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Summary
Objective: Pharmacogenomic-guided dosing has the potential to improve patient outcomes but its 
implementation has been met with clinical challenges. Our objective was to develop and evaluate a 
clinical decision support system (CDSS) for pharmacogenomic-guided warfarin dosing designed for 
physicians and pharmacists.
Methods: Twelve physicians and pharmacists completed 6 prescribing tasks using simulated pa-
tient scenarios in two iterations (development and validation phases) of a newly developed phar-
macogenomic-driven CDSS prototype. For each scenario, usability was measured via efficiency, rec-
orded as time to task completion, and participants’ perceived satisfaction which were compared 
using Kruskal-Wallis and Mann Whitney U tests, respectively. Debrief interviews were conducted 
and qualitatively analyzed. Usability findings from the first (i.e. development) iteration were incor-
porated into the CDSS design for the second (i.e. validation) iteration.
Results: During the CDSS validation iteration, participants took more time to complete tasks with a 
median (IQR) of 183 (124–247) seconds versus 101 (73.5–197) seconds in the development iter-
ation (p=0.01). This increase in time on task was due to the increase in time spent in the CDSS cor-
responding to several design changes. Efficiency differences that were observed between pharma-
cists and physicians in the development iteration were eliminated in the validation iteration. The in-
creased use of the CDSS corresponded to a greater acceptance of CDSS recommended doses in the 
validation iteration (4% in the first iteration vs. 37.5% in the second iteration, p<0.001). Overall 
satisfaction did not change statistically between the iterations but the qualitative analysis revealed 
greater trust in the second prototype. 
Conclusions: A pharmacogenomic-guided CDSS has been developed using warfarin as the test 
drug. The final CDSS prototype was trusted by prescribers and significantly increased the time using 
the tool and acceptance of the recommended doses. This study is an important step toward incor-
porating pharmacogenomics into CDSS design for clinical testing.
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1. Background And Significance
Personalized medicine is an emerging field with the fundamental objective to predict a patient’s re-
sponse in order to individualize drug therapy for improved medication effectiveness and safety. 
Pharmacogenomic-guided drug therapy is at the forefront of personalized medicine with over 150 
United States Food and Drug Administration (FDA) approved drug labels incorporating pharma-
cogenomic information.[1] Nonetheless, the translation of pharmacogenomic testing into routine 
clinical practice has been slow due to several obstacles towards its implementation [2–4]. Currently, 
the routine use of clinical pharmacogenomics is limited to centers with resources to overcome these 
obstacles [5–9].

A major obstacle in the implementation of clinical pharmacogenomics is the rapid pace that 
science has identified genetic polymorphisms that can predict drug response. This large amount of 
data can be overwhelming for clinicians to decipher. Therefore, the implementation of personalized 
medicine has largely relied on mechanisms to collect and interpret large amounts of information 
through computerized systems, such as clinical decision support systems (CDSS); defined as any 
tool or system which provides filtered clinical and patient-related information to clinicians or pa-
tients in order to assist in patient care [10, 11]. However, there have been limited assessments of 
CDSSs on perspectives, usability, and user satisfaction with no data available in pharmacists despite 
their role in personalized medicine [12, 13].

Warfarin is a commonly prescribed drug with pharmacogenomic implications due to its narrow 
window for effectiveness and high incidence of bleeding complications [14]. The variability in war-
farin response is partially due to genetic differences in the cytochrome P450 2C9 (CYP2C9) and vit-
amin K epoxide reductase complex subunit 1 (VKORC1) [15]. Pharmacogenomic tests may help 
clinicians manage warfarin more effectively and minimize the risk of serious bleeding [16, 17]. In 
August 2007, the United States FDA approved a change in warfarin labeling to incorporate informa-
tion related to how CYP2C9 and VKORC1 genetic variability can impact appropriate warfarin dos-
ing and response [18].

While a routine genotype-guided warfarin dosing service has been shown to be feasible from a 
procedural standpoint, there has been limited incorporation into clinical practice [19, 20]. An im-
portant setback is the fact that there are conflicting reports regarding the effectiveness of incorporat-
ing genetic testing into warfarin dosing [21, 22]. The aforementioned barrier in the complexity of 
the genetic output also presents clinical challenges given the large amount of data [17, 19, 23]. While 
less complex pharmacogenomics-guided CDSSs have been implemented, more complex genetic and 
clinical factors need further refinement. This is particularly true with warfarin due to additional fac-
tors, such as diet, concurrent medications, and medical indication that alter dosing requirements. 
These factors complicate prescribers’ decisions, especially on how to dose the medication and make 
it difficult to further assess the impact of genetic information [24].

