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ABSTRACT

Medical calculators play an important role as a component of specific clinical
decision suppor(CDS) systems that synthesize measurable evidence and can introduce
new medical guidefies and standards. Understanding tbatures of calculators is
important for calculator adoption and clinical acceptaréeme medical calculators can
fulfill the role of CDS for Meaningful Use purposes. However, there are barriers for
clinicians to usemedical calculators in practice.This researchpresents a novel
classification system for medical calculat@sd explores clinician use and perceived
usefulness of medical calators. Additionally, we examine the effects of an EHR
integrated decisiosupport tool on management of painam inpatient settingVetadata
on 766 medical calculators implemented online were collected, analyzed, and categorized
by their input types, method of presenting results, and advisory nature of those results.
Refereme rate, publication year, and availay of references were collected. We
surveyed a population of resident and attending physicians at a msidietinacademic
medical center to discover the prevalence of medical calculator use, how they were
accessedand what factors might influence thase, for example, EMR integratioWe
also conducted a retrospective evaluation of an EHR integrated CDS module focused on
pain management, leveraging a novel approach to digital workflow evaluation within the

EHR, focusing on patiergentric outcomeneasurements.



CHAPTER 1

1 Introduction

1.1 Clinical Decision Support Systems

The passage of the American Recovery and Reinvestment Act (ARRA) of
2009[1] and the Patient Protiéan and Affordable Care Act of 2010] had a tremendous
impact on the adoption of electronic medical records (EMRSs) within hospital systems, with
adoption increasing more than fivefold since 4J8D8The ARRA also brought Meaningful
Use, whose core measures include provisions for the use and adoptimmcat Decision
Support (CDS) Systems in both Stage 1 and Stafyg.2 These rules were meant to
introduce CDS into provider evkflow in order to improve quality and patient outcomes.
For these CDS systems to be effective, clinicians must input the data necessary to drive
these systems. However, thare signs that clinicians are weary of the additional effort
involved with EMR usg5i 8]. Discrete data entered into EMRs hold promise for health
informatician$9], howeverclinicians and patients have yet to fully recognize or benefit in
systematicallyneaningful ways from their effofts0,11]

In 2007, a report from the American Medical Informatics Association steering
comnittee on CDS roadmap development released a report identifying three pillars for
successful CDS adoption and 4y4€]: 1) Best Knowledge Available When Needed, 2)
High Adoption and Effective Use, and 3) Continuous Improvenoé Knowledge and
Methods. The first pillar addresses workflow and integnatrath a strategic objective to
collect, organize, and distribute clinical knowledge and CDS interventions. The second
pillar focuses on promoting adoption through a strateghjective geared towards

1



supporting good CDS design and deployment best pegcti The third pillar promotes
continuous improvement through a strategic objective of leveraging EMR data to improve
health management and enhance clinical knowledge.

A similar 2008 study by Sittig et al., identified a listloétop 10 grand challenges
in CDS[13]. Two of the main themes identified in this 2008 study included pjovmmg
the effectiveness of CDS, and b) the dissemination of existing CDS knowledge and
interventions. Dissemination of new medical evidence has akwelln lag before
acceptance intmainstream medical practice. Studies evaluating translational cedegr
suggests it can take 1¥4] to 24[15] yeas for medical discoveries to enter mainstream
practice. Recent innovations such as the SMART platfd®h the HL7 FHIR data
interface]17], and CDS HookEL8] are helpingo drive the development of universal CDS
that can plug in to multiple EMR systems. This should enable rapié dissemination

of new evidencédased medicine CDS tools.
1.2 Decision Support for Pain Management

Many CDS tools have been brought to bear on pain managgt®grgaome dating
back b 1972[20], and yet the state of pain managemsim crisis. The United States is
in the middle of an opioid epémnic [21,22] Over the course of the last decade, the
American Pai Society, FDA, CDC, and JCAHO have released revised guidelines for the
management and treatment of pfBi 27], yet proper pain controfemains an elusive
target[28,29] deaths from opioid overdose havaaked unprecedented levg®®], and
thereis evidence to support a failure to properly manage opioid présasgor acute pain
[31]. Current approaches fdhe developmen of CDS encompass attempts to find a

combination of relevant clinical factors that can predict an outcome and therefore guide



provider decision makind.9]. Additionalapproaches to coputerbased support for pain
management include the computerization of decision trees that guide providers through
predetermined protoco[82]. These rulebased CDS are very effective at managing a
patient population to a standardized protocol, however by design they are not intended to
handle patientsvith contraindiations to the protocol, thereby requiring a provider to
override the recommendatiorin the systematic reviewf clinical decision suppotby
Pombo et alf19], only 19%of the studiesdcused on treatment, and 32% were related to
abdominal pain Only one abdomingainrelated study reviewed for this paper published
results related to patient outcomes, with many focused on accuracy of the system.
contribution of theproposed reseeh is innovative because we will expand the
understanding athefactors necessary to improve the adoption and effectiveness of CDS
andvalidate a model of CDS focused on presenting-pelated clinical to data to a care

team member from with the BHR.
1.3 Summary

Major themes identified by the prior research highlight the need for a thorough
understanding of the implications of CDS deployment on workflow, integration,
dissemination, and EMR data usEhis research wilexpand the currentate of medich
calculator classification with an-gepth look at issues surrounding clinician workflow,
automation, and delivery of evidenbased medicine, including medical calculator input
and output modalities and reference availabilityith this krowledge as &undation, this
research will then examine the effects that a CDS application that is appropriately

integrated into the EHR can have on patiegritered outcomes.



The remainder of thislissertation idocused on expanding the understanding of
factors necssary to improve the adoption and effectiveness of @& alidaing a model
of CDS focused on presenting paalated clinical to data to a care team member from
within the BHR. Chaptertwo introduces a new taxonomy for describing medical
calculators ad analyzing those features specific to that form of CDBShapterthree
expands on this foundation by adding information on the use and perceived usefulness of
medical calculators, their features, and barriers to use through a survey toingacti
clinicians of various experience levels Chapterfour we examine a specific use case of
an EHR integrated CDS focused on pain management and its effects on patient related
outcomes Chapteffive concludeswith a summay of the key findings from chapters two
through four,impact onthe present and future of clinical decissupport anddescribes

futuredirections for research in the area of clinical decision support.



CHAPTER 2

2 A Taxonomy for Medical Calculators
The work in this chapter has been publishetheproceedings oMEDINFO 2019:

Health and Wellbeing-8letworks forAll [33].

Abstract

Medical calculators play an important role as a component of specific clinical
decision support systems that synthesize measurable evidence and carcentred
medical guidelines and standards. Understanding the features of calculators is important
for calculator adoption and clinical acceptance. This paper presents a novel classification
system for medical calculators. Metadata on 766 medical calcuiatptemented online
were collected, analyzed, and categorized by their input types, method of ipgesent
results, and advisory nature of those results. Reference rate, publication year, and
availability of references were collected. We found the mgjofitcalculators are likely
not automatable. 16% of medical calculators present advisory resuitsd@ok. 83% of
medical calculators provide references. We show a 9 year lag from publication to
implementation of calculators. New medical calculagivsuld be developed with EHR
integration and the advisory nature of results in mind so that calaulatay become

integral to clinical workflow.
2.1 Introduction
Electronic health records (EHR) are becoming highly prevalent in hospital systems

[34]. Clinical decision support (CDS) within EHRs is also ubiquitoLechnologies such
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as the SMART platfornil6], the HL7 FHIR data interfad17], and CDS Hook§l8] are
helping drive the development of CDS that can be used in any EHR systehe sainte
time, studies have shown quality, workflow, and efficiency benefits for users of decision
support system$35,36} however, these benefits are not univefsahll CDSI[5,7].

Some CDS systems have medical calculators as a major compbeesfipre, it is
important to understand medical calculator attributes. Medical calculators embody
evidencebased medicine and are typically based on scientific literdfile Some
medical calculators are embedded into EHRs and can be considered ubiquitous such as the
automatic BMI calculation. The proliferation of technaokxy such as the internet and
EHRs, have obvious implicatiofsr the accessibility of patient datachaccess to medical
calculators. While the majority of medical calculators are simple and straightforward, there
exist many online, webased medical caltators that may be provisioned within an EHR.

Workflow integration and dissemination techniques acenmon themes in
literature examining CDS. Previous broad studies on CDS have identified workflow,
adoption, effectiveness, and dissemination of knogdeds top challengef2,13]
Appropriate integration of CDS has been problematic, with alert fatigue being well studied
[37,38] Recent studies have investigated the potential for automating calculation of
medial calculators, highlighting the opportunities and challenges of doif@Ps0]

The appropriatepr ovi si oni ng of CDS was <charact
making the right information available to the right person, in the right format, through the
right channel, at the right tinjé1]. The automatiprovisioning of CDS can have a positive
impact on important healthcare issues, such as patient §afjtyracial and gender

disparities[43], and process adherenj@el]. In addition, prior studies show that factors



such as automatic provisioning of CDS toj@6,45] can impact the adoption and success
of CDS. Moreover, the Kawamoto stuldg] identifiedseveral important relevant factors
driving CDS adoption that are applicabterhedical calculators: a) automatic provision of
decision support as part of clinician workflow, b) provision of recommendation rather than
just an assessment, and ¢) compbgsed generation of decision support.

Classification of medical calculators is enportant topic that impacts provisioning
techniques. There is no widely accepted standard classification of CDS, and no
comprehensive taxonomy for medical calculators. Oshetal., proposed a generic CDS
taxonomy based on user interfddé], while Berlin et al. developed a framework for the
classifcation of CDS (the CDSS Taxonomy framewof#y]. Calculator inputs and
outputs have not been well studied. Dziadzko ef4d] classified a subset of online
calculators by their specialty, calculation methods, and goal, but didintleer describe
the output modes of a calculator. Aakre e{40] studied the specific availability of the
inputs of 168 clinical alculators within the EHR and classified them as easily extractable,
extractable with advanced techniques, or not extractable, but did not provide a taxonomy
to describe differeninput types and the impact those types have on automatic calculation.
Of the existing literature, the Berlin et al. framework provides the most broadly applicable
framework for assessing a CDS like medical calculators. Their Reasoning Method,
Recommendtion Explicitness, and Explanation Availability attributes are particularly
pertinent to calculators due to their simple nature.

