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Abstract

In the last decade there has been an increase in the use of medical devices in the home
environment. These devices are commonly the same as those used in hospitals by health-
care professionals. The use of these these devices by lay users outside of a clinical environ-
ment may become unsafe. This study presents a methodology that allows decision makers
to identify potential risk situations that may arise when lay users operate healthcare medical
devices at home. Through a usability study based on the Grounded Theory methodology,
we create a conceptual model in which we identified problems and errors related to the use
of a multi-parameter monitor in a home environment by a group of lay users. The conceptual
model is reified as a graphical representation, which allows stakeholders to identify (i) the
weaknesses of the device, (ii) unsafe operation modes, and (iii) the most suitable device for
a specific user.

Introduction

A medical device is any instrument, machine, software, or other similar equipment intended
to manage human diseases and injuries, support human life or examine specimens, among
other uses [1]. The user of a medical device is usually a professional in a healthcare facility. A
Home Healthcare Medical Device (HHMD) is a medical device intended for use at home with-
out the need of specialists to operate them and dedicated to improve the patient’s quality of life
[2].

The use of HHMD is a fast growing sector in the health care industry [3-5]. The Global
Home Healthcare Market is expected to reach USD 303,605.9 million by 2020, growing at a
Compound Annual Growth Rate (CAGR) of 8.1% from 2014 to 2020 [6]. The most significant
drivers for this increasing in use are: (1) the increasing aging population [4, 7] and their associ-
ated chronic diseases. Continua Health Alliance establishes that 860 million people have one
or more chronic conditions [8]; and (2) the motivation for health institutions to reduce medi-
cal cost by decreasing the length of hospital stays and redirecting early patients to home care

[9].
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A medical device must be designed to ensure safety and effectiveness. Safety is achieved by
reducing the risks associated with user error as far as possible. Effectiveness is achieved when
the performance intended by the manufacturer is realized, and the device is suitable for the
intended purpose [10]. However, HHMDs are required to ensure this condition of safety and
effectiveness while being operated by a lay user in a home environment [11].

Lay operators are generally non-specialists, and are not always trained adequately in the use
of medical equipment [7, 12, 13]. Additionally, these users may have limitations and disabili-
ties [7, 12], and form a heterogeneous group which is difficult to profile [12-14].

With regards to the nonclinical environment, the IEC 60601-1-11 (2010) standard defines
the home healthcare environment as the place where a patient lives, or other places where
patients are present (excluding health centers where health professionals are continuously
available) [15]. In this environment, common risks in health care are also prevalent. However,
there are additional risks inherent to the home, related to geographic location, construction,
home maintenance, and other unsafe conditions [7, 9].

Several standards regulate the design of HHMDs: The ANSI/AAMI HE75:2009 (2009) stan-
dard regulates the design of HHMDs from a human factor engineering point of view. The IEC
60601-1-11:2010 defines the requirements for basic safety and essential performance for medi-
cal devices used in the home healthcare environment [16]. Furthermore, the Food and Drug
Administration has cleared HHMDs to be used outside of clinical settings once the required
safety and effectiveness have been certified [5]. The Food and Drug Administration (FDA)
launched the ‘Medical Device Home Use Initiative’ in 2010. The aim of this initiative is to
assist manufacturers in designing and developing home use devices that comply with applica-
ble standards of safety and effectiveness, along with other regulatory requirements [5].

In spite of these regulations, medical devices and equipment originally designed for use in
hospitals are increasingly found in the home environment [3, 6, 9, 17]. Furthermore, older
medical devices—which have been replaced by newer versions in health care institution—
migrate to the home environment due to their increased availability [3, 13]. As such, the users
may not receive the appropriate training or customer support required to use the device
appropriately [13, 17]. These known issues lead to the potentially unsafe operation of medical
devices in a home environment [17, 18]. This issue is so prominent that the Emergency Care
Research Institute (ECRI) established the use of medical devices at home as one of the top ten
technology hazards for 2012 [19].

