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Abstract

Background: Physiological datais derived from electrodes attached directly to patients. Modern patient monitors are capable
of sampling data at frequencies in the range of several million bits every hour. Hence the potential for cognitive threat arising
from information overload and diminished situational awareness becomesincreasingly relevant. A systematic review was conducted
toidentify novel visual representations of physiologic datathat address cognitive, analytic, and monitoring requirementsin critical
care environments.

Objective: The aims of this review were to identify knowledge pertaining to (1) support for conveying event information via
tri-event parameters; (2) identification of the use of visual variables acrossall physiologic representations; (3) aspects of effective
design principles and methodology; (4) frequency of expert consultations; (5) support for user engagement and identifying
heuristics for future developments.

Methods: A review was completed of papers published as of August 2016. Titles were first collected and analyzed using an
inclusion criteria. Abstracts resulting from the first pass were then analyzed to produce afinal set of full papers. Each full paper
was passed through a data extraction form eliciting data for comparative analysis.

Results: In total, 39 full papers met al criteria and were selected for full review. Results revedled great diversity in visual
representations of physiological data. Visual representations spanned 4 groups including tabular, graph-based, object-based, and
metaphoric displays. The metaphoric display was the most popular (n=19), followed by waveform displays typical to the
single-sensor-single-indicator paradigm (n=18), and finally object displays (n=9) that utilized spatiotempora elementsto highlight
changes in physiologic status. Results obtained from experiments and eval uations suggest specifics related to the optimal use of
visual variables, such as color, shape, size, and texture have not been fully understood. Relationships between outcomes and the
users involvement in the design process also require further investigation. A very limited subset of visual representations (n=3)
support interactive functionality for basic analysis, while only one display allows the user to perform analysis including more
than one patient.

Conclusions: Resultsfrom the review suggest positive outcomeswhen visual representations extend beyond the typical waveform
displays, however, there remain numerous challenges. In particular, the challenge of extensibility limits their applicability to
certain subsets or locations, challenge of interoperability limitsits expressiveness beyond physiologic data, and finally the challenge
of instantaneity limits the extent of interactive user engagement.
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Introduction

Two less formal reviews and one systematic review were
published in the last decade, reporting positive impact of visual
representations in the critical care setting. Sanderson et al
provide a forward-looking analysis of representation of
physiological data [1] in anesthesiology [2]. Drews and
Westenskow review several graphical displays that facilitate
rapid trandation of physiological event knowledge for
anesthesiologists[3]. Aninitial systematic review was published
in 2007 by Gorges and Staggersthat reviews general physiologic
data displays;, however, with emphasis on surgica and
anesthesiology specialities [4]. While those reviews provide
important knowledge about the state of the art in physiologic
data, they present only a partial aggregation of results, and
limited knowledge that could be used to enhance the design of
physiological visualizations. Furthermore, key elements such
asthe nature of visual variables utilized in the encoding, support
for interactive exploration, and common design considerations
were not discussed. All reviews focused on displaysthat support
short-term patient monitoring tasks. Visualizations supporting
longitudinal monitoring and interactive visual analysis of
physiological data were not sufficiently addressed.

The aim of this specific review is of 3 parts: (1) identify the
design decisions used in the development of novel physiologic
visual representations; (2) review the utilization of temporal
parameters namely: trajectory, frequency, and duration in visual
designsusing physiologic parameters; and (3) review the nature
of interactive functions afforded for rich exploration tasks. With
that in mind, this paper presents an analysis of abroad spectrum
of physiological visual representations used at the bed-side, in
the surgical ward, and for clinical research.

Methods

Thereview was conducted in 2 phases: thefirst phaseidentified
the key terms to be included in the search strategy, while the
second phase broadened the search strategy and used structured

Textbox 1. Inclusion criteria.

analysismethod. Inthefirst phase we used Google Scholar, and
25 papers were found to be relevant. The search was limited to
thelast 15 years and used a combination of keywords that were
known to the author, such as “(physiologic* or clinica or
hemodynamic) and (visual* or graphic*) and (interface or
display),” where asterisk was used to search for terms that
started with the specific key words. In the second phase, we
used 6 prominent sourcesincluding: |EEE Explore, ACM Digital
Library, MEDLINE, EMBASE, I SI Web of Science, and Google
Scholar. A broad search strategy was used to capture as many
representations aswere possible. Index termswere used to filter

aticles and included “data display*,” “diagnosis,
computer-assisted,”  “monitoring,  physiologic/methods*,”
“*computer graphics” “user-computer interface” “data

display,” “interview* or discussion* or questionnaire* or “focus
group*” or qualitative or ethnograph* or fieldwork or “field
work” or “key informant,” “task performance and analysis,’
“graphic* adj2 display*”.

For screening articles in the second phase, we used rigorous
inclusion criteria (Textbox 1) that initiadly classified
visualizations across 4 groups. The groups were (1) tabular
displays, (2) waveform displays, (3) object displays, and (4)
ecological displays. Inclusion criteria relating to outcome
measures are divided into 3 sets of measures (Textbox 2). They
include temporal and duration, human and qualitative factors,
and quantitative measures. The physiological parameterstested
are listed in Textbox 3. We placed a restriction in years from
January 1, 1983 to August 1, 2016 and limited our results to
human studiesin critical care, anesthesiology, and surgery. We
included snowballing of references and manual searches on
Google Scholar and PubMed. This resulted in atotal of 1262
titles generated for review. Relevant titleswereidentified using
rigorous inclusion criteria (Textbox 1). Intotal, 171 titleswere
then designated for abstract review. Following that, 78 abstracts
were selected for full review, and 39 papers were selected for
inclusion in the analysis. Bias was mitigated by having 2
researchers screen independently, and differences were resolved
through discussions until consensus was reached.

Types of studies:

« Randomized controlled trials, cohort, case-control, and design studies.

Types of participants:

« Critical care nurses and physicians.

undergraduates.

Types of interventions:

* The review placed increasing preference for randomized control trials, followed by cohort, case-control, and finally design studies. Design studies
are popular in the visualization community and were included to study results pertaining to user-evaluations.

* Several studies have only tested interventions on physicians and excluded nurses, while other studies have used naive participants usually by recruiting

* Novel knowledge representations, numeric, waveform or metaphor-based displays.

» We focus on the intervention in which physiological display is not represented exclusively in waveform and/or static numerical forms.
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Textbox 2. Reported metrics.
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Tempora metrics:

« Time to detection of adverse event(s), time to diagnose(s), time to initiate treatment(s)

Human factors:

*« NASA-TLX task load index score, satisfaction of intervention (Likert scales), number of participants, clinical expertise of participants, setting in
which the trials were conducted, noise level of the environment, age of the participants, caffeine intake

Clinical relevance:

 Accuracy of diagnoses, accuracy of treatment

Textbox 3. Physiological parameters tested.

Physiological parameters:

« Central venous pressure (mm Hg)

* Mean left arterial pressure (mm Hg)
 Systemic vascular resistance

« ST segment depression of ECG (mm)
« Arterial oxygen saturation (%)

* Heart rate (bpm)

* Respiratory wave (impedance)

« End-tidal CO2

* Mean arterial blood pressure (mm Hg)
« Pulmonary vascular resistance

« Cardiac output (mL/min)

« Stroke volume (mL.)

« Peripheral oxygen saturation (%)

* Respiratory rate (rpm)

* Pulserate

* Mean pulmonary artery pressure (mm Hg)

Following the creation of the inclusion criteria, an online data
extraction form was developed using Google forms and used
to evaluate all papers. The data extraction form consisted of 6
sections that were identified as potential areas of interest. For
each full paper reviewed, 74 questionswere screened. Questions
to be included in the data extraction forms were selected from
themesidentified in the pilot study. In particular, questionswere
generated to elicit detail about the study, design, and results
from any human experiment or evaluations. Where appropriate
the questions were marked as either not reported if data was
missing, or not applicable if the question was a follow-up of a
prior conditional question. The data was then thematically
synthesized based on aggregations of results by descriptive
codes. The thematic synthesis is presented using a series of
matrices presented in the next section.

Results

Phase 1 and 2

All papersincluded in the analysiswere passed through the data
extraction form and resulted in an initial comprehensive matrix
of results. Of 74 questions that were initialy probed, results

http://medinform.jmir.org/2016/4/e31/

that yielded over 75% not reported, or not applicable across al
papers analyzed were removed from our analysis. Then 39
variableswere selected for inclusion in theinitial matrix. Phase
1 results are summarized in the comprehensive matrix of design
properties (Table 1 and Figure 1) and phase 2 results are
summarized in the Comprehensive Matrix of Study Results
(Table 2 and Table 3). The comprehensive matrix of design
properties presents 10 variables which are divided between 2
tables. Variables appearing in (Table 1) are “Target Users’,
“Year”, “Clinical Context”, “Number of Variables’, and
“Display Type'.

