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ABSTRACT. Objective. The purpose of this paper is to present

the findings from a systematic review of evaluation studies for

physiologic monitoring displays, centered on empirical

assessments across all available settings and samples. The

findings from this review give readers the opportunity to

examine past work across studies and set the stage for the design

and conduct of future evaluations. Methods. A broad literature

search of the literature from 1991 to June 2007 on PubMed and

PsycINFO databases was completed to locate data-based articles

for physiologic monitoring device display evaluations. The

results of this search plus several unpublished works yielded 23

publications and 31 studies. Results. Participants were faster

detecting an adverse event, making a diagnosis or a clinical

decision in 18 of 31 studies. They showed improved accuracy in

a clinical decision or diagnosis in 13 of 19 studies and they

perceived a decreased mental workload in 3 of 8 studies.

Eighteen studies used a within subjects design (mean sample

size 16.5), and 9 studies used a between group design (mean

group size 7.6). Study settings were usability laboratories for

15 studies and patient simulation laboratories for 6 studies. Study

participants were anesthesiologists or anesthesiology residents for

19 studies and nurses for 5 studies. Conclusions. The advent

of integrated graphical displays ushered a new era into

physiological monitoring display designs. All but one study

reported significant differences between traditional, numerical

displays and novel displays; yet we know little about which

graphical displays are optimal and why particular designs work.

Future authors should use a theoretical model or framework to

guide the study design, focus on other clinical study participants

besides anesthesiologists, employ additional research methods

and use more realistic and complex tasks and settings to increase

external validity.

KEY WORDS. graphical data displays, human factors, patient

monitoring, physiologic monitoring, usability testing, user

interface evaluations.

INTRODUCTION

The use of physiological monitoring displays is an essential
part of clinical care in contemporary health settings. More
to the point, the design and interpretation of these displays
allows clinicians to detect critical events in a time-sensitive
manner, optimally leading to improved patient outcomes.
Empirical evaluations of physiological display designs have
been published since the early 1990s when computer
technology was advanced enough for graphical, real-time
monitoring to occur. Yet, no systematic review of the
field is currently available.
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Two previous, less formal reviews are published. San-
derson et al. [1] discussed advantages and disadvantages of
advanced display technology, comparing these display
methods for anesthesiology: Advanced visual displays,
head-mounted displays, auditory displays and combina-
tions thereof. As part of a literature review of 9 citations
through the year 2002, Drews and Westenskow [2]
examined previous work on traditional and graphical
displays for detection, diagnosis and treatment modalities
in anesthesia. Both of these excellent reviews center on
anesthesiology. However, nurses are the largest group of
clinical display users in clinical settings. This review im-
proves upon previous work by broadening the assessments
to all evaluations in all settings, including citations through
mid-2007, and employing formal systematic review
techniques to analyze past work.

The purpose of this paper is to present the findings
from a systematic review of evaluation studies for physi-
ologic monitoring displays, centered on empirical assess-
ments across all available settings and samples. The
findings will give readers the opportunity to examine past
work across studies and set the stage for the design and
conduct of future evaluations.

BACKGROUND

The first recording of a human electrocardiogram (ECG)
in 1887 and its improvements by Einthoven led to the
development of cardiac patient monitors. Computerized
ECG was one of the first applications for continuous
patient monitoring [3]. Since then, standard cardiovascular
patient monitoring has changed little. Only small
enhancements, such as color displays or trending (both
tabular and graphical) have been incorporated into dis-
plays available in the marketplace. A more significant but
rather hidden improvement occurred with better alarm
algorithms, e.g. outlined by Imhoff and Kuhls [4], and
sensors to reduce the number of false alarms.

Current physiological patient monitoring displays fol-
low the single-sensor, single indicator paradigm, showing
one waveform and/or numeric for each sensor [5]. Some
sensors provide more than one indicator, such as pulse
oximeters or pulmonary artery catheters. Most important,
all available monitors still require health care providers to
integrate multiple sources of pertinent information in
their heads to make an appropriate clinical decision.

