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The aim of this scoping review is to summarize approaches and outcomes of clinical

validation studies of clinical decision support systems (CDSSs) to support (part of) a

medication review. A literature search was conducted in Embase and Medline. In

total, 30 articles validating a CDSS were ultimately included. Most of the studies

focused on detection of adverse drug events, potentially inappropriate medications

and drug-related problems. We categorized the included articles in three groups:

studies subjectively reviewing the clinical relevance of CDSS's output (21/30 studies)

resulting in a positive predictive value (PPV) for clinical relevance of 4–80%; studies

determining the relationship between alerts and actual events (10/30 studies)

resulting in a PPV for actual events of 5–80%; and studies comparing output of

CDSSs to chart/medication reviews in the whole study population (10/30 studies)

resulting in a sensitivity of 28–85% and specificity of 42–75%. We found heteroge-

neity in the methods used and in the outcome measures. The validation studies did

not report the use of a published CDSS validation strategy. To improve the effective-

ness and uptake of CDSSs supporting a medication review, future research would

benefit from a more systematic and comprehensive validation strategy.
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1 | INTRODUCTION

Drug-related problems (DRP), such as adverse drug reactions

(ADRs) and adverse drug events (ADEs), are common. For example,

approximately 10% of the patients experience an ADR during hos-

pital stay and approximately 20% of patients experience an ADE in

outpatients settings.1,2 ADRs are associated with prolonged hospital

stay.3 About 70% of the ADEs occurring in older hospitalized

patients and between 16–42% of the ADEs occurring in

outpatients are preventable.2,4 Individualized medication reviews

can prevent ADRs/ADEs. During medication reviews, prescribed

medications are evaluated by reviewing their indication, interactions

and appropriateness to optimize medication use and improve health

outcomes.5

Clinical decision support systems (CDSSs) can support medication

reviews and detect potentially inappropriate prescribing.6 CDSSs can,

for example, identify patients in need of a medication review, identify

ADRs/ADEs or offer advice on how medications should be monitored
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or changed. Effectiveness of previous CDSS interventions supporting

(part of) a medication review for hospitalized patients varied. CDSSs

were mostly effective on process-related outcomes, but not yet on

patient-related outcomes.7,8

An intervention with a CDSS is complex and must address the

needs and wishes of future users. The Two-Stream Model and the

GUIDES checklist describe factors that contribute to the success of

CDSSs.9,10 These factors include data quality, underlying clinical

knowledge and the presentation and quality of the output/advice.

To ensure that the output of a CDSS is accurate, of high quality

and useful for clinical practice, the system should be tested and

validated.11 According to the World Health Organization, validation

includes proving and documenting that a system leads to the

expected results.12 A medication-related CDSS validation strategy

consists of four steps: (1) technical validation to check whether the

CDSS functions as expected, (2) retrospective validation to review

whether the output is clinically relevant, actionable and useful,

(3) prospective validation before implementation in a real-life EHR

to check whether the CDSS fits in the workflow (e.g., timing and

frequency), and finally (4) post-implementation validation for contin-

uous improvement.13,14 The validation process can prevent irrele-

vant output for the clinical setting, alert fatigue or low user

acceptance. Validation of a CDSS is, therefore, key for successful

implementation.13,14 To date, a systematic review was published in

2012 on the detection of ADEs, which found that the accuracy of

ADE rules was reported in only 50% of the ADE detection system

studies.15 The rule accuracy was often poor and varied due to mul-

tiple factors including differences in validation methods.15 However,

this 2012 systematic review focused solely on ADE detection sys-

tems and did not focus on other ways of clinical decision support

for medication review. Currently, an overview of published valida-

tion methods and outcomes, for the different CDSSs to support

(part of) a medication review, is missing. A scoping review can be

conducted to systematically identify literature, to clarify concepts

or identify knowledge gaps.16

Therefore, we conducted a scoping review with the aim of cre-

ating an overview of validated CDSSs supporting (part of) a medi-

cation review. Our secondary aim was to summarize and assess the

methods and outcomes of the validation studies.