“Target Users’ relates to the clinical speciaty, and “Year” is
the approximate date the prototype was tested. Due to the
difference between the dates of publication and evaluation, this
value was approximated based on the date of submission of the
article. “Clinical Context” conveysthe copresence of contextual
clinical information, and “Number of Variables’ refers to the
total number of physiological or clinical variables that were
visible in a single screen. “Display Type® lists the types of
graphics utilized by the paper belonging to one of: tabular,
object, or metaphoric displays. “Color(s) Used” identifies the
hue where available. “ Pre-attentive Processing” lists particular
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visual variablesthat were used in the visual representation such
as. shape, size, and dimension. “ Gestalts” refersto thedesigner’s
use of grouping lawsidentified by Gestalt’slaws of perception:
the use of proximity, similarity, closure, symmetry, and
continuity as a means of discerning visual objects presented in
thedisplay [5]. Finaly “Interactive Controls’ refersto the ability
for the display to support direct manipulation of one or more
properties and “Iterative Design” identifies displays that were
built using user-centered design approaches that include users
into key decision making processes prior to the development
of the display.

A second matrix, titled the Comprehensive Matrix of Study
Results presents additional 11 variables that were identified in
papers which presented study results. Table 2 lists “ Setting,”
“Study Type” “Results Reported,” “Realism,” “Cognitive
Workload,” “Historic Trends,” “Visua Encoding for Temporal
Trajectory,” “Visual Encoding for Duration,” “Visual Encoding
for Frequency” . Table 3 lists “ Counter-balanced for Display or
Scenario,” “Were Scenarios Clinically Relevant,” and “ Function
Supporting Case-controlled Analysis” “Setting” describes the
location where the study was physically conducted; for instance,
thelab, clinic, or public areas. “ Study Type” identifiesresearch
method used to validate the display. “Results Reported”
summarizeskey findingsfrom the study, and “ Realism” presents
the latency of the display aswell asthe ability of the display to
mimic real-world dynamism. “ Cognitive Workload” reports on
findingsindicating reduced or increased workload and “Historic
Trends’ identifies displaysthat present historical trendsthat are
greater than 5 minutes. The variables beginning with visual
encodings for tempora trajectory, duration, and frequency
identify particular techniques used by the displays to represent
trends, duration of events, and frequency of events. The
counter-balanced variable identifies methodologies that used
strategies to minimize learning effects during the experiment.
Finaly, the clinical scenario variableliststhe displaysthat were
evauated using real-world clinical scenarios. Thesetables, along
with descriptions of the results are presented in the next section.

Comprehensive Matrix of Design Properties

The goal of the comprehensive matrix of design propertiesis
to present design decisions that were followed to develop
prototypes acrossall 39 papersanalyzed. Visual representations
were found across mainly anesthesiology (n=17), critical care
(n=20), and in some multi-discipline (n=2) environments. Only
one display was developed as a tool for intensive nurses [42].
Multi-discipline environments consist of 2 or more specialities,
such as integrated in-patient and out-patient systems. Visual

http://medinform.jmir.org/2016/4/e31/
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displays started to become actively contributed from the early
1990s, then increasing every 10 years, 1984 (n=1), 1985-1994
(n=8), 1995-2004 (n=13), and 2005-2016 (n=17). Integrated
clinical datawasalso found across somedisplays (n=16), while
a greater number of displays were devoted to the display of
physiological waveforms (n=24). Number of variables presented
in a single screen was wide-ranging; most displays contained
greater than 20 variables per screen (n=15), followed by 11-20
variables (n=12), while 7 displays contained between 0-4
variables.

Reviewed visual representations included a mix of display
formats, such as tabular (TB), object-based (OB), waveform
(WF), and metaphoric (MT). Standalone MT representations
were most commonly seen (n=12), followed by standalone WF
(n=6). With respect to combinatory displays, TB appeared with
WF (n=6) most frequently, WF with MT (n=6), and followed
by WF with an OB (n=4). When identifying the display type
most frequently paired in a combinatory display, WF (n=12)
appeared most often, followed by TB (n=7) and OB (n=6)
displays. Overall, across all identified papers including those
where multiple representatives were presented, metaphoric
displays were the most popular (n=22), followed by waveform
displays (n=20), and object displays (n=10).

Visual representations utilized at least 2 of the primary colors,
red, blue or green (n=21), while yellow (n=11) and turquoise
(n=4) were also popular options. Three papers utilized discrete
color encoding, 2 papers [25,43] mentioned the source of their
color coding. A number of papers did not specify the type of
color that was used (n=10). Pre-attentive processing of items
were commonly exploited through manipulating visua variables
such as color (n=24) and size (n=12), followed by dimension
(n=7), and shape (n=5).

Visual representations also exploited some aspect of Gestalt’s
law of groupings, such as continuity (n=18) with waveform
displays, closure (n=17) when identifying boundaries, symmetry
(n=14) with visual metaphors and object-based displays, and
proximity (n=7) to aid in higher level detection of abnormal
events. Themost popular interaction method that was supported
was selection (n=13). Selection allows the user to select visua
objects directly to reveal greater details. This was followed by
interactive filtering (n=7) to select partial ranges such as short
durations of time. Finally, in many cases designs were proposed
without following user-centered design approaches (n=28). In
total, 10 papers reported using user-centered design processes,
while 4 papers described a structured approach used in
developing the proposed visua design [5,31,43,44].
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Figure 1. Comprehensive Matrix of Design Properties.
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Table 1. Comprehensive matrix of design properties.

Paper Target users Clinical context Number of variables Display type

Engelman et al, 2014 [6] Intensivists Yes >20 Waveform display (WF)

Charabati et a, 2009 [7] Anesthesia No 0-4 WF

Aguitter et al, 2003 [5] Anesthesia No 11-20 Metaphoric display (MT)

Anderset a, 2012 [8] Intensivists Yes >20 WF, MT

Wachter et al, 2004 [9] Intensivists No 5-10 MT

van Amsterdam et al, 2013 [10] Anesthesia No 5-10 MT

Kennedy et al, 2011 [11] Anesthesia No 0-4 Object-based display (OB)

Liuet al, 2005 [12] Intensivists No 5-10 MT

Blikeet al, 1999 [13] Anesthesia No 11-20 OB

Coleet a, 1994 [14] Intensivists No 5-10 MT

Deneault et a, 1990 [15] Anesthesia No 5-10 MT

Jungk et a, 2000 [16] Anesthesia No >20 OB, MT

Gurushanthaiah et al, 1995 [17] Anesthesia No 5-10 WF, MT

Ireland et a, 1997 [18] Intensivists Yes >20 MT

Tappan et a, 2009 [19] Anesthesia No 5-10 MT

Michels et al, 1997 [20] Anesthesia No >20 MT

Effken et a, 1997 [21] Intensivists No 5-10 OB, MT

Gorges et al, 2012 [22] Intensivists Yes 11-20 WF, MT

Stylianides et al, 2011 [23] Intensivists Yes >20 WF

Litt et al, 1992 [24] Intensivists Yes >20 WF,MT

Gschwandtner et al, 2011 [25] Intensivists Yes >20 WF, MT

Horn et a, 2001 [26] Intensivists Yes 11-20 MT

Dayhoff et al, 1994 [27] Intensivists Yes >20 WF

Norris et al, 2002 [28] Intensivists Yes >20 Tabular display (TB), WF

Langner, 1952 [29] Intensivists No 0-4 WF

Burykin et a, 2011 [30] Intensivists Yes 0-4 WF

Miller et al, 2009 [31] Intensivists Yes >20 TB, WF, OB

Kruger et al, 2011 [32] Anesthesia Yes 11-20 MT

Law et al, 2004 [33] Intensivists No 5-10 TB, WF

Ahmed et al, 2011 [34] Intensivists Yes >20 B

Sainsbury, 1993 [35] Anesthesia No 11-20 WF, OB

Zhang et a, 2002 [36] Anesthesia No 5-10 OB, MT

Kennedy et al, 2008 [37] Anesthesia No 0-4 WF

Loweet a, 2001 [38] Anesthesia No 0-4 OB

Charbonnier, 2004 [39] Intensivists No 0-4 TB, WF

Shabot et al, 1986 [40] Anesthesia No >20 TB, MT

Eden et a, 2006 [41] Anesthesia Yes >20 TB, WF, OB

Koch et al, 2013 [42] Nurses Yes >20 TB, WF, MT

Kamaleswaran et a, 2016 [43] Intensivists Yes 11-20 WF, OB, MT
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Table 2. Comprehensive matrix of study results.

