were defined as improper toolbars or entry
field usage [75]. Five participants were unable to identify the
icons for submitting answers to some activities on the modules.
This error was corrected by typing click on the link to write
your answers on the link to provide answers. Providing feedback
using the website form was the most difficult task for
participants. Users did not click on the next page at the end of
every module where the feedback form was placed. We included
a text highlighting where to find the feedback form on the
module’s introductory page and on the final page of every
module. Presentation errors were defined as failures to locate
and properly act upon desired information or selection errors
because of labeling obscurities [75].
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Table 3. Task performance findings during usability testing (N=12).

Not completed, n (%)Completed, n (%)Task performance

With helpWith ease

Cycle 1

1 (8)3 (25)8 (66)Log in to the website

N/Aa2 (17)10 (83)Read information on the home page and each module’s introductory page

5 (42)3 (25)4 (33)Complete a questionnaire from the list of outcome measures

N/A4 (33)8 (66)Listen to an audio recording

1 (8)3 (25)8 (66)Read a PowerPoint slide

N/A2 (17)10 (83)Download a PDF or Word document of a workbook or PowerPoint slide

6 (50)2 (17)4 (33)Complete 1 activity in a workbook

2 (17)3 (25)7 (58)Set up an activity plan for homework

1 (8)2 (25)9 (42)Find content of interest by browsing

5 (42)3 (25)4 (33)Find content of interest by searching

7 (58)3 (25)2 (17)Complete a feedback form

N/A4 (50)8 (33)Contact the website manager

Cycle 2

N/AN/A12 (100)Log in to the website

N/AN/A12 (100)Read information on the home page and each module’s introductory page

N/A2 (17)10 (83)Complete a questionnaire from the list of outcome measures

N/A4(33)8 (66)Listen to an audio recording

N/AN/A12 (100)Read a PowerPoint slide

N/AN/A12 (100)Download a PDF or Word document of a workbook or PowerPoint slide

N/A4 (33)8 (66)Complete 1 activity in a workbook

N/A2 (17)10 (83)Set up an activity plan for homework

N/A3 (25)9 (75)Find content of interest by browsing

N/A4 (33)8 (66)Find content of interest by searching

N/A3 (25)9 (75)Complete a feedback form

N/AN/A12 (100)Contact the website manager

aN/A: not applicable.

Searching was a bit of a challenge for 5 participants because
they did not know what to search for, unsure of search terms to
use, or struggled to come up with a health topic in the context
of the website. Participants completed the 12 tasks in phase 2
at the end of the second cycle of testing.

Cognitive Interviews
The key usability findings from the thinking aloud interviews
were organized into the following themes: design aesthetics,
content, functionality and features, and desire for future use.
Multimedia Appendix 4 shows participants’ quotes from
cognitive interviews.

Design Esthetics
Overall design aesthetics was critical to enhancing engagement
and motivation to use the website and related to the layout,
navigation, visual assets, and appeal. Participants liked the idea
of different textures, colors, and cultures represented in the

graphics. It was suggested that the font sizes should be set at
size 14 to 16, and a large amount of information should be
grouped and broken up with visual assets (graphics and
illustrations). In response, we divided the PowerPoint slides
into parts A and B and/or C to reduce information overload and
reduce the feeling of being overwhelmed. Part C was created
as an addendum with the caption, Please see part C for a deeper
learning on this topic. Users also recommended that the most
important message on each page should be at the top of the
page. As the modules were stand-alone content, the participants
suggested that a decision tree or matrix would reduce the burden
of prescribing the appropriate module to patients based on their
presentation and treatment goals. In response, we created a
matrix with information on key learning points, indications, and
contraindications for each module. For example, patients with
paradoxical responses to visualization avoid thinking about their
hand injury, and those focused on the loss may find mental
imagery distressing. Changes were also suggested to some
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features to increase user interest and reduce negative responses.
For example, we changed the titles Mental Practice to Picturing
My Movement, Thought Reprocessing to Healthy Thinking, and
Board of Directors to Thinking Traps.

Content
Program content was described in terms of completeness,
understandability, quality, credibility, relevance, and interest.
The comments on program content, such as texts, images, and
multimedia components, were generally positive. The layout
structure of presenting information in different formats and
having a summary of key points after each lesson was valued.
All participants judged that the site content was relevant and
credible. Generally, participants were pleased with the
completeness of the website, but additional content was
suggested. Examples of additions included creating reflective
pieces to improve engagement with the slideshows and linking
activities under Mental Practice to portray the multisensory
nature of hand movement. HOCOS was created with a focus
on understandability, and all text developed to meet grade 6 to
7 reading levels. Most participants valued this consideration
and commented that the information, language level, and
medical term explanations were helpful in furthering
understanding of topics that were unclear or new to them.
However, some of the language used still had to be changed to
conjure everyday talk and meet societal norms such as changing
wife/husband to spousal partner and routine to day-to-day.
Several language changes were made to clarify meaning, such
as changing tissues to body, thought record to thought journal,
healthy to uninjured, and food for thought to pause-stop-think.

Functionality and Features
These refer to the adaptive and interactive features on the
website and included module 1 to 5 audio clips, printable PDF
information forms for patient and clinician users, and videos of
simulated patients completing module activities. It was agreed
that these features allowed for an increased level of
personalization of HOCOS content to meet the individual needs
of the users. To further enhance participants’ motivation and
engagement, we added the following functions: interactive
questions (quizzes after each PowerPoint presentation), an Ask
an Expert link to allow users to send an email question to the
web developers and a goal plan journal to keep track of goals
and activities. Participants suggested having features that
allowed the program to support social interactions among

participants, such as a discussion board. However, because of
budgetary and time constraints, we were unable to include these
functions in HOCOS. Other features that were introduced to
help patients incorporate the new information to their daily
routine was the How to Make It Work Guide.

Desire for Future Use
Overall, participants received HOCOS very well and expressed
a desire to use the program in the future. It was agreed that the
website would be especially useful if available to patients from
initial contact for presurgical screening with surgeons or
immediately after surgery in acute care. The therapists
commented that they valued the fact that the site content focused
on supplementing current hand therapy practice for patients
struggling with psychosocial issues. The accompanying
navigation of the workflow would make it easy to prioritize
programs for their patients. Most participants suggested that
collaboration with the CSHT and hand programs in Ontario
would help facilitate increased uptake in the hand therapy
community.

System Usability Scale and User Satisfaction
The SUS scores from both cycles of usability testing are listed
in Table 4. Scores above 68 (SD 12.5) indicate above-average
usability [82]. The mean SUS score for this study improved
from 62.5 (SD 8.5) to 84 (SD 8.2), indicating that the average
participants were highly satisfied with the usability of this online
learning tool on all items of the SUS questionnaire, in terms of
learnability, efficiency, memorability, errors, and satisfaction
[56]. After addressing cycle 2 usability issues, we made some
revisions to the final version of HOCOS. Specifically, a
do-it-yourself (DIY) guide was created to support each module,
a Go to homepage tab was created as a signpost to the respective
sessions after logging in, and a navigation tutorial video and
informational videos on the clinical impact of psychosocial
factors on hand and upper limb injuries were created. Finally,
we included patient-friendly resources on chronic pain, problem
solving, time management, and a sleep guide. Overall, therapists
found that HOCOS was a detailed and helpful learning resource
for therapists and patients. Participants liked the web layout,
tabs for modules, and resource page. There were no reported
harms or unintended effects on participants, privacy breaches,
or technical problems during usability testing. Overall, HOCOS
system usability improved from good to excellent based on
adjective rating scale described by Bangor et al [74].
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Table 4. System usability scale (N=12).

Cycle 2,

mean (SD)a
Cycle 1,

mean (SD)a
Questionnaire items

4 (0.5)3 (0.8)1. I think that I would like to use this website frequently (+)b

3 (0.9)2 (0.7)2. I found the website unnecessarily complex (−)c

3 (0.0)2 (0.6)3. I thought the website was easy to use (+)b

4 (0.5)3 (1.08)4. I think that I would need the support of a technical person to be able to use this website (−)c

3 (0.5)3 (0.5)5. I found the various functions in the product were well integrated (+)b

4 (0.5)3 (0.4)6. I thought there was too much inconsistency in this website (−)c

3 (0.4)2 (0.7)7. I imagine that most people would learn to use this product very quickly (+)b

4 (0.5)3 (0.5)8. I found the website very awkward to use (−)c

3 (0.4)2 (0.4)9. I felt very confident using the website (+)b

3 (0.4)2 (0.9)10. I needed to learn a lot of things before I could get going with this website (−)c

3.2 (0.6)2.4 (0.5)Total score of items 1, 3, 5, 7, and 9

3.6 (0.5)2.6 (0.7)Total score of items 2, 4, 6, 8, and 10

34 (3.2)25 (3.4)Total score

84 (8.2)62 (8.5)SUSd scoree

aRating scale, 1=strongly disagree and 5=strongly agree.
bFor items 1, 3, 5, 7, and 9, the score contribution is the scale position minus 1.
cFor items 2, 4, 6, 8, and 10, the contribution is 5 minus the scale position.
dSUS: system usability scale.
eSUS score=total score×2.5.

Final Version of Hand Therapy Online Coping Skills
The final version of HOCOS was built on the Weebly platform,
customized and styled using platform add-ons and publicly
available pictures on Creative Commons. The platform included
a landing page, a resource library, tabs for each of the modules,
a feedback page, an assessment page, a goals page, and therapist-
or patient-specific resources (Figure 2). Multimedia Appendix
1 gives a brief overview of the HOCOS content. Sessions can
be accessed by logging in and completed using a suggested

timetable. Figure 3 shows a navigation pathway to complete
the 5 modules. Each module can be completed as stand-alone
materials based on patient presentation. However, we
recommend that every patient complete the introductory and
pain education sections. Completing all five modules is projected
to take approximately 6 to 8 weeks based on the structure of
similar coping skill programs [83]. HOCOS is designed to be
beneficial for both acute and chronic hand injuries. A therapist
manual was also developed based on participant feedback.
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Figure 2. Navigation workflow of the Hand Therapy Online Coping Skills (HOCOS) training program. HCP: health care professional.
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Figure 3. Screenshot of webpages showing the architecture of the website. FAQs: frequently answered questions; HOCOS: Hand Therapy Online
Coping Skills.

Discussion

Principal Findings
The overall objectives of this paper were to provide an overview
of HOCOS and report the findings from usability testing with
ICT experts and clinicians practicing hand therapy. HOCOS is
designed to help patients with hand and upper limb injuries
learn how to better manage psychosocial issues. The uniqueness
of HOCOS is an interface design that offers learning
opportunities to both clinicians and patients. Overall, therapists
were pleased with the objective and content of HOCOS and
found it a useful resource for meeting patients’ needs in hand
therapy.

Usability Testing
Formal usability testing is a key process required to ensure the
relevance of content and make the website easy to use, learn,
efficient, and acceptable to users [75]. Usability testing
uncovered several violations during heuristic testing with ICT
experts. Furthermore, user performance errors and areas for
enhancing user satisfaction were also identified by therapists
during user testing. Therapists reported some positive features
of the website including being simple, user-friendly, and
engaging and having a functional design that was accessible on
several browsers following usability testing. Several changes
were made to the online portal that corrected the errors
uncovered and improved overall user satisfaction. Although
HOCOS was initially designed for all modules to be completed
together, feedback from clinicians highlighted the benefits of
having modules as stand-alone options to reduce potential

participant burden. Hand therapists expressed confidence that
patients could execute the activities in the workbook, especially
with the DIY guide. Testing also demonstrated that the primary
condition of the patients determined the modules that therapists
chose to introduce and apply in clinical practice. This process
was enhanced by providing a guide on how to use the features,
when to introduce the modules, and how the website may fit
within the broader tool kits used in hand therapy.

This study contributes to the dearth of literature on the usability
testing of web-based portals developed for managing
psychosocial factors in orthopedic hand and upper extremity
services. Chad-Friedman et al [84] reported the use of an online
interface designed to deliver a brief 60-second mindfulness
exercise for hand and upper limb pain with improvements in
state anxiety, pain intensity, distress, anxiety, depression, and
anger after watching the video. In another study by Westernberg
et al [42], a free online mindfulness-based video exercise was
targeted at individuals with upper extremity conditions and
psychosocial problems. Study findings reported improvement
in momentary pain, anxiety, depression, and anger in patients
with low levels of pain and psychologic distress. Similarly,
Vranceanu et al [85] described the Toolkit for Optimal Recovery
(TOR), a 4-session, live video, and manualized program
informed by the fear-avoidance model to prevent chronic pain
in at-risk adults with orthopedic injuries. TOR combines
relaxation response with CBT, Acceptance and Commitment
therapy skills. HOCOS provides a larger platform offering
multiple options to therapists and patients using concepts from
pain education science, relaxation response and behavior change
techniques. On the basis of postcognitive interview feedback,
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therapists involved in this study preferred an online program
that teaches patients how to change maladaptive cognitions and
not simply accept such thoughts for long term effects. To close
existing gaps in the literature, HOCOS was designed using CBT
principles which teaches patients how to challenge automatic
thoughts by holding them up to disproving evidence and then
change them into different thoughts [86,87]. CBT begins by
identifying a primary treatment goal and continuous striving to
meet those goals [88]. HOCOS also provides modules that can
be targeted at psychosocial problems associated with acute to
subacute and chronic hand and upper limb conditions with
therapist guidance. This is important because the untargeted
use of psychological interventions in hand therapy and when
self-directed by patients has been shown to demonstrate no
benefits [89].

Dissemination of evidence-based therapies remains poor in
routine practice [90]. Although allied health care professionals
(HCPs) are aware of the benefits of incorporating psychological
interventions within their practice, they feel insufficiently trained
to optimize their use of such interventions [91]. Barriers to
practicing the evidence-based therapies include a lack of access
to resources that contain such evidence [92,93] and limited
usable formats of the evidence [94]. Training hand therapists
to manage the physical and psychological sequelae of hand and
upper limb conditions using HOCOS would increase their
knowledge of psychosocial interventions and build their capacity
and confidence to deliver it in clinical practice.

Limitations
Our study should be viewed with consideration of certain
limitations encountered. The study was conducted among hand
therapists in Ontario, and most participants were comfortable
using the computer and the internet, which limit the
generalizability of the study results. This may not be
representative of the end users, such as patients seen in most
hand therapy clinics. In recruiting participants for this study,
we chose snowball sampling, a form of convenience sampling.
This increases the risk of compiling a nonrepresentative sample.
We planned to create an online platform that is user friendly
for a significant portion of patients with hand and upper limb
injuries who are mostly elderly [95], low skilled [96], and with
less education [97]. These groups of individuals tend to be less
computer literate, and to this end, we did our best to incorporate
recommendations to ensure accessibility and ease of use in the
web design and simplify the user experience [66]. This included
a larger font size, white space around texts, and a simple color
scheme to enhance readability.

The presence of one of the researchers (FB) during the usability
testing sessions may have affected the behavior of end users

conducting the testing. The participants may have felt reluctant
to be critical despite encouragement to highlight both weak and
strong features of the website. Furthermore, we were unable to
test the HOCOS website in the context of the patient-user’s
experience to gain a comprehensive view of the system’s
functioning in a clinical setting because of financial and time
constraints. This needs to be addressed in future research by
examining the effectiveness of HOCOS in a randomized
controlled trial to determine if the present system design can
contribute to improved outcomes in practice.

User testing of an online intervention should include the ultimate
end users, including patients, to allow for the examination of
factors related to participants (age, gender, and education),
disease (severity and duration of symptoms), and experience
(access to and comfort with using the internet and computers)
[75,98]. On the basis of ergonomic quality and safety principles,
it has been recommended that prototypes of eHealth
interventions should be fully inspected and walked through by
HCPs before exposure to potentially vulnerable user groups
such as individuals with significant psychosocial problems after
a hand injury [99]. Financial and time constraints were
significant barriers to testing HOCOS in patients with hand
injuries. The next phase of the project is to evaluate the impact
of HOCOS training on the actual implementation of the program
on patients. We plan to carry out further testing in a
proof-of-concept study to establish if individuals with hand and
upper limb conditions and psychosocial problems are willing
and able to complete the HOCOS program, complete the
activities correctly, and adhere to the program principles.

Conclusions
This study provides initial support for the usability of HOCOS.
Ensuring that therapists were involved in the design and
development process of HOCOS enhanced the user-centeredness
and user-friendliness of the website. Usability testing during
the formative stage of eHealth intervention development is
necessary to ensure that online interventions are effective and
acceptable to potential users. HOCOS has the potential to
increase access and acceptability of coping skills training
programs for many individuals with hand and upper limb injuries
who are not able to receive hospital- or clinic-based treatment
psychotherapy. We plan to conduct a pilot study to determine
the feasibility of the website for adults with hand and upper
limb injuries and further refine the tool for a fully powered
randomized controlled trial. If effective in improving outcomes,
this program could be used as a template to develop more
interventions targeting the psychosocial challenges confronting
individuals with hand and upper limb injuries.
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Abstract

Background: Children with hearing loss, even those identified early and who use hearing aids or cochlear implants, may face
challenges in developing spoken language and literacy. This can lead to academic, behavioral, and social difficulties. There are
apps for healthy children to improve their spoken language and literacy and apps that focus on sign language proficiency for
children with hearing loss, but these apps are limited for children with hearing loss. Therefore, we have developed an app called
Hear Me Read, which uses enhanced digital stories as therapy tools for speech, language, and literacy for children with hearing
loss. The platform has therapist and parent/child modes that allow (1) the selection of high-quality, illustrated digital stories by
a speech-language pathologist, parent, or child; (2) the modification of digital stories for a multitude of speech and language
targets; and (3) the assignment of stories by a therapist to facilitate individualized speech and language goals. In addition, Hear
Me Read makes the caregiver a core partner in engagement through functionality, whereby the caregiver can record video and
audio of themselves to be played back by the child.

Objective: This study aimed to evaluate the user experience of the Hear Me Read app through a focus group study with caregivers
and their children.

Methods: We recruited 16 participants (8 children with and without hearing loss and 8 caregivers) to participate in 1-hour focus
groups. Caregivers and children interacted with the app and discussed their experiences through a semistructured group interview.
We employed thematic analysis methods and analyzed the data. We used feedback from the focus group to improve the elements
of the app for a larger clinical trial assessing the impact of the app on outcomes.

Results: We identified three themes: default needs, specific needs, and family needs. Participants found the app to be esthetically
pleasing and easy to use. The findings of this study helped us to identify usability attributes and to amend app functionalities to
best fit user needs. Caregivers and children appreciated the enhancements, such as highlighting of parts of speech and caregiver
reading of video playback, which were made possible by the digital format. Participants expressed that the app could be used to
enhance family reading sessions and family interaction.

Conclusions: The findings from this focus group study are promising for the use of educational apps designed specifically for
those with hearing loss who are pursuing listening and spoken language as a communication outcome. Further investigation is
needed with larger sample sizes to understand the clinical impact on relevant language and literacy outcomes in this population.

(JMIR Hum Factors 2020;7(2):e16310)   doi:10.2196/16310
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Introduction

Background
Nearly 2 to 3 per 1000 newborns are born with hearing loss,
making hearing loss one of the most common birth anomalies
[1]. Approximately 1 to 3 million children in the United States,
and 34 million children worldwide suffer from disabling hearing
loss [2]. Children with hearing loss face challenges in
developing spoken language and literacy. Historically, the
reading skills of deaf children have been poor, with graduating
teenager reading scores comparable with first- to fourth-grade
reading level [3-5]. Infants with hearing loss can now be
identified at birth and fit with hearing aids and cochlear implants
early in life, allowing them to have greater access to sound and
improved oral language abilities [6-9]. However, even with
modern hearing technology, many children who are deaf or
have hearing loss may continue to read at significantly lower
levels than typically hearing peers [10-12]. Young children who
do not attain early literacy skills are at a higher risk for academic
and social problems [13-16].

To address these challenges, we have developed a mobile app
called the Hear Me Read. The National Association of Education
of Young Children and other educational institutions emphasize
the importance of reading storybooks to young children to
enhance literacy [17-20]. In line with this recommendation, our
intention with Hear Me Read is to use digital stories as therapy
tools for speech, language, and literacy and to develop a
platform for delivery that enhances family engagement for
children with hearing loss. The Hear Me Read app is not meant
to replace traditional storybook reading, but rather to enhance
the user experience by providing the additional content
individuals with hearing loss are expected to benefit from (eg,
lip reading and audio-visual combination).

Current Practice and Technology Use in the Education
of Children With Hearing Impairment
Mobile phone and tablet technologies with digital electronic
books (eBooks) and storybook reading are now commonplace
in modern homes and schools. The impact of this technology
on emerging literacy can be positive. However, digital eBooks
can also be distracting when compared with traditional print
storybook reading [21]. The impact of digital eBooks on the
shared-book reading experience could be harmful if it increases
distractions and reduces face-to-face interaction [22]. Thus, the
design of educational apps should be done thoughtfully [23],
especially in vulnerable populations such as children with
hearing loss, with a focus on minimizing distractions and design
flaws to promote engagement.

Although many apps deal specifically with certain parts of
speech such as articulation, phonics, vocabulary, grammar, and
comprehension, only a few are designed for children with
hearing loss (Multimedia Appendix 1 shows a list of these apps).
Furthermore, although sign language apps exist for children

who are deaf or have hearing loss, there are no apps that are
designed to develop spoken language and literacy in children
with hearing loss pursuing a listening and spoken language
outcome. The current gold standard for children with hearing
loss to develop spoken language and literacy is through
in-person one-on-one therapy sessions with a pediatric hearing
loss expert (speech and language therapist or auditory-verbal
therapist) [24]. Hear Me Read is developed to work specifically
in the direction of a speech-language therapist, using digital
stories as therapy extenders. Our app fits the principle of
auditory-verbal intervention, where the caregivers are coached
to be the primary language facilitators of their child’s language
and literacy skills. When coaching is carried over into the home
setting, we observe the most significant progress. Our app is an
extension of this philosophy by enabling caregivers and their
children to complete therapy activities outside of therapy
sessions.

Children with hearing loss vary widely in their auditory access
and how they acquire language or literacy skills [25]. They may
benefit from multiple presentation modalities, including
auditory, visual, or a combination of these approaches [26].
However, data regarding the efficacy of digital storybook
interventions targeting children with hearing loss or how these
children use existing digital reading technology are scarce. In
this study, our objective was to understand user needs and
expectations and the usability of Hear Me Read. The findings
from this study were used to inform the app’s design process
and improve the interface and functionality. Our next step will
be to test Hear Me Read in a prospective study of children with
hearing loss by measuring the impact of app usage on language
and literacy outcomes.

