
Brief Communications

Design, development, and deployment of an indication-

and kidney function-based decision support tool to opti-

mize treatment and reduce medication dosing errors

Jamie S. Hirsch ,1,2,3 Rajdeep Brar,1 Christopher Forrer,1 Christine Sung,1

Richard Roycroft,1 Pradeep Seelamneni,1 Hemala Dabir,1 Ambareen Naseer,1

Pranisha Gautam-Goyal ,4 Kevin R. Bock,1,5,# and Michael I. Oppenheim1,4,#

1Department of Information Services, Northwell Health, New Hyde Park, New York, USA, 2Division of Kidney Diseases and Hyper-

tension, Department of Medicine, Donald and Barbara Zucker School of Medicine at Hofstra/Northwell, Great Neck, New York,

USA, 3Center for Health Innovations and Outcomes Research, Institute of Health System Science, Feinstein Institutes for Medical

Research, Manhasset, New York, USA, 4Division of Infectious Diseases, Department of Medicine, Donald and Barbara Zucker

School of Medicine at Hofstra/Northwell, Manhasset, New York, USA, and 5Department of Pediatrics, Donald and Barbara

Zucker School of Medicine at Hofstra/Northwell, Hempstead, New York, USA

#Co-senior authors with equal contribution.

Corresponding Author: Jamie S. Hirsch, MD, MA, MSB, Department of Information Services, Northwell Health, 100 Com-

munity Drive, 2nd floor, Great Neck, NY 11021, USA; jhirsch8@northwell.edu

Received 20 January 2021; Revised 13 April 2021; Editorial Decision 23 April 2021; Accepted 26 April 2021

ABSTRACT

Delivering clinical decision support (CDS) at the point of care has long been considered a major advantage of

computerized physician order entry (CPOE). Despite the widespread implementation of CPOE, medication or-

dering errors and associated adverse events still occur at an unacceptable level. Previous attempts at indication-

and kidney function-based dosing have mostly employed intrusive CDS, including interruptive alerts with poor

usability. This descriptive work describes the design, development, and deployment of the Adult Dosing Meth-

odology (ADM) module, a novel CDS tool that provides indication- and kidney-based dosing at the time of order

entry. Inclusion of several antimicrobials in the initial set of medications allowed for the additional goal of opti-

mizing therapy duration for appropriate antimicrobial stewardship. The CDS aims to decrease order entry errors

and burden on providers by offering automatic dose and frequency recommendations, integration within the

native electronic health record, and reasonable knowledge maintenance requirements. Following implementa-

tion, early utilization demonstrated high acceptance of automated recommendations, with up to 96% of pro-

vided automated recommendations accepted by users.
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INTRODUCTION

Clinical decision support (CDS) has positively impacted patient care

processes such as timeliness of preventive services,1–3 adherence to

appropriate care pathways,4–8 and medication safety.9–12 However,

while CDS can decrease medication error rates,13–16 they can also

facilitate them17 when not designed and implemented carefully.

Approximately 19% of adverse events in hospitalized patients

are related to medications18 and are associated with excess morbid-

ity, mortality, costs, and length of stay.19 Studies have shown that

28%–52% of adverse drug events (ADEs) are preventable and

56%–77% are rooted in the stage of medication ordering.20–22

Drugs cleared by the kidneys are particularly problematic, with

ADEs occurring at an unacceptable rate of 10% in 1 study, with

91% being preventable.23

Patients with underlying acute or chronic kidney disease are at

high risk of medication errors and ADEs,24 with antimicrobials a

particular risk area.25–27 Providers are often unaware of necessary

adjustments,28,29 and while pharmacist interventions are helpful,

they are resource intensive.30,31 CDS alerts for appropriate kidney-

based adjustments have shown marginal improvements and a low

level of user acceptance,32–35 with less than 20% medication adjust-

ment in 1 study36 and only about 50% in another.24 The lack of sig-

nificant impact may be due to the interruptive alert strategy, which

directs the user’s action while still requiring additional steps.37 Al-

though many forms of CDS exist, including alerts, visual reminders,

order sets, and smart forms, interruptive alerts have been studied

most commonly, and the well-cited development of alert fatigue can

habituate users to ignore alerts,38 despite the alerts largely providing

clinically appropriate recommendations.35,39 Early attempts at

guided dosing for kidney disease built into homegrown electronic

health record (EHR) systems proved effective at reducing inappro-

priate orders, although half of orders were still deemed inappropri-

ate. This system also did not incorporate indication-based dosing;