Paper Setting Study Results  Realism  Cognitive Historic ~ Visual encoding Visual encoding Visua encoding
type reported workload trends for' tempora for duration for frequency
trajectory
Engelman et a, ICU Eval.2 Pos.P Live - c¢ C - -
2014 [6]
Charabati et al, Lab Exp.d Pos. Static ! - c - -
2009 [7]
Agutter et al, Lab Exp. Pos. Sim.e ! - - - -
2003 [5]
Anderset a, ICU Exp. * Static of c c - -
2012 [8]
Wachter et al, ICU Eval. Pos. Live - - ey - -
2004 [9]
van Amsterdamet al, Lab Exp. Neg." Static - - o - -
2013 [10]
Kennedy et a, Lab Exp. Pos. Sim. - - (0] - -
2011 [11]
Liveta, Lab Exp. Pos. Sim. - - - - -
2005 [12]
Blikeet a, Lab Exp. Pos. Sim. - - - - -
1999 [13]
Coleet d, Lab Exp. Pos. Static - - G G G
1994 [14]
Deneault et a, Lab Exp. Pos. Sim. - - - - -
1990 [15]
Jungk et al, 2000 [16] Lab Exp. Pos. Sim. - - C - -
Gurushanthaiaheta, Lab Exp. Pos. Sim. - - C - -
1995 [17]
Ireland et @, Lab Eval. Pos. Static - - CG - -
1997 [18]
Tappan et al, Lab Exp. Pos. Sim. 1 - CG - -
2009 [19]
Michelset al, Lab Exp. Pos. Sim. - - - - -
1997 [20]
Effkenet d, Lab Exp. Pos. Sim. - - - - -
1997 [21]
Gorgeset al, ICU Exp. Pos. Sim. 0 - G G G
2012 [22]
Stylianides et al, ICU Eval. Pos. Live - C C - -
2011 [23]
Littetal, Lab App) - Static - c c G G
1992 [24]
Gschwandtner etal, Lab Desk - Static - C C c -
2011 [25]
Hornet a, ICU Eval. Pos. Static ! C G G -
2001 [26]
Dayhoff etdl, ICU App. - Live - - C - -
1994 [27]
http://medinform.jmir.org/2016/4/e31/ JMIR Med Inform 2016 | vol. 4 | iss. 4| €31 | p. 7
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Paper Setting Study Results  Realism  Cognitive Historic  Visua encoding Visual encoding Visua encoding

type reported workload trends for' tempora for duration for frequency
trgjectory

Norris et al, ICU App. Pos. Live - C C - -

2002 [28]

Langner, 1952 [29] ICU Eval. - Static - - C - -

Burykinet d, ICU App. - Sim. - - C - -

2011 [30]

Miller et al, ICU Exp. Pos. Static - - C T T

2009 [31]

Kruger et al, Surgery App. - Live - - G T T

2011[32]

Law et d, Lab Exp. - Static - - CT T T

2004 [33]

Ahmed et al, Lab Exp. Pos. Sim. 1 - T T T

2011 [34]

Sainsbury, 1993 [35]  Surgery Eval. Pos. Live - - C - -

Zhang et al, Lab Exp. + Sim. + - C,G G G

2002 [36]

Kennedy et al, Lab Exp. Pos. Sim. - - C - -

2008 [37]

Loweet al, Lab App. Pos. Sim. - - C - -

2001 [38]

Charbonnier, 2004 Lab Des. - Sim. - - C - -

[39]

Shabot et al, Lab Des. - Sim. - C C - -

1986 [40]

Eden et a, Surgery App. Pos. Live 1 C C - -

2006 [41]

Koch et al, ICU Exp. Pos. Sim. ! C C - -

2013[42]

Kamaleswvaraneta, ICU Eval. Pos. Live - C,G CG,0 G,0 G, 0

2016 [43]

8 val: Evaluation
bpos: Positive
c: Ccurves

dExp: Experiment
€Sim: Simulated
fo: No Change
9G: Glyph

hNeg: Negative
io: Object

J'App: Application
KDes: Design

IT: Text
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Table 3. Comprehensive matrix of study results.

Kamaleswaran & McGregor

Paper Counter-balanced for display or Scenarios were clinically relevant  Function supporting case-controlled
scenario analysis
Engelman et al, 2014 [6] - Yes -
Charabati et al, 2009 [7] Display Yes -
Aguitter et a, 2003 [5] Display Yes -
Anderset a, 2012 [8] Display & Scenario Yes -
Wachter et al, 2004 [9] - No -
van Amsterdam et al, 2013 [10] Display Yes -
Kennedy et al, 2011 [11] Display No -
Liuetal, 2005[12] Display & Scenario Yes -
Blikeet al, 1999 [13] Scenario Yes -
Coleet a, 1994 [14] Display & Scenario Yes -
Deneault et a, 1990 [15] Display & Scenario Yes -
Jungk et al, 2000 [16] Scenario Yes -
Gurushanthaiah et a, 1995 [17] Scenario Yes -
Ireland et al, 1997 [18] - No -
Tappan et a, 2009 [19] Display & Scenario Yes -
Michelset a, 1997 [20] Display & Scenario Yes -
Effken et al, 1997 [21] Scenario Yes -
Gorges et al, 2012 [22] Scenario Yes -
Stylianides et al, 2011 [23] - No -
Litt et al, 1992 [24] - No -
Gschwandtner et al, 2011 [25] - Yes O
Horn et a, 2001 [26] - No -
Dayhoff et al, 1994 [27] - No -
Norris et a, 2002 [28] - No -
Langner, 1952 [29] - No -
Burykin et a, 2011 [30] - No -
Miller et al, 2009 [31] Display & Scenario Yes -
Kruger et a, 2011 [32] - No -
Law et a, 2004 [33] Display & Scenario Yes -
Ahmed et a, 2011 [34] Display & Scenario Yes -
Sainsbury, 1993 [35] - No -
Zhang et al, 2002 [36] Scenario Yes -
Kennedy et al, 2008 [37] Display & Scenario No -
Lowe et al, 2001 [38] - No -
Charbonnier, 2004 [39] - No -
Shabot et al, 1986 [40] - No -
Eden et al, 2006 [41] - No -
Koch et al, 2013 [42] Display & Scenario Yes -
Kamaleswaran et a, 2016 [43] Display & Scenario Yes -
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Comprehensive Matrix of Study Design

The Comprehensive Matrix of Study Design (Figure 2) presents
the results that were reported by authors for any evaluation or
experiment. While the search strategy yielded 39 full papers
that were identified for analysis, only 29 of these papers
contained primary study results from a case study, evaluation,
or human experiment, and employed 1 of naive, novice, or
expert participantsin the evaluation method. Naive participants
were generaly undergraduate students with little or no prior
clinica knowledge. Novice participants ranged from
undergraduate computer science or nursing students to newly
graduated clinical staff. Expert participants had at least 10 years
of experience.

The number of participants exposed to test conditions highly
varied; however, the mgjority of studies employed at least 15
participants. Six studies used a sample size greater than 20 to
test for detection, diagnostic, and treatment accuracy, with the
minimum and maximum being 4 and 32 participants,
respectively. Most displaysintegrated these systemsin asingle
display using live or static representations (n=15), while displays
that were presented as case studies (in situ) were connected to
central monitoring systems. Some displays supported views of
clinical information that integrated datafrom other clinical and
laboratory systems (n=15) [45]. Most prototypes that were
evaluated used more than one data stream, with the exception
of the studiesthat contained |ow-frequency updates (n=9). Most
evaluations or experiments utilized more than one condition to
test each display; however, afew did not have any scenarios or
patient conditions (n=9). A large number of studiesalso did not
utilize data from more than one patient-source (n=26).

Most of the studies were conducted in laboratory environments
(n=24), followed by evaluations or experimentsin theintensive
care unit (n=12). Some studies were evaluated over multiple
specialities (n=2). A magjority of studies used some form of
experimentation to validate their designs (n=21), although the
specific method of experimentation was not always explicitly
mentioned. Evaluations involved clinicians and mixed
qualitative and quantitative methods were used to report results
(n=8). Applications were primarily qualitative in nature, often
depicting resultsthrough anecdotes (n=7). The remaining studies
weredesign papersthat investigated novel visual representations
without involving prototypes. Of the papersthat reported results
(n=31), most reported positive findings (n=27), but in some
cases negative results were aso reported (n=4). A
between-group experimental study yielded site-dependent results
that were skewed towards the site that produced the visual
representation. For evaluations or experiments the source of
data to support realism was spread across live simulations
(n=19), live patient-origin data (n=9), or static patient-generated
data (n=11). Most studies did not test for cognitive overload
using ad hoc methods or traditional workload score metricssuch
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as the NASA Task Load Index (NASA-TLX) (n=30). Where
cognitive workload was reported (n=7), most were reported to
have reduced cognitive overload (n=5), while others reported
no change or mixed results (n=3).

