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Abstract

Purpose of review Clinical decision support systems (CDSS) are tools, ideally embedded
within electronic health systems, that can facilitate clinicians utilizing best practices and
individual patient data to improve outcomes. While various iterations of CDSS have existed
for years (including on paper-based charting systems), the past decade has seen an
explosion of these systems. This review highlights some recent trends in CDSS, including
where improvement in patient outcomes was achieved, as well as areas where the benefits

were not realized.
Recent findings Overall, three categories of CDSS improving patient safety have been

analyzed. These include reduction in adverse events relating to medications, helping
facilitate antimicrobial stewardship, and the identification and treatment of pediatric
sepsis. In each of these areas, CDSS has been generally shown to improve patient safety to
varying degrees. Occasional studies have shown no improvement or worsening outcomes,
although this is often due to poor training of clinicians with the technology rather than a
flaw with the technology itself. Most CDSS research has been unable to show improve-
ments in tangible outcomes such as mortality rates, but this is often secondary to the fact
that these outcomes are rare in the pediatric context and thus showing improvements is
challenging.
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Summary CDSS is a simple term to describe a heterogenous group of interventions,
designed to improve patient care using technology. In this review, the evidence shows
that it can improve adherence to antimicrobial guidelines, minimize medication errors,
and improve identification of pediatric sepsis. Like any new system, when implemented
cautiously, with ample time for education of staff and troubleshooting, it can improve
patient safety; however, if not implemented with sufficient forethought, it may not

improve safety and can indeed cause its own adverse events.

Introduction

Clinical decision support systems (CDSSs) are informa-
tion tools, ideally embedded within electronic health
systems (EHS), designed to facilitate best clinical prac-
tices based on current standards and patient-specific
data. Established by Bates and colleagues (2003), the
“ten commandments” for effective clinical decision sup-
port outline the requirements of a computerized CDSS
forit to be efficacious [ 1], especially considering changes
and improvements in medical diagnostics and therapeu-
tics. Ramnarayan and Britto broke down functions of
CDSS into eight use cases: alert, diagnosis, reminder,
suggestion, interpretation, prediction, critique, and as-
sistance [2] (see Table 1, adapted from their work).
CDSS has been often cited as a facilitator of im-
proved patient safety, especially in the pediatric context

[3]. Weight-based medication-dosing errors, and de-
layed recognition and treatment of sepsis are common
areas of practice where CDSS promises to improve pe-
diatric patient outcomes. In this paper, we will review
the evidence supporting the integration of CDSS in the
pediatric population. Focusing on improvements in the
ordering and prescribing of medication, proper antimi-
crobial usage and stewardship, reduction of adverse
events, and superior prediction and detection in sepsis,
we will argue that there is supporting evidence to rec-
ommend the thoughtful development, integration, test-
ing, and continuing evaluation of CDSS in the pediatric
context to improve patient safety.

Computerized physician order entry, CDSS, and adverse events

The provision and prescribing of improper medication can result in adverse
outcomes in children. Woods et al. (2005) reported a rate of 1% in adverse
events, representing over a thousand patients in their retrospective analysis [4].
However, adverse events as result of medication errors have been reported as
high as 10% when the focus is specifically on outpatient and discharged
patients [5]. Due to their small body habitus and unique physiology, neonates
are particularly susceptible to medication errors when compared with larger
children and adults.

In the pursuit of improving outcomes for the pediatric population, it must
be identified where it is possible for CDSS to appropriately fit into the
workflow. It is also imperative to assess what additional utility CDSS brings
to clinical encounters, especially in environments already using CPOE (com-
puterized physician order entry). Typically, CPOE systems are implemented
preceding that of CDSS tools. CPOE at the most basic level enables a consistent
ordering workflow and prescription formatting preventing common errors such
as insufficient information or illegibility as seen with handwritten prescriptions



Clinical Decision Support Systems: Opportunities in Pediatric Patient Safety 327

Table 1. Function of CDSS

ALERT

Indicates abnormal values from
clinical and laboratory results,
i.e., electrolyte imbalance

