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A B S T R A C T   

Background: Clinical Decision Support Systems (CDSS) can make patient care more efficient, cost-effective, and 
guideline-concordant. Many are created by clinicians who understand the challenges, but may publish concepts 
before considering subtle but important design details. Human-Centred Design (HCD) approaches provide ne-
cessary methods ensuring solid CDSS design. This article highlights HCD approaches in a pulmonary embolism 
CDSS case study context. 
Methods: This pulmonary embolism CDSS results from collaborative work between computer science, psy-
chology, and medicine. HCD methods used include: evaluations of pre-clinical prototype recordings, iterative 
usability expert reviews with software refinement, formative usability testing, and (separately-published) clin-
ical pilot study. 
Results: HCD methods were instrumental in iteratively creating an easy to use and functionally-sound CDSS. 
Retrospective evaluations revealed that participants spent considerable time on items that were out of order 
from natural cognitive diagnostic workflows. Features missing between original and study version were noted, 
confusing interface elements reworked, and currently-active decision tree branches were visually emphasized. 
From iterative usability reviews, positioning of information within the decision tree was radically reworked, 
information separated into levels of support for different user groups, and supportive versus directive language 
issues addressed. Formative studies identified issues such as interface adjustments and hospital workflow in-
tegration. 
Conclusions: Human-centred design approaches provide methods for integrating the skills and knowledge of 
many disciplines, illustrated by example in this pulmonary embolism CDSS creation. Advantages of leveraging 
many design guidelines as well as revealing new design considerations that would otherwise have remained 
hidden are described. The findings reported here support future CDSS design through HCD inclusion.   

1. Introduction 

Many clinical decision support systems (CDSS) exist to improve 
patient care. Improvements might include efficiency [1], cost effec-
tiveness [2], or guideline-concordance [3,4] - the latter often yielding 
reduced inappropriate test orders [5] or patient outcomes, whether 
through reduced morbidity [6], mortality [7], or adverse events [8]. 
Many CDSS are developed and implemented by clinician champions 
with first-hand understanding of challenges in specific clinical domains. 
Some CDSS become successful and enjoy worldwide uptake. 

Literature shows that successful CDSS implementations share 

specific features or considerations [9,10], and that careful design is 
necessary, as outlined in Bates’ Ten Commandments for Effective Clinical 
Decision Support [11]. However, a clinician might enthusiastically 
publish their concepts without considering important design aspects or 
clear direction on details for effective CDSS design. Human-centred 
design (HCD) research/design methods and principles exist to ensure 
that a tool/product is easy to use, integrates into workflows, and is 
designed for target users at each development stage. HCD draws from 
well-established design principles in many disciplines (including us-
ability [12], graphics [13], interface design [14], human factors & 
psychology [15]), and target users’ context/experience. HCD thus 
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creates a foundational methods ecosystem to ensure well-designed 
systems and experiences. Without application of HCD principles, the 
effectiveness of CDSS may be severely limited, not meet guidelines, or 
even cause more harm than good [16]. 

This article describes common HCD methods and case study fo-
cusing on a CDSS tool supporting pulmonary embolism diagnosis – an 
inherently challenging clinical area. We further provide HCD pre-
scriptions that address Bates’ Commandments. This article is relevant to 
any CDSS creation intending to be intuitive, evidence-based, and 
foundational for any clinical pathway. 

2. Background 

2.1. What is human-centred design? 

The HCD approach is a collection of research/design methods to 
create usable tools and products, based on multi-sourced design prin-
ciples. Table A1 outlines common HCD methods, each with strengths, 
weaknesses, and optimal usage. Fig. 1 connects different HCD methods 
to typical system design. 

2.2. HCD in healthcare CDSS creation 

Bates’ Ten Commandments for Effective Clinical Decision Support pro-
vide a thorough CDSS design and deployment checklist, but lack 
practical guidance. HCD naturally complements those ‘command-
ments’, providing established design approaches. Table 1 illustrates the 
relationship between Bates’ commandments and HCD. 

Meanwhile, HCD is increasing in CDSS design. Examples include 
antibiotic prescribing [19], cardiovascular risk prevention [20], and 
HIV care pathways [21]. Many CDSS designers recognize HCD as es-
sential, but authors mostly use limited approach(es) in isolation 

(Table 2). Our case study carefully applies and integrates multiple HCD 
methods to promote producing the best design possible. 