Methods

Hear Me Read App
Hear Me Read is an interactive mobile app for improving
language and literacy, which is targeted for auditory-based
learning for children with hearing loss. Hear Me Read is
composed of general features for improving literacy, including
interactive storybook reading and syntax highlighting,
audio-visual features including video recording and playback
functionality, and a therapist mode, for the creation of individual
therapeutic language and literacy goals. Some of the features,
such as the ability to highlight and interact with vocabulary
words that show a related image in Hear Me Read, are broadly
applicable to children with and without hearing loss, whereas
others, such as the playback of caregivers’ recorded video
narration or the ability to highlight particular auditory training
words, are specific to children with hearing loss.

Hear Me Read provides an interactive digital environment for
caregivers and children, using high-quality children’s stories
(provided by Highlights for Children, Inc) in multiple formats
and modalities (Figure 1). Hear Me Read allows the same digital
story to be read in multiple ways: (1) text alone, (2) with
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illustrations, (3) with highlighted text targets, and (4) with audio
and/or video recording of the parent reading (customized to
display the text for the narrator to read and place it in a position
relative to the camera that would produce a video where the
narrator seems to be looking directly at the user).

Furthermore, Hear Me Read can help caregivers and therapists
track reading progress and prescribe new reading assignments.
In-app metrics can also measure the time spent in the book, the
number of times read, and progress within the book. With these

fundamental features, Hear Me Read is a one-of-a-kind app for
children with hearing loss that leverages child-caregiver
engagement. The development of the app used an iterative and
user-centered approach. The layout of the user interface went
through a few iterations during development and internal testing,
as we narrowed down the scope of the project. Through
observation and anecdotal feedback, we positioned and reshaped
buttons to match the natural hand positions and interaction
instincts of the users. A video introduction for the app is
available in Multimedia Appendix 2.

Figure 1. Screenshots from the Me Read app. The app provides multiple user menu options based on the therapeutic objectives (upper left). The app
allows caregivers to record video and audio of themselves reading sentences and words (upper right), and caregivers and children can play back this
video and view other associated media (lower right) during reading sessions. The app gives users the option to highlight parts of speech for targeted
learning (lower middle) and a view for therapists to select custom learning objectives (lower right).
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The app was developed for the iPhone operating system using
Unity. The app is intended to be used with the built-in speakers
of the mobile device it is played on, and no additional calibration
is provided for use with headphones. The digital content for the
children’s book uses stories created by and retrieved with
permission from Highlights Inc. We made a parser to translate
the HTML exports of the PDFs of the Highlights books to a
format that we could push into Unity. All content interactions
are logged in the background and can be exported in
comma-separated values (.csv) document format. The log files
include user interaction event type, time of occurrence, and
relative event state (eg, true/false, number, string). The event
types include book open/close, book completion, narration
start/stop, word click, app launch/close, video enable/disable,
images enable/disable, audio enable/disable, highlight
enable/disable, book assigned/unassigned, and Ling 6 sound
[27]. Hear Me Read is currently not available for consumer use;
however, this app will undergo further study in children with
hearing loss to assess how it impacts language and literacy
outcomes.

Focus Group Study Design
After approval of the Nationwide Children’s Hospital’s (NCH)
institutional review board, we recruited children with and
without hearing loss and their caregivers. We included children
without hearing loss because it allows us to explore usability
across all literacy and hearing levels. Hearing loss can go from
near-normal to completely deaf, and literacy capabilities can
go from far below or far above peers. In clinical assessment,
we would have to separate groups, but we wanted to make sure
we had the entire spectrum of abilities and ages for the usability
part. Following a demonstration and a short trial period of the
Hear Me Read app, caregiver-child groups participated in a
focus group discussion. Semistructured interviews were held
among caregiver-child groups. This method is suitable for
collecting rich information to understand the needs and
expectations of families toward a technology-based solution to
improve language and literacy skills for children with hearing
loss. Observing caregiver-child relationships and engagement
with the technology is also helpful. The session objectives were
to identify obstacles that may interfere with the regular use of
the app; to verify that participants can interface with and find
value in the reading, recording, and language tasks; and to
understand how the app may influence users and fit within the
daily life of caregiver-child groups. The coauthors, SD and ES,
designed and moderated the interviews. PM and JH helped
recruit participants.

Participants
Participants were recruited from a tertiary children’s hospital
system. They were drawn from the Hearing and Cochlear
Implant program or speech-language therapy department or
were healthy volunteers. Participants—children and their
caregivers—were invited via phone calls or during clinic visits.
Participants were informed about the study aims, voluntary
participation, and financial compensation. Gift cards were
provided to families who participated in the study.

Data Collection
A total of 2 focus group sessions were held in a pediatric therapy
room for approximately 1 hour each. Before the focus group
sessions, JH provided a written description of the study and
collected consent forms from caregivers. Caregivers were then
asked to complete a questionnaire (Multimedia Appendix 3)
that provided information about child and caregiver hearing
status, reading habits, and use of technology. The focus groups
began with a brief introduction of the study and the team, study
aims, participant’s rights, and the agenda. Participants watched
a short video, which demonstrated the app (Multimedia
Appendix 2). Then, an assigned speech therapist assisted every
2 to 3 caregiver-child groups to use and test the app together.
Families were encouraged to use the Hear Me Read app without
additional guidance, and speech therapists primarily observed
and answered questions as needed. Participants were provided
iPads with the Hear Me Read app installed, and participants
engaged with the app using the iPad speakers for playback. For
20 min, caregiver-child groups explored the app and completed
the tasks of (1) recording a video, (2) selecting highlights for
words and letters, and (3) reading a book. Following app use,
the study administrators facilitated a semistructured focus group
interview. The focus group participants (both children and
caregivers) were first asked usability questions concerning the
app’s design and layout, functionality, ease of use, learnability,
satisfaction, future use, and system reliability [28]. Usability
questions were followed by questions intended to help
understand the caregiver-child relationship with technology and
use (eg, What technologies do you use at home? Which apps
do you use mostly on your phone? Have you used any apps
related to hearing before?). At the end of the session,
caregiver-child groups filled out reaction cards together [29],
where they highlighted the words from a list that express their
feelings and opinions toward the app. The focus group sessions
were audio recorded and transcribed.

Analysis
We employed a thematic analysis to analyze the data collected
during the study. Thematic analysis is a common approach in
qualitative research to identify, assess, and analyze the patterns
in the data [30] and is commonly used to evaluate usability for
mobile apps [31,32]. The recorded audio of the focus group
sessions was transcribed, and meeting notes and observational
notes were curated into a single document. Coauthors ES and
SD implemented inductive thematic coding on Microsoft Excel
software (Microsoft, Inc) following Braun and Clarke’s [30]
thematic analysis guideline. The following steps were used in
the analysis process: (1) familiarizing with the data,
(2) generating initial codes, (3) searching for themes,
(4) reviewing and refining themes, (5) defining and naming
themes, and (6) reporting the findings [30]. ES and SD went
through multiple readings to extract codes and themes. Memos
and observational notes were used to elaborate on the analysis.
After independently developing themes and subthemes, ES and
SD compared their independent coding schemes and agreed
upon the 3 main themes used in the analysis and the division
of individual comments. ES and SD then independently recoded
74 participant comments into 3 consensus themes (default needs:
26 items; specific needs: 34 items; and family need: 14 items).
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Cohen kappa inter-rater reliability testing was employed to
ensure rater agreement for the themes (Multimedia Appendix
4) [33]. The scores were in the range of 0.81 to 1.00, which
counted as an almost perfect agreement for each theme [33]
with a highly significant P value (95% CI 0.57-1.0; P<.001),
which means the agreement is significantly different from what
would be achieved by chance. We used RStudio 1.2 as statistical
software (RStudio, Inc). The authors employed 2 additional
sessions to discuss and build a consensus upon themes and codes
with the coauthors, where discrepancies were present.

Results

Demographics
In total, 8 caregiver-child groups participated in the study
(caregiver: n=8; children: n=8) divided into 2 focus groups

(group 1 and group 2), with the younger children (aged 2-5
years) in group 1 and the older children (aged 7-13 years) in
group 2. One child attended a session with 2 caregivers, and
another single caregiver attended a session with 2 children.
Demographic and hearing loss information for the child
participants were collected (Table 1). The children’s average
age was 7.3 years (SD 3.5; range 2.4-12.4 years; median 7.2).
Four (4/8, 50%) children were female. Five children (5/8, 63%)
had moderate-to-severe sensorineural hearing loss, and all these
children managed their hearing loss with bilateral cochlear
implants. The caregivers of the children all used spoken
language as the primary mode of communication at home, and
13% (2/15) of caregivers at home (1 child had a single caregiver
at home) had hearing loss.

Table 1. Participant demographics.

CGc HLdSensorineural hearing loss severityManagementHearing ageb

(months)
Age IDa

(months)

GenderAge
(years)

GroupID

21LRLfRe

NoNoSev-ProfSev-ProfiCICIh254Fg2.411

NoNoMod-SevMod-SevjCICI3636F4.812

NoNoProfoundProfoundlCICI40Mk3.715

NoNoProfoundProfoundCICI60F11.323

NoYesProfoundProfoundCICI40M9.324

NoNoNHNHnNoneNoneN/AN/AmF12.426

NoNoNHNHNoneNoneN/AN/AM7.327

N/AYesNHNHNoneNoneN/AN/AM7.028

aAge ID: age of diagnosis of hearing loss.
bHearing age: age of cochlear implantation.
cCG: caregiver.
dHL: hearing loss.
eR: right.
fL: left.
gF: female.
hCI: cochlear implant.
iSev-Prof: severe to profound hearing loss (>70 dB to 91 dB HL).
jMod-Sev: moderate-to-severe hearing loss (>40 dB to 70 dB HL).
kM: male.
lProfound: Profound hearing loss (>91 dB HL).
mN/A: not applicable.
nNH: normal hearing.

Technology Use
Questionnaire information regarding digital technology use in
children in this study is mainly descriptive, given the small
numbers (Table 2). All but one family used digital devices at
home, although these devices were usually not used for digital
reading.

Participants were given a survey before they interacted with
Hear Me Read that asked about their current experiences with
apps for hearing loss and features that they would ideally like
in a reading app (Table 3). Participants are using training apps
that provide visual and audio educational components. All
caregivers of children with hearing loss knew what Ling 6
sounds were, and no children with normal hearing did (Table
3).
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Table 2. Digital technology use.

Digital reading deviceApps commonly usedDevice use at homeID

Reading done
digitally

DeviceOwn?Child app useCaregiver app usePrimary use at homeDevices

NoneSmartphoneYesN/AN/AN/AN/Aa1

N/AN/ANoABC Mouse,
YouTube Kids

Social media, newsVideosTelevisionb, smart-
phone

2

N/AN/ANoYouTube KidsText (Telegram)WorkTelevision smart-

phoneb
3

N/AN/ANoMusic, games,
videos

Navigation (Mapquest,
Waze)

Web, communication,
music

Television, computer,

iPad, smartphoneb
4

1 in every 20
reading session

KindleYesGamesSocial mediaApps for speech, Netflix,
work

iPadb, smartphoneb5

6 in every 10
reading sessions

KindleYesGames, camera,
Kindle

Web, email, text, Face-
book, running tracking,
music

News, communication,
social media, music,
videos

Television, computer,

Kindle, smartphoneb
6

2 in every 10
reading session

KindleYesGames, KindleWeb, email, text, Face-
book, running tracking,
music

News, communication,
social media, music,
videos

Television, computer,

Kindleb, smartphone

7

N/AN/ANoiConnectionFacebookLearningTelevision, iPadb8

aN/A: not applicable.
bDevices most frequently used.

Table 3. Hearing loss app use.

Know Ling 6
sounds?

What would you like to have in a reading app?Read differently because of hearing loss?
In what way?

Apps used for hearing
loss

ID

Yes“Show the sign after I reads it. That way, when a child
knows the sign it can make the link from the sign to the
audio part of the object; repeat on the page.”

Yes—“We have done signs quite a bit
with reading; Using our fingers to point
out each word as we read.”

None1

Yes“It would need to grab their attention. Also make them
feel like they could understand and work the app.”

Yes—“I break down every part to make
sure she understands what is happening.”

None2

Yes“An app that needs a passcode to exit the app while us-
ing it. Videos that demonstrate the task that is being
teached. Vivid colors.”

NoMy Signing Time, Sign
and Sing

3

Yes“At this age, I would say to help (name) pronounce more
challenging words and provide definitions of their
meaning as she is reading.”

N/AaLexia, RazKids4

Yes“Have it have precise speech comprehension questions
at the end.”

NoSpeech Stickers, Hope
Words, Kids Vocab-
Read Comp 1

5

N/AN/AN/ANone6

N/AN/AN/ANone7

N/A“To slowly pronounce words as they are said and seen
on screen.”

N/ANone8

aN/A: not applicable.

Focus Group Discussion Themes
Focus group analysis identified 3 major themes. The first theme,
default needs, represents the generic needs from an app. The
subthemes are ease of use, the intuitiveness of navigation,
layout, and workflow, with comparisons to generic apps. The
second theme, specific needs, represents the needs regarding

hearing loss. The subthemes are the reading and language
comprehension functionality, user engagement, and preferences,
including attention, learning, and design. The third theme, family
needs, includes family suggestions about how the app could be
used, family interactions, and how Hear Me Read might fit
within the daily lives of the participants. The subthemes are
family relationships and daily life.
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Theme 1: Default Needs (Ease of Use Compared With
Generic Apps and Identifying Common Needs)

Ease of Use

Participants generally found the app to be easy to use with a
pleasing design. Most participants agreed that the app compared
favorably with other apps that they used frequently. Despite the
difficulty in use because of the new components and complexity
of functions, users confirmed that Hear Me Read is easy to learn
and a fulfilling app at the first use. Caregivers and children were
able to overcome difficulties and navigate the app after watching
the short introductory video and briefly exploring the app:

..., did you find doing the tasks difficult? Was it easy
and intuitive to learn it? Was there anything you got
stuck on? [facilitator, group 1]

No, just after I clicked around a little. [caregiver,
group 1]

Yeah, once you’re exploring, you kind of get the hang
of it. [caregiver, group 1]

Navigation

However, 2 functions are presented for modifying the usability
of the app. The first was the page-turning functionality. Initially,
the app required a long swiping motion across the bottom of
the screen to navigate to a new page. However, participants,
especially young children, found this method of navigation to
be complicated:

Children I think are going to really struggle. I think
with flipping pages, if you have to have your finger
in the small little corner to get it over, instead of just
hitting a button to go to the next page or anywhere
on the screen. [caregiver, group 1]

The chief complaint seemed to be that the swiping motion was
too specific and not forgiving enough when general swiping
movements or single taps were used. The children who were
using the app tended to instinctively press a single point to
navigate to the next page:

Yeah, at first I just tapped it, and I thought it was like,
if you tap it, it’ll go. [child, group 2]

However, caregivers mentioned that they tended to see children
using a swiping motion more often for other apps:

I think kids in general, when they think of any kind of
device they just kinda go like this [slides a finger from
bottom to top of iPad] and it’s just what they’re used
to doing. [caregiver, group 2]

Layout and Workflow

The second function with noted concerns was the recording
function, which required the user to click record on every page.
This action was not intuitive to most caregivers and caused them
not to record once they progressed past the first page:

I didn’t realize you had to hit the record button after
every page. We just kept right on going. [caregiver,
group 2]

The app allows the ability to playback either video or audio.
Although some participants only engaged with the audio, others

did not realize that audio only was an option. In addition, some
participants did not comprehend that the recording could be
deleted and replaced.

Theme 2: Specific Needs (Core Functionality,
Engagement, and User Preferences)

Reading and Language Functionality

Participants mentioned multiple times the ability to highlight
parts of speech as a favorite feature:

I liked the feature of highlighting the word,
vocabulary, stuff like that. That was a good idea.
[caregiver, group 1]

I loved how you could highlight pronouns and verbs
and adjectives, and I see where that could be helpful
with both of my children, both hearing and
non-hearing. I think that’s a real plus of the app.
[caregiver, group 2]

User Engagement

However, groups 1 and 2 engaged in the game differently. For
younger children (group 1), the video of a caregiver was
especially engaging:

When she did see me talking though, she did get really
excited at first, like “I see mommy.” [caregiver, group
1]

In addition, caregivers of younger children expressed concern
that the text was too dense, and visual interest was insufficient
to maintain engagement. Participants suggested increasing visual
interest for younger children through pictures, colors, and font
choices:

I think if the book was longer and had some pictures...
for each sentence have like a picture of what...the
story is trying to tell. Cause he [referring to son] got
excited when he saw the photos. [caregiver, group 1]

I feel like since it’s for a kid, it should have more
color to attract kids. [caregiver, group 1]

He’s still reading books that are kind of fun to look
at. Even chapter books that he reads, the font is a
more playful font, and it’s just more, I think,
eye-catching for them. [caregiver, group 2]

User Preferences

Older caregiver-child groups wanted more advanced features,
chapter books, and quizzes for comprehension:

I think maybe you should add like a little quiz at the
end or like something, just kinda refresh your memory.
[child, group 2]

...so to have a couple questions at the end...that would make
him think about what he just read. [caregiver, group 2]

Although the app is intended for caregivers to record themselves
reading, some caregivers also suggested that the children could
record themselves:

Or you could even work with them, and they could
even learn a sentence and record it themselves doing
it; so I thought that was cool, too. Once they learn
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the word, you could have them do the book and then
play it back to them. [caregiver, group 1]

However, a caregiver also noticed that it was very distracting
for her child to record himself:

I like the fact that I can record myself, but that it’s
extremely distracting for him to record himself. All
he wants to do is look at himself...very distracting for
him. [caregiver, group 2]

Theme 3: Family Needs (Integration of the App in
Family Relationships and Daily Life)

Family Relationships

Participants emphasized the value of family engagement and
joint use of the app for education and training of the children.
In that regard, they agreed that they liked the use of custom
videos of family. Participants also suggested that they could
use the app to include extended family members (eg,
grandmother) for video recording, which can help to bond family
members through this media:

And that my face is on there, that he recognized. It’s
not like some random voice or a stranger’s face or
something, I like that. [caregiver, group 2]

But to your point, at least it could be a family member
this way. [caregiver, group 2]

Yeah! Like a grandparent, that is a way they could
help them. [caregiver, group 2]

So, you recognize the voice, it’s not like some random
person. [child, group 2]

Daily Life

Caregivers cited after school and bedtime as the most likely
time for interaction with the app and estimated that they would

spend 15 to 30 min interacting with their child and the app each
day:

Well he started reading in school, so we would
probably use it for after homework or something.
[caregiver, group 2]

If you had a parent who traveled, I think it would be
wonderful to re-record bedtime stories, and they see
you. I mean, that is a really nice thing! [caregiver,
group 2]

Some caregivers referenced current reading times for their
children and suggested that they could use the app during these
times:

He has required nightly reading so that would be
nice. [caregiver, group 2]

I feel like before bedtime would be easiest when he
does his reading. [caregiver, group 1]

User Reactions
At the end of the interview session, participants were given
reaction cards with a series of words and asked to mark each
word that they felt applied to the app. This method was used to
quickly capture their thoughts and feelings about the app. In
Figure 2, the reactions are arranged from the highest number
of marks in the upper left corner to the lowest at the bottom
right of the figure. The highest number of marks was found for
those words most related to ease of use (usable, easy to use, and
straight forward) and value (valuable, useful, and motivating).
In addition, words related to positive design aspects had high
and medium representation (desirable, attractive, appealing, and
inviting). The words intimidating and slow each had one mark,
whereas other negative words received no marks.
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Figure 2. User reactions. Users were asked to mark words that they associated with the app. Displayed are the total counts for each word that was
marked. Words were rearranged by count for display.

Discussion

Overview
Hear Me Read is an app built to expand upon the gold standard
practice for developing literacy in children with hearing loss,
which consists primarily of in-person therapy sessions with a
pediatric hearing loss expert. Hear Me Read allows caregivers
to work with therapists to develop lesson plans within the app,
thereby facilitating at-home interactions between caregivers
and their children regularly. Furthermore, the recording
functionality allows the caregiver to prerecord reading sessions
that the child can use alone. Children can, therefore, interact
with the text in multiple ways. Caregiver and child engagement
while using this technology is the core objective of this app.
Joint caregiver-child engagement with media facilitates learning
[34] and can enhance family relationships [35]. Few
commercially available apps promote the caregiver’s
involvement while the child is engaging with the app. Hear Me
Read is developed with a user-centered perspective and makes
the caregiver a core partner in engagement through functionality,
whereby the caregiver can record video and audio of themselves
to be played back by the child, assign customized reading
objectives, and read together with their child. Hear Me Read’s
utility is designed to supplement the joint book reading in which
caregivers are already engaging their children. Hear Me Read
is not designed to replace traditional printed storybooks.
Caregivers can apply the knowledge from the Hear Me Read
app to their shared storybook reading experiences using a variety
of platforms, including both printed text and digital text.

The objective of this study was to use focus groups to investigate
the usability of the Hear Me Read app within caregiver-child
groups. Through participant interaction with the app followed
by a focus group discussion, we sought to identify areas
requiring modifications and improvements during the use of
the app, to understand how caregivers and children interacted
with the core functionality of the app, and to determine how
they might use the app in their daily life.

Principal Findings
We conducted two focus groups, one with children aged 2 to 5
years and their caregivers and the other with children aged 7 to
12 years and their caregivers. All children with hearing loss had
bilateral cochlear implants. The majority of family groups used
either smartphones or Kindle as their primary digital devices,
although not all participants used these devices for digital
reading. When considering the generic attributes of Hear Me
Read, participants agreed that the app was visually pleasing,
generally easy to use, and compared favorably to other apps
they use (both general apps and apps related to literacy). We
identified two obstacles (default needs) for ease of use in the
app, namely the page-turning functionality and the recording
functionality. Without a clear consensus on the preferred way
to turn the page (swiping vs pressing), we changed the
navigation to accept either a general swiping motion or a button
press on the right or left side of the display. In addition, our
participants tended to assume that recording continued as they
changed the pages, so we also updated our app to allow for
continuous recording rather than requiring it to be halted and
then reinitiated at each page. Despite these two usability issues,
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participants marked the app high for ease of use in the reaction
cards. The aforementioned favorable attributes and obstacles
may be common issues for any user group. We have not
identified any significant correlation with those who have
hearing loss and these user preferences.

