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Abstract 

Background: Continues positive airway pressure (CPAP) therapy is a gold standard treatment for moderate to severe 
cases of OSA (obstructive sleep apnea). The present research aimed to describe the analysis, design, and evaluation of 
a telemonitoring system to improve CPAP adherence in patients afflicted with OSA.

Methods: The telemonitoring system was developed in five phases. In the exploratory phase, the body of related 
literature was reviewed. Then a need analysis was conducted through a focus group discussion with sleep medicine 
specialists and sales company representatives and an interview with patients. The third phase involved data inte-
gration. Then the content and system development were done based on the previous phases. Finally, usability and 
functionality tests were used to evaluate the system.

Results: The exploratory phase and the needs analysis were conducted by four sleep medicine specialists, two medi-
cal informatics specialists, six key figures of the sales companies, two system developers, and 46 patients in different 
phases. Based on the results obtained from the data integration phase, the telemonitoring system involved three 
main parts: a patient’s application, a doctor’s portal, a selling companies’ portal (operator’s portal) along with facili-
tating software for patients to send the CPAP data. Usability and functionality tests were given to 7 and 10 patients, 
respectively. The total number of usability issues reported by users in the evaluation process was 18, with an average 
of 2.5 issues per user. The installation problems, disrupted links and improper playing of videos were the main func-
tionalities problems that were solved.

Conclusion: The telemonitoring system, as a means of communication between patients, doctors, and selling com-
panies, can be used to support patients clinically and technically. It has the potential to improve CPAP adherence in 
patients with OSA.
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Highlights

• The study developed and evaluated a telemonitor-
ing system to support CPAP therapy in patients with 
obstructive sleep apnea.
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• Participatory approach in analysis, design and evalu-
ation increased the potential effectiveness of the 
telemonitoring system.

• Using different data collection methods can guar-
antee meeting all requirements and make using the 
existing capabilities in the best way.

• Using the behavior change techniques in preparing 
content and system capabilities probably enhances 
the changing patient’s behavior in using the CPAP 
device.

• Using different system evaluation methods can help 
identify system defects and correct them in further 
research.

Background
Obstructive sleep apnea (OSA) is the most common 
sleep disorder caused by temporary obstruction of the 
upper airway during sleep. As the findings reported by 
Benjafield et al. (2019) showed, an overall number of 936 
million adults aged 30–69 years indicated mild to severe 
obstructive sleep apnea (AHI ≥ 5 events/hour). Besides, 
425 million adults whose ages ranged between 30 and 
69  years had a moderate to severe level of obstructive 
sleep apnea (AHI ≥ 15 events/hour) on a global scale 
[1]. This disease negatively influences the patients’ qual-
ity of sleep. It further adversely affects arterial oxygen 
and can lead to disruption of daily routines, deadly acci-
dents, metabolic syndrome, cardiovascular diseases, and 
even death caused by a heart attack or cerebral stroke. A 
timely diagnosis and treatment of sleep apnea can reduce 
the morbidity and mortality rate [2–4].

Continuous positive airway pressure (CPAP) is the gold 
standard treatment for moderate to severe cases of OSA. 
CPAP therapy is only effective when the CPAP device 
is used regularly and for a long time [5]. Yet, patients’ 
adherence to its regular use has shown to be poor. The 
non-adherence rate is 34.1%, which reduces the thera-
peutic effect [6, 7]. It seems that with the advent of new 
telecommunication technologies, it is time to move 
towards patient-centered interventions that provide 
remote monitoring, usually via telemedicine.

It has proved that telemedicine is effective in the man-
agement of sleep disorders [8]. The data recorded by the 
CPAP device (e.g., the pressure of the device, mask leak-
age, number of apnea, etc.) are easily transferred to the 
healthcare center and the pressure of the device is eas-
ily adjusted from a distance. Therefore, telemedicine can 
help a complete evaluation of real adherence to CPAP. A 
body of research showed that educating patients on OSA 
and using CPAP and providing feedback can be done 
through communication channels such as videoconfer-
encing, mobile applications, and websites [9–13].

On the one hand, patients with OSA that undergo 
CPAP therapy require constant clinical and technical 
support for adherence to medical orders. In such cir-
cumstances, telemedicine has the potential to empower 
and improve self-care in patients with chronic diseases, 
including OSA. Thus, we require appropriate tools that 
can provide telemedicine services for patients. Accord-
ingly, the present research aims to describe the analysis, 
design, and evaluation of a telemonitoring system for 
patients afflicted with OSA, who undergo CPAP therapy.

Methods
Design and setting
The present research is a qualitative study using a par-
ticipatory approach to engage all stakeholders includ-
ing patients with OSA who used CPAP machines, sleep 
medicine specialists, sales companies, researchers, and 
software developers, in different steps of need analysis, 
design, and evaluation process.