2.3. Human-centred design for pulmonary embolism diagnosis 

Pulmonary embolism (PE) is a blood clot in lung veins. This disease 
model is highly amenable to CDSS design given it’s often ambiguous 
presentation [30], and the complex recommended PE diagnostic algo-
rithms in the literature. Further, misdiagnosis is serious, with PE mor-
tality rate (30–40 %) if diagnosis is missed [31], reducing to < 10% 
when treated [32]. Clinicians use different PE diagnosis prediction 
rules, including the Wells Score [33] and Pulmonary Embolism Rule 
Out Criteria (PERC) [34]. Fig. 2 shows how these prediction rules in-
tegrate with other PE diagnostic tests [35,36]. 

Common PE diagnostic tests include D-Dimer and computed tomo-
graphy pulmonary angiogram (CTPA) diagnostic imaging test. D-Dimer 
is a non-invasive and relatively inexpensive blood test, but not specific 
for PE diagnosis. Further, D-Dimer can rule out PE for patients with low 
or moderate PE probability. CTPA is recommended for patients with 
high PE probability, is highly accurate, but involves dye contrast to 
reveal PE in the patient’s scan, with potential side effects of both dye 
and radiation. Less commonly used are pulmonary ventilation/perfu-
sion (VQ) scans, which can sometimes be used in place of CTPA [30]. 

Literature suggests some PE CDSS result in improved diagnostic 
outcomes [37,38], while others do not impact physician performance or 
patient outcomes [39,40]. Thus, it remains critical to consider different 
design elements to improve physician diagnostic performance, through 
determining system utility, understanding user needs and technical 
limitations, conducting ongoing evaluations, and demonstrating adop-
tion [41]. In other words, a HCD approach is optimal if it integrates 
multiple methods to design successful diagnostic CDSS. 

Fig. 1. Visual illustration of HCD flow with reference to the generally recognized "double diamond" of design [17]. Bolded methods were used in this case study and 
are covered in further detail. Timeline bars along the bottom illustrate approximately the phases of work described here and how they relate to the methods used. 

J.N. Babione, et al.   International Journal of Medical Informatics 142 (2020) 104196

2



3. Methods 

This HCD approach was collaborative between computer science, 
psychology, and medicine. HCD methods used are shown in Table 3 
(below). Earlier stages (including pre-clinical prototype evaluation) are 
published as graduate theses research [42–44] and are grayed-out. 

This article focuses on steps beginning with recreating Zuk’s pro-
totype [42] for clinical use and study. The targets were to: (1) itera-
tively evaluate and refine the software conversion from academic pro-
totype into a clinically-viable tool; (2) integrate the fully-developed tool 
in a clinical system; (3) study the tool’s impact on patient care and 
health care delivery; (4) inform further tool iterations, and (5) support 
other CDSS designs. Method details follow Table 3. 

3.1. Evaluations of the existing CDSS prototype 

Before prototype re-development, Altabbaa’s [44] prototype video 
recordings were further evaluated to understand user software inter-
actions. Altabbaa’s original focus was to evaluate relative effectiveness 
of a traditional didactic lecture on PE diagnosis with the prototype PE 
CDSS. The goal of re-evaluation was to identify usability issues study 
participants encountered while using the PE CDSS, as this establishes a 
baseline from which to plan further PE CDSS iteration. Usability 
heuristics [45] guided expert analysis, and usability/workflow issues 
were noted. Table 3 shows how subsequent steps informed further de-
sign recommendations. 

3.2. Iterative tool re-development with integrated usability reviews 

Internal Medicine and Emergency Department clinicians, medical 
students, and information visualization researchers were shown Zuk’s 
prototype for ongoing iterative feedback and refinement. Re- 

development was conducted in collaboration with a University clinical 
tool development group [46] who specialize in integrating research 
objectives with clinical tool robustness. 

3.3. Formative usability testing 

We conducted formative usability testing (UT) with target user 
group representatives. Inclusion of UT complements ongoing usability 
reviews, as content matter experts (i.e., clinicians) are better equipped 
to address content and workflow details. The purpose was to qualita-
tively identify outstanding interface usability, clinical content, work-
flow, or technical issues. 

These UT sessions included: (1) a brief pre-use interview with key 
demographic and previous PE diagnosis experience questions; (2) a 
‘first impressions’ landing page and interface critique think-aloud (i.e., 
is the CDSS’s utility and use clear?); (3) patient cases derived from 
Altabbaa’s work (Table A2); and (4) a post-use interview gathering 
subjective feedback. Sessions were audio and video-recorded, com-
plemented by written notes targeting usability matters [45]. Re-
searchers reviewed session notes and recordings, listing issues. Initial 
headings were suggested, used, and refined as analysis progressed. 
Headings included issue areas: usability, clinical content, workflow, 
and technical. After consolidating repeat items, a ranked list of out-
standing issues was created. 