In terms of user-specific needs, a key objective was to determine
if functionality deviates from non-digital standard practices. In
that regard, participants found that customized options such as
recording and playback and dynamic word highlighting were
accessible and valuable. The participants also expressed
appreciation for both the video recording and highlighting
capabilities, suggesting that these features would be useful for
improving literacy. Such user-level customization is a significant
driving factor in the digital health app literature as well [36].
Most caregiver participants already included daily reading
activities with their children, either after school or before bed,
and were able to see using the app as fitting within their daily
schedules for 15 to 30 min. Most of the participants expressed
appreciation for the recording functionality and the ability to
record a family member rather than to have a video of a stranger.
They suggested that this feature may increase engagement
because of familiarity and may also increase family bonding,
even when caregivers and children are not reading together.
This finding supports the importance of including coviewing
design elements in development through joint media engagement
with family members. This aspect will be investigated further
in a clinical trial.

Limitations
Participants in this study interacted with the app for only a
limited time (40 min), which may have limited their experiences
to be able to interact with all the features of the app. We
observed that different participants interacted with different
features of the app. However, none of the participants were able
to interface with the full suite of features. Testing time

constraints may have limited further investigation of usability
issues. The two focus groups represented a relatively small
sample size (n=8) and may not have been representative of the
full spectrum of the patient and caregiver population.
Furthermore, heterogeneity in terms of the children’s age and
gender may limit the generalization of age- or gender-specific
implications. The presence of children both with and without
hearing loss means that our feedback was skewed toward more
general features that are accessible to children with and without
hearing loss. However, we found that the feedback we received
from both groups was congruent.

The NCH clinic recruited participants with a snowball approach,
and therefore, familiarity with some of the staff, including the
speech therapists who were present during the focus group, may
have had an inhibitory effect on negative feedback. Finally, the
scope of this study was limited to an evaluation of the usability
of core functions. We did not ask participants to consider
evaluating all features (eg, the therapist tools) of the app in
depth. Future studies should expand to evaluate all features with
an extended user time, and therapeutic tasks should be assigned
and personalized for each participant.

Conclusions
We conducted a focus group study for usability testing of the
Hear Me Read app. Participants primarily found the app to be
easy to use, esthetically pleasing, and valuable. Feedback from
this study was used to improve the app and contribute to the
literature by reporting user needs and expectations from children
with hearing loss and caregiver population for a mobile app.
The findings are promising for the use of educational apps
designed specifically for the hearing loss population. Further
investigation is needed with larger sample sizes and the actual
impact on relevant language and literacy outcomes in this
population.
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Abstract

Background: Using mobile technology to support health care (mobile health [mHealth]) has been shown to improve health
outcomes across a multitude of health specialties and across the world. Exploring mHealth user experiences can aid in understanding
how and why an intervention was successful. The Mobile Alliance for Maternal Action (MAMA) was a free maternal mHealth
SMS text messaging service that was offered to pregnant women in Johannesburg, South Africa, with the goal of improving
maternal, fetal, and infant health outcomes. We conducted focus group discussions with MAMA users to learn about their
experiences with the program.

Objective: The aim of this qualitative study was to gather opinions of participants of the MAMA maternal mHealth service
regarding health care atmosphere, intervention use, and intervention feedback.

Methods: Prenatal and postnatal women (N=15) from public antenatal and postnatal care sites in central Johannesburg who
were receiving free maternal health text messages (MAMA) participated in 3 focus group discussions. Predefined discussion
topics included personal background, health care system experiences, MAMA program recruitment, acceptability, participant
experiences, and feedback.

Results: The feedback regarding experiences with the health system were comprised of a few reports of positive experiences
and many more reports of negative experiences such as long wait times, understaffed facilities, and poor service. Overall
acceptability for the maternal text message intervention was high. Participants reflected that the messages were timely, written
clearly, and felt supportive. Participants also reported sharing messages with friends and family.

Conclusions: These findings suggest that maternal mHealth interventions delivered through text messages can provide timely,
relevant, useful, and supportive information to pregnant women and new mothers especially in settings where there may be
mistrust of the health care system.

(JMIR Hum Factors 2020;7(2):e14078)   doi:10.2196/14078
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Introduction

Attendance to antenatal care and postnatal follow-up care visits
which provide professional maternal and infant health services
during pregnancy is important for healthy maternal, neonatal,
and child health outcomes [1,2]. Such visits allow health
professionals to identify and treat maternal and neonatal health
issues and have been found to decrease mortality and morbidity
[3]. Together antenatal care, postnatal follow-up care visits, and
infant vaccinations constitute the core of the maternal, neonatal,
and child health continuum of care [4].

South Africa did not meet key child and maternal mortality
United Nation Millennium Development Goals (goals 4 and 5)
by 2015, largely due to the high prevalence of HIV [5]; however,
these mortality statistics did show improvement. In 2007, at the
height of the HIV epidemic, South Africa had 48.1 infant deaths
per 1000 live births which halved to 23.6 per 1000 by 2013 [6].
Between 2004 and 2015, South African child (under 5 years of
age) mortality decreased from 66.9 to 38.0 deaths per 1000 [6],
and in 2013, the maternal mortality ratio was estimated to be
148 per 100 000 [7]. Despite these positive changes, more
improvement is needed in order to achieve national and global
maternal, neonatal, and child health goals.

Mobile technology, when used to support health care services,
is often referred to as mHealth (mobile health) [8]. Previous
systematic reviews of maternal mHealth interventions in low-
or middle-income countries have highlighted the improvement
in maternal and neonatal health outcomes, but have also
recommended further research into the factors contributing to
successful and unsuccessful mHealth interventions in practice
[9-12]. A gap in research exists because most mHealth
evaluations tend to use quantitative methodology. There is a
need for rigorous and continued evaluation of mHealth
interventions in order to understand how they worked and why
they succeeded (or did not succeed) and to ensure future
mHealth interventions are implemented successfully. Process
evaluations of mHealth interventions have been used only a
handful of times globally [13-15] and were used as part of pilot
projects to identify participant need and interest rather than to
look at large-scale implementation [16-18]. A qualitative
analysis [19] of a nationally implemented (in South Africa)
maternal mHealth intervention included only one clinic in the
study. Another South African study [20] investigated the
acceptance of ad hoc use of mobile technology by patients and
providers, rather than that of a specific mHealth intervention.
This study aims to address gaps in knowledge by exploring the
experiences of participants of the Mobile Alliance for Maternal
Action South Africa (MAMA) project, an SMS text
message–based maternal mHealth intervention that was offered
in Johannesburg between 2012 and 2014.

MAMA Intervention Overview
The MAMA intervention sent maternal health and infant care
information by SMS text message to approximately 12,000

pregnant women and new mothers in Johannesburg, South
Africa, throughout pregnancy and until their infant was one year
of age [21]. At the time of recruitment, women were given the
option to receive one of two types of text message
content—general maternal health information or prevention of
mother-to-child transmission of HIV maternal health
information; however, due to a high rate of women who were
pregnant and HIV-positive [22], both streams of messages
contained some HIV content, such as regular HIV-testing
reminders (see Multimedia Appendix 1). The difference between
the prevention of mother-to-child transmission of HIV content
stream and the general maternal health content stream was that
approximately 20 general maternal health support–related
messages were replaced with prevention of mother-to-child
transmission of HIV–related messages. The intervention
predated, however retrospectively, was in line with the World
Health Organization Classification of Digital Health
Interventions [23], whereby specific digital health interventions
can be used to address health system challenges; in the case of
the MAMA intervention, targeted health information was
transmitted to a certain demographic (pregnancy) clients to
provide health education and to decrease attrition rates [23].

Through routine operational research [22], MAMA SMS text
message recipients had previously provided feedback regarding
a number of contextual factors such as poverty, violence,
alcohol, social support, the underresourced health care system,
the high rate of HIV infection, and the high rate of miscarriage.
Participant discussions of poverty and violence subthemes
included topics of long-term unemployment and sharing living
space with multiple other families, as well as perspectives on
the effects of excessive alcohol use on both themselves and their
community. Income-related concerns that were provided during
feedback included not being able to afford high-quality medical
services, witnessing verbal or physical fights between couples
on the subject of finances, and being unable to regularly afford
meals that included meat. Social support subthemes included
social norms such as being able to turn to siblings and older
generation members of the family for support after delivery to
enable a safe and supportive environment for themselves and
their newborns.

Previous nonrandomized quantitative studies [24,25] that
investigated MAMA health outcomes looked at mother-infant
pairs who received the MAMA SMS text messages compared
to the mother-infant pairs who did not receive MAMA SMS
text messages and showed that those in the intervention arm
had a higher rate of antenatal care attendance, an increased
likelihood of a vaginal birth, a reduced likelihood of emergency
cesarean delivery, and were more likely to have attended all
recommended postnatal follow-up care visits up to one year
after birth. Furthermore, an analysis [26] found that the MAMA
text message intervention would be a cost-effective strategy to
improve antenatal care attendance and vaccination rates, even
if only brought to scale in Gauteng, one of South Africa’s
provinces.
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Methods

Study Design
This was a qualitative study with an inductive and descriptive
design. An inductive approach involves drawing codes,
categories, or themes directly from the data, and is useful when
knowledge about a phenomenon is limited [27].

Study Setting and Participants
In late 2013 and early 2014, adult women (18 years of age or
older) attending routine antenatal and postnatal follow-up care
services at 3 sites were invited to participate in focus group
discussions. Participants were purposively selected to identify
women who were either at various stages of pregnancy or after
delivery with infants less than one year of age on the day of
recruitment. Potential participants were women who were
already receiving MAMA messages and who were identified
by asking; if the women responded affirmatively, they were
invited to participate in the study. Women who agreed to
participate in the study provided informed consent. Of the 21
women who were invited to participate, 15 women agreed to
participate in the focus group discussions.

All three sites in the study were public health care facilities in
Hillbrow, Johannesburg. Hillbrow has a high population density
with high diversity, predominantly low-income households, and
had an unemployment rate estimated at 23% in 2013 as well as
high rates of behaviors such as alcohol use and gender-based
violence [28]. In Hillbrow in 2013, 27% of women who were
pregnant were HIV-positive [24].

Study Procedures
A focus group discussion guide was created prior to the study
and was designed to elicit feedback from participants about

their experiences related to the intervention text messages
(Multimedia Appendix 2). The topics covered general questions
about the message content, usefulness, the signup procedure,
and sharing of the messages with others. Focus group
discussions were timed so that participants had received at least
four months of messages which allowed them to have sufficient
experience to provide feedback but was early enough in the
intervention life span to allow for optimization, change, and
improvement, if necessary.

Focus group discussions were held in a private room in an
antenatal and postnatal follow-up care site that offered the
intervention. A total of 3 focus group discussions, each with
4-6 participants, were held. Each discussion group lasted
between 60 and 90 minutes and was conducted in English. At
each focus group discussion, 2 to 4 research staff were present,
one of whom was experienced in qualitative research and who
acted as the moderator. The other research staff observed and
translated between local languages and English, when necessary.

Data Collection and Analysis
Audio recordings of each focus group discussion were
transcribed verbatim, and managed in Dedoose [29], an online
qualitative data analysis tool. Focus group discussions were
separately read and coded by 3 members of the study team who
then agreed on a hierarchical coding system. The hierarchical
coding system was refined using an inductive-deductive
approach based upon the focus group discussion interview guide
and initial review of the transcripts. General categories were
identified, reviewed, and then organized into major categories
and subcategories to capture specific detail (Table 1). The 3
researchers then analyzed the text using latent content analysis
inspired by Graneheim and Lundman [30]. When differences
of opinion arose, coding was compared, reviewed, and discussed
until there was consensus.

Table 1. Focus group discussion themes (categories and subcategories).

SubcategoryCategory

Poverty/employment/incomeFactors contextualizing the intervention

Social support

Experiences of the public health care system

Positive

Negative

Recruitment was facilitated by helpful staff membersFactors contributing to intervention success

Privacy concerns were allayed

Communication preferences

Messages arrived regularly

Text message content was accessible

Relevance of text message contentProject feedback

Trust in the content

Acceptability of the intervention
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Ethics
The study was approved by the Human Research Ethics
Committee (Medical; M120649) at the University of the
Witwatersrand in Johannesburg. Participation in the study was
voluntary and informed consent was given by each participant
prior to the collection of any personal information. Participants
were informed that they were not required to disclose their HIV
status.

Results

Participants
The 15 participants ranged in age from 20 to 36 years (median
31, IQR 7). All women were black, African, and residents of

Hillbrow, Johannesburg. Women who were pregnant (prenatal,
n=8) ranged from being between 26 and 39 weeks pregnant at
the time of their focus group discussion, the other women
(postnatal, n=7) had given birth between one week and 52 weeks
prior. Each focus group discussion included both post and
prenatal participants as well as a women who ranged in age
from their twenties to thirties (group 1: 20-36; group 2: 28-35;
group 3: 21-36 years of age). All participants received MAMA
SMS text messages sent twice a week for at least 16 weeks (ie,
at least 32 SMS text messages).

Table 2. Overview of focus group participant characteristics.

Postnatal, n (weeks since)Prenatal, n (weeks gestation)Age (years), rangeParticipants, nFocus group

2 (4; 20)3 (30-34)20-365Group 1

2 (1; 52)2 (26; 39)28-354Group 2

2 (17; 34)4 (34-39)21-366Group 3

Experiences of the Public Health Care System
There were divergent opinions about the health care system. A
few participants had positive feelings and experiences, but most
expressed negative feelings. Those with positive experiences
mentioned having trust in the medical procedures and the experts
who work there. On the other hand, a number of participants
described having poor opinions of both the health care system
and staff. One participant was able to differentiate her opinion
between the system and individuals who worked within it.
Specific topics are explored in more detail below.

Feedback about the health care system related to HIV testing,
care, and treatment was positive. There were comments about
public HIV clinics being more trustworthy than private clinics
that conducted HIV tests:

Sometimes the tests from the [private] doctors they
come wrong but normally at the clinic, if you know
you are testing at the clinic I don’t think your status
would ever come wrong, if it's negative it will come
back negative. [Postnatal woman, 32 years of age]

In addition, there was a perceived benefit in the antenatal HIV
testing services:

For me, I think the most important reason that you
should book at the clinic is so that you may know your
[HIV] status before you proceed with the pregnancy
[and] so that your baby will be checked so that you
can proceed with your pregnancy [knowing your baby
is healthy]. [Postnatal woman, 32 years of age]

Notwithstanding HIV testing, care, and treatment services,
health care–related feedback was less positive and participants
were vocal about their negative health care experiences.
Analyzing these experiences, 3 main barriers were identified:
long wait times, poor treatment (by staff), and that staff seen to
be overworked. One spoke about staff treating patients with

disdain and disrespect, making them feel that they must “obey”
and that they had made a mistake by becoming pregnant:

I wouldn’t suggest anyone to go to the clinic
especially [clinic name] if she’s pregnant, no I
wouldn’t suggest [it].... There [at the antenatal clinic]
if you are pregnant you are being treated like you are
stupid and if you don’t obey that stupidity they won’t
help you, you don’t get the dignity as a human being…
You’re just nothing just because you are pregnant
which is not fair. [Prenatal woman, 33 years of age]

Others described the long wait times and the perception that
staff chose not to treat all patients who arrived on a given day:

People are coming 3 o’clock [in the morning];
imagine a pregnant person coming 3 o’clock to [wait
until] 07:30. People have to come that early because
[the staff] only see a small number [of patients a day]
or you get turned away; no they shouldn’t do that.
[Unidentified participant, focus group 3]

Participants in focus group discussions recounted feeling scared
of the treatment by staff, but explained that they continued to
seek these services because of the importance of antenatal care
for infant health:

The problem is that even if you try to talk to them they
will tell you that you challenging them...we scared
but we just thinking of our babies...I always tell my
friends just go there don’t worry about how they
treating us think about our babies. [Postnatal woman,
36 years of age]

Factors Contributing to Intervention Success
This section identifies aspects of the intervention that were
mentioned by focus group discussion participants as being useful
or enabling its use and integrating the information that they
received into action. These included using a personalized and
private recruitment technique, using an accepted and reliable
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communication method, and receiving simple, relevant, and
supportive message content.

Recruitment to the text message intervention was done with the
support of study staff who identified themselves as working
with the study as opposed to identifying themselves as working
for the healthcare facility:

I think the approach was good because it was
professional she was able to explain what is it that
I’m expecting and the messages which will, the
usefulness of the message and what will it be helping
me with so I think she was professional enough.
[Prenatal woman, 36 years of age]

Participants also noted that privacy was an important issue. One
participant appreciated the careful way that staff invited her to
take part in the mHealth intervention, using a discreet
conversation that did not disclose her HIV status to others:

What I was happy for is she asked me [if I wanted to
receive HIV-related messages] in private she didn’t
just ask me in front of people so I just tell her that I
know my status so she say those messages will help
me so that I won’t be having stress or to think too
much about it so every Monday or Thursday I was
always waiting for the messages so that if I’m not OK
if I haven’t gotten those messages I will feel better
than before. [Postnatal woman, 28 years of age]

Intervention Communication
The focus group discussion included a query about preferred
communication methods which aimed to identify if text
messages were a barrier in any way. The discussion covered
text messages, radio, email, television, and print, but did not
include smartphones due to their low utilization. Participants
reported that text messages were their favorite method of
communication as it felt more personal, was inexpensive (“free
to receive!”), ubiquitous, and easy to use.

I also think like the cell phone is the easiest way
because everyone is using a cell phone ...I think the
cell phone SMS is the best. [Postnatal woman, 28
years of age]

Most participants in focus group discussions were able to recall
that the messages were sent twice a week, with all but one
participant able to recite the precise time and days of the week.

Interviewer: So how often do you receive these SMS
[messages]?

Group response: Twice a week, Monday and
Thursday, 9 o’clock exactly.

Being able to count on the text messages to arrive on time, all
the time, was mentioned by multiple participants. Two female
participants in different focus group discussions mentioned that
they waited for their Monday morning message before they
decided to bring their infant to the clinic, to see if that day’s
message dealt with an issue that they had had over the weekend.

In South Africa, with 11 official languages, accessibility of the
text message language was a concern among the implementers
and was brought up at each focus group discussion. All focus

group discussion participants claimed that English-language
messages were not a barrier, but rather that English was the best
option since it was easy to share with others who might not
speak their mother tongue.

Intervention Feedback
Feedback regarding the intervention highlighted that it provided
helpful, relevant information at appropriate times, was
trustworthy, and was accepted.

Message content was brought up repeatedly throughout the
focus group discussions as being an enabler of trust in the
intervention and source of the messages. This trust is highlighted
by discussions of the timeliness of messages and relevant to
issues they were dealing with.

At a time my baby had a problem with her skin I
received an SMS saying you can take that aqueous
cream and just rub your baby and I did that I saw the
skin of my baby change and I was so happy...I was
so happy thank you so much...I am getting so much
advice... Thank you. [Postnatal woman, 20 years of
age]

Other topics that were remembered by participants included
nutrition during pregnancy, how to handle being pregnant and
HIV-positive, learning about and preparing for delivery,
understanding how to connect with a newborn, and dealing with
teething. Participants also mentioned feeling more confident in
caring for their infants as a result of the messages, and believed
that the messages were trustworthy and were considered expert
material.

Some participants identified their mothers as barriers to having
healthy children. Two varying methods of dealing with this
disconnect were shared; the first was explicitly telling their
mother that the messages should be followed because it came
from professionals and the second was telling their mother that
their (the mother’s) advice would be followed, but actually
adhering to the message-based advice. The difference between
which method was used was, in general, related to where their
mothers were located. Women whose mothers were close by
were more direct while women whose mothers were outside
Johannesburg frequently used the second approach.

All participants showed an interest in continuing to receive SMS
text messages after their baby reached one year of age. This
was a recurring theme in all focus group discussion and was
further evidenced by some focus group discussion participants
claiming a willingness to pay for the messages, if necessary:

As now that I’ve received the SMS [text messages] I
know about the SMS [text messages] already… if I
have to pay I would pay because I know they are
worthy, and SMS rate I would mind paying it.
[Prenatal woman, 33 years of age]

None of the focus group discussions brought up any negative
comments about MAMA, nor did they have suggestions for
improvement when probed for this.
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Discussion

Principal Findings
In this qualitative study of user experiences of the MAMA
maternal mHealth intervention, we found that, in contrast to
poor experiences with the health system, MAMA maternal
mHealth messages were considered to be reliable and useful.
Despite mixed feelings regarding the quality of care provided
by the health care system, participants were happy with the
mHealth intervention and the content of the text messages. The
text message intervention had an easy and discreet signup
process, the use of text messages for communication was
appropriate, and the content was accessible by the participants.
The message content was reported to be relevant, trusted by the
participants, and accepted by them.

Participants identified various barriers when trying to receive
maternal health care and support. Each of these barriers may
have been an indication of an underresourced health care system
with high demand on staff. Participant feedback highlighted
current health system barriers and disincentives for patients
deciding how and when to attend health care facilities. Negative
experiences at health care facilities, such as disrespectful staff
and distrust of medical advice, among others, highlighted the
need for a service that provides genuine, respectful, and
trustworthy messaging for patients.

Focus group discussion participants generally had positive
feedback and experiences of the SMS intervention because of
the private recruitment, simple signup, and easy to understand
messages that were relevant and timely. Most of the recruitment
team were previously employed as HIV counselors which
enabled them to be sensitive to the stigma that is related to HIV
issues. This previous experience encouraged them to find
recruitment methods that provided full patient confidentiality.
Participants also reported having limited access to expert
maternal health information outside of the intervention. Health
care workers were seen as overworked and to only be able to
provide limited support during maternal health care (antenatal
care and postnatal follow-up care) visits. Thus, receiving timely
and trustworthy maternal health information at no additional
cost was seen as an enabler of good health, and it has, in fact,
been shown to lead to better health [24]. Furthermore, given
the national emphasis on HIV care, treatment, and support
throughout South Africa over the last decade, the finding of a
strong level of trust in the non-MAMA services provided by
the public health care system was reassuring.

Comparison With Previous Work
Being outside the health care system enabled study staff to
differentiate themselves from the health care system and its
negative connotations. Additionally, the staff had the ability to
focus entirely on the patient and provide as much information
and support as was necessary to ensure the patient felt
comfortable with the signup process. The combination of high
HIV rates in the target population, significant HIV-associated
stigma, and cramped waiting rooms where recruitment took
place meant that recruiters had to be tactful. The depth of trust,
relevance, and acceptability reported by participants was in line
with another maternal mHealth study [15] that took place in

rural northern Canada and which used focus group discussions
and showed patient perception of the mHealth intervention to
be highly acceptable and relevant. The same study [15] also
found a high level of trust in the messaging that was provided;
participants mentioned that they could believe the messages
because of the source. This similarity shows the perceived
pedigree of the message content is an important factor with
regard to both the trust and the acceptability of an mHealth
intervention.