has not been translated into modern vendor-based EHRs; and pre-

sented only 3 categories of kidney dysfunction, neglecting the nuan-

ces of medication-specific ranges or cutoffs.40

Optimizing antimicrobial therapy duration is a key component

of antimicrobial stewardship programs.41 Avoiding excessive dura-

tions of antimicrobial use42 has been shown to decrease the inci-

dence of colonization or invasive infection with resistant

organisms43–46 and decrease the incidence of Clostridioides difficile

infection.43,46,47 Studies examining CDS for appropriate steward-

ship are limited, but have shown successes in specific uses cases, in-

cluding intravenous immunoglobulins.48

When considering appropriate medication dosing, CDS that rec-

ommends appropriate antibiotics49,50 and related orders51 have

been described. There have been fewer efforts describing automated,

indication- and kidney function-based dosing recommendations in

the health informatics literature.24,52

We describe the planning, design, development, and deployment

of an innovative CDS tool, the Adult Dosing Methodology (ADM)

module, embedded within the medication ordering process of the

EHR. The primary goal was to improve EHR usability while reduc-

ing the incidence of medication errors with automated dose, fre-

quency, and duration calculation, accounting for age, weight,

indication, kidney function, and clinical conditions. By optimizing

ordering in an intuitive manner, we believe that this form of CDS

will be more widely accepted and prove to be far more effective than

traditional forms of decision support such as traditional burdensome

interruptive alerts, informational boxes, or notifications outside of

the EHR.

MOTIVATION AND DEVELOPMENT
GOVERNANCE

The ADM module was developed at Northwell Health in New

York, and deployed into the enterprise acute care EHR, Sunrise

Clinical Manager (Allscripts, Chicago, IL, USA), which is used at 13

acute care hospitals, covering approximately 700 000 emergency de-

partment visits and 280 000 inpatient discharges annually. Smaller,

community hospitals that were recently integrated into the health

system but not yet on the enterprise EHR were not included in the

rollout.

Prior to ADM implementation, medication orders followed a

standard workflow. Some medications had a limited form of CDS,

including dose checking with informational interruptive alerts for

significantly out-of-range values, although this was not widely

implemented. A clinical pharmacist verified all medication orders

but had no form of CDS to ensure appropriate dose, frequency, or

duration.

Given significant override rates with traditional interruptive

alerts53–55 and ensuing alert fatigue,56 leadership teams from qual-

ity, medicine, pharmacy, and informatics embarked on the develop-

ment of the ADM module. Planning began in December 2017, with

full deployment by June 2019. The 1.5-year development included

preparatory planning; stakeholder alignment; medication clinical

guideline finalization; conversion of guidelines to database format;

kidney dose adjustment logic design, build, and testing; module cod-

ing and development; system testing; end-user testing; end-user edu-

cation; and system-wide deployment. Despite the lengthy initial

development, the system was designed for efficient management of
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medication dosing updates or addition of new medications, with

simple database table updates.

Clinical governance and oversight were provided by health sys-

tem leadership in collaboration with internal multidisciplinary

thrombosis and antimicrobial stewardship committees, as well as

leadership from the fields of infectious diseases and kidney diseases.

Clinical guidelines with recommendations and content were trans-

lated into a reference table, computable by the EHR, which included

the following attributes: medication name; indication; age range cut-

offs; weight adjustments; dialysis status; and kidney function ranges

[using serum creatinine and estimated glomerular filtration rate

(eGFR)]. For each unique combination of attributes, the appropriate

dose, dose ranges, dose unit of measure, frequency, and duration are

specified in the Supplementary Table S1. The initial list of medica-

tions included the therapeutic classes of antithrombotics (anticoagu-

lants and antiplatelets) and antimicrobials (Table 1), as they

represent high volume and/or impact medications with significant

risk for adverse events.