The study was conducted in Mashhad, the second 
metropolis of Iran. All sleep medicine specialists who 
participated in this study were faculty members of Mash-
had University of Medical Sciences. The patients were 
selected in two ways: those who had purchased their 
CPAP device from Resmed or Weinmann companies in 
Mashhad and those who were referred to the specialists 
mentioned above to treat sleep apnea and for follow-up 
purposes.

The present research was conducted in five phases. The 
first was exploratory and investigated the body of related 
literature. In the second phase, a need analysis was done 
with the cooperation of the main stakeholders. The 
third phase involved data integration. The fourth phase 
involved content development and the design of a telem-
onitoring system named Roya. The fifth phase involved 
the evaluation of the content and system. Figure 1 sum-
marizes this procedure.

Exploratory phase
The body of related literature on sleep apnea treatment 
and a focus on patient’s adherence to CPAP belonged to 
either of the following two categories:

• Studies with a focus on effective factors for adher-
ence to CPAP

• Studies implementing an intervention to increase 
adherence to CPAP

Exploring effective factors on adherence to CPAP
In the body of related literature, among the effective fac-
tors of adherence to CPAP were patients’ characteristics, 
the severity of disease, side effects of using the device, 
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method of conducting the sleep test and titration, claus-
trophobia, inadequate support of the clinical team, lack-
ing cooperation of the spouse, inadequate knowledge 
and high costs of treatment and equipment. These were 
among the main barriers to adherence to treatment [7, 
14–18]. Among the facilitators of adherence to CPAP 
were: the willingness to rid of symptoms and a positive 
attitude to treatment, awareness of the adverse effects of 
the disease, fear of the social consequences, disrupting 
others’ sleep, trust in healthcare providers, spouse’s coop-
eration, feeling physically improved, use of a humidifier, 
changing the design of the device, benefiting of social, 
clinical and behavioral change supports [7, 14–18].

Exploring interventions for adherence to CPAP
According to a review by Askland et al. (2020) published 
by Cochrane [19], interventions in the literature can be 
divided into three types, educational, supportive and 
behavioral.

Educational interventions These interventions pro-
vide general information about OSA and CPAP therapy 

through different techniques including educational vid-
eos, group sessions, personalized explanation of poly-
somnography (PSG) reports, and positive/negative risk 
message framing [20–23]. Although educating patients is 
the primary way of involving them in the therapeutic pro-
cess, it has a minor effect on CPAP adherence as a com-
plicated behavior [18]. So, it is suggested the educational 
interventions be accompanied by other interventions.

Supportive interventions These interventions provide 
participants with further clinical follow-up by the clinical 
staff through telemonitoring to remove barriers or diffi-
culties in using CPAP. The principal privilege of this type 
of intervention is that patients are encouraged to provide 
regular feedback on the experience of using the device. 
Therefore, the therapeutic barriers and problems are 
removed at the right time. Telemonitoring services in dif-
ferent formats and platforms, such as peer support, web-
based, and personalized programs are among supportive 
interventions [24–30].

Behavioral interventions These include interventions 
with psychotherapeutic techniques based on behavioral, 
cognitive, or models related to health behavior change. 
Behavioral interventions addressed modifiable and meas-
urable constructs that influenced the health beliefs about 
OSA and CPAP therapy and adherence to CPAP behav-
ior. In different studies, various motivational strategies 
such as Motivational Enhancement Therapy (MET), 
Socio-Cognitive Theory (SCT), and habit formation 
audiotapes [31–34] were mixed with educational and 
supportive materials to enhance effectiveness [35–39].

Need analysis
In the second phase, a need analysis was done with the 
cooperation of the main stakeholders. The purpose was 
to gain an in-depth understanding of the services needed 
by patients. So, after each meeting, the key concepts were 
extracted and presented at the next session to explore 
more.

Meeting with sleep medicine specialists
To better understand the requirements to provide tel-
emedicine services for OSA patients who use CPAP, dif-
ferent meetings were held with a panel of sleep medicine 
specialists (n = 4) and medical informatics specialists 
(n = 2). In these meetings, patients’ needs and current 
follow-up plans by physicians and selling companies were 
investigated.

Meeting with key figures of the device selling companies
These meetings were independently held with the key fig-
ures of the Resmed (n = 4) and Weinmann (n = 2) com-
panies. In these meetings, services provided to patients 
such as follow-up plans and instructional materials, and 
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Fig. 1 Overview of the development and evaluation process
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technical capabilities and limitations of devices were 
discussed.