Furthermore, the current research on patient safety focuses mainly on hospitals, where
many initiatives have been established to reduce preventable injuries and deaths [18]. There
appears to be considerably less research and patient safety initiatives in other healthcare sectors
such as in the home. Although some studies have helped to understand and address some of
the new challenges imposed by using medical devices at home [2, 7, 17], more studies are nec-
essary to evaluate the impact of the usually non-optimal operational conditions of medical
device at home [7, 14].

The risks associated with the operation of a device can be demonstrated by a usability test.
Usability testing allows the evaluation of effectiveness, efficiency, and satisfaction that a user
achieves while performing a set of tasks [20]. Usability tests were initially used to asses software
user interfaces [21, 22], and are also currently applied in the healthcare sector in the design of
health information systems and medical devices [23-26]. One of the first stages of a usability
engineering process and risk management (related to the IEC 62366 (2007) and ISO 14971) is
to identify the hazards, hazardous situations, and characteristics related to safety [27]. How-
ever, these standards do not detail a method or technique to identify hazardous situations, or
to determine characteristics related to safety. In 2016, the FDA released the guide “Applying
Human Factors and Usability Engineering to Medical Devices” [28]. This guide establishes the
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application of human factors engineering (HFE) and usability engineering (UE) concepts to
reduce the risk and to ensure “that devices are safe and effective for the intended users, uses,
and use environments.” The guide focuses on managing the risks associated with the use of
medical devices across the HFE/UE concepts, and it is based on a model of the interactions
between a user and a device. This model considers: (1) information perceived by the user, (2)
cognitive processing, and (3) control actions. The objective of this guide is to help manufactur-
ers to improve the design of the devices.

This work focuses on the new risks that arise when a medical device designed for a clinical
environment is used at home. In particular, the objective of this work is to generate a method-
ology that aids in the understanding of these risks through a case study of the usability of a
multi-parameter monitor device in a home care environment. Applying this methodology, we
will develop a conceptual model in which the characteristics related to safety and hazardous
situations emerge. This conceptual model is based on observations of lay users operating the
medical device in their home environment.

Grounded theory

Grounded theory method (GT) is a systematic methodology that involves the discovery of the-
ory through the analysis of data of a given phenomenon. In GT, the conceptual framework (a
hierarchical and coherent classification of concepts) emerges through the continuous interac-
tion between data collection and data analysis. That is, a theory emerges inductively from the
data [29].

In this work we perform a usability case study using this methodology. The data is gathered
through the observation of the use of a multi-parameter monitor (designed for a clinical envi-
ronment) operated by a non-healthcare professional. The collected data is then analyzed
according to the Grounded Theory methodology [30]. This methodology allows to structure
and to determine a hierarchy of concepts that emerges from the use of the medical device. For
example, through the use of this methodology we will determine that the concept “User does
not know if he is satisfied with the selected alarm level because he cannot test it” emerges from
volunteer comments such as: “How do I know which sound level is appropriate to me? I can-
not hear it”, “Will this sound level be enough? Can I test it?” or “I cannot know how loud it is,
so I will put a high number to be sure to hear it well”.

We focused on identifying problems and errors emerging during the operation of a medical
device by lay users in order to obtain a conceptual model of the use of medical devices in a
homecare environment. This study uses a medical device and not a HHMD, because in prac-
tice medical devices originally designed for clinical use are increasingly being used in the
home environment [9]. Testing in the real operational environment—homecare with the
device operated by a lay user—can reveal problems that have not been anticipated either by the
standards or designers [14].

This methodology involves three phases: sampling, data collection, and data analysis [31].
The development of each phase proceeds iteratively and simultaneously, and are described
below. The phases, processes, and steps of the Grounded Theory methodology are summarized
in Fig 1.

Sampling phase. The sampling phase is performed following three processes [31]: conve-
nient, snowball, and theoretical sampling.

First, during convenient sampling; we choose a set of representative individuals, selecting
volunteers that have different characteristics between them, with the objective of encompass-
ing a wide range of user profiles.
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Fig 1. Flow diagram of the GT process. The process consists of three phases: Sampling, Data Collection, and Data Analysis. Selection of volunteers is performed
during the Sampling phase. Relevant information about the volunteers is acquired during the Data Collection phase. The information is classified and codified during
the Data analysis phase. The Sampling—Data Collection-Data Analysis cycle repeats until no more information is gained in the process (saturation). The activities of
each phase changes as the cycle evolves. See the text for more details.

https://doi.org/10.1371/journal.pone.0208723.9001

Next, using snowball sampling; new individuals who present at least one of the characteris-
tics established as relevant are selected. Relevant characteristics are those most often repeated
among the volunteers that presented a high number of problems during convenient sampling.

