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ABSTRACT

Objective The Leapfrog CPOE evaluation tool has
been promoted as a means of monitoring computerized
physician order entry (CPOE). We sought to determine
the relationship between Leapfrog scores and the rates
of preventable adverse drug events (ADE) and potential
ADE.

Materials and methods A cross-sectional study of
1000 adult admissions in five community hospitals from
October 1, 2008 to September 30, 2010 was
performed. Observed rates of preventable ADE and
potential ADE were compared with scores reported by
the Leapfrog CPOE evaluation tool. The primary outcome
was the rate of preventable ADE and the secondary
outcome was the composite rate of preventable ADE and
potential ADE.

Results Leapfrog performance scores were highly
related to the primary outcome. A 43% relative
reduction in the rate of preventable ADE was predicted
for every 5% increase in Leapfrog scores (rate ratio 0.57;
95% Cl 0.37 to 0.88). In absolute terms, four fewer
preventable ADE per 100 admissions were predicted for
every 5% increase in overall Leapfrog scores (rate
difference —4.2; 95% Cl —7.4 to —1.1). A statistically
significant relationship between Leapfrog scores and the
secondary outcome, however, was not detected.
Discussion Our findings support the use of the
Leapfrog tool as a means of evaluating and monitoring
CPOE performance after implementation, as addressed
by current certification standards.

Conclusions Scores from the Leapfrog CPOE
evaluation tool closely relate to actual rates of
preventable ADE. Leapfrog testing may alert providers to
potential vulnerabilities and highlight areas for further
improvement.

BACKGROUND AND SIGNIFICANCE
Computerized physician order entry (CPOE)
systems are widely promoted as means to reduce
rates of medication errors and adverse drug events
(ADE).'™ However, experience has shown that
these systems require appropriate customization
and monitoring to achieve the desired safety bene-
fits.>~”

The importance of customization and monitoring
is underscored by the recommendations made by the
National Quality Forum and the requirements of
‘meaningful use’ under the American Recovery and
Reinvestment Act.” ® However, directly evaluating
safety outcomes from CPOE—by measuring changes

in the rates of preventable ADE and potential ADE—
is an arduous and expensive process.’ °~'% Therefore,
for practical reasons, most hospitals seeking to evalu-
ate the effectiveness of a CPOE system are limited to
indirect, surrogate measures.

To this effect, the Leapfrog Group has developed
an independent, inexpensive, and standardized tool
for assessing the performance of a hospital’s CPOE
system by using simulation cases. In essence, the
Leapfrog CPOE evaluation tool estimates the
potential benefit of a CPOE system by testing how
it handles a variety of dangerous medication order-
ing scenarios." ® ' Accordingly, performance
scores are presumed to be linked to actual
outcomes.

Objective

The Leapfrog CPOE evaluation tool, presently the
only instrument of its kind, has been quickly
adopted into practice for monitoring pur-
poses.® 13 * However, it still remains uncertain
whether Leapfrog performance scores are related
to outcomes in real-world settings as empirical evi-
dence is currently lacking.® Addressing this evi-
dence gap, we sought to determine the relationship
between test scores and actual rates of preventable
ADE and potential ADE.

MATERIALS AND METHODS

We performed a cross-sectional study to compare
the rates of preventable ADE and potential ADE
with scores reported by the Leapfrog CPOE evalu-
ation tool. This study was conducted independently
of the Leapfrog Group and was approved by the
institutional review boards at each hospital site.

Study setting and participants

In a recent study conducted at five community hos-
pitals in Massachusetts,> we assembled a cohort of
1000 adult patients (aged >18 years) admitted
between October 1, 2008 and September 30, 2010.
In total, 200 patients were selected from each site
using simple random sampling. These study sites
were chosen because they were felt to be reasonable
representatives of typical small to medium sized
community hospitals, each with 100-300 inpatient
beds.> Approximately 6 months before cohort
assembly, each hospital independently selected,
implemented, and customized a vendor CPOE
system. A total of two vendors was selected. The
identities of the commercial vendors cannot be
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published because of contractual non-disclosure agreements
between the sites and vendors. These CPOE systems, however,
are among the top five most frequently used systems in the state.

