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Objectives As personal health data are being returned to patients with increasing
frequency and volume, visualizations are garnering excitement for their potential to
facilitate patient interpretation. Evaluating these visualizations is important to ensure
that patients are able to understand and, when appropriate, act upon health data in a
safe and effective manner. The objective of this systematic review was to review and
evaluate the state of the science of patient-facing visualizations of personal health
data.

Methods We searched five scholarly databases (PubMed, Embase, Scopus, ACM
Digital Library [Association for Computing Machinery Digital Library], and IEEE
Computational Index [Institute of Electrical and Electronics Engineers Computational
Index]) through December 1, 2018 for relevant articles. We included English-language
articles that developed or tested one or more patient-facing visualizations for personal
health data. Three reviewers independently assessed quality of included articles using
the Mixed methods Appraisal Tool. Characteristics of included articles and visual-
izations were extracted and synthesized.

Results In 39 articles included in the review, there was heterogeneity in the sample
sizes and methods for evaluation but not sample demographics. Few articles measured
health literacy, numeracy, or graph literacy. Line graphs were the most common
visualization, especially for longitudinal data, but number lines were used more
frequently in included articles over past 5 years. Article findings suggested more
patients understand the number lines and bar graphs compared with line graphs, and
that color is effective at communicating risk, improving comprehension, and increasing
confidence in interpretation.

Conclusion In this review, we summarize types and components of patient-facing
visualizations and methodologies for development and evaluation in the reviewed
articles. We also identify recommendations for future work relating to collecting and
reporting data, examining clinically actionable boundaries for diverse data types, and
leveraging data science. This work will be critically important as patient access of their
personal health data through portals and mobile devices continues to rise.
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Background and Significance

Initiatives to return personal health data to patients are on
the rise. Driven largely by meaningful use stage-2,' patient
portals have allowed patients and caregivers direct electron-
ic access to medical results that were previously only re-
leased to the patient in paper format after an onerous request
process.? Other initiatives have pushed for increased trans-
parency of all personal medical information, such as Open-
Notes, and have been met with positive responses from
patients.? At the same time, patients are increasingly capable
of generating their own health data through mobile health
technologies and patient-reported outcomes (PROs) sur-
veys.* Patients can immediately visualize their PROs and
other patient-generated health data (PGHD) easily and quick-
ly through the same electronic systems, including smart-
phone applications and wearables.®’

The potential benefits of returning health data to the patient
include increased comprehension of health status, engagement
in care, and adoption of positive health behaviors.2~1% As such,
it represents an opportunity for the patient to become a more
active participant in their health and wellbeing. Nonetheless,
there is reticence to allow patients direct access to their health
data without clinician interpretation due to concerns about
poor comprehension, risk perception, and possibly dangerous
or unhealthy behaviors in response to the data.”'" Personal
health information can be complex, especially when including
numerous data points and medical jargon. It may also require
contextualization based on age, gender, baseline status, and
other personal characteristics. Many clinicians prefer to deliver
medical results and information to patients so they can provide
necessary interpretation and contextualization.'?~'* However,
the sheer volume of patient data capable of being generated
and returned to patients in today’s electronic age makes this
infeasible in many circumstances.

Information visualizations are a promising solution to aid
patients in interpreting and contextualizing their health
information.'®~"” They represent data and convey informa-
tion by leveraging the powerful ability of humans to visually
perceive differences in the sizes, shapes, colors, and spatial
positions of objects.18 Information visualizations are espe-
cially appealing because they do not rely on the patient
having high literacy or numeracy. For example, specific
design components, such as colors, may facilitate interpre-
tation as effectively as explanatory text.'® Moreover, infor-
mation visualizations can be delivered to patients easily
through the technologies they are already widely using,
such as smartphone applications and web pages.'

Despite this promise, those developing patient-facing vis-
ualizations must overcome several obstacles to successfully
convey meaning from personal health data. Patients vary
widely with regards to health literacy, cultural context, and
cognitive status, all of which influence comprehension. Prior
reviews have investigated health-related information visual-
izations and evaluation methods more broadly,2'~?* but none
have examined visualizations and methods pertaining specif-
ically to patients’ personal health data. The cognitive processes
employed by patients interpreting personal health data differ
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from those employed by researchers and clinicians with
advanced statistical and medical knowledge.?>?® Therefore,
afocused investigation on the unique needs and preferences of
patients viewing their personal health information is war-
ranted to develop tools that display personal health data for
use in clinical practice that align with patients’ cognitive
processes. Those developing, implementing, and evaluating
visualizations for patients require the latest evidence to ensure
that patients are able to understand and, when appropriate, act
upon health data in a safe and effective manner.