Finally, when the first signs of data saturation are revealed, the theoretical sampling stage
starts. During this stage, data are collected, coded and analyzed in order to generate a theory.
Saturation of data is the point at which no new information is extracted from the data. [32]. In
GT, it is unnecessary to define a number of samples before starting the study, since this num-
ber is established when the data analysis shows a tendency to the reduction of new results (ide-
ally close to zero). This is known as data saturation, and when the data meets this condition,
the sampling number is reached.

Data collection phase. The data collection phase aims to acquire all the information
required to identify objective and subjective characteristics relative to the phenomenon to be
studied. This phase comprises three stages [31]: The first stage corresponds to analysis of docu-
ments relative to the phenomenon. The outcome of this stage is a set of activities to be per-
formed by the subjects and a questionnaire to be used in the next stage. This questionnaire
allows the evaluation of key factors that could impact the performance of the subjects during
the activities. The second stage corresponds to an interview with the subjects based on the
questionnaire design in the previous stage, in order to gather prior information relevant to the
investigation. Finally, the third stage corresponds to the observation of the subjects by the
researcher while they carry out the activities defined above.

Data analysis phase. Data analysis corresponds to the last phase of the methodology and
includes two coding steps [31, 33]. During the coding process, the transcribed data are
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organized into categories and then similar categories are grouped together to organize the data
for the conceptual model. The process seeks to find topics, concepts, patterns, relationships
and similarities through the constant comparison method [34]. We use the GT open coding
and axial coding techniques to analyze the data. During open coding, categories are developed.
This involves the identification of chunks or units of data (e.g. key words, phrases, sentences)
that belong to or represent a more general phenomenon [35]. In this work, we call these units
of data “segments of interest”, which correspond to the difficulties identified by the researcher
during the observation of use. We cluster the segments of interest that represent similar situa-
tions into RDUs (Representative Data Unit) [35-37]. During axial coding, the categories
which have emerged from open coding are clustered in order to organize them in a logical and
simplified way [31]. At this stage, we seek to understand and establish different emerging rela-
tionships in order to group categories that show a central association. The categories obtained
from the conceptual model are checked for exclusively (i.e. that there is no overlap between
them) [34].

Materials and methods
Participants

Thirteen participants volunteered to take part in this study. The participants showed varying
characteristics, encompassing a wide range of potential users of HHMD. The study was
approved by the ethics committee of the Universidad de Valparaiso. Each volunteer provided
written informed consent and gave permission to publish the obtained data before the session.
During each session, the researcher studied the interaction of each volunteer with a multi-
parameter monitor, performing a set of predefined tasks.

Multi-parameter monitor

The medical device under study was a multi-parameter monitor (Mindray model MEC-1200),
which measures five vital signs of the human body: blood pressure, heart rate, SpO2 (satura-
tion of peripheral oxygen), respiration rate, and body temperature. The patient’s parameters
are displayed in real time on the screen of the device. We selected this device because monitor-
ing vital signs continuously and simultaneously is relevant to homecare, since there are
patients with chronic diseases who do not need to remain hospitalized, but need to constantly
monitor their vital signs to prevent complications of chronic diseases [38]. In addition, the use
of devices that enable people to manage their health care in a more convenient and indepen-
dent way is an increasing tendency [13, 39].