The importance of workflow integration and automation on CDS adoption is clearly
defined in literature; however, currenteasch does not address the specific contributions

that the structure of a medil calculator may have on the ability to automate and integrate



these types of CDS into EHR workflow. These currently unknown attributes of calculators
may have a direct impaonh medical calculator adoption. We expand the current state of
CDS classifiation by identifying attributes that are unique to medical calculators. Their
potential for automatic calculation and delivery of advisory information to clinicians and
calculabr input and output modalities are important factors for clinical acceptamte a
workflow integration. We also examine literature references of calculators to determine

availability and lag between publication and implementation of online calculators.

2.2 Methods

We performed an assessment of three currently available onlineeseat
provide access to medical calculators, consisting of two free services and one commercial
service. These services are anonymously referred to as Service 1, Service 2, and Service
3, respectively. The two free services were the first twoemedicalspecialty specific
webbased services appearing in the top 10
Amedi cal calculatoro through a Googduee sear
to its availability in the University of Missouri Health SystétiMHS). In total, these
three online medical calculator services contained 766 implemented medical calculator
algorithms.

Input types were determined by performing HTML data scrapinipeo HTML
input tag from Service 3. Each input was classified antgpe by examining the HTML
input type (radio, checkbox, number, or text), and whether the data was a discrete value, a
logical computation of a discrete value, required interpretatitimecopinion of a clinician,

or were worded in such a way as touieg data from a patient and be unlikely to be stored



in the EHR. The resulting types were checked for completeness during classification of
the entire set of calculators.
Calculator outpt types were determined by examining all calculators in the study.

Each calculator page was opened and classified into one or more of the output type

categories. Categories were added as new

targeted usgphysician or patient) was captured and their references weretedlighere
available. The calculator type was also assessed by examining the input and output
modalities and targeted user to arrive at a classification. Calculators that did naofall in

an already encountered type were assigned to a new type.
23 ReslUts

Using the CDSS Taxonomy framework, we accounted for Reasoning Method,
Recommendation Explicitness, and Explanation Availability during our data collection.
Data inputs, calculator quiits, and calculator references were documented for each
calculatorin the three services. Calculators were then categorized based on these factors.
2.3.1 Calculator Inputs

To provide a generalized guide for future calculator development, we examined the
inputs necessary for medical calculators and generally classiéeddh follows:

1. Discrete Data Elemenisthese are atomic pieces of data stored in an EHR. For
example, the rate of creatinine clearance.

2. Non-discrete Data Elementsinputs of a nofdiscrete nature can ask for medical
opinions of providers, for examplie likelihood of a diagnosis.

3. Logical Computation on discrete data elemé&rascalculator that asks if a value is

over or under a certain threshold, or within a specified range, reqogeal
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computation to determine an input value. For instancepimintbased calculator,
assigning points based on age ranges falls into this category.
4. Obscure Data ElemeritdData elements unlikely to be contained as structured data
within an EHR. For example, the NIH Stroke Score requires the patient to identify
the current month and his or her own age.
2.3.2 Calculator Output

For demandriven calculators, the way in which calculator results are delivered
(Recommendation Explicitne$47]) were considered germaireour review as they are
related to the advisory nature of the calculator output. Advisory calculators suggest a
diagnosis or recommendation, and famvisory are assessment only, pdiwg a
probability, score, or discrete information result. We idieat five different types of
results display, classified as either ramvisory (types 3, 4, and 5) or advisory (types 1 and
2), with Table2.1 showing the distribution of these.

1. Diagnasisi Calculator presents a potential diagnosis, for example the Oriteria
for Infective Endocarditi$49] provides a definite, probable, or rejected diagnosis
for infective endocarditis

2. Advice/Recommendation Calculator suggests or recommends a specific course
of action, such athe HEMORR2HAGES Score for Major Bleeding Ri0]
which suggests initiating therapy based on calculator results.

3. Probabilityi Calculator provides a probability of patient having or developing a
condition The APACHE Il Scorgs1] provides a probability of mortality

4. Classificationi Calculator classifies patient in one or more categories. For

example, the Apgar Scof&?] classifies infants asonmal or requiring intervention.
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5. Discrete Informatiori Calculator provide a discrete data value for provider to use.
The BMI calculator provides the wethown ratio of body weight to height.

Table 2.17 Percentage breakdown of output types of calctgato
*Note that a calculator may present multiple output types.
Servicel (n=138) Service 2 (n=498) Service 3 (n=130

Output Types Count  Percent Count Percent Count  Percen
of total of total t
of
total
diagnosis 2 1.45 27 5.42 6 4.62
advice/recomm 42 30.43 37 7.43 7 5.38
endation
probability 23 16.67 41 8.23 4 3.08
classification 75 54.35 195 39.16 69 53.08
discrete data 33 23.91 249 50.00 56 43.08

Kawamoto [46] indicated that the success rate for decision support use is
substantially higher for CDS that provision a recommendation versus an assessment. We
found that just 16%(121/766) of calculators fall in the advisory category. With the
majority of anayzed calculators not providing recommendations, there is a lower potential

for significant adoption of medical calculators.

a) b)
Percent of Calculator Types by Percent of Referenced Calculators by
Source Source
0 20 40 60 80 0 102030405060 70 8090100
Clinical Criteria Clinical Criteria
Decision Tree Decision Tree
Medical Equation === Medical Equation Fr—
Questionnaire ® Questionnaire
m Service 1m Service 2m Service 3 m Source 1 mSource 2 m Source 3

Figure 2.17 Calculator Types and References by source.

A) shows that Clinical Criteria arddedical Equations are theast popular types of
medical calculators. In b) we find that Medical Equations are far less referenced
the other types.
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2.3.3 Calculator Categorization

Calculators in this study were analyzed and categorized into foor typgs:

1. Clinical Criteriai These are clinician facing calculators typically implemented as
a scoring system. Answers to specific questions accrue points, with the total then
looked up in a table to define the calculator output. These can require any
combination of the four InguTypes. For example, Total Cholesterol required by
the ACC/AHA 2013 Cardiovascular Risk Assessm@3] accepts discrete data
input. The Wells Score System for Deep Vein Thrombo§igl] asks for non
discrete data elementsthgph questi ons such as AAn alt
likelythandeepr ei N t hr ombosi s. 0 The Muls8]i pl e N
has input with logical computation on discrdtga elements (M ProteilgG > 3.5
g/L). The Head CT Rule for Minor Head InjuB6] requests obscure data elements
such as fAlnability t orydsealasimteciemengey r i ght
depart ment o. Combinations of any of th
the Metabolic Syndrome Criter[&7]: ABl ood pressure >=130/
pressure prescriptiono

2. Medical Equationi All inputs are Discrete Data Elements. Tiesult of the
calculator is found by computing a formula with the appropriate values. For
example, the Cockcrofault equation for estimating creatinine clearance is
CreatClear = Sex * ((140Age) / (SerumCreat)) * (Weight / 72), where the value
for Sexis 1 for male and 0.85 for femde8].

3. Questionnairé Inputs @n be any of the four Input Types and are designed to be

answered either by a patient or in collaboration with a patient. A scoring system is
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usually employed, similar to Clinical Criteria. nAexample is the CAGE
Questionnairg59], which containsinpyp r o mpt s such as fAHave
needed to cut down on your drinking??o
4. Decision Treel Inputs presented to users are dependent on answers to prior
guestions. A scoring system is ussahilar to Clinical Criteria. The PECARN
Pediatric Head Injuffrauma Algorithm60] is an example of a decision tree.
Figure2.1(a) shows the distribution of calculators by type across the three analyzed
calculato services. Clinical Criteria calculators make up the majaftycatalogued
calculators. Because they can require Input Types other than Discrete Data Elements,
additional steps may be required by the provider to search the EHR or other sources for
relevant data and could reduce the likelihood of utilization. MadEquations make up
the next largest category. These are the only type that rely solely on Discrete Data
Elements. Given the availability of EHR data, they can be automatically computedtwit
interaction from a clinician. Questionnaires and Decisioges make up a collective
minority of the catalogued calculators. Both types are designed to be highly interactive
and thus do not lend themselves well to automated computation.
2.3.4 Calculator References
The rate at which references were made avajafdr which types, and the
accessibility of those references, were collected during calculator analysis. The availability
and access to references fulfills a portion of the CDSS Taxonomyeframr k 6 s
AExpl anation Avail abi |l ixtiygfo Clinitidmecan gaifanr mat i
understanding of the reasons behind a recommendation from the primary literature and is

complimentary to te advisory content of medical calculators. The distribution of
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references by calculator type is presented in Figur@). While the numbers of decision

tree and questionnaire calculators were very small, we did note that Service 1 and Service
2 referemed 100 percent of these types. Clinical criteria calculaters referenced more

than 90% of the time, with two services approaching full coverage. Medical equations
were the least referenced type of calculator across the three services we analyzed.

Table 2.2 Reference links provided by Service 2

Domain Count
Internal Site Reference 47
Other URL 55

No URL Provided 65
www.ncbinlm.nih.gov 589

We found that each of the three services presented references in distinct ways. One
service listed references in citation style, while other two attempted to provide URL
links and categorization of the references. A primary concern uncovered inabysist
was the accessibility of the references. We conducted a detailed analysis of the largest
calculator service that provided URinks (Table2.2). A deeper analysis of the NCBI
links showed that they all led to PubMed, a site which makes freellalaleabasic
information on articles, such as publication year and abstract, but not the full text. Lack of
access to full text refenees could be an important factor in the adoption of newly

implemented medical calculators.
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Referenced Calulators by Year
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Figure 2.27 Number of reérenced calculators by year.

An analysis of the publication year of the NCBI references supported a trend
towards older publication@igure 2.2), with the median publication year being 2002.
Growth of implemented calculators follows an exponential €unvtil 2006. In the same
year, there is a change in the rate of medical calculator implementations. Because this
analysis representssingle point in time snapshot of medical calculator implementations
as of March 2015, and implementation dates ohentnedical calculators are not available,
we can only hypothesize that the reason for the change in calculator implementation rate is
alag from publication to implementation of approximately 9 years. Studies of medical
research publication to widesprgamctice implementation show a similar lag of 17 years

[14] to 24 year$15].