Objectives

The overall objective of this systematic review was to sum-
marize the state of the science of patient-facing information
visualizations of personal health data. Specifically, we aimed
to investigate (1) the types and components of patient-facing
visualizations, and (2) methods and findings related to the
development and evaluation of patient-facing visualizations
currently reported in the literature. We aimed to examine
published literature across several scientific fields in which
tools that display personal health data are being developed
and deployed, including but not limited to informatics,
medicine, nursing, computer science, and engineering. By
describing and synthesizing these findings, we aimed to
generate an initial set of recommendations for those seeking
to develop patient-facing visualizations that promote under-
standing and interpretation of personal health data.

Methods

Information Sources and Search Strategy

We searched five scholarly databases (PubMed, Embase, Sco-
pus, ACM Digital Library [Association for Computing Machin-
ery Digital Library], and IEEE computation index [Institute of
Electrical and Electronics Engineers Computational Index]) in
consultation with a biomedical librarian in December 2018.
These databases were selected with the goal of capturing
relevant literature from a variety of fields, including medicine,
nursing, biomedical informatics, computer science, and engi-
neering. Our search strategy included the following terms:
(patient OR patients OR consumer* OR user*) AND (“Computer
Graphics” [Mesh] OR visualiz OR graph®) AND (“Health
Records, Personal’[Mesh] OR “Electronic Health Record-
s”[Mesh] OR “Telemedicine”[Mesh] OR “electronic health re-
cord” OR “test results”). Search terms were also determined in
consultation with a biomedical librarian and content experts
and iteratively by examining keywords in retrieved articles. No
filters or additional search criteria were applied. Scopus was
searched for literature that was not formally published in peer-
reviewed journals (gray literature)?” using the same terms. An
inspection of reference lists from retrieved articles and of the
authors’ personal libraries identified any relevant articles not
obtained through the database search.

Eligibility Criteria and Screening
Eligibility criteria are presented in . We excluded
visualizations that contained only population-level data,
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Article eligibility criteria
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Inclusion

Exclusion

e Article written in English

e Article written in non-English language without translation

¢ Intended audience of visualization includes patients

¢ Intended audience of visualization does not include
patients (for example, intended for clinicians or
researchers)

e Visualization displays personal health data, including
laboratory values, mobility and activity data, and
patient-reported outcomes

« Visualization displays population level or non-health related
data

e Visualization is included as a figure in the article

e Visualization is not included as a figure in the article

such as prevalence of certain health conditions, because our
primary interest was in visual tools that return a patients’
own data to them. In addition, we excluded articles that
lacked figures showing the visualizations as these were
necessary to evaluate and compare visualizations between
articles; text-based descriptions alone do not provide ade-
quate detail and names for certain visualizations vary be-
tween disciplines. Three reviewers (M.R.T., S.I., and A.M.)
used Covidence, a Cochrane’s technology platform, to select
eligible articles from the pool of retrieved articles.”® The
reviewers screened titles and abstracts against the eligibility
criteria. Full texts of the articles included were rescreened
using the same criteria. Any discrepancies between the
reviewers were discussed and resolved.

Methodological Quality Assessment of Articles
We appraised risk of bias in the included articles with the
Mixed Methods Appraisal Tool (MMAT).?° Appraising risk of
bias uncovers limitations of methodological quality for con-
sideration when gathering evidence. The MMAT is specifi-
cally designed for concomitantly appraising studies with
different designs, such as quantitative, qualitative, and
mixed-methods researches. It produces comparable scores
across study designs>° with highly reliable interclass corre-
lations (ICC) ranging from 0.84 to 0.94.31733