Prior to implementation, the module underwent hundreds of

hours of rigorous testing, including evaluation of each row in the

reference table, as well as clinical scenario-based end-user testing.

Approximately 860 rows and dozens of clinical scenarios were ex-

haustively reviewed and tested (see Supplementary Table S2, eg, sce-

nario used in testing and a detailed explanation of the testing

process). Three different education and marketing mediums were

prepared in parallel: prerecorded, on-demand video instruction; pre-

sentations and announcements in numerous clinical forums and

meetings; and individual hospital representative education. The

ADM module went live across all hospitals on the enterprise EHR

simultaneously with concurrent elimination of all prior ordering

methods for the impacted medications for all patients, thus obviat-

ing workarounds and CDS avoidance.

ADM MODULE

By retaining the native EHR look and feel, and integrating directly

into the medication ordering workflow, the ADM module was

designed to be intuitive and user-friendly, without need for signifi-

cant end-user training. Upon medication selection from the order en-

try screen, a simple action window appears requiring the ordering

provider to select an indication for the given medication (Figure

1A). Once chosen, the module accesses the reference table and uses

the patient’s height, weight, body mass index (BMI), kidney function

and stability, dialysis status, and presence of contraindications to se-

lect the appropriate medication dose, frequency, and duration. This

process occurs for all patients for the medications included in the

ADM module, including those with normal kidney function (as

these patients also benefit from dose, frequency, and duration CDS

optimization). If no satisfactory indication is listed, the provider has

the option to select “Other,” manually enter a free-text indication,

and complete the medication order form without any decision sup-

port of automated dose, frequency, or duration (see Figure 1A).

The medication order form is automatically completed, allowing

the ordering provider to simply review the information and submit

without additional data entry (Figure 1B). To maintain flexibility,

the ordering provider can override the module-calculated dose or

frequency, although a justification is mandatory. Upon order sub-

mission, standard pharmacist verification and dispensing processes

are followed.

For patients receiving any form of kidney replacement therapy, a

dropdown list is available in the initial indication window to desig-

nate that status (Supplementary Figure S1). In the current ADM

module version, automated ascertainment of dialysis status was not

possible given inter-hospital variability in the documentation.

If any automatic adjustments are made to the medication dose or

frequency beyond standard regimens, various notifications are pre-

sented to the ordering provider (Table 2). Simple adjustments based

upon kidney function or dialysis status are indicated as such on the

order form (Supplementary Figure S2 and Table 2). If automated

dosing recommendations are unavailable due to missing data (eg,

relevant necessary labs), similar notifications are present. If neces-

sary, the ordering provider does have the opportunity to change the

patient’s recorded height and weight values to recalculate the BMI

at the time of order entry. For circumstances where a medication is

contraindicated; the kidney function is unstable; or medication dos-

ing is complex, order form notifications and interruptive alert mes-

sages appear (Supplementary Figure S3 and Table 2), and the

provider must determine proper dosing.

ADM LOGIC

The ADM module follows a series of logical steps (Figure 2), begin-

ning with evaluation of kidney replacement (ie, dialysis) status, kid-

ney function, and kidney function stability. If the patient is receiving

dialysis therapy, then the appropriate dose/frequency is provided, if

available. For patients not on dialysis but with unstable kidney func-

tion (and concern for acute kidney injury), automated calculations

are unavailable given the complexity of medication dosing26 and the

infeasibility of automated calculations.57 Unstable kidney function

was defined as either a rising serum creatinine, defined as �50% in-

crease from nadir in a 96-h period, or a falling serum creatinine, de-

fined as a �25% decrease from peak in a similar timeframe. These

values represent significant changes in kidney function whereupon

automated calculations would be unreliable.