Interview with patients
To know the needs of patients who use CPAP, semi-struc-
tured in-depth interviews were held with 29 patients who 
did not adhere to the treatment. The detail is described in 
our previous paper [7].

Data integration
According to the literature review, multiple meetings 
with sleep specialists and key figures of the device selling 
companies, and patients’ interviews, the following topics 
were extracted:

1. Use of different architectures for the telemonitoring 
system in other countries and further investigations 
to design and implement the new system in Iran con-
sidering the existing technical limitations,

2. Physicians’ concerns about the independence of 
the device selling companies in the patients’ follow-
up and the lack of continuous communication with 
healthcare providers,

3. Companies’ emphasis and willingness to involve the 
clinical team in patient follow-up and provision of 
clinical support,

4. Technical issues such as the absence of a data send-
ing option in CPAP device in a wireless mode to the 
central system,

5. Barriers to CPAP adherence such as patients’ inad-
equate knowledge and patients problems in using 
CPAP device,

6. Use of a combination of different interventions (edu-
cational, supportive, and behavioral) to increase 
effectiveness,

7. Apply behavior change theories and techniques to 
influence the health beliefs about OSA and CPAP 
therapy and adherence to CPAP behavior.

System and content development
System architecture
Based on topics 1, 2, 3, and 4, the required parts for 
designing the telemonitoring system were recognized. 
This system had to be designed in a way to communicate 
with different groups (e.g., doctors as the clinical service 
providers, the device selling companies as the technical 
service providers, and patients as the service recipients). 
Also, certain facilities had to be provided for patients 
to send the CPAP data. Thus, three main parts were 
proposed including the patient’s application, the doc-
tor’s portal, and the operator’s portal (selling company’s 

portal) along with facilitating software for patients to 
send the CPAP data.

Topics 5, 6, and 7 led us to provide clinical, educational, 
and behavioral supports for patients, simultaneously.

• Clinical support involves medical support by doc-
tors such as advice on mask replacement, change of 
pressure, the answers to medical queries, and other 
instances of medical support.

• Educational support refers to information provided 
to raise patients’ awareness of apnea and CPAP ther-
apy.

• Behavior change support refers to measures taken 
specifically to change a patient’s way of thinking or 
acting based on a behavior change model or theory 
to increase the rate of using CPAP eventually.

Clinical support was provided by monitoring patients’ 
status and sending appropriate feedback and recom-
mendations through the doctor’s portal. Also, to provide 
education and behavioral support, the applicable content 
was made available through the patient’s application. It 
is noteworthy that some of the information displayed on 
the doctor’s portal and the patient’s application was fed 
by data in the operator’s portal. The details are described 
in the result section.

Content development and evaluation
To provide content for the patient’s application, consid-
ering the extracted topics and previous findings [40–43], 
the socio-cognitive theory (SCT) was selected as the 
basis of content development, which has four constituent 
constructs: knowledge, perceived risk, outcome expec-
tancy, and self-efficacy.

Perceived risk has to do with the patient’s perceived 
susceptibility to health threats. In other words, perceiv-
ing that untreated OSA is followed by adverse effects. 
Outcome expectancy refers to the potential outcomes of 
using or not using CPAP and the possible impact of using 
CPAP on reducing the associated risks. Self-efficacy 
implies one’s perceived capability of showing a particu-
lar behavior. In other words, it involves perceiving oneself 
as capable of using the CPAP device regularly under any 
condition.

Considering socio-cognitive theory and behavior 
change techniques [54, 55], sleep apnea-related (the 
definition, symptoms, risk factors, and negative con-
sequences of sleep apnea) and CPAP-related content 
(benefits and the probable side effects of using CPAP, 
equipment description, cleaning and replacement meth-
ods, troubleshooting, and how to travel with CPAP) 
were taken as the major portion of the content. This con-
tent was derived from credible global websites, existing 
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publications, and sleep specialists’ opinions. Table  1 
shows the relationship between the behavior change 
techniques and the prepared content.

The accuracy, comprehensibility, clarity, and simplic-
ity of the content were assessed by four sleep medicine 
specialists in a focus group and finalized. Also, a sample 
of target patients evaluated the difficulty of phrases to 
decrease the cases of ambiguity and erroneous inferences 
made of the utterances or the meanings. If a problem was 
found, the content was changed as required.

System evaluation
Usability testing of patient’s application
To test the usability of the patient’s application, a think-
aloud protocol was used, which is a user-based and 
empirical method based on the observation of sys-
tem performance in time [44]. The think-aloud method 

collects data about users’ cognitive growth in work-
ing with the system. In this method, users are asked to 
state out loud whatever they see, think about, and feel, 
as well as the questions that arise in their minds or their 
decisions.