Instantiation of the grounded theory

Firstly, the researcher performed the analysis of the device’s manual before initiating the ses-
sions with the volunteers. Here, information was extracted regarding the technical and clinical
characteristics of the medical device, such as the variables measured by the device, the details
of the user interface, and its clinical use. Interviews with the volunteers were then performed.
The interview was based on the selection of factors that may lead to an unsafe use, as described
in the literature [9, 11-13, 15, 39]. These factors include: experience in the use of medical
devices, technical and medical knowledge of the health condition, physical capacities (e.g.
strength), cognitive capacities (e.g. concentration and memorization) and sensory capacities
(e.g. vision). Characteristics which require medical diagnoses (e.g. sensory capabilities) were
based on information declared by the volunteer. New questions were incorporated into the
interview based on the observations of the first convenient sampling sessions. This allowed the
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incorporation of features that had not been considered initially, and that could influence the
safety of the use of the device. These new characteristics were evaluated immediately in the
next interviews. In this study, three new characteristics were added after the first convenient
sampling session: “mathematical knowledge”, “knowledge of technical symbols”, and “reaction
to adverse events”. Finally, the observation of the use of the medical device was performed dur-
ing each session. Participants followed a guide which was based on the functions described in
the device manual. This guide defined 26 task scenarios designed for evaluating the perfor-
mance of each volunteer in the use of the medical device. Here, the researcher obtained infor-
mation of the use of the device. For example, tasks established for this study were “Enter a new
patient dataset”, “Set proper alarm volume and display alarm limits”, and “Adjust respiration:
set the alarm on, set apnea alarm to 20 seconds, establish the calculation type to automatic
threshold; connect the sensor to the device”.

Each session began with an introductory period in which the researcher explained the pur-
pose of the study and the procedure of the session. Then, a training period was carried out on
the use of the multi-parameter monitor. After the training period, the volunteer was asked to
perform tasks established on the task guide in order to evaluate the use of the medical device.
The researcher asked the participants to “think aloud” during the session to facilitate the iden-
tification of problems. While the users performed the tasks, the researcher observed and took
notes of participant actions, problems, and errors.

At the end of the tasks, and in a dynamic governed by Gordon Pask’s teachback method
[40], the key elements that were registered during the session were repeated to the volunteer
orally to verify that they capture the idea of the situations presented.

During the coding process, the researcher identified segments of interest of the transcrip-
tions by applying open coding. Segments of interest were clustered to represent similar situa-
tions into RDUs. For example, segments such as “How do I know which sound level is
appropriate to me? I cannot hear it” or “I cannot know how loud it is, so I will put a high num-
ber to be sure to hear it well” are associated to the RDU “User does not know if he is satisfied
with the selected alarm level because he cannot test it”.

The relationships between the elements of the conceptual model are illustrated in Fig 2. In
this elicitation process, we created the RDUs from the transcripts using open coding, and cre-
ated concepts from the RDUs using axial coding. Finally, concepts were grouped to create cat-
egories using axial coding. These categories constituted the conceptual model. The detection
of relationships and similarities was supported by the constant comparison method [34]. The
detected RDUs were encoded to represent the phenomenon. For this, we identified the error
or problem which occurred in each RDU, and combined it with similar ones under a sentence
that represents the problem; each cluster is called “concept” (CON). Several RDUs can be iden-
tified with the same concept [35-37]. For example, RDUs obtained in the study such as “User
does not know the meaning or function of an option” and “User misunderstands the meaning
or function of an option” are associated to the concept “User does not understand the function
or meaning of an option or term that involves unfamiliar technical terms.”

The initial concepts were compared iteratively with each other and with the new arising
concepts, focusing on finding similarities and differences, in order to create clusters of con-
cepts. The similarities and differences were related to the cause of error or problem. As such,
the concepts that present similar causes were grouped under a sentence that represents the
cause; each cluster is called “category” (CAT). Each category was associated to a characteristics
acquired from the device (during the manual analysis stage), user, or environment (during the
interview and observation stage). The initial interpretations were modified and refined itera-
tively by comparing them with other segments of data and other transcripts [35-37]. For
example, the category “User’s initiative to read the manual or follow the instructions” emerges
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Fig 2. Elements obtained through coding and its relationship. The researcher transcribes fragments of the sessions with the
volunteers during the open coding process. From these transcripts, the researcher distills a set of data units, called RDUs. These units
are mutually exclusive, and cover the whole conceptual model. Similar RDUs are summarized in “concepts” (CON). Finally these
“concepts” are clustered in categories (CAT) based on the cause of the error or problem associated to each concept.

https://doi.org/10.1371/journal.pone.0208723.9002

from the following observed situations: “User focuses on the end of the task, not in the process,
it is explained in the manual but he does not read it” and “User observes the options but does
not identify the correct one, the information is in the manual but he does not read it.”