Leapfrog CPOE evaluation tool

During the last phase of our study, each site’s CPOE system was
evaluated using the ‘adult inpatient’ version of the Leapfrog
CPOE evaluation tool."> This tool, developed independently
from our study hospitals, was first introduced in 2006 by the
Leapfrog Group, a coalition of healthcare purchasers dedicated
to improving the safety and quality of healthcare.® The
Leapfrog CPOE evaluation tool examines how a system with
clinical decision support is able to intercept a variety of poten-
tially dangerous medication order using a variety of simulated
clinical scenarios. A test bank consisting of over 130 adult test
orders designed to identify CPOE system vulnerabilities was
created based on an expert panel with industry experience and
literature review, focusing on the types of ordering errors that
would most likely result in ADE.® Since its creation, this test
bank has been periodically reviewed, updated, and modified.

For our study, in accordance with the Leapfrog method-
ology,'® a random list of 10 simulated test patients (each with a
specific demographic background, and a list of medical
comorbidities and medications) along with 50 unique medica-
tion orders was downloaded from the master test bank for each
study site. The local chief medical informatics officer then
entered these test orders for these simulated patients into the
CPOE system and noted any guidance provided by decision
support. Of note, in order to protect the content of the test
bank (and to prevent intentional ‘gaming’ of the system), the
Leapfrog Group does not permit publication or comparison of
the list of scenarios between sites.

On completion of the test, scores were automatically gener-
ated and reported by the tool (ranging from 0% to 100%)—in
which higher scores indicate greater success at intercepting
potentially harmful orders. These weighted scores reflect both
the potential severity of an ADE (classified as life-threatening,
severe, significant, or not significant) and its likely frequency of
occurrence (scored on a three-point scale of most frequent, less
frequent, or least frequent)." ® In general terms, a potentially
lethal event, although possibly rare in occurrence, would be
assigned a high score; on the other hand, a less clinically severe
event, but one that occurs at a very high frequency, would like-
wise be given a high score. The potential severity of an ADE
was determined by clinical judgment, and the likely frequency
of an ADE that may result from a problematic medication order
was estimated using published studies, the gray literature, and
automated surveillance methods.® ® '® 17 Although the meth-
odological development of the scoring system has previously
been published by the Leapfrog Group,® the specific scenarios
and weights are not publically available.

Outcome ascertainment
The primary outcome of our study was the rate of preventable
ADE. These events pose tangible threats to patient safety and
are also the principal outcome the Leapfrog tool was designed
to predict. The secondary outcome was the composite rate of
preventable ADE and potential ADE. Both of these are poten-
tially preventable with CPOE technology.! '8

We defined an ADE as any drug-related injury. ADE were con-
sidered preventable if they arose from errors in the medication
use process (eg, prescribing penicillin to a patient with a known
history of penicillin allergy resulting in anaphylaxis).
Furthermore, medication errors with the potential to cause

injury, but not actually resulting in injury (‘near misses’), were
classified as potential ADE (eg, a 100-fold overdose of insulin,
but intercepted by a nurse). All potential ADE stemmed from
errors and were, therefore, preventable in nature.

We determined the actual frequency of preventable ADE and
potential ADE in our study population by reviewing physician
orders, medication lists, laboratory reports, admissions histories,
progress and consultation notes, discharge summaries, and nursing
flow sheets to identify the occurrence of preventable and potential
ADE.? Data were abstracted by trained research nurses and each
case was then independently reviewed by two investigators (AAL,
CK, MA, SRS, MC NK, BC and GS), blinded to hospital site and
prescribing physician. Disagreements were resolved by consensus.
Events were systematically classified according to standardized
definitions and methodology, as in previous studies.” "' As
earlier reported, we had excellent interrater agreement (k score
0.89; 95% CI 0.85 to 0.92) when classifying the type of event for
this cohort.”