For this purpose, seven patients who used CPAP were 
selected. Two trained facilitators and a software engi-
neer were also present during the evaluation process. 
The evaluation process was followed in a room of a sleep 
test clinic within a peaceful and light environment. To 
conduct the evaluation process, a scenario was devel-
oped based on the tasks and duties of the Roya telem-
onitoring system. All users’ interaction with the system 
and their voices were recorded by a screen recorder on 
a tablet computer and a microphone. When the evalua-
tions were completed, all the recorded documents were 
analyzed by the facilitators. To categorize problems, the 

Table 1 Behavior change techniques, definition, and content of the application

Techniques used Definition Content

Provision of general information General information about the behavioral risks 
and unfavorable consequences of misbehaviors
This technique is used to raise patients’ awareness 
of the perceived risk of the disease

Definition of disease (basics and facts)
Symptoms of apnea
Risk factors of apnea
Short explanation of the diagnosis and treatment 
procedures
Healthy sleep habits
PAP therapy (treatment with positive air pressure)

Provision of information about consequences Information about the benefits, costs and 
outcomes of showing or not showing a certain 
behavior

Consequences of apnea
Benefits of using CPAP in preventing diseases and 
accidents
Benefits of using CPAP for health and well-being
Adverse effects of using the device

Encouragement to act as required Encouraging someone to decide to act (behavior 
change) or set a goal to access behavior change

Score of the extent to which the device is used

Barrier identification Identifying the barriers to showing a certain 
behavior and planning to overcome them

Side effects and how to avoid them
List of non-adherent patients’ problems and solu-
tions

Destined action Acknowledging or rewarding someone for the 
attempts and performance

Feedback message

Task and duty setting Setting small tasks and duties to change a behav-
ior and increasing the difficulty level to reach the 
desired behavior

Issues with using the device (the patient is provided 
with recommendations to get used to the device 
gradually)

Giving instructions Giving instructions on planning and implement-
ing desired healthy behaviors

Side effects of using CPAP and how to solve them
Introducing the equipment used
Replacing the equipment
Cleaning the equipment
Troubleshooting and solving issues with the device
How to use the device while travelling

Behavior modeling or showing Displaying how to behave appropriately to a 
patient by a specialist

Making videos to include:
Reduced volume of device
Increased ease of mask
Mask maintenance
Solving the mask leakage problem
Cleaning the equipment

Feedback provision Providing feedback to someone on the recorded 
behavior and evaluating it against a set of stand-
ards or others’ performance

A report on performance within the past week
A report on overall performance
Comparison of actual and expected performance 
based on standards
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method suggested by Haak et al. was used, according to 
which the problems were categorized into four groups, 
including system layout, terminology, data entry, and 
comprehensiveness.

The detail of the usability evaluation process is pro-
vided in Appendix 1A.

Functionality testing of patient’s application:
In this phase, the primary purpose of functionality test-
ing was to check the success of:

• installing the application on smartphones, each with 
a different version of the Android operating system,

• transferring the CPAP data from the operator’s portal 
to the patient’s application,

• transferring responses to daily questions and user 
problems from the application to the doctor’s portal,

• displaying charts and content in different mobile sets,
• showing videos integrated within the content in dif-

ferent mobile sets,
• the functionality of settings in different mobile sets,

For this purpose, ten patients who had purchased 
their CPAP devices from two sales companies in Mash-
had, were literate, and had smartphones to work with 
effectively were selected. They used the application for 
two weeks. Patients’ comments and issues they faced 
while using the application were recorded in the form of 
unstructured interviews. They were then provided to the 
technical team after more scrutiny for further develop-
ment of the system. The detail of the functionality evalua-
tion process is provided in Appendix 1B.

Evaluation of doctor’s portal and selling companies’ portal
As the system development was done via the agile, 
recursive, and incremental method, during the project 
development process, different versions of the doctor’s 
portal and the selling companies’ portal were continu-
ously made available to doctors and sales companies. 
After the evaluation, their comments were obtained 
through unstructured interviews and applied as far as 
possible by the technical team. This process continued 
until the end of the system design and final approval by 
the users of the two portals.

Results
System architecture
Following the stakeholders’ input, the research team 
(including researchers and system developers) concluded 
that a patient interface needs to be designed for smart-
phones because of its easy use and access. The operator 
and doctor interfaces need to be made to suit PCs corre-
sponding to the data protection legislation.

• Patient’s application The application was provided to 
the patient with the capabilities of educating them, 
reporting on performance, sending and receiving 
information, and showing notifications. The main 
parts of the patient’s application were educational 
content (Fig. 2), daily queries, daily messages (Fig. 3), 
and reports of performances (Fig.  4). Also, The 
checklist of barriers to device use was displayed to 
non-adherent patients (Table 3). The marked reasons 
were sent to the doctor’s portal to control and pos-
sible recommendations. A sample of feedback dis-
played on the performance report page is presented 
in Table  2. The detail of each part of the patient’s 
application is described in Appendix 1C.