The researcher checked the categories obtained for the conceptual model, ensuring that
there were no overlaps between them. It was also checked that the set of categories covered the
whole spectrum of RDUs by applying constant comparison method. Afterwards, the
researcher linked the created categories in order to organize them in a logical and simplified
way. In this study, categories were organized in groups (according to whether the cause of
error was due to the user or the device) and subgroups. In the subgroups, the categories which
represented similar causes of problems were linked in a unique area. There were four areas
(subgroups) created: semantics, perception, information, and manipulation.

When the saturation of the data was reached, the data analysis phase was completed, and
the conceptual model created. The conceptual model represents all the categories obtained,
organized into groups and areas. We represented the conceptual model by a graphical repre-
sentation. This representation allows decision makers to evaluate each of the generated catego-
ries. We evaluated each category using a Likert-type scale from 1 to 5, where 1 indicated that it
is not satisfied, and 5 indicated that the category fully met the established characteristic.

Results

A total of 13 volunteers and one expert in the use of medical devices were interviewed (7 vol-
unteers using convenient sampling, 4 volunteers using snowball sampling and 2 volunteers
using theoretical sampling). This number of participants is in line with the numbers typically
reported in the literature, and although in GT the necessary number of sessions for the sam-
pling phase and for achieving saturation is uncertain, Guest et al. [32] establish that saturation
is usually achieved within the first 12 interviews. We included an expert (nurse with experience
in the use of multi-parameter monitors) to verify that the proposed methodology allows the
detection of risks of use of medical devices by inexperienced users.

The convenient sampling phase included volunteers with different characteristics, such as a
wide range of ages (23 to 67 years) and occupations (e.g. professionals, students, driver, and
housewife), both genders, different levels of knowledge of technical and medical issues, with or
without sensory impairment, chronic condition, or multiple language speaking, among others
(see S1 Table for details). Although there were volunteers who knew this medical device, none
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of the volunteers had manipulated one before. Particularly, seven sessions were designed in
order to detect the most interesting volunteers’ characteristics. After these sessions, we
observed the relevant characteristics of the volunteers (that is, the user characteristics most
often repeated among the volunteers that presented a high number of problems). The volun-
teers’ relevant characteristics were: people not working in the health sector, who also had some
sensory impairment or chronic condition, as well as low knowledge of technical and medical
issues.

The snowball sampling phase was then initiated, including new volunteers with the relevant
characteristics obtained in the convenient sampling process. The first signs of saturation were
detected with the third volunteer of this sampling. Then, two sessions of theoretical sampling
were needed to confirm saturation. In conclusion, the last four volunteers presented a number
of new RDUs close to zero, which is the criterion to determine saturation. Fig 3 shows the satu-
ration data graphically. We can observe that the saturation was reached within the first 12
volunteers.

During the data analysis phase, around 300 segments of interest were identified from the
transcriptions of the sessions with the volunteers. From these transcriptions emerged 233
RDUs (including repeated RDUs among different volunteers). By eliminating duplicates, the
list was reduced to 110 RDUs (see S2 Table for the complete list). We found that the number
of RDUs did not correlated with the level of technical and medical knowledge of the volun-
teers. The expert user, despite not having previously manipulated the same model and brand
of the device, presented a low number of difficulties (only three UDR were detected, mainly
attributable to not having read the device’s manual). The most frequent RDUs are shown
below. In parenthesis we indicate the percentage of participants who exhibit these RDUs.

o User does not know a medical abbreviation preventing her from understanding a task
(92.3%).

o User reads the label but does not know which sensor to use to measure a specific parameter
(84.6%).
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o User cannot explain correctly the information of a table (76.9%).

o User does not know if she is satisfied with the selected alarm loudness because she cannot
test the volume (76.9%).

All the obtained RDUs were classified in 73 concepts (types of errors or problems). The
most common concepts are shown below. In parenthesis we indicate the percentage of partici-
pants who were associated with these concepts.

o User focuses on the end of the task, not in the process; this is explained in the manual but he
does not read it (92.3%).