2.4 Discussion

Our analysis shows that less than half of available medical calculators lend
themselves toully automatic calculation of results, with past research indicating that the
adoption of CDS increases with automatic provisiof@@. The ability of a calculator to
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have its results displayed automatically is roateithe decisions made during the research
that produced the calculator publication. While any calculator may be included in provider
wor kfl ow at oriye mimarity gf lcalculators mald automatically provide

the resulting answer without regag a clinician to manually input data that may already

be available in the EHR. Medical equations are the single type of calculator capable of
providing the reslt without the interaction of the user due to the inputs requiring only
discrete, structuckdata. Clinical criteria may be automated but may be challenging to
develop due to the varying types of inputs that could be required. The other types of
calculdaors (e.g. decision trees and questionnaires) are less suitable for automatic
calculation de to their interactive nature. Thus, as new predictive models are developed,
careful consideration should be given to the type of calculator that could be imfgdmen
Medical equations and clinical criteria could be the preferred implementation ii@dopt
and dissemination are desired for the model.

The advisory nature of current medical calculator outputs is also not consistent with
prior studies that suggestcommendations lead to better adoptié6]. Only a smbk
percentage of the calculators we studied (16%) provisioned results in an advisory fashion.
Two of the most active forms of delivering medical calculator reguitaded suggesting
a diagnosis, and dispensing advice or recommendations for treatmieitet. W& surmised
that many factors play into the ability to provide advisory results, e.g. validation studies,
liability, and confidence, it nevertheless is a faatelated to adoption and should be
considered in the development and publication of newigtiee models.

Finally, 83% of implemented medical calculators in this study provided reference

materials. The high rate of reference availability could proveseful method of
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introducing new evidenebased medicine directly in the clinical workflow embedded
medical calculators; however, the inaccessibility of full text references may be problematic.
It requires further study to determine whether or notresiee availability would have an
impact on perceptions of calculator credibility. The natemtlian year of publication of
medical calculators was 2002, which highlights a potentially missed opportunity to
leverage EHR deployed CDS as a means to introdeve evidence based medical
literature.

2.5 Conclusion

This paper presents a taxonomy of neaticalculators that can be used to inform
future research in medical calculators and predictive algorithms. Researchers ultimately
may be best positioned to impact the future of CDS adoption by becoming more cbgnizan
of the types of data used to builtese models, and the advisory nature of the results, and
by being conversant in the fundamental structure of a medical calculator. These decisions
may influence the speed at which new predictive models are implenatektlivered as
automatic decisionupport within EHRs. EHR vendors and implementers should take note
of the five rights of CDS, relevant usability and automation concerns, and disparities
between different levels of clinical experience to design caioulworkflows that are
deployed automtically to end users. As CDS becomes more accepted as part of the
delivery of medicine, evidenced by recent opinjfhjand t he creati on of
Me d i c[62h énsights into the issues surrounding integration of CDS into clinical
workflow will help drive adoption of new technologies. We believe that future medical
calculatos will go beyond regression analysmlanclude more complex data, longitudinal

data, and data from outside the EHR. Techniques such as deep learning, explainable Al,
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and big data technologies will make available more decision support that is based on
discrete data in an EHR and can be auwtiically provisioned as medical calculators. Such
disruptive and cuttingdge research will radically change medical practice in the coming
decades, and contributions in this area must continue to push the comistafaie
medical community. Building solid understating in this area, as the collective research

on medical calculators does, is necessary to prepare for such a future of digital medicine.
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CHAPTER 3

3  Medical calculators: Prevalence, and barriers taise
The work in this chaptes published in the journaComputer Methods and Programs in
Biomedicing63].
Abstract
Background and Objectives

Medical calculatas synthesize measurable evidence and help introduce new
medical guidelines and standards. Some medical calculators can fulfill the role of CDS
for Meaningful Use purposes. However, there are barriers focielits to use medical
calculators in practice Objectives of this study were to determine whether lack of EHR
integration would be a barrier to use of medical calculators, and understand factors that
may limit use and perceived usefulness of calculators
Methods

A survey about medical calculatorsthgy relate to clinical efficiency, perceived
usefulness, and barriers to effective use was conducted at a rdadnacademic
medical center. 819 physicians were invited to participate in an online surbey %826
response rate. Results were statadly analyzed to highlight factors related to use or-non
use of medical calculators.
Results

We found a negative correlation between use of medical calculators and years of
experience (p<0.001), with decreastgjculator use as experience goes up. i&arto

using medical calculators by nasers and users of medical calculators show that necessity
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and integration are significantly different wipk0.001 ang=0.037, respectively. 46.7%
of nontusers reportedecessity as a barrier compared to 7.7%s&rs. Integration was
reported as a barrier for 43.6% of users, but only 13.3% ofusers. 61% of users
indicated that calculators made them more efficient, and 70% reported that unavailability
of normally wsed calculators make them less efficieri%6of users indicated that they are
somewhat or very likely to use newly published medical calculators.
Conclusion

The results highlight that medical calculators are important for care delivery by
both users andonusers. For nownisers, they are seen lagving a potentially positive
impact on patient care, but unnecessary as part of clinical practice. For medical calculator
users, calculators are an important part of regular workflow for efficiency improvement.
Clinicians with fewer years of experienglgow an eagerness to consume newly published
calculators, making these kinds of CDS a potentially useful way to disseminate new
medical evidence. The survey results suggest that when medical calculators can be
auomated and integrated into the EHR as padveryday workflow then efficiency and

adoption may increase.

3.1 Introduction

Electronic health records (EHR) have seen a large increase in hospital system
penetration, with adoption in the United States increasing more than fivefold since 2008
[3], and in some European countries, adoption approaches[Bd084] Guidance from
the Centers for Medicare and Medicaid Services regkmcca guidelines, diagnostic

support, and reference information as relevant forms of (85§ all of which can be
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provided by medical calculator66]. Studies have shown quality, wddi, and
efficiency benefits for users of decision support syst@hs86] Re@nt innovations that
facilitate CDS integration are being adopted by EHR systentd) as the SMART
platform[16], the HL7 FHIR data interfad&7], andCDS Hookq18]. Third party solution
vendors such as MedSocKéi] are also working to provideHR solutions focused on
integrating medical calculators for clinical decision support. These advancements are
hdping drive the development of universal CDS that can be plugged in to multiple EHR
systems; however, clinicians have yet to fully benefit f@DS[5,7].

In this paper, we define medical calculatorsasputer software whictakes as
input one or more pieces of patient supplied and/or clinically sourced data and returns a
discrete anser through calculating an equation, traversing a decision tree/questionnaire,
or executing an algorithm The proliferation of technologies, duas the internet and
EHRs, have obvious implications on the accessibility of patient data and access to medical
calculators. These medical calculators are simple and straightforward, and there exist many
online, webbased medical calculators availablattimay be provisioned within an EHR
[48,66] Prior studies show that factors such as aut@n@mtvisioning of CDS tools
[36,45] and provisioning recommendations ratligan assessmenf46] can impact the
adoption and success of CDS. Recent studies have investigated théabdte
automating calculation of medical calculators and highlighted the opportunities and
challenges of doingo[39,40] No study has investigated the impact that EHR integrated
medical calculators may have on the likelihood of calculator usejsntnere a clear

understanding of the barriers to use of medical calculators by clinicians.
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Our objectives ofttis study were to 1) determine whether lack of integration and
automatic provisioning of medical calculator results would be a barrier tof msedical
calculators, and 2) understand factors that limit use and impact perceived usefulness of

medical calcudtors.
3.2 Methods

3.2.1 Study Design

We employed a cross sectional study design leveraging an online, computer
adaptive survey targeted dinical users of an electronic medical records system. The
survey was designed to collect basic demographicatataspondents and capture current
attitudes and practices regarding the use of medical calculators, using categorical, binary,
and operendedquestions. The survey instrument was electronic and adaptive in nature.
REDCap[68] was used to develop and depliwye survey instrument. Participants who
indicated they did not use medical calculators were presented with 11 questions (6 required
responses and those who indicated use of medical calculators were presented with 30
guestions (25 required response§ender, role, and years of experience were gathered
from all participants. Tabl8.1 lists the question domains under survey, the number of
guestions per domain, and the nature of responses. Appendix A contains the survey

guestions by domain and responste.

Table 3.17 Overview of survey domains
Domain Number | Nature of Responses Description
of
guestions
Awareness 4 5 Point Likert, General awareness about
Categoical medical calculators
Demographics| 4 Categorical, Binary | Collect basiddemographic
information about participants.
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Efficiency 3 Categorical Assess the impact medical
calculators have on work
efficiency

EHR 2 5 Pont Likert Questions related to integratio

Integration of calculators in EHR

Frequency of |3 5 PointLikert, Assess frequency and timing ¢

Use Categorical use

Meaningful 2 5 Point Likert Assess the use of calculators

Use a meaningful way, related to t
US HITECHact

Nature of Use | 5 Free Text, Binary, | Assess the way in which

Categorical calculators aresed

Perceived 4 Free Text, Binary, Understand the way in which

Usefulness Categorical calculator users feel they imp4g
patient care

Usability 3 Free Text Captue free text responses
related to the usability of
calculators

3.2.2 Setting

The survey was conducted at the University of Missouri Health System (UMHS),
a midsized academic medical institution located in a predominantly rural area. UMHS
operates morthan 50 clinics and five inpatient facilities totaling 550 beds. UMHS has a
systemwide EHR provided by Cerner Corporation (PowerChart) that is used by staff to
retrieve, document, and store patient medical records.
3.2.3 Participants

Physician, fellow and resident email addresses, names and, when available,
department affiliation we programmatically extracted from the online physician directory
for the UMHS hospital and clinics, yielding 819 Physicians, Residents, and Fellows.
Participation in thetady was voluntary and no compensation was offered. The number of

responses to treurvey determined the study size.
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3.2.4 Variables

The primary variables of interest included gejported use/nense of medical
calculators, and the coded responsesi¢odptional free text questions regarding barriers
to use and features mdited about medical calculator products. Years of experience and
department affiliation were considered potential effect modifiers for medical calculator
use. Department affilien was determined using the identified department from the search
results sed to collect survey participants.

Free text responses for barriers to medical calculator use were coded into distinct
categories, and responses to the free text question askinigeld features of medical
calculators were tallied by responsefegspons. Verbatim responses for these variables
were further used as supporting evidence for statistical analyses. 3Tablescribes the
coded categories for the freext answers tthe question for barriers to use.

Years of clinician experience was calied categorically by grouping into the
following 10 ranges: 1, 2, 3, 4, 5, 6,10, 1120, and >20. Because of the teaching nature
of the UMHS, it was surmised that there wouddebstronger response from residents and
fellows, so years of experience wassented more granularly for early career respondents.
However, this was not supported by the responses, and so during the analysis phase the
categories were collapsed into thrgroups representing early careei6(Years), mid
career (720 years), andighly experienced (>20 years).