• Doctor’s portal The doctor’s portal was designed for 
the visiting doctor. Patient’s answers to daily ques-
tions, actual use of the device, adherence status, 
reasons for non-adherence, the capability of send-
ing messages to patients, and taking notes for future 
visits were the main features of the doctor’s portal 
(Fig. 5A).

• Operator’s portal An operator’s portal was made 
available to the selling companies. Recording patients’ 
demographic and clinical information, uploading the 
CPAP data, and activating the notifications were the 
main features of the operator’s portal (Fig. 5B).

Data sending software due to the lack of capability of 
automatic sending of CPAP data to the central system, a 
facilitator software was designed and offered to patients 
on a CD along with instructions on how to use and install 
it.

Technical aspects
The system development was done through an agile, 
recursive, and incremental method. Changes suggested 
by users during the project development and afterward 
were applied after examining the feasibility and practi-
cality. The software was launched for the client through 
HTML/CSS/JavaScript and the server databank was 
MySQL 4.5.2. The programming language was PHP 
and the data transfer occurred through the web ser-
vices developed in PHP, too, and in the JSON format. 
Mobile application programming was done natively using 
Android Studio version 3. The.csv file data were extracted 
from the server and stored in the MySQL database server. 
When the request was sent from the application, the 
patient’s data were sent in JSON format. All educational 
files were made available to users in an offline mode. The 
store and forward mechanism was used to send daily 
queries to the server.
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System evaluation
Usability testing of patient access module (patient’s 
application)
In usability testing, a think-aloud protocol analysis was 
done with seven patients (six men and one woman) 
whose average age was 44 ± 10.2 years. The mean time of 
the evaluation process was 22 ± 4.7 min. The time it took 
for each user to do the evaluation is presented in Fig. 6.

The total number of issues found with usability by 
users in the evaluation process was 18, with an average 
of 2.5 issues per user.

The layout issues of the system constituent parts were 
8 in number and comprised 44.5% of the total issues 
(the most frequent). The most important changes were:

Table 2 A sample of feedback messages

* Score: number of days the device was used more than 4 h/total number of day

Score* Messages

100 Congratulations: your performance was excellent last week!

You used the device more than 4 h a day last week

Using the device regularly, having enough physical activities and a good diet will definitely pull you closer to your goals

71 The extent to which you used the device last week was very good!

Last week, you used the device more than 4 h a day for 5 days

A regular use of CPAP helps to remove many symptoms of apnea. Moreover, managing many background diseases such as hypertension, 
diabetes and cardiovascular diseases is facilitated

Using the device regularly, having enough physical activities and a good diet will definitely pull you closer to your goals

14 Unfortunately, you did not use the device properly last week

In order to improve the disease, you need to use the devise regularly at least 4 h in 24 h. The more regularly you use the device, the more 
effective it becomes

See details on mask leakage, device pressure, and frequency of respiratory intervals in different days. To solve probable issues, use the educa-
tional content provided. If the problem is not solved, consult a doctor or the company staff

The following list is probably the reasons why you did not use the device regularly last week. Please read it carefully and mark each that is true 
for you. At the end, press the “next” key

Table 3 The checklist of barriers to device use

# Barriers

1 When using the device, my mouth, throat or nose feels dry or cold. I feel my nose is blocked and cannot breathe properly, So, I often 
breathe through mouth

2 I feel uneasy wearing the mask (e.g. it irritates my face or causes perspiration)

3 I need to go to the bathroom at night

4 The noise of device disturbs me and my spouse

5 Air leakage from edges is disturbing

6 Using the device makes me nervous and I feel suffocated

7 The air pressed into my nose disturbs me

8 Often, I fall asleep before using the device

9 While asleep, I take off the mask

10 I have nightmares

11 Despite using the device, I keep snoring. Sometimes I feel suffocated as I feel something jerks into my throat

12 I have gritting teeth

13 I have a running nose

14 The water stuck in tubes and the mask is not feeling good

15 At night, I feel anxious or depressed and sometimes sleepless

16 At night, I cough

17 The device disrupts my sleeping position. Sometimes I prefer to sleep one side or face-down but the tube is too short or gets tangled

18 I see no use of it

19 I was travelling
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Fig. 2 The main page of application and the pages of educational content

Fig. 3 The pages of daily queries, daily messages and setting notification time
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1. Location of the list of problems on the performance 
report page, the display type, and the selection mode,

2. Color of the CPAP usage diagram,
3. Details and headings of the CPAP usage diagram 

axes,
4. Display daily messages,
5. Font size.

