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Abstract

Objective To identify features of clinical decision
support systems critical for improving clinical practice.
Design Systematic review of randomised controlled
trials.

Data sources Literature searches via Medline,
CINAHL, and the Cochrane Controlled Trials
Register up to 2003; and searches of reference lists of
included studies and relevant reviews.

Study selection Studies had to evaluate the ability of
decision support systems to improve clinical practice.
Data extraction Studies were assessed for statistically
and clinically significant improvement in clinical
practice and for the presence of 15 decision support
system features whose importance had been
repeatedly suggested in the literature.

Results Seventy studies were included. Decision
support systems significantly improved clinical
practice in 68% of trials. Univariate analyses revealed
that, for five of the system features, interventions
possessing the feature were significantly more likely to
improve clinical practice than interventions lacking
the feature. Multiple logistic regression analysis
identified four features as independent predictors of
improved clinical practice: automatic provision of
decision support as part of clinician workflow
(P<0.00001), provision of recommendations rather
than just assessments (P = 0.0187), provision of
decision support at the time and location of decision
making (P=0.0263), and computer based decision
support (P=0.0294). Of 32 systems possessing all
four features, 30 (94%) significantly improved clinical
practice. Furthermore, direct experimental
justification was found for providing periodic
performance feedback, sharing recommendations
with patients, and requesting documentation of
reasons for not following recommendations.
Conclusions Several features were closely correlated
with decision support systems’ ability to improve
patient care significantly. Clinicians and other
stakeholders should implement clinical decision
support systems that incorporate these features
whenever feasible and appropriate.

Introduction

Recent research has shown that health care delivered
in industrialised nations often falls short of optimal
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evidence based care. To address this, healthcare
organisations are increasingly turning to clinical
decision support systems, which provide clinicians with
patient-specific assessments or recommendations to
aid clinical decision making.' Such systems have been
shown to improve prescribing practices,” reduce seri-
ous medication errors,’’ enhance the delivery of
preventive care services, ® and improve adherence to
recommended care standards.' * Compared with other
approaches to improve practice, these systems have
also generally been shown to be more effective and
more likely to result in lasting improvements.

Clinical decision support systems do not always
improve clinical practice. In a recent systematic review
of computer based systems, most (66%) significantly
improved clinical practice, but 34% did not.' Relatively
little scientific evidence is available to explain why sys-
tems succeed or fail’ "' Some investigators have tried
to identify system features most important for improv-
ing clinical practice, but they have typically relied on
the opinion of a limited number of experts, and none
has combined a systematic literature search with quan-
titative meta-analysis. We therefore systematically
reviewed the literature to identify the specific features
of clinical decision support systems most crucial for
improving clinical practice.

Methods

Data sources

We searched Medline (1966-2003), CINAHL (1982-
2003), and the Cochrane Controlled Trials Register
(2003). (See bmj.com for search terms) We also
systematically searched the reference lists of included
studies and relevant reviews.

Inclusion and exclusion criteria

We defined a clinical decision support system as any
electronic or non-electronic system designed to aid
directly in clinical decision making, in which character-
istics of individual patients are used to generate patient
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specific assessments or recommendations that are then
presented to clinicians for consideration.! Our
inclusion criteria were any randomised controlled trial
evaluating the ability of a clinical decision support
system to improve an important clinical practice in a
real clinical setting; use of the system by clinicians
directly involved in patient care; and assessment of
improvements in clinical practice through patient out-
comes or process measures. Our exclusion criteria
were less than seven units of randomisation per study
arm; study not in English; mandatory compliance with
decision support system; lack of description of decision
support content or of clinician interaction with system;
and score of less than five points on a 10 point scale
assessing five potential sources of study bias.'

Study selection

Two authors independently reviewed the titles, index
terms, and abstracts of the identified references and
rated each paper as “potentially relevant” or “not
relevant” using a screening algorithm based on study
type, study design, subjects, setting, and intervention.
Two authors then independently reviewed the full texts
of the selected articles and again rated each paper as
“potentially relevant” or “not relevant” using the
screening algorithm. Finally, two authors independ-
ently applied the full set of inclusion and exclusion cri-
teria to the potentially relevant studies to select the
final set of included studies. Disagreements between
reviewers were resolved by discussion, and we
measured inter-rater agreement.

