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ABSTRACT

Objective Medication errors in hospitals are common,
expensive, and sometimes harmful to patients. This
study's objective was to derive a nationally representative
estimate of medication error reduction in hospitals
attributable to electronic prescribing through
computerized provider order entry (CPOE) systems.
Materials and methods We conducted a systematic
literature review and applied random-effects meta-
analytic techniques to derive a summary estimate of the
effect of CPOE on medication errors. This pooled
estimate was combined with data from the 2006
American Society of Health-System Pharmacists Annual
Survey, the 2007 American Hospital Association Annual
Survey, and the latter's 2008 Electronic Health Record
Adoption Database supplement to estimate the
percentage and absolute reduction in medication errors
attributable to CPOE.

Results Processing a prescription drug order through a
CPOE system decreases the likelihood of error on that
order by 48% (95% Cl 41% to 55%). Given this effect
size, and the degree of CPOE adoption and use in
hospitals in 2008, we estimate a 12.5% reduction in
medication errors, or ~17.4 million medication errors
averted in the USA in 1 year.

Discussion Our findings suggest that CPOE can
substantially reduce the frequency of medication errors in
inpatient acute-care settings; however, it is unclear
whether this translates into reduced harm for patients.
Conclusions Despite CPOE systems’ effectiveness at
preventing medication errors, adoption and use in US
hospitals remain modest. Current policies to increase
CPOE adoption and use will likely prevent millions of
additional medication errors each year. Further research
is needed to better characterize links to patient harm.

BACKGROUND AND SIGNIFICANCE

The Institute of Medicine estimates that, on
average, hospitalized patients are subject to at least
one medication error per day.! Medication errors
are expensive and sometimes harmful to patients.” 3
The Institute of Medicine estimates that at least a
quarter of all medication-related injuries are pre-
ventable, and recommends electronic prescribing
(e-prescribing) through a computerized provider
order entry (CPOE) system as one way to reduce
medication errors and patient harm.* Electronic
entry of medication orders through CPOE may
reduce errors from poor handwriting or incorrect
transcription. CPOE systems often include func-
tionalities such as drug dosage support, alerts about
harmful interactions, and clinical decision support,

which may further reduce errors. There is also
some evidence that CPOE may cause errors.’
CPOE’s impact on medication errors and outcomes
remains uncertain because of the varied clinical set-
tings, CPOE system origins (commercial vs created
in-house), and quality of existing studies.®

With its Healthcare Information Technology for
Economic and Clinical Health (HITECH) provi-
sion, the American Recovery and Reinvestment Act
of 2009 authorized US$20 billion in funding to
assist in the development of a robust health infor-
mation technology (health IT) infrastructure to
improve healthcare safety and quality. Among the
HITECH Act’s provisions are incentive payments
to outpatient physicians and hospitals to support
health IT implementation, including CPOE imple-
mentation as a core requirement.”

The ultimate goal of CPOE is improved safety,
quality, and value of patient care. Medication
errors are an important intermediate, measurable
outcome in pursuit of that goal. In this investiga-
tion, we examine the impact of CPOE on medica-
tion error frequency.

OBJECTIVE

The objective of this study was to provide a base-
line national estimate of medication errors averted
in hospitals due to use of CPOE, using data on
CPOE use in 2008, before implementation of the
HITECH Act. The baseline estimate and method-
ology may be useful to track national progress on
CPOE adoption, use, and outcomes, and to inform
the evolving federal strategy to build an effective
health IT infrastructure.

MATERIALS AND METHODS

This study was conducted in two phases. First, we
developed supporting statistics describing CPOE
adoption and implementation, the volume of medi-
cation orders processed in our target population of
hospitals, the number and proportion of medica-
tion orders processed through CPOE, the expected
error rate without CPOE, and the expected per-
centage reduction in medication error rates result-
ing from CPOE. Second, we used supporting
statistics to derive two nationally representative
outcome estimates: the percentage and absolute
reduction in medication errors in acute-care hospi-
tals over a 1-year period due to CPOE use. Below
we describe the data sources and target population
for this study, followed by the data elements and
analytic techniques used for each statistic.
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Data sources

Study data were drawn from the following: the 2007 American
Hospital Association (AHA) Annual Survey (AHA survey); the
AHA Hospital Electronic Health Record (EHR) Adoption
Survey (EHR survey), collected in 2008 as a supplement to the
2007 AHA survey; the 2006 American Society of Health-System
Pharmacists (ASHP) national survey of hospital pharmacies®;
and a systematic review of the peer-reviewed literature.