Long-term historical values, specifically ranges exceeding 5
minutes of monitoring were not included in majority of the
displays (n=28). Tri-event parameters, namely, trajectory,
frequency, and duration were seldom supported by visua
representations, where these parameters were identified,
trajectory was most freguently found (n=27). Tempora
trajectory was encoded using curves (n=25) such asin aline
graph, or glyphs (n=9). In terms of duration, the second tri-event
parameter was seen across 10 displays, of which, glyphs (n=6),
text (n=4) or curves (n=2) representations were utilized.
Frequency, the last tri-event parameter was also seen in some
visual representations encoded by glyph (n=5) or text (n=4)
where supported. Where displays were validated through
experimentation, both the display and scenarioswere more often
counterbalanced  (n=12), while some experiments
counterbalanced only the scenario (n=6) and others only the
display (n=4). Scenarios were utilized across many studies
utilizing experimentation or evaluation methodologies (n=22)
and most were clinically relevant problems (n=21). Finally,
only one of the evaluated visual representations supported the
ability to perform analysis across multiple patients.

Discussion

Principal Findings

A total of 19 novel visua representations were identified from
analysis of the literature. Novel displays were seen across 4
main groups, including tabular, waveform (graph-based), object,
and metaphors. Thelatter 2 are aggregated together as ecologic
displays.

Tabular Displays

The early- 1990's saw growing interest in converting large
volumes of paper patient chartsto “virtual” records[24,46-49].
Initial representations adopted by these virtual patient records
were largely tabular and text-dominant, and sometimes
contributed negatively to information overload [48]. Figure 2
[50] illustrates an example of atraditional virtual patient chart
that mimicsatraditional paper flow chart. Thisreview identified
14 tabular representations published from 1952 to 1997. Those
systems provide a direct manipulation using the traditional
desktop-oriented, Windows-Icon-Mouse-Pointer  (WIMP)
interaction paradigm. Additional levels of interactions, such as
multiple mouse clicks, are required to access unique views of
patient data. Large number of these displays are often duplicated
to a physical copy, in part due to the simplicity and ease of
reading paper charts [51].
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Figure 2. A tabular display that mimics traditional clinical flow-sheets.

John M. Doe ID# 1234567

Kamaleswaran & McGregor

Shill
VITALS {Temperature 38.5 38.6 38.9 38.9 38.6 38.3 38.6 38.0
Heart Rate
Resp Set
Resp Actual
Arlerfal BF 116 7/ 614139 / 72§149 / 1 151/ 84 14677815968
(79 ) 8 ( 94 )¢ ( 101 B‘l ( 106 )i ( 85 )i { 106 ) ( 101 )i ( 98 )
Noninvasive BP ! 158" 7 80! 7 / / ! 7 1357768
{ 2 )i (. 106 )i ( LE JEL 1i Li( Qi (9 )
Gup.
|1& O iFoley
Total Intake
Total Qutput
Netl& O
NEURO {lLoc Lethargic Lethargic Lethargic
Mentation Normal Normal Kiormar
Speech NT NT NT
Pupil Size AL ik ik el
Pupil React R/L Norm/Norm Norm/Norm Rorm/Norm
Arm Strength - L 374 1) p 173
Leg Strength R/L 4/4
Eye Opening 3
Best Vertal T
Best Motor [
Total GCS 5
Coroneals +
Cough +
Gag NT
VENT $F|O2 40,00
PEEP Set 10.0
Mode IMV/IPS
PS/PC 12,30
Tidal Valume (Co 700.0
SA 02 a7.0
Position
ABGs §{pHA
pal2
paCO2
HCO3
CHEM INA
21 18:00 19.00 20:00 21:00 22:00 23:00
[JeF] TIME
Glucose
Glucose Sticks
BUN
Creatinine
Figure 3. A modern dashboard utilizing waveform displays.
Batient Information - This page displays current information from CIS Data will be refreshed in 4:41
Name: Sex: Male DOB: 03/17/1951 Age: 61 Years MRN: Acct Inpatient 10/12/2012 21:32 Loc: SICU; DS211; A
{(ab Resuts Labs Last 72 hours_ Vital Signs Last 24 heurs
chemistry Latest 72hr trend m R
Glucose Level (ma/k) 1183 10/31/1203:50 |~ P
BUN (mg/dL) 42 10/31/1203:50 | E(E:E 100 w3
Creatnine-Blood (mgfd) 129 10/31/1203:30 s
Sodium (mmolp) 143 10BYI20350 [_~—u— %‘,Mrw Biine oo d .,
Potassium (mmoiL) 46 1031/1203:50 |7 ~— »
Chioride (mmolit) 04RO/ Itz S| —
Bicarbonate Level (eolt) 26 10/31/1203:50 | _____——" . &
Potassium (POC) P (mmolp) 4.7 10/29/1217:36 | ———— || p o =
pH(FOC)POCCartro)  7.41 10/30/1210:12 | ——|||ggc1 -
pCO2 (POC)POCCa (men oo 10/301210012 | — & i
g 10 000
Hemo Latest 72hr trend 12:00 26:00 2000 0:00 400 8:00
APTT (seconds) 1s24 10/29121200 |____— : = ‘
Het (%) f201 1081120350 | ) o ° 1000 1000
Hgb (amid) g 1081120850 [— " - .
Platelet Count (k/mm3) 5o 10/31/1203:50 | [Continuous INfusions Last 24 heurs 1
WBC (kfmen3) 105 1031120350 |77~ [ ] ! Inf Bd G I Dia M Tol ! Ui Gl Drs Ir Dis Mhc Tot
INR (orD) 11 1031120350 |——m Heparin |
GI - Liver Latest 72hr trend | ﬁ
BPTT (sconct) 1524 10/29/12 12:00 Nerepinephrine

http://medinform.jmir.org/2016/4/e31/

XSL-FO

RenderX

JMIR Med Inform 2016 | vol. 4 | iss. 4| €31 | p. 11
(page number not for citation purposes)


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

JMIR MEDICAL INFORMATICS

Waveform Displays

The review identified 9 out of 39 studies that used some form
of live physiologic streams from real patientsto display largely
identical waveform representations. It was al so noted that much
of these waveform displays were integrated with other tabular
and text representations. Five papers that presented waveform
displays aso supported interactive capabilities, including the
ability to select regions of interest, filter based on patients, and
generate screen captures [6,8,25,43,52]. Stylianides and
colleagues (2011) present an engine for producing waveform
graphics [23]; however, their system serves the purpose of
animating historic physiologic data streams. CareCruiser [25],
supports the interactive exploration of treatment plans using
physiologic data. However, that system was not evaluated using
more than one clinical user. PhysioEx [43] was evaluated using
an expert eval uation methodol ogy employing 5 domain experts,
and was shown to further enhance that interactive analytic
workflow by providing coordinated analysis of temporal data
streams; however, using waveform displays only to guide the
user with additional context.

Despitetheir ability to communicate acute time-sensitive events
[20], waveform representations have numerous limitations
[4,31,53]. One prime disadvantage of waveform displaysisthe
potential to negatively impact cognitiveload, that is, they require
humans to monitor and consume large numbers of data points
asthey are produced to derive trendsand higher level knowledge
[7,8,22]. These waveforms display can convey several features
in one frame; therefore, easily disturb limited resources of the
working memory capabilities [54]. The challenge of managing
large volumes of data have been extensively studied in several
domains, such asinformation overload [55], visual datamining
[56], and addressing cognitive challenges related to
interruptions, task performance, and decision making [55,57-59].

Integrated methods of representing critical physiological
information have been actively studied to reduce the internal
mental processing requirement [20,22,32,60-62]. These
integrated displays use a combination of text [33,34], graphic
[3,4,63], and waveform [64,65] representations to summarize
low-level information. Figure 3 [6] illustrates an example of an
integrated display. Three such integrated displayswereidentified
in the review [6,8,25]. These displays support clinicians to
interactively select regions of interest while monitoring other
formsof dow-changing clinical data. However, only onedisplay
allows the clinician to compare against a cohort [25]. Other
studies, seeking alternatives to the waveform visual encoding,
propose novel and ecological methods to improve knowledge
discovery and minimize cognitive overload.
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Ecological Displays

Classes of Visual Representations

Ecologic displays attempt to integrate relationships existing
across both workflows and semantics[66]. Among the primary
goals of ecologic displays is to convey both the means-end
relation, answering the particular means of arriving at that state
and its ultimate consequence. From our review, we identified
2 large classes of visual representations that approach these
objectives. Object-oriented displays, and metaphoric displays
were seen to extend typical limitations found in text, tabular,
and waveform displays by introducing novel information, such
as gspatiadl and temporal arrangements of closely related
information.

Object-Oriented Displays

Displays that utilize and manipulate 2-dimensional graphical
objects, limited to basic shapes and symmetries to produce
emergent properties have been classed as object-oriented
displays[2,13,35]. Thesedisplaysfollow demonstrated efficacy
of graphical displaysover traditional numeric displays observed
in nuclear power station control stations [67]. Studies have
shown a positive relationship with integrated displays and an
overall improvement in diagnosis ability aswell asareduction
in time to initiate treatment [68].