4. Results 

Below we describe results from HCD steps that follow Zuk’s and 
Altabbaa’s theses. For previous results, we refer the reader to Zuk’s and 
Altabbaa’s theses [42–44]. 

Table 1 
Bates et al.'s Commandments and How HCD relates.     

Bates’ Commandment Commandment Details HCD Methods to Support   

1 Speed is Everything. If decision support is wonderful but takes too long to appear, it will 
be useless. 

Early-phase interviews and persona [18] development would very 
likely identify deal-breakers like this.  

2 Anticipate Needs and Deliver in 
Real Time. 

Applications must anticipate clinician needs and bring information 
to clinicians at the time they need it. 

Identification of these needs comes out in persona [18] 
development, journey maps – both which come from focus groups/ 
interviews and observations.  

3 Fit into the User’s Workflow. Success with alerts, guidelines, and algorithms depends 
substantially on integrating suggestions with practice. 

Journey map development, based on focus group/interview and 
observational information, detail a user’s workflow, ensuring that 
the CDSS will fit in.  

4 Little Things Can Make a Big 
Difference. 

Usability matters – a lot. Developers must make it easy for a 
clinician to ‘do the right thing’. 

This comes directly from HCD, as usability testing is a key method 
used to uncover design issues.  

5 Recognize that Physicians Will 
Strongly Resist Stopping. 

Physicians strongly resist suggestions not to carry out an action 
when an alternative is not offered. 

Understanding the user is central to HCD, and these characteristics 
would come out in persona development.  

6 Changing Direction is Easier than 
Stopping. 

Changing physician behaviour is especially effective when the issue 
[…] is one the physician doesn’t feel strongly about. 

Persona development and understanding perceptions/priorities 
would help identify those elements.  

7 Simple Interventions Work Best. If you cannot fit a guideline on a single screen, clinicians will not be 
happy about using it. Writers of paper-based guidelines do not have 
such constraints and tend to go on at some length. 

We counter that simple design with carefully-applied interaction 
design principles (e.g., Shneiderman’s Golden Rules of Interface 
Design [14]), is preferable to “everything on a single screen.”  

8 Ask for Additional Information 
Only When You Really Need it. 

To provide advanced decision support, one frequently needs data 
that are not already in the system and that only the physician can 
provide. […] the likelihood of success in implementing a 
computerized guideline is inversely proportional to the number of 
extra data elements needed. 

Persona development and understanding the clinician’s context, 
priorities, etc would help to identify this kind of issue well ahead of 
platform development.  

9 Monitor Impact, Get Feedback, 
and Respond. 

If reminders are to be delivered, there should be a reasonable 
probability that they will be followed, although this can vary. For 
strongly “action-oriented” suggestions, we try to have clinicians 
respond positively more than 60 % of the time. 

HCD approaches have iteration and constant course correction built 
in, directly mirroring this item. Also, strength of wording is a 
concept we identified during consults with physicians, and is 
commented on further in our discussion.  

10 Manage and Maintain Your 
Knowledge-based Systems. 

Maintaining the knowledge within the system and managing the 
individual pieces of the system are critical to successful delivery of 
decision support. 

Similar to item #9 – iteration and refinement are key features of 
HCD approaches. By building in necessary flexibility and ease of 
update into a CDSS, iteration on content can be facilitated with 
HCD. This item remains as this PE CDSS evolves with further 
iteration, pilot testing, and ongoing knowledge updates.    
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4.1. Evaluations of the CDSS prototype 

Video recording re-analysis (n = 15) provided important insights. 
Analyses included: (1) participant interaction feature tallies, and (2) 
qualitative recordings exploration, noting aspects causing participants 
difficulties or usability issues. 

The session tutorial was not included in video recordings, thus tu-
torial-based tool exposure and guidance are unknown. The study tool 
version was intentionally simplified. Zuk’s prototype features were 
tallied, showing no participants used:  

• Wells score probability override  
• Information tabs  
• Probability viewer  
• Likelihood Ratio (LR)-graph  
• Natural frequency  
• Population tool 

Few participants mentioned risk probabilities, in vague terms before 
using the CDSS, or when considering test outcomes. 

Most participants used the Wells Score to either: (1) answering 
questions in sequence, (2) answering questions as presented in sample 
cases, or (3) answering all questions except #2, considering it last. Most 
participants used decision tree steps, entering test results as they went. 
Some participants used the Wells Score, then either visually referenced 
the decision tree without further tool interaction, or chose their own 
assessment/treatment plan. A few issues were noted, specifically: (1) 
wording inconsistencies between decision tree (“normal”/“abnormal”) 
versus tab-based test results (“positive”/“negative”). A few participants 
inadvertently moved decision tree elements, obscuring others. 