The request for additional messages and the willingness to pay
suggested that the text messages were not just accepted by focus
group discussion participants but welcomed. Willingness to pay
for mHealth services has not been studied extensively. While
a willingness to pay was identified in this study, we feel this
claim should be taken in context given the previously identified
poverty-related issues. Participant acceptability of the
intervention might be due to lack of stigma around pregnancy
and infant care, and the relatively young age of participants,
who were, by definition, of childbearing age. Watkins et al [20]
suggested that acceptability of mHealth interventions could be
based on age; older individuals reported having difficulty
reading text on their phones and were less receptive to
technology-based interventions. Additionally, maternal health
is an area that has virtually no stigma associated with it, unlike
other health conditions such as HIV. A qualitative study in
Kenya [14] that looked at the acceptability of SMS text
message–based HIV support reported that many individuals
had concerns about the use of HIV-related terms and highlighted
the potential for accidental disclosure of their HIV status. In
contrast, MAMA was designed to support maternal and infant
health. This might help reduce stigma, even though discussions
of HIV were held privately, and this in turn may encourage
women to get care for this critical health issue.

Participant feedback suggested that mHealth interventions may
feel more compassionate than in-person visits. Lester et al [30]
highlighted this same issue in their study which showed
HIV-positive individuals who received SMS text messages from
health care workers had improved clinical health outcomes
compared to that of nonrecipients; many who received the
messages reported that it seemed “like someone cares” (p 1843).
Patient feelings that someone cares about them and their
pregnancy could be a contributing factor to the positive effect
demonstrated in previous MAMA research [24,25].

Limitations
This qualitative study included the feedback of only 15
participants in Johannesburg, South Africa, and might not be
representative of the population as a whole. Additionally, there
was potential for participants to be affected by social-desirability
bias [32] as the focus group discussions were conducted close
to the recruitment site. This could be a reason for the few critical
statements about the intervention. Conversely, previous
qualitative maternal mHealth studies [33,34] have shown that
individuals tend to see mHealth based interventions in a positive
light even before they are offered, which could partially explain
the responses of participants in the current study. We are also
aware that the thematic focus group discussion guide contains
several closed questions which could have made the discussion
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less free. Surprisingly, there were no negative comments
regarding MAMA. This could be due to the participants
perceiving the researchers as coming from MAMA, and
therefore, not wanting to give any negative feedback; however,
the participants were outspoken and seemed honest when
discussing other topics. We believe the participants genuinely
saw MAMA as an important tool that helped them during their
pregnancy. Lastly, these results should not replace acceptability
testing in other situations or among other populations.

Conclusions
Maternal mHealth interventions, delivered through text messages
can provide timely, relevant, useful, and supportive information
to pregnant women and new mothers, especially where mistrust
in the health care system may exist. Maternal, neonatal, and
child health is a field where this combination (timely, relevant,
and supportive) is especially important and mHealth could be
a tool used to attain maternal, neonatal, and child health goals,
globally.
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Abstract

Background: Anesthesia information management systems (AIMSs) automatically import real-time vital signs from physiological
monitors to anesthetic records, replacing part of anesthetists’ traditional manual record keeping. However, only a handful of
studies have examined the effects of AIMSs on anesthetists’ monitoring performance.

Objective: This study aimed to compare the effects of AIMS use and manual record keeping on anesthetists’ monitoring
performance, using a full-scale high-fidelity simulation.

Methods: This simulation study was a randomized controlled trial with a parallel group design that compared the effects of two
record-keeping methods (AIMS vs manual) on anesthetists’ monitoring performance. Twenty anesthetists at a tertiary hospital
in Hong Kong were randomly assigned to either the AIMS or manual condition, and they participated in a 45-minute scenario in
a high-fidelity simulation environment. Participants took over a case involving general anesthesia for below-knee amputation
surgery and performed record keeping. The three primary outcomes were participants’ (1) vigilance detection accuracy (%), (2)
situation awareness accuracy (%), and (3) subjective mental workload (0-100).

Results: With regard to the primary outcomes, there was no significant difference in participants’ vigilance detection accuracy
(AIMS, 56.7% vs manual, 56.7%; P=.50), and subjective mental workload was significantly lower in the AIMS condition than
in the manual condition (AIMS, 34.2 vs manual, 46.7; P=.02). However, the result for situation awareness accuracy was inconclusive
as the study did not have enough power to detect a difference between the two conditions.

Conclusions: Our findings suggest that it is promising for AIMS use to become a mainstay of anesthesia record keeping. AIMSs
are effective in reducing anesthetists’workload and improving the quality of their anesthetic record keeping, without compromising
vigilance.

(JMIR Hum Factors 2020;7(2):e16036)   doi:10.2196/16036

KEYWORDS

anesthesia information management system; automated record keeping; vigilance; situation awareness; mental workload

Introduction

An anesthesia information management system (AIMS) is a
computer-based system that automatically imports real-time

vital signs from physiological monitors to replace traditional
handwritten records [1] and is increasingly being adopted by
hospitals [2]. Despite the increasing popularity of AIMSs, recent
studies on AIMSs mainly addressed the completeness of
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anesthetic records [3,4] but not the other attributes that are
central to anesthetists’monitoring performance, such as situation
awareness and mental workload. The purpose of this paper was
to report a full-scale high-fidelity simulation that compared the
effects of AIMS use and manual record keeping on anesthetists’
monitoring performance.

Vigilance is the ability to maintain sustained attention over a
long period of monitoring [5]. The most recent studies
examining the effect of automated record keeping on vigilance
were conducted 20 years ago [6,7]. Those studies focused on
visual vigilance, which was operationalized as the time taken
by participants to detect visual stimuli, including simulated
abnormal values on a patient monitor [6] and flashing of an
alarm light [7]. Anesthetists’ vigilance was not affected when
record keeping was carried out by machines or assistants [6].

Situation awareness refers to one’s mental representation of the
status of a dynamically changing environment. Situation
awareness is measured at the following three levels: perception
(level 1), comprehension (level 2), and projection (level 3) [8].
Situation awareness is critical to the administration of anesthesia
because anesthetists need to monitor and be aware of numerous
patient physiological variables (perception), detect unstable
conditions and intervene appropriately (comprehension), and
anticipate the effects of the intervention (projection) [9].
Situation awareness affects and is affected by mental workload,
which is characterized as a subjective experience of the level
of attentional demands imposed by performing tasks [10]. Noel
suggested that anesthetists might become less attentive to the
details of anesthetic events and patients’ status when they do
not have to scan patients’ vital signs and write them down, as
required in manual charting [11].

An AIMS would change the role of anesthetists from active
processers of information to passive recipients [12,13]. As a
result, anesthetists might be less attentive to the operating room
(OR) surroundings and their patients’ status during monitoring.
However, an AIMS is expected to reduce anesthetists’ subjective
mental workload. Our three hypotheses specify that when
compared with anesthetists who use manual record keeping,
anesthetists who use AIMSs would have lower vigilance
detection accuracy (H1), would have lower situation awareness
accuracy (H2), and would experience lower subjective mental
workload (H3).

Methods

Study Design and Approval
A parallel group experimental design was employed in this
study. Ethical approval was obtained from Tuen Mun Hospital
(TMH) (NTWC/CREC/17065) and Lingnan University
(EC-063/1617). Written informed consent was obtained from
all participants in advance and their data were deidentified.

Participants
Participants were recruited from among the members of the
Anaesthesia and Intensive Care Unit, TMH between September
2017 and March 2018. Participants were eligible if they were
resident trainees or specialists. Based on the limited availability
of anesthetists, we included 10 participants in each of the two
conditions (ie, AIMS and manual), with a total of 20
participants. To achieve simple randomization of group
assignment, one experimenter (MKT) placed 10 red
(representing the AIMS condition) and 10 green (representing
the manual condition) stickers into an opaque envelope and then
randomly drew a sticker to generate the allocation sequence.
As soon as participants enrolled in the study, they were assigned
to a condition according to the allocation sequence.

Simulation Design
A full-scale high-fidelity simulation was carried out in an OR
at TMH. A clinical scenario specific for this study was designed
by three anesthetists (THC, CPC, and KML). The scenario was
designed to simulate uneventful monitoring with few critical
incidents at intervals [14]. The scenario was set during the
intraoperative portion of an emergency amputation below the
right knee with general endotracheal anesthesia. It lasted for 45
minutes and comprised the following three phases: (1)
preincident, (2) incident, and (3) postincident. The pre- and
postincident phases were relatively uneventful, but the incident
phase included the following three clinically relevant events:
tourniquet pain, tourniquet deflation, and bleeding. The patient
vital signs and progression were designed by an anesthetist
(THC) and verified by a consultant anesthetist (CPC). When
participants entered the simulation, they were asked to take over
a case from a senior anesthetist (THC), who was a confederate
in the study.

Apart from the participant, the simulation involved seven people,
each with a specific role as follows: (1) senior anesthetist (THC);
(2) runner nurse (a registered nurse colleague at TMH); (3)
surgeon (CWL); (4) scrub nurse (KML); (5) patient simulator
operator (CPC); and (6) two experimenters (MKT and SYWL).
The confederates and the patient simulator operator were
clinicians from TMH. The two experimenters were researchers
from Lingnan University.

Each simulation session was recorded by two digital video
recorders; one captured a general view of the OR (Figure 1A)
and the other was head-mounted (GoPro Hero 5; GoPro, San
Mateo, California, USA) to capture the participant’s point of
view (Figure 1B). A Fluke ProSim 8 Vital Signs Patient Monitor
Simulator (Fluke Biomedical, Cleveland, Ohio, USA) was
connected to a SimMan 3G (Laerdal Medical AS, Stavanger,
Norway) patient simulator and a physiological monitor to
display vital signs during the simulation.
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Figure 1. Video capture from the perspective of the operating room (A) and participant (B) while the participant was entering data into the anesthesia
information management system during the simulation scenario.

Before the simulation began, participants were given a briefing
to introduce them to the purpose of the study. The participants
were then informed about the role of each confederate and the
function of the patient simulator. In a training session,
participants were given instructions and demonstrations on how
to respond to assessments of vigilance, situation awareness, and
mental workload during the simulation. Participants in the
manual condition were also trained on how to manually
complete an anesthetic record, because resident anesthetists at
the hospital use an AIMS in their usual work practice. The
simulation began when the senior anesthetist completed the
handover to the participant. The participants were debriefed
when the simulation was completed.

Design of Situation Awareness Queries
The situation present assessment method (SPAM) [15] was used
to measure participants’ situation awareness. At predetermined

moments of the simulation, the experimenter MKT called the
participants’ mobile phone to deliver situation awareness
queries. The queries covered the three levels of situation
awareness (perception, comprehension, and projection). For
generating the situation awareness queries, we followed the
process recommended by Endsley [16] to conduct a
goal-directed task analysis (GDTA), which involved
semistructured interviews, formulating a goal tree, and extracting
and finally translating situation awareness requirements into
scenario-specific queries. Details of the GDTA and situation
awareness requirements are provided in Multimedia Appendix
1 and Multimedia Appendix 2, respectively. A total of nine
situation awareness queries (Table 1) were generated with input
from five anesthetists (CPC, KML, THC, an associate
consultant, and a resident specialist).
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Table 1. The nine situation awareness queries used in the scenario with their locations of information and their target answers.

Target answerLocation of the informationPhase, Situation awareness queries

Preincident

Approximately 11Preoperative assessmentLevel 1: What is the level of hemoglobin of the pa-
tient?

Tourniquet painLevel 2: What is the most possible cause for the pa-
tient’s hypertension?

• Physiological monitor (BPa, baseline BP)

• Understanding of the surgical procedure
• Medical knowledge

IncreaseLevel 3: If you do not provide any intervention, what
would happen to the BP?

• Physiological monitor (BP, baseline BP)

• Understanding of the surgical procedure
• Medical knowledge

Incident

125/80Level 1: What is the patient’s baseline BP? • AIMS/manual record
• Physiological monitor

Bleeding/volume lossLevel 2: What is the most likely cause of the patient’s
hypotension?

• Physiological monitor (HRb, BP)
• Understanding of the surgical procedure
• Medical knowledge

IncreaseLevel 3: If you do not provide any intervention, what
would happen to the end-tidal CO2?

• Ventilator (CO2, baseline CO2, medical
knowledge)

• Understanding of the surgical procedure

Postincident

500-700 mL

(within ±5% is acceptable)

Level 1: How much blood has the patient lost? • Suction bottle (volume of blood)
• Communication with nurses (volume of saline

drip applied)
• Blood gauze

Yes, there is no more blood in suc-
tion tubing/HR and BP become
normal

Level 2: Is the bleeding controlled? Why? • Suction tubing sound
• Suction bottle
• Physiological monitor (BP, HR)
• Surgical field (eg, blood gauze)

Increase. Not enough volume re-
placement, making the haemoglobin
concentration higher. Or decrease.
Due to severe blood loss

Level 3: If you do not provide any intervention, what
would happen to the hemoglobin level?

• Medical knowledge
• Understanding of the surgical procedure
• Blood analysis

aBP: blood pressure.
bHR: heart rate.

Primary Outcomes
There were three primary outcomes as follows: (1) accuracy of
detecting suction tubing sounds (ie, vigilance detection
accuracy), which were sounds made from actual suction tubing
controlled by the scrub nurse (KML); (2) accuracy of correctly
answering scenario-specific situation awareness queries (ie,

situation awareness accuracy); and (3) self-reported mental
workload ratings on The National Aeronautics and Space
Administration Task Load Index (NASA-TLX) [17].
Measurements of the primary outcomes were performed by the
experimenters MKT and SWL at predetermined times during
the 45-minute scenario. Figure 2 shows how the measures were
distributed over the three phases of the scenario.
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Figure 2. Design of the predetermined vital signs used in the clinical scenario of the simulation and the timeline of vigilance (V), situation awareness
(S), and mental workload (W) assessments. BP: blood pressure; HR: heart rate.

Secondary Outcomes
The secondary outcomes involved the distribution of the
participants’ time across different task activities (ie, task time
distribution), the quality of their anesthesia record (ie, anesthesia
record completeness), and their attitude toward the AIMS. We
assessed participants’attitude toward the AIMS in terms of trust
and acceptance, using a 45-item questionnaire (Multimedia
Appendix 3) after the simulation was completed.

Statistical Analysis

Operationalization of the Primary Outcomes
Vigilance was operationalized as detection accuracy for each
participant. The score was calculated as the proportion (%) of
the six tubing sounds that a participant detected. Situation
awareness was operationalized as response accuracy, which
was calculated as the proportion (%) of the nine situation
awareness queries that the participant answered correctly. Each
participant’s answers to the situation awareness queries were
first evaluated against a predetermined marking scheme. When
an answer did not match the target answer, an anesthetist (THC),
who was blinded to the condition allocation, helped determine
the accuracy of the answer according to expert judgement.

We performed the subjective mental workload measurement at
the end of each simulation phase, in which participants rated
each NASA-TLX dimension on a scale from 0 (lowest) to 100
(highest). The NASA-TLX comprises six dimensions (mental
demand, physical demand, temporal demand, effort, frustration,
and performance). The mean overall TLX score for each
participant was calculated across the three simulation phases.

Operationalization of the Secondary Outcomes
Participants’ task activities in the simulation were video
recorded and were reviewed to extract data on the different task

activities. Task time distribution for each individual task
category was computed as a percentage of the time spent on
that category over the total time for all four tasks, including (1)
entering record data, (2) monitoring the patient (eg, looking at
the patient record, physiological monitor, anesthetic gas
machine, or simulated patient), (3) performing patient care
activities (eg, administering medication into patient’s
intravenous access), and (4) interacting with the surgical team
(eg, talking to the surgeon, asking the runner nurse to order
medication, etc). Data were not coded for tasks that did not fall
into any of the four task categories (eg, tidying up equipment
wires, walking around the OR, etc).

Two raters assessed the participants’ anesthetic records for
completeness using the 15-item checklist by Edwards et al [4],
which was modified from the Australian and New Zealand
College of Anesthetists’ recommendations on anesthetic records
[18]. The two raters were an anesthetist (THC) and a consultant
anesthetist (CPC), and they scored each checklist item with 1
(present), 0.5 (partially present), or 0 (absent) for the anesthetic
records. The scoring was carried out by the raters independent
from each other. The scores of individual checklist items were
summed to produce a total score for each anesthetic record.

The trust and acceptance questionnaire had the following two
parts: “trust in the AIMS” (adapted from a scale on trust in
automated systems [19]) and “acceptance of the AIMS” (adapted
from a scale based on the technology acceptance model [20-22]).
All items in the questionnaire were rated on a 5-point Likert
scale, with 1 indicating strongly disagree, 2 indicating disagree,
3 indicating neutral, 4 indicating agree, and 5 indicating strongly
agree. Separate mean scores for trust and acceptance were
calculated for each participant.

Prior to analysis, the Shapiro-Wilk test and Levene test were
performed to assess the normality and homogeneity of variance,
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respectively, of the studentized residuals of the data. The
independent sample t test was used to compare differences
between the manual and AIMS conditions for normally
distributed data. The Mann-Whitney U test was performed for
non-normally distributed data.

According to the directions of the hypotheses, one-tailed
significance tests were performed for the primary outcomes,
whereas two-tailed tests were performed for the secondary
outcomes. Task time distributions of the four tasks were

compared between the two conditions with Bonferroni correction
to obtain a more stringent alpha level of .0125 (.05/4).

Results

Response Rate
All 20 participants completed the trials without any dropout
(Figure 3). Participants in the AIMS condition and those in the
manual condition had comparable years of experience in
anesthesia, with mean experience durations of 3.4 and 3.2 years,
respectively.

Figure 3. CONSORT disgram for the simulation study.

Primary Outcomes
There was no significant difference in vigilance accuracy
between the AIMS (mean 56.7%, SD 32.6%) and manual
conditions (mean 56.7%, SD 31.6%) (t18=0.00, P=.50,
one-tailed); therefore, H1 was not supported. Although there
was no significant difference in situation awareness accuracy
between the AIMS (median 88.9%, range 66.7%-100%) and
manual conditions (median 88.9%, range 77.8%-100%) (U=40.5,
P=.48), we carried out a post-hoc power analysis using G*Power

[23] on the basis of an emerging difference in trend between
the two conditions. The achieved power (1   β) calculated was
0.13, which was below the lowest conventionally acceptable
level of 0.8. This suggests that the study did not have enough
power to detect a difference in situation awareness accuracy
between the AIMS and manual conditions. Therefore, H2 was
inconclusive. However, we found that participants reported a
significantly lower overall TLX score in the AIMS condition
(mean 34.2, SD 12.5) than in the manual condition (mean 46.7,
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SD 11.5) (t18=−2.34, P=.02, one-tailed). Therefore, H3 was
supported.

Secondary Outcomes
Some video data were not coded (30% in the AIMS condition
and 26% in the manual condition), as they either could not be
classified or involved tasks that did not fall into our predefined
task categories. Of the data that were coded according to the
four task categories, only the proportion of time spent on record
data entry differed significantly between the AIMS (mean
26.0%, SD 4.9%) and manual conditions (mean 33.7%, SD
6.9%) (t18=−2.87, P=.01, two-tailed). We also found that the
level of completeness of anesthetic records was significantly
higher in the AIMS condition (median 100%, range 93%-100%)
than in the manual condition (median 75%, range 55%-87%)
(U=0.000, P<.001, two-tailed). The two raters for record
completeness had a high degree of reliability, with an average
intraclass correlation coefficient of 0.893 and a 95% CI ranging
from 0.68 to 0.96 (F19,19=11.59, P<.001). Finally, data from the
trust and acceptance survey indicated that 45% (9/20) of
respondents showed a positive attitude (agree or highly agree)
of trust toward the AIMS and the remaining 55% (11/20)
showed a neutral attitude. In terms of acceptance, 90% (18/20)
of respondents showed a positive attitude (agree or highly agree)
and 10% (2/20) showed a neutral attitude.

Discussion

Overall Findings
Despite the increasing adoption rate of AIMSs in hospitals [2],
their effect on the monitoring performance of anesthetists has
not been thoroughly examined. This study compared the effects
of AIMS use and manual record keeping in terms of anesthetists’
levels of vigilance, situation awareness, and subjective mental
workload with a randomized controlled trial in a high-fidelity
simulation setting. The primary outcomes indicated that while
there was no relevant difference in participants’ vigilance
between AIMS use and manual record keeping, subjective
mental workload was much lower among participants using the
AIMS than among those using the manual method. However,
the effect on situation awareness accuracy was inconclusive
because the study was under-powered to detect its difference
between the two conditions.

AIMS use might have two advantages over manual record
keeping with respect to mental workload. First, the lower
subjective mental workload with AIMS use might be a product
of reduced physical movements. Informal inspection of our
GoPro video data revealed that participants in the manual
condition exhibited extensive head movements owing to the
shifting of attention between the physiological monitor and the
paper anesthesia chart. These movements may imply that more
cognitive and perceptual activities (eg, remembering, looking,
and searching for information) are involved in manual record
keeping, and thereby, they result in higher subjective mental
workload. Second, manual record keeping might have placed
a high demand on participants’ prospective memory
(remembering a future task) [24], because they needed to remind
themselves to update vital signs on the paper chart regularly.

The secondary outcomes indicated further benefits of AIMS
use. First, participants who used the AIMS spent about 8
percentage points less of their total time on record data entry
than those who used manual record keeping. This result confirms
previous findings that electronic record keeping allows
anesthesia residents to spend less time on record keeping as
compared to that with manual record keeping [7]. Second, AIMS
use produced more complete anesthetic records than those
produced by manual record keeping. This finding is consistent
with the result of a previous study that retrospectively assessed
400 anesthetic records created by AIMS or manual record
keeping methods [4] and reported more complete AIMS records
than manual records. It is likely that AIMS use spares
anesthetists from charting patients’ vital signs and allows them
to spend more time on including other required information in
the anesthetic records. Third, the attitude survey of AIMS use
indicated that participants had a positive attitude toward trusting
and accepting AIMS use in their practice.

Compared with previous studies on AIMS use that only
examined visual vigilance [6,7], our study tested auditory
vigilance. In this study, vigilance was operationalized as
participants’ accuracy of detecting suction tubing sounds. This
stimulus was chosen based on its clinical relevance, given that
anesthetists often interpret it as a sign of patient blood loss
during surgery. Although a direct comparison to visual vigilance
might be impossible, our current results and those from previous
studies suggest that AIMS use does not harmfully decrease
anesthetists’ vigilance level [6,7]. However, irrespective of the
type of record keeping, participants in this study demonstrated
only a fair vigilance level in that they only detected, on average,
3.2 out of all 6 suction sounds (54%) in the vigilance
assessments. We had not anticipated this result, but given the
clinical importance of detecting suction sounds, this should be
further investigated in future studies.