While some CDSS assessments have applied pharmacogenomics, these were often limited in 
scope and generally did not recommend a specific dose [25, 26]. To develop CDSS interfaces, a 
number of methods have been identified. One such method is simulation, or scenario-based testing 
which allows for controlled testing of specific situations without risk of patient harm and can be 
used in situations where application is currently limited, such as pharmacogenomics [27]. The ob-
jective of this research was to develop a CDSS prototype to help pharmacists and physicians incor-
porate pharmacogenomic results into clinical decisions using warfarin as a model drug. Following 
development, scenario-based testing to assess the usability of the CDSS tool was performed. This 
paper examines the results of two iterations of CDSS tool development and testing. 

2. Methods

2.1 Setting
This study was conducted at Wishard Hospital and in the Human-Computer Interaction and Simu-
lation Laboratory at the Richard L. Roudebush Veterans Affairs (VA) Medical Center in Indianapo-

Research Article

BL Melton et al.: A Pharmacogenomic-Guided CDS System for Warfarin Dosing

T
hi

s 
do

cu
m

en
t w

as
 d

ow
nl

oa
de

d 
fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 U
na

ut
ho

riz
ed

 d
is

tr
ib

ut
io

n 
is

 s
tr

ic
tly

 p
ro

hi
bi

te
d.



1091

© Schattauer 2016

lis, IN [28]. This research conforms to the Statement on reporting of evaluation studies in Health In-
formatics (STARE-HI) guidelines [29].

2.2 Prototype Design and Redesign
The prototype CDSS was developed as a computer-based application using the dosing algorithm 
provided by a federally funded website (warfarindosing.org) and designed to incorporate pharma-
cogenomics information into warfarin dosing [30, 31]. Two CDSS interface prototypes were devel-
oped (development and validation iterations) by a team which included a pharmacogenomics ex-
pert, a human factors engineer, informatics experts, and pharmacists. In the development iteration, 
clinicians were shown screenshots of the potential CDSS to obtain input prior to testing. During the 
validation iteration, the results from the development iteration were used to revise the interface. The 
CDSS was incorporated into a high fidelity prototype of the VA Computerized Patient Record Sys-
tem which is the VA version of an electronic health record (EHR), which is used by all healthcare 
providers, including pharmacists. The presentation of information within the EHR is the same re-
gardless of the user.

While the prototypes incorporated the same information as warfarindosing.org, information was 
grouped and broken into tabs to reduce potential information overload. Additionally, the prototypes 
included previous INR measures with historical dosing, and a comment box to document additional 
information not captured by the algorithm which may impact warfarin dosing, such as a diet. In the 
prototype EHR system, the CDSS triggers when a prescriber places a new order or adjusts warfarin 
dosing for a patient. The CDSS has four tabs that can be accessed. First, the ‘Genetic Considerations’ 
tab displays the polymorphism results of genetic tests for CYP2C9 and VKORC1. Second, ‘Clinical 
Considerations’ has patient information such as age and warfarin indication. Third, the ‘INR/Dose 
History’ shows the dates and results of the patient’s International Normalized Ratio (INR) tests. 
Fourth, ‘Notes’ allows the prescriber to enter notes regarding the patient and/or their dosing. The 
mock EHR system was purposely designed with limited ordering functionality, and users could only 
make modifications to a current warfarin order or initiate a new warfarin order. The usability of an 
initial and revised version of the CDSS prototype was evaluated in two iterations approximately one 
year apart to allow for the interface redesign and the data collection was completed prior to publi-
cation of conflicting reports related to the effectiveness of pharmacogenomic-guided warfarin dos-
ing in 2013 [21, 22]. Usability findings from the development iteration were used to inform an en-
hanced CDSS prototype for evaluation in the validation iteration (▶ Figure 1). ▶ Table 1 describes
the modifications in detail.

2.3 Study Design
Six simulated patient scenarios representing inpatient care were used in both iterations.. The first 
three scenarios required the participants to initiate warfarin therapy, while the last three scenarios 
required a warfarin dose adjustment. All participants received the scenarios in the same order and 
were instructed that the scenarios were simulated but to complete them as they would in their cur-
rent practice. The warfarin dosage recommendations from the CDSS were based on the scenarios 
clinical and pharmacogenomic factors in the algorithm.

Patient scenarios were designed to test various conditions in which the prescriber may order war-
farin, including comorbidities, concurrent medications, and genetic test results. Scenarios were de-
signed to mimic patients the participants may encounter in practice without being overly complex 
(i.e. they did not include excessive superfluous disease states or medication allergies that complicate 
prescribing). Because warfarin is the only medication they could modify in the system, they were 
asked to verbalize any other changes they would make to the patient’s medications or laboratory 
tests they would order to help explain their warfarin prescribing choice. Upon choosing a warfarin 
dose to order, prescribers moved into the ordering component of the EHR and were presented with 
a drug-drug interaction alert to resolve before completing the order for each scenario. The drug-
drug interaction alert is a part of the current EHR system. The purpose of the drug-drug interac-
tions was to simulate clinical practice to assess usability of the CDSS under situations that were not 
covered in the algorithm.
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2.4 Participant Selection and Recruitment

Participants were recruited from an integrated, university-based medical campus that utilizes an 
EHR system. A total of 12 unique participants were recruited for the study. Eight participants were 
recruited for the first iteration of testing and four for the second iteration [32-34]. Practitioners were 
eligible if they were currently a practicing physician or clinical pharmacist with training or an active 
practice in the fields of cardiology, anticoagulation, internal medicine or ambulatory care. Residents 
and fellows were eligible for study participation, but students were not eligible. Participants were eli-
gible even if they had not prescribed warfarin in their current practice to simulate new prescribers. 
Participants were offered a $50 gift card as compensation. The study was approved by the Indiana 
University-Purdue University of Indianapolis (IUPUI) Institutional Review Board and each partici-
pant provided written informed consent.