The next rank belonged to vocabulary issues with five 
cases (28%). One issue of this type was the unintelligi-
bility of the names of buttons. To tackle this problem, 
the names of the buttons were changed in a way that 
better fitted the target action.

As for the data entry issues, four cases were found 
(22%). One of the most critical problems was enter-
ing data for daily queries. To solve this issue, the type 
of data entry was changed. Besides, to set the notifica-
tion sending time, in the settings, the type of data entry 
changed according to the users’ suggestions.

As for issues with comprehensiveness, there was only 
1 case (5.5%) about touching the columns of the per-
formance diagram that indicated the device’s daily use 
(including the extent of use, amount of leakage in the 
mask, number of apnea, device pressure). As we could 
find no technical solution to this issue, adequate instruc-
tions were provided to patients when installing the appli-
cation. Some changes to the application after usability 
testing are shown in Fig. 7.

Functionality testing of patient’s application
The main problems detected in functionality testing were: 
not working properly on devices in languages other than 
English, disruption in the installation process, no link 
between the portals and the application, and improper 
playing of videos on some mobile sets with small screens. 
Once these problems were found, they were solved by the 
technical team.

Fig. 4 The pages of performance report including the feedback message and the diagram showing the extent to which the device is used
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Discussion
The present research described the design, develop-
ment, and evaluation of a patient telemonitoring system 
for those afflicted with sleep apnea undergoing CPAP 
therapy. To our knowledge, there has been almost no 

research to use a participatory analysis, design, and eval-
uation approach to incorporate stakeholder inputs, evi-
dence, and behavior change theories and techniques in 
developing a patient monitoring system for patients with 
OSA using PAP machines. Also, this is the first study on 
the Iranian population that differs from previous stud-
ies regarding cultural, economic, and social factors. So, 
it would be a complementary study to previous ones in 
other societies.

Obstructive sleep apnea is a chronic disease that needs 
to be treated through the long-term use of PAP devices. 
To manage the disease, many groups are involved includ-
ing doctors, selling companies, and the patients. Due to 
the significance of interaction among these three key ele-
ments, the system was designed in a way that physicians 
and companies could provide their services to the patient 
as far as possible. To this aim, three parts were integrated 
into the system: the patient’s application, doctor’s portal, 
and operator’s portal.

Fig. 5 A Doctor’s portal, B Operator’s portal
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A key feature of the system was the recurrence of 
educational content through daily messages and the 
creation of a link in different parts of the patient’s 
application for easier access to the internal content. As 
the related literature indicated, recurrent exposure to 
educational content can improve treatment adherence. 
Some other research findings using daily text messages 

(e.g., SMS) to change health-related behaviors showed 
that these interventions were truly effective in chang-
ing behaviors in patients and promoting preventive 
behaviors and self-care in chronic diseases [45]. It is 
also noteworthy that though education is essential for 
a basic knowledge of behavior change, information and 
recommendations might be inadequate for significant 
changes in an individual’s behavior [45–48].

Fig. 7 A sample of changes in application pages before and after usability testing
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Some parts of the application content were using edu-
cational videos that helped patients to use and maintain 
the device, giving feedback on patients’ performance fol-
lowed by suggestions to non-adherent patients to solve 
the existing problems, and sending daily messages that 
reminded the side effects of irregular use of the device or 
not using it at all. These could pave the way for chang-
ing the patient’s behavior. Of note is that the application 
content was based on the socio-cognitive theory and the 
correlation between the constituent constructs of this 
theory (i.e., knowledge, perceived risk, outcome expec-
tancy, self-efficacy) and CPAP adherence proved in many 
studies [40–43].

As some users of the application are elderly, we 
attempted to facilitate the use of the application as much 
as possible for them. As it was required to enter data in 
the application or send it to receive feedback, the older 
users needed more help and support to use the applica-
tion. However, younger users used the application more 
freely and independently. As the new technologies such 
as mobile-based health can be challenging to the elderly, 
we tried to use larger font sizes and shorter sentences that 
were easier to follow. Other relevant attempts included 
no use of specialized terms in content, straightforward 
design of the interface, display of adequate explanations 
upon entering the application, and the possibility of mak-
ing changes to settings.

Another advantage of the system was monitoring 
patients’ performance from far. Doctor’s monitoring 
makes patients feel more responsible for their conditions 
and more motivated to use the device in order not to dis-
appoint the doctor. This point has been raised in other 
studies, too, that eliciting patients’ feeling of responsibil-
ity in comparison to educational-only interventions can 
significantly affect the adherence behavior [39].