These observed outcomes were considered to be the ‘gold stand-
ard’, which the Leapfrog scores were compared against. To facili-
tate comparisons, events were subclassified according to the
published Leapfrog categories:® '* therapeutic duplication, single
and cumulative dose limits, allergies and cross-allergies, contrain-
dicated route of administration, drug-drug interactions, drug—
food interactions, drug-diagnosis interactions, contraindication
from dose limits based on age and weight, contraindication from
dose limits based on laboratory studies, contraindication from
dose limits based on radiology studies, and corollary orders (see
supplementary appendix, available online only, for detailed
descriptions and examples; see supplementary etable S1, available
online only). These 11 categories reflect different types of poten-
tially harmful medication errors. Medication incidents with the
potential for harm, but not falling into any of the preceding cat-
egories, were classified as ‘other’ in our study (eg, prescribing the
wrong pharmaco-equivalent dose when substituting a medication
for another within the same drug class). Of note, the Leapfrog
CPOE evaluation tool additionally evaluated measures of system
efficiency according to ‘cost of care’ and ‘nuisance orders’.® ‘Cost
of care’ is largely related to detecting redundant laboratory testing,
whereas ‘nuisance orders’ relate to system-generated warnings for
clinically inconsequential orders. These two categories were
excluded from our outcome ascertainment as neither have the
potential for injury (eg, repeat laboratory testing for serum thyroid
stimulating hormone levels within 1 h—while not particularly
beneficial—would not conceivably result in an ADE either).

Analysis

The basic unit for the analysis was the hospital site. Of the
observed clinical outcomes, rates of preventable ADE and poten-
tial ADE were expressed as the number of events per 100 admis-
sions. Descriptive rates and proportions were reported overall
and according to each predefined prevention category. These
were then compared with Leapfrog scores. Scores were automat-
ically generated and reported by the online tool according to
each prevention category.'®> An overall performance score was
then calculated as the mean score across all categories, excluding
‘cost of care’ and ‘nuisance orders’ (as these were systematically
excluded from our study). Data were subsequently fit using
Poisson regression with medication event rates as the dependent
variable and Leapfrog scores as the independent variable. We
tested for model fit and a scale parameter was used to correct for
overdispersion, using the square root of the Pearson x> divided
by the total degrees of freedom.?” Relative effect measures were
expressed as rate ratios (RR) and absolute effect measures as rate
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differences (RD), along with 95% CI. Analysis was performed
using SAS (V.9.3).

RESULTS

Observed events according to Leapfrog category

The characteristics of the five sites were previously described in
detail.* During the study interval, a total of 645 preventable
medication events occurred, a composite of 70 preventable ADE
and 575 potential ADE (table 1). Of these, the majority were
related to excessive dosing, either by therapeutic duplication
(56.3%) or by exceeding dosing limits (4.3%). Many were
related to inappropriate prescribing based on laboratory studies
(7.0%), age and/or weight considerations (4.0%), patient diag-
nosis (2.6%), and documented allergy (1.6%).

Of the hundreds of drugs evaluated, only a handful was
responsible for the majority of events. The most frequent offen-
ders were acetaminophen, acetaminophen-containing products,
and opioids, accounting for 30.0%, 22.8%, and 7.4% of all
events, respectively—mostly because of therapeutic duplication
or excessive dosing. A similar pattern was seen across all five
sites. Notably, ‘single and cumulative dose limits’ and ‘drug—
diagnosis interactions’ were two other categories in which the
five hospitals scored poorly and significant numbers of medica-
tion events were observed. Many problems with dosing were
related to ordering excessive cumulative amounts of medication
(24/28; 85.7%), mostly because of incorrect doses or frequen-
cies, and sometimes because of the absence of stop limits
(eg, potassium 20 mEq intravenously every hour without a
cumulative dose restriction). Infrequently, overdoses resulted
from a single dose of medication (4/28; 14.3%). These cases
were related to misplacement of a decimal place, incorrect
weight-based calculations, and rarely because the wrong route
was specified (eg, unfractionated heparin 5000 units was
ordered intravenously twice a day instead of subcutaneously).
Furthermore, inappropriate prescribing based on patient diagno-
sis also accounted for a significant portion of events. Half of
these were related to the use of antihypertensive medications
and negative chronotropic drugs in the setting of known hypo-
tension and bradycardia (8/17; 47.1%). Other examples of
medication events included the continued use of nephrotoxic
drugs in the setting of acute renal failure, prescriptions for thia-
zolidinediones for patients with congestive heart failure, and the
ongoing use of psychotropic medications for those with
delirium.