Many participants (33 %) had considerable difficulty with Wells 
Score question two. A few verbalized one response, but entered oppo-
sitely. One (senior) physician needed researcher intervention:  

P16: […] Alternative diagnosis is less likely than pulmonary embolism… 
uh, um. This is a confusing question […] I think I’ve got it wrong. She 
could have a pulmonary embolism, but she could also just have pleuritic 
pain from her Lupus. So, um, I guess I’ll say that alternative diagnosis 
is…less likely. So I’ll say, no? I don’t know if I’m doing this wrong.  

This confusion around Wells question two is notable, as the answer 
completely changes diagnostic recommendations. 

Three key design recommendations resulted:  

(1) The tree should remain stationary, preventing accidental blocking 
(occlusion).  

(2) Decision tree affordances (e.g., interactivity clues) might highlight 
the relationship between interface features.  

(3) Decision tree use may improve with graying-out elements outside 
the current pathway. 

4.2. Iterative tool re-development with integrated usability reviews 

This resulted in design recommendations detailing key interactive 
elements to support CDSS use with informative but un-intrusive colour- 
blind-safe colour schemes. Key feedback included: (1) displaying tests 
rather than test results in the decision tree to highlight PE likelihood, 
(2) information separation into three levels to support multiple user 
group (i.e., emergency physicians, acute/community/rural physicians, 
and residents/medical students) needs. Finally, philosophical differ-
ences emerged, with some medical experts advocating for more direc-
tive/prescriptive approach with ‘best practice’ guideline compliance 
failure consequences. Others promoted supportive/transparent ap-
proaches leaving treatment plan decisions to the user. Ta

bl
e 

2 
Ex

am
pl

es
 o

f H
CD

 m
et

ho
ds

 u
se

d 
in

 C
D

SS
 d

es
ig

n.
   

   
   

  

Fi
el

d 
ob

se
rv

at
io

ns
 

Fo
cu

s 
G

ro
up

s 
&

 
In

te
rv

ie
w

s 
Pa

pe
r 

pr
ot

ot
yp

e 
or

 It
er

at
iv

e 
D

es
ig

n 
Ev

al
ua

tio
n 

U
sa

bi
lit

y 
te

st
in

g 
or

 
Ex

pe
rt

 R
ev

ie
w

s 
Si

m
ul

at
io

n 
St

ud
ie

s 
(v

ar
ia

tio
n 

of
 

Pr
ot

ot
yp

e 
ev

al
ua

tio
n)

 
Im

pl
em

en
t 

ch
an

ge
s 

Te
st

/E
va

lu
at

e 
to

ol
, e

.g
., 

Pi
lo

t s
tu

di
es

  

Th
ur

sd
ky

 a
nd

 M
ah

em
off

 - 
A

nt
ib

io
tic

 P
re

sc
ri

pt
io

ns
 

[1
9]

 
✓

  
✓

   
✓

 
✓

 

Ca
rr

ol
l, 

M
ar

sd
en

 - 
Ca

rd
io

va
sc

ul
ar

 R
is

k 
Pr

ev
en

tio
n 

[2
0]

   
 

✓
  

✓
  

Ca
ta

la
ni

, G
re

en
 –

 H
IV

 C
ar

e 
Pa

th
w

ay
s 

[2
2]

 
✓

   
✓

  
✓

 
✓

 
Kh

an
, S

un
da

s 
et

 a
l –

 P
ul

m
on

ar
y 

Em
bo

lis
m

 [
23

] 
✓

 
✓

 
✓

 
✓

   
 

D
re

sc
he

r 
et

 a
l –

 P
ul

m
on

ar
y 

Em
bo

lis
m

 [
24

] 
   

   
✓

 
Ra

ja
 e

t 
al

 –
 P

ul
m

on
ar

y 
Em

bo
lis

m
 [

25
] 

   
   

✓
 

D
ur

ie
ux

 e
t a

l –
 V

en
ou

s 
Th

ro
m

bo
em

bo
lis

m
 [

26
] 

   
   

✓
 

G
ra

ha
m

 e
t a

l –
 C

om
m

un
ity

 A
cq

ui
re

d 
Pn

eu
m

on
ia

, 
N

eu
tr

op
en

ic
 F

ev
er

 [
16

] 
   

✓
   

 

Ji
m

en
ez

 e
t 

al
 –

 P
ul

m
on

ar
y 

Em
bo

lis
m

 [
27

] 
   

   
✓

 
Li

 e
t a

l –
 P

ri
m

ar
y 

Ca
re

 C
D

SS
 [

28
] 