Wireless telemonitoring in the initial stages of CPAP 
treatment can significantly reduce the nursing time 
compared to usual care. Prompt troubleshooting dur-
ing CPAP therapy can increase patients’ adherence to 
treatment. Telemonitoring can save nursing sources and 
lead to regular follow-up and adequate support. Conse-
quently, treatment adherence is increased [49]. Moreover, 
for patients with physical disabilities, who cannot move 
easily or live farther than the sleeping centers, telemoni-
toring can save the patient’s and healthcare providers’ 
time due to tele-settings and tele-troubleshooting.

Study limitations, strengths, and future directions
There are several strengths in the present study. first, 
the development process was accompanied by the stake-
holders collaborating closely. These included patients, 
healthcare providers, researchers, system developers, and 
patient representatives. Thus, this research ensured that 

content and software functionalities were included that 
were both clear and meaningful to patients and health-
care providers. This process can help to increase the 
potential effectiveness of the target intervention. Another 
strength was that in the design and development of the 
system, different methods were used for data collection 
to meet the users’ needs and make the best use of existing 
capabilities. Moreover, using the behavior change tech-
niques in preparing content and system capabilities prob-
ably enhances the effectiveness in changing the patient’s 
behavior of using the CPAP device. Finally, evaluating 
system usability and functionality was done after design-
ing and developing the system which led to the recogni-
tion and removal of system defects for further research.

This study has several limitations. The sample size 
was limited which negatively affected the usability test-
ing. However, 3–5 participants are enough for usability 
testing [50]. Another limitation was that no clinical out-
come was explored in this research as here the aim was 
to design, develop and evaluate the software in terms of 
usability and functionality to solve potential problems 
in the forthcoming body of research. It is suggested that 
the effectiveness of the telemonitoring system be investi-
gated as a mobile health intervention compared to usual 
methods and the results are provided for higher-level 
decision-makers.

Conclusion
Proper management of OSA needs a long-term use of 
CPAP devices and subsequently, constant clinical and 
technical support. The present research elaborated on the 
participatory analysis, design, and evaluation approach, 
including stakeholder inputs, evidence, and behavior 
change theories and techniques when developing the 
patient monitoring system for patients with OSA who 
used CPAP machines. While the system efficacy remains 
to be evaluated, content and system development were 
based on the need analysis of stakeholders. So it has the 
potential to improve CPAP adherence in patients with 
OSA.

Appendix 1
A: Usability testing of the patient access module (patient 
application)
To test the usability of the patient application, the 
think-aloud protocol was used, which is a user-based 
method widely used. Think-aloud is an empirical 
method based on the observation of system perfor-
mance in time [44]. The think-aloud method aims to 
collect data related to users’ cognitive growth in work-
ing with the system. In this method, users are asked to 
state out loud whatever they see, think about, and feel, 
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as well as the questions that arise in their mind or their 
decisions [51]. In this method, the user states his/her 
thoughts, activities, and observations while working 
with the system verbally.

Participants The participants in this study included 
three groups: users, facilitators, and a technical sup-
porter. The users were 7 patients using the CPAP. They 
had no knowledge or experience of the Roya telemoni-
toring system. For the evaluation process, each user 
was accompanied by a facilitator, who did not inter-
fere in the evaluation process and only reminded them 
of speaking loudly when they faced a problem in the 
process. Facilitators were among medical informatics 
experts with adequate knowledge and experience of 
testing usability. A software engineer was also present 
during the evaluation process as the technical support 
just in case.

Time and place of evaluation: The evaluation process 
was followed in a room of a sleep test clinic within a 
peaceful and light environment. There were a table, 
two chairs and a tablet connected to the internet. To do 
the evaluation process, such equipment as the Screen 
Recorder was installed on the tablet computer to record 
the user’s interaction with the system and a micro-
phone to record the user’s voice. To conduct the evalu-
ation process, a scenario was developed based on the 
tasks and duties of the Roya telemonitoring system.

Evaluation process Before evaluation, the think-aloud 
protocol was taught to the users. In 10 min, they were 
instructed on how to express their thoughts, feelings, 
and decisions in detail. Moreover, the issues with con-
ducting the precise evaluation process were reminded 
to facilitators. They were asked not to make any inter-
ference in the evaluation process for the user and not 
to impose any personal comment. They were supposed 
to constantly encourage the user to speak aloud while 
thinking. When the evaluation was done, the users 
were asked to give suggestions for the improvement of 
system performance.