Observed events not defined by Leapfrog category
Nearly a quarter (146/645) of all preventable medication events
did not fall into any of the predefined Leapfrog categories.
Most of these were related to ordering errors (72.6%), followed
by errors in transcription (23.3%) and administration (4.1%).
Of the errors arising from the ordering stage, some could have
been averted with basic CPOE alone (ie, 32 incomplete orders).
Other errors were potentially preventable with advanced decision
support (ie, two errors arose from incorrect dose conversions
when substituting a medication with another from the same drug
class, two from under-dosing, one from an incorrect ‘sound-
alike’ medication, and one from delayed treatment of hyperkale-
mia). Changes to physician training may have prevented as many
as 30 events (eg, writing an order for the wrong patient). Finally,
improper medication reconciliation accounted for 38 errors, 10
of which eventually resulted in ADE.

Relationship between performance scores and observed
event rates

We found that the overall Leapfrog performance scores were
highly related to the primary outcome (table 2). A 43% relative
reduction in the rate of preventable ADE was predicted for
every 5% increase in Leapfrog performance scores (RR 0.57;
95% CI 0.37 to 0.88). In absolute terms, four fewer preventable
ADE per 100 admissions were predicted for every 5% increase
in overall Leapfrog scores (RD —4.2; 95% CI —-7.4 to —1.1).
The majority of the variability in preventable ADE rates
between sites was explained by the Leapfrog scores alone
(R* 0.89 and 0.90 for the models predicting relative and abso-
lute rate differences, respectively).

In contrast, the relationship between Leapfrog performance
scores and the secondary outcome was not statistically significant,
although the point estimates suggested a reduction in the compos-
ite rate of preventable ADE and potential ADE overall. For every
5% increase in Leapfrog scores, a possible relative rate reduction of
299% was predicted (RR 0.71; 95% CI 0.43 to 1.17), which corre-
sponded with a possible reduction of 19 preventable ADE and
potential ADE per 100 admissions (RD —19.3; 95% CI —-52.9 to
—14.4), although these associations were not statistically significant.

DISCUSSION

We assessed the relationship between Leapfrog performance
scores and rates of preventable ADE and potential ADE. We
found that even a 5% improvement in Leapfrog scores was asso-
ciated with a relative rate reduction in preventable ADE by
nearly a half, and an absolute reduction of four preventable
ADE per 100 hospital admissions. Therefore, our findings
support the use of the Leapfrog tool as a convenient means of
evaluating and monitoring actual CPOE performance after
implementation.'® Current certification approaches require that
functionalities such as drug-drug interaction and drug-allergy
testing to be present, but have not yet required the inclusion of
other specific categories tested by the Leapfrog tool.!

Previous work has suggested that most of the safety benefits
of CPOE are rooted in the accompanying clinical decision
support.”® Our findings, therefore, should not be inherently sur-
prising when considering the purpose of the Leapfrog tool, its
development, and application. The Leapfrog CPOE evaluation
tool tests how systems handle a wide variety of potentially dan-
gerous medication ordering errors across a wide range of deci-
sion support categories, thus exposing problems at the point of
order entry.’ 8 '* 23 Accordingly, this study reinforces the associ-
ation between medication ordering processes, as measured by
the Leapfrog tool, and distal outcomes.'® 2° Therefore, in face
of the growing pressure placed on organizations to monitor
their CPOE systems,” ® the Leapfrog tool appears to be an
attractive, efficient, and validated alternative to the traditional
methods of chart review, incident reporting, or direct observa-
tion, which may be labor-intensive, expensive, insensitive, and
ineffective.”'> Moreover, previous work has suggested that
CPOE performance is more likely to be reported as favorable
when assessments are internally conducted compared to more
objective external evaluations.** Consequently, the fact that the
Leapfrog Group serves as an independent board further adds to
the face validity of the tool.