Some novel graphical displays are available commer-
cially; however, few have been formally evaluated.
Conversely, recent empirical evaluations for proposed
integrated displays have been completed, but only two are
commercially available in the marketplace currently: (a) an

anesthesia drug display evaluated by Syroid et al. [6] and
Drews et al. [7] is in the GE CareStation’s Navigator
Applications Suite (GE Healthcare, Waukesha, WI), and
(b) a variation of George Blike’s display is in Dräger’s
Zeus anesthesia workstation (Dräger Medical AG, Ger-
many). The numeric, polygon and histogram displays
evaluated by Gurushanthaiah et al. [8] was initially in the
Ohmeda Modulus CD anesthesia machine (Ohmeda,
Madison, WI now GE Healthcare), however, this anes-
thesia machine is no longer available and newer versions
do not include the novel display. Thus, only two inte-
grated displays in the commercial market have had the
benefit of an empirical evaluation.

METHODS

A broad literature search of the literature from 1991 to
June 2007 was undertaken to locate articles dealing with
evaluations of physiologic monitoring device displays.
The search began with the year 1991 because the tech-
nical capabilities for displays were not advanced enough
before then to provide graphical displays. The search was
performed on PubMed and PsycINFO databases using the
terms found in Appendix A. The search yielded 1,012
(999 on PubMed and 13 on PsycINFO) references. Both
authors independently assessed citations for relevancy
using the following criteria: (a) physiological monitoring
display evaluation, (b) empirical assessment, and (c) Eng-
lish language. Exclusion criteria were: (a) editorials or
opinion pieces, (b) descriptions of usage or adoption only,
(c) design explanations with no evaluation, (d) review
articles, and (e) qualitative research. The raters compared
relevancy results and discussed any differences in findings.
Where differences existed, the citation was included for
further evaluation. Additionally, if relevancy could not be
determined from the title, the citation was included in the
next step of the relevancy assessment.

From these initial references, 93 articles were identified
as being potentially relevant. The authors independently
evaluated the abstracts and categorized them into one of
the following: relevant, questionably relevant and not
relevant. The raters compared the results for agreement;
for any discrepancies, the raters discussed each abstract. If
any question about relevancy remained, the article was
rated as questionably relevant and the full article was re-
trieved for evaluation. At the end of this process, all
articles rated as relevant or questionably relevant were
retrieved for further evaluation.

A total of 59 articles were retrieved, read, rated and
discussed by the two raters. The articles were rated for
relevancy in a dichotomous manner, yielding 18 articles.
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One additional article [11], published in late 2007 while
this manuscript was under review, was added to the set
because of its pertinence. Fugitive literature was included
when it was discovered: (a) 2 posters, (b) 1 doctoral dis-
sertation and (c) one 1 paper from a journal (Cognition,
Technology & Work) not listed in PubMed or Psy-
cINFO. The final set consisted of 23 references.

RESULTS

The 23 articles matching the relevance criteria are listed in
Table 1. Several of the articles reported results of multiple
studies; therefore, the total number of completed studies is
31. Each of the studies was evaluated using a quality
assessment called QUASII [29]. This new instrument was
developed as a tool specifically for assessing empirical studies
in clinical informatics. Items are organized around the four
‘‘threats to validity model’’ of Cook and Campbell [30] and
Shadish, Cook and Campbell [31] and were adapted from
the general meta-analytic literature and accepted texts on
evaluating research quality [32–34]. During the item
development for the instrument, clarification was achieved
iteratively, until an inter-rater reliability with a final overall
kappa between two raters of 0.85–0.94 was obtained. The
QUASII scores for the articles ranged between 78 and 123
out of possible total of 126.

STUDY SETTINGS

Studies were completed in laboratories in Australia,
Canada, Germany, Sweden, the United Kingdom and the
United States; 12 of 31 were performed at the University
of Utah. The most common study settings were usability
laboratories (15 studies) or a patient simulation laboratory
(6 studies). Two studies were conducted in a naturalistic
environment, one on a medical intensive care unit and
one in a meeting room of a neonatal intensive care unit.
The remaining 8 studies used static computer screens,
computer simulations and in 2 cases, paper mock-ups of
designs where the setting was immaterial.