Data analysis When the evaluations were completed, 
all the recorded documents were analyzed by the facili-
tators. To categorize problems, the method suggested by 
Haak et al. [52] was used, according to which the prob-
lems were categorized in 4 groups:

a) Problems with the system layout (e.g., the user can-
not find the key to go to the next page)

b) Problems with terminology (e.g., the user cannot 
understand the meaning of some items)

c) Problems with data entry (e.g., the user does not 
know how to enter data in a specific field)

d) Problems with comprehensiveness (e.g., the user feels 
that the system guideline is not comprehensive)

B: Functionality testing of patient access module (patient’s 
application)
10 patients who had purchased their device from two 
sales companies in Mashhad and were literate and had 
smartphones to work with effectively were selected. They 
set prior appointments with a sleep specialist and visited 
him. The doctor had a full examination of the patient’s 
conditions and the extent to which s/he used the device. 
After visiting the doctor, the purpose of the research was 
explained to the patients who involved evaluating the 
functionality of the system and asking for their opinions 
to make improvements in the system. If they were will-
ing to participate, they registered in the portal and had 
the application installed on their smartphones. The data 
concerning the extent to which the device was used was 
derived from CPAP and uploaded in an Excel file into the 
system. When the application was installed, the patient 
could log into the application with a username and pass-
word and receive the required instructions on using the 
application from the researcher.

Patients followed up for two weeks. Those who received 
the application sent the information stored in the CPAP 
memory card through emails once a week (overall two 
times during the evaluation course) and received feed-
back on it on their mobile application. When there was 
no possibility of emailing the information on the memory 
card by the patient or his/her company, the data sending 
software, which was already designed by the researchers 
to match the devices of each brand, were provided to the 
patient on a CD along with its instructions on how to use 
them. If the patient did not send the weekly report (at the 
end of the first and second week), a reminder message 
was automatically sent to him/her.

After the follow-up, the patients were contacted to 
remind them of the second visit and referral to the clinic. 
In the second visit, patients’ comments and issues they 
faced while using the application were recorded in the 
form of unstructured interviews and were then provided 
for the technical team after more scrutiny for further 
development of the system. The main points taken into 
account in the evaluation of the functionality of the appli-
cation were:

• Successful installation of the application on smart-
phones each with a different version of Android 
operating system

• Successful transfer of data on CPAP device from the 
operator’s portal to the application

• Successful transfer of responses to daily questions 
and user’s problems from the application to opera-
tor’s portal

• Accurate display of charts and content in different 
mobile sets
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• Accurate display of videos integrated within the con-
tent in different mobile sets

• Accurate functionality of settings in different mobile 
sets

C: Patient access module (patient’s application)

• Educational content included information about 
apnea and treatment with CPAP. This information 
was presented in textual and audio-visual modes. To 
facilitate the patient’s access to the educational con-
tent, the prepared content was presented in short 
text chunks with specific headings (Fig. 2).

• Daily queries asked to what extent the device was 
used the previous night, whether sleeping pills 
were taken or not and the quality of sleep the night 
before. If the question about taking sleeping pills was 
answered as No three times consecutively (for three 
consecutive days), it was omitted. Following the time 
set by the user for the Q&A part of the application, a 
notification was sent by the device at the same time. 
The user was guided to daily questions by touching 
the notification message. The mechanism of sending 
messages to the server was “store and forward”. Thus, 
the answers to questions were saved in the memory 
according to their date and then transferred to the 
server once connected to the internet (Fig. 3).

• Daily messages corresponded to the application 
content and contain problems with the device, side 
effects, significance of disease, and so on. Daily, one 
to two messages were sent to patients. According to 
the time set by the user in the application to receive 
daily messages, a message was sent along with a noti-
fication at each time. The messages were saved in the 
inbox to make later checking possible. They were 
saved chronologically from the newest to oldest in 
the inbox (Fig. 3).

• Report of performance involves feedback on the 
extent to which the device was used in the past week 
and the whole period of time (Fig.  4). A sample of 
feedback is presented in Table 2.

According to the related literature, feedback can only 
have positive effects on health when it aims to support 
and guide in the right direction [53]. Accordingly, in 
the report on performance section, after receiving the 
required feedback on the frequency of using the device 
during the past week, if one was recognized as non-
adherent based on the pre-defined criteria, a checklist 
was presented of the probable reasons for not using 
the device regularly (Table 3). It is noteworthy that this 

list was made based on the qualitative content analysis 
of texts, patients’ interviews, and the specialists’ com-
ments. For each item within the list, several solutions 
were thought of. This solution was based on the edu-
cational content of the application offered in differ-
ent words. The patient used the inserted hyperlink to 
access the internal content of the application at the end 
of each solution for further information. Finally, the 
patient was asked to register the selected items in the 
system in to inform the physician. This allows the doc-
tor to intervene and send further advice in  situations 
where the patient’s problem is recurring.
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