Our findings, however, also suggest that some of the simu-
lated Leapfrog scenarios may not fully reflect common medica-
tion practices encountered in routine care. This may partly
explain why we were unable to detect a significant association
between Leapfrog scores and the composite outcome of
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Table 1 Leapfrog score and observed outcomes according to category
Site 1 Site 2 Site 3 Site 4 Site 5
Observed rate Observed rate Observed rate Observed rate Observed rate
(no./100 adm.) (no./100 adm.) (no./100 adm.) (no./100 adm.) (no./100 adm.)
Prev. Prev. Prev. Prev. Prev.
ADE ADE ADE ADE ADE
and and and and and
Prevention Prev. pot. Prev. pot. Prev. pot. Prev. pot. Prev. pot.
category Score (%) ADE ADE Score (%) ADE ADE Score (%) ADE ADE Score (%) ADE ADE Score (%) ADE ADE
Therapeutic 100.0 1 97 100.0 1 61 100.0 4 49 100.0 0 45 100.0 0 1M
duplication
Single and 0.0 1 8 333 0 2 333 0 6 57.1 1 2 57.1 0 10
cumulative dose
limits
Allergies and cross  100.0 0 1 100.0 1 5 100.0 1 2 100.0 0 1 100.0 0 1
allergies
Contraindicated 66.7 0 0 66.7 0 1 66.7 0 0 66.7 0 0 100.0 0 0
route of
administration
Drug—drug and 75.0 2 2 100.0 1 4 40.0 0 0 16.7 0 0 16.7 0 0
interactions
Drug—food 0.0 0 0 0.0 0 0 0.0 0 0 0.0 0 0 50.0 0 0
interactions
Drug—diagnosis 0.0 5 1" 0.0 0 0 25.0 1 2 0.0 2 4 0.0 0 0
interactions
Contraindication: 0.0 2 4 0.0 0 0 0.0 0 0 25.0 2 2 25.0 1 20
dose limits based
on age and weight
Contraindication: 25.0 4 8 50.0 5 19 75.0 2 6 0.0 2 8 0.0 0 4
dose limits based
on laboratory
studies
Contraindication: 0.0 0 0 0.0 0 0 0.0 0 1 0.0 0 0 0.0 0 0
dose limits based
on radiology studies
Corollary orders 0.0 1 2 25.0 0 0 0.0 0 0 50.0 0 0 0.0 0 0
Cost of care* 0.0 = = 0.0 = = 0.0 = = 0.0 = = 50.0 = =
Nuisance orders™ 0.0 = = 0.0 = = 0.0 = = 50.0 = = 50.0 = =
Other - 7 85 - 20 - 8 16 - 1" 16 - 4 9
Overallt 333 23 218 43.2 8 112 40.0 16 82 37.8 18 78 40.8 5 155

*Adverse events routed in ‘cost of care’ and ‘nuisance orders’ were not measured.

tOverall site-wide performance was calculated as the mean score across all categories excluding ‘cost of care’ and ‘nuisance orders'.

ADE, adverse drug event; adm, admissions; Prev., preventable; pot., potential.

preventable ADE and potential ADE. For example, we found
that  therapeutic  duplication of acetaminophen and
acetaminophen-containing products accounted for approxi-
mately half of all potential ADE. Indeed, others have also con-
firmed that supratherapeutic dosing of acetaminophen is
common,> =% associated with liver enzyme derangements,?® 2
and can be potentially fatal.>’ However, when evaluating each

hospital’s ability to handle therapeutic duplication, the Leapfrog

tool still scored all five hospitals with 100% in this prevention
category. Indeed, the use of CPOE has previously been asso-
ciated with significant rates of duplicate medication orders, even
in the presence of clinical decision support designed to identify
therapeutic duplication, as these types of orders are common
and some may even be intentional.>® As such, clinical decision
support for duplicate or additive medication orders may only
play a limited role in reducing risk as many of the system-