STUDY PARTICIPANTS

Researchers used both clinical and non-clinical partici-
pants. Nineteen studies used anesthesiologists and anes-
thesiology residents. Six studies had various nurse,
respiratory therapist and/or physician participants. Six
study samples were non-clinical—2 each with engineering
students, general public and anesthesia staff, and psy-
chology undergraduates.

Nine of the 31 studies reported the sample’s mean age,
ranging from 31–42.6 years. In one paper [27] the ages of
the non-clinical samples vary from 19–55 and 29–62 in
comparison to the clinician group’s age range of 23–
44 years. Six of the 31 studies report the expertise of
participants in mean postgraduate years, ranging from 5–
13.9 years. Ten studies did not report expertise while
13 studies include samples with 2 or more levels of
expertise. Doig [15] mentioned that study groups were
balanced for intensive care nurses’ expertise. Other par-
ticipant variables were measured: 5 studies measured
hours of sleep in the previous night, 5 reported partici-
pants’ caffeine and medication consumption and 1 ob-
tained additional measures such as color vision, vision
quality, and dominant hand.

Average sample sizes ranged from 5–46 subjects.
Within subjects designs had a mean sample size of 16.5
while between group designs had an average of 7.6 par-
ticipants per cell. Total sample sizes for between groups
studies ranged from 5 to 30.

DISPLAY TYPE

A variety of displays were studied: 13 hemodynamic/
cardiovascular, 6 pulmonary/respiratory, 4 integrated
anesthesia and 2 anesthesia drug graphical displays, 3
respiratory sonifications, and 1 each vibro-tactile and
sonification display, arterial blood gas graphic and physi-
ologic trend graphic. All but Görges et al. [17] reported
significant improvements for accuracy and/or speed with
the new designs.

STUDY DESIGNS

Eighteen studies used a within subjects design while 9
used a between groups design. Two studies employed
combined designs (both within subjects and between
groups), and two other studies were descriptive (an
observation and a description of design iterations for a
pulmonary metaphor). Twenty-one studies randomized
(or counterbalanced) scenario order and 10 randomized
display order. In fact, Gurushanthaiah et al. [8] used
Latin-squared randomization to guide the order of tasks.

TASKS

Fifteen studies devised anesthesia scenarios and 2 others
used medical decision tasks. Seven studies used deviation
or event detection tasks while two studies used
multiple choice questions about respiratory events. The 2
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descriptive studies outlined the use of the display in
normal clinical workflow.

Non-clinical participants worked with the clinical
scenarios in 6 studies. These participants included psy-
chology students [16], non-medical anesthesia staff [8],
engineering students [23], the general public and IT
postgraduates [27], and bioengineering students [35].

Twenty-two authors reported giving training to par-
ticipants while two studies provided ‘‘instruction.’’
Nineteen authors reported that participants were allowed
to practice with the new device. The combination of
practice and training with displays lasted from 2–45 min.
One author allowed more practice if participants did not
meet cut scores. Seven authors either used cut scores for
admitting participants into the study or had participants
practice until specific performance goals were met.

DEPENDENT VARIABLES

The most common dependent variable was time to
complete a task (make a diagnosis, detect an adverse event
or initiate treatment), measured in 30 of the 31 evaluation
studies. Participants were faster detecting an adverse event
or making a diagnosis or decision in 18 studies [7–14, 18,
19, 22, 24, 28]. Participants in 13 of 19 studies showed
improved accuracy in a clinical decision or diagnosis [8, 9,
11, 13, 15, 19–23, 27]. Five studies used a control task,
measuring the percentage of time spent within a target
range or deviations in vital signs. With graphical designs,
participants [6, 7, 10, 16] had less vital sign deviations or
deviations from a target range. Three of 8 studies showed
decreased perceived workload, with a graphical design
[6, 9, 24], and 3 studies described screen display regions of
interest measured with an eye tracker. Other dependent
variables included 3 studies measuring satisfaction, sub-
jective utility, situational awareness, display usefulness and
whether the scenario was realistic. Overall, these studies
demonstrated the positive impacts of a graphical design on
speeding clinician time to detect an event, determine a
diagnosis, determine a correct diagnosis and stay within a
target range of variables.