The MMAT consists of two initial screening questions that
identify articles for which further appraisal may not be feasible
or appropriate, as follows: (1) Are there clear qualitative and
quantitative research questions/objectives, or a clear mixed
methods question/objective? and (2) Do the collected data
address the research question/objective? Articles failing either
or both screening questions do not proceed to domain-specific
appraisal. Subsequent question sets are specific to the study
design. Domain-specific questions number four for qualitative
articles and four questions for each of the three quantitative
study designs (randomized controlled, nonrandomized, or
descriptive). Mixed-method articles are evaluated using both
the qualitative and appropriate quantitative study questions.
There are three additional questions specific to mixed-method
articles. The quality appraisal score is determined by dividing n
criteria met by N total criteria in each applicable domain and
converted to percentages for comparison across articles. Fol-
lowing this protocol, three reviewers (M.R.T., A.M., and D.B.)
independently appraised each study. Interrater reliability was
calculated and discrepancies were discussed until resolved.

Scores are reported according to a star-rating system as
suggested by the authors of the MMAT?* and in alignment
with a recent review that also used this tool to appraise
quality.?

Data Extraction and Synthesis

The data extraction methods for this systematic review fol-
lowed preferred reporting items for systematic reviews and
meta-analyses (PRISMA) guidelines.>®3” We conducted several
activities to extract and synthesize findings in formats that
aligned with the two research objectives. To address the first
objective, two authors (M.RT. and A.M.) independently
extracted information about characteristics of the visualiza-
tions included in each manuscript, including type (e.g., line
graph, bar graph, etc.), aesthetic components (e.g., use of color),
and informational components (e.g., contextualizing informa-
tion). The two authors worked from the same definitions of
visualization types during this phase, depicted in , for
standardization in the data extraction process. In addition, the
two authors discussed visualization types or components in
the included articles that were unclear until consensus was
reached. To address the second objective, the two authors
independently extracted relevant characteristics from each
study including field of publication, research aims, study
design and methods, sample characteristics, clinical focus,
outcome measures, and major findings. The first author (M.
R.T.) initially synthesized extracted information by comparing
articles within the data extraction tables and creating visual-
izations. All authors participated in further synthesis and final
reporting of results.

Results

Search Results

A total of 2,362 articles were retrieved from five databases
( ). After 224 (10%) duplicate articles were excluded,
2,138 articles were screened based on title and abstract.
During title/abstract screening, 2,032 articles were excluded.
The most common reasons were articles described visual-
izations of nonhealth data (n=870; 41%) and were not
patient-facing (n=2834; 39%). During full-text screening of
the remaining articles (n=106), 67 articles were also ex-
cluded. The most common reason was that no visualization
was discussed or included in the article (n =47; 44%). A total
of 39 articles were ultimately included.
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Results Pertaining to Visualizations

Description of Visualizations in Included Articles
addresses the first research objective by describing
the visualizations in the included articles (n=39). Most pa-
tient-facing visualizations focused on monitoring and man-
agement of various chronic conditions (n =21, 54%). Of these,
almost half (n=12) were specifically for diabetes. Visualiza-
tions for wellness or prevention (n =15, 38%) mostly displayed
laboratory values that are routinely monitored for preventive
purposes, such as cholesterol. In most articles, visualizations
were embedded in an existing mobile or web-based applica-
tion (n =22, 56%), such as patient portals and consumer-facing
applications. Half of these applications (n =11) were integrat-
ed into clinical care. The remaining articles (n=17, 44%)
displayed visualizations in paper or web-based mockups.
Overall, the data displayed in the visualizations came from
patients (e.g., self-reported symptoms) and providers (e.g.,
laboratory values) nearly equally. Continuous data were by far
the most common type of data displayed (83%), and it was
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most frequently presented in line graphs and number lines.
Icons were the most common types of visualizations display-
ing categorical data, including both nominal and ordinal data.
displays the prevalence and relationship between
visualization types and components. The most common
visualization types in these articles were line graphs (35%),
followed by number lines (25%), bar graphs (16%), and icons
(12%). Line graphs were the most common types of visual-
izations employed when longitudinal data were displayed.
Other visualizations were used in three or fewer articles, and
included body maps, scatterplots, radar graphs, and visual
paragraphs. The most common visualization component
overall was numbers, included in 88% of visualizations, and
in all types of visualizations we reviewed except body maps.
Color was also frequently included (77%) and was found in all
types of visualizations we reviewed except visual paragraphs
and radar graphs. The “traffic light” color scheme (red-
yellow-green) was most frequently employed among the
visualizations that included color. Data labels (which specify
units and other details about the data within the visualiza-
tion), longitudinal data displays, contextual information,
such as descriptive text (“your blood pressure improved”)
and references ranges were included in nearly half of visual-
izations (40-47%). Legends for colors or symbols and ad-
vanced data analytics were included in relatively few
visualizations. The visualizations that did feature data ana-
lytics included algorithms that calculated risk scores and
identified significant trends or patterns in the data. All other
visualizations displayed raw scores or values, or simple
descriptive statistics, such as counts and means.