The types of medical calculator preferred by participants was asked. Participants
could choose multiple options, and we offered three typesectsdecision trees that walk

you through a set of questions to arrive aeeommended action, equations based on
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discrete values from the patiéntchart, and questionnaires that may ask about medical

history of the patieni66].

Table 3.271 Free text response categories for barriers to medical calculator use
Question Categories Free Text Answgres
Please describe any || Integration Integration of clinical data with
barriers that exist that calculator
prevent you from Necessity Perceived need
using medical None Respondent explicitly stated no
calculators more. barriers
(Barriers) Technical Techical issues or limitations with
computer/phone hardware
Training Indicated no knowledge of use or la|
of training
User Interface Problems with the user interface
Workflow Clinical practice workflow interferes
with or prevents use

3.2.5 Bias

We attempted to reduce selection bias by inviting all residents, fellows and
physicians practicing medicine at UMHS to complete the survey. The invitation was made
during a regular monthly newsletter sent to all participants by the Chief Medical
Information Officer of UMHS, followed by emailed reminders after two and four weeks.
3.2.6 Statistical Methods

Freetext responses for the question asking about barriers to calculator use were
categorized by one author with a separation of at least 4 montresinbive coding passes.
Co h e n 6 g[69Kvaspcprguted for intreater reliability. Discrepancies were resolved
by a third party. Categories were determined by analyzing the responses to capture the
main contenbf the response.

Chi-squared tests for independence were performed for barriers to use and liked

features versus calculator use, years of experience and role to determine potential
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interaction. Twetailed ztests for differences between two proportionsrewused to

determine the statistical significance of any differences in identified barriers between

calculator users and narsers.

The Chisquared statistic was used to test the correlation of calculator use to the

individual variables of experience ldvegender and role. The Cbguare test for

independence was also performed on the department variable against the population to

determine its role as a possible confounder. -sgiare was used to determine the

independence of mode of calculator acceskaweport of EHR integration as a barrier. A

logistic regression model was fitted for prediction of calculator use by years of experience

classification to determine probabilities of calculator use by experience level.

3.3 Results

3.3.1 Participants

Of the 819 subjects invited to participate, 122 respondents clicked the survey link.

14 respondents did not complete the survey and were removed from further analysis,

leaving 108 completed responses, a response rate of 13.2%. 6.8% (22/&&¥ents

responded, and 17.2% (86/501) na@sident physicians (encompassing attending

physicians, fellows, and others) responded.
3.3.2 Descriptive data

Table 3371 Survey Demographics (n=108)

Calculator Use Yes

Total 73.1% (79)
Role

Attending 60.8% (48)
Resident 25.3% (20)
Fellow 5.1% (4)
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No
26.9% (29)

79.3% (23)
6.9% (2)
3.4% (1)

Total
100% (108)

65.7% (71)
20.4% (22)
4.6% (5)



Other 8.9% (7) 10.3% (3) 9.3% (10)
Gender

Female 39.2% (31) 31.0% (9) 37.0% (40)
Male 60.8% (48) 69.0% (20) 63.0% (@)

Years of Experience

1-6 43.0% (34) 10.3% (3) 34.3% (37)
7-20 35.4% (28) 27.6% (8) 33.3% (36)
>20 21.5% (17) 62.1% (18) 32.4% (35)
Department

Child Health 5.1% (4) 6.9% (2) 5.6% (6)
EmergencyMedicine 2.5% (2) 0.0% (0) 1.9% (2)
Family and Community Medicine 10.1% (8) 3.4% (1) 8.3% (9)
Medicine 21.5% (17) 10.3% (3) 18.5% (20)
Neurology 2.5% (2) 0.0% (0) 1.9% (2)
Orthopedics 0.0% (0) 6.9% (2) 1.9% (2)
Physical Medicine anBRehabilitation 1.3% (1) 3.4% (1) 1.9% (2)
Surgery 5.1% @) 3.4% (1) 4.6% (5)
Womeris Health 2.5% (2) 0.0% (0) 1.9% (2)

Not Identifiable

49.4% (39)

65.5% (19)

53.7% (58)

3.3.2.1 Demographics

79 of 108 respondents reported use of mediakdulators (73%). Table.3lists
the survey demographics. Due to ystem processing issue during initial survey
deployment, some responses were not linked back to the participant identifier, and thus
department affiliation was lost. Those responses were attributable came from nine
different clinical departments. A&hi-square test of independence was performed to
examine the relation between survey responders and department. The relation between

these variables was not significant,(13,N = 819) = 8.864p=0.783.
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Experience levels varied from one year to more than 20 years. Responses were
split evenly across three experience groups:ykars (residents) (34%)2D years (early
to mid-career) (34%), and more than 20 yeadvanced) (32%)

3.3.3 Outcome data

79 survey respondents reported the use of medical calculators. 95% of these
clinicians felt that using calculators positively affected patient outcomes, with 68% of those
clinicians believing that the best outcomes achieved by uag calculators before or
while they are seeing a patient. The most common access methods for calculators was
through a smartphone app (56%) and websites (52%), followed by an integrated calculators
component in the EHR (18%) and a manuartnomogram3%). The most common
types of calculators preferred was medical equations (86%), followed by decision trees
(25%) and questionnaires (19%). 61% of users indicated that their use made them more
efficient, and 70% reported that unavailalilof normallyused calculators would make
them less efficient. 57% of calculator users report documenting calculator results in the
EHR. 67% of users also reported using calculator results in a care plan. 60% of users
indicated they are somewhat likelyr very likely to use newly published medical
calculators.

29 respondents reported they did not use medical calculators. Of the reported non
users, 79% included clinicians with more than 10 years of experience. 83% of these
respondents reported that ngimedical calglators could positively affect patient care,
even though they choose not to use them. The top reason selected in the survey for not

using medi cal cal cul ators was AnThey are

respondents. 28% cited awareness of thm, and 28% <chose At
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consuming/ complicatedo. Cost was avail abl

a factor by any respondent. 62% of amers indicated they would be somewhat likely or
very likely to use medical tzulators if they were integrated into the EHR.

Respondents were asked to identify barriers to use in a free form text box which
were then categorized (Tal8&l) using the methods described in sect@dsand2.6. The
Cohenbds Ka pratea reliditity foricading the barriers question was 0.934,
indicating almost perfect agreem¢n®]. 51% of all respondents did not write any input
for this question. For those that did, integration with the Ebfiped the listvith 18% of
respondents reporting it as a barrier. Workflow issues were next, with 10% of respondents

indicating that as a barrier to use.

Table 3471 Response rate for freext variables of interest

Variable Categories |

Barriers Integration 18% (19)
Necessity 7% (8)
None 6% (7)
Technical 1% (1)
Training 3% (3)
User Interface 4% (4)
Workflow 10% (11)
Not answered 51% (55)

Features Most Liked || Answered 39.8% (43)

About Calculators Not Answered 60.2% (65)

3.3.4 Main results

Because responses for barriers to calculator use and features most liked about
calculators were not required, the Glguare statistic was computed for the response
profile against experience level ((2, N = 108) = 3.558p=0.169), role ( (3, N =108)
= 5.836,p=0.120), and calculator use ((1, N = 108) = 0.000, p=1.000). Similarly, the

free text response rate for features liked was tested against experience [€xeN(=
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108) =1.664,p=0.435), role ( (3,N=108) = 3.552p=0.314), and calculator use ((1,

N = 108) = 1.826p=0.177). No significant relationship was found with these tests;
therefore, we treat these response subsets as representative of the whyleesporese
set with regard to these demographic features.

When comparing the proportions of fresxt categorized responses to barriers of
use by users and narsers of medical calculators, necessity demonstrates significant
difference between the twoaslses4{=3.302,p<0.001), with 46.7% of nonsers reporting
necessity as a barrier to use compared to 7.7% of users reporting it as a barrier. The other
significant difference was integratiod<-2.085,p=0.037). Integration was reported as a
barrier for43.6% of users, but only 13.3% of nasers. The interactidbetween calculator
user6s preferred mode of access and report
found to have a significant relationship ((3, N = 17) = 19.841, p<0.001). Usshat
access calculators via a website or smartphone app veeeeliely to report integration
as a barrier than those that reported accessing calculators via a manual chart or nomogram,
or an EMR integrated calculators component.

Department informatiorwas available on 46% of responses. To reduce the
possibility of self-selection forming potential bias in the analysis, a-&thiare test of
independence was performed to examine the relation between departmental counts
identified in survey responses arike tdepartmental count of all clinicians invited to
participate m the survey at UMHC. The relation between these variables was not
significant, (13,N = 819) = 8.864p=0.783. We did not have department information
available for all survey response¥Ve assume that the distribution of responses between

the responers with and without department identified is the same, as the survey invitations
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were sent at the same time to all clinicians; however, we make no conclusions on the basis

of department difiation in this paper.

Y e ar s Probability 95% , 1000
experience of Confidence 3 0.2800 E _
Calculator  Interval 5 -
Use 5 0.600 *
1-6 0.919 (0.777, § 0400 L
0.974) S 0.200
7-20 0.778 (0.615, £ 5000 | |
0.855) & 16 7-20 »20
>20 0.486 (0063;]-277)’ Years' Experience
B probability = |ower conf. interval
= ypper conf. interval linear trend

Figure 3.17 Predicted probability of using medical calculators by yeaexpérience.
The results of Chsquared analysis of calculator use to experience, gender, and role

was performed. The relation between calculator use and gender was not significant,
N =108) = 0.311p=0.577, neither was the role of the phyaig, (3,N=108) = 4.814,
p=0.186. However, the relation between calculator use and years of experience was
significant, (2, N =108) = 17.774p<0.001. Fitting a logistic regression model with
calculator use as the dependent variable aasya experience as the independent variable
yielded a model showing decreased probability of use as experience rises Hiure
3.4 Discussionand Concluson
34.1 Key Results

Experienced clinicians made up a large proportion ofus®ers, and we foul a
statistical correlation and association between use of medical calculators and years of
experience. We suspect earlier career providers access a magdérlyemge of calculators

due to lack of experience, while experienced providers may have deddiapits which
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include the use of only specific or wéthown calculators routinely. Frdext responses
for identifying most liked features of calculatorerh early career(6 year sd6 exper |
show some support for this, with one respondent safiilfda k e s pati ent enco
faster and makes me feel more confident ab
respondent al s o iveesuked calfulatoe, how torinterpret dekuits,andg
citations of literature supportingtheirs e 6 [ si c] . One | ate career
experience) noted doubts about the credibility of the available calculators and manual
loading of data wan addressing barriers to use: i A
credibility; needtoloaddat mysel f 0 [ si c] .