  
✓

 
✓

 
✓

   
H

oo
na

kk
er

 e
t 

al
 –

 P
E 

D
x 

fo
r 

ED
 [

29
] 

✓
 

✓
 

✓
 

✓
  

✓
  

Th
is 

PE
 c

as
e 

stu
dy

 
✓

 
✓

 
✓

 
✓

 
✓

 
✓

 
✓

  

J.N. Babione, et al.   International Journal of Medical Informatics 142 (2020) 104196

4



4.3. Formative usability testing 

Six individuals, representing general physicians, thoracic surgeons, 
internal medicine specialists, and a nurse practitioner participated. Role 
experience ranged from four months to 25+ years, representing a wide 
vocation spectrum, experience, and expertise. All participants indicated 
current use of CDSS, including ‘Up-to-Date’®, MDCalc©, tools within 
the electronic medical record (EMR), or paper-based tools. Figs. 3–5 
show the revised tool. 

Outstanding issues found under each pre-defined heading included: 
confusing interface elements, and potential clinical workflow conflicts.  
Table A3 (Appendix A) summarizes all issues collated. 

Participants identified usability issues including confusing interface 
elements – some lacking clear actionable steps. Some participants ex-
pressed confusion about where to start – the “none of these exclusions 
apply” checkbox insufficiently drew user attention (Fig. 5). Several 
study participants were unsure if the “Previous Step” button was 
clickable, as it appeared non-functional gray. Some participants who 
disagreed with D-Dimer orders were unsure how to proceed. 

For clinical content issues, most significant feedback was regarding 
workflow conflicts with the CTPE patient handout. Several identified 
that it spoke about CT risks after the test, thereby lacking value. Other 
study participants indicated that they would not provide a ‘CT scan 
risks handout, instead discussing with the patient, as appropriate. 

4.4. Current PE CDSS 

Figs. 3–5 show the current tool. It guides clinicians from exclusions 
through Wells Score, PERC, D-Dimer, and Imaging (CTPA/VQ-Scan) 
with varying levels (i.e., two-second, two-minute, and reference in-
formation) of next-step recommendations throughout. This guidance is 
further supported with an interactive decision tree highlighting this 
patient’s risk of PE at each diagnostic step. 

5. Discussion 

Building on previous HCD work, this article demonstrates the value 
and benefits of HCD approaches in creating CDSS through describing a 
PE tool design and development case study. Key HCD methods were 
summarized, with those used in this PE CDSS noted in Table A1. 

Revelations into CDSS design were possible through HCD ap-
proaches used here that otherwise would likely have remained hidden 
and extend beyond what is found in literature, including: (1) accom-
modating the likely range of users through careful interface design, (2) 
distinguishing between supportive and directive language, (3) 

importance of phrasing and cognitive workflow integration, (4) criti-
cality of a well-designed user interface (UI), and (5) CDSS scope con-
siderations. 

5.1. Likely tool users 

HCD revealed a wide range of potential users with variable ex-
perience, knowledge, and support needs. This PE CDSS employs well- 
known, key interface design principles [14] of details-on-demand and 
overview-and-context, initially providing high-level information with 
details available through interaction. This also addresses Bates’ seventh 
commandment by providing multiple levels of content depending on 
user information needs and time constraints. 

This interface design detail attention is key to successful CDSS de-
velopment, implementation, and evaluations, but is often missed. In 
many cases, a CDSS works for a specific user subset (e.g., ED physicians 
[23]) or specific tests (e.g., only the Wells score [24]), resulting in 
limited scope of use. This PE CDSS guides a variety of users in different 
practice settings from initial inclusion/exclusion criteria, through 
Wells, PERC, D-Dimer/VQ scans, and CTPA steps. 

5.2. Directive vs. supportive guidance 

This HCD approach also revealed key distinctions between suppor-
tive and directive language. Directive language (e.g., ‘Proceed to a D- 
Dimer’) may seem straight-forward to influence clinical decision 
making, and aligns with literature identifying it as key for successful 
CDS implementations [9]. In contrast, very few clinicians in this CDSS 
development appreciated their (sometimes considerable) expertise/ex-
perience ignored or overruled. Directed users may consequently ignore 
well-intentioned guidance. Instead, clinician participants (in this PE 
CDSS effort as well as other related projects) preferred credible, sup-
porting information enriching their final decisions. This is noted in 
literature [10,25] but not mentioned or emphasized elsewhere [9,24]. 
In one article, distinction is made between instructing physician actions 
versus critiquing their decisions, allowing reconsideration of plans 
[26]. This PE CDSS design uses supportive instructive language and 
limited actionable options, but ultimately leaves adherence to the 
physician’s discretion. This aligns with Bates’ fifth commandment – 
“Recognize that Physicians will Strongly Resist Stopping” [11]. 