Limitations
This study had six limitations. First, our simulated scenario only
represented anesthetic cases that involve an uneventful period
followed by critical incidents. Therefore, our findings can only
be applied to the context of anesthesia with critical incidents.
In anesthesia, many cases occur without any critical events.
When the anesthetic procedure is uneventful, the effect of AIMS
use on anesthetists’ vigilance and situation awareness might be
different because complacency might arise, and this warrants
further investigation.

Second, our participants were more accustomed to AIMS use
than manual record keeping in their usual practice because junior
anesthetists at TMH are trained on the AIMS but not on manual
record keeping. Therefore, participants in our simulation had
to be retrained on manual record keeping for comparison. While
this retraining might seem artificial, it was the aim of TMH’s
Department of Anaesthesia & ICU to investigate the tacit
assumption of the effectiveness of AIMS use over manual record
keeping. Retraining in the manual condition might have
increased participants’ perceived mental workload, degraded
their vigilance, and decreased their record keeping efficiency.
This possible confounding factor could be addressed in future
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studies by sample screening or providing participants with
prolonged training in manual record keeping.

Third, the findings of our study cannot be generalized to all
models or brands of AIMSs. Other models of AIMSs might
have different functions or interfaces and might interact with
anesthetists differently.

Fourth, the participants, experimenters, and confederates were
not blinded to the condition assigned to each participant owing
to the nature of the manual and automated record keeping
conditions.

Fifth, although our results suggest that AIMS use reduced the
time spent on record data entry, it is unclear whether the time
reduction led to an increase in time spent on monitoring patients
or performing patient care activities. This could be addressed
in future studies by examining how anesthetists reallocate the
time saved with AIMS use to other tasks.

Sixth, we used a GoPro camera attached to each participant’s
head in an attempt to capture visual data. However, the GoPro
camera, at its best, could only provide us with the participant’s
gaze direction. If accurate visual attention data are to be

gathered, a mobile eye tracker should be used in future studies.
Eye tracking data would allow for not only better inference of
participants’ visual attention in general, but also identification
of what activities they focus on when not interacting with the
AIMS.

Conclusions
Despite the increasing popularity of AIMSs in hospitals, no
previous studies have analyzed their effects on comprehensive
monitoring performance. The findings of this study provide
support for the adoption of AIMSs in the OR by demonstrating
a number of benefits of AIMS use, including reducing
anesthetists’perceived mental workload, saving their time spent
on data entry, and producing complete anesthetic records,
without compromising vigilance. Moreover, the majority of our
anesthetists expressed a positive attitude toward trusting and
accepting AIMSs in the OR.

The level of automation in health care is likely to increase as
medical technology advances. It is important to know the effects
that automation will have on patient care, as it could affect
clinicians’care quality and, ultimately, patients’well-being and
safety.
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Abstract

Background: Knee extensor muscle performance is reduced after lower extremity trauma and orthopedic surgical interventions.
At-home use of neuromuscular electrical stimulation (NMES) may improve functional recovery, but adherence to at-home
interventions is low. Greater benefits from NMES may be realized with closer monitoring of adherence to at-home prescriptions
and more frequent patient-provider interactions.

Objective: This study aimed to develop a cyber-physical system to monitor at-home adherence to NMES prescription and
facilitate patient-provider communications to improve adherence in near real time.

Methods: The RehabTracker cyber-physical system was developed to accomplish this goal and comprises four components:
(1) hardware modifications to a commercially available NMES therapy device to monitor device use and provide Bluetooth
functionality; (2) an iPhone Operating System–based mobile health (mHealth) app that enables patient-provider communications
in near real time; (3) a clinician portal to allow oversight of patient adherence with device use; and (4) a back-end server to store
data, enable adherence analysis, and send automated push notifications to the patient. These four elements were designed to be
fully compliant with the Health Insurance Portability and Accountability Act. The system underwent formative testing in a cohort
of patients following anterior cruciate ligament rupture (n=7) to begin to assess face validity.

Results: Compared with the NMES device software–tracked device use, the RehabTracker system recorded 83% (40/48) of the
rehabilitation sessions, with 100% (32/32) of all sessions logged by the system in 4 out of 7 patients. In patients for whom tracking
of automated push notifications was enabled, 100% (29/29) of the push notifications sent by the back-end server were received
by the patient. Process, hardware, and software issues contributing to these inaccuracies are detailed.
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Conclusions: RehabTracker represents a promising mHealth app for tracking and improving adherence with at-home NMES
rehabilitation programs and warrants further refinement and testing.

(JMIR Hum Factors 2020;7(2):e16605)   doi:10.2196/16605

KEYWORDS

device use tracking; internet of things; neuromuscular electrical stimulation; exercise; smart devices; mHealth; rehabilitation;
mobile health; digital health

Introduction

Background
Traumatic injury to the knee joint, including rupture of the
anterior cruciate ligament (ACL), is common and highly
debilitating [1]. Despite surgical reconstruction and
rehabilitation, many patients suffer muscle weakness following
the index trauma and surgical intervention that persists for years
after surgery [2,3] and are not satisfied with their knee
functionality [4]. Current rehabilitation regimens are designed
to restore muscle function to preinjury or presurgery levels but
are only marginally effective [5]. This may be due, in part, to
how pain, impaired neural activation, restricted range of knee
motion, and risk for damaging the healing ACL graft limit the
rehabilitation regimens available in the early, postinjury, and
postsurgical periods. There is a need for improved rehabilitation
modalities that can be used at these times to mitigate atrophy
and weakness and improve long-term function.

Neuromuscular electrical stimulation (NMES) is an ideal
candidate intervention for the early postinjury and postsurgical
periods. This patient-directed therapy uses a portable, hand-held
device to initiate muscle contraction by passing current through
electrodes placed over the muscle of interest. NMES is effective
at preventing skeletal muscle atrophy caused by experimentally
induced muscle disuse in closely monitored research studies
[6,7] and is approved by the Food and Drug Administration
(FDA) for this indication following injury and surgery. In fact,
studies show that it prevents quadriceps weakness and atrophy
following ACL rupture and surgical reconstruction [8,9] and
enhances long-term functional recovery [10]. However, use of
NMES in orthopedic patients in the postinjury and early
postsurgical periods may be limited by the need for associated
costly outpatient clinic visits. Although NMES devices are
amendable to home use, low adherence to home-based
rehabilitation interventions [11-13] have tempered enthusiasm
for its use in this setting. Some NMES devices allow for covert
monitoring of adherence in the device software that provides
the capacity to track at-home NMES use; however, as this
oversight is retrospective, there is no opportunity to intervene
and correct nonadherence as it occurs. New tools for
administering and monitoring rehabilitation may improve
adherence with at-home interventions such as NMES by
allowing closer provider oversight and facilitating
patient-provider interactions to address specific adherence
issues.

Sensors and communication equipment can be coupled to
medical devices to form cyber-physical systems that allow for
near real-time monitoring of treatment adherence and clinical
status as well as provide novel opportunities for patient-provider
communication. As of 2018, over 95% of adults in the United
States owned a cell phone [14], suggesting tremendous potential
for cyber-physical systems to improve treatment adherence and
monitor health outcomes. Such systems have been developed
to monitor glucose levels in diabetics [15] and posture and joint
loading in patients following hip surgery [16], to name a few.
In patients recovering from musculoskeletal injury and surgery,
efforts to develop cyber-physical systems to aid rehabilitation
have been limited. Recent reports describe Web-based resources
to assist patients with self-guided, at-home orthopedic
rehabilitation [17]. To our knowledge, however, no reports have
described the construction of a cyber-physical system to support
adherence monitoring of at-home rehabilitation with NMES.

Objectives
To address this technological gap as well as the clinical needs
of patients and rehabilitation professionals, we sought to develop
a cyber-physical system, comprising an instrumented medical
device, a mobile health (mHealth) app, and back-end server
architecture, to monitor and improve adherence with at-home
NMES therapy. Along with the basic functionality, a crucial
feature of our system is compliance with the Health Insurance
Portability and Accountability Act (HIPAA), which is a law
that requires strict protections for the storage of and access to
protected health information. In addition, we performed initial
formative testing of the system in patients following ACL injury
to assess its functionality in a real-world setting and discern
whether the system would be suitable for further development
and testing.

Methods

System Components
The RehabTracker cyber-physical system comprises four main
components (Figure 1): (1) the modified NMES device, (2) the
iPhone Operating System (iOS) mobile app (mHealth app), (3)
the back-end server, and (4) the clinician portal Web interface.
As patients perform NMES with the modified device,
rehabilitation session data are recorded. After each session,
patients use the RehabTracker app to transfer the session data
from the embedded device to the database. In turn, the
Web-based data are viewed by the clinician and used for
automated adherence tracking and push notifications. The
following sections detail each component of the system.
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Figure 1. Simplified overview of the components of the RehabTracker cyber-physical system and user interactions. The RehabTracker mobile health
(mHealth) app receives and transmits neuromuscular electrical stimulation (NMES) use data and serves as a conduit for patient-provider interactions.
A secure, Health Insurance Portability and Accountability Act–compliant, back-end server receives the device use data, displays the adherence data for
care provider review, and sends automated push notifications to the mHealth app, with the goal of improving adherence to the NMES prescription.
NMES: neuromuscular electrical stimulation.

Neuromuscular Electrical Stimulation Hardware and
Software Development
The core of this system is the Empi Continuum (Figure 2), an
FDA-cleared multifunctional electrotherapy device that offers
adjunctive electrophysical rehabilitation therapies, including
the NMES therapy considered herein. The main goals of the
modifications to this system were (1) to render it capable of
tracking device use and (2) communicate data to a companion
iOS app via Bluetooth 4.0.

The instrumentation to achieve both these goals is built upon
the RedBearLab’s Blend BLE (Figure 2), a small development
board that includes an integrated microcontroller and Bluetooth
4.0 module. The four output leads of the EMPI device are passed
through a custom rectifier and voltage divider circuit (Figure
2) and sampled through two analog inputs of the Blend. The
resulting signal provides a direct measure of device activity that
is logged quantitatively using custom firmware on the device.
The Blend was also integrated with a real-time clock to provide
absolute time stamps that were used to characterize the duration
of each rehabilitation session. All this information is
communicated to a mobile phone via Bluetooth low energy.

The combined Blend-EMPI system is powered by two AA
rechargeable nickel metal hydride batteries and is controlled by
a master switch (Figure 2), ensuring that a rehabilitation session
cannot be completed without also being tracked by the
monitoring hardware. A step-up regulator (Figure 2) is used to
provide the requisite 5 V to the Blend. The EMPI’s internal
low-voltage cutoff is retained, ensuring that the system cannot
be used if the batteries are no longer capable of providing

sufficient power to enable a standardized rehabilitation session.
If this state is reached, an indicator light-emitting diode (Figure
2) will not illuminate when the master power switch is engaged.
The Blend system is enclosed within a 3D-printed housing that
is secured to the back of the EMPI (Figure 2). The batteries are
housed in an external enclosure that allows for easy replacement
by the user and acts as a kickstand for the device, when in use
(Figure 2).

The Blend firmware serves two purposes: (1) processes the
voltages from the NMES device into session data and (2) sends
the data to the RehabTracker mHealth app via Bluetooth. During
a therapy session, the NMES device outputs alternating waves
of high and low voltage, which trigger muscle contraction and
relaxation, respectively. When enabled, the Blend constantly
monitors the NMES device voltage and automatically identifies
the beginning and the end of a therapy session as recorded by
an onboard real-time clock based on a simple threshold-based
state machine. As a measure of the session intensity, an average
maximum voltage variable is calculated by determining the
peak voltage achieved during each muscle contraction cycle
and averaging across the session. When a session is completed,
the data for that session (start time, end time, and average peak
voltage) are stored in the Blend’s local storage until a sync is
initiated by the user. Data storage space is not an issue as the
Blend’s 256 KB local storage can hold the data of far more
sessions (approximately 24 bytes per session) than a patient
would complete. Once a sync is initiated by the user, stored
session data are sent to the RehabTracker mHealth app and
deleted from the Blend’s storage. Data transmission from the
modified NMES device to the mobile app is enabled by the
Blend firmware and is transferred in a custom format.
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Figure 2. Modified neuromuscular electrical stimulation system can track the duration, intensity, and timing of rehabilitation sessions (labeled as “a”).
Exploded view of the system, comprising a RedBearLab’s Blend BLE (labeled as “c-i”) and custom circuitry for quantifying device usage (labeled as
“c-ii”) and integrated within a 3D-printed enclosure secured to the back of the EMPI (labeled as “b-iii”). Power is provided by two AA batteries secured
in an external housing (labeled as “b-iv”) and is controlled by a master switch (labeled as “b-i”) and step-up regulator (labeled as “c-iii”). An external
light-emitting diode (labeled as “b-ii”) indicates when the device is powered on.

Mobile Health App Development
Patients predominantly interact with the system through the
mHealth app. The app allows patients to view and sync their
session data (Figure 3) to the database. Communication with
the patient via push notifications is also supported by the app

(Figure 3). The app was developed for iOS because of its high
preference in the age demographic most likely to sustain
traumatic knee injuries [18]. However, all supported
functionality could be replicated on the Android platform
without technical barriers.
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Figure 3. Sample screenshots from the RehabTracker mobile health app, which includes functionality to sync session data with the secure database
(shown in screenshot “a”) and encourages patients’ adherence to the push notifications (shown in screenshot “b”).

App Interface
The most significant feature of the mobile app is the sync feature
(Figure 3), which sends patient data from the modified NMES
device, through the app, to the database via our representational
state transfer (REST) application programming interface (API).
When a patient presses the sync button on the app, it initiates
the Bluetooth scanning procedure in an attempt to establish a
connection with any nearby modified NMES device. The process
occurs from within the app, and patients do not need to pair
their phone with their NMES device. After establishing a
connection, the app reads session data from the device’s
Bluetooth characteristic until it reaches the end-of-message
symbol or the connection times out after 30 seconds.
Parenthetically, we did not include a layer of security that
required the modified NMES device to be paired with a specific
user mobile device as the close oversight of the software and
device disbursement in this study meant that the likelihood of
the two devices and/or apps being in close proximity was
extremely remote. Nonetheless, future versions will incorporate
device pairing.

Data collected from the NMES device are parsed into JavaScript
Object Notation objects and stored locally on the patient’s
phone. The app also attempts to upload these locally stored
sessions to the database via our REST Web API. On-phone data
storage is only used to prevent data loss from network errors or
when internet service is unavailable. These copies are deleted
after the data are successfully uploaded to the database. In

addition to the one-button sync feature, the iOS app also
provides user authentication for patients. This introduces
additional security to the app and ensures that the data synced
through the app will only be associated with the logged-in user.

Push Notifications
RehabTracker uses automated push notifications to communicate
positive and motivational messages to patients on an almost
daily basis, an approach designed to reduce overhead time for
clinicians in the daily process of communicating with patients
regarding adherence to their rehabilitation prescription. The
notification method, based on social cognitive theory [19] and
outlined in Figure 4, reminds and encourages patients to
complete NMES sessions, without contacting them so frequently
that they ignore notifications. There are three events that initiate
a push notification, including (1) a completed session, (2) a
week starting with no sessions, and (3) the end of a week. For
each type of event, a message, randomly chosen from an
extensive set of messages associated with that event and the
patient’s level of adherence, is sent to the patient via an app
notification. Mixing up the messages and assuring that there is
sufficient number of messages make the experience less
automated. The examples of message content for each event
type are listed in Textbox 1, and a screenshot of how the
notifications appear to patients is presented in Figure 3.
Generally, the messages are designed to enhance motivation
and encourage the patients’confidence in their ability to comply
with rehabilitation.
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Figure 4. Patient adherence evaluation algorithm. Adherence is checked twice weekly. Positive and remedial push notifications are sent based on the
number of neuromuscular electrical stimulation sessions completed.

Textbox 1. Examples of text used in different types of notifications sent to patients.

After session

• “Great job finishing your NMES session!”

Compliant

• “Fantastic week! You met your goal for NMES sessions. Keep up the good work!”

Semicompliant

• “We would like to see you complete 5 NMES sessions per week. You did great last week but didn’t quite sync 5 sessions. Is there anything we
can do to help?”

Noncompliant

• “Tough week? We saw that you did not sync 5 sessions of NMES. Let us know if there is anything we can do to help.”

Midweek reminder

• “We noticed you have not completed an NMES session in the last 3 days. Is there a problem? Can we help? Give us a call”

After a patient syncs session data with the system, they receive
a positive reinforcement notification from the system. As
patients should be completing five sessions every week (each
7-day period starting with the first day of RehabTracker system
use), these are the most frequent notifications. If a patient begins
their week with three consecutive days without syncing a

session, then a reminder notification is sent inquiring if they
forgot to sync their sessions or if they are having problems with
the device or app. Finally, at the end of a patient’s week, the
patient receives a notification reporting their total adherence
for the week. We have created three subcategories for patient
adherence notifications for these weekly communications: (1)
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compliant (>4 sessions completed), (2) almost compliant (3-4
sessions completed), and (3) noncompliant (<3 sessions
completed). This classification scheme ensures that the patients
who are completing some, but not all, of the required sessions
receive positive reinforcement while also being nudged to
improve adherence during the next week. In noncompliant
patients, care providers are alerted to the patients’
noncompliance so that additional patient-provider
communication can be undertaken to resolve issues contributing
to the nonadherence.

Clinician Portal Web Interface Development
The clinician portal provides near real-time access to patient
adherence and session data. The site’s front end is written in

hypertext preprocessor (PHP) language and directly interfaces
with the MySQL database. Queries are sanitized by our
structured query language (SQL) database API. The site is also
hosted with hypertext transfer protocol secure (HTTPS) to
ensure HIPAA compliance. Data are immediately updated after
a patient’s data sync. Upon logging in with a username and
password, clinician users receive various views of their patients’
data (Figure 5). The home screen sorts patients by their
adherence status to alert clinicians of noncompliant patients
who may need more attention. Clinicians can also see device
use data on a session-specific level. The portal also allows
clinicians to enroll patients into RehabTracker and allows admin
clinicians to add other clinicians.

Figure 5. Sample screenshot of the clinician portal, which identifies patients who are nonadherent; provides summary information on the current
patients; and offers functionality to view all patients, individual patient sessions, and to add clinicians (administrator only) and patients.

Back-End Server
The back-end server that enables the RehabTracker
cyber-physical system includes the following
components/features: (1) REST API, (2) MySQL database, (3)
adherence assessment, (4) push notifications, and (5) HIPAA
adherence and security. Each component is described in more
detail below.

Representational State Transfer Application
Programming Interface
The RehabTracker iOS mobile app follows a 3-tier client-server
architecture when interacting with the database. For the middle
tier, we implemented a REST API in PHP. The primary
functions of the RehabTracker cyber-physical system are
enabled by this API. When a patient presses the sync button in
the iOS app, all session data are transferred through the API to
the database. It also creates a push notification for the patients

when they sync, to provide immediate positive feedback.
Additional features of the Web API include authentication of
users.

MySQL Database
A MySQL database was used to store data on a
HIPAA-compliant server. A total of five tables store and relate
clinician, patient, session, push, and notification data. The
patient and clinician tables store information about patients that
will remain constant throughout the study. When a patient
completes a session, a new row is added to the session table to
log it, and whenever a new push notification is sent, it is added
to the push table. The notification table contains the text of the
push notification ordered by the push notification category.

Adherence Assessment
RehabTracker automatically checks a patient’s adherence on
the third and the seventh day of each week relative to their start
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date (Figure 4). A scheduled server process performs these
checks. According to the NMES prescription for these patients,
adherence is defined as the completion of a 1-hour session each
day for 5 days every week. The push notification regime
associated with this adherence checking is discussed in detail
above.

Push Notifications Infrastructures
The RehabTracker server uses three components to generate,
store, and send Apple push notifications (APNs). The adherence
script and API generate push notifications based on the user
data, the database stores the notifications, and a scheduled server
job sends the notifications with APN. The data sync API
endpoint and adherence script described above upload push
notifications to the database. Each notification is stored in the
database with the ID of the patient who is receiving the
notification and the index of the notification body.

Every hour, the push notification script queries the database for
all unsent notifications, builds notification objects with the
notification bodies and the universally unique identifier of the
patients’ phones, and sends these notification objects to users
with APN. Notifications are stored in the database agnostic of
purpose; that is, with regards to adherence or completed session.
Accordingly, the same notification-sending script is used for
both. The push notification script is written in Python and takes
advantage of the Python APNs library for sending APNs. The
script also uses the REST API to receive all information from
the database. This minimizes exposed database credentials and
ensures that the messages are encrypted when sent from the
database to the script.

Health Insurance Portability and Accountability Act
Compliance and Security
All patient data in RehabTracker are anonymous. When a patient
is signed up to use the RehabTracker, they receive an
anonymous user ID from the clinician with no correlation to
their personal information. The patient uses this ID as their
RehabTracker username, and all data in the database for that
patient is related to this ID. This approach ensures that data
stored in the database are anonymous, and, thus, are not
protected health information, as defined by HIPAA [20]. The
app itself does not use passwords. Instead, users log in with
their anonymous ID. In addition, the use of the app requires the
customized NMES device. All these elements further reinforce
data security.

The database, Web API, and provider portal are hosted on a
HIPAA-compliant server. The database uses Research Electronic
Data Capture to secure permanent data storage. To access the
data, one must use the Web API or provider portal. Each of
these points of access actively limits the SQL injection to
minimize the data one may access. The API and portal are also
implemented using HTTPS, taking advantage of the transport
layer security encryption. In addition, the provider portal is
username and password protected. Only developers have root
privileges. These security and privacy measures have allowed
us to test RehabTracker in the clinical setting.

Pilot Clinical Study
We undertook a formative evaluation of the RehabTracker
system on a convenience sample of patients who were taking
part in a clinical trial of NMES use in patients who had suffered
ACL injury and undergone surgical reconstruction
(NCT02945553).

Participants
A total of 7 patients (3 women and 4 men) were selected to use
RehabTracker. All patients were aged between 18 and 50 years;

had BMI <35 kg/m2; had suffered an acute, unilateral, first-time
ACL rupture; and were scheduled to undergo reconstructive
surgery. Patients were excluded based on the following criteria:
(1) history of knee injury/surgery of either leg or nonsurgical
intervention; (2) abnormal laxity in any other lower extremity
besides the injured ACL; (3) signs or symptoms of arthritis,
autoimmune or inflammatory disease, or diabetes; (4) grade
IIIb or greater articular cartilage lesions; and (5) women who
were pregnant or planning on becoming pregnant. Written
informed consent was obtained from all volunteers before their
participation, and all protocols and procedures were approved
by the Committee on Human Research in the Medical Sciences
at the University of Vermont.