DISCUSSION

None of the studies reported using a theoretical model or
framework to guide the study or its methods although a
number of theoretical works are now available [36–40].
Theoretical models or frameworks are organizing struc-
tures researchers can use to assist with study design. These
conceptual structures allow researchers to consider major

variables of interest as well as potential confounding
variables. For instance, frameworks with a developmental
timeline [38, 39], remind researchers to consider both
practice and training because users and technology change
over time. Likewise, individual characteristics guide
researchers to measure and/or control for participant
differences. These kinds of elements might appear
straightforward to readers; however, these variables were
not consistently reported or considered in published
studies.

STUDY SETTINGS

The most common settings for studies were usability
laboratories or those simulating operating rooms (ORs).
However, practicing clinicians use monitors in a number
of settings besides the OR, e.g., emergency departments,
telemetry units, intensive care units, and pre-hospital
modes of transportation such as air transport and ambu-
lances. In particular, pediatric units, neonatal displays, and
even battlefields are not represented in available studies.
Remote monitoring of critical care patients, e.g. as out-
lined by Breslow et al. [41], is a relatively new care
delivery method, presenting a novel setting for future
evaluations. With the exception of select intensive care
units, settings mentioned here are as yet unexplored or
simulated in usability laboratories.

Drews and Westenskow [2] noted that, at this point,
researchers cannot be clear about how the studies per-
formed in lab settings correlate to participants’ perfor-
mance in actual clinical settings. The combination of
embedding the participant into a more realistic environ-
ment, like a simulated clinical setting with a human pa-
tient simulator, is a good step forward; however,
researchers will want to test their displays in actual clinical
settings as well.

STUDY PARTICIPANTS

Anesthesiologists comprised 61% of the total participants
in past studies. Displays are not yet designed and evaluated
for the largest group of monitor users: Nurses. Their
concerns and tasks are distinct from anesthesiologists, so
designs are needed for nurses’ particular tasks and mental
models. More important, current commercial physiolog-
ical displays do not supporting a walk-by, at-a-glance
assessment of the patient’s status, a benefit needed by
nurses as they multitask during patient care. Respiratory
therapists (RTs) are another group of understudied
monitor users.
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Display users in various settings will not be homoge-
neous even within professions. For instance, nurses per-
forming trauma care in the emergency department may
require different display designs than nurses in intensive
care units with the more routine monitoring that occurs
there. Likewise, physicians other than anesthesiologists
have not been included in evaluation studies, except in
two studies [20, 25].

Participant demographics and individual characteristics
are inconsistently reported and/or controlled [2]. Age was
not reported in 18 studies and caffeine intake was not
reported in 23 studies. Expanding upon that notion, the
age range of study participants, when reported at all,
varied as much as 30 years. Factors such as age and caf-
feine intake may be potential confounding variables in
studies using response times as a dependent variable. For
example, Gurushanthaiah et al. [8, study 3] reported an
influence of age and caffeine consumption on participant
response times for non-clinical volunteers. Age and caf-
feine did not influence their results for clinicians; how-
ever, the sample size of 5 was very small. Response time
and age are positively correlated so including participants
in their 50s or 60s should be carefully considered in the
future and a more narrow age range should be contem-
plated. Expertise is another important variable to track or
control, especially if a between-groups experimental de-
sign is used. Levels of expertise may be a confounder to
the observed results, particularly when students are com-
bined with more seasoned clinicians. Future researchers
should routinely report participant demographics and
pertinent variables such as caffeine intake.