2.5 Data Collection and Outcome Measures
One study investigator moderated the usability tests with a standardized introductory script. The 
purpose of the introductory script was to ensure that users had a consistent baseline understanding 
of the EHR system and understood the study procedures. Participants used a desktop computer with 
the EHR and CDSS and an adjacent monitor was used for usability questionnaire administration. As 
participants completed simulated patient scenarios, their computer screen actions as well as verbal 
and non-verbal responses were recorded via a webcam and Morae® Software (TechSmith; Okemos 
MI). Each participant completed a demographic questionnaire. The participant was allowed to re-
view the electronic health record and prescribe or adjust warfarin therapy for the patient. Once they 
had determined a dose and ordered it, a debrief interview was conducted and the researcher asked 
about features of the CDSS they found helpful or confusing, and aspects of the CDSS they would like 
to see changed to assist with prescribing. This procedure was repeated for the remaining scenarios, 
such that each participant completed all six scenarios. Sessions were designed to take about 30 min-
utes, but participants could use more time if needed. After completing the scenarios, participants 
completed the validated 19-item Computer System Usability Questionnaire (CSUQ) which assesses 
user satisfaction with the system usability on a seven point Likert type scale from strongly disagree 
to strongly agree [35].

2.5.1 Usability 
Usability was assessed through efficiency and satisfaction. Efficiency was assessed in two ways: (1) 
Time on task – measured from the time the participant clicked to start each scenario to the final sig-
ning of the warfarin order (2) Time spent with the CDSS tool – measured from the first time the 
participant first accessed the CDSS to the final signing of the warfarin order. These definitions were 
to distinguish time participants spent on the entire scenario including familiarizing themselves with 
the patient case versus time spent on the using the CDSS prescribing task. Satisfaction was measured 
via the CSUQ with a 7-point Likert scale (1=Strongly Agree, 7=Strongly Disagree). Debrief inter-
views were also conducted after each scenario and at the conclusion of the six-scenario session.

2.5.2 Prescribing
Prescribing was assessed to evaluate participant confidence in the CDSS. The frequency of prescrib-
ing a standard starting dose of 4mg or 5mg was compared to the frequency of prescribing doses rec-
ommended by the CDSS.[36] A dose was considered to be in agreement with the CDSS if the dose 
ordered is the closest possible dose to the one recommended by the CDSS. For example, if the CDSS 
recommended a dose of 2.3 mg, and a participant ordered 2mg, it would be considered to agree with 
the CDSS.

2.6 Data Analyses
Time was manually extracted from Morae® recordings for analysis and quantitative data were ana-
lyzed using SPSS v.22. Participant demographics, efficiency, and satisfaction are represented using 
median and interquartile range (IQR). Mann-Whitney U tests were performed to assess differences 
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in satisfaction between iterations. The Kruskal-Wallis test was used to assess efficiency between iter-
ations and participant groups. The summation of efficiency measures from all scenarios were tested 
for normality with a Kolmogorov-Smirnov test and compared using the Student’s t-test or non-para-
metric equivalent. The acceptance of the CDSS recommended dose between iterations was assessed 
by the Fisher’s exact test. A one-sample t-test was used to compare the average dose prescribed for 
each scenario versus the CDSS recommended dose in each iteration following a Kolmogorov-Smir-
nov test for normality. In any instance where normality was not confirmed, a non-parametric equiv-
alent test was used. Alpha was set to 0.05 for all tests.

Video and audio were collected to provide a record of the users’ actions and verbalizations for the 
qualitative analysis. The recordings were analyzed for confusion and difficulty in meeting task goals. 
Conclusions were drawn from erroneous assumptions or actions, statements of confusion, time 
required for tasks, and self-reported measures of satisfaction with the software by completing a us-
ability questionnaire. Participant comments during the scenarios and debrief interview were 
extracted by a study investigator from the Morae® recordings. These comments were reviewed for 
reoccurring themes related to strengths and weaknesses that warranted design modifications. Com-
ments from the participants in the development iteration were used to determine CDSS interface 
changes to be incorporated in the validation iteration.