Table 2 Relationship between predicted performance and observed outcomes

Outcome Rate ratio* (95% CI) p Value Rate differencet (95% CI) p Value
Primary

Preventable ADE 0.57 (0.37 to 0.88) 0.01 —4.2 (-7.4 to —1.1) 0.01
Secondary

Preventable ADE and potential ADE 0.71 (0.43 to 1.17) 0.18 —19.3 (=52.9 to 14.4) 0.26

*Rate ratio represents the predicted relative change in the event rate for every 5% absolute increase in the Leapfrog performance score.
tRate difference represents the predicted absolute change in the event rate per 100 admissions for every 5% absolute increase in the Leapfrog performance score.

ADE, adverse drug event.
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generated alerts are ignored or overridden by users. Therefore,
separate and complementary systems are likely to be needed to
catch duplication errors before they reach the patient, which
may include updating existing medication databases, developing
safer policies for order entry (eg, reviewing current medications
before entering new orders), and revising protocols likely to
result in duplicate orders.>® Furthermore, we found that
approximately half of preventable ADE did not fall into any of
the predefined decision support categories. Therefore, while
interrelated, the relationship between Leapfrog scores and distal
events remains imperfect, suggesting that the tool can still be
further refined.

Our study has limitations. Although 1000 patients were
enrolled, our data were still limited to five community hospitals.
Therefore, our study estimates may be imprecise. Nonetheless,
the qualitative interpretation of our findings remain stable
within the boundaries of statistical significance; as Leapfrog
scores improve, the predicted rate of preventable ADE decrease.
Second, to avoid overfitting our statistical models, we intention-
ally did not adjust for other factors. Even so, our univariable
models were able to explain nearly all the variability in prevent-
able ADE rates observed. Finally, we were unable to detect an
association between Leapfrog scores and the secondary, compos-
ite outcome of preventable ADE and potential ADE.
Admittedly, the major disadvantage to using a composite end-
point arises from trying to pool heterogeneous outcomes.>’
While interrelated, the relationship between potential ADE and
preventable ADE is loose, as only a small fraction of medication
errors typically result in distal injury.'® Even though we did not
detect a significant relationship in our composite outcome, the
strong and positive finding for our primary outcome is much
more clinically relevant. Preventable ADE, unlike potential
ADE, pose tangible threats to patient safety. In contrast, poten-
tial ADE, while undesirable, do not cause real injury, but are
rather ‘near misses’.

CONCLUSION

In conclusion, the Leapfrog CPOE evaluation tool is an attract-
ive, systematic, and standardized method for monitoring CPOE.
Performance scores relate to rates of preventable ADE. Leapfrog
testing may alert providers to potential vulnerabilities and high-
light areas for improvement in order to achieve the desired
safety benefits and complement certification—as all the partici-
pating hospitals already had implemented certified products.
Possible refinements to the Leapfrog tool may include expansion
of the predefined decision support strategies and updates to the
current therapeutic duplication scenarios, as these changes may
further improve the ability of the Leapfrog tool to predict the
occurrence of preventable ADE and potential ADE.

Acknowledgements The authors would like to thank Kathy Zigmont and Cathy
Foskett for the chart review and data collection.

Contributors All listed authors consented to the submission of this manuscript and
meet criteria for authorship: through conception and design (AAL, CK, EZ, MA, SRS,
MC, NK, BC, GS, DLS and DWB), acquisition of data (CK, MC, NK, BC and DWB),
analysis and interpretation of data (AAL, SL and DWB), drafting of initial manuscript
(AAL), critical revision for important intellectual content (AAL, SL, CK, EZ, MA, SRS,
MC, NK, BC, GS, DLS and DWB), statistical analysis (AAL and SL), supplying
administrative and material support (MC, NK, BC and DWB), and study supervision
(DWB). All authors approved the final version of the manuscript.