The identified barriers to use may underlie the inconsistent views that use of
calculators during a patient visit is the most beneficialwith actual use occurring after
the patient has left. This is further supported by 62% otitattar nonusers reporting that
they would use medical calculators if they were integrated into the EHR. Both free form
and directed survey questions suppioat for at least some clinicians who report not using
medical calculators, workflow and usabjilitconcerns may be the primary factor
discouraging their use.
34.2 Limitations and Generalizability

While it is expected that survey results may be genebddiza other institutions,
there are factors that may influence survey results such as theusdalecency of EHR
implementation, EHR vendor, and general attitude towards the EHR. The response rate
was 13.2%, with low representation by resident physsciavho may be the primary

beneficiaries for delivering new evidenbased medicine via decisiomupport tools.
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Department affiliation was not available for 54% of respondents, potentially weighting the
responses in favor of one specialty over another.
34.3 Interpretation

Prior research supports that the adoption of CDS increases with automatic
provisioning[46], whereas previous analysis of online medical calculd88ksupports
only a small percentage of medical calculator implementatiosable to be automated.

Our survey results support the view that lack of automation is a barrier to use, with 92% of
calculator users indicating they would useEEHR integrated medical calculator feature,
and 44% citing lack of integration as a barrier $e@.uUsers that are accessing calculators
through digital means such as a website or phone app ideckfgfintegration as a barrier
significantly more tha those using paper or already using an EHR integrated calculators
component.

This survey highligts that medical calculators are seen as important for care
delivery by both users and naisers. For medical calculator users, calculators are an
important @rt of regular workflow, providing efficiency in daily use for care planning,
supported by our fidings in sectior3.3. For nonusers, they are seen as having a
potentially positive impact on patient care, lagk of perceived need restricts their use.
61% of calculator users reported that calculators made them more efficient, and 70% claim
that their unavailability would make them less efficient. 62% of calculatorusans
reported that they would use medical calculators if they were integratethenteHR.
These results suggest that when medical calculators can be automated and integrated int
the EHR as part of everyday workflow, as BMI and LDL cholesterol commonly are, then

efficiency and adoption may increase. Further, medical calculator ysersrily
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clinicians with fewer years of experience, show an eagerness to consume newly gublishe
calculators, making these kinds of CDS a potentially useful way to disseminate new
medical evidence. For this to happeregrationshould be considered anportant factor

in calculator development.
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CHAPTER 4

4 Evaluation of an Electronic Health Reord Embedded
Pain Management Visual Decision Support Tool

The work in this chaptes submitted for a journigpublication
Abstract
Objectives

We examined patiertentric effects of a clinical decision support (CDS) system
for pain management for inpatisnwith diverticulitis, pancreatitis, and abdominal pain.
Materials and Methods

167 days of activity log data from the Electronic Health Re@HR) systenwere
analyzed to determine whether the CDS was opened in a patient chart, resulting in 865
cases.Differences in mean pain score, pain medication regimen, discharge medications,
and use of opioid antidotes were compared between patientsashihe CDS opened in
their chart and patients who did not.
Results

For the CDS use group, average pain scordsl (8cale) were reduced by 0.7 (to
below the level requiring intervention by the local hospital quality protocol) and mean
number of pairrelaied medications prescribed per day were reduced by 27.5%. No
correlation was found between the use of the CDSpaestription of different classes of
pain medications at discharge, nor with the use of an opioid antidote for reversing overdose.

Discussio
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Our study shows that a CDS for pain management can have significant effects on
the patienicentric outcomes gbain experience and pain medication regimen. The CDS
was naturally adopted, primarily by nurses, and employed for cases with longer lengths of
stay, indicating a potential benefit for difficult cases.

Conclusion

There is a potential for improvement of paand pain related medication
management using an interactive CDS that consolidatesrgdabed information into a
visual decision support tbo The retrospective methods developed in this study are

applicable to future CDS studies.
4.1 Background and Sgnificance

Effective management of pain has been the focus of recommendations by many
organizationg23,24,71 73], yet it remains amlusive targef28]. When the American
Recovery and Reinvestment Act of 2009lexh for the implementation of EHRS in
hospital s an [J4],doppertuntiesdvere coehtdédifoc retmspective analysis of
clinical EHR data. Data collected by EHRs provide fertile ground for retrospective
analyses anthe development of clinical decision supporstgms (CDS) in the area of
pain managemeiit9]. Common approaches to CDS for pain management include patient
interactive systemlg’5i 77] and decision trees that guide providers through predetermined
protocols[32]. Protocolbased CDS are effective at guiding management of problem
conditions according to the standard, but there are clinical exceptionsethate an
override ofCDS recommendations. This paper reports on a study of a CDS tool for patients
with acute abdominal pain in an academic health care center. The academic health care

center where the research was conducted had protocols in plackdssadcute pain for
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inpatients when the pain reached a level of four on the Numeric Rating Scdlé MRS
11).

Literature about the use of CDS for the management of abdominal pain is sparse.
Eleven studies focused on abdominal pain from the perspeaftigiagnosi§20,78 83],
screening84i 87], risk assessment todB3], or mobile applications and alertifg@]. In
the review by Pombo et dl19], only 19% of the studies focused on treatment, and 32%
were related to abdominal pain. Only one abdorpaatrelated study reviewed for this
paper published results related to patient outcdBt@swhile the others focused on CDS
accuracy. These systems are based on measurable and documented clinical events with
automated scoring or classification, ansl @ rule they leave out the clinician as an
influencer on pain outcom§80]. Painrelevant clinical and nenlinical factors have been
documented irthe literature[91i 98]. Additionally, care providers have an experience
based sense of which factors are important to consideetreatment of acute pa[99].

EHR design does not often lend itself well to rapideasment of these factors in a
comprehensive manner. Potentially relevant jpelated factors are scattel throughout
the EHR, which is a barrier tihe rapid and comprehensive identification of pfif0].
Cognitive load[101] is high for poviders wishing to simultaneously consider all

potentially relevant pain related factors for a singléepat
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Dosages, (4) Paicore Graph (with med administration markers), (5) Vital Signs Chart

Figure 4.17 The Pain Management CDS
(1) Date/time selection, (2) Pain Details (numeric and textual), (3) Pain
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4.2 Objectives

This paperreports on a retrospective study of a CDS for pain management by
testing the effect of the system on patient outcomes related to pain management. We
examine thesignificart differences a pain management CDS can make on pagatric
outcomes, includingedf-reported paifl02], stability of pain medication regimén2], the
prescription of medications at dischai@é], and tle use of opioicantidotes during the
inpatient stay71,1(3].

43 Methods

4.3.1 Study Design

A Pain Management CDS was made available toclaticians at a miesize
academic medical center on September 9, 2015 and was visible as a selection on the left
hand side of the EHR from any screen. The availabilith@CDS tool was announced to
all practicing clinicians at the time of release, tmathing was offered through the medical
centero6s clinical education department .
optional. The analysis was a retrospectivesssectional design, with patient visits
assigned to a group based on natuiaiaian use of the CDS. The project was reviewed
and approved by the Institutional Review Board of the medical center, project #2007767
HS.
43.2 Development and Pilot ofThe University of Missouri Pain Management CDS

The Pain Management CDS was developesing webbased technologies,
embedded in the EHRnd released as a pilot in September 2015. The tool is visual in
nature (Figuret.1l) and was developed in conjunctioftiwclinicians to display the most

relevant pairrelated clinical data in a #2ourtimeline view.
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The sections are as follows:

1) Date/time selection: The user can move forwards and backwards through time or
select a specific date/time.

2) Pain Details: Detés of pain related clinical documentation (numeric and text),
including pain scoreand related scales, and Apharmacologic pain interventions.

3) Pain Medication Dosages: Medication administrations witrago$or all active

pain related medication ordgfBable4.1).

4) Pain Score Chart: Chart showing pain score over time, with markenetbcation
administrations. Hovering with the mouse displays additional content.
5) Vital Signs Chart: Chart showing heart and respiratory rate, blood pressure, and

SpO2.

This tool was designed to provide fast access to a set of information that was
consideed clinically relevant to pain management. Clinician input was collected through
expert interviewson the subject mattenith a group of physicians from the internal
medidne department. The interviews were used to collaboratively design the layoait of th
CDS with a team of developers and collect the list of medications (#db)eelevant vital
signs and other pain related clinical events that appear within the CDS. grbeip
clinicians were provided clinical access to development versions of tharC®gesting
environment containing actual patient data. These clinicians made recommendations and
the developers promoted changes for further review.

Table 4.171 List of medications included in the Pain Management CDS

Medication Category  Medication List

Antidotes flumazenil, naloxone, naltrexone
Anxiolytics chloral hydrate, hydrOXYzine
ALPRAZolam, diazepam, LORazepam, midazolam,

Benzodiazepines
temazepam
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acetaminophexodeine, acetaminophéd#iY DROcodone,
acetaminopheooxyCODONE
General Anesthetics  ketamine, propofol

codeine, fentaNYL, HYDROmorphone, meperidine,
Narcotics methadone, morphine, nalbuphine, oxyCODONE,

remifentanil, SUFentanil, traMADol

acetaminophen, APAP/butalbital/caffeime)ecoxib,
Non-narcotics ibuprofen, indomethacin, ketorolac, meloxicam,
nabumetone, naproxen, piroxicam, sulindac

Combinations

Opioid Receptor

Antagonists methylnaltrexone

Patient data were collected on the Pain Management AdtSrpm September 9,
2015 to January 31, 2016 for patients with certain diagnoses.
Inclusion criteria were as follows:
1) Patient s wi t h a di agnosi s of acut e f
Amacreatiti so, admitted tber9,&0Ll6adndhJpradryi e nt
31, 2016 . Patients with both dAabdomin
Apancreatitiso were classified with the
patient with idi verti cul i ti so and Apancreati:
Adiverticulitiso. Because the -8toudy pe
ICD-10, both codes were used to select patient diagnoses
a. ICD-9
i. Abdominal pain: 789.00, 789.01, 789.02, 789.03.08, 789.05,
789.06, 789.07, 787.09
ii. Diverticulitis: 56201, 562.03, 562.11, 562.13
iii. Pancreatitis: 57.70, 57.71

b. ICD-10
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i. Abdominal pain: R10.0, R10.1, R10.11, R10.12, R10.13, R10.3,
R10.31, R10.32, R10.33, R10.84, R10.9
ii. Diverticulitis: K57.0, K57.01, K57.12K57.13, K57.2, K57.21,
K57.32, K57.33, K57.40, K57.41, K2, K57.53, K57.8, K57.81,
K57.92, K57.93
iii. Pancreatitisk86.0, K86.1, K86.9

2) Pat i e narepérted pairdcdres using the NRBwere collected and filtered for
unusable data. Scores were remabed fell outside of the ranged® or contained
non-numeic characters.