2 | METHODS

A literature search (see Appendix 1 in the Supporting Information)

combining the categories corresponding to the concepts of “CDSS”,
“medication review”, and “validation” was conducted in Embase and

Medline up to 9 August 2021. Search results were deduplicated in

Endnote X9.17 The references of the included articles were checked

to find additional relevant articles. The study protocol was published

on our departmental website (https://kik.amc.nl/KIK/reports/tech_

reports.html), and the completed PRISMA checklist for scoping

reviews can be found in Appendix 2 in the Supporting

Information.18

2.1 | Eligibility

Articles were screened based on title and abstract by one reviewer

(D.M. or B.D.) using pre-specified eligibility criteria. Title and abstract

screening was performed using the Rayyan research app.19 Studies

were included if they described the clinical validation of a CDSS (with

or without a prediction model) for medication review, for adults

(≥18 years), and were published in English in a peer-reviewed journal.

After title and abstract screening, the full text of the remaining articles

were also screened using the eligibility criteria. The full-text screening

was performed by two researchers (D.M. and B.D.), independently.

The results were compared, discussed and, if necessary, a third

researcher (S.M.) was consulted. CDSS was defined as “any computer

program designed to help healthcare professionals to make clinical

decisions”.20 The Pharmaceutical Care Network Europe defines medi-

cation review as “a structured evaluation of a patient's medicines with

the aim of optimizing medicines use and improving health outcomes.

This entails detecting drug related problems and recommending inter-

ventions”.5 We included CDSSs supporting any part of the medication

review process. CDSSs during prescribing (order-entry pop-ups) were

excluded. For clinical validation, we included all studies assessing the

quality of the output of the CDSS.

2.2 | Data extraction and risk of bias assessment

Data extraction and assessment of the risk of bias were conducted by

two researchers (D.M. and B.D.), independently. The results were

compared, discussed and, if necessary, a third researcher (S.M.) was

consulted. A template for data extraction was developed by J.d.B. and

B.D. We extracted study and CDSS characteristics, validation

methods and all outcomes related to clinical validation. We used these

validation methods and outcomes in a narrative synthesis. The out-

comes of individual studies were rated on relevance and applicability

on a scale of 1–3 by two researchers (D.M. and B.D.), independently.

Furthermore, we assessed the compliance of the studies to the frame-

work of Scheepers-Hoeks et al.14 The references of the included stud-

ies were screened for additional articles. Risk of bias was assessed

using an adapted version of the Quality Assessment of Diagnostic

Accuracy Studies 2 (QUADAS-2).21 Originally, this tool was intended

for risk of bias assessment in studies determining diagnostic accuracy

against a reference standard. We adjusted the signalling questions in

the QUADAS-2 for applicability to CDSS validation studies. We did

not exclude studies with a high risk of bias in the narrative analysis.

3 | RESULTS

3.1 | Study selection

Figure 1 shows the PRISMA flow diagram for article selection. The

search in Medline and Embase identified 2434 articles, and search in

additional sources identified nine further articles. After screening and
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eligibility assessment, 30 studies were included in this scoping review.

In total, three of the included 30 articles were identified through addi-

tional sources (reference checking).

3.2 | Characteristics

The included studies had been performed in 12 countries (Table 1):

Belgium, Canada, Germany, Ireland, Israel, Korea, the Netherlands,

Portugal, Spain, Sweden, Switzerland and the United States. Studies

were published in the years 1998–2020. Of the 30 studies, 26 were

conducted in or used data of an inpatient hospital setting, three of pri-

mary care, three of an outpatient (clinic), and two of a nursing home.