DI1AGNOSIS

Produces a differential diagnosis
based on case presentation

REMINDER

Reminding of important scheduling
dates, i.e., immunization,
well-child visit

Adapted from Ramnarayan and Britto [2]

SUGGESTION PREDICTION
Providing recommendations for Predicting mortality using standardized
adjustments to protocols and scoring systems or machine-learning
modalities, i.e., mechanical ventilation algorithms
CRITIQUE

Provides evidence-based guidance on
medical orders, i.e., medication dosing

INTERPRETATION ASSISTANCE
Assisting with clinical and laboratory Providing guidance on optimal
result interpretation, i.e., ECG reading prescription selection, i.e.,
and analysis antibiotics, anti-inflammatories

[6]. The further integration of CDSS into CPOE can alert the user to further
medication dosing considerations and possible “drug-drug” interactions.

A systematic review by Van Rosse and colleagues (2009) assessed the po-
tential of CPOE systems to reduce adverse events, independent of CDSS.
However, a nonsignificant and heterogeneously distributed reduction in ad-
verse drug events was observed leading to the notion that overall mortality is
not affected by the use of CPOE. Although CPOE lowers the rate of errors
specific to medication prescriptions, to what effect this has on adverse events
and therefore improvements in patient safety and better clinical outcomes is not
conclusive [7]. One study by Upperman et al. (2005) demonstrated no change
in the rate of potential adverse drug events following the implementation of
CPOE in the Children’s Hospital of Pittsburgh. Yet when the results were
stratified in categories attributing to an outcome of patient harm or no harm,
it was found that there was a substantial decrease in the incidence of harmful
adverse drug events despite no significant change in total adverse drug events
[8].

There is controversial evidence that the introduction of CPOE into the
workflow can paradoxically increase mortality in the pediatric ICU [9]. How-
ever, upon criticism by Van Rosse et al. (2009), several factors leading to this
singular increase in mortality were highlighted including issues with patient
registration, increased time to enter orders, drug relocation, technical difficulties
and network compatibility, and a potential reduction in verbal interactions
among the health care team. Other studies conducted in pediatric critical care,
but in different tertiary care facilities and with longer post implementation
analysis periods, found mortality rates unchanged [10, 11].

The additional impact of CDSS when introduced to environments operating
with CPOE in the clinical workflow is best exemplified by Kadmon et al.
(2009), in which the use of CPOE did not significantly reduce medication error
rates and as a result, potential adverse events, until CDSS (specifically weight-
based calculation adjustments) was incorporated [12]. The utility of CDSS is
shown in this example in which even a limited decision support can improve
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outcomes more so than CPOE alone, but it remains critical that both systems
are incorporated in a careful manner to provide optimal treatment to patients.

CDSS and medication dosing

The pediatric population is prone to medication errors along the entire pre-
scribing continuum—from ordering and dispensing to administering and ther-
apeutic monitoring. The majority of medication errors occur during the order-
ing phase of medication administration [13ee]| and there are several aspects of
prescription ordering for children that contribute toward these errors. Dosing
for all ages typically is based on standard weights but because of the dramatic
differences in weight and surface area within pediatrics, errors are common.
Medication errors have been reported to be three times higher in pediatrics
compared with adults and account for 20% of all incident reports within single
institutions [14]. In the USA, where a combination of imperial and standard
measurements exists, the calculation of weight-based medications based off
pounds instead of kilograms creates opportunity for misinterpretation and error
[15]. Exact corrected gestational age may also play a role when considering the
adjustment for neonates [16]. In addition, many medications are not licensed
for pediatric use; formulations may not yet be available and therefore prescrib-
ing “off-label” is common for children [17].

The most common of medication errors are “10-fold” errors, which may
happen during medication ordering or preparation/administration. These occur
due to misplaced decimals, tailing zeroes, and illegible prescriptions [18].
Omitted or missed doses are the second most common medication error in
pediatrics [19]—the rate of these errors has been reported in the literature from
2.4 to 13% of all doses scheduled [20]. The prevalence of these potential errors
tends to be increased in the emergency department (ED) setting due to the fast-
paced nature of clinical care and more limited opportunity for prescription
monitoring or double checking by nurses or pharmacists [13ee]. Medication
error rates in the ED, as reported in a pediatric tertiary care network, range from
10 t0 31% [13es].