3.0 Results

3.1 Participant Characteristics
Twelve volunteers completed the study: n=8 (four pharmacists and four physicians) for the develop-
ment iteration and n=4 (two pharmacists and two physicians) for the validation iteration (▶ Table
2). The participants represented a range of inpatient and outpatient practices and had been practic-
ing longer than five years. Although most physicians in the study routinely prescribed warfarin in 
clinical practice, three participants indicated that they have never prescribed warfarin. The partici-
pant characteristics between the iterations was not significantly different.

3.2 Efficiency
The time to complete each scenario for both the development and validation iteration ranged for in-
dividual tasks from 24 seconds to 9.45 minutes. The time to complete tasks requiring warfarin initi-
ation were not statistically different than the dose adjustment tasks in either iteration. The median 
(IQR) time to complete warfarin initiation versus dose adjustment tasks were 98.5 (55–181) versus 
102 (76.3–250.3) seconds, respectively, in the development iteration (p=0.20) and 137 (98.8–247.5) 
versus 189 (163.3–241.3), respectively, in the validation iteration (p=0.40).

The efficiency measures for the time on task for the sum of all scenarios were statistically longer 
in the validation phase versus the development phase with median (IQR) of 183 (124–247) versus 
101 (73.5–197) seconds, respectively, p=0.01. The increased time to complete the task in the vali-
dation phase corresponded to a statistically significant increase in the combined time in the CDSS 
tool from all scenarios which increased from a median (IQR) of 78 (64–139) seconds in the develop-
ment phase to 127 (83.5–192) seconds in the validation phase (p=0.02). There was not a statistically 
significant increase in any individual scenarios with an overall p=0.13 for time in task and p=0.35 
for the time in tool from the ANOVA, as displayed in ▶ Figure 2A and ▶ Figure 2B, respectively.

Pharmacists took longer than physicians to complete all tasks (p<0.001) and spent more time in 
the CDSS tool (p<0.001) for the combined scenarios in the development iteration. However in the 
validation phase, there was no difference between the time to complete a task (p=0.60) or time in the 
CDSS tool (p=0.42) between pharmacists and physicians, as displayed in ▶ Figure 3.

3.3 Prescribing
During the development iteration there were 48 opportunities (8 prescribers with 6 scenarios each) 
for prescribers to order warfarin. Of those opportunities, prescribers ordered the dose recom-
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mended by the CDSS twice (4%). Conversely, during the validation iteration, there were 24 oppor-
tunities to prescribe warfarin (4 prescribers X 6 scenarios), and prescribers ordered the CDSS rec-
ommended dose 9 (37.5%) times, p<0.001 versus frequency in the development iteration. The vali-
dation phase significantly improved the accuracy of doses prescribed relative to those of the CDSS 
recommended dose, as displayed in ▶ Table 3.

The most commonly prescribed initial dose in the development iteration was the standard start-
ing doses of 4 mg or 5 mg in 18/24 (75%) opportunities. In all of those opportunities, the CDSS had 
recommended a starting dose greater than 5 mg. In the 12 opportunities (4 participants X 3 scenar-
ios) in the validation iteration to initiate a patient on warfarin, prescribers ordered a 5 mg dose twice 
(12.5%) versus the aforementioned 75% in development iteration, p<0.001. The CDSS recom-
mended dose was ordered six times for the initiation of warfarin (i.e. 50% vs. 4.2% in development 
iteration, p=0.03).

Prescribers were more likely to check the CDSS recommendation against the warfarindosing.org 
website, after a link to the website was included, and then accept the CDSS dose (75% in the vali-
dation iteration vs. 0% in the development iteration, p<0.001). One prescriber errantly ordered a 
dose of 12.5mg, a dose with potential for adverse events, due to the erroneous pre-programmed de-
fault dose on the ordering screen being 12.5 mg in the development iteration. During the validation 
iteration, the default dose was set to the recommended CDSS dose and no doses were ordered in 
error.

3.4 Satisfaction
Participant responses for CSUQ items were generally positive for both the development and vali-
dation iterations with no significant differences between the development and validation iteration 
(▶ Table 4). The details of the CSUQ questionnaire are provided in ▶ Table 4. A qualitative analysis
was performed to better discern both positive and negative aspects of the developed CDSS and are 
discussed in sections 3.4.1–3.4.3.

3.4.1 Positive Aspects of the CDSS
Participants in the development iteration stated they liked having all the relevant information in one 
location without “having to flip back and forth through the patient chart”. Two participants in the 
validation iteration commented that the CDSS was “user friendly”. When participants had access to 
the warfarindosing.org website through the CDSS, one participant commented of the CDSS, “this is 
much simpler than the website, which I like”. However participants in both iterations expressed a 
concern about ordering a dose greater than the often standard starting dose of 5mg for a patient 
initiating warfarin. One participant stated “I’ve never started a patient with 7[mg] before, usually 
just do 5[mg]”. In both iterations of the study, some participants verbalized a trust in the CDSS, “at 
this point I am just trusting the computer” or that its presence validated the use of a dose other than 
what they would normally prescribe.