Exclusion criteria:

1) Patients younger than 18 and older than 89 were excluded from the study. This was
a study using dalentified data. Patients 90 and older are not considered de
identified when age is included in the data set. Youpggents are more likely to
have their pain measured using a different scale such as NIPS, CRIES, or FLACC,
therefore the study was limited to adults of 18 years or older.

2) Encounters where there meno pain scores above three were excluded. The
hospithk 6 s pai n management protocol at t he
proactive pain management intervention for pain scores below four.

43.3 EHR Activity log processing
Patient visits withanapprpr i at e di agnosi s were cl assi
AN@GDSO group based on whether the Pain Man

chart during a hospital encounter in the study period. This determination was made by
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examining detailed EHR traced data showing every action that clinicians took witha
EHR for a given patient session.

EHR trace log data accumulated at a rate of approximately 1 GB per day. Not every
record in the log contained a link to a patient or an encounter. The datpneprocessed
using Python programs to group individual records into EHR sessions and then
associated with a patient and encounter. The programs used the process ID and operating
system username written with each log record, along with a log rieciceting the startup
of the EHR program. The patientchencounter links were then propagated to all records
in the group. In cases where EHR sessions had no patient or encounter links recorded,
those sessions were unattributable and discarded. éndkes, EHR sessions contained
links to more than onegpient or encounter, indicating that the EHR user switched between
patient records. Those EHR sessions were discasliedvas not possible to determine
which patient or encounter the Pain Managen@DS use may have been intended for.

Analysis of the Ig data found eight specifically labeled records in the log file
written for each complete rendering of the Pain Management CDS screen. Because the
EHR allows users to select a different EHR functe@fore an EHR screen is completely
rendered, only instaes where all eight records were written were considered as a CDS
use. Only instances where at least 2 and less than 300 seconds passed from the final CDS
render to the next EHR function selectedeweonsidered as use of the CDS. Based on the
content ofthe CDS we felt that less than 2 seconds was not enough time (based on 110
words per minute reading spe§tD4]) to absorb significant material presented and
therefore not considered bea qualified use othe CDS. Cases where the CDS was

opened for more thanrlinutes (a conservative estimate based on similar data dashboard
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research[35]) were discounted as use because it waspossible to determine if the
clinician was actively egaged in using the EHR versus leaving the chart open while
performing other tasks. Because the primary interest of this study was whether the use of
the CDS impacted pain scores, only those pag@cbunters that included pain score
measurements both loeé and after the first use of the CDS were classified in the CDS use
group.
434 Patient Data
From the EHR activity log, we collected the clinical role of the EHR user, how many
seconds were spewith the pain management CDS open on the EHR screém, lamk to
the patient and encounter for the EHR session. Demographic data were collected on the
patient population, including diagnosis, gender, and age. Summary data were calculated
for each paent visit as follows
1) The mean pain score per patient pisit
2) The number of pain scores recorded per patient per visit
3) The length of hospital stay per visit
4) The number of hours before the first use of the Pain Management CDS per patient
per visit
5) The mean number of seconds the clinician spent on the Paingdareat CDS
before selecting a different EHR function per patient per visit; uses below 2 seconds
and above 300 seconds were removed from consideration
6) The number of medication orders for pain retatmedications (Tabld.l),

normalized by length of stay ohays, per patient per visit.
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The incidences of opioidntidoteuse for each class (CDS and-B®S) were
summarized from the orders log for each patient visit. The distribution of clinician role
was also collected for all uses of the CDS.

4.3.5 Statistical Methods

We performed a Chsquare test for equality of proportions on the distribution of
diagnoses across the CDS and-GIDS groups to test whether the group’'s compositions
were similar with repect to diagnoses.

We used-tests to test differencés means for pain scores between the CDS and
No-CDS groups for the first 8 hours e&chpatient visit as a baseline and for the entire
encounter. Thetest was also used to compare mean pain scores of the CDS group before
and after the first use of tHeDS, the number of medication changes per day, the hours
from arrival to first dose ofraopioid antidote, and the number of opioid antidotes. For all
of the ttests performed, Levene's test was used to confirm assumptions of equal variances
when necessar When variances were not equal at a significance level of 0.05, Welch's t
test was usd, otherwise Student'sdst was used, as noted in the results.

Median length of stay was compared between the CDS ar@groups using
Mood's median test, as Lewe's test confirmed unequal variances at a significance level of
0.05.

Differences in tscharge medication proportions of 4 categories of pain related
medications was tested using the-suared test. The difference in proportions of opioid
antidote usebetween the CDS and NODS groups were tested using theegt for

differences of propwions.
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44 Results

There were 24,117 pain scores related to patients in the inclusion cfiteei®ain

Management CDS was utilized on 21.4% of patient encounténssistudy. Because the

sample size of each group differs significantly (TabB), we performed a Chéquare test

for equality of the proportions of diagnoses across the CDNar@dDS groups. The

results showed no significant difference in propodion( § | =115,

p=0.944) ;

conclude that although there are roughly 3 timesasyrpatient encounters in the-G®S

group, the distribution of diagnoses are similar. The primary users of the Pain Management

CDS were nursing staff, accounting 88.8% of all CDS views

Table 4.2 Patient demographics

No-CDS

Frequency  Percent Frequency Percent
Diagnosis
Abdominal 157 84.9 578 85.0
Pain
Diverticulitis 10 5.4 33 4.9
Pancreatitis 18 9.7 69 10.1
Gender
Female 95 51.4 377 55.4
Male 90 48.6 303 44.6
Age
18-24 8 4.3 38 5.6
2534 17 9.2 83 12.2
3544 16 8.6 98 14.4
4554 27 14.6 137 20.1
5564 51 27.6 139 20.4
65-89 66 35.7 185 27.2
Total 185 680
Position
Nursing 310 83.8
Physician 60 16.2
Total 358
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Table 4.317 Summary characterization of patient visits and use of the Pain Management CI

CDS No-CDS Difference
Mean/ Std Mean/  Std Mean/ p-value 95% CI
Median Dev Median Dev Median
Mean Pain Score 5.02 3.22 5.52 2.84 0.50 0.080 (-1.047 0.059
per Encounter
Baseline®
Mean Pain Score 3.82 2.24 4.50 2.33 0.68 <0.001 (-1.054-0.302
per Encounter®
Length of Stay 195.01 274.98 80.85 109.46| 114.16 <0.001 -
(hrs) 24
Medication 3.22 2.41 4.44 3.64 1.22 <0.001 (-1.663-0.772
Changesper Day
C
Mean Hours 97.39 125.24| - - - - -
before CDS Usé
Mean Seconds of 31.07 40.65| - - - - -
UseP
Pre CDS Use Post CDS Use Difference
Mean  Std Mean Std Mean  p-value 95% CI
Dev Dev
Mean Pain Score 4.32 2.66 3.51 2.49 0.81 <0.001 (0.453,1.166)

per Encounter

& Median was computed because the data were positively skewed

PSt udent 6s t test
‘Wel chés t test used due to unequal vari:
“Moodbés median test used due to unegqual
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a) CDS used vs CDS not used b) CDS used (prior to first use) vs
CDS used (after first use)

cds 1 cds pre use
no cds cds post use

Frequency

0.00

c) CDS used vs CDS not used
(first 8 hours of stay)
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Figure 4.2 1 (a) Pain scoredistribution between CDS and no CDS groups.
Distribution of pain scores before and after use of CDS (c) distribution of pain sco
first 8 hours of the inpatient visit

Table4.3 describes the summary measures calculated for eagh.gA baseline
comparison of pain was done for pain scores in each group for the first eight hours of the
inpatient visit. The difference in the mean pain scores between the CDS groupMad the
CDS group of-0.5 was not statistically significant (D8).p=0.080, CI=(1.047, 0.059))
(Figure4.2c).

There was a significant difference in the mean pain scores between the CDS group
and theNo-CDS group (D=0.68, p<0.001, CK(054,-0.302)). Patients ithe CDS group

experienced lower pain scores by 0.68awerage than those in tNe-CDS group(Figure
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4.2a) To further examine this association, the difference in pain scores for the CDS group
was examined by taking the mean pain score prior to thei$iesof the CDS and comparing

ittothe meanpainscoe after the f i r s ttestGdD@ired samples The
was used, and a significant difference was found between th€OQffeand posCDS
subgroups (D=0.81, p<0.001, CI=(0.453, 1.166)) (Fegd.2b). Patients experienced an
average drop in nam pain scores of 0.81 after the first use of the Ci& median length

of stay was 114 hours longer for those patient encounters where the CDS was used.

Next, the effect of the CDS on medicatioranbes was examined. The number of
pain related medi¢@mn changes was normalized by dividing the total number of changes
by the length of stay in days, giving the number of pain medication orders per day. We
tested the hypothesis that medication chanmsday were not equal between the two
groupsusinganndependent s-tasmheer svassigniticand differénce in
the count between the CDS and@DS groups (D=1.22, p<0.001, Ci%(663,-0.772)).

The mean difference in medication changes day was 1.22 fewer in the CDS group
versus théNo-CDS group.

Discharge medications were categorized on the subset of patients that had pain
related medications prescribed upon discharge to determine if CDS use had an impact on
these. Medications fromTable 4.1 in the following four classes were used:
benzodiazepines, combination narcotic analgesics, narcotics, afntanootic analgesics.