Last, using non-clinical participants, while convenient,
raises questions about the external validity and significance
of the results. That anesthesiologists out-performed IT
professionals or the general public is not surprising.

STUDY DESIGNS

The majority of studies used within subjects designs.
These are particularly well suited to studies involving
response time because they control for individual differ-
ences which can vary widely across users. Studies using
between groups designs received lower quality ratings
primarily due to the control for individual differences and
the larger sample size required to assure adequate power.
Six of the 9 studies with a between groups design had
fewer than 15 participants per cell (mean = 7.6) and did
not assess group equivalence. No researcher reported
conducting a power analysis. Without a power analysis,
researchers should have at least 15 per cell in a between
group study to assure adequate power [42].

TASKS AND SCENARIOS

A few authors reported validity assessments for clinical
scenarios, e.g. Blike et al. [12] or Doig [15], using clinical
experts to validate scenarios or consulting sample case
studies from the medical literature. Other authors short-
ened scenarios for study purposes, e.g. Syroid et al. [6] or
Wachter et al. [24]. While these abbreviated scenarios are
likely to increase the mental workload, they artificially
condense time frames [2], which may confuse the study
participant or cause them to eliminate potentially correct
diagnoses. Future researchers can learn from these
examples by including a scenario validity assessment, e.g.
using external experts and considering the use of more
realistic scenarios.

Multiple scenarios are likely to have different levels of
complexity, e.g., detecting bronchospasm compared to
detecting an arrhythmia [35] or detecting bronchospasm
compared to detecting a pulmonary embolism [17]. Dif-
ferences in task complexity need to be assessed and con-
trolled for carefully, as they may become additional
covariates that can mask valid results. Once understood,
complexity levels can either be randomized to reduce an
order effect or controlled across groups to assure equiva-
lency. Of course, tasks can only be randomized if this
technique does not destroy the clinical relevancy of the
scenario. Otherwise, several scenarios can be presented
with equivalent tasks in differing order.

Low mental workload is common across current studies.
Displays were essentially isolated from other stimuli,
merely showing waveforms and numeric information of
the different sensors familiar to clinicians. In most studies,
participants can focus exclusively on the required control
or diagnostic task without competing demands. Sanderson
et al. [1] warn that new displays reveal higher order
properties of patient states, yet their benefits in high mental
workload situations is unknown. In a realistic environ-
ment, a clinician often takes care of more than one patient
and may need to perform several tasks at once. Attention to
clinician mental workload is needed in the future.

New designs may include variables not typically mea-
sured in the clinical setting, creating a dilemma for
designers [22]. Choices are: (a) to not display certain
elements of the design, (b) not show the display at all, or
(c) to assume values in order for the display to function, all
which might pose substantial problems for obtaining FDA
approval. Albert et al. [11] offered one solution: con-
densing the Agutter et al. [10] display by the missing
variables while preserving the overall metaphor.

Future researchers can eliminate non-clinical control
tasks such as arithmetic distracter tasks, e.g. as in [19, 27].
These do not assist with the external validity of the study
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and they create a different mental workload than typical
clinical tasks. More relevant control tasks are participants’
pagers beeping during the scenario, staff talking to the
participant during the task, overhearing staff cell phone
conversations and other ambient noise. Interruptions are a
common occurrence in all settings, yet only a few studies
[7, 10, 24] integrated disruptions and distractions into
their simulated or actual study settings, e.g. having an
investigator distract and interrupt the participant by acting
like a surgeon. Scenarios with distractions and require-
ments for multi-tasking [7, 43] provide for more realistic
environments for participants and aid in requirements
development for designers.

Seven studies used cut-scores to test training adequacy
before participants were admitted to the study. Cut-scores
or other competency assessments can be useful for future
researchers to decrease individual differences and vari-
ability across subjects. Pilot tests are particularly useful to
test study methods, training requirements and to deter-
mine the number of tasks to display to ensure adequate
practice. Researchers can display performance times
plotted against tasks to observe the resulting performance
curves. When the performance curve flattens, the number
of tasks and practice are adequate.