3.4.2 Confusing Aspects of the CDSS
Participants in both the development (100%) and validation (75%) iterations expressed some initial 
confusion related to the genetic information, with one participant in the development iteration stat-
ing “it would be nice to have a preamble on what the polymorphisms do”. One physician specifically 
stated that the usual method (starting at 4–5mg and waiting for INRs) works so the physician did 
not want enhanced information on the genetic information. 

There was general confusion in both iterations regarding drug-drug interactions with warfarin. 
The validation iteration was revised to display the drug-interactions that were included in the algo-
rithm for the recommended dose calculation. The algorithm included amiodarone, sulfamethoxa-
zole/trimethoprim, azole antibiotics, and statins, but the scenarios intentionally included other 
medications which interact with warfarin. This created confusion as participants were unsure if the 
algorithm included all the possible interacting medications. When presented with a warfarin drug-
drug interaction alert for medications not included in the CDSS, nine participants were initially un-
sure whether or not to go back and adjust the dose. Because participants could not clearly discern 
what was used in the algorithm, they expressed confusion and some initial mistrust of the algorithm 
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in both iterations until they identified that the interacting medications listed in the CDSS were the 
only ones included in the algorithm. In some cases, this confusion resulted in participants exiting 
the ordering process and returning to the CDSS to reevaluate and determine if the dose needed to be 
changed.

3.4.3 Suggested CDSS Design Changes 
Across both iterations, participants expressed several potential CDSS changes. Participants felt the 
explanation of the genetic polymorphisms should include more actionable information (i.e. ‘de-
crease dose of warfarin by 50%’, rather than ‘slow metabolizer’) as all participants expressed having 
no exposure to pharmacogenomics-guided warfarin dosing prior to the study. They felt this infor-
mation would assist in determining the accuracy of the dose recommended by the CDSS. Eight par-
ticipants also expressed a desire for all recommended doses to be orderable amounts. Currently the 
CDSS recommends fractions of a milligram; limiting recommended doses to those manufactured 
doses available at the healthcare institution would save the prescriber from rounding the dose inap-
propriately or ordering a dose that could not be accurately dispensed to the patient. Three partici-
pants (1 in the development iteration, and 2 in the validation iteration), wanted the option to order 
INRs or to hold warfarin doses via the CDSS interface for patients with a high INR. They felt it 
would be beneficial to manage warfarin completely within the CDSS rather than having to order 
laboratory tests elsewhere within the EHR. Four participants across the two iterations wanted a link 
to the exact algorithm rather than the warfarindosing.org website so they could do the math them-
selves if desired, and felt that having access to the algorithm itself would help with CDSS transparen-
cy. 

4. Discussion
In this study, we iteratively developed and evaluated a CDSS using pharmacogenomic-guided warfa-
rin dosing algorithms and incorporated participant feedback through user-centered design. The 
final CDSS tool improved the variation in efficiency measures between pharmacists and physicians 
while improving accuracy of prescribing relative to the dose recommended by the algorithm without 
altering user satisfaction. The optimization of CDSS to guide clinical pharmacogenomics for phys-
icians and pharmacists may accelerate the translation of science from research to practice to over-
come a major obstacle in personalized medicine [37, 38].

Pharmacists took longer to complete scenarios than physicians during the development iteration, 
but not in the validation iteration. Pharmacists used more time than physicians during the develop-
ment iteration, but the time needed for pharmacists to complete the tasks did not vary widely be-
tween the development and validation iterations. Prior literature has found that pharmacists spend 
more time on some tasks than physicians, including medication reconciliation in which pharmacists 
spent twice as long as physicians to reconcile medications. [39] In that investigation, pharmacists 
spent more time reviewing the patient profile before beginning the task of medication reconcili-
ation, similar to what was observed in the development iteration of the present study. However there 
were no differences between pharmacists and physicians during the validation iteration, with the ac-
tions and comments of physicians more closely reflecting those of pharmacists in both iterations. 
This suggests the design may have been the reason for different time to completion between phar-
macists and physicians rather than true differences between the groups. During the validation iter-
ation, physicians’ interests more closely aligned with the pharmacists: physicians demonstrated 
more interest in understanding the genetics and how to apply the patient’s test results. This may help 
explain why the time to complete the scenario results were similar to pharmacists with the enhanced 
CDSS prototype. These findings, combined with more frequent prescribing of the CDSS recom-
mended dose, suggests progress towards a more universal CDSS design for warfarin pharmacoge-
nomics that supports decision-making for both physicians and pharmacists. No CDSS design differ-
ences between pharmacists and physicians were identified.