We calculated the frequencies of each type of medication ordered compared to the total
number of patient encouwars in each class of CDS and-@®S (Figure4.3). Thee was
no statistically significant difference in the proportions of medication classes prescribed at

discharge (p=0.212).
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Frequency of discharge medication class
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Figure 4.31 Frequencyof medication classes at discharge for CDS and no CD¢
groups

Finally, the incidences of opioid antitk administrations were compared across the
two groups to determine if the CDS helped to prevent opioid overdosing. Frequencies of
encounters by CDS group where an antidote was used at least once or not used are shown
in Figure 4. A ztest of the diffeence of the two proportions found no significant difference
(D=0.0001, p=0.996, Cl=(10.047, differenbedn7 ) ) .
the time a patient was in the hospital before receiving their first dose of an opioid antidote,
nor in the mmber of doses (Table 4). The percentage of CDS group patients who received

an opioid antidote dose prior to the first use of the @IS 82.4% (14/17).
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Frequency of opioid antidote use
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Figure 4.47 Frequency obpioid antidoteusefor CDS andho CDS use groups

Table447 St u dsétest obtime from arrival to first opioidntidotedose, and numb
of doses

CDS No-CDS Difference
Mean Std Mean Std Mean p-value 95% CI
Dev Dev
Hours from 64.44 86.25| 41.85 83.77| 2259 0.279 (-18.62
arriv al to first 63.79
dose
Number of Doses 191 0.97| 2.03 1.40| 0.12 0.709 (-0.762
0.520

45 Discussion

The Pain Management CDS tool was used for 21% of patient visits in this study,
and when it was wused, on average clinician
before using the toolThe median length of stay was 115 hours longer on averadeéar t

patient encounters where the CDS was used. This may reflect that clinicians had more
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opportunity to discover and use the CDS, and when taken in conjunction with the mean of
97 hours paspatient admission before first use of the CDS, may reflectiiba€DS was
used on patients experiencing difficult to control pain, complicated, or longe{2%ys

The primary users wereursing staff, with nearly 84% of all views by nurses. In
contras, the systematic review by Pombo et al. identified 60% of all abdominal pain
management CD@setargeted physicians only. Clearly nurses were in a better position to
moni t or p athis study thas phpseiana were. The amount of Spent in the
EHR with the CDS open varied greatly, with an average time of 31 seconds. There is
statistical evidence to suggest an association between the use of this tool and a reduction
inthemeamqpai n score for a pati ervet iha painsgorast i ent
averaged over a patient stay were reduced by 0.68 onlfef@in scale. CDS use was
also followed by a drop in mean pain scores of 0.81.

While the reduction in pain score ihese testss statistically significant, the
clinical and operationalsignificance of that reduction are also important. Because pain
scores are inherently subjectivenature, there are no objective tests for pain reduction
that can be relied upon tarily answer whether a reduction of 0.68 for the CDS s N
CDS group and 0.81 for the p@DS versus posSEDS use group are clinically significant.

Prior studies found varying amounts of clinically relevant pain redutio, 105 108],

with NRS11 based studies suggesting 1.39 to 2 is minimally clinically significant.
Although our evidece does find an association with lower average pain scores, it would

be difficult to conclude in a retrospective study that the use of the CDS made a positive
impact on the subjective experiencapfat i ent 6 s pai n. Operati on:

the study took place, the pain management protocol for analgesic intervention set an action
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threshold of four for pain scores at the time the CDS was in pilot. Any patient with a pain
score of four or above required intervention to attempt reduction gfainescore. This
study found a reduction in average pain score below the actionable threshold when
comparing CDS use versus no use, and pre CDS versus post CDS use. This suggests that
the CDS tool may have helped to manage patient pain below the threshol

The most significant findings of this study revolve around the associations between
CDS use and medicatigprescribing behavior. The data clearly show no difference
between the two groups when it comes to reduction in prescribinggdated discharge
medications. Published guidelines for treatment of pancreft@® and diverticulitis
[110] are mixed on anadgic class recommended for pain control. There is no
recommendation for managing pain in acute diverticulitis, and pancreatitis guidelines
suggest using narcotics. There is, however, a significant reduction in the number of pain
related medication ordemver the course of a hospital encounter. The data show a
reduction by over one order per day (a 27.5% reduction) when the Pain Management CDS
was used, which could indicate more effective pain management. Opioid antidote
administrations were not correddtwith the use or nense of the CDS. Opioid antidotes
are a class of lifsaving rescue drugs used to treat respiratory depression in patients that
may have been owsedated by hospital administered narcotics, or through medication or
drugs received por to arrival. Literature suggests varying rates of rescue by these drugs
of 0.038% to 5.2% of patienfg1,103] with some of the variability attributdo mode of
delivery. The rates are also higher for elderly patients. The rates observed in this study
are higher than the expected rates reported in literature, which may indicate the population

under study is more likely to be treated with narcotiestthe inpatient population as a
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whole. Additionally, the highedtequency age groups for both CDS NwCDS patients

is the 6589 category, suggesting a higher vulnerability to respiratory depression. Closer
inspection of the relative time of firspiwid antidote administration to the first CDS view
shows that of the 17 patients given an opioid antidote, 14 were administered prior to the
first view of the Pain Management CDS and may be the result of reversing overdose

encountered prior to admission.
4.6 Limitations

This study is limited by the number of patient visits observed and by the
retrospective nature of the study. While it is not possible to know the reasons for use of
the CDS, it is encouraging that the CDS was used without a mandate gqtirin
suggestig that an organically discovered EHR feature may be proven useful. The nature
of the study design did not allow for collection of subjective data from users of the CDS.
It would be an important point for future work to understand therdifitevays nursemay
have used the CDS versus physicians. The main diagnoses chosen for the retrospective
study were based dhe experience atbdominal pain, which were described by clinicians
as difficult to control. Cemorbidities were not accountéat, although bronic abdominal
pain was excluded from this study when identified. Patientrolled analgesia
administrations were not available from the medical record and therefore not included in
this study. This study was performed at a singletingin using asingle EHR, and

therefore its results may not be applicable to other institutions or other EHR systems.
4.7 Conclusion

Control of pain remains an important and elusive target. The results of this study

of a Pain Management CDS indicateoségmtial for inprovement of pain related medication
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management using an interactive CDS that consolidates pain related information into a
visual decision support tool. There is also statistical evidence that use of the CDS is
associated with an overalldection in avesige pain scores, and that reduction may be
operationally, if not clinically, significant. These findings are consistent with prior studies
of pain related CDS which generally indicate mixed results. It is important to note that in
this study, nurses acemted for a large proportion of CDS use, whereas in past studies
access to pain management CDS was generally limited to physicians, which may be
important in assessing content of future Pain Management CDS. Finally, this study helps

to fill in the gap opatient outcome related effects of CDS focused on abdominal pain.
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CHAPTER 5

Conclusions

5.1 Contribution to Informatics

In Chapter 2, we examine a subclass of clinical decision support by taking an in
depth look at medical calculator£lassification of medical calculators is an important
topic that impacts provisioning techniques. While there are existing standards for CDS
classification, such as by user interfdd&] or specialty, calculation methods, and goal
[48], we expanded the current state of CDS classification by cataloging the unique
attributes of medical calculators. Our focus was on thoserésativiatvereimportant for
the practtal considerations of implementation, integration, automation, and adoption. In
Chapter 3, we turned our attention to the assessment of the prevalence of use of medical
calculators as a CDS tool, atalthe barriers to usg medical calculators in practicé&lo
study had investigated the impact that EHERgrated medical calculators may have on
the likelihood of calculator use, nor was there a clear understanding of the barriers to use
of medical calculators by cliniciandn Chapter 4, we addressed thegptial for an EHR
integrated CDS tool to impact the management of acute pain in an inpatient setting for
specific types of abdominal pain. Opioid use tloe management of acute pain is the
standard of care for some acatedominal pain, and we assessed thiktya of this CDS
tool to reducereliance on opioids for pain management as an outpatient prescription.
Current approaches for paialated CDS encompass traditional predictive modeling and
computerization of pregtermined clinical protocols. Inighwork, we examined the effects
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of a different style of CDS that is visual in nature but leaves the decisaimg in the
hands ofthe clinician. We also expanded the understanding of how a pain management
focused, EHRntegrated CDS could impact outcomleattare important for patients, such

as pain control, as well as the socially impactful incidence of opioid use at home.
5.2 Features of Medical Calculators that Impact Adoption

In Chapter 2, through the examination o¥er 700 implemented medical
calculaors, we were able to derive a new taxonomy that specifically focuses on a subset of
CDS. In this way we were able to highlight the features of medical calculators that can
impact adoption.

By starting with a classifation of input and output data faalculators, we built a
foundation upon which the calculators themselves could be organized. Calculator inputs
were found to fall into four categoriediscrete, nordiscrete, logical computation, and
obscure. These it data types not only help categerthe calculators in which they are
used, but also providateresting and valuable insight into the process by which medical
calculators are developed. Discrete data elements are atomic pieces of data thatyare readi
stored in and retrieved from an RHhowever nofdiscrete and obscure data either require
additional work to extract or are simply not available. Traditional medical research has
been performed typically through prospective randomized controlled trralsther
prospective methodsvhich are considered to be superior to retrospective methods.
Prospective methods have the advantage of tightly controlled confoundgrsoaades
buthave the disadvantage of collecting data outsidehatt is typicallyconsidered normal
clinical practicein many cases. Predictive models based on these data are then subject to

anunavailability of data or requerthecollection of additional data on a cdsgcase basis.
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The ultimatetrickle-down effect of this process is d@h only a minority of medical
calculaors can be automatically calculated with data that is easily extracted from an EHR.
A similar effect of the research process can be seen when looking at the output from
medical calculators. In our research, we fouin classes of output: Diagnosis,
Advice/Recommendation, Probabilitgcore, Classification, and Discrete Data. We
classified these on an advisory continuum, with Diagnosis and Advice/Recommendation
being the most advisorgnd the remaining being n@wvisory. As we referenced in
section2.3.2, prior studies have confirmed a relationship between CDS adoption and the
advisory nature of the CDS, with those CDS providing advice or recommendations having
higher adoption rates than those that do not. Wgesigd a number of factors that could
lead researcheto produce a predictive model thatnot advisory in nature Liability
concerns may also impede the development and delivery of medical calculators that
provide advisory resulfd.11].
Anotherreasorfor the lack of advisory result aallatorshas to do with confidence
ard validation. Primary research for predictive modeling is usually focused on the proof
of a hypothesis, such as whether some set of clinical factors are correlated or associated
with a particular outcome. Once theplyhesis is proven, the focus movegenerating
a publishable manuscripfThesestudies may have limitationsuch as singknstitution
data or low enroliment, and so validation studiesaanecessary followp to prove the
model 6s appl iadlya Bawevertthe implenrerterstoédical calculators do
not necessarily wait for validation studies before making a calculator available on their

platform.
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Once the foundation of the basic input and output types was laid, it was then
possible to clasty the calculators themselves. Weuhd that medical calculators
encompass four distinct types: medical equations, clinical calculators, decision trees, and
guestionnaires. Each of these types are defined by the form and availability of data they
take & input, how the output is presentadd whether the target user is a clinician or a
patient. We thencataloged all of the calculators under study and discussed the rates at
which each type of calculator occurréd/hat we foundks that clinical criteria make upeh
majority of cataloged calculators, followed by medical equations. As discussed in section
2.1, the automatic provisioning of CDS had a positive impact on the adoption rate, yet the
most implemented type of calculaiemot positioned well for automatialue to the input
types it requires. The automatability of a calculator is also related to the integration ability
of a calculator. Integration of a calculator that cannot be fully automated still provides
some benéts, such as eliminating the needag in or use another applicatioyetit still
leaves the barrier and cognitive load of a clinician searching for, finding, and entering
relevant clinical factors into a calculator. This is problematic becanstadnlyrepresents
a barrier to use (as we dissasd in Chapter 3), balso presents an opportunity for error to
be introduced during the process of copying data from one place to another.