Frequencies of Patient-Facing Visualizations in Published
Literature

maps characteristics of the visualizations in the articles
included in this review during the publication timeframe, from
2005 to 2018 ( ). While chronic conditions remained a
major clinical focus, visualizations pertaining to general well-
ness, and prevention (e.g., exercise data) became more widely
used in the articles we examined. Informatics journals were
the initial fields publishing this work, and for the past few
years have been leading the number of articles in this area once
again. Visualizations embedded in existing tools (e.g., mobile
applications and patient portals) increased in the included
articles, as did visualizations displaying laboratory values.
Publications reporting visualizations of PGHD and PROs have
remained common. Overall, line graphs were the most com-
mon of all visualizations throughout the examined publication
timeframe. Number lines and icons increased in the past
fewyears, with six articles publishing number line visual-
izations in 2018. Bar graphs and other visualization types
became less common in the articles we examined since 2013.

Results Pertaining to Human Patients Research on
Visualizations

The characteristics and quality appraisal results of the 27
articles of the 39 articles that reported on human patients,
research are reported in , addressing the second
research objective. The articles that did not include human
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Flow diagram of article screening. ACM, Association for Computing Machinery; IEEE, Institute of Electrical and Electronics Engineers.

patients research (n = 12) reported instead on the development
of a patient-focused technical system and technical feasibility.

Risk of Bias

Of the 27 articles, qualitative articles (n=12) scored be-
tween 50 and 100%, indicating low-to-high quality. They
primarily lost points for inconsistencies between identified
qualitative methodology and description of procedures, and
for failing to consider the researchers’ influence on findings
through interactions with participants. Quantitative articles
(n=38) scored between 50 and 100% (low-to-high quality),
losing points for sampling issues (nonrepresentative samples
and biased sampling strategies), and failing to use validated
scales when measuring outcomes. Mixed-method articles
(n=7) scored between 54 and 85% (low-to-high quality). In
addition to losing points for the same reasons as qualitative
and quantitative articles, the mixed-method articles also lost
points for failing to cohesively integrate the quantitative and

qualitative findings. Interrater reliability between the three
reviewers was acceptable (0.77-0.88).

Characteristics of Articles with Human Patients Research
The vast majority of the articles (n= 17, 63%) were published
in informatics journals, while seven (26%) were published in
medical and health care journals, and three (11%) were
published in computer science or engineering journals. Sam-
ple sizes varied from seven to over 6,700 participants (mean
=369+ 1,255). Among the articles reporting these character-
istics, participants were predominantly middle aged (mean
=51+11), female (60% on average), and White non-Hispanic
(70% on average).

Educational attainment was reported in eight articles
(30%) and was generally high with 77% of participants in
these articles having a college degree or higher on average.
Health literacy was measured in five articles (19%), most
commonly using the brief three-item screener.® Three
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Type of

visualization
"1 Body map (4%)

[ ] scatterplot (4%)

Icon (12%)

== Visual paragraph (2%

Patient-Facing Visualizations Turchioe et al.

Visualization
components

Longitudinal (47%)

Color (77%)

Analytics (18%)

Legends (32%)

Numbers (88%)

Data labels (47%)

Interpretation aids (40%)

preE T O
E ’

Fig.2 Prevalence and relationships between types and components of visualizations in included studies (n =39). Visualization components are

not mutually exclusive.

articles measured numeracy, all using the Subjective Numer-
acy Scale,>® and two measured graph literacy using the scale
published by Galesic and Garcia-Retamero.*? Levels of health
literacy, numeracy, and graph literacy vary widely between
these articles, but the format for reporting (e.g., raw scores,
percentages, or descriptions such as “inadequate”) was
inconsistent.