The implementation of CDSS on medication dosing has had its share of
successes and challenges. Following the conversion from written prescriptions
to electronic prescribing with a basic CDSS in an acute tertiary care pediatric
hospital in the UK, there was a reduction in dosing errors from 2.2 to 1.2% of all
prescription orders [16]. Handwriting discrepancies and misinterpretation of
dosing units (ex. micrograms and milligrams) were eliminated. In the outpa-
tient and discharge patient units, potential serious adverse events as a result of
medication errors were eliminated. Notably, the CDSS was relatively limited in
this setting—without full weight-based dosing calculation or treatment recom-
mendation. It was evident that the use of technological order-entry systems
leads to better structure and eradicates the issue of illegibility, contributing
significantly to the reduction in medication prescription errors.

While other examples of CDSS implementation with varying levels of
functionality have reduced or fully eliminated prescriptions with insufficient
orillegible information [6, 16], incorrect dosing calculations [13ee, 21, 22], and
dose omissions [6], these systems have also generated novel problems. Exam-
ples include mis-selection of prescription types in timing or frequency [16], and
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incorrect infusion rates or dosage options [6] selected from drop down menus.
There is consensus in the literature that at this time, CDSS systems cannot
reliably mitigate errors in knowledge, such as compensating for renal or hepatic
impairment, and therefore the expertise of the physician and comprehension of
the medical intervention are still critical [16]. This highlights an important
reminder that these “tools” must be used as aids and not as replacements for
critical thinking when making clinical decisions.

CDSS and antimicrobial stewardship

Antibiotic resistance is a recognized issue and antimicrobials are the most
prescribed medicines in pediatrics with 37-61% of hospitalized patients receiv-
ing these medications. It has been estimated that 20-50% of these prescriptions
are potentially unnecessary or inappropriate, leading to increased risks of
antibiotic resistance, dosing toxicity, medication side effects, and a rise in health
care costs [23e]. Antimicrobial stewardship (ASP) principles advocate for pre-
scribing the optimal antibiotics when clinically indicated using the optimal
dose, route, and duration to maximize patient outcomes and minimize
resistance.

Clinical decision support has been identified as a potential tool to encourage
ASP [24]. The implementation of a CDSS has been demonstrated by Webber
et al. [24] to be rapidly integrated into the routine clinician workflow without
significant disruption. Effective use of a CDSS relies on consultations with the
health care professionals operating the system, as without consistent feedback
to the technology design teams, interference in the workflow can manifest [24,
25].

The most common reason for prescribing antibiotics in children is to treat
acute otitis media (AOM). A 2013 study investigating the capability of a CDSS
found increased adherence to AOM guidelines, including optimal antibiotic
selection, but there was no difference in total antibiotic prescribing [26]. It was
postulated that CDSS does not effectively convince physicians to withhold
treatment; rather, providers are more likely to adjust the selection or modify
course based on the support. This is important as switching from broad spec-
trum antibiotics to more targeted therapies can reduce the probability of
acquiring resistance.

This idea is reinforced by other studies such as those investigating acute
respiratory illnesses (ARIs), when CDSS was incorporated into the workflow.
Antibiotics are often inappropriately prescribed to treat ARIs in pediatrics
considering most of these infections are viral, so it is of interest whether CDSS
influence the overall prescribing of these medications as well as the preference
for broad or narrow spectrum drugs. In a study of both adults and children,
Mainous et al. (2013) identified a modest effect and no effect respectively on
the inappropriate prescribing of antibiotics following CDSS implementation;
however, there is a significant increase in the use of narrow spectrum antibiotics
and resulting decrease in broad spectrum antibiotics in both groups [27].
Similar findings were highlighted by Litvin and colleagues (2013) as the inter-
vention did alter the use of antibiotics for ARIs but dramatically reduced broad
spectrum empiric treatments [28]. Notably, the heterogeneity in antibiotic
prescription is a common theme and despite the use of CDSS with embedded
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standards and guidelines, providers are likely to be influenced by external
factors such as patient concerns and expectations, as well as disagreement with
when antibiotics are indicated or disputing guidelines on when narrow spec-
trum antibiotics should be first-line treatment.