Data abstraction

A study may include several trial arms, so that multiple
comparisons may exist within the single study. For each
relevant comparison, two reviewers independently
assessed whether the clinical decision support system
resulted in an improvement in clinical practice that was

both statistically and clinically significant. In some
cases changes in practice characterised as clinically sig-
nificant by the study authors were deemed non-
significant by the reviewers.

Next, two reviewers independently determined the
presence or absence of specific features of decision
support systems that could potentially explain why a
system succeeded or failed. We limited our considera-
tion to features that were identified as being potentially
important by at least three different sources from the
literature, which left us with 22 potential explanatory
features, including general system features, system-
clinician interaction features, communication content
features, and auxiliary features (see bmj.com). Of these,
15 could be included in our analysis because their
presence or absence could be reliably abstracted from
most studies.

Data synthesis

Univariate analyses—For each of the 15 selected fea-
tures we individually determined whether interven-
tions possessing the feature were significantly more
likely to succeed than interventions lacking the feature.
We calculated 95% confidence intervals for individual
success rates and for differences in success rates.

Multiple logistic regression analyses—For these analy-
ses, the presence or absence of a statistically and clini-
cally significant improvement in clinical practice
constituted the binary outcome variable, and the pres-
ence or absence of specific decision support system
features constituted binary explanatory variables. We
included only cases in which the clinical decision sup-
port system was compared against a true control
group. (See bmj.com for details.)

Direct experimental evidence—We systematically iden-
tified studies in which the effectiveness of a given deci-
sion support system was directly compared with the

Table 1 Success rates* of clinical decision support systems (CDSS) with and without 15 potentially important features. Results of 71

control-CDSS comparisons

Prevalence of feature

% success rate (95% ClI)

Feature (%) With feature Without feature Rate difference (95% Cl)

General system features

Integration with charting or order entry system 85 73 (61 to 84) 36 (14 to 67) 37 (6 to 61)F

Computer based generation of decision support 69 76 (62 to 87) 50 (28 to 72) 26 (2 to 49)t

Local user involvement in development process 7 40 (8 to 81) 70 (58 to 80) -30 (-61 to 11)

Clinician-system interaction features

Automatic provision of decision support as part 90 75 (63 to 85) 0 (0 to 38) 75 (37 to 84)t
of clinician workflow

Provision at time and location of decision making 89 73 (61 to 83) 25 (5 to 65) 48 (0 to 70)%

Request documentation of reason for not 21 100 (79 to 100) 59 (45 to 72) 41 (19 to 54)t
following system recommendations

No need for additional clinician data entry 89 71 (59 to 82) 38 (11 to 71) 34 (-2 to 61)

Recommendations executed by noting agreement 13 78 (44 to 96) 66 (54 to 77) 12 (-23 to 34)

Communication content features

Provision of a recommendation, not just an 76 76 (63 to 86) 41 (18 to 66) 35 (8 to 58)t
assessment

Promotion of action rather than inaction 92 68 (56 to 78) 67 (27 to 94) 1 (-27 to 40)

Justification via provision of research evidence 7 100 (50 to 100) 65 (53 to 76) 35 (—13 to 48)

Justification via provision of reasoning 39 75 (56 to 89) 63 (47 to 76) 12 (11 to 34)

Auxiliary features

Provision of decision support results to both 10 86 (45 to 99) 66 (54 to 77) 20 (-23 to 39)
clinicians and to patients

CDSS accompanied by periodic performance 4 67 (14 to 98) 68 (55 to 78) —1 (-50 to 31)
feedback

CDSS accompanied by conventional education 31 55 (33 to 74) 73 (60 to 84) —19 (-42 to 4)

*Success defined as statistically and clinically significant improvement in clinical practice. tDifference between success rates statistically significant. tLower bound

of 95% confidence interval=—0.46%.
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effectiveness of the same system with additional
features. We considered a feature to have direct experi-
mental evidence supporting its importance if its
addition resulted in a statistically and clinically signifi-
cant improvement in clinical practice.