Interestingly, there was a difference between how pharmacists and physicians perceived the CDSS 
should be used in the development iteration that was alleviated with modifications for the validation 
iteration. During the development iteration, pharmacists were interested in the CDSS tool, but they 
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were doubtful that it could incorporate all the data they had access to in the EHR and perceived a li-
mited benefit to adoption. However, they were interested in learning more about pharmacoge-
nomics and how to apply the information presented. These data suggest that further assessments of 
pharmacists’ perspectives on pharmacogenomic-guided CDSS and differences from physicians is 
warranted. Our results of initial skepticism are similar to those reported in a study that implemented 
a personal digital assistant mechanism to support warfarin dosing [40]. In that study, some viewed 
the dosing assistant as a tool for providing better, safer care, while others with more experience pre-
scribing warfarin felt the intervention had limited positive impact.

It has been suggested that underutilization or ignoring of CDSS interventions could be due, at 
least in part, to gaps in the logic presentation [41]. Participants in the development iteration were re-
luctant to trust non-standard warfarin doses when they had no access to the original algorithm or 
the algorithm website. While the participants in the validation iteration more commonly verbalized 
trust of the CDSS recommendations, they still felt it would be best to have access to the original al-
gorithm in order to double-check the calculations themselves. CDSS modifications included efforts 
to also improve transparency for interacting medications. While there were fewer participant con-
cerns about the interacting medications in the validation iteration, there were still a number of ques-
tions related to which interacting medications were accounted for in the algorithm, and future work 
may elucidate the best way to present interacting medications.

Another indication of greater participant confidence during the validation iteration was the re-
duction in the variation of doses prescribed in the validation iteration. Prescribers in the develop-
ment iteration were more likely to initiate patients on the standard dose of 4 or 5 mg than those in 
the validation iteration. This standard dosing has been demonstrated to overestimate the necessary 
dose in 18% of patients, while another study has shown that the algorithm used in the current study 
over-predicted the dose in 7% of patients [42]. Prescribers in the validation phase more commonly 
ordered the dose recommended by the CDSS for both initiating and adjusting warfarin doses. The 
frequency of ordering the CDSS recommended dose was similar to another study which utilized 
warfarin pharmacogenomics to provide dosing recommendations [43].

There was one instance during the development iteration where a prescriber unknowingly or-
dered a dose of 12.5mg, a potentially fatal dose, but this did not occur during the validation iter-
ation. It should be noted, however, that while a small number of participants can identify a large 
number of problems with an interface, rare events and ‘critical usability incidents’, such as an acci-
dental fatal warfarin dose, may require a greater number of participants. CDSS design modifications 
of the validation iteration may not completely eliminate the potential for critical usability incidents 
to occur [44, 45]. By making design changes to the prototype CDSS to increase usability, prescribing 
variability decreased and more closely aligned with the algorithm’s recommendations, which could 
further reduce the potential for a fatal adverse drug event. Participant confusion and ordering errors 
may further be reduced by providing recommended doses which are orderable rather than fractions 
of a milligram.

4.1 Limitations
This study focused on developing and assessing a user-interface for pharmacogenomic-guided 
CDSSs. While this is a barrier to the clinical implementation, there are other unique challenges, par-
ticularly for institutions that have already implemented these CDSSs. These barriers include dis-
cretely representing pharmacogenomic data in the EHR and managing genetic knowledge. These 
obstacles were not assessed in the current study.

Between the development and validation iterations, there was an overall increase in time required 
to complete tasks and use of the CDSS tool. While the time to complete the scenarios was less in the 
development iteration, poorly designed systems can decrease time required in a similar manner to 
well-designed CDSS.[46] For example, decreased time using the tool may occur if individuals dis-
miss the CDSS tool as invalid and move on to the next task. Indeed the increased time to complete 
tasks in the validation phase corresponded to increased time in the CDSS tool. 

This study focused on physicians and pharmacists, but other prescribers such as nurse practi-
tioners may respond differently or illuminate other potential advantages or disadvantages of the 
CDSS tool. All participants were aware that the patient scenarios were simulated and while they 
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were instructed to treat the patients as though they were real, the prescribers may not have taken the 
scenarios as seriously as if the scenarios were actual patients. Additionally, while participants were at 
a distance from the study investigator, there was no barrier between them, which may have altered 
their responses. The scenarios were all inpatient cases and prescribers may have treated the scenar-
ios differently if the patients represented outpatient cases since inpatients can be monitored more 
closely for adverse events and warfarin more easily adjusted. Given the iterative design of the study, 
each iteration had a relatively small sample size limiting the application of inferential statistics. Thus, 
user satisfaction was largely assessed by qualitative methods.

4.2 Future Work
The results of the validation iteration show promise in the wider application of the CDSS to include 
genetic testing. Although warfarin was chosen as the probe for the CDSS, the tool may be applicable 
to other pharmacogenomics-guided drugs with appropriate alterations. Pilot testing of the CDSS in 
a clinical setting would allow for field observations to evaluate how the tool is used by prescribers 
during patient care. It would also provide a greater opportunity to identify potential unintended 
consequences associated with the CDSS design and inform additional design improvements. Re-
search is also needed to assess if such a CDSS is effective in reducing the number of bleeding events 
which occur while stabilizing patients on warfarin and if the time to goal drug concentrations or 
INR can be reduced.