The included studies used different clinical knowledge as input for

their CDSSs. The alerts were based on literature, guidelines, experts'

experience, prevalence and product guidelines. In two studies, the

CDSS was based on machine learning algorithms, including statistical

analysis and deep learning with neural networks, and in one study the

CDSS used an algorithm with risk scores based on literature.22–24 Five

of the 30 studies described the use of a tool for potentially inappro-

priate prescribing such as the Beers criteria, or STOPP/START

criteria.25–29 Of the included studies, 11 gave support to detect ADEs,

six for potentially inappropriate medications (PIMs), five for DRPs,

four for ADRs, three for medication surveillance, two for medication

errors and two for drug-related hazardous conditions (DRHCs). The

output of the CDSSs were presented as a list, (paper or electronic)

report, database with alerts, an extra line in pharmacy module, alerts

printed in the pharmacy or as a risk score.

3.3 | Validation methods

All included studies used real-life patient data for the validation of the

CDSSs. The studies included between 33 and 17 878 patients. Four

studies did not report information on the number of patients or

admissions.23,30–32 Twenty-one (70%) studies reported how many

(type of) rules were included in the knowledge base of the CDSS,

ranging from 5 to 7879 alert (types). As Table 2 shows, all studies

reported a frequency of generated alerts either as number of alerts or

as number of patients/admissions with an alert. Of the 30 articles,

eight studies used retrospective data for the validation (step 2 of the

validation strategy of Scheepers-Hoeks et al.), 17 studies used pro-

spective data (step 3), and five studies used post-implementation data

for continuous improvement (step 4). One study assessed the CDSS

with a pre-defined outcome threshold and aimed for a sensitivity of

≥80%.33 We divided the included studies into Group A, B and/or C

(Table 2). Group A assessed clinical validation by subjectively checking

the clinical relevance of the alerts (21 studies). Group B checked the

association of alerts/advice with actual occurrence of events (10 stud-

ies) and group C compared the CDSS's output with a chart/medication

review in the whole study population (10 studies).

Group A Clinical relevance of CDSS's output

In 21 of 30 studies, a reviewer checked the output of the CDSS and

assessed the clinical relevance through their clinical experi-

ence.22,23,25–29,31,32,34–45 The reviewers assessed the clinical rele-

vance with or without checking the charts or contacting a physician/

F IGURE 1 Prisma flow diagram
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nurse. In 13 of the 21 studies, the reviewer was a pharmacist(s), in

two studies a combination of a pharmacist and a physician, in one

study a combination of a pharmacists and a radiology technician, in

two studies a physician and in three studies the profession of the

reviewer was not described.

Group B CDSS's output and occurrence of actual events (in patients

with alert)

In 10 of 30 studies, a reviewer checked the patient charts to find a

relationship between the output of the CDSS and actual occurrence

of an ADR/ADE/DRHC.24,37,43,46–52 In eight of the 10 studies, all

included patients with a CDSS alert were reviewed and in two studies,

a sample of patients was reviewed.

Group C CDSS's output and chart/medication review in the whole

population (in patients with or without alert)

In 10 of 30 studies, the clinical validation was assessed by comparing

the output of the CDSS with the output of a chart or medication

review in the whole population (not only the patients with a CDSS

alert).24,33,41,45,46,48–52 In four of the 10 studies, a pharmacist con-

ducted a medication review to find DRPs/ADEs. In four other studies,

a team or clinical pharmacologist reviewed the charts for DRPs/

ADEs/ADRs and two studies additionally used voluntary ADE/ADR

reports. The reviewers were blinded to the output of the CDSS in four

of the 10 studies.33,41,48,50

3.4 | Outcome measures and outcomes

Group A Clinical relevance of CDSS's output

Table 2 shows that the 21 studies assessing the clinical relevance of

CDSS's output used different names to indicate positive predictive

value (PPV) for clinical relevance: (clinical) relevance, clinical useful-

ness, clinical validity, efficiency, PPV and rule effectiveness. We used

the term PPV (clinical relevance) for all studies.