Results

Description of studies

Of 10 688 potentially relevant articles screened, 88
papers describing 70 studies met all our inclusion and
exclusion criteria. The 70 studies contained 82 relevant
comparisons, of which 71 compared a clinical decision
support system with a control group (control-system
comparisons) and 11 directly compared a system with
the same system plus extra features (system-system
comparisons). We used the control-system compari-
sons to identify system features statistically associated
with successful outcomes and the system-system com-
parisons to identify features with direct experimental
evidence of their importance.

The most common types of decision support
system were computer based systems that provided
patient-specific advice on printed encounter forms or
on printouts attached to charts (34%), non-electronic
systems that attached patient-specific advice to appro-
priate charts (26%), and systems that provided decision
support within computerised physician order entry
systems (16%).

Univariate analyses of clinical decision support
system features

Opverall, 48 of the 71 decision support systems (68%
(95% confidence interval 56% to 78%)) significantly
improved clinical practice. For five of the 15 features,
the success rate of interventions possessing the feature
was significantly greater than that of interventions
lacking the feature (table 1).

Interventions succeeded when the decision sup-
port was provided to clinicians automatically; when
systems were provided as an integrated component of
charting or order entry systems; when systems used a
computer to generate the decision support; when
systems prompted clinicians to record a reason when
not following the advised course of action; and when
systems provided a recommendation. Finally, systems
that provided decision support at the point of care
were substantially more likely to succeed than systems
that did not, but the difference in success rates fell just
short of being significant.

Meta-regression analysis

We conducted multivariate logistic regression analyses
in order to identify independent predictors of clinical
decision support system effectiveness while taking into
consideration the presence of other potentially impor-
tant factors (table 2).

Of the six features shown to be important by the
univariate analyses, four were identified as independ-
ent predictors of system effectiveness by the primary
meta-regression analysis. Most notably, this analysis
confirmed the critical importance of automatically
providing decision support as part of clinician
workflow. The other three features were providing
decision support at the time and location of decision
making, providing a recommendation rather than just
an assessment, and using a computer to generate the
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decision support. Among the 32 clinical decision sup-
port systems incorporating all four features, 30 (94%
(80% to 99%)) significantly improved clinical practice.
In contrast, clinical decision support systems lacking
any of the four features improved clinical practice in
only 18 out of 39 cases (46% (30% to 62%)).

Survey of direct experimental evidence

We identified 11 randomised controlled trials in which
a clinical decision support system was evaluated
directly against the same clinical decision support
system with additional features. In support of the
regression results, one study found that system
effectiveness was significantly enhanced when the
decision support was provided at the time and location
of decision making. Similarly, effectiveness was
enhanced when clinicians were required to document
the reason for not following system recommendations
and when clinicians were provided with periodic feed-
back about their compliance with system recommen-
dations. Furthermore, two of four studies found a
significant beneficial effect when decision support
results were provided to both clinicians and patients. In
contrast, clinical decision support system effectiveness
remained largely unchanged when critiques were
worded more strongly and the evidence supporting
the critiques was expanded to include institution-
specific data, when recommendations were made more
specific, when local clinicians were recruited into the
system development process, and when bibliographic
citations were provided to support the recommenda-
tions made by the system.

Discussion

We identified 22 technical and non-technical factors
repeatedly suggested in the literature as important
determinants of a clinical support system’s ability to
improve clinical practice, and we evaluated 15 of these
features in randomised controlled trials of clinical
decision support systems. We found five of the features
were significantly correlated with system success, and
one feature correlated with system success at just over
the 0.05 significance level. Multiple logistic regression
analysis identified four of these features as independ-

Table 2 Features of clinical decision support systems (CDSS) associated with improved
clinical practice. Results of meta-regression analyses of 71 control-CDSS comparisons

Adjusted odds ratio

Feature* (95% Cl) P value

Primary analysis (all CDSS, n=71)

Automatic provision of decision support as part of clinician 1121 (12.9 10 =) <0.00001
workflow

Provision of decision support at time and location of decision 15.4 (1.3 to 300.6) 0.0263
making

Provision of recommendation rather than just an assessment 7.1 (1.3 to 45.6) 0.0187