Procedures

Patients (age: mean 22 years, SE 1; BMI: mean 26 kg/m2, SE
1) used RehabTracker for 1 to 2 weeks, performing between 5
and 10 NMES rehabilitation sessions. The RehabTracker system
was used after a patient had experience using NMES therapy
so that the errors in use of the device would not affect the
usability of the RehabTracker system. Each patient was enrolled
in the RehabTracker study by a single participating clinician.
Following enrollment, the RehabTracker app was downloaded
to their personal iOS device using Apple’s TestFlight service.
The download links were sent to an email address created as a
part of the enrollment procedure. While using the RehabTracker
system, patients simultaneously logged their NMES use on
paper-based log sheets. Patients’ self-report logs were kept to
document the NMES device use and were compared with the
use data recorded by RehabTracker to verify the functional
correctness of the system for recording NMES sessions.

Results

Functional Correctness
We conducted an initial assessment of the functional correctness
of the system, specifically, its ability to perform the two main
functions for which it was designed: (1) to sense and convey
information about the NMES device use to the back-end
server/clinician portal and (2) to function as a platform for
provider-patient communications about device use adherence.
Numerical results are provided as these are the basis for the
assessment of functionality; however, we acknowledge that
these numbers reflect the prototype functionality rather than the
true adherence to the NMES prescription. Nonetheless, our
efforts to define functionality uncovered issues that will be
addressed in future prototypes.
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With regard to the first design goal of our system, before we
could define the aspects of the system that functioned properly
and the ones that did not, we had to define whether the sessions
that the patients completed were tracked by our system. Of the
total number of sessions that the patients self-reported using
the modified NMES device, 75% (55/73) were recorded by the
RehabTracker system. In 2 patients, 100% (26/26) of the
self-reported sessions were tracked by the system, whereas 2
patients had ~90% (20/22), one patient had 75% (6/8) and one
patient had 23% (3/13) of the self-reported sessions tracked by
the system. Finally, in another patient, none of the sessions
(n=4) were recorded as the modified NMES device was not
synced with the RehabTracker app. This failure is likely related
to the patient not using the device, as no sessions were recorded
by the device use tracking feature of the NMES device stock
software. Thus, excluding this last patient, 80% of the
patient-reported sessions were recorded by the system.

We initially chose patient-reported NMES device use as our
comparator for RehabTracker system functionality. However,
in the home environment, patient-reported adherence data may
be less reliable [11]. To explore this possibility, we used the
covert monitoring feature built into the EMPI Continuum
software that tracks device use. Using this device use monitoring
feature, results from our broader trial with nonmodified EMPI
Continuum devices showed that patients overreported device
use by approximately 12%. Overreporting of device use by
patients could cause bias in our assessment of the functionality
of the RehabTracker system, specifically toward the
RehabTracker recording less sessions compared with
patient-reported device use.

Owing to this potential bias in self-report, we also examined
the ability of the RehabTracker system to monitor home NMES
device use by comparing the sessions recorded by the system
with those logged by the device use monitoring feature of the
software. This approach uncovered an issue with our device
modifications on the NMES device’s internal software. In two
patients, the number of device-reported sessions were spuriously
high (34 and 135 sessions), suggesting that, in some cases, the
NMES device modifications made for the RehabTracker system
interfered with the covert monitoring feature such that it did
not accurately record the number of sessions completed. Not
considering these two patients, the device software reported 48
total sessions completed by the remaining patients. For these
remaining patients, the self-report records showed 55 sessions
completed, which represents a 15% (55/48) overestimate. This
estimate is in accord with the data from the unmodified devices
used by other participants throughout the remainder of the trial
showing overreporting bias. The RehabTracker system reported
40 sessions for these same patients, which corresponds to 83%
(40/48) of the device-reported sessions.

With regard to the second goal of providing a platform for
communications aimed at improving device use adherence,
patients for whom the tracking of automated push notifications
was enabled (n=3), received 100% (29/29) of their expected
push notifications. An additional 2 patients reported receiving
push notifications; however, we did not have records that they
received these notifications as the patients’ device ID became
dissociated from our system log because of log-ins from

different devices. In addition, two patients did not receive the
push notifications as the notification-sending script was not
scheduled to run during their system participation. The system
functioned properly for patients with complete notification logs.

Other Software and Process Issues
We discovered software issues with the mHealth app during
formative testing. In the first version, a bug in the authentication
logic prevented users from logging in. This was fixed, but it
delayed the patients’ use of the system. In addition, the patient
enrollment and app installation procedure required coordination
among the developers and study coordinators and several
distributed steps. The added complexity of this process delayed
the patients’ participation.

Hardware Issues
Several hardware issues were uncovered with testing. First, the
peak NMES device voltage logged by the RehabTracker did
not match with the patients’ self-reports of intensity. One
volunteer did not self-report the device intensity and another
did not sync sessions, leaving 5 volunteers for comparison.
Among these patients, the RehabTracker’s intensity matched
the patient-reported intensity on average (36, SD 13 vs 36, SD
2 arbitrary units, respectively), but did not match on an
individual basis (r=−0.20; P=.75). This individual inaccuracy
is likely related to the high degree of variability in the device
intensity recorded by the RehabTracker device. Second, the
modifications to the stock NMES device to enable the
RehabTracker system to monitor device use created problems
with the NMES use tracking feature available as part of the
stock device software. As reported above, in two patients, the
number of device use sessions were spuriously high (34 and
135). The reason for this error was not readily apparent and will
require further testing. Third, one patient stopped using the
modified NMES device when the batteries ran out as the patient
felt that the battery case was too cumbersome to open. Finally,
there was a problem with the real-time clock that caused clock
drift. We addressed this by time-stamping data in the app as
they were received from the device, using time on the device
hosting the app instead.

Discussion

Principal Findings
Knee extensor muscle performance is profoundly reduced in
the postinjury and early postsurgical period following ACL
reconstruction [3,21] because of a combination of neural,
biomechanical, and pain limitations. Although orthopedic
rehabilitation aims to prevent or remediate these maladaptations,
most fall short of this goal, as evidenced by persistent atrophy
and weakness in the years following surgery [3,22,23]. This
loss of strength could have consequences for the development
of future joint pathology [3], and interventions to prevent its
development may contribute to better health outcomes and
restoration of normal lower extremity function.

One potential reason why many rehabilitation programs do not
remediate the loss of strength and function to preinjury levels
is that a large proportion of the prescribed therapeutic exercises
and activities are performed at home, particularly during the
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early postsurgical period. In this environment, there is little or
no oversight by the rehabilitation practitioners. Greater
functional improvements may be realized with closer oversight
by clinicians and more frequent provider-patient
communications. In particular, approaches that facilitate
patient-provider communications and seek to improve adherence
could prevent strength deficits from developing. To this end,
we described the construction of a cyber-physical system that
enables the monitoring of home-based NMES use and an
mHealth app that facilitates communication of device use data
to clinicians and provides a platform for automated positive and
remedial messages via push notifications to patients who are
geared to improve device use adherence.

This study builds on our prior work to develop early
rehabilitation programs for patients suffering ACL injury who
have undergone surgical reconstruction [24,25]. In the prior
work, rehabilitation was performed during clinic visits and was
supervised by study personnel. Although this is a rigorous
approach to test the safety and efficacy of such interventions,
it is impractical in a real-world clinical setting. NMES has
shown promise in preserving muscle size and function [8,9] and
enhancing long-term functional recovery [10] in orthopedic
surgical patients. The use of NMES over extended periods of
time after injury and surgery may be problematic, however, as
much of this rehabilitation would need to be performed at home,
where adherence is generally low. Moreover, adherence with
rehabilitation interventions decreases over time [25]. The
cyber-physical system described here seeks to address these
issues and improve adherence.

A goal of the RehabTracker system is to enhance the
patient-provider communication to improve adherence with
NMES device use prescription. Accordingly, our approach for
these communications deserves some discussion. The patients’
psychological responses to knee injury, surgery, and/or
rehabilitation may be important for their ability to return to prior
levels of activity and function [26] and, in turn, their satisfaction
with surgical outcomes. Self-efficacy, defined as an individual’s
perceived ability to successfully engage in targeted behaviors,
is associated with rehabilitation adherence and functional
outcomes in patients who experience ACL trauma and undergo
surgical reconstruction [27]. With this in mind, the design of
our communication system was grounded in social cognitive
theory [19], which emphasizes improving patients’ self-efficacy
toward adherence with rehabilitation prescriptions. Evidence
shows that this approach supports adherence to the targeted
behaviors for weight loss [28], diabetes management adherence
[29], cancer screening [30], and smoking cessation programs
[31].

We used a hybrid communications approach that included both
automated messaging as well as weekly provider phone calls
to patients. The admixture of manual and automated
communications could be modified according to the number of
outpatient rehabilitation visits, patient needs, and/or insurance
coverage for telehealth services. The automated messaging is
the most frequent contact and is designed to alleviate burdens
on clinicians to monitor patient adherence on a daily basis, while
also providing early positive feedback to patients for their
adherence to the NMES use prescription. Short messaging

service, or texting, has been used more widely than push
notifications in health care, including preventative care [32],
disease management [33,34], and patient education [35]
applications. However, the effectiveness of these interventions
has been difficult to judge because of the poor quality of the
evidence [36,37]. Although they have been less studied, we
used push notifications as they allow more control over the
appearance of notifications and support integrating functionality
into the notifications (eg, to launch the app). Push notifications
also do not require the patients’ cell phone numbers, reducing
the possibility of identifying patients using the data in the
database, which raises privacy concerns that may influence the
patients’ attitude toward using the app.

One goal of this study was to conduct an initial assessment of
the functionality of the system. With regard to the goal of
tracking at-home NMES use, RehabTracker functioned as
designed for most of the patients. Most patients were able to
successfully use the RehabTracker cyber-physical system to
sync data to the database and received push notifications from
the automated communication system. In this context, our initial
prototype of the system shows promise and warrants further
development and testing. However, we noted process-oriented,
hardware, and software shortcomings that are areas for
improvement.

The two major system usage problems were largely because of
process-oriented issues. In the first instance, problems were
encountered by patients setting up the app. A total of 5 patients
set up RehabTracker in a knowledgeable clinician’s presence.
All of these patients were able to use the RehabTracker device
for the duration of their trial period without problem. The first
two patients who set up RehabTracker independently had
difficulties. We initially allowed patients to enroll independently
through the Apple beta testing program, TestFlight, to simulate
real-world usage. However, this process was more involved
than downloading a traditional iOS app and proved too difficult
for these patients to perform independently. Following these
difficulties, one patient did not feel confident that the sync
procedure downloaded data from the NMES device to the app
and the back-end server, which affected their use of the system.
In the second issue, when one patient’s modified NMES device
ran out of batteries, they switched to a backup device rather
than replacing the batteries. Both incidents represent usability
concerns for the system, albeit minor ones that can be corrected
with hardware (ie, easier access to battery compartment) and
software (ie, patient setting up the app with clinician/study
personnel and better user notification to confirm data sync)
adjustments.

Our ability to identify the functionality of software, firmware,
and hardware components of the RehabTracker system was
influenced by the fact that we used a convenience sample from
an on-going clinical trial to assess the functionality. Imprecision
in tracking at-home use of the NMES device hampered assigning
specific functionality defects as user- or system-specific. Despite
this problem, our study identified several issues with the initial
prototype of this system that provide valuable information for
future modification.
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As data from our broader trial showed that patients overreport
NMES use, we used the device use tracking feature built into
the NMES device software for comparison with the device use
recorded by our system. However, in two patients, we
discovered that this was affected by the hardware modifications
made to the device to enable the RehabTracker system to track
device use. The nature of this interference is unclear and will
necessitate further testing and likely redesign of the sensor
system for tracking NMES current outflow. More broadly, this
initial functionality assessment reveals that our study, similar
to many in the field [11], lacks an accurate and objective
criterion for assessing at-home exercise/rehabilitation
participation and, in turn, functionality and usability of mHealth
systems designed to track at-home interventions. Accordingly,
future efforts to evaluate the system’s functional correctness
will need to incorporate initial laboratory-based assessments to
test the usability and functionality of the hardware, firmware,
and software before assessments in the home environment.

Our sensor system also did not accurately track the NMES
device’s current delivery on an individual basis. Parity in these
measures was not a primary design goal as the NMES device
intensity varies substantially from day-to-day following injury
and in the early postsurgical period, with changes in the level
of fluid infiltration in the surrounding tissue (ie, edema).
Nonetheless, some measurable NMES device intensity serves
as a verification of the device use, and the sensor system can
be further refined to improve accuracy in future iterations. In
addition, we noted problems with the real-time clock that were
likely because of a design flaw in the battery connection of the
real-time clock utilized in our prototype. Both of these issues
can be addressed in the next prototype iteration by using higher

fidelity components to improve upon the accuracy and precision
of recording device use.

With regard to the goal of the system to communicate with
patients via push notifications, our system functioned largely
as designed. That is, sessions that were successfully monitored
by the system initiated the automated push notification
communications protocol designed to improve adherence to the
NMES device use. We did, however, note several
process-oriented issues that prevented us from documenting
and confirming the receipt of push notifications, which will be
fixed in future testing.

Conclusions
The cyber-physical system that we describe provides a system
to collect data on home-based NMES use and communicates
NMES device use data from patients to the clinical environment
in a HIPAA-compliant, noninvasive manner in near real time.
These collected data can be reviewed directly by care providers
in the clinician portal and are also available to automated
subsystems for actively tracking and improving patients’
adherence through positive and remedial push notifications.
Our system differs from prior work in this field that focused on
telehealth systems to aid in the performance of classical home
rehabilitation [17,27,38]. In contrast, RehabTracker seeks to
provide an mHealth-assisted adjunctive rehabilitation modality
for patients recovering from orthopedic surgery to supplement
existing at-home programs along with an automated messaging
intervention grounded in social cognitive theory and designed
to improve adherence. With further advancements and testing,
the RehabTracker system has the potential to improve provider
monitoring of patients’ adherence with at-home NMES
prescription.

 

Acknowledgments
The authors would like to thank the students and technicians who helped develop various parts of the RehabTracker system and
the patients who volunteered their valuable time to participate in the study. All code related to the various components of the
RehabTracker system is available on Github [39], with full documentation of the system components [40]. This project was
funded through internal funds from the University of Vermont Colleges of Engineering and Mathematical Sciences and Medicine.
The sponsor had no role in the planning, execution, or analysis of data, or the decision to publish data.

Conflicts of Interest
None declared.

References
1. Griffin LY, Albohm MJ, Arendt EA, Bahr R, Beynnon BD, Demaio M, et al. Understanding and preventing noncontact

anterior cruciate ligament injuries: a review of the Hunt Valley II meeting, January 2005. Am J Sports Med 2006
Sep;34(9):1512-1532. [doi: 10.1177/0363546506286866] [Medline: 16905673]

2. Palmieri-Smith RM, Thomas AC, Wojtys EM. Maximizing quadriceps strength after ACL reconstruction. Clin Sports Med
2008 Jul;27(3):405-24, vii. [doi: 10.1016/j.csm.2008.02.001] [Medline: 18503875]

3. Tourville T, Jarrell K, Naud S, Slauterbeck JR, Johnson RJ, Beynnon BD. Relationship between isokinetic strength and
tibiofemoral joint space width changes after anterior cruciate ligament reconstruction. Am J Sports Med 2014
Feb;42(2):302-311 [FREE Full text] [doi: 10.1177/0363546513510672] [Medline: 24275860]

4. Ingelsrud LH, Granan L, Terwee CB, Engebretsen L, Roos EM. Proportion of patients reporting acceptable symptoms or
treatment failure and their associated KOOS values at 6 to 24 months after anterior cruciate ligament reconstruction: a
study from the Norwegian Knee Ligament Registry. Am J Sports Med 2015 Aug;43(8):1902-1907. [doi:
10.1177/0363546515584041] [Medline: 25977523]

JMIR Hum Factors 2020 | vol. 7 | iss. 2 | e16605 | p.98http://humanfactors.jmir.org/2020/2/e16605/
(page number not for citation purposes)

Stevens et alJMIR HUMAN FACTORS

XSL•FO
RenderX

http://dx.doi.org/10.1177/0363546506286866
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16905673&dopt=Abstract
http://dx.doi.org/10.1016/j.csm.2008.02.001
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18503875&dopt=Abstract
http://europepmc.org/abstract/MED/24275860
http://dx.doi.org/10.1177/0363546513510672
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24275860&dopt=Abstract
http://dx.doi.org/10.1177/0363546515584041
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25977523&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


5. Thomas AC, Villwock M, Wojtys EM, Palmieri-Smith RM. Lower extremity muscle strength after anterior cruciate ligament
injury and reconstruction. J Athl Train 2013;48(5):610-620 [FREE Full text] [doi: 10.4085/1062-6050-48.3.23] [Medline:
24067150]

6. Dirks ML, Wall BT, Snijders T, Ottenbros CL, Verdijk LB, van Loon LJ. Neuromuscular electrical stimulation prevents
muscle disuse atrophy during leg immobilization in humans. Acta Physiol (Oxf) 2014 Mar;210(3):628-641. [doi:
10.1111/apha.12200] [Medline: 24251881]

7. Gibson JN, Smith K, Rennie MJ. Prevention of disuse muscle atrophy by means of electrical stimulation: maintenance of
protein synthesis. Lancet 1988 Oct 1;2(8614):767-770. [doi: 10.1016/s0140-6736(88)92417-8] [Medline: 2901612]

8. Hasegawa S, Kobayashi M, Arai R, Tamaki A, Nakamura T, Moritani T. Effect of early implementation of electrical muscle
stimulation to prevent muscle atrophy and weakness in patients after anterior cruciate ligament reconstruction. J Electromyogr
Kinesiol 2011 Aug;21(4):622-630. [doi: 10.1016/j.jelekin.2011.01.005] [Medline: 21334221]

9. Hauger AV, Reiman MP, Bjordal JM, Sheets C, Ledbetter L, Goode AP. Neuromuscular electrical stimulation is effective
in strengthening the quadriceps muscle after anterior cruciate ligament surgery. Knee Surg Sports Traumatol Arthrosc 2018
Feb;26(2):399-410. [doi: 10.1007/s00167-017-4669-5] [Medline: 28819679]

10. Stevens-Lapsley JE, Balter JE, Wolfe P, Eckhoff DG, Kohrt WM. Early neuromuscular electrical stimulation to improve
quadriceps muscle strength after total knee arthroplasty: a randomized controlled trial. Phys Ther 2012 Feb;92(2):210-226
[FREE Full text] [doi: 10.2522/ptj.20110124] [Medline: 22095207]

11. Bollen JC, Dean SG, Siegert RJ, Howe TE, Goodwin VA. A systematic review of measures of self-reported adherence to
unsupervised home-based rehabilitation exercise programmes, and their psychometric properties. BMJ Open 2014 Jun
27;4(6):e005044 [FREE Full text] [doi: 10.1136/bmjopen-2014-005044] [Medline: 24972606]

12. Hall AM, Kamper SJ, Hernon M, Hughes K, Kelly G, Lonsdale C, et al. Measurement tools for adherence to
non-pharmacologic self-management treatment for chronic musculoskeletal conditions: a systematic review. Arch Phys
Med Rehabil 2015 Mar;96(3):552-562. [doi: 10.1016/j.apmr.2014.07.405] [Medline: 25108098]

13. Vuorenmaa M, Ylinen J, Piitulainen K, Salo P, Kautiainen H, Pesola M, et al. Efficacy of a 12-month, monitored home
exercise programme compared with normal care commencing 2 months after total knee arthroplasty: a randomized controlled
trial. J Rehabil Med 2014 Feb;46(2):166-172 [FREE Full text] [doi: 10.2340/16501977-1242] [Medline: 24241606]

14. Pew Research Center. 2019 Jun 12. Mobile Fact Sheet URL: http://www.pewinternet.org/fact-sheet/mobile/ [accessed
2019-05-27] [WebCite Cache ID 78KSNoLpw]

15. Quinn CC, Clough SS, Minor JM, Lender D, Okafor MC, Gruber-Baldini A. WellDoc mobile diabetes management
randomized controlled trial: change in clinical and behavioral outcomes and patient and physician satisfaction. Diabetes
Technol Ther 2008 Jun;10(3):160-168. [doi: 10.1089/dia.2008.0283] [Medline: 18473689]

16. Iso-Ketola P, Karinsalo T, Vanhala J. HipGuard: A Wearable Measurement System for Patients Recovering From a Hip
Operation. In: Proceedings of the 2008 Second International Conference on Pervasive Computing Technologies for
Healthcare. 2008 Presented at: PCTHEALTH'08; January 30-February 1, 2008; Tampere, Finland p. 196-199. [doi:
10.1109/pcthealth.2008.4571068]

17. Dunphy E, Hamilton FL, Spasić I, Button K. Acceptability of a digital health intervention alongside physiotherapy to
support patients following anterior cruciate ligament reconstruction. BMC Musculoskelet Disord 2017 Nov 21;18(1):471
[FREE Full text] [doi: 10.1186/s12891-017-1846-0] [Medline: 29162071]

18. Piper Sandler. Minneapolis, MN: Piper Jaffray; 2019. Taking Stock with Teens. Spring 2019 Survey URL: http://www.
pipersandler.com/3col.aspx?id=5552 [accessed 2020-03-19]

19. Bandura A. Social Learning Theory. Englewood Cliffs, NH: Prentice-Hall; 1977.
20. Malin B. US Department of Health and Human Services. 2012. Guidance Regarding Methods for De-Identification of

Protected Health Information in Accordance with the Health Insurance Portability and Accountability Act (HIPAA) Privacy
Rule URL: https://www.hhs.gov/hipaa/for-professionals/privacy/special-topics/de-identification/index.html [accessed
2019-05-13] [WebCite Cache ID 78KSWpPS5]

21. Lieber RL, Silva PD, Daniel DM. Equal effectiveness of electrical and volitional strength training for quadriceps femoris
muscles after anterior cruciate ligament surgery. J Orthop Res 1996 Jan;14(1):131-138. [doi: 10.1002/jor.1100140121]
[Medline: 8618155]

22. Järvelä T, Kannus P, Latvala K, Järvinen M. Simple measurements in assessing muscle performance after an ACL
reconstruction. Int J Sports Med 2002 Apr;23(3):196-201. [doi: 10.1055/s-2002-23171] [Medline: 11914983]

23. Lautamies R, Harilainen A, Kettunen J, Sandelin J, Kujala UM. Isokinetic quadriceps and hamstring muscle strength and
knee function 5 years after anterior cruciate ligament reconstruction: comparison between bone-patellar tendon-bone and
hamstring tendon autografts. Knee Surg Sports Traumatol Arthrosc 2008 Nov;16(11):1009-1016. [doi:
10.1007/s00167-008-0598-7] [Medline: 18712355]