4.3 Conclusions
A CDSS tool has been developed to help integrate pharmacogenomic information into prescribing 
decisions using warfarin as a model drug. Iterative usability testing informed a CDSS design that en-
hanced physician and pharmacist confidence in the recommended warfarin doses. Study findings 
suggest that condensing all relevant information from the patient profile into one location may aid 
prescriber decision-making. While prescribers were more willing to accept the CDSS recommended 
doses after the design changes, there was still confusion around how to apply the CYP2C9 and 
VKORC1 genetic results particularly in the presence of drug-interactions. The use of pharmacoge-
nomic information to guide prescribing is increasing. Improving the usability of CDSS systems for 
physicians and pharmacists may aid adoption and facilitate safer prescribing. The CDSS prototype 
we developed can serve as a starting point for designing more advanced CDSS tools to incorporate 
new genetic tests into practice.

Clinical Relevance Statement
A clinical decision support system for pharmacogenomic-driven drug dosing has been developed 
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facilitate safer prescribing.
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Fig. 1 Initial view of the CDSS for fictitious 
patients upon activation during the validation 
iteration, showing A) the “Genetic Consider-
ations” tab. B) The “Clinical Considerations” 
tab. C) The “INR/Dose History” tab. No changes 
were made to the “Notes” tab where pre-
scribers could enter additional information from 
the development iteration.

A
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Fig. 2 A) Time to complete a task for each individual scenario for all participants in the development (n=8) and 
validation (n=4) iterations. B) Time spent in the CDSS tool for all participants in the development and validation iter-
ations for each individual scenario. The first 3 tasks were initiating a patient on warfarin; the remaining 3 were adjust-
ing a warfarin dose. Data are presented in seconds as medians with interquartile ranges representing the boundaries 
of the boxes and whiskers representing the minimum and maximum observed times. 
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Fig. 3 A) Time to complete the tasks for the combined scenarios by pharmacists (n=24 scenarios) and physicians 
(n=24 scenarios) in the development phase and by pharmacists (n=12 scenarios) and physicians (n=12 scenarios) in 
the validation phase. 
B) Time spent in the CDSS tool for the combined scenarios by pharmacists (n=24 scenarios) and physicians (n=24 sce-
narios) in the development phase and by pharmacists (n=12 scenarios) and physicians (n=12 scenarios) in the vali-
dation phase. Pharmacists spent significantly more time to complete the tasks and in the CDSS tool than physicians in 
the development but there was no statistical difference in the validation phase for time spent on task or in the CDSS 
tool. Data are presented as mean ± standard error of the mean given all data presented were normally distributed.
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Table 1 Design Changes between Iterations and Rationale for Changes

Initial Design 
Concern

“Consider-
ed”/“Not Con-
sidered” Buttons

Algorithm expla-
nation “The rec-
ommended dose 
was estimated 
using clinical and 
genetic factors as 
listed in the Dos-
ing Algorithm 
tab.”

No link to warfa-
rindosing.org

Genotype expla-
nations only found 
in the Glossary

Liver Disease pres-
ented as a yes/no 
drop down box in 
“Clinical Consider-
ations”

Amiodarone pres-
ented as a yes/no 
dropdown box in 
“Clinical Consider-
ations”

No additional in-
teracting medi-
cations presented

No interacting 
medication details

Results from Testing of 
Initial Design in Devel-
opment Phase

Participants were confused 
about what other impli-
cations (legal liability, etc.) 
may be tied to “Consider-
ed”/“Not Considered”

7 (87.5%) were not sure 
what the CDSS was using to 
calculate the dose

Participants were not sure 
how to verify CDSS recom-
mended doses

Participants did not always 
see the Glossary or recog-
nize it had the desired infor-
mation

Participants were unsure 
what constituted “Liver Dis-
ease”

Participant confusion related 
to interacting medications 
and if amiodarone was the 
only one included in dose 
calculation

7 (87.5%) were uncertain 
which, if any, other medi-
cations were included in the 
algorithm

Algorithm includes the amio-
darone dose and specific 
statins in calculation

Design Change and Intend-
ed Goal

Change: Adjusted wording on 
buttons to “Accept”/“Decline”
Goal: Reduce confusion and shift 
button choice to reflect clinical 
decision

Change: “The algorithm used in 
determining the dose was devel-
oped by the NHLBI. Details can 
be accessed here.”
Goal: Improve transparency of 
the CDSS

Change: Link added to 
 warfarindosing.org
Goal: Improve transparency of 
the CDSS and the source of the 
algorithm

Change: Titles in “Genetic Con-
siderations” tab are hyperlinks to 
present explanations to the right 
of the results
Goal: Improve understanding of 
the genetic results to facilitate 
clinical decision making

Change: Liver disease drop 
down box removed
Goal: Reduce confusion and 
screen clutter