Blike and colleagues (2000) [69] showed that subjects exposed
to emergent features using novel graphicsrecognized aproblem
morerapidly, but their accuracy had not improved in comparison
to the numeric display. Moreover, they showed that the shape
of the graphic, illustrated in Figure 4 [13], improved detection
of etiology compared to the numeric and control displays. While
Blike and colleagues stated an improved reaction and fewer
errors when using the object-oriented display, the display was
found to be confusing and not ecological to naive participants.
Zhang and colleagues [36] reproduced the designs introduced
by Blike et a, and found that anesthesiologists were able to
detect simple deviations faster; however, no change was seen
with detection times of more complex cardiovascular events.
Other studies have reported similar conclusions[5,9,13,68,70],
suggesting alink between detection and reactionary timeto the
format and features of the graphical display.

In contrast, other studies that extrapolated heuristics from
object-oriented displays report less convincing evidence; for
instance, some report negative links when participants were
presented object-oriented displays [21,37]. The etiological
potential display (Figure 5) [21] attempts to extract specific
features of object displaysthat improve detection and diagnosis.
In that study, Effken and colleagues find no significancein the
detection or diagnostic times, even when 3 abstract displays
were tested. Two of these displays required that features of the
full prototype either be reorganized or removed.
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Figure 4. Advanced graphical display for hemodynamic monitoring.
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Metaphoric Displays

A total of 20 representations, for over half of al visua
representations analyzed, belonged to the metaphoric display
group. Most clinical metaphoric displaysillustrate physiologic
data in terms of organ-systems [20,36,44,71]. Five papers
presented metaphors that involved dynamic objects that
exhibited behaviors similar to organ systems[5,14,20,21,26].

Several papers identified metaphor displays with positive
outcomes. Cole and Stewart (1994) [14], introduced a visual
representation (Figure 6) [50] which consists of 2 volume
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rectangles that compress or expand similar to the respiratory
system. This design was further improved with additional data
dimensions [26]. A Graphical Cardiovascular Display (Figure
7) [5] that uses a pipe-like metaphor of the cardiovascular
system, was shown to enable faster detection of adverse events
[5]. Wachter and colleagues (2003) applied similar approaches
to develop a respiratory interface and found participants were
able to identify abnormal states faster [9]. Gorges and
colleagues, introduced a series of visua metaphors to
communicate visual signs to bed-side clinicians [22]. These
displays adopt a clock metaphor illustrated in Figure 8 [22] to
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convey salient features, such as temporal trends over the past
12-hours. Charabati and colleagues from the Montreal General
Hospital’s department of anesthesiology introduced a gauge
metaphor to highlight normal and abnormal ranges, and
conducted an evaluation across 2 sites [7]. They found a
combination of numeric and visual metaphors achieved the
strongest advantage in detection, accuracy, and workload.
Tappan and colleagues eval uated visual metaphors by appending
visua objectsto traditional medical monitors[19]. They reported
significant improvements in detection of adverse events, with
the visual metaphor having a 14.4 second advantage over
traditional physiologic monitors. The visual metaphor was also
found to reduce the number of missed events. However, smilar
to previous studies, these investigations were conducted in
controlled environments.

Not all visual metaphors, however, have seen similar success.
Zhang and colleagues (2002) [36] introduced an integrated
3-dimensional balloon metaphor, building on thework of Blike
and colleagues (2000) [69] with object displays. Zhang and
colleaguesfound mixed results after evaluations, with only 63%
of scenarios having shorter detection than scenarios, and
situational awareness being improved in 1 of 4 scenarios.

Kamaleswaran & McGregor

Moreover, van Amsterdam and colleagues (2013) from the
University Medical Center Groningen, utilized customization
features offered by vendor-based medical monitorsto construct
and evaluate a metaphoric display presented in Figure 9 [10].
They found, however, that visual metaphors did not improve
detection or accuracy of anesthesiologists[10].

Finally, while ecologic representations were evaluated for
diagnostic accuracy and speed, the challenges surrounding
cognitive errors remain only a secondary concern in research
involving visual representations. Lessthan 8 out of 39 of papers
analyzed were identified to have measured for cognitive
workload [5,7,8,19,22,34,36,41]. Of the 8 papersthat measured
for cognitive workload, 4 papers used a quantitative measure
such as the NASA-TLX score [5,8,22,34]. There are also
limitations with the use of NASA-TLX, largely becauseit isa
self-reported method of identifying perceived workload. A total
of 3 of the 8 papers were evaluated with critical care clinicians,
consequently, incorporating cognitive workload as a passive
measure of potential cognitive error remains limited across
visual representation research for clinical environments.
Significantly, none of metaphoric displays supported analytic
functions.

Figure 6. Volume triangles represent multivariate clinical data using a lung-expansion metaphor.
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Figure 8. Far-view visual metaphorsfor triaging vital signs.
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Tri-Event Parameters

Physiological displays can be designed and developed using 3
consumption efficacy metrics derived for temporal and dynamic
data streams [43]. These metrics are termed tri-event temporal
parameters namely, trajectory, frequency, and duration of salient
events.

Among the tri-event parameters, trajectory was found to be the
most popular, with 32 of 39 studies incorporating some form
of trgjectory information. However, longitudinal trajectory was
found in only 9 studies, and was rare among displaysthat were
found in anesthesiology but more common in critical care.
Displays that incorporated an aspect of the tri-event temporal
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(b)

parameters exclusively adopted trgjectory. Nine visud
representations were found to have included the duration and
frequency metrics. Most of the representations that included
duration and frequency used glyphs (n=6) or text (n=5) to
communicate episodic information. For instance, PhysioEx [43]
uses the river metaphor [72] to illustrate frequency of adverse
physiologic eventsthat were analyzed by area -time algorithm
(bottom left, in Figure 10). Text a so remains a popular method
for communicating discrete events. Law and colleagues found
text to be superior to waveform and numeric displays when
communicating clinical episodes, even whilecliniciansreported
apreference for graphical displays|[73]. Where multiple views
were presented, only one representation utilized interactive
coordination between independent views [6].
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Figure 10. PhysioEx, acoordinated visual analytic tool for exploring clinical events across multiple temporal physiologic data streams.
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Conclusion

Visud representations of physiological datahave been attempted
several times as witnessed by the sheer size of prior work
discussed in this paper. Many have shown their potential to
improve clinical care, and while largely positive results have
been released, there are still concerns as to the efficacy of both
in reproducibility as well as trandatability to the unit. In
particular, methods to identify the accuracy of actions
post-treatment to the display remain as concern and open areas
for further exploration.

Few clinical visualization papers studied associations of the
treatment condition to the accuracy or accrued insight by the
user. It was also seen that most studies included detailed study
of the time to diagnosis and its accuracy; however, many of
these studies included highly controlled scenarios with highly
visible graphical distortions. Additionally, few studies used real
patient data to evaluate their prototypes. Hence, the frequency
of events with clear and distinctive graphical patterns existing
across real patient data remains untested. Detection was also
another area where studies frequently report positive findings;
however, in many cases these differences were marginal and
found in narrow statistical ranges. It has yet to be proven
whether these statistical significancesarerelevant intheclinical
domain. Exact mechanisms inducing positive effect have yet
to be studied within the prototypes studied [63,74].

Visual representations show promise; however, they are plagued
with user-preference and interaction challenges. Results
spanning two decades continue to show positive influence of
graphical representations when they are used in simulated
studies [4]. However, many of these studies have not used
standardized metrics to test distinct controlled variables, or
provide evidence of precisely which features of the graphical
displays afford greater comprehension to the consumer.
Questions still remain as to its efficacy in clinical practice,
where, the availability of all datarequired by the representations
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may be limited. There is also the limitation of graphical
representation failing to maintain interpretable coherence, when
provided incorrect data[2].

Some studies have aso demonstrated user involvement as an
important factor which may have influenced results, in the
design and development of the clinical system [45]. Future
studies should focus on clinical validation asameanstoidentify
real-life relevance. Clinical experiments are difficult in lieu of
several considerations and their limitations. However, one study
by Wachter et a [9], demonstrates that observational studies,
although somewhat intrusive, may produce some significant
qualitative results. These studies need to be expanded, and
clinical trials must ultimately demonstrate their efficacy.
Cognitive errors aso require additional research effort,
specifically by including eval uation methodol ogies such asthe
NASA-TLX score to allow end-users to self-report perceived
workloads.

Only 7 visualizations wereidentified to have had some element
of interactive selection and filtering functions to support basic
analysistasks. While only one display wasidentified to support
analysis across cohort populations. The general absence of
analysis functionalities is an opportunity for enhancing
physiologic visualizations. Physiologic data represents aunique
subset, due to the dynamic and streaming nature of the data.
Application of visual analysis techniques may support novel
uses of physiologic visualizations, such as supporting
human-driven hypothesis generation tasks.