5.3. Phrasing and cognitive workflow integration 

The original Wells score nicely assists clinicians to decide whether 
to pursue a PE diagnosis [33] and illustrates this issue. Questions are 
ordered by descending point values. HCD revealed this ordering as 
human-inefficient, as the second question contains a confusing double- 
negative – considering all symptoms together, applying clinical judge-
ment to ultimately determine the final score and next diagnostic steps. 
UT prior to Wells dissemination may have revealed these cognitive is-
sues. Fortunately, UT and other HCD methods are becoming necessary 
for clinically-viable CDSS development efforts [47]. The original Wells 
score exists throughout clinics, medical literature, and CDSS [23,24]. 
Meanwhile, the similar deep-vein thrombosis (DVT) Wells score tool 
relegates clinical judgement to the end, after all individual elements are 
completed [48] – as is the natural cognitive workflow. DVT items are 
grouped into “signs and symptoms of DVT, risk factors for DVT, and 
[then] potential alternate diagnosis” [49]. A lack of UT was noted in 
another PE CDSS tool as a possible cause of sub-par uptake [24]. There, 
authors reflected on the importance of integrating CDSS into existing 
workflows. Elsewhere, HCD played an integral role in PE CDSS devel-
opment, where iterative focus groups and interviews provided feedback 
for early prototype re-development coupled with UT of an early design 
[23]. However, the original Wells score was used without mention of 

Fig. 2. PE clinical decision tree from Stein (2006), recreated with permission.  
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Table 3 
PE CDS tool development methods, results, and design implications summary (previous work grayed- 
out).   
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the key issues identified here. 
Workflow integration (by supporting the entire PE diagnostic 

workflow in a consistent interface), and recognizing variable workflows 
and users, as noted in Bates’ third commandment [11], were key for this 
PE CDSS. It operates as a stand-alone or linked to computerized or-
dering systems. 

5.4. Well-designed user interfaces are critical 

User interface (UI) design is critical to ensure clinically-viable CDSS. 
Importance and impact of UI design is also in the literature, where at-
tention to “use of colours and layout” are recognized elements of suc-
cessful CDSS development [47]. In other CDSS developments, UI issues 
(e.g., unavailability of appropriate actions/options in CDSS workflow) 
can contribute to adverse medical events [16]. Meanwhile, many PE 
CDSS implementations completely ignore the UI as a potential con-
tributor to uptake, usability, or effectiveness issues [27,50]. Elsewhere, 
all CDSS are seen as “cumbersome” [51], implying interface design is 
irrelevant. 

Throughout this PE CDSS development, the focus was to provide an 
interface cognitively in-line with user expectations. As Bates et al. state, 
“little things can make a big difference” [11]. 

5.5. CDSS scope 

In the literature, PE CDSS implementations appear with varied 
scope – some used only one or two tests (i.e., Wells score, D-Dimer, 

PERC, VQ scan, and CTPA), – while others integrate multiple. In 2014, a 
comprehensive (i.e., D-Dimer, CTPA, VQ scan) PE workup was studied, 
but did not appear to include the Wells score [27]. Elsewhere, CDSS was 
triggered on CTPA order entry, guided the ordering physician, but did 
not provide CTPA recommendations [25]. 

This PE CDSS includes all tests and guides users from Wells score 
through PERC, D-Dimer, VQ-Scan, CPTA decision support, and diag-
nosis. This expanded scope of this comprehensive interface captures 
more workflow and provides efficient and consistent support than 
single-test tools. It also supports Bates’ third commandment – fit into 
the user’s workflow [11]. 

5.6. Limitations 

This endeavor has some limitations. This tool development took 
advantage of HCD best practices to ensure a solid design, with some 
features present as a direct result of HCD approaches, but does not 
directly compare with a parallel non-HCD tool development effort. 
Claims to HCD-based tool design advantages were noted in our litera-
ture review, above. Comparative studies are interesting and can be 
considered for future work. We hope this PE CDSS remains relevant to 
other hospitals and use contexts. Systems-level evaluations are un-
derway including a stepwise pre-post intervention pilot study of this 
tool as integrated into a local EMR, with impact assessments on actual 
PE work-ups (published separately). 