Change: Amiodarone dropdown 
removed
Goal: Reduce confusion related 
to interacting medications used 
in algorithm

Change: Interacting Medications 
yes/no dropdown box added; if 
“yes” selected then check boxes 
appear for algorithm included in-
teracting medications (▶ Figure
1B)
Goal: Improved transparency re-
lated to interacting mediations

Change: Add selection boxes to 
indicate the dose of amiodarone, 
and a dropdown list for selecting 
the specific statin
Goal: Improved congruence be-
tween algorithm and CDSS con-
tent

Results from Testing 
of Design Changes in 
Validation Phase

No voiced confusion over 
“Accept”/”Decline” word-
ing

No participants voiced 
concerns over general 
content of the algorithm

3 (75%) of participants 
accessed the warfarindos-
ing.org website from the 
provided link

3 (75%) of the partici-
pants expressed that hav-
ing the genetic informa-
tion presented was 
beneficial

1 (25%) participant asked 
if a patient had liver dis-
ease

No participants voiced 
confusion over amioda-
rone

2 (50%) voiced confusion 
over other possible inter-
acting medications which 
may be included or not in-
cluded in the algorithm

No comments regarding 
amiodarone dose or sta-
tins 
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Initial Design 
Concern

Suggested dose 
presented on 
“INR/Dose His-
tory” tab

INR presented be-
fore dose on “INR/
Dose History” tab

CDSS: Clinical decision support system
NHLBI: National Heart, Lung, and Blood Institute
INR: International normalized ratio

Results from Testing of 
Initial Design in Devel-
opment Phase

1 (12.5%) was unsure of the 
significance of the column

1 (12.5%) felt prior dose is 
needed to provide context 
for INR results

Design Change and Intend-
ed Goal

Change: Suggested dose re-
moved
Goal: Reduce confusion and 
screen clutter

Change: Columns switched so 
dose is presented before INR
Goal: Format information to re-
flect participant thought process

Results from Testing 
of Design Changes in 
Validation Phase

No participants voiced a 
need for suggested doses

No participants voiced 
confusion over order of in-
formation presentation

Table 1 Continued

Table 2 Participant Demographics for Development and Validation Iterations

Demographic

Primary practice 

Sex (male)

Physicians

Length of practice (years)*

Self-reported frequency of prescribing warfarin in clinical practice

Never

Less than once a month

Once a month

2–3 times a month

Had prior experience with VA EHR

*Presented as median time (interquartile range)
VA: Veteran’s Affairs
EHR: Electronic health record

Development (n=8)

n (%)

Critical care
Ambulatory care
Geriatrics
Internal medicine
Infectious disease

6 (75)

4 (50)

8.4 (3.1, 10.5)

1 (12.5)

3 (37.5)

2 (25)

2 (25)

7 (87.5)

Validation (n=4)

n (%)

Pediatric
hematology/oncology
Clinical pharmacology
Hospital
Internal Medicine

4 (100)

2 (50)

7.8 (5.5, 18.5)

2 (50)

1 (25)

0

1 (25)

3 (75)
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Table 3 Doses recommended by CDSS versus actual dose ordered by participants

Scenario

1

2

3

4

5

6

Data presented as median (IQR)
* p<0.05 versus the CDSS recommended dose

Task Type

Initiation

Initiation 

Initiation 

Adjustment

Adjustment

Adjustment

Recommended
Dose per day (mg)

7.0

9.0

7.0

4.3

1.6

2.9

Development Iteration
(n=8)

Dose Prescribed

5.5 (5.0, 6.4)*

5.0 (4.8. 5.0)*

5.0 (5.0, 5.0)*

4.0 (3.0, 4.0)*

1.6 (1.0, 2.0)

3.5 (3.0, 4.5)*

Validation Iteration
(n=4)

Dose Prescribed

7.0 (6.0, 7.0)

4.0 (3.0, 6.0)

6.0 (4.4, 7.0)

3.0 (2.8, 3.1)*

0.80 (0.0, 1.7)

2.9 (2.7, 3.7)

Table 4 Post-Session Computer System Usability Questionnaire (CSUQ) for Development and Validation Iterations

Score

Overall satisfaction (items 1–19*)

System usefulness (items 1–8)

Information quality (items 9–15)

Interface quality (items 16–18)

* all questions on the CSUQ use 1=Strongly Agree, 2=Agree, 3=Somewhat Agree, 4=Neither Agree nor Disagree, 
5=Somewhat Disagree, 6=Disagree, and 7=Strongly Disagree.

Development (n=8)

Median (IQR)

2.0 (2.0, 4.0)

2.0 (2.0, 3.0)

3.0 (2.0, 5.0)

2.0 (2.0, 3.3)

Validation (n=4)

Median (IQR)

3.0 (2.0, 4.0)

3.0 (2.0, 3.0)

4.0 (3.0, 5.0)

2.5 (2.0, 3.3)

p value

0.29

0.61

0.14

1.0
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