Finally, research in visual representations should include
tri-event parameters as important design considerations to
produce designs that communicate episodic information.
PhysioEx was seen to incorporate all 3 parameters; however, it
was limited to one view per patient [43]. These visua
representations can then be used to better assess the influence
of tri-event parameters on higher level workflowsaswell asin
the progression of clinical conditions.

http://medinform.jmir.org/2016/4/e31/

JMIR Med Inform 2016 | vol. 4 | iss. 4| €31 | p. 16
(page number not for citation purposes)


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

JMIR MEDICAL INFORMATICS Kamaleswaran & McGregor

Conflictsof Interest

None declared.

References

1.  McGregor C. Big datain neonata intensive care. Computer 2013 Jun;46(6):54-59. [doi: 10.1109/M C.2013.157]

2. Sanderson PM, Watson MO, Russell WJ. Advanced patient monitoring displays: tools for continuous informing. Anesth
Analg 2005 Jul;101(1):161. [doi: 10.1213/01.ANE.0000154080.67496.AE] [Medline: 15976225]

3. DrewsFA, Westenskow DR. Theright picture is worth athousand numbers: data displays in anesthesia. Hum Factors
2006;48(1):59-71. [Medline: 16696257]

4.  Gorges M, Staggers N. Evaluations of physiological monitoring displays: a systematic review. J Clin Monit Comput 2008
Feb;22(1):45-66. [doi: 10.1007/s10877-007-9106-8] [Medline: 18064532]

5. Agutter J, DrewsF, Syroid N, Westneskow D, Albert R, Strayer D. Evaluation of graphic cardiovascular display ina
high-fidelity simulator. Anesth Analg 2003 Nov;97(5):1403-1413 [FREE Full text]

6. Engelman D, Higgins T, Talati R, Grimsman J. Maintaining situational awarenessin acardiac intensive care unit. J Thorac
Cardiovasc Surg 2014 Mar;147(3):1105-1106 [ FREE Full text] [doi: 10.1016/j.jtcvs.2013.10.044]

7.  Charabati S, Bracco D, Mathieu P, Hemmerling T. Comparison of four different display designs of a novel anaesthetic
monitoring system, the 'integrated monitor of anaesthesia(IMA)'. Br J Anaesth 2009 Nov;103(5):670-677 [FREE Full text]
[doi: 10.1093/bja/aep258] [Medline; 19767312]

8. AndersS, Albert R, Miller A, Weinger M, Doig A, Behrens M, et a. Evaluation of an integrated graphical display to
promote acute change detection in ICU patients. Int J Med Inform 2012 Dec;81(12):842-851 [FREE Full text] [doi:
10.1016/j.ijmedinf.2012.04.004] [Medline: 22534099]

9.  Wachter S, Markewitz B, Rose R, Westenskow D. Evaluation of a pulmonary graphical display in the medical intensive
care unit: an observational study. JBiomed Inform 2005 Jun;38(3):239-243 [ FREE Full text] [doi: 10.1016/j.jbi.2004.11.003]
[Medline: 15896697]

10. vanAmsterdamK, Cnossen F, Ballast A, Struys M. Visual metaphors on anaesthesiamonitors do not improve anaesthetists
performancein the operating theatre. Br J Anaesth 2013 Feb 05;110(5):816-822 [ FREE Full text] [doi: 10.1093/bja/aes516]
[Medline: 23384736]

11. Kennedy R, Merry A. The effect of agraphical interpretation of a statistic trend indicator (Trigg's Tracking Variable) on
the detection of simulated changes. Anaesth Intensive Care 2011 Sep;39(5):881-886 [FREE Full text] [Medline: 21970133]

12. LiuY, Osvalder AL. Usahility evaluation of a GUI prototype for aventilator machine. J Clin Monit Comput 2004
Dec;18(5-6):365-372. [Medline: 15957628]

13. Blike GT, Surgenor SD, Whalen K. A graphical object display improves anesthesiologists' performance on a simulated
diagnostic task. J Clin Monit Comput 1999 Jan;15(1):37-44. [Medline: 12578060]

14. Cole WG, Stewart JG. Human performance eval uation of ametaphor graphic display for respiratory data. Methods Inf Med
1994 Oct;33(4):390-396. [Medline: 7799815]

15. Deneault L, Lewis C, Debons A, Stein K, Dewolf A. An integrative display for patient monitoring. Presented at: |EEE
International Conference on Systems, Man and Cybernetics; 1990 Nov; Los Angeles, CA. URL.: http://ieeexplore.ieee.org/
xplg/abs all.jsp?arnumber=142161 [doi: 10.1109/ICSMC.1990.142161]

16. Jungk A, Thull B, Hoeft A, Rau G. Evaluation of two new ecological interface approaches for the anesthesia workplace. J
Clin Monit Comput 2000;16(4):243-258. [Medline: 12578071]

17. Gurushanthaiah K, Weinger M, Englund C. Visual display format affects the ability of anesthesiol ogists to detect acute
physiologic changes: alaboratory study employing aclinical display simulator. Anesthesiology 1995 Dec;83(6):1184-1193.
[Medline: 8533911]

18. Ireland R, JamesHV, Howes M, Wilson A. Design of asummary screen for an |CU patient data management system. Med
Biol Eng Comput 1997 Jul;35(4):397-401. [Medline: 9327619]

19. Tappan J, Daniels J, Slavin B, Lim J, Brant R, Ansermino J. Visual cueing with context relevant information for reducing
changeblindness. JClin Monit Comput 2009 Aug;23(4):223-232. [doi: 10.1007/s10877-009-9186-8] [Medline: 19544053]

20. MichelsP, Gravenstein D, Westenskow DR. An integrated graphic data display improves detection and identification of
critical events during anesthesia. J Clin Monit 1997 Jul;13(4):249-259. [Medline: 9269619]

21. Effken J, Kim N, Shaw R. Making the constraints visible: testing the ecological approach to interface design. Ergonomics
1997 Jan;40(1):1-27. [doi: 10.1080/001401397188341] [Medline: 8995046]

22. GorgesM, Westenskow DR, Markewitz BA. Evaluation of an integrated intensive care unit monitoring display by critical
care fellow physicians. JClin Monit Comput 2012 Dec;26(6):429-436. [doi: 10.1007/s10877-012-9370-0] [Medline:
22588528]

23. Stylianides N, Dikaiakos M, Gjermundred H, Panayi G, Kyprianou T. Intensive care window: real-time monitoring and
analysisin the intensive care environment. |EEE Trans Inf Technol Biomed 2011 Jan;15(1):26-32. [doi:
10.1109/T1TB.2010.2091141] [Medline: 21062685]

http://medinform.jmir.org/2016/4/e31/ JMIR Med Inform 2016 | vol. 4 | iss. 4| €31 | p. 17

(page number not for citation purposes)


http://dx.doi.org/10.1109/MC.2013.157
http://dx.doi.org/10.1213/01.ANE.0000154080.67496.AE
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15976225&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16696257&dopt=Abstract
http://dx.doi.org/10.1007/s10877-007-9106-8
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18064532&dopt=Abstract
http://ovidsp.ovid.com/ovidweb.cgi?T=JS&PAGE=reference&D=med4&NEWS=N&AN=14570658
http://ovidsp.ovid.com/ovidweb.cgi?T=JS&PAGE=reference&D=medl&NEWS=N&AN=24290713
http://dx.doi.org/10.1016/j.jtcvs.2013.10.044
http://bja.oxfordjournals.org/cgi/pmidlookup?view=long&pmid=19767312
http://dx.doi.org/10.1093/bja/aep258
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19767312&dopt=Abstract
http://europepmc.org/abstract/MED/22534099
http://dx.doi.org/10.1016/j.ijmedinf.2012.04.004
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22534099&dopt=Abstract
http://linkinghub.elsevier.com/retrieve/pii/S1532-0464(04)00157-1
http://dx.doi.org/10.1016/j.jbi.2004.11.003
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15896697&dopt=Abstract
http://bja.oxfordjournals.org/content/early/2013/02/04/bja.aes516.abstract
http://dx.doi.org/10.1093/bja/aes516
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23384736&dopt=Abstract
http://www.aaic.net.au/PMID/21970133
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21970133&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15957628&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12578060&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=7799815&dopt=Abstract
http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=142161
http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=142161
http://dx.doi.org/10.1109/ICSMC.1990.142161
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12578071&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=8533911&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9327619&dopt=Abstract
http://dx.doi.org/10.1007/s10877-009-9186-8
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19544053&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9269619&dopt=Abstract
http://dx.doi.org/10.1080/001401397188341
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=8995046&dopt=Abstract
http://dx.doi.org/10.1007/s10877-012-9370-0
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22588528&dopt=Abstract
http://dx.doi.org/10.1109/TITB.2010.2091141
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21062685&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR MEDICAL INFORMATICS Kamaleswaran & McGregor

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45,

46.