The success of CDSS interventions is dependent on the incremental change
in clinical practice from users, specifically the incorporation of CDSS into the
workflow. Linder et al. (2009) failed to show any improvements in prescribing,
but upon further analysis, it was found that only 6% of clinical encounters
actually utilized CDSS [29]. In following other infectious diseases treated with
antibiotics, the treatment of community-acquired pneumonia did not change
in a study conducted in an Australian pediatric hospital [30]. The authors had
commented on the treatment guidelines for uncomplicated pneumonia and the
restricted nature in which broad spectrum antibiotics are used for this condi-
tion, and the use of CDSS did not further reduce the already-low rates of broad
spectrum use. The emerging evidence supports the potential of CDSS systems to
reduce health care costs and refine antimicrobial use, but careful implementa-
tion and accommodating user feedback are critical to preventing disruptions in
the workflow.

CDSS and pediatric sepsis
- 000000000000

Sepsis is a complex clinical syndrome with a definition that has evolved, most
recently best classified in children the pediatric logistic organ dysfunction scale
(PELOD-2). In terms of treatment, research has shown that the factors contrib-
uting to poor outcomes revolve around time to treatment or delay in therapy,
and aggressiveness of fluid resuscitation and antibiotic administration [31e].
However, timely recognition of pediatric sepsis has proved to be more chal-
lenging than identifying septic adults, generally attributed to the fact that that
many children present without hypotension (often in a state of compensated
shock) [32e¢], making rapid identification more challenging.

Pediatric sepsis recognition tools and treatment protocols, especially
those in the context of the emergency department, are associated with re-
duced time to initiation of antibiotics and fluid administration, thereby
positively affecting outcomes such as overall length of stay and reducing
morbidity and mortality [33-35]. The emergence of CDSS in the context of
pediatric sepsis is worth evaluation for comparison with and combined with
physician clinical judgment. In a study by Balamuth et al. (2016), physician
judgment to detect sepsis had a higher specificity but lower sensitivity when
compared with an algorithm alert based on relevant information entered
[36]. When the methods were used together in which sepsis could only be
ruled out if both methods were negative, the sensitivity was higher than any
method alone. The authors then tested this in a more realistic fashion in
which the physician would agree or refute the alert triggered by the decision
support and found that through this sequential approach, specificity was
higher than any other approach. The best practice considering these results is
dependent on the priorities of a given institution. The practices resulting in
higher sensitivity will ensure that cases are not missed.

Over the past few years, artificial intelligence and machine learning have
taken off in the healthcare sector. A data-driven approach, utilizing
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advancements in machine learning, teaches a “neural network” to recognize
symptomology along the spectrum of sepsis. This type of CDSS integrates data
so that the criteria and classification rules are constructed by the algorithm itself
using several informative inputs to not only indicate whether a patient is septic
or not but also provide further stratification into sepsis, severe sepsis, or septic
shock. This data has included new vital sign thresholds based off the pediatric
SIRS [37], temperature with age-adjusted heart rate and respiratory rate integra-
tion [38], temperature and temporal blood cultures [39], and integration of
temperature, desaturation, heart rate, respiratory rate, and bradycardia (RALIS)
[40, 41]. CDSS incorporated with machine learning has demonstrated its
superior performance over typical scoring scales [31¢] and has demonstrated
high sensitivity (~86%) and specificity (99%) in identifying pediatric sepsis
[32¢]. However, in this study, when clinician judgment and CDSS work in
conjunction, sensitivity was augmented to 99% [36]. The utility of CDSS in
identifying pediatric sepsis continues to be assessed, especially in practice where
decision support is used to help guide educated clinical judgment. The incor-
poration of machine learning in this field may result in more refined criteria of
which to accurate and efficiently clinically assess patients. However, considering
these technologies are data-driven, and improved by individual-specific data,
they function optimally in clinical settings with long records of comprehensive
information such as the ICU.