« User observes the options but does not identify the correct one, the information is in the
manual but he does not read it (84.6%).

« User does not know if he is comfortable with his choice due to lack of feedback (76.9%).

Then, after a constant comparison method, we detected similarities and differences
between concepts. The concepts were grouped into 30 categories (causes of error or problem).
The most common categories are shown below.

o The language of the device is familiar to the user.

« User’s knowledge of technical terms of the medical device.

o User’s knowledge of medical abbreviations.

o User’s initiative to read the manual or to follow the instructions.

Table 1 shows part of the obtained RDUs, concepts and categories.

Finally, we grouped categories into areas (according to the factor associated to the cause of
error). Categories presenting similar causes of problem were linked to a unique area. We deter-
mined four areas: semantics, perception, information, and manipulation.

Semantics: This area refers to the meaning of words. It includes concepts that are related to
the gap between the terms used in the device and the terms known by the user.

Perception: It corresponds to what the user perceives. It includes concepts that are related to
the gap between what the user actually senses and what he should sense to use the device
correctly.

Information: it refers to the information that the user can use and his understanding. It
includes concepts related to the gap between the quality of information that the user has
and the information that he needs to use the device correctly.

Manipulation: this area refers to the physical manipulation of the device and its accessories. It
includes concepts related to the gap between manipulating the device’s controls effectively,
buttons and accessories and errors in their manipulation.

The conceptual model was created when saturation was reached (no more concepts cre-
ated) and all categories were linked into areas. Each of these areas was classified into two
groups: user, and device. Fig 4 shows categories and areas obtained through GT process.

We reify the conceptual model as a graphical representation (Fig 4). The graphical repre-
sentation allows stakeholders to evaluate at glance each of the 30 categories by group and
areas. The numerical evaluation was made by the researcher based on the number of RDUs
that were found during the study. The score ranges from 1 (the category is not satisfied) to 5
(the category is fully satisfied). The score for each category was obtained from the number of
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Table 1. RDUs, concepts and categories.
RDU Examples

User does not know a medical
abbreviation, which prevents him from
understanding the situation.

User does not know which parameter
to modify to display the required data.

User does not know which option to
choose, he does not know which one
fits to his profile.

User does not know how to approach
the information in the manual.

User does not know if he is satisfied
with the selected alarm level because he
cannot test it.

User does not know in which mode the
device is working, it is not indicated.

User does not know how to start or
cancel a measure.

User misses a step of the task.

User does not notice the visual signals
indicating the electrical supply is shut
down.

User cannot read the instructions.

User cannot see the labels of buttons.

Concept Examples

User does not know, does not relate to, or
confuses a medical abbreviation indicated
in the device or manual.

User is not familiar with the parameters
shown in the interface.

User does not associate the task with the
options he has.

User does not understand what is indicated
in the manual because he is not familiar to
the technical terms used in it.

User does not know if he is comfortable
with his choice for lack of feedback.

User does not know in which state or mode
the device is in for lack of feedback.

User observes the options but does not
identify the correct one, the information is
in the manual but he does not read it.

User focuses on the end of the task, not in
the process, it is explained in the manual
but he does not read it.

The visual signals triggered by an adverse
event do not alert the user.

User is not able to read the manual for the
font size.

User does not know which button use,
because of the label size.

https://doi.org/10.1371/journal.pone.0208723.t001

Categories

Device use of language
familiar to the user.

User’s knowledge of
technical terms of the
medical device.

Device capacity of keeping
user informed with
sufficient feedback.

User’s initiative to read the
manual or follow the
instructions.

Capacity of the device’s
visual signals to alert user.

User’s visual acuity.

RDUs associated with that category: The category score was inversely proportional to the
number of RDUs found associated with each category and relative to the total number of
RDUs that were found in the study. For example, category “comfortable contrast of the dis-
play’s colours” is well evaluated because it was associated with only 2 RDUs out of the 233. The
final score was computed by mapping the obtained proportion to a Likert scale.