The most prevalent research purposes stated by authors
were feasibility testing (n=8), comprehension testing
(n=7), user-centered design sessions (n=6), and usability
testing (n=4). Common methods for assessing cognitive
processes in response to visualizations included “think-aloud
protocols,” a usability method in which end-users think
aloud as they are performing a set of specified, representa-
tive tasks,*"*2 and eye tracking in which eye movements are
unobtrusively measured as the user views content of inter-
est.*>% In some articles (n=4, 15%), randomization was
employed to vary either the order in which visualizations
were presented or conditions that participants viewed.*>~48

Outcomes pertinent to the visualizations included com-
prehension (including accuracy and perceived confidence in
interpretation), risk perception, behavioral intention (i.e.,
intention to act in response to the visualization), satisfaction,
and preferences. The level of detail in study findings related
to visualizations versus other outcomes, for example, usabil-
ity of an application in which visualizations are embedded,
varied widely. Of the articles reporting visualization-specific
findings, many reported that visualizations were generally

well liked by patients and considered valuable.**~>' Visual-
izations helped patients to ask more sophisticated clinical
questions, identify relationships over time, and articulate
specific health concerns.”?>3

The level of support for patient comprehension of different
visualization types varied between studies. For example, two
articles reported that line graphs were difficult for patients to
interpret.>*>> Conversely, a panel of experts in a third article
recommended line graphs for longitudinal data.”® Metaphori-
cal icons increased comprehension in some cases®’ but not
when patients interpreted them too literally. For example,
patients in one study interpreted icons of fruit baskets,
intended to represent the number of fruit servings they had
consumed, to mean they consumed each of the illustrated
fruits.”® Nonetheless, bar graphs and number lines were liked
and understood by most patients,”>>° and they also improved
understanding of borderline test results.*”->°

Some articles reported that coloring particular regions of
visualizations helps patients to understand when values
have reached levels that are considered high risk and also
increases confidence in interpretation.”®%%®1 Importantly,
confidence in interpretation did not always correlate with
objective comprehension.®? Several articles showed that
inclusion of contextual information in visualizations (e.g.,
reference ranges and explanatory text), especially when
personalized, also improves objective comprehen-
sion.4>:46:55-58.60 Although these components are also help-
ful for patients interpreting medium risk clinical scenarios

Applied Clinical Informatics  Vol. 10 No. 4/2019
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Fig. 4 Frequencies of visualization characteristics in included studies over time (n=39). PGHD, patient-generated health data; PRO, patient-

reported outcome.

and borderline test results, these scenarios remained the
most challenging for patients to interpret.*’:63

The only study measuring a clinical outcome reported a
trend of decreasing blood glucose and hemoglobin Alc levels
over 3 months among participants who completed a web-
based self-monitoring intervention that included line graphs
of blood glucose over time.®* However, the small sample size
(n=7) prevented the statistical significance of these trends
from being assessed.

Discussion

In this systematic review, we reviewed 39 articles to evaluate
the types and components of patient-facing visualizations,
and research methods and findings related to the develop-
ment and evaluation of visualizations with patients current-
ly reported in the literature. The visualization types and
components in the 39 articles differed, but most included
color and number components, and line graphs were the
most common type of visualization. The evaluation methods
used in the 27 articles that conducted human patients’
research on the visualizations varied enormously, with little
standardization across the articles with regards to instru-
ments, methodologies, or measurement of patient character-

Applied Clinical Informatics  Vol. 10 No. 4/2019

istics that may influence interpretation, such as health
literacy or numeracy. As a result, findings cannot easily be
compared, and best practices are difficult to identify.

In fact, our review suggests that there is a need for greater
attention to developing patient-facing visualizations in gen-
eral. Our search identified a significantly larger number of
articles that included health-care provider or researcher-
facing visualizations (n = 834) compared with patient-facing
visualizations. This suggests that systems for patients to
visualize their health data are not being developed at the
same pace as provider-facing systems, despite the fact that
more than half of individuals nationwide currently have the
patient-portal access.®® Below we highlight three key oppor-
tunities that may advance future research on patient-facing
visualizations and allow best practices to more readily be
identified.