Fig. 3. PE CDSS at a Wells score step as used by formative usability testing participants.  
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5.7. Conclusions 

A comprehensive HCD approach that integrates the full spectrum of 
design and testing methods is needed in healthcare-related CDSS de-
sign. We present a PE CDSS design case study highlighting the critical 
value of HCD. This approach provides the missing guide to create 
successful CDSS, and facilitates further application to other potential 
disease models. 
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Summary Table 

What is already known 

• Clinical decision support systems have the potential to stan-
dardize and improve patient care  

• Human-centred design is a mature approach to developing 
solid systems and user experiences, but is seldomly em-
ployed in CDSS creation efforts  

• Pulmonary embolism is tricky to diagnose, warranting the use 
of decision aids to guide physicians using up-to-date 
knowledge and best practices  

• Human-centred design approach to CDSS design can facilitate 
creation of efficient, effective, and easy-to-use systems 

What this study added to our knowledge 

• Attention to design details can result in better CDSS im-
plementations  

• Human-centred design approaches brought key insights to 
light, facilitating creation of an intuitive and easy-to-use PE 

CDSS  
• HCD approaches can operationalize existing guidelines (e.g., 

commandments) for CDSS design  
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Formative usability testing – sample Cases  

Formative usability testing results  

Table A2 
Case scenarios provided to formative usability testing participants to guide their use of the PE CDSS.     

Scenario Case Description Vitals  

Scenario A Patient A is a 59 year old male admitted with a diagnosis of pneumonia. He presented with shortness of breath and low oxygen saturation. 
Initial chest x-ray on admission was diagnostic for pneumonic infiltrate and on day 2 post admission, he becomes more hypoxic. A repeat 
chest x-ray shows fluid overload. He has no recent history of immobility, but previously had a DVT in the right lower extremity 2 years ago 
that occurred 10 days post-surgery for a right bilateral total knee replacement. 

HR – 97 bpm 
BP – 123/82 
SO2 – 65 % 
Temperature – 40.1 °C 

Scenario B Patient B is a 48 year old female presenting to the ER with SOB and edema of the right lower extremity. Before presenting to the ER she was 
seen in an outpatient clinic where she was prescribed antibiotics for possible pneumonia. She has a history of DVT in left lower extremity 2 
years ago that happened weeks after initiation therapy with hormonal replacement therapy for menstrual irregularities. She has no history 
of malignancy, and no immobility. 

HR – 95 bpm 
BP – 105/70 
SO2 – 82 % 
Temperature – 36.5 °C 

Scenario C Patient C is a 42 year old male who was admitted to the ICU with pneumonia and septic shock. Within a few days of his ICU stay, he was 
clinically improving in terms of sepsis and becoming hemodynamically stable, but then he developed respiratory distress requiring support 
with mechanical ventilation. Physical exam shows tachycardia and no signs of DVT. He has a history of nephrotic syndrome and 
unprovoked DVT in right lower extremity three years ago. 

HR – 116 bpm 
BP – 100/65 
SO2 – 65 % 
Temperature – 36.8 °F    

Table A3 
Complete results of formative UT.    

Issues Recommendation  

Bugs: identified as technical issues within the system that caused errors, were causing visual artefacts, or technical oversights that needed to be addressed. 
Several study participants noticed that the PDF generated through the ‘Print for Chart’ 

button contained diagnostic tests that had not been conducted for this patient, and 
sometimes even erroneous results for those tests. This is a significant issue, as it 
would indicate incorrect medical information that would likely impact patient care. 

The PDF should only contain those tests that have been conducted for this patient, 
and only correct test results displayed. 

The Wells score numbers “+1.5″ are visually cut off in the display. Wells score numbers should not be cut off in any circumstances. 
Content issues: in addition to usability issues, the research team welcomed feedback from study participants (content matter experts) who identified clinically incorrect or ambiguous elements. 

This category also included any elements that were neither interface or bugs. 
Missing brand information. AHS branding information should be included in accordance with their branding 

guidelines. 
Several study participants identified that the patient handout speaks about the risks of 

having a CT after the test has already been done. Other study participants indicated 
that they would not give a handout about the risks of having a CT, but instead would 
talk about it with the patient, if the situation was appropriate. 

Remove the patient handout and patient handout link on the summary page 
altogether, as it is out of sync with the clinical workflow and superfluous to existing 
consent and patient information. 

The Wells score is noted in the Summary page, but on the ‘Print for Chart’ PDF, only items 
that are marked “Y” in the Wells Score are noted, but the score itself is not. 

This information inclusion is clinically incorrect and should be replaced by the 
numerical Wells score calculation. This Wells score should also be captured in the 
Excel progress/data-capturing spreadsheet. 

Several study participants wanted to know the CTPE and D-Dimer sensitivity and 
specificity alongside the risk calculation information (inside the white box below the 
green recommendation header), not wanting to have to look in different places for 
this information. 

Include the sensitivity and specificity information inside the white box below the 
green recommendation header. New text provided. 