24. Beynnon BD, Johnson RJ, Naud S, Fleming BC, Abate JA, Brattbakk B, et al. Accelerated versus nonaccelerated rehabilitation
after anterior cruciate ligament reconstruction: a prospective, randomized, double-blind investigation evaluating knee joint
laxity using roentgen stereophotogrammetric analysis. Am J Sports Med 2011 Dec;39(12):2536-2548. [doi:
10.1177/0363546511422349] [Medline: 21952714]

JMIR Hum Factors 2020 | vol. 7 | iss. 2 | e16605 | p.99http://humanfactors.jmir.org/2020/2/e16605/
(page number not for citation purposes)

Stevens et alJMIR HUMAN FACTORS

XSL•FO
RenderX

http://europepmc.org/abstract/MED/24067150
http://dx.doi.org/10.4085/1062-6050-48.3.23
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24067150&dopt=Abstract
http://dx.doi.org/10.1111/apha.12200
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24251881&dopt=Abstract
http://dx.doi.org/10.1016/s0140-6736(88)92417-8
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=2901612&dopt=Abstract
http://dx.doi.org/10.1016/j.jelekin.2011.01.005
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21334221&dopt=Abstract
http://dx.doi.org/10.1007/s00167-017-4669-5
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28819679&dopt=Abstract
http://europepmc.org/abstract/MED/22095207
http://dx.doi.org/10.2522/ptj.20110124
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22095207&dopt=Abstract
http://bmjopen.bmj.com/cgi/pmidlookup?view=long&pmid=24972606
http://dx.doi.org/10.1136/bmjopen-2014-005044
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24972606&dopt=Abstract
http://dx.doi.org/10.1016/j.apmr.2014.07.405
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25108098&dopt=Abstract
https://www.medicaljournals.se/jrm/content/abstract/10.2340/16501977-1242
http://dx.doi.org/10.2340/16501977-1242
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24241606&dopt=Abstract
http://www.pewinternet.org/fact-sheet/mobile/
http://www.webcitation.org/78KSNoLpw
http://dx.doi.org/10.1089/dia.2008.0283
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18473689&dopt=Abstract
http://dx.doi.org/10.1109/pcthealth.2008.4571068
https://bmcmusculoskeletdisord.biomedcentral.com/articles/10.1186/s12891-017-1846-0
http://dx.doi.org/10.1186/s12891-017-1846-0
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29162071&dopt=Abstract
http://www.pipersandler.com/3col.aspx?id=5552
http://www.pipersandler.com/3col.aspx?id=5552
https://www.hhs.gov/hipaa/for-professionals/privacy/special-topics/de-identification/index.html
http://www.webcitation.org/78KSWpPS5
http://dx.doi.org/10.1002/jor.1100140121
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=8618155&dopt=Abstract
http://dx.doi.org/10.1055/s-2002-23171
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11914983&dopt=Abstract
http://dx.doi.org/10.1007/s00167-008-0598-7
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18712355&dopt=Abstract
http://dx.doi.org/10.1177/0363546511422349
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21952714&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


25. Beynnon BD, Uh BS, Johnson RJ, Abate JA, Nichols CE, Fleming BC, et al. Rehabilitation after anterior cruciate ligament
reconstruction: a prospective, randomized, double-blind comparison of programs administered over 2 different time intervals.
Am J Sports Med 2005 Mar;33(3):347-359. [doi: 10.1177/0363546504268406] [Medline: 15716250]

26. Ardern CL, Taylor NF, Feller JA, Whitehead TS, Webster KE. Psychological responses matter in returning to preinjury
level of sport after anterior cruciate ligament reconstruction surgery. Am J Sports Med 2013 Jul;41(7):1549-1558. [doi:
10.1177/0363546513489284] [Medline: 23733635]

27. Levinger P, Hallam K, Fraser D, Pile R, Ardern C, Moreira B, et al. A novel web-support intervention to promote recovery
following Anterior Cruciate Ligament reconstruction: A pilot randomised controlled trial. Phys Ther Sport 2017 Sep;27:29-37.
[doi: 10.1016/j.ptsp.2017.06.001] [Medline: 28822956]

28. Schippers M, Adam PC, Smolenski DJ, Wong HT, de Wit JB. A meta-analysis of overall effects of weight loss interventions
delivered via mobile phones and effect size differences according to delivery mode, personal contact, and intervention
intensity and duration. Obes Rev 2017 Apr;18(4):450-459. [doi: 10.1111/obr.12492] [Medline: 28187246]

29. Haider R, Sudini L, Chow CK, Cheung NW. Mobile phone text messaging in improving glycaemic control for patients
with type 2 diabetes mellitus: A systematic review and meta-analysis. Diabetes Res Clin Pract 2019 Apr;150:27-37. [doi:
10.1016/j.diabres.2019.02.022] [Medline: 30822496]

30. Uy C, Lopez J, Trinh-Shevrin C, Kwon S, Sherman S, Liang P. Text messaging interventions on cancer screening rates: a
systematic review. J Med Internet Res 2017 Aug 24;19(8):e296 [FREE Full text] [doi: 10.2196/jmir.7893] [Medline:
28838885]

31. Whittaker R, McRobbie H, Bullen C, Rodgers A, Gu Y. Mobile phone-based interventions for smoking cessation. Cochrane
Database Syst Rev 2016 Apr 10;4:CD006611 [FREE Full text] [doi: 10.1002/14651858.CD006611.pub4] [Medline:
27060875]

32. Armstrong AW, Watson AJ, Makredes M, Frangos JE, Kimball AB, Kvedar JC. Text-message reminders to improve
sunscreen use: a randomized, controlled trial using electronic monitoring. Arch Dermatol 2009 Nov;145(11):1230-1236.
[doi: 10.1001/archdermatol.2009.269] [Medline: 19917951]

33. Fischer HH, Moore SL, Ginosar D, Davidson AJ, Rice-Peterson CM, Durfee MJ, et al. Care by cell phone: text messaging
for chronic disease management. Am J Manag Care 2012 Feb 1;18(2):e42-e47 [FREE Full text] [Medline: 22435883]

34. Horvath T, Azman H, Kennedy G, Rutherford G. Mobile phone text messaging for promoting adherence to antiretroviral
therapy in patients with HIV infection. Cochrane Database Syst Rev 2012 Mar 14(3):CD009756 [FREE Full text] [doi:
10.1002/14651858.CD009756] [Medline: 22419345]

35. de Tolly K, Skinner D, Nembaware V, Benjamin P. Investigation into the use of short message services to expand uptake
of human immunodeficiency virus testing, and whether content and dosage have impact. Telemed J E Health
2012;18(1):18-23. [doi: 10.1089/tmj.2011.0058] [Medline: 22150712]

36. Palmer M, Barnard S, Perel P, Free C. Mobile phone-based interventions for improving adherence to medication prescribed
for the primary prevention of cardiovascular disease in adults. Cochrane Database Syst Rev 2018 Jun 22;6:CD012675
[FREE Full text] [doi: 10.1002/14651858.CD012675.pub2] [Medline: 29932455]

37. Vodopivec-Jamsek V, de Jongh T, Gurol-Urganci I, Atun R, Car J. Mobile phone messaging for preventive health care.
Cochrane Database Syst Rev 2012 Dec 12;12:CD007457 [FREE Full text] [doi: 10.1002/14651858.CD007457.pub2]
[Medline: 23235643]

38. Ayoade M, Baillie L. A Novel Knee Rehabilitation System for the Home. In: Proceedings of the SIGCHI Conference on
Human Factors in Computing Systems. Toronto, Ontario, Canada: Association for Computing Machinery; 2014 Presented
at: CHI'14; April 26 - May 1, 2014; Ontario, Toronto, Canada p. 2521-2530. [doi: 10.1145/2556288.2557353]

39. GitHub. Rehab-Tracker URL: https://github.com/timstevens1/Rehab-Tracker [accessed 2020-03-19]
40. The University of Vermont. Rehab Tracker URL: http://www.uvm.edu/~cchao/html_doxygen/index.html [accessed

2020-03-19]

Abbreviations
ACL: anterior cruciate ligament
API: application programming interface
APN: Apple Push Notification
FDA: Food and Drug Administration
HIPAA: Health Insurance Portability and Accountability Act
HTTPS: hypertext transfer protocol secure
iOS: iPhone Operating System
mHealth: mobile health
NMES: neuromuscular electrical stimulation
PHP: hypertext preprocessor
REST: representational state transfer
SQL: structured query language

JMIR Hum Factors 2020 | vol. 7 | iss. 2 | e16605 | p.100http://humanfactors.jmir.org/2020/2/e16605/
(page number not for citation purposes)

Stevens et alJMIR HUMAN FACTORS

XSL•FO
RenderX

http://dx.doi.org/10.1177/0363546504268406
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15716250&dopt=Abstract
http://dx.doi.org/10.1177/0363546513489284
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23733635&dopt=Abstract
http://dx.doi.org/10.1016/j.ptsp.2017.06.001
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28822956&dopt=Abstract
http://dx.doi.org/10.1111/obr.12492
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28187246&dopt=Abstract
http://dx.doi.org/10.1016/j.diabres.2019.02.022
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30822496&dopt=Abstract
https://www.jmir.org/2017/8/e296/
http://dx.doi.org/10.2196/jmir.7893
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28838885&dopt=Abstract
http://europepmc.org/abstract/MED/27060875
http://dx.doi.org/10.1002/14651858.CD006611.pub4
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27060875&dopt=Abstract
http://dx.doi.org/10.1001/archdermatol.2009.269
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19917951&dopt=Abstract
https://www.ajmc.com/pubMed.php?pii=43596
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22435883&dopt=Abstract
http://europepmc.org/abstract/MED/22419345
http://dx.doi.org/10.1002/14651858.CD009756
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22419345&dopt=Abstract
http://dx.doi.org/10.1089/tmj.2011.0058
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22150712&dopt=Abstract
http://europepmc.org/abstract/MED/29932455
http://dx.doi.org/10.1002/14651858.CD012675.pub2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29932455&dopt=Abstract
http://europepmc.org/abstract/MED/23235643
http://dx.doi.org/10.1002/14651858.CD007457.pub2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23235643&dopt=Abstract
http://dx.doi.org/10.1145/2556288.2557353
https://github.com/timstevens1/Rehab-Tracker
http://www.uvm.edu/~cchao/html_doxygen/index.html
http://www.w3.org/Style/XSL
http://www.renderx.com/


Edited by C Dias; submitted 08.10.19; peer-reviewed by B Price, C Reis; comments to author 30.11.19; revised version received
13.01.20; accepted 28.02.20; published 11.05.20.

Please cite as:
Stevens T, McGinnis RS, Hewgill B, Choquette RH, Tourville TW, Harvey J, Lachapelle R, Beynnon BD, Toth MJ, Skalka C
A Cyber-Physical System for Near Real-Time Monitoring of At-Home Orthopedic Rehabilitation and Mobile–Based Provider-Patient
Communications to Improve Adherence: Development and Formative Evaluation
JMIR Hum Factors 2020;7(2):e16605
URL: http://humanfactors.jmir.org/2020/2/e16605/ 
doi:10.2196/16605
PMID:32384052

©Timothy Stevens, Ryan S McGinnis, Blake Hewgill, Rebecca H Choquette, Timothy W Tourville, Jean Harvey, Richard
Lachapelle, Bruce D Beynnon, Michael J Toth, Christian Skalka. Originally published in JMIR Human Factors
(http://humanfactors.jmir.org), 11.05.2020. 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 original work, first published in JMIR Human Factors, is properly cited. The complete bibliographic
information, a link to the original publication on http://humanfactors.jmir.org, as well as this copyright and license information
must be included.

JMIR Hum Factors 2020 | vol. 7 | iss. 2 | e16605 | p.101http://humanfactors.jmir.org/2020/2/e16605/
(page number not for citation purposes)

Stevens et alJMIR HUMAN FACTORS

XSL•FO
RenderX

http://humanfactors.jmir.org/2020/2/e16605/
http://dx.doi.org/10.2196/16605
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32384052&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


Original Paper

Recommendations for Developing Support Tools With People
Suffering From Chronic Obstructive Pulmonary Disease:
Co-Design and Pilot Testing of a Mobile Health Prototype

Alan Davies1,2*, PhD; Julia Mueller1,2*, PhD; Jean Hennings1*, PhD; Ann-Louise Caress3*, PhD; Caroline Jay4*, PhD
1School of Health Sciences, University of Manchester, Manchester, United Kingdom
2Manchester Academic Health Science Centre, Manchester, United Kingdom
3School of Human and Health Sciences, University of Huddersfield, Huddersfield, United Kingdom
4Department of Computer Science, University of Manchester, Manchester, United Kingdom
*all authors contributed equally

Corresponding Author:
Alan Davies, PhD
School of Health Sciences
University of Manchester
Room 1002
Vaughan House, Portsmouth St
Manchester, M13 9GB
United Kingdom
Phone: 44 7843112378
Email: alan.davies-2@manchester.ac.uk

Abstract

Background: Gaps exist between developers, commissioners, and end users in terms of the perceived desirability of different
features and functionalities of mobile apps.

Objective: The objective of this study was to co-design a prototype mobile app for people with chronic obstructive pulmonary
disease (COPD). We present lessons learned and recommendations from working on a large project with various stakeholders to
develop a mobile app for patients with COPD.

Methods: We adopted a user-centered, participatory approach to app development. Following a series of focus groups and
interviews to capture requirements, we developed a prototype app designed to enable daily symptom recording (experience
sampling). The prototype was tested in a usability study applying the think aloud protocol with people with COPD. It was then
released via the Android app store, and experience sampling data and event data were captured to gather further usability data.

Results: A total of 5 people with COPD participated in the pilot study. Identified themes include familiarity with technology,
appropriate levels for feeding back information, and usability issues such as manual dexterity. Moreover, 37 participants used
the app over a 4-month period (median age 47 years). The symptoms most correlated to perceived well-being were tiredness
(r=0.61; P<.001) and breathlessness (r=0.59; P<.001).

Conclusions: Design implications for COPD apps include the need for clearly labeled features (rather than relying on colors
or symbols that require experience using smartphones), providing weather information, and using the same terminology as health
care professionals (rather than simply lay terms). Target users, researchers, and developers should be involved at every stage of
app development, using an iterative approach to build a prototype app, which should then be tested in controlled settings as well
as in the wild (ie, when deployed and used in real-world settings) over longer periods.

(JMIR Hum Factors 2020;7(2):e16289)   doi:10.2196/16289
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Introduction

Context
An estimated 65 million people worldwide and 1.2 million
people in the United Kingdom alone [1] have chronic obstructive
pulmonary disease (COPD). COPD is projected to become the
third leading cause of death by 2030 [2,3]. COPD entails a
significant personal, economic, and societal burden [4].

COPD patients are predominately older adults, (ex)smokers,
and from lower socioeconomic backgrounds [5]. Strategies are
needed to help patients manage and monitor their condition
over time and between medical assessments to ensure effective
long-term management [6]. Importantly, COPD tends to occur
alongside various comorbidities (such as coronary heart disease,
lung cancer, anxiety, depression, and osteoporosis) due to shared
risk factors (eg, aging and smoking) and shared underlying
pathophysiological mechanisms [7]. This increases the disease
burden, worsens patients’ prognosis, and leads to increased
health care costs [7].

Background
The Department of Health in the United Kingdom has issued
recommendations for the prescription of apps as part of the care
strategy for various long-term conditions, such as COPD [8].
As COPD patients may not recall the small daily fluctuations
in their lung symptoms due to the highly symptomatic nature
of the disease, telemonitoring via mobile health (mHealth)
technologies may facilitate early intervention through daily
monitoring of symptoms [2].

mHealth technologies have been shown to reduce costs
associated with long-term COPD management [2]. Qualitative
insights show that using mHealth to complement regular care
is acceptable to both COPD patients and their health care
professionals [9]. The advantages of Web-based health
interventions include cost-effectiveness, round-the-clock
availability, customizability to personal preferences, and
anonymity (when compared with face-to-face interactions) [10].
However, mHealth apps also entail issues and risks, such as a
lack of quality control and lack of evaluations of their
effectiveness, and privacy and security risks [10-12]. A
systematic review of mobile apps used for self-management of
chronic conditions concluded that apps can potentially improve
health outcomes in long-term conditions through improved
symptom management [13]. A systematic review and
meta-analysis on randomized controlled trials (RCTs) assessing
mobile apps for COPD self-management found evidence for a
lower risk of hospital admissions among app users as compared
with usual care [14]. A further systematic review and

meta-analysis of RCTs found significant improvements in
health-related quality of life across 557 COPD patients who
used smart technology compared with face-to-face or written
support [15]. However, the evidence stemmed from only three
studies and was deemed to be of poor quality [15]. Moreover,
a review of relevant literature on apps as well as apps available
in app stores for people with COPD identified a scarcity of
published literature regarding the effectiveness of the apps [2].
There is a clear need for quality-controlled, effective, and
acceptable health apps if mHealth is to play a significant role
in efforts to prevent and manage diseases.

Objectives
This study aimed to provide in-depth insights into the views of
people with COPD and their caregivers regarding the use of
apps in COPD, highlighting key topics and issues around
usability that need to be taken into consideration during app
development.

Methods

Study Context
This study formed part of the large, multistakeholder project
CityVerve. The CityVerve initiative resulted in the city of
Manchester receiving Innovate UK funding for a 2-year period
to work on a range of initiatives to apply technology to four
separate use cases in partnership with the National Health
Service, industry, and universities. The use cases comprised
health and social care, transport and travel, culture, and energy
and environment. One of the focuses of the health and social
care case was COPD. The use of mHealth with this demographic
was considered, and a mobile app was developed using a
co-design approach and prototyping with participants who were
diagnosed with COPD. Project members included academic
researchers, software engineers, and health care professionals.

Study Design
The approach taken in this study is similar to the iterative
convergent mixed-methods design proposed by Alwashmi et al
[16]. The authors propose the use of a mixed methods
framework in which both qualitative and quantitative data
collection and analysis are used in iterations to develop mHealth
interventions and enhance the usability of such interventions
[16].

Ethical Approval
Ethical approval for the study was granted by the University of
Manchester (2017-2941-4477). An overview of the main phases
can be seen in Textbox 1.
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Textbox 1. Overview of the project phases.

Phase 1: Patient and public involvement work and prototyping

• Aim: To co-design a prototype app with chronic obstructive pulmonary disease (COPD) patients and caregivers

• Methods: Co-design, paper prototyping, focus groups, and direct observation

• Deliverables: A first version digital of the digital prototype on a mobile device

• Participants: approximately 48

Phase 2: Usability study

• Aim: To see how people would actually use the app and identify any usability issues

• Methods: Think Aloud, interviews, System Usability Scale (survey), and observations

• Deliverables: Data on user feedback, survey results, and update prototype with results

• Participants: 5

Phase 3: Wider deployment and usability testing

• Aim: To test the app with a wider number of COPD patients not directly involved in its design

• Methods: Experience sampling, event data collection, and analysis

• Deliverables: User event data

• Participants: 37

Procedure
Development and evaluation of the app took place during the
three main phases. The first phase consisted of patient and public
involvement (PPI) work, leading to the development of mock-up
app designs and subsequently a prototype app. PPI work was
carried out by attending and hosting a number of events for
COPD patients and their families. We also invited members of
a COPD self-help group to attend several sessions to discuss
their needs and preferences. Together with participants, we
developed paper prototypes for the app. The main stakeholders
involved in the project were patients, families, caregivers, and
members of the CityVerve project team. As this phase
constituted PPI work rather than research, sessions were not
audio recorded. Notes were taken following discussion and
observation of the participants.

The second phase involved a usability study with the prototype
app, using the “think aloud” paradigm. Participants were
instructed to set up the app, browse its features, and verbalize
their thoughts about the app as they proceeded. Participants
then completed the System Usability Scale (SUS) questionnaire
[17]. The “think aloud” sessions were audio recorded and
transcribed. In addition, 2 researchers attended each session to
observe and record notes. Transcripts and observation notes
were subsequently analyzed thematically using framework
analysis [18]. This is a qualitative method where themes are
represented in columns and participants in rows, with
participants’ responses summarized in the associated theme’s
column (Multimedia Appendix 1). This facilitates comparison
across participants for the respective themes. All data were
coded by 1 researcher, and a random subselection of quotations
was coded by a second independent researcher to test for coding
agreement between the reviewers (interrater reliability). Cohen
kappa indicated substantial agreement (84.6% agreement;
κ=0.75).

The third phase involved deploying the app on the Google Play
store for a 4-month period to collect the self-reported symptom
data and event data to evaluate the app over a longer period
with a wider group of the target population. The app was
advertised by disseminating a 150-word summary of the study
(or in the case of Twitter, a 220-character summary) to relevant
groups on social media, various mailing lists, websites, and
newsletters, with a link to the app’s playstore page. For mailing
lists, newsletters, websites, and Twitter, we approached the
relevant admin who sent the information out or posted it to their
website and Twitter account. For Facebook groups, we first
approached the admin to obtain permission before posting.
Targeted groups were either COPD-related (eg, COPD support
groups) or likely to include an older demographic (eg,
aging-related mailing lists) because COPD mostly affects older
adults [19].

The App
The app (Figure 1) was developed as a hybrid Web app using
Apache Cordova and the Ionic framework and was designed to
exploit the experience sampling method (ESM), which allows
for the daily submission of data rather than retrospective
completion, leading to potential memory bias [20]. Once
downloaded, the app takes users through several setup screens.
These screens collect some one-time data about the user
(Textbox 2).

The main menu page displayed the current weather data,
including temperature, humidity, and wind speed, as seen in the
gray box in the first screen (home page) in Figure 1. The My
symptoms page allowed users to record their general well-being,
measured on a 3-point scale (great, so-so, and bad). Following
this, they entered information about five key symptoms of
COPD (breathlessness, coughing, mucus, tiredness, and sleep
quality on a 4-point scale) and their medication use (Figure 2).
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The scales used to assess symptoms and well-being were adapted
from the Britain Breathing app [21].

Participants could view their self-reported ratings for each
symptom in the form of graphs presented on the My data page
(Figure 1, center). This is accessed by tapping the View my
symptoms menu option on the home page (Figure 1, left).

Educational material about COPD was presented on the what
is COPD? page. The About page contained information about
the study and the participant information sheet. Each page had
a help button displayed in the top right-hand corner, which
included a video with an audio description of how to use that
page.

Figure 1. Screenshots of app: (left) home/landing page with the main menu and weather widget (center) graph showing ratings for breathlessness
symptom and (right) self-reported impact of symptoms.