Discussion

The proposed model highlights groups, areas, and categories that could lead to the unsafe
operation of the device under study (low scores in Fig 4). The groups, areas, and categories
that do not present risk of unsafe use are the ones that show higher scores (better evaluation)
in Fig 4. This type of evaluation should focus the designer of the device on groups and catego-
ries relevant for designing a HHMD version of a multi-parameter monitor. This evaluation
should also be taken into account for the training lay user in the use of the device.

Fig 4 shows a low level of compliance for most categories, corresponding to a high number
of problems with the use of the device by the group of volunteers. This fact may suggest poten-
tial risks associated with the operation of the device under study.

This form of analysis can be used to analyze which group, area, or specific categories are
most likely to generate a problem. In this example, the subgroup “information” is more likely
to generate a problem, followed by the group “semantics”. As a consequence, those areas
should be reinforced to reduce the probability of unsafe operation.
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Assessment of categories related to user

Manipulation

Semantics [

Information

Perception [

Sensation of device robustness
Technology management

Medical sensors and supplies management

Knowledge of technical terms of the MD
Knowledge of medical abbreviations
Knowledge of technical symbols

Ki of

n
©
IS

Knowledge of advanced mathematics
Knowledge of technical functioning of the MD

Ki of medical

Initiative to read the manual and follow instructions

Clear confirmation messages

Reaction to adverse events
Visual acuity

C ion capacity

Hearing acuity

Semantics [

Information [

Perception

Assessment categories related to device

Confortable size of labels and buttons

Ease for

~
®
s
e

Ease for handling controls

Use of familiar language to the user

Labels in a familiar language

Clear identification labeling

Order of information and options  ms—"

Complete information
Reduction of memory use with visible options
Simplicity of information provided to the user
Keeps user informed with sufficient feedback

Capacity of labels to identify accesories and controls

Capacity of visual signals to alert user
Comfortable contrast of the display’s colours

C font size of

Fig 4. Visualization of the conceptual model. The figure shows the 30 identified categories and a corresponding score from 1 (the
category is not satisfied) to 5 (the category is fully satisfied). Left column shows the categories related to the user, and the right
column shows the categories related to the medical device. The categories are also grouped vertically according to the area they

belong.

https://doi.org/10.1371/journal.pone.0208723.g004

The model helps to specify areas which represent (a) the weaknesses of the device under
study (either in the device interface, enclosure, or user manual); and (b) the weaknesses of the
user. These weaknesses may lead to errors and therefore, to an unsafe operation. As conse-
quence, these areas must be strengthened.

The methodology proposed in this work may be applied to other devices, and enable medi-

cal equipment manufacturers to detect weaknesses in the usability of their devices and instruc-
tion manuals. Furthermore, the methodology could allow health care professionals to identify

the most appropriate device for a patient by visualizing the gap between a safe operation of the
device and the operation that the user will likely perform.

In order to use this methodology, we investigated volunteers with no experience in the use
of the medical devices, regardless of their different technical and medical knowledge. We also
found that an expert in the use of such a device produced too few RDUs to create a conceptual
model. Therefore, it may not be possible to generate a conceptual model using experts.

In relation to the “Applying Human Factors and Usability Engineering to Medical Devices”
FDA guide [28], we believe that our methodology has a greater emphasis on the analysis of
device usage by users, and provides a step-by-step method for obtaining and evaluating risk
characteristics grounded on the use of the device by lay users.

Conclusion

This work presents a usability study to detect problems and errors related to the use of a medi-
cal device by lay users in their home environment. The collected data was analyzed according
to the Grounded Theory methodology. This analysis produced a conceptual model. Finally,
the conceptual model was reified as a graphical representation.

The conceptual model and its graphical representation allow stakeholders to visualize areas
of interest and categories that can lead to an unsafe operation of the medical device under
study. Also, following the proposed methodology, the manufacturers could detect the principal
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factors that may lead to an unsafe operation of their devices, and allows healthcare profession-
als to determine the most appropriate device for a patient in terms of its safety. It may also be
useful to identify weak aspects of the device operation, and to complement these aspects with
clearer instructions. As such, the methodology used for this research is appropriate for study-
ing the usability of a medical device to be used by a lay user in a nonclinical environment.
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