Computer based generation of decision support 6.3 (1.2 t0 45.0) 0.0294

Secondary analysis (computer based CDSS, n=49)t%

Automatic provision of decision support as part of clinician 105.0 (10.4 to =) 0.00001
workflow

Secondary analysis (non-electronic CDSS, n=22)1§

Provision of recommendation rather than just an assessment 19.4 (1.5 to 1263.0) 0.0164

*The three potential confounding factors analysed (acute care v non-acute care, academic v non-academic
setting, outpatient v inpatient care) were not found to affect outcomes significantly in any of the analyses.
tBecause subsets were defined by computer use, this feature was not included in the secondary analyses.
FProviding decision support at the time and location of decision making was marginally significant (odds

ratio 10.5 (95% CI 0.75 to o), P=0.0791).

§The importance of automatically providing decision support could not be evaluated for non-electronic

CDSS, since all non-electronic systems possessed this feature.
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What is already known on this topic

Clinical decision support systems have shown great promise for
reducing medical errors and improving patient care

Such systems do not always result in improved clinical practice, for
reasons that are not always clear

What this study adds

Four features are strongly associated with a decision support system’s
ability to improve clinical practice—(a) decision support provided
automatically as part of clinician workflow, (b) decision support
delivered at the time and location of decision making, (¢) actionable
recommendations provided, and (d) computer based

All four features make it easier for clinicians to use a clinical decision
support system, suggesting that an effective system must minimise the
effort required by clinicians to receive and act on system
recommendations

768

ent predictors of a system’s ability to improve clinical
practice. Furthermore, we found direct experimental
evidence to support the importance of three additional
features.

Strengths and limitations of study

Strengths include our thorough literature search and
systematic review for relevant expert opinion, the use
of two independent reviewers for study selection and
data abstraction to increase the reliability of our
findings, provision of a quantitative estimate of the
relative importance of specific clinical decision support
system features and, finally, provision of a comprehen-
sive summary of randomised controlled trials.

One limitation of this study is that we used a binary
outcome measure rather than a continuous measure
such as effect size. We therefore could not adjust for
variations in the size of outcomes. Another potential
criticism is that we pooled different types of clinical
decision support systems in the regression analysis.
However, we believe that our methods were appropri-
ate given that our objective was to determine the
impact of heterogeneity among interventions rather
than to estimate the effects of a homogeneous
intervention, as is usually the case for a meta-analysis.

Our analyses were limited to published reports of
randomised controlled trials. Thus they may not be
extendable to categories where we could not find any
studies, such as those provided on personal digital
assistants. Also, publication bias against studies that
failed to show an effect might have limited our ability
to identify features associated with ineffective systems.

The sample size for our regression analysis was
restricted by the size of the available literature. Thus,
our ratio of cases to explanatory variables was subopti-
mal, especially for the subset regression analyses. As a
result, we cannot rule out the importance of system
features based on their absence from the final
regression models. Also, it is possible that one or more
features were falsely included into the regression mod-
els because of over-fitting. However, our findings are
consistent with our previous experiences of imple-
menting clinical decision support systems in practice.
An additional limitation is that our analyses were
restricted to features that could be reliably abstracted.

Implications

On a practical level, our findings imply that clinicians
should implement clinical decision support systems
that (a) provide decision support automatically as part
of clinician workflow, (b) deliver decision support at the
time and location of decision making, (¢) provide
actionable recommendations, and (d) use a computer
to generate the decision support. As a general
principle our findings suggest that an effective clinical
decision support system must minimise the effort
required by clinicians to receive and act on system rec-
ommendations. When feasible and appropriate,
clinical decision support systems should also provide
periodic performance feedback, request documenta-
tion of the reason for not following system recommen-
dations, and share decision support results with
patients.

Future directions

The promise of evidence based medicine will be
fulfilled only when strategies for implementing best
practice are rigorously evidence based themselves. Two
important research needs must still be addressed.
Firstly, reports of clinical decision support system
evaluations should provide as much detail as possible
when describing the systems and the manner in which
clinicians interacted with them, so that others can learn
more effectively. Secondly, further direct experimenta-
tion is warranted to evaluate the importance of specific
system features.
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