Target population

Hospitals represented in the AHA survey were included if they
provided general or pediatric acute medical and surgical care
and self-identified as private-for-profit, private not-for-profit, or
public. We excluded long-term care and federally owned hospi-
tals, and hospitals outside the 50 states or the District of
Columbia. Our final sample included 4701 hospitals.

Supporting statistics

CPOE adoption and implementation

EHR survey data were used to estimate CPOE adoption and
implementation for a nationally representative sample of hospi-
tals. The survey’s methodology has been described previously.’
The response rate from the 4701 eligible hospitals was 60.9%
(N=2864), and the response rate to CPOE questions was
slightly lower at 60.3% (N=2833).

CPOE adoption was estimated using EHR survey items on
the presence of CPOE, number of units in which it had been
implemented, and its functionalities. A hospital was counted as
a CPOE adopter if it had in at least one unit an operational
CPOE system capable of processing prescription drug orders.
We used regression imputation to estimate CPOE adoption
among non-responding hospitals. A logistic regression model
identified hospital characteristics associated with CPOE adop-
tion from the AHA survey; estimated model parameters were
used to derive the predicted probability of CPOE adoption
among non-responding facilities.

CPOE implementation was estimated using EHR survey items
asking respondents to estimate the fraction of drug orders pro-
cessed via CPOE. Respondents had five response options: 0%,
1-25%, 26-50%, 51-90%, or 91-100%. Responding hospitals
were assigned the mid-point of their reported range as their
CPOE implementation measure. Responders’ mean value
(58.8%) was imputed to facilities with CPOE not responding to
this question. For non-responding facilities, the mean value of
58.8% was multiplied by the predicted probability of having
CPOE. Sensitivity analyses to evaluate the impact of this
approach are reflected in reported estimate bounds.

Medication order volume

We used data from the ASHP survey to estimate the volume of
medication orders processed each year by US hospitals. The
ASHP survey is a nationally representative stratified random
sample of hospital pharmacy directors at general and children’s
hospitals. Pedersen and colleagues provide details on survey
methodology, implementation and results.® Published results
include the average number of prescription drug orders per
patient-day for hospitals stratified by bed size. For each targeted
hospital, =~ we  multiplied the  appropriate  average
prescription-drug-order-per-patient-day statistic by AHA survey
estimates of total bed days to estimate the total number of medi-
cation orders processed during a year.

Number and proportion of medication orders processed through
CPOE

We then combined hospital-specific estimates of CPOE adoption
and implementation from the 2008 EHR survey with estimates
of medication order volume from the 2006 ASHP survey to
obtain a nationally representative estimate of the total number
and proportion of medication orders processed using CPOE.
We interpret these composite estimates as reflective of the year
2008, implicitly assuming that 2006 medication order volume
estimates did not substantially change over the intervening
2-year period.

Expected medication error rate without CPOE and expected
reduction in medication error rates resulting from CPOE

To date, no nationally representative dataset exists linking
CPOE use to medication errors. Thus, we extracted data from a
systematic literature review and used meta-analytic random
effects techniques to estimate three parameters: medication
error rates when CPOE is not used, medication error rates when
CPOE is used, and the percentage difference between them.

Our literature search strategy was adapted from a review by
Ammenwerth and colleagues.® Study inclusion criteria were as
follows: the intervention included e-prescribing functionality;
an e-prescribing system was compared with handwritten order-
ing; the study setting was an inpatient section of an acute-care
hospital; providers with prescribing authority were the primary
users of the e-prescribing system; the study used an experimen-
tal or quasi-experimental design, including randomized con-
trolled trial, non-randomized controlled trial, before—after trials,
or repeated time-series analysis; and the mode of medication
error detection was consistent before and after intervention.
Finally, since our goal was to construct aggregated medication
error