FUTURE DISPLAY EVALUATIONS

Thirty of 31 studies reported significant findings with the
new display. This is likely a publication bias; however,
from the collected studies, one might surmise that any
novel design is a significant one. The next logical step may
be to compare graphical designs to each other to find out
why particular designs are significant. Additionally, adding
a qualitative portion to a study could identify why users
find particular designs optimal. Sanderson [44] cites an
interview with Matt Weinger about future patient mon-
itoring that would provide real-time, continuous infor-
mation on organ functions down to the cellular level.
Designers will be challenged to integrate vast numbers of
values into logical displays to aid clinical decision-making
under time pressure.

The NASA-TLX [45] is a tool used in 6 studies. The
tool measures various aspects of perceived mental work-
load, is easy for participants to use, and provides another
dimension to users’ work with displays. The development
of this instrument is described in an original paper [45]
and a comparison with alternative methods of workload
assessments instruments can be found in Rubio et al. [46].
Future researchers may wish to incorporate one of these
tools into their work and also perform formal psycho-
metric testing for the instrument to build upon the fine
conceptual development of this tool.

All studies to date have examined only the dyad of user
and display. However, clinicians typically work as teams in
clinical environments. How a monitor might be devised to
address the work of teams has not been studied. Last, the
opportunities for future researchers are great because many
currently available displays lack empirical evaluations.

CONCLUSIONS

The advent of integrated graphical displays ushered a new
era into physiological monitoring display designs. This
systematic review analyzed 31 studies of these novel de-
signs. All but one study reported significant differences
between traditional, numerical displays and novel displays
using graphs or sound – decreasing the time to detect an
event or the time to make a diagnosis or increasing the
accuracy of the diagnosis. Yet we know little about which
graphical displays are optimal and why particular designs
work. Most studies focused on anesthesia-related partici-
pants while future work can explore nurses, respiratory
therapists, non-anesthesia physician users as well as teams
of users. The majority of current studies were conducted
in laboratory settings. In the future, more realistic, com-
plex tasks and settings would provide greater external
validity for studies. Most acute care clinical settings and
concomitant tasks in emergency departments, pediatric
units, ambulances, neonatal intensive care units, and even
battlefields are, as yet, unexplored. Future researchers can
improve their studies by: (a) Using a theoretical model or
framework to guide the study, (b) Reporting and con-
trolling for individual differences of participants, (c)
Completing validity assessments of clinical scenarios to
ensure clinical realism, (d) Assuring adequate power in the
study by conducting a power analysis to estimate numbers
of required participants, and (e) Adding a qualitative
component to studies in order to better understand how
designs work for clinical decision-making.
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APPENDIX A

PubMed search terms

(‘‘computer simulation’’[MeSH] OR ‘‘data display’’[MeSH]
OR ‘‘monitoring, physiologic’’[MeSH:noexp] OR ‘‘patient
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simulation’’ [MeSH] OR ‘‘user–computer interface’’
[MeSH] OR ‘‘models, biological’’[MeSH:noexp] OR
‘‘computer graphics’’[MeSH])

AND (‘‘blood pressure’’[MeSH] OR ‘‘heart rate’’
[MeSH] OR ‘‘intubation, intratracheal/instrumentation’’
[MeSH] OR ‘‘hemodynamic processes’’[MeSH] OR
‘‘respiration’’[MeSH] OR ‘‘respiration, artificial’’[MeSH]
OR ‘‘anesthesiology’’[MeSH] OR ‘‘Anesthetics’’[MeSH]
OR ‘‘Critical Care’’[MeSH] OR ‘‘Intensive Care Units’’
[MeSH])

AND (ecological[tiab] OR graphic[tiab] OR graphics
[tiab] OR graphical[tiab] OR GUI[tiab] OR visual[tiab]
OR simulator[tiab] OR simulation[tiab])

AND English[lang]
AND (‘‘1991/01/01’’[EDAT] : ‘‘2007/06/01’’ [EDAT])
AND ‘‘Journal Article’’[ptyp]
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