Funding The Rx Foundation and Commonwealth Fund supported the study. They
commented on its design, but were not involved in data collection, data
management, analysis, interpretation, or writing of the manuscript.

Competing interests AAL is supported by a clinical fellowship award from Alberta
Innovates—Health Solutions and by a fellowship award from the Canadian Institutes
for Health Research. DWB is a coinventor on patent no. 6029138 held by Brigham

and Women's Hospital on the use of decision support software for medical
management, licensed to the Medicalis Corporation. He holds a minority equity
position in the privately held company Medicalis, which develops web-based
decision support for radiology test ordering. He serves on the board for SEA Medical
Systems, which makes intravenous pump technology. He serves as an advisor to
Calgary Scientific, which makes technologies that enable mobility within electronic
health records. He has served as a consultant to the Leapfrog Group. CK, SL, EZ,
MA, SRS, MC, NK, BC, GS, and DLS have no disclosures relevant to this study.

Ethics approval This study was approved by the institutional review boards at
each hospital site.

Provenance and peer review Not commissioned; externally peer reviewed.

REFERENCES

1 Classen D, Bates DW, Denham CR. Meaningful use of computerized prescriber order
entry. J Patient Saf 2010;6:15-23.

2 Leung AA, Keohane C, Amato M, et al. Impact of vendor computerized physician
order entry in community hospitals. J Gen Intern Med 2012;27:801-7.

3 Ammenwerth E, Schnell-Inderst P, Machan C, et al. The effect of electronic
prescribing on medication errors and adverse drug events: a systematic review. J Am
Med Inform Assoc 2008;15:585-600.

4 Eslami S, de Keizer NF, Abu-Hanna A. The impact of computerized physician
medication order entry in hospitalized patients—a systematic review. Int / Med
Inform 2008;77:365-76.

5 Leapfrog: quality assurance required with CPOE systems. Healthc Benchmarks Qual
Improv 2008;15:123-5.

6 Hagland M. Leapfrog Group releases new CPOE study. Leapfrog leaders discuss
CPOE performance-testing results. Healthc Inform 2010;27:27.

7 Thompson CA. Leapfrog Group wants hospitals to monitor, not just implement,
CPOE systems. Am J Health Syst Pharm 2010;67:1310-11.

8  Kilbridge PM, Welebob EM, Classen DC. Development of the Leapfrog methodology
for evaluating hospital implemented inpatient computerized physician order entry
systems. Qual Saf Health Care 2006;15:81-4.

9 Jha AK, Kuperman G, Teich JM, et al. Identifying adverse drug events: development
of a computer-based monitor and comparison with chart review and stimulated
voluntary report. J Am Med Inform Assoc 1998;5:305-14.

10 Jick H, Miettinen OS, Shapiro S, et al. Comprehensive drug surveillance. JAMA
1970;213:1455-60.

11 Meyer-Massetti C, Cheng CM, Schwappach DL, et al. Systematic review of
medication safety assessment methods. Am J Health Syst Pharm 2011;
68:227-40.

12 Rozich JD, Haraden CR, Resar RK. Adverse drug event trigger tool: a practical
methodology for measuring medication related harm. Qua/ Saf Health Care
2003;12:194-200.

13 The Leapfrog Group. Leapfrog Group Report on CPOE Evaluation Tool Results: June 2008
to January 2010. 2010; http:/Avww.leapfroggroup.org/mediaffile/NewCPOEEvaluation
ToolResultsReport.pdf (accessed 29 Jan 2013).

14 Classen DC, Avery AJ, Bates DW. Evaluation and certification of computerized
provider order entry systems. J Am Med Inform Assoc 2007;

14:48-55.

15  The Leapfrog Group. Leapfrog CPOE Evaluation Tool. 2012; https:/
leapfroghospitalsurvey.org/cpoe-evaluation-tool/ (accessed 29 Jan 2013).

16 Bennett BS, Lipman AG. Comparative study of prospective surveillance and
voluntary reporting in determining the incidence of adverse drug reactions. Am J
Hosp Pharm 1977;34:931-6.