Finally, we investigatediterature references in the implementations otliced
calculators. We found that olcal criteria calculators were referenced over 90% of the
time, but medical equations were referenced less than 70% of the time for the calculators
that were catalogedAccess to the expl anlais bezaming f a
increasingly importanas lawmakers begin to ponder the effects of artificial intelligence

on human life, and some jurisdictions are passing laws requiring artificial intelligence
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output to be explainabl@12]. In our analysi®f reference linkprovided by implemented
calculators we found that fultext references were not available without a subscription.

To the degree that an abstract can provide the necessary background for explaining the
results of a calculatahis maynot be an issue, but it does severely limit the digsation

of new medical evidence.Another limitation is the apparerf-year lag between
publication and implementation of medical calculatorEhis is consistent with other
studies showing simildags of17[14] to 24 year$15] before mainstreamdoption of new
medical evidence. This kind of lagptres that medical calculators, while potentially well
positioned to integrate medical evidence within clinician workflow, would be unable to
provide new medical evidence without first addressingapsarent lag.This also means

that implemented medicahlculators may be out of date with more current evidence.
5.3 Use and Perceptions of Usefulness of CDS by Clinicians

Chapter 3 further investigated the role that medical calculators play in clinical

practice through a survey of 819 physicians and resderhe goals of this survey were

to study the role that EHR integration plays in the use orusenof medical calculators,
and what factors might limit the use and perceived usefulness of calsuldtte found

that as experience goes up, the probagbdftcalculator use goes dowrClinicians with

less experience use CDS at a much higher rate than expdrimigians. In freetext
responsesesidentphysiciars describedthat using calculators thged them feel more
confident about their decisiondMore experienced clinicians feltalculators were
unnecessary for patient camehich suggestshat experiencedtlinicians relied on their
experience over the use of CDS. Interestingly, 83% of themdspts who indicated nen

use of calculators reportedathusing medical calculators could positively affect patient
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care, even though they d®not to use themMore than half oimedical calculatousers
indicated that thejpecamamore efficient by usingiem, and conversely, efficiency would
suffer if they wee not availablgindicating that calculator use has become a part of their
clinical workflow.

We also identified a dichotomiy which nonusers recognizkthe potential for
positive benefibf medicalcalculators but chee not to use therA lack of perceived need
was the most common reason indicated for not usalgulators and the top barrier
identified in the survey was not having calculators integrated intoEtHR. Lack of
integration as a fdor leading to lower adoption of CDS is consisteiih the results of
prior studies whichis discussed in Chapter 2. Perceptionscalculatorsnot being
necessary underscore a more difficult and persistent problem to be solved, that of a lack of
trust in CDS, theorollary of which is clinicians placing more trustheir own experience.

Betweencalculator users and narsers integration and necessity were the two
barriers identifiedn the surveyhat differed significantly in the rate of responség% of
cdculator nonusers felt medical calculators were metcessary for patient cabeit only
about 8% of calculator users felt thaiculators were not necessargonversely, EHR
integration for users was reported as a barrier 44% of the time, whereasermsaw it
as a barrier 13% of the time. This susfgahat merely integrating CDS into the EHR will
not promote adoption without also tackling the deeper (and more challenging)fitisele

perception of need
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5.4 Impact of CDS on Patient Outcomes

In Chapter 4 we brought the discussion of CDS full eitey studying the impacts
and uses of an EHRtegrated pain management CDS. The study of this particular CDS
was notable becausesitise wasot prescribed Clinicians who used this CDS used it
becaue they found it useful, and not because it was phg study protocol. Further
insulating the actual use of the CDS from the research was the novel use atktiR
logs to determine use of the CDhich eliminaied observed and observer biasd
increagdthe number of patients whose outcomes coulohéasured

A primary discovery was that nurses made up the vast majority of the users of the
CDS, at nearly 84% of all views. Unlike previous studies related to pain management CDS
which were targeted spifically at physicians, this CDS wawvailable to anyone with
access to a patient chart. As nurses make up the front lines of patient interaction and pain
monitoringand managementhis comes as no surprise.

A number of additional positive and negatiresults were also discovered when
assessingpatientoutcomes. Importantly, a statistically significant lower pain score was
achieved when clinicians used the CDS. The difference is below the threshold considered
clinically significant by some studiesgverthelesthe CDS lowered the megain score
below the threshold for interventiogréater than Bwhen comparing usgon-use groups
andpre- and posffirst CDS usegroups These differences are meaningful becahsg
highlight that a CDS can have ositive effect onmportant patienbutcomesand the
operational efficiency and quality of an organization.

In addition to the pain score, we also examined the effects the CDS had on the

prescriptionof pain medications and opioahtidotes. Wefoundevidence that use of the
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CDS was assoated with fewer pain medicatienelatedchangesper day, with a mean
reduction of onenedication changper day for patients in the CDS use group. This is a
significant finding because it may point to a more stalli@ pnedication regimewith

fewer chages necessary to maintain adequate pain control. However, when looking at the
important issue of opioid use and overdose, we found no significant difference in the rates
of prescription opioid medications at dischanger did we find a difference in tloedering

of opioid antidotes.

We suggested that adequate control of pain may require the use of opioids for these
conditions, and also point out that the clinical guidelines for pancreatiies of the
diagnoses irthe study,call specifically for treatment with opioidsWe surmise that
physicians, having likely not interacted with the C®uld be more likely to prescribe a
commonly usedischargerderset for the conditiowhich may include opioidsatherthan
to create ameworder sebased ora specific patielit s  pxperience This is especially
germane because the CDS itself makes no recommendatiotischarge analgesjca
factor which we have discussed as reducing adaoptiorthis casethe adoptionrate by
physicians was exceptionally low, possibly because the CDS did not provideinalue

making recommendations on an analgesic regimen.
5.3 Summary and Future Directions

In summary, this study has highlighted the importance of addressing specific
gualities of CC5 when implementing them within an EHRith generalizable insights that
reach beyond medical calculators and pain managerb&vielopment of integrated CDS
must be done thoughtfullgnd with certain welktudied factas in mind if adoption isto

be exgcted. While technologies have emerged to ease the creation of EHR agnlsstic to
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such as decision support, they do astomaticallyprovide forthe basic fundamentals of
presenting good decision support to cliniciasshighlighted in the CD8ve rights. the

right information to the right person, in the right format, through the right channel, and at
the right time Providing advice, automatic calculation, and integration into the workflow
are important topics to considethen developing CDSAs we dscovered, not all data
used by CDS is available from the EHRedsions made during the research prgcassh

as the source of the data used to trpmedictive models may have unintended
consequences for the adoptability of CDS that resuih freseartc.

As the feasibility and popularity of new machine learning methods such as deep
|l earning and other Ablack boxo approaches
design research studies and model development with implementation factonslinim
addition, access to explanations of CDS results will become more challenging, as black
box models do not lend themselves welthteself-evident deciphering aklative feature
importance such as one finds with a regression model. Access toyplit@raure will be
important but may not be enough to overcome distrust in the output from hidden models.
Future research in the area of CDS will need to focus on these important issues in order to
move the field of Al deeper into the medical worlBresentatin of results, simple and
quick visualizations of model explanations, proper integration at the right time and for the
right person validation of Al models, and practical clinical usge all areas for future

research on explainable Al and ctial decision support.
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Appendix A

A Survey Instrument

The survey for Chapter 3 was conducted electronieaity questions presentexl
participantswere adapted based on responses to previous questions. TEhiexs
representation of the complete contentshefsurvey,although not everparticipantwas

preented with every question.
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Confidential
Medical Calculators Survey

Page 1 of 12

What is the study about? You are invited to participate in a research study being conducted for a dissertation at
University of Missouri in Columbia, MO. The researcher is interested in your opinions about medical calculators. You
were selected to participate in the study because you currently practice medicine at MU Healthcare. There is no
deception in this study.

What will be asked of me? You will be asked to answer some questions in an online survey regarding your feelings
about medical calculators. Please answer the questions in the survey as they apply to your experiences. It is estimated
that the survey will take 5-10 minutes of your time.

Who is involved? The following people are involved in this research project and can be contacted at any time through
email. The principal researcher or the chair would be happy to answer any questions that may arise about the study.
Please direct any questions or comments to:

Principal Researcher: Tim Green greentim@health.missouri.edu

Dissertation Chair: Dr. Chi-Ren Shyu shyuc@missouri.edu

Are there any risks? There are no known risks in this study. You may stop the study at any time.

What are some benefits? There are no direct benefits to you for participating in this research. No incentives are offered.
The results have scientific interest that may eventually have benefits for the improvement in the delivery of medical
calculators and related literature.

Is the study confidential? The data collected in this study are confidential. Only the researchers in this study will see the
data and the data will be stored on a secure encrypted server.

Can | stop participating in the study? You have the right to withdraw from the study at any time without penalty.

What if | have questions about my rights as a research participant or complaints? If you have questions about your rights
as a research participant, any complaints about your participation in the research study, or any problems that occurred
in the study, please contact the researchers identified above. Or, if you prefer to talk to someone outside the study team,
you can contact the University of Missouria€™s Institutional Review Board at hsirb@missouri.edu, or by calling
573-882-3181

projectredcap.org QE DCa p
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Gender

Role

Other:

Years of Medical Experience
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QO Female
O Male

Q Attending
QO Resident
QO Fellow
QO Other

1-20
20
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Confidential
Page 3 of 12

Do you use medical calculators such as Anion Gap, QO Yes

Pneumonia Severity Score, Apgar Score, or similar? O No

For what reasons do you choose not to use medical [ Too hard to use
calculators? [ Too time consuming

[J Too complicated

[J Services/apps cost too much

[ They are unnecessary for patient care
[J I didn't know about them

[] Other

Other:

projectredcap.org QE DCa p
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