First, in research on patient-facing visualizations, there
are opportunities for more robust data collection and report-
ing. Nearly half of the articles included in this review either
did not conduct any human patients’ research on the tech-
nology system they developed or did not report findings,
specifically related to the visualizations. We also excluded a
large number of articles that appeared otherwise eligible for
inclusion because they did not include actual images of the
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visualization to convey clinically meaningful and actionable
information to patients. It will also be important to extend this
work beyond visualizations of data with clear boundaries for
action, such as laboratory values, which have well-established
normal ranges. The prevalence of visualizations displaying
laboratory values among articles in this review is aligned
with a recent report showing that laboratory test results are
the most common type of information currently offered in
patient portals.®> Nonetheless, MIDs for many other types of
personal health data (symptoms and health behaviors) are
equally important but more challenging to identify and convey
to patients. Currently, research identifying MIDs in PROs and
other PGHD is gaining momentum.®® Visualization-focused
research can move this research forward by identifying opti-
mal formats for conveying the MIDs to patients.

Future work should always consider the evolving clinical
infrastructure in which these visualizations, and the digital
tools in which they are embedded, are being deployed. Clinical
practice is changing in the wake of the Affordable Care Act and
associated legislation (HITECH, MACRA, 21st Century Cures),
which led to a cascade of policies and initiatives encouraging
patients to directly exchange health data with providers.%-72
This legislation also led to regulatory changes, including a
more defined role of the Food and Drug Administration (FDA)
in regulating digital health.® Whereas low-risk general well-
ness products (e.g., weight management and physical fitness
tracking) are generally not regulated, some tools may be
considered Software as a Medical Device (SaMD) and subject
to FDA regulation.”® While compliance with the FDA's evolving
regulations will be important, the safety implications of
releasing technologies for use by patients that are not regulat-
ed will be even more important to address. Without thoughtful
design and evaluation, patients without high levels of health
literacy and numeracy may draw inaccurate conclusions from
personal health data and take inappropriate, possibly unsafe
actions as a result of these conclusions.”*”> Thus, future work
should address the potential role that information visualiza-
tions may play in mitigating unintended negative impacts of
these policy changes on clinical care, patient safety, health
behaviors, and the patient-provider relationship, while bol-
stering positive impacts.

Conclusion

This systematic review evaluating the state of the science of
patient-facing visualizations reveals current trends and re-
search findings that suggest certain visualization types and
components that may foster comprehension and interpreta-
tion. However, more attention on developing and evaluating
patient-facing visualizations is needed. We find opportuni-
ties for such research to engage in more robust data collec-
tion and reporting and more systematic methods for
evaluation; identify and communicate clinically actionable
boundaries (MIDs) for diverse data types; and use data
science to bolster the patients’ ability to interpret and act
upon the data. This research will be critically important as
patient access of their personal health data through digital
health tools continues to rise.

Patient-Facing Visualizations Turchioe et al.

Clinical Relevance Statement

Direct patient access of personal health information
through digital and electronic platforms is becoming in-
creasingly prevalent. Patient-facing visualizations may be a
powerful a tool for increasing understanding and interpre-
tation of these data. Recommendations generated from the
literature base are important for those seeking to develop
or implement patient-facing visualizations in clinical
settings.

Multiple Choice Questions

1. Which of the following was the most popular type of
visualization for displaying longitudinal data among the
articles included in this review?

a. Bar graphs.

b. Scatterplots.
c. Line graphs.
d. Number lines.

Correct Answer: The correct answer is option c. In addi-
tion to being the most common visualization in the
publication timeframe examined (2005-2018), in gener-
al, line graphs were the most common visualization type
for displaying longitudinal data; 80% of longitudinal data
visualizations used line graphs.

2. Which type of personal health data are most common in
both patient portals and in the visualizations in this
review that were specifically focused on wellness and
prevention?

a. Laboratory values.

b. Blood pressure readings.

¢. Symptoms.

d. List of current medications.

Correct Answer: The correct answer is option a. A recent
report from the Office of the National Coordinator for
Health Information Technology (ONC) showed that labo-
ratory test results are the most common type of informa-
tion currently offered in patient portals.®> In our review,
over half of the visualizations focused on wellness and
prevention displayed laboratory values, more than any
other type of health data.

This project did not involve human patients’ research.

Research reported in this publication was primarily sup-
ported by the National Institute of Nursing Research of the
National Institutes of Health under Award Number
ROONR016275 (mHealth for Heart Failure Symptom Mon-
itoring; PI: Masterson Creber).

None declared.
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