47.

48.

Litt H, Loonsk J. Digital patient records and the medical desktop: an integrated physician workstation for medical informatics
training. Proc Annu Symp Comput Appl Med Care 1992:555-559 [FREE Full text] [Medline: 1482935]

Gschwandtner T, Aigner W, Kaiser K, Miksch S, Seyfang A. CareCruiser: exploring and visualizing plans, events, and
effectsinteractively. 2011 Presented at: | EEE Pacific Visualization Symposium (PacificVis); 2011; Hong Kong p. 43-50.
[doi: 10.1109/PACIFICV1S.2011.5742371]

Horn W, Popow C, Unterasinger L. Support for fast comprehension of 1CU data: visualization using metaphor graphics.
Methods Inf Med 2001;40(5):421-424. [Medline: 11776741]

Dayhoff R, Kirin G, Pollock S, Miller C, Todd S. Medical data capture and display: theimportance of clinicians workstation
design. Proc Annu Symp Comput Appl Med Care 1994:541-545 [FREE Full text] [Medline: 7949987]

Norris P, Dawant B. Closing theloop in ICU decision support: physiol ogic event detection, al erts, and documentation. Proc
AMIA Symp 2001:498-502 [FREE Full text] [Medline: 11825238]

Langner P. The value of high fidelity electrocardiography using the cathode ray oscillograph and an expanded time scale.
Circulation 1952 Feb;5(2):249-256. [Medline: 14896469]

Burykin A, Peck T, Krejci V, Vannucci A, Kangrga |, Buchman T. Toward optimal display of physiologic statusin critical
care: |. Recreating bedside displays from archived physiologic data. J Crit Care 2011 Feb;26(1):105.e1-105.€9. [doi:
10.1016/j.jcrc.2010.06.013] [Medline: 20813491]

Miller A, Scheinkestel C, Steele C. Theeffects of clinical information presentation on physicians and nurses decision-making
in ICUs. Appl Ergon 2009 Jul;40(4):753-761. [doi: 10.1016/j.apergo.2008.07.004] [Medline: 18834970]

Kruger G, Tremper K. Advanced integrated real-time clinical displays. Anesthesiol Clin 2011 Sep;29(3):487-504. [doi:
10.1016/j.anclin.2011.05.004] [Medline: 21871406]

Law A, Freer Y, Hunter J, Logie R, McIntosh N, Quinn J. A comparison of graphical and textual presentations of time
series data to support medical decision making in the neonatal intensive care unit. J Clin Monit Comput 2005
Jun;19(3):183-194. [doi: 10.1007/s10877-005-0879-3] [Medline: 16244840]

Ahmed A, Chandra S, Herasevich V, Ggjic O, Pickering BW. The effect of two different electronic health record user
interfaces onintensive care provider task load, errors of cognition, and performance. Crit Care Med 2011 Jul;39(7):1626-1634.
[doi: 10.1097/CCM.0b013e31821858a0] [Medline: 21478739]

Sainsbury D. An object-oriented approach to data display and storage: 3 years experience, 25,000 cases. Int J Clin Monit
Comput 1993 Nov;10(4):225-233. [Medline: 8270836]

Zhang Y, Drews F, Westenskow D, Foresti S, Agutter J, Bermudez J, et al. Effects of integrated graphical displays on
situation awareness in anaesthesiology. Cogn Technol Work 2002 Jun 1;4(2):82-90. [doi: 10.1007/s101110200007]
Kennedy RR, Merry AF, Warman GR, Webster CS. The influence of various graphical and numeric trend display formats
on the detection of simulated changes. Anaesthesia 2009 Nov;64(11):1186-1191 [FREE Full text] [doi:
10.1111/j.1365-2044.2009.06082.x] [Medline: 19825052]

Lowe A, Jones R, Harrison M. The graphical presentation of decision support information in an intelligent anaesthesia
monitor. Artif Intell Med 2001;22(2):91. [Medline: 11343846]

Charbonnier S. On line extraction of temporal episodes from ICU high-frequency data: a visual support for signal
interpretation. Comput Methods Programs Biomed 2005 May; 78(2):115-132. [doi: 10.1016/j.cmpb.2005.01.003] [Medline:
15848267]

Shabot M, Carlton P, Sadoff S, Nolan-Avila L. Graphical reports and displays for complex ICU data: a new, flexible and
configurable method. Comput Methods Programs Biomed 1986 Mar;22(1):111-116. [Medline: 3634666]

Douglas JR, Ritter MJ. Implementation of an Anesthesia Information Management System (AIMS). Ochsner J
2011;11(2):102-114 [FREE Full text] [Medline: 21734847]

Koch S, Weir C, Westenskow D, Gondan M, Agutter J, Haar M, et a. Evaluation of the effect of information integration
in displays for ICU nurses on situation awareness and task completion time: a prospective randomized controlled study.
Int JMed Inform 2013 Aug;82(8):665-675. [doi: 10.1016/j.ijmedinf.2012.10.002] [Medline: 23357614]

Kamaleswaran R, Collins C, James A, McGregor C. PhysioEx: visual analysis of physiological event streams. Comput
Graphics Forum 2016 Jul 04;35(3):331-340. [doi: 10.1111/cgf.12909]

Wachter S, Agutter J, Syroid N, Drews F, Weinger M, Westenskow D. The employment of an iterative design process to
develop a pulmonary graphical display. JAm Med Inform Assoc 2003;10(4):363-372 [FREE Full text] [doi:
10.1197/jamia.M 1207] [Medline: 12668693]

Anders S, Albert R, Miller A, Weinger MB, Doig AK, Behrens M, et a. Evaluation of an integrated graphical display to
promote acute change detection in ICU patients. Int JMed Inform 2012 Dec;81(12):842-851 [FREE Full text] [doi:
10.1016/j.ijmedinf.2012.04.004] [Medline: 22534099]

Kilman D, Forslund D. Aninternational collaboratory based on virtual patient records. Commun ACM 1997;40(8):110-117.
[doi: 10.1145/257874.257898]

van Bemmel J, van Ginneken A, Stam B, van Mulligen E. Virtual electronic patient records for shared care. Stud Health
Technol Inform 1998;52:37-41. [Medline: 10384551]

Tange H. The paper-based patient record: isit really so bad? Comput Methods Programs Biomed 1995;48(1-2):127-131.
[Medline: 8846696]

http://medinform.jmir.org/2016/4/e31/ JMIR Med Inform 2016 | vol. 4 | iss. 4| €31 | p. 18

(page number not for citation purposes)


http://europepmc.org/abstract/MED/1482935
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=1482935&dopt=Abstract
http://dx.doi.org/10.1109/PACIFICVIS.2011.5742371
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11776741&dopt=Abstract
http://europepmc.org/abstract/MED/7949987
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=7949987&dopt=Abstract
http://europepmc.org/abstract/MED/11825238
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11825238&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=14896469&dopt=Abstract
http://dx.doi.org/10.1016/j.jcrc.2010.06.013
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20813491&dopt=Abstract
http://dx.doi.org/10.1016/j.apergo.2008.07.004
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18834970&dopt=Abstract
http://dx.doi.org/10.1016/j.anclin.2011.05.004
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21871406&dopt=Abstract
http://dx.doi.org/10.1007/s10877-005-0879-3
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16244840&dopt=Abstract
http://dx.doi.org/10.1097/CCM.0b013e31821858a0
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21478739&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=8270836&dopt=Abstract
http://dx.doi.org/10.1007/s101110200007
http://dx.doi.org/10.1111/j.1365-2044.2009.06082.x
http://dx.doi.org/10.1111/j.1365-2044.2009.06082.x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19825052&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11348846&dopt=Abstract
http://dx.doi.org/10.1016/j.cmpb.2005.01.003
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15848267&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=3634666&dopt=Abstract
http://europepmc.org/abstract/MED/21734847
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21734847&dopt=Abstract
http://dx.doi.org/10.1016/j.ijmedinf.2012.10.002
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23357614&dopt=Abstract
http://dx.doi.org/10.1111/cgf.12909
http://jamia.oxfordjournals.org/cgi/pmidlookup?view=long&pmid=12668693
http://dx.doi.org/10.1197/jamia.M1207
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12668693&dopt=Abstract
http://europepmc.org/abstract/MED/22534099
http://dx.doi.org/10.1016/j.ijmedinf.2012.04.004
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22534099&dopt=Abstract
http://dx.doi.org/10.1145/257874.257898
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10384551&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=8846696&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR MEDICAL INFORMATICS Kamaleswaran & McGregor

49. MarguliesD, McCallieJ, Elkowitz A, Ribitzky R. Anintegrated hospital information system at children'shospital. Presented
at: Proceedings of the Annual Symposium on Computer Application in Medical Care; 1990; New York p. 699.