If the patient’s kidney function is stable, the module checks for

contraindications. Many medications are contraindicated with re-

duced kidney function given the risk for ADEs. In this scenario, no

automated recommendation is made, and an interruptive alert is

shown instead (see Table 2). Upon kidney function stability and lack

of contraindication determination, the system reviews the patient’s

body metrics (eg, height, weight, BMI, etc.) in situations where these

parameters impact the calculations.

To account for variations in assessment of kidney function in the

extremes of body habitus (obesity or severe malnutrition), age, or ill-

ness,58,59 the module evaluates 2 different estimating equations: the

Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI)

eGFR60 and the Cockcroft–Gault creatinine clearance.61 If both the

absolute difference between the 2 values is >30% and a discrepant

dose recommendation exists, the automated system does not provide

a recommendation. The module otherwise follows the result of the

CKD-EPI eGFR results for all medications, based upon health sys-

tem clinical guidance (Supplementary Table S3). The value of 30%

was selected based upon an analysis of 416 574 serum creatinine val-

ues (the primary variable in both equations), which found that the 2

equations are within 30% of each other 93% of the time. Instances

where the 2 estimating values are highly discrepant leading to a dif-

ference in dose recommendations, an alert fires notifying the pro-

vider that “Renal function estimating equations may be inaccurate”

(see Table 2).

At the conclusion of the logical sequence, the system identifies

the correct row in the reference table from which to gather the rele-

vant dosing/frequency/duration information, which is then automat-
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ically populated into the medication order form for the provider to

review and submit.

The coding of the module with Medical Logic Modules in Arden

syntax,62 stored procedures, and relational database tables, follows

best practices per the EHR vendor guidelines. It leverages the cache

of patient data loaded as part of normal processes to avoid repeated

database queries. The technical teams created modular code for

quick turnaround of future enhancements. The reference table was

designed specifically to facilitate timely updates without requiring

module coding updates.63 This design also facilitates straightfor-

ward incorporation of new knowledge or data into the logic and ref-

erence table that may impact dosing recommendations, including

pharmaco-genetic or other information (which can be done by

inserting an additional logic statement into the code and a new col-

umn into the table).

For any updates to ADM logic, the degree of regression testing

required is determined by the level of impact. More extensive

changes require full execution of all functional testing scenarios,

though full execution of rows in the reference table are only neces-

sary if changes are made to the row content. Instead, execution of

separate detailed logic functional test scripts, which capture all the

logic scenarios and include approximately 5% of the dosing table

scenarios, are performed to validate any logic changes. As part of

testing, analysts detected no noticeable system performance impact

with module implementation.

The ADM module was designed to store all the data points that

lead to a specific recommendation in an easily retrievable part of the

EHR database as well as on the order form directly, in order to facil-

itate retrospective analysis for research and quality assurance pur-

Figure 1. Screenshot of Adult Dosing Methodology (ADM) module. Embedded in workflow of medication ordering process within electronic health record. (A) Ex-

ample indication window of ADM and (B) example of completed order form. The indication window provides the medication-specific recommended indications,

along with default options for fluid diluent (where applicable) and dialysis status, with ability for direct override. After selecting the indication, the order form is

automatically completed (including dose, frequency, and duration) and available for provider review, prior to submission.
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Table 2. Adult Dosing Methodology ordering scenarios that result in notification or interruptive alert

Ordering scenario Alert message Alert location

Missing serum creatinine laboratory value Automated dose adjustment is unavailable

due to the lack of a recent creatinine mea-

surement

Displayed on medication order form

Missing eGFR value Automated dose adjustment is unavailable

due to the lack of a recent CKD-EPI eGFR

measurement

Displayed on medication order form

Unstable kidney function with rising serum

creatinine

This patient’s creatinine is unstable, which

may represent acute kidney injury. As

eGFR is inaccurate, use caution in dosing

finsert MEDICATIONg, and contact

pharmacy and/or nephrology for further

guidance

Interruptive alert and displayed on medica-

tion order form

Unstable kidney function with falling serum

creatinine

This patient’s creatinine is unstable. As

eGFR is inaccurate, use caution in dosing

finsert MEDICATIONg, and contact

pharmacy and/or nephrology for further

guidance

Interruptive alert and displayed on medica-

tion order form

Unstable kidney function with both rising

and falling serum creatinine

This patient’s creatinine is unstable, which

may represent acute kidney injury. As

eGFR is inaccurate, use caution in dosing

finsert MEDICATIONg, and contact

pharmacy and/or nephrology for further

guidance

Interruptive alert and displayed on medica-

tion order form

Automated dose adjustment made for re-

duced kidney function

This medication has been dose-adjusted for

reduced kidney function (CKD-EPI eGFR

finsert GFRgmL/min/1.73 m2)