Twenty studies reported the PPV (clinical relevance) of alerts,

using a total of 89 974 alerts ranging from 53 to 39 481 alerts

(median = 833 alerts, IQR = 318–2639 alerts). A range of 4–80% of

alerts were found to be clinically relevant (median = 13%, IQR = 8%–

44%). One study reported the PPV (clinical relevance) in patient-days,

finding that 75% of patient-days had ≥1 clinically relevant alert.26

Group B CDSS's output and occurrence of actual events (in patients

with alerts)

All 10 studies reported the proportion of alerts related to a possible

ADE/ADR/DRHC as an outcome.24,37,43,46–52 Eight of the 10 studies

referred to this outcome as the PPV (Table 2). We used the term PPV

for all studies. The PPV for ADEs varied between 5 and 23%

(median = 19%, IQR = 14–22%).37,47,49,50 The PPV for ADRs varied

between 13 and 80% (median = 28%, IQR = 17–48%).46,48,51,52 The

PPVs for DRHCs were 29% and 71%.43,47

Group C CDSS's output and chart/medication review in the whole

population (in patients with or without alert)

All 10 studies reported the sensitivity (Sn), or related measure, as the

proportion of the DRPs/ADRs/ADEs found by CDSSs.24,37,43,46–52

The Sn for DRPs were 28%, 79% and 85%.33,41,45 The methods to

detect ADRs varied and the reported outcomes were therefore not

comparable: Sn = 62% (40/65 admissions, ADR detection by multiple

methods), Sn = 66% (25/38 admissions, by expert team), Sn = 74%

(34/46 ADRs, multiple methods), Sn = 83% (10/12 ADRs, by chart

review).46,48,51,52 The Sn for ADEs were 45% and 79%.49,50 Of the

10 studies, five reported the specificity (Sp).24,33,46,48,51 The Sp for

DRPs was 60% and the Sp for ADRs was 42–75%.

3.5 | Risk of bias assessment

Most criteria of the assessment were categorized as low or

unclear risk of bias for the included studies (Table 3). Twenty

studies did not use a reference standard (chart/medication review

for the whole population) and therefore the category was not

applicable.22,23,25–29,31,32,34–40,42–44,47 Two studies scored a high

risk of bias for one category.33,41,49

4 | DISCUSSION

We found 30 articles describing the clinical validation of a CDSS to

support (part of) a medication review. Most of the studies focused on

detection of ADEs, PIMs and DRPs. The methods used in these

30 articles can be categorized into three groups: (A) studies subjec-

tively assessing the clinical relevance of CDSS's output (21/30), (B)

studies describing the association between alerts and actual events

(10/30), and (C) studies comparing CDSS's output against chart/medi-

cation review of the whole population (10/30).

In our scoping review, we found heterogeneity in the methods

used and in the outcome measures. In alignment with our results,

the systematic review from 2012 also found heterogeneity in the

methods to assess the accuracy of ADE computerized detection

rules.15 We, therefore, divided the studies into three groups. The

studies in Groups A and B assessed the quality of the alerts (use-

ful/correct) for patients with an alert. Studies in Group A assessed

the quality of the alerts by clinical experience of reviewers. This is a

relatively easily applicable method and effective as a first step in

assessing the CDSS validity. Studies in Group B assessed the quality

of the alerts through determining their association with medication

errors (DRHCs, ADEs, ADRs). This increased the validation efforts

of the reviewers but also increased the quality and relevance of the

assessment. The studies in Group C assessed the quality of the

alerts by studying patients with and without an alert (coverage).
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The medication errors were found in the whole population through

a medication review (or chart review, or spontaneous reporting) and

these were compared with the output of the CDSSs. This is the

most comprehensive and informative method as it gives insights

into which medication errors the CDSS captured and which it mis-

sed. The outcome measures of Group A are included in the frame-

work of Scheepers-Hoeks et al., but the reported methods and

outcomes of Groups B and C are not (yet) fully included in the

framework.14

The PPV (clinical relevance) of alerts reported in our review was

4–80% with a median of 13%. This median clinical relevance is low,

when compared to the desired threshold of ≥89% mentioned in the

framework of Scheepers-Hoeks et al.14 The PPV (clinical relevance)