50. ColeW, Stewart J. Metaphor graphicsto support integrated decision making with respiratory data. Int J Clin Monit Comput
1993 May;10(2):91-100. [Medline: 8366316]

51. WereM, Shen C, BwanaM, Emenyonu N, Musinguzi N, NkuyahagaF, et a. Creation and eval uation of EM R-based paper
clinical summariesto support HIV-care in Uganda, Africa. Int JMed Inform 2010 Feb;79(2):90-96 [FREE Full text] [doi:
10.1016/j.ijmedinf.2009.11.006] [Medline: 20036193]

52. Miller A, Sanderson P. Evaluating an information display for clinical decision making in theintensive care unit. Proceedings
of the Human Factors and Ergonomics Society Annual Meeting 2003 Oct 01;47(3):576-580. [doi:
10.1177/154193120304700368]

53. Gather U, Imhoff M, Fried R. Graphical models for multivariate time series from intensive care monitoring. Stat Med 2002
Sep 30;21(18):2685-2701. [doi: 10.1002/sim.1209] [Medline: 12228885]

54. Miller GA. The magical number seven, plus or minus two: some limits on our capacity for processing information. 1956.
Psychol Rev 1994 Apr;101(2):343-352. [Medline: 8022966]

55. Eppler M, Mengis J. The concept of information overload: areview of literature from organization science, accounting,
marketing, MIS, and related disciplines. Inf Soc 2004 Nov;20(5):325-344 [FREE Full text] [doi:
10.1080/01972240490507974]

56. deOliveiraM, Levkowitz H. From visual data exploration to visual data mining: a survey. |EEE Trans Visual Comput
Graphics 2003 Jul;9(3):378-394 [FREE Full text] [doi: 10.1109/TV CG.2003.1207445]

57. Bawden D, Robinson L. The dark side of information: overload, anxiety and other paradoxes and pathologies. J Inf Sci
2008 Nov 21;35(2):180-191 [FREE Full text] [doi: 10.1177/0165551508095781]

58. Speier C, Valacich J, Vessey |. The influence of task interruption on individual decision making: an information overload
perspective. Decis Sci 1999 Mar;30(2):337-360 [FREE Full text] [doi: 10.1111/j.1540-5915.1999.tb01613.X]

59. Enddey M. Toward atheory of situation awareness in dynamic systems. Hum Factors 1995 Mar 01;37(1):32-64 [FREE
Full text] [doi: 10.1518/001872095779049543]

60. Bui A, AberleD, Kangarloo H. TimeLine: visualizing integrated patient records. | EEE Trans Inform Technol Biomed 2007
Jul;11(4):462-473 [FREE Full text] [doi: 10.1109/T1TB.2006.884365]

61. Duncan R, SaperiaD, Dulbandzhyan R, Shabot M, Polaschek J, Jones D. Integrated Web-based viewing and secure remote
accessto aclinical datarepository and diverseclinical systems. Proc AMIA Symp 2001:149-153 [FREE Full text] [Medline:
11825172]

62. Meyer M, Levine W, Brzezinski P, Robbins J, Lai F, Spitz G, et al. Integration of hospital information systems, operative
and peri-operative information systems, and operative equipment into a single information display. AMIA Annu Symp
Proc 2005:1054 [FREE Full text] [Medline: 16779341]

63. Sanderson P. The multimodal world of medical monitoring displays. Appl Ergon 2006 Jul;37(4):501-512. [doi:
10.1016/j.apergo.2006.04.022] [Medline: 16759627]

64. Georgopoulos D, Prinianakis G, Kondili E. Bedside waveforms interpretation as atool to identify patient-ventilator
asynchronies. Intensive Care Med 2006 Jan;32(1):34-47. [doi: 10.1007/s00134-005-2828-5] [Medline: 16283171]

65. Enison E, Dayhoff R, Fletcher R. Graphical electrocardiogram waveforms as part of an integrated hospital system's patient
record. Proc Annu Symp Comput Appl Med Care 1993:373-375 [FREE Full text] [Medline: 8130498]

66. BurnsC. Putting it al together: improving display integration in ecological displays. Hum Factors 2000 Jun 01;42(2):226-241.
[doi: 10.1518/001872000779656471] [Medline: 10]

67. Zinser K, Frischenschlager F. Multimedia's push into power. IEEE Spectr 1994 Jul;31(7):44-48. [doi: 10.1109/6.294947]

68. EffkenJ, Loeb R, Kang Y, Lin Z. Clinical information displaysto improve ICU outcomes. Int JMed Inform 2008
Nov;77(11):765-777. [doi: 10.1016/j.ijmedinf.2008.05.004] [Medline: 18639487]

69. Blike GT, Surgenor SD, Whalen K, Jensen J. Specific elements of a new hemodynamics display improves the performance
of anesthesiologists. J Clin Monit Comput 2000;16(7):485-491. [Medline: 12580206]

70. GorgesM, Forger K, Westenskow D. A trend based decision support system for anesthesi ol ogistsimproves diagnosis speed
and accuracy. Presented at: Proceedings of the Annual Mountain West Biomedical Engineering Conference; 2006; Snowbird,
UT.

71. Albert R, Agutter J, Syroid N, Johnson K, Loeb R, Westenskow D. A simulation-based eval uation of agraphic cardiovascular
display. Anesth Analg 2007 Nov;105(5):1303-11, table of contents. [doi: 10.1213/01.ane.0000282823.76059.ca] [Medline:
17959959]

72. Havre S, Hetzler B, Nowell L. ThemeRiver: visualizing theme changes over time. |IEEE Symposium on Information
Visualization. InfoVis 2000:115 [FREE Full text] [doi: 10.1109/INFV1S.2000.885098]

73. Law A, Freer Y, Hunter J, Logie R, McIntosh N, Quinn J. A comparison of graphical and textual presentations of time
series data to support medical decision making in the neonatal intensive care unit. J Clin Monitoring Computing
2005;19(3):94. [doi: 10.1007/s10877-005-0879-3]

74. DrewsF, Westenskow D. The right picture is worth athousand numbers: data displays in anesthesia. Hum Factors
2006;48(1):59-71. [Medline: 16696257)

http://medinform.jmir.org/2016/4/e31/ JMIR Med Inform 2016 | vol. 4 | iss. 4| €31 | p. 19

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=8366316&dopt=Abstract
http://europepmc.org/abstract/MED/20036193
http://dx.doi.org/10.1016/j.ijmedinf.2009.11.006
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20036193&dopt=Abstract
http://dx.doi.org/10.1177/154193120304700368
http://dx.doi.org/10.1002/sim.1209
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12228885&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=8022966&dopt=Abstract
http://www.tandfonline.com/doi/abs/10.1080/01972240490507974
http://dx.doi.org/10.1080/01972240490507974
http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=1207445
http://dx.doi.org/10.1109/TVCG.2003.1207445
http://jis.sagepub.com/cgi/doi/10.1177/0165551508095781
http://dx.doi.org/10.1177/0165551508095781
http://doi.wiley.com/10.1111/j.1540-5915.1999.tb01613.x
http://dx.doi.org/10.1111/j.1540-5915.1999.tb01613.x
http://hfs.sagepub.com/content/37/1/32.short
http://hfs.sagepub.com/content/37/1/32.short
http://dx.doi.org/10.1518/001872095779049543
http://ovidsp.ovid.com/ovidweb.cgi?T=JS&PAGE=reference&D=med5&NEWS=N&AN=17674629
http://dx.doi.org/10.1109/TITB.2006.884365
http://europepmc.org/abstract/MED/11825172
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11825172&dopt=Abstract
http://europepmc.org/abstract/MED/16779341
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16779341&dopt=Abstract
http://dx.doi.org/10.1016/j.apergo.2006.04.022
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16759627&dopt=Abstract
http://dx.doi.org/10.1007/s00134-005-2828-5
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16283171&dopt=Abstract
http://europepmc.org/abstract/MED/8130498
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=8130498&dopt=Abstract
http://dx.doi.org/10.1518/001872000779656471
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10&dopt=Abstract
http://dx.doi.org/10.1109/6.294947
http://dx.doi.org/10.1016/j.ijmedinf.2008.05.004
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18639487&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12580206&dopt=Abstract
http://dx.doi.org/10.1213/01.ane.0000282823.76059.ca
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17959959&dopt=Abstract
http://ieeexplore.ieee.org/lpdocs/epic03/wrapper.htm?arnumber=885098
http://dx.doi.org/10.1109/INFVIS.2000.885098
http://dx.doi.org/10.1007/s10877-005-0879-3
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16696257&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR MEDICAL INFORMATICS

Kamaleswaran & McGregor

Abbreviations

0: No Change

App: Application

C: Curves

Des: Design

Eval: Evaluation

Exp: Experiment

G: Glyph

MT: Metaphoric display
Neg: Negative

NI: Not included

O: Object

OB: Object-based display
Pos: Positive

Sim: Simulated

T: Text

TB: Tabular display
WF: waveform display
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