Displayed on medication order form

Automated dose adjustment made for hemo-

dialysis

This medication has been dose-adjusted for

hemodialysis dosing

Displayed on medication order form

Automated dose adjustment made for hemo-

dialysis, with medication requiring thrice

weekly administration

The recommended dose/frequency for

finsert MEDICATIONg is 3 times per

week, dosed after hemodialysis. Order via

Frequency <User Schedule>�> Weekly

�> select appropriate days

Interruptive alert and displayed on medica-

tion order form

Automated dose adjustment made for peri-

toneal dialysis

This medication has been dose-adjusted for

peritoneal dialysis dosing

Displayed on medication order form

Automated dose adjustment made for

CRRT

Dose adjustment for finsert MEDI-

CATIONg is complex in patients receiv-

ing CRRT. Contact pharmacy and/or

nephrology for further guidance

Interruptive alert and displayed on medica-

tion order form

Contraindicated medication ordered Use caution in ordering finsert MEDI-

CATIONg in this patient with advanced

kidney disease (CKD-EPI eGFR finsert

GFRgmL/min/1.73 m2). Consider alterna-

tive medication or contact pharmacy and/

or nephrology for guidance

Interruptive alert and displayed on medica-

tion order form

Discrepant kidney function estimating equa-

tions

Renal function estimating equations may be

inaccurate in this patient and automated

dosing recommendations are unavailable.

Use clinical judgment when ordering, or

contact pharmacy and/or nephrology for

further guidance

Interruptive alert and displayed on medica-

tion order form

Unable to identify an appropriate single row

from reference table

Automated dosing recommendations are

unavailable for finsert MEDICATIONg.
Use clinical judgment when ordering, or

contact pharmacy and/or nephrology for

further guidance

Interruptive alert and displayed on medica-

tion order form

Abbreviations: CKD-EPI: Chronic Kidney Disease Epidemiology Collaboration; CRRT: continuous renal replacement therapy; eGFR: estimated glomerular fil-

tration rate.
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poses. Any updates to the underlying code or reference tables are

stored as versions in a relational database.

ADM UTILIZATION

During the first 90 days following ADM implementation, the system

was used for a total of 63 378 orders, of which 44 267 (70%) had an

automated recommendation provided (see Table 1 and Figure 3).

Users accepted the recommendation for 42 670 (96%) orders and

overrode it in 1596 (4%). Of the 19 111 (30%) orders where a rec-

ommendation was unavailable, the cause was missing data in 2199

(12%), clinical conditions precluding accurate automated recom-

mendation [eg, unstable kidney function; 3239 (17%)], and user se-

lection of “Other” as indication in 13 673 (71%). This latter

scenario was designed to facilitate cases where an indication was not

yet built. By forcing the user to free-text an indication, this field

could be mined to inform future indication additions to the system.

DISCUSSION

CDS that minimizes burden on clinicians and seamlessly fits into

workflow has been challenging to achieve. Almost 20 years ago,

Bates et al64 described the “10 commandments” for CDS, including

speed, avoidance of stopping mechanisms, improved usability, and

fitting into the workflow. Combined with the 5 rights of decision

No Dosing 
Recommenda�on

Determine the single 
dosing row based on 

the Calc Type

Display 
recommended dose 

and frequency on 
the form 

Calculate CrCl using 
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Weight in the 
Cockcro�-Gault 

Formula

Calculate CrCl 
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Figure 2. Flow diagram of Adult Dosing Methodology module logic. The decision support module follows a series of logical steps to identify the correct dose, fre-

quency, and duration of an ordered medication. This includes checking for use of kidney replacement (dialysis), presence of required laboratory tests, kidney

function stability, presence of contraindications, and additional checks of kidney function estimating equations and impact of body habitus on dosing. At the end

of the sequence, the row in a reference table containing the correct information is identified, and the data are populated into the electronic health record medica-

tion order form. The ordering provider is then able to simply review the completed form and submit the desired order.