reported in the studies of our review were calculated using retrospec-

tive and prospective data, based on 53–39 481 generated alerts, 33–

17 878 patients, 5–7879 number of rules, and different kinds of sup-

port (ADE detection, medication surveillance, PIMs, DRPs, DRHCs

and medication errors). The two studies using machine learning as

input (knowledge base) had a relatively high PPV (clinical relevance) of

75% and 80%. We did not find another variable or pattern that

explained the difference between low vs high proportion of relevant

alerts. The studies offered commentary on the reasons for low/high

clinical relevance and for the impact of the clinical relevance. The clini-

cal relevance would improve with higher data quality, by including

more patient characteristics in the CDSSs and by the selection of high

impact or prevalent problems.26,30,36,44,50 In the study by Dalton et al.,

a higher clinical relevance of the computerized recommendations was

associated with an increase in implementation of the recommenda-

tions by the users.27 In the study by Segal et al., a new CDSS was

compared to a legacy CDSS and this showed higher clinical relevance

(85% vs 16%), lower alert burden (0.4% vs 37%) and more changes in

practice (43% vs 5%) for the new CDSS.22 These outcomes are in line

with a systematic review on factors influencing the uptake of

medication-related CDSSs in hospitals. That review reported that the

most frequent barriers were too many irrelevant alerts and informa-

tion being not trustworthy.53 However, a lower clinical relevance of

alerts may be accepted when an alert prevents severe adverse

events.14

In 33% of the studies included in our review, the output of the

CDSS was compared with a chart/medication review in the whole

study population and therefore a CDSS coverage could be calculated

(Group C). This percentage is comparable to the systematic review of

Forster et al., in which nine out of 24 (38%) studies compared the

accuracy of ADE detection rules to a chart review in the whole study

population.15 The reported sensitivity (28–85%) and specificity (42–

75%) in our review is within or near the broad range found by Forster

et al. of 40–94% (Sn) and 1.4–89% (Sp).

Most studies in our scoping review (17/30) described step 3 (pro-

spective validation) of the validation strategy of Scheepers-Hoeks

et al.13,14 We reviewed clinical validation studies and therefore step

1 (technical CDSS validation) of the strategy was not within the scope

of our review. None of the included studies reported all steps (2, 3

and 4) of the validation strategy and none referred to a published

CDSS validation strategy. Furthermore, only one study described the

expected or desired results (threshold) beforehand. Future studies

would benefit from following a more structured and comprehensive

validation strategy and including a pre-defined threshold for PPV,

NPV, Sn or Sp.

A strength of our study is that we used a systematic approach

with a broad search conducted in two databases and that the screen-

ing and data extraction was conducted by two researchers. Another

strength is the use of a risk of bias assessment tool. We used an

adapted version of the QUADAS-2 tool and two of the included stud-

ies had one domain flagged with a high risk of bias. Validation

methods and outcomes not described in the studies were not included

in the narrative analysis, which may have resulted in an underrepre-

sentation of the used methods and outcomes.

In conclusion, 30 articles validating a CDSS to support (part of) a

medication review were found. These studies varied markedly in

methods and outcome measures. Most included studies described the

clinical relevance of the alerts and only 33% described a comparison

of CDSS's output with all DRPs in the whole population. The studies

did not report the use of a CDSS validation strategy. For the valida-

tion of their CDSSs, future studies would benefit from following a sys-

tematic and comprehensive approach as described in Scheepers-

Hoeks et al., in order to limit irrelevant information, limit alert fatigue

and, therefore, improve the uptake of CDSSs supporting (part of) a

medication review.
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