17  Edlavitch SA. Adverse drug event reporting. Improving the low US reporting rates.
Arch Intern Med 1988;148:1499-503.

18  Bates DW, Boyle DL, Vander Vliet MB, et al. Relationship between medication errors
and adverse drug events. J Gen Intern Med 1995;10:199-205.

19 Institute for Healthcare Improvement. IHI Trigger Tool for Measuring Adverse Drug
Events. 2011; http:/www.ihi.org/knowledge/Pages/Tools/TriggerToolforMeasuring
AdverseDrugEvents.aspx (accessed 29 Jan 2013).

20 Morimoto T, Gandhi TK, Seger AC, et al. Adverse drug events and medication errors:
detection and classification methods. Qual Saf Health Care 2004;13:306—14.

21 Bates DW, Cullen DJ, Laird N, et al. Incidence of adverse drug events and potential
adverse drug events. Implications for prevention. ADE Prevention Study Group.
JAMA 1995;274:29-34.

22 Allison PD. Logistic regression using the SAS system: theory and application. Cary,
NC: SAS Institute Inc, 1999.

23 Metzger J, Welebob E, Bates DW, et al. Mixed results in the safety performance of
computerized physician order entry. Health Aff (Millwood) 2010;29:655-63.

24 Garg AX, Adhikari NK, McDonald H, et al. Effects of computerized clinical decision
support systems on practitioner performance and patient outcomes: a systematic
review. JAMA 2005;293:1223-38.

25 Albertson TE, Walker VM Jr, Stebbins MR, et al. A population study of the
frequency of high-dose acetaminophen prescribing and dispensing. Ann
Pharmacother 2010;44:1191-5.

Leung AA, et al. / Am Med Inform Assoc 2013;20:685-90. doi:10.1136/amiajnl-2012-001549 e89


http://www.leapfroggroup.org/media/file/NewCPOEEvaluationToolResultsReport.pdf
http://www.leapfroggroup.org/media/file/NewCPOEEvaluationToolResultsReport.pdf
https://leapfroghospitalsurvey.org/cpoe-evaluation-tool/
https://leapfroghospitalsurvey.org/cpoe-evaluation-tool/
https://leapfroghospitalsurvey.org/cpoe-evaluation-tool/
https://leapfroghospitalsurvey.org/cpoe-evaluation-tool/
https://leapfroghospitalsurvey.org/cpoe-evaluation-tool/
http://www.ihi.org/knowledge/Pages/Tools/TriggerToolforMeasuringAdverseDrugEvents.aspx
http://www.ihi.org/knowledge/Pages/Tools/TriggerToolforMeasuringAdverseDrugEvents.aspx
http://www.ihi.org/knowledge/Pages/Tools/TriggerToolforMeasuringAdverseDrugEvents.aspx

Research and applications

26 Zhou L, Maviglia SM, Mahoney LM, et al. Supratherapeutic dosing of acetaminophen 29  Schiodt FV, Rochling FA, Casey DL, et al. Acetaminophen toxicity in an urban

among hospitalized patients. Arch Intern Med 2012;172:1721-8. county hospital. N Engl J Med 1997;337:1112-17.
27 Heaton PC, Cluxton RJ Jr, Moomaw CJ. Acetaminophen overuse in the Ohio 30  Wetterneck TB, Walker JM, Blosky MA, et al. Factors contributing to an increase in
Medicaid population. J Am Pharm Assoc (2003) 2003;43:680—4. duplicate medication order errors after CPOE implementation. J Am Med Inform
28  Watkins PB, Kaplowitz N, Slattery JT, et al. Aminotransferase elevations in healthy Assoc 2011;18:774-82.
adults receiving 4 grams of acetaminophen daily: a randomized controlled trial. 31 Montori VM, Permanyer-Miralda G, Ferreira-Gonzalez |, et al. Validity of composite
JAMA 2006;296:87-93. end points in clinical trials. BM/ 2005;330:594-6.

€90 Leung AA, et al. ] Am Med Inform Assoc 2013;20:85-€90. doi:10.1136/amiajnl-2012-001549