Commentary and critique of CDSS
-]

The utility of CDSS has been demonstrated in multiple clinical areas; however,
it is imperative that users do not treat this tool as a panacea or utilize a “one-
size-fits-all” model. There is data to suggest positive outcomes in outpatient and
discharged patient groups, yet no significant change in the inpatient units [16].
The criticism facing CDSS integration into the discussed medical practices
among others falls into the following categories: clinician education on the
systems, health care team input in the creation of CDSS, and the prevalence of
alert fatigue and subsequent excess of overriding.

The implementation of CDSS can reduce and even eliminate common errors
in the realm of medication ordering, but in the process can introduce new
problems not previously encountered. Computer errors ranging from incorrect
selections on drop-down menus, duplicated orders, and order set/keypad entry
errors are all common issues associated with CPOE and CDSS. The solution
proposed to these situations typically follows that users are requested to be
more careful and diligent (i.e., educational interventions); however, these are
not reliable measures to ensure safety. Follow-up by the recipients of the orders
is also recommended if conflict arises. This is especially critical in the presence
of knowledge-based errors—problems that a CDSS system may not prevent but
merely mitigate—so providers on both sides of the orders must remain diligent
in the use of support tools.

A limiting factor in health care providers properly using CDSS is the varying
level of familiarity with the respective software. Few examples in the literature
reference specific training periods or introductory sessions as part of their
methodology and when they do occur formally, only a single educational
session is routinely mentioned [6, 9, 10]. This point was addressed in regard
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to other technologies like CPOE by Van Rosse et al. (2009), acknowledging that
a single 2- to 4-h session is not enough time to become proficient with a system,
especially in the instance where users were trained 3 months prior to imple-
mentation [9]. In some studies, there was an attempt to address this lack of
training through the ambiguous notion that ongoing training will be provided
as needed [6, 10]. This makes the comparison in physician proficiency between
studies difficult.

One of the neglected aspects of implementation concerns the absence of
health care professional insight in the initial designing of this technology.
Through inclusion of the physicians, pharmacists, nurses, and other
healthcare providers in the development of these technologies, fellow users
will be more inclined to operating systems that are properly tailored to their
profession.

Alert fatigue is a commonly cited frustration with CDSS systems. Alert
fatigue can lead to the overriding of alerts and other functions within the
CDSS and has been reported as high as 96% in extreme cases [13ee]. Other
studies have recorded lower overriding rates [22, 42, 43], but the pattern is
still a concern and there has been debate weighing the abundance of false
or unnecessary alerts against the alerts that cannot be missed and keep
patients safe. “Misfires” are not the only reason for overriding though—the
electronic rules or eRules set by the program software teams govern how
and when alerts are triggered within a CDSS system. A study by Kirkendall
and colleagues (2014) evaluated eRules through comparison with a gold
standard of medication-dosing guidelines formed by an aggregate of five
separate traditional and respected sources. In assessing the accuracy of the
vendor-supplied rules, it was found that only one out of every two eRules
lined up exactly with the gold standard dosing guidelines [44]. As previ-
ously noted, unique requirements for the pediatric population like weight-
based dosing augment the complexity of care and therefore any tool used
to support that care. This heterogeneity in medication prescription makes
it difficult for program vendors of CDSS to align their software with the
standards used in a particular clinic, again highlighting the vulnerabilities
of the pediatric population. This emphasizes the importance of end-user
feedback when designing, testing, and implementing CDSS systems in the
pediatric context.

Conclusion

The use of CDSS in pediatric care has merit in supporting medication use,
encouraging adherence to antibiotic guidelines, preventing adverse events,
and detecting/predicting sepsis. As discussed, the potential of deleterious out-
comes following the introduction of this support system is relatively small, but
further investigation must continue to determine benefits in specific settings.
CDSS systems rely upon a base of an EHR with CPOE, and end-user familiarity
with any given system. It must be emphasized that CDSS is not a replacement
for physician knowledge or clinical judgment but, as seen in the realms of
medical diagnosis and treatment discussed, is another tool in the clinician
toolbox in order to conduct best clinical practices. Careful execution is critical
when it comes to using CDSS in any medical encounter, with the overall goal of
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reducing adverse outcomes. Overall, CDSS can support patient safety efforts;
however, it must be done with appropriate planning, resources, and evaluation

frameworks in place.
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