Textbox 2. One-time setup data captured by the app (modifiable subsequently via the settings screen).

• Gender (male or female)

• Year of birth

• Chronic obstructive pulmonary disease status (yes or no)

• Smoking status (yes daily, yes occasionally, no never, or no but I used to)

• Number of days they exercise for at least 30 min (0-14 or >14)

• Daily reminder for recording symptoms and medication (if relevant)
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Figure 2. Screenshots of the app pages for medication questions and flare-up medications.

Results

Phase 1: User Engagement
Overall, users were enthusiastic about the concept of using an
app to manage and monitor their condition. They welcomed the
idea of being able to easily share information with family
members, caregivers, and health care professionals, especially

as several participants described difficulties communicating
with doctors. Participants saw a value in the app for COPD
patients in terms of recording, viewing, and monitoring
symptoms, monitoring medication, and providing information
about weather and characteristics of different locations to enable
planning of activities. Figure 3 shows an example paper
prototype developed with users.

Figure 3. Homescreen mock-up.
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Chronic Obstructive Pulmonary Disease–Friendly Map
Participants suggested the inclusion of a COPD friendly map,
which could be utilized to display locations that were friendly
to COPD patients. This would include being able to view
COPD-relevant details, such as the presence of elevators, stairs,
gradients, weather, air pollution, pollen, and air quality. They
were interested in using this information to help them plan
journeys to places that would cater to their individual health
needs. It was not possible to implement this feature for the
prototype app due to limited timescales. This was not deemed
to be a core requirement of the app by the participants but rather
a desirable but optional, additional feature. Given the technical
demands of providing such a feature that would involve allowing
users to mark features on maps and rate areas and sharing this
information with each other, this was not implemented in the
prototype app.

Smart Inhaler
Participants commented that a smart inhaler that links to the
app would be useful for monitoring the remaining doses. They
suggested that an inhaler icon should appear on the app home
screen, which would indicate remaining levels of medication.
Participants were also keen to obtain feedback on the
effectiveness of their inhaler technique. Smart inhaler integration
was not implemented in the prototype app owing to project time
constraints.

Symptom and Medication Monitoring
Participants emphasized the utility of symptom monitoring due
to the fluctuations in the condition leading to participants being

unsure about how best to use their medication for symptom
control. They described difficulties recalling these details during
their infrequent medical reviews. They indicated a preference
for a visual depiction of this information. On the basis of the
patients’ recommendations, we selected five symptoms to be
monitored within the app (breathlessness, coughing, mucus,
tiredness, and sleep quality).

Phase 2: Usability Study
On the basis of phase 1, we developed a prototype that was
tested with 5 people (4 females and 1 male) in the usability
study. This included 4 people, who self-identified as having
COPD, and 1 caregiver. The participants comprised 5 volunteers
(4 females, all aged ≥55 years), and all of them had
clinician-diagnosed COPD for more than 5 years. Participants
were recruited through a respiratory patient support group and
a general practice patient forum, and all of them had prior
experience of being members of research advisory or stakeholder
groups; hence, they were familiar with medical terminology.
All but 1 participant used a smartphone at least occasionally.
Moreover, 1 participant stated that she did not usually use a
smartphone. Participants gave an average score of 32.4 out of
55 (SD 8.47) on the SUS, suggesting that they rated its usability
as poor. The results of the qualitative analysis of the audio
transcriptions and observational notes reveal the main issues
faced by users. The main themes identified are shown in Figure
4. The number in brackets indicates the number of times that
theme was mentioned.

Figure 4. Treemap depicting the number of references made to each coded theme.
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App Information Displayed to Users

Weather Information

Participants were specifically interested in information about
humidity, wind, and temperature changes. They also indicated
that they would prefer weather information for a longer period
to plan activities in the future:

it might be helpful if it could give you more than one
day, the anticipated, so for instance you could think,
oh, I don't think I better go shopping today I'll go
tomorrow. [P3, COPD]

This information was also considered useful for caregivers:

It's interesting for me to know that because if I look
at it and see that it's anything like 90 or above I know
he's not going to be in a fit state to do anything today,
and I don't suggest going out or do anything, you
know. So that's one of the places where a carer needs
to know. [P4, caregiver]

Educational Information About Chronic Obstructive
Pulmonary Disease

When reflecting on experiences of their initial diagnosis,
participants suggested that future COPD patients would want
to know more about the nature of the condition and the
prognosis. Participants particularly liked diagrams and felt that
these were most helpful for understanding airway constrictions
and how they cause symptoms:

I think the diagrams are very clear and good. They
are helpful, and definitely show the changes that take
place, and why, and it helps you think why you might
get some of the symptoms that you do.” [P1, COPD]

Information Feedback Level

A main feature of our experience sampling app involved feeding
back information to users to enable them to track their symptoms
and disease progression. We were interested in assessing which
level of information would best suit participants. Participants
were able to interpret the symptom graphs (Figure 1) displayed
by the app accurately. This was elicited by directly questioning
participants about their understanding of the graphs and what
they represented:

Interviewer 2: “Okay, so can I just ask, on that graph,
so what do you reckon it shows, when it goes up and
when it goes down? What does that show?”

Participant 1: “When it goes up and down, like I’ve
just said, the further it goes up, the more breathless
I am, and for me, that’s how it would look for me, and
when it’s down to zero, I’m not breathless at all.”

Interviewer 2: “Yeah, okay. And on there, on the
horizontal axis?”

Participant 1: “The days, that’s fine.”

Participants preferred graphs to be simple, clean, and minimal.
They made several suggestions to improve the appearance and
interpretability of graphs, including avoiding the use of color
alone, and ensuring graphs can be presented in a sufficiently
large format on the screen.

One participant was unable to interpret the graph and expressed
little interest in understanding symptom fluctuation with
medication use:

Participant 5: “Well, that's your meds, isn't it, and
that's your...Okay. [...] Yeah. But I don't know whether
that would make any difference to me, I don't know
whether it's relevant.”

Interviewer 2: “Mmm. What would you think?
Looking at this graph, what would you think does it
tell us about the medication in this case?”

Participant 5: “Well, the green one is medication not
taken. No, that's the red one. Yeah. Obviously, the
green one is taken. I don't know what it really means
to me; it doesn't really mean anything.”

Terminology
Participants recommended using terminology commonly used
by health care practitioners. They suggested that people with
the condition would be familiar with medical terminology due
to its frequent use by health care practitioners; they did,
however, suggest including other commonly used synonyms
for mucus, such as phlegm and sputum.

Usability Issues
Certain design features posed a challenge to participants due to
manual dexterity issues, visual impairments, and unfamiliarity
with smartphone usage. Participants frequently accidentally
triggered functions within the app:

It didn't give me a chance to rate how I was feeling,
just clicked straight over into how are your symptoms
affecting you? [P1, COPD]

Participants struggled, particularly, with typing due to the small
size of the fields assigned to each letter within their smartphone's
default virtual keyboard. This meant that security features such
as inputting a unique username and password were challenging:

Aren't they small these? [tries to type username] Well
that was supposed to say [NAME]. [...] But the size
of your finger doesn't cater for these does it? [P3,
COPD]

These issues were exacerbated when coupled with visual
impairments:

Yeah. Okay. Invalid password. My passwords don't
match, that's because I'm not very good at hitting keys
either. I have a stigmatism, which means I tend to go
one to the right or one to the left, or that bit [P4,
caregiver]

Although most participants reported no issues with the font size,
1 participant reported that the font was just about [her] limit
and suggested that being able to zoom in on the text would
improve readability.

Manual and visual issues as well as lack of familiarity meant
that certain design features common to many modern
smartphone apps, such as sliders (Figure 5), were particularly
challenging to participants:
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It's hard for me because [...] I'm not used to sliding
things, that's the bit I forget to do. [P4, caregiver]

The toggle switch (Figure 5) proved particularly challenging
for users. Users were unsure how to engage with this function
(tap or slide), struggled with the small size, and struggled to
interpret its meaning (the slider turned grey when switched off
and green when switched on, as is common in many smartphone
apps). Participants preferred large buttons that they could hit
properly:

Interviewer 2: “So, can I just ask, does that mean you
prefer not to have a daily reminder?”

Participant 1: “No.”

Interviewer 2: “Or would you like to have one?”

Participant 1: “Yes, the daily reminder would be
good.”

Interviewer 2: “Okay.”

Participant 1: “So, the green means that it's set to
remind?”

Participants also appeared to prefer clearly labeled buttons,
rather than implicit symbols or color coding:

Participant 5: “Yeah. Enable a daily reminder to
complete your symptoms and information. We did
that, but it was only when you asked me if I didn't
want a reminder. [...] The fact that I wouldn't have
done if I hadn't have asked you what you wanted.”

Interviewer 1: “Right.”

Interviewer 2: “So would it maybe be more useful if
it said something like, do you want a daily reminder,
and then there would be yes or no, and you'd click
yes or no?”

Participant 5: “Yeah, exactly.”

Figure 5. Screenshots of the app pages using slider controls (left of the vertical bar) before they were replaced following user feedback by a more
explicit list structure (right of the vertical bar).

Technology Support and Help Requirements
Our observations revealed that participants may require help
and support with basic aspects of smartphone usage, such as
instructions on how to tap on items using the fingertip, as the
following interaction highlights:

Participant 3: [tries selecting an item on screen using
fingernail]

Interviewer 1: “Can I suggest that if you use your
finger rather than your nail because that's...”

Participant 3: “It's also put the wrong date of birth
in. It doesn't like me.” [tries to select item on screen
by pressing the fingertip down and holding]

Interviewer 2: “I think if you try...”

Interviewer 1: “Shorter. Yeah, just a bit shorter, yeah,
there we go.”

Several users appeared to search for help functions when they
were unsure how to proceed, and they expressed a need for
additional support and instruction:

They don't tell you where any of these things, it's not
just you, they don't tell you where to tap. Do you have
to tap on female or do you want it tapped on the dot
at the end? That might make a difference. [P3, COPD]

Familiarity With Mobile Technology
All participants reported low familiarity and confidence in
smartphone usage:

You're dealing with a complete technophobe here.
[P1, COPD]

I presume that's a phone is it? [P3, COPD]

Validity of Participant Feedback
In assessing participants’ feedback regarding the app against
the researchers’ observation notes, some discrepancies became
evident. For example, observation notes indicate that participant
1 struggled with the slider controls, tending to tap rather than
drag the control, and switching functions off when they intended
to switch them on. When asked their opinion regarding the
sliders, the participant nevertheless replied:
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It's nice, it's not bad to use.

Following feedback from the usability study, design changes
were made to mediate the issues identified. These included the
following:

• Adding a help feature (help videos)

• Replacing the sliders with clearly labeled option lists
(Figure 5)

• Improving the size and readability of text and input fields.

Figure 6 highlights the entire iterative design and development
phases, including the key changes made in each iteration of the
app leading to the final changes in iteration 3 suggested for the
final deployment version of the app.

Figure 6. Iterative design and development phases. COPD: chronic obstructive pulmonary disease.

Phase 3: Pilot Testing Phase

Experience Sampling
In addition to the two devices the app was directly installed on
during the UE, a further 41 users downloaded the app from the
Google Play store. Moreover, 48% of the downloads came from
the United Kingdom and 36.59% from the United States. A total
of 37 participants used the app between May 2018 and August
2018; median age of the participants was 47 years (mean 45.2
years, SD 23.8 years). Table 1 shows participants’
demographics. In 83% (31/37) of cases, participants identified
as having a diagnosis of COPD and 16% (6/37) identified as
not having a COPD diagnosis. A total of 25 users entered the
data only once.

Figure 7 shows participants’ symptom ratings over the 4-month
period. The symptoms most correlated to perceived wellness
coded with the variable howFeeling were tiredness (r=0.61;

P<.001; 95% CI 0.51-0.68) and breathlessness (r=0.59; P<.001;
95% CI 0.49-0.66). The average symptom ratings over the
4-month period (Table 2) show that the reported impact was
highest for tiredness and breathlessness. Due to the small sample
size and variation in symptom reporting (discussed in the Event
Data section) in the pilot data, we would need to collect more
data points for a longer period to carry out a more well-informed
subsequent analysis. This should also account for seasonal
variations in symptom reporting. Currently, these data are
insufficient to draw inferences from, as the increased spread of
symptoms over time may be related to the decrease in data
points over time or other unknown factors. The subsequent
analysis of the number of users reporting symptoms and the
frequency of symptom reporting was important as it helped to
provide some context to the data presented in Figure 7 (eg, being
able to see that the majority of consistent reporting data were
derived from only 3 participants, despite 37 people having
recorded their symptoms at least once).

JMIR Hum Factors 2020 | vol. 7 | iss. 2 | e16289 | p.110http://humanfactors.jmir.org/2020/2/e16289/
(page number not for citation purposes)

Davies et alJMIR HUMAN FACTORS

XSL•FO
RenderX

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


Table 1. Demographic data self-reported by participants (N=37).

Value, n (%)Demographic

Gender

23 (62)Male

14 (37)Female

Self-identified COPDa status

31 (83)Has COPD diagnosis

6 (16)Has no COPD diagnosis

Smoking status

4 (10)Yes, daily

8 (21)Yes, occasionally

4 (10)No, never

21 (56)No, but I used to

Exercise frequency

10 (27)1 day per week

9 (24)2 days per week

9 (24)3 days per week

4 (10)4 days per week

3 (8)5 days per week

2 (5)6 days per week

aCOPD: chronic obstructive pulmonary disease.

Figure 7. Average score for all participants (N=37) per month for the impact of symptoms. Note that "how feeling" is rated on a 3-point scale (0=great,
1=so-so, and 3=bad), and the other symptoms are rated on a 4-point scale (0=none, 1=mild, 2=moderate, and 3=severe).
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Table 2. Average rating for each symptom for all participants (N=37) over a 4-month period.

Value, mean (SD)Symptom

0.481 (0.59)Perceived wellness (How feeling)

1.085 (0.76)Breathlessness

0.554 (0.79)Coughing

0.747 (0.78)Mucus

1.036 (0.99)Tiredness

0.941 (0.75)Sleep quality

Event Data
To gain a deeper understanding of how users were using the
app outside of a controlled setting, we deployed an event
capturing system into the app [22]. Event data were then
extracted and analyzed using a combination of the R [23]
package bupaR v0.4.0 and the WevQuery tool [24] to apply
pattern mining to the event data.

Figure 8 shows the number of times data were submitted by
each participant over the 4-month period. This suggests a high
dropout and low usage curve, with the exception of 3

participants who entered their symptom data on a regular basis
(P36, P9, and P5). A total of 21 participants entered their data
only once. Moreover, 2 participants (P18 and P37) exhibited
unexpected behavior and entered their data 10 and 7 times in a
single day, respectively, and did not enter any subsequent data.

The help button that appears on each page was selected by 4
users a total of 8 times. Figure 9 and Textbox 3 highlight the
most common sequences of events between pages. This shows
that, as intended, the symptom logging and viewing of data are
among the most common sequences, suggesting that users
viewed their data regularly after submitting it.

Figure 8. The number of times each participant submitted his or her self-reported symptom data per day per month.
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Figure 9. Most common sequence of events within an episode between pages.

Textbox 3. Common mouse down event sequence patterns.

Mouse down event patterns

• Menu (symptoms page button) —> symptom page —>medication page (n=173)

• Menu (view my data button; n=86)

• Symptom page —> menu (view my data button; n=51)

• Medication page —> menu (view my data button; n=51)

Discussion

Principal Findings
We found that many of the issues affecting our work with
participants were similar to those faced by O'Connor et al [25],
who attempted to co-design an app with dementia patients and
their caregivers, including unfamiliarity with technology and
incorrect perceptions about how users would interact with the
technology. This led to the initial design ideas being
significantly revised. So far, very little qualitative research
regarding the perception of patients and their caregivers and
how they experience technology has been carried out [26]. The
findings of our study reinforce the importance of considering
the unique users of the technology we are proposing. When
working with people with chronic diseases, their age, education,
and Information Technology literacy should be taken into
account [2]. This is especially relevant for the COPD population.

Many design features commonly used in mobile apps are
hitherto unknown to the COPD population, such as the sliders
that were initially included in the app. Our research indicates
that such design elements are not optimal for a COPD
population. Previous research corroborates this by showing that
older users require larger touch targets (minimum 15×15 mm)
with sufficiently large gaps between touch targets (minimum 6

mm), ideally complemented through support functions such as
speech input [27].

Besides the physical impairments, our study highlights the
importance of considering lack of familiarity and confidence
in technology use. Our observations as well as participants’
verbalizations while navigating the app suggest that older users
may require more help functions within apps that provide
support regarding app usage as well as general smartphone
usage (eg, how to tap items). Research shows that among those
older than 65 years, the majority do not feel confident in using
computers, smartphones, and other electronic devices [28].

We used ESM to capture patients’ symptom information, as it
has been shown to provide an adaptive and personalized system
for the monitoring and adaptation of treatment strategies as well
as increasing ecological validity and reducing memory biases
[20,29]. ESM has also proven to be a useful method in other
conditions where the impact of symptoms varies over time [21].
Information about COPD was also included in the app. This
was introduced following input from patients attending lung
events, before app construction, as several patients highlighted
a lack of information from their general practitioner about the
condition.

Our study highlights that physical impairments and lack of
familiarity can particularly affect initial registration processes,
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such as creating usernames and passwords. This step is crucial
for health-related apps, as password protection is needed to
protect sensitive data. On the basis of our findings, we
recommend that this process be kept brief and simple, for
example, by using a simple 4-digit pin. Registration pages
should also be supported through a feedback system to identify
errors immediately and reduce user frustration [27].

Given the demographic qualities of the COPD population, the
development of apps for this target population may be reticent
to present information in the form of graphs; however, our
research suggests that graphs can be interpreted correctly and
perceived as useful if they are presented in a simple, clear
format. Previous research confirms that graphics and multimedia
should be used sparingly and purposefully when targeting older
users, and text alternatives should be provided where possible
[27].

Another important insight from our work reflects on the validity
of user feedback. Features that users appeared to struggle with
according to observation notes were nevertheless described as
fine by users, suggesting a social desirability bias [30]. This
underscores the importance of developing apps not only based
on users’ verbalizations and responses to specific questions
(such as standardized usability scales) but on observations of
user behavior while engaging with the app. This limitation has
been noted in previous usability evaluations [31,32] and requires
due consideration during app development.

Attrition rates are a known issue in digital health interventions
[33]. The high level of attrition seen in our study is, therefore,
not entirely unexpected. An understanding of why people
discontinue use is important and worthy of further research
given that retention is key for the management of chronic
conditions over time [33]. This is especially challenging as
chronically ill people may experience diary fatigue and be
unlikely to keep accurate records of their condition, especially
when unwell [34,35]. Another factor that may have contributed
to the lack of use is that the reminder notification did not work
on all devices due to an issue with the local notifications plugin
path in a package of the Ionic framework.

The usage data indicate that the app was used as intended with
most of the activity surrounding the recording and viewing of
symptom data, which was the app’s principal purpose. The low
usage of the help feature may suggest that the app was also
fairly intuitive for most people. The biggest issue surrounds the
lack of continued use of the app over time. More research is
needed to identify the intrinsic and extrinsic reasons behind the
attrition in this context. Longer-term analysis of app usage
before dropout using in the wild (deployed in the real world)
event capture may help to shed light on some of these reasons.

Design Implications
As a result of the usability work carried out with participants,
we can infer several considerations for designing COPD support
apps, including the following:

• Large font size
• Large clearly labeled input (eg, buttons)
• Avoid items requiring greater tactile manipulation than

tapping (ie, sliders)
• Provide easy to access help feature on each screen
• Label items clearly; do not rely on intuitive features
• Include the ability to zoom into content
• Passwords can be difficult; consider reducing the required

length and inclusion of special characters.

Chronic Obstructive Pulmonary Disease–Specific
Implications
The implications specific to those with COPD include:

• Information about weather was especially welcomed by
participants, given its effect on the condition. Participants
were keen to have everything in one place (app) rather than
using multiple different sources of information.

• Future apps should consider implementing
COPD-friendly maps
and linking to smart inhalers to show remaining medication
levels and feedback regarding usage techniques.

• Participants valued having information about the condition
in the app, as many highlighted during PPI events that they
often received little or no information following diagnosis.
They valued easily accessible (not too technical) and
reliable information.

• When developing disease support apps, discussing
terminology with patients and their health care providers
to determine which terminology they usually use is
advisable. It may be acceptable to use medical terminology,
as long as this is commonly used. In some cases, this may
be more beneficial than trying to use lay terms. However,
this may be restricted to those with a longer history of
COPD who have had regular interactions with health care
professionals regarding their COPD.

Recommendations
The principal recommendation based on our experience of
working with a challenging target population on a large project
with multiple stakeholders is that the population of interest,
researchers, and developers should all be involved at every stage
of the project and that an iterative approach be used to build a
prototype. This prototype should then be tested in a wider
environment with a larger group of the target population, where
their interaction with the app is evaluated over a longer period
to determine further issues and acceptability of the final
intervention. The main stages are summarized in Figure 10.
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Figure 10. Recommended steps.

Limitations
Our PPI work involved participants from COPD support groups
who expressed an interest in building a smartphone app. Such
participants are more likely to be educated about COPD and
may have more familiarity with technology than the standard
COPD user. We attempted to mitigate this by capturing patterns
of event behavior (ie button presses and transitions) from a
wider group of users post deployment. There is an argument
that such interventions in general do not adequately address the
digital divide, as only those with access to such interventions
in the first place may benefit. This rules out many older and
low-income users [36]. Moreover, as our usability study was
conducted with individuals who had a COPD diagnoses of more
than 5 years’ duration, findings may not adequately represent
those who were recently diagnosed. In addition, the time of year
is likely to have had an impact on the reported symptom
frequency and severity. Finally, it should be noted that the
3-point scale for well-being used in our app is not a validated
measure. It was developed based on user engagement and has

high face validity, but it is not clear how well it correlates with
actual well-being.

Conclusions
We found that working with members of the target population
at all stages of the project was a useful strategy; stakeholder
engagement aids the development of research interventions that
are both adaptive to the needs of the patient and the preferences
of the provider [37]. This is different from a traditional
researcher-led approach or a pure software engineering
approach, such as agile. Placing the target population at the
center of the work and iteratively building the intervention with
the target users allows for the creation of a more acceptable
final product. The combination of qualitative data analysis and
data collected from open-source event capture tools also served
to offer a further insight into app usage and dropout. We must
try where possible to mitigate bias when carrying out such work,
including social desirability bias and biases associated with
participants who display more familiarity with technology than
the typical target end user.
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