Figure 3. Distribution of decision support provision from Adult Dosing Methodology module during the first 90 days after implementation. A total of 63 378 orders

were entered, of which 44 267 (70%) had an automated recommendation provided, with user acceptance of the recommendation in 42 670 (96%) orders and user

override in 1596 (4%). Of the 19 111 (30%) orders without available recommendation, the cause was missing data in 2199 (12%), clinical conditions precluding ac-

curate automated recommendation [eg, unstable kidney function; 3239 (17%)], and user selection of “Other” as indication in 13 673 (71%).
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support,65 a reliable framework for novel CDS—such as the ADM

module—can be designed, implemented, and evaluated.

Medication ordering and dosing is a highly complex process,

with significant possibility for error and adverse events.18–23 For

highly susceptible populations, including geriatrics and those with

kidney disease, the risks are even higher.24,66 CDS too often has

marginal efficacy in this domain, often due to its interruptive and

non-actionable design.8,24,36,38 An early attempt within a home-

grown EHR showed moderate effectiveness, although it lacked nu-

ance for varying degrees of kidney function or dosing indication.40

By automatically calculating and inputting the correct dose, fre-

quency, and duration, we designed the ADM module to avoid alert

fatigue and make medication ordering easier while lowering patient

risk, especially around highly complex and error-prone activities of

medication ordering. The module was developed with stakeholder

alignment and input from expert committees. Following system-

wide implementation in the EHR, informal feedback has been posi-

tive with effectiveness evaluations ongoing. Utilization statistics

demonstrate a high level of engagement and acceptance of the sys-

tem, with 70% of included medication orders providing an auto-

mated recommendation, and 96% of provided recommendations

accepted by users. The use of “Other” for an indication, which pre-

cludes automated calculation of dose, frequency, and duration, was

seen in a substantial minority of orders (21.6% of orders), which

may effectively represent another approach to circumvent the CDS.

As the user must enter a free-text indication, this field can be mined

to create subsequent indications that might have been missed in the

initial rollout. Future work will also analyze this field to more pre-

cisely determine the extent to which users are inappropriately over-

riding the system, to help future design optimization.

Limitations
There are some limitations to the ADM module and current descrip-

tion. Although the user experience is simple, the design is complex

and took 18 months of skilled programming, testing, and user vali-

dation to operationalize. The maintenance is straightforward but

does require ongoing knowledge base updates to avoid recommend-

ing outdated information. At the time of go-live, only a small num-

ber of medications were included, indicative of the complexity of

building clinical stakeholder alignment and creating standardized

medication guidelines. Finally, although fully deployed, the ADM

module’s impact is currently unknown, with future studies assessing

user acceptability and impact to dosing errors. We anticipate fewer

errors, however, as the module is difficult to bypass and actually

simplifies the ordering process. It will be crucial to monitor for un-

anticipated untoward effects, given the potential harm that can be

induced by CDS.17,67

CONCLUSION

Through a process involving numerous stakeholders, the ADM CDS

module was implemented, with the goal of facilitating medication

ordering, improving patient safety, reducing medication errors, sup-

porting antimicrobial stewardship, and improving provider satisfac-

tion. With a particular focus on kidney-based dosing schedules, the

ADM module involves complex logic yet is intuitive for end-users.

By automatically calculating and inputting the correct dose, fre-

quency, and duration, this module simplifies the highly complex and

error-prone process of medication ordering, while lowering patient

risk and optimizing duration of therapy, including for antimicro-

bials. Early user feedback has been positive, and initial utilization

data indicate that ADM recommendations are accepted a majority

of the time. We believe this module has the potential for significant

positive clinical impact, with effectiveness studies ongoing.
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