Most study participants, who do not regularly work in the Emergency Department, 
expressed confusion about what PERC was, having never heard of it or being 
unfamiliar about its purpose. 

Add the text “PERC is a list of questions that can safely rule out a PE diagnosis for 
very low-risk patients and is an extension of the Wells criteria.” This text should be 
placed in the (currently empty) white text box area below “Proceed to Pulmonary 
Embolism Rule Out Criteria (PERC)” on the Wells Score page when the score is less to 
or equal to 4 (i.e., the user is directed to the left side of the tree). 

Several study participants were confused by the treatment option “Stop investigations” on 
the summary page, knowing that clinically, if PE had been ruled out, they would have 
to continue other investigations for other potential causes of the symptoms. 

Change “Stop investigations” text to “Stop investigations for PE” on the Summary 
page. 

As the decision to stop investigations or override decision support is part of the clinical 
diagnostic process for diagnosing PE, study participants strongly believed this should 
be part of the “Print for Chart” PDF that is generated. 

Include the choices made on the “Treatment decision made” in the ‘Print for Chart’ 
PDF, in a new row in the chart, structured similarly to the rest of the table 

Study participants expressed confusion around what the Print for Chart PDF document 
was showing them, indicating that they didn’t know if this was generic or patient- 
specific. 

The “Results Summary” text at the top of the ‘Print for Chart’ PDF should be changed 
to read “This patient’s test results summary is as follows:” 

Study participants were confused as to the role of PERC when they had already answered 
some questions for the Wells score, and sometimes confused as to why some of the 
items had already been filled out. 

The PERC Rule title line (black text, just below the tabs) should be changed to “PERC 
Rule: partially completed from Wells score)” 

Usability issues: 
Several study participants were confused about what to do with the tool on the first 

screen. The action item – “None of these exclusions apply” was not sufficiently visible 
to draw the user’s attention. 

Make the text “None of these exclusions apply” bold, and ensure that the text still fits 
nicely in the blue area that encloses it. 

Many study participants did not see the “Learn More” link within the white text boxes, 
and so they were unaware of the potentially useful information in that section. 

Increase the font of the “Learn More” hyperlink by two sizes, bold the text, and add 
an extra carriage-return between the text in the white box and this link. 

(continued on next page) 
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Table A3 (continued)   

Issues Recommendation  

Several study participants expressed confusion and uncertainty about whether or not they 
could click the “Previous Step” button, as it is gray and therefore may seem non- 
functional. 

The ‘Previous Step’ button should be made the same blue as the blue in the header 
‘tabs’. In the event that the ‘Previous Step’ is not accessible, existing colouring 
mechanisms to make the button colour less intense should be kept. Additionally, the 
‘Previous Step’ text should be made white and bold – the same as the ‘Next Step’ 
currently is. 

When study participants clicked on PubMed or other hyperlinks within the “Learn More” 
section, these links were opened in the same window as the tool, which would disrupt 
workflow and patient care. 

All hyperlinks within the “Learn More” sections (i.e., below the fold) should open in a 
new tab (or window), with the same mechanism used for the current “Print Patient 
Handout” and “Print for Chart” buttons. 

The Fagan Nomogram has a well-established and known aspect ratio of being “tall and 
narrow,” which accurately displays numerical information within this representation. 
The aspect ratio of the Fagan Nomogram in the PE tool is “short and wide,” which 
obscures the numerical information. 

The aspect ratio of the Fagan Nomogram should be adjusted so that it is represented 
correctly. 

The text in the ‘Print for Chart’ PDF table is currently centre-aligned. It is known that 
humans visually scan content faster if it is left aligned, and without hyphenation. 

All text in the ‘Print for Chart’ PDF table should be left aligned and without any 
hyphenation. 

Most study participants did not see that there was additional information below the tool’s 
main content, as it was not visible on the screen. This issue was seen predominantly 
on a laptop computer, where the screen real estate may be smaller or have a different 
aspect ratio than what might be used in the hospital or during development. 

The “More Information” content of the tool should be brought up so that it is more 
likely to be seen. This could be accomplished by reducing the amount of white space 
below the tool’s main visual elements. 

Several study participants felt constrained or that the tool was incomplete when it asked 
for reasons for overriding the decision support tool, and wanted to be able to add 
textual information. 

A text box to support a short clinician note should be added below the “Treatment 
decision made:” item for this purpose. It should also be captured in the data 
collection table. 

Most study participants indicated that they would be most likely to use CDSS if they were 
available on their phone, as this is a more guaranteed access to information than a 
desktop computer, which might not always be available. 

The PE CDS tool should be made available, visually correct, and fully usable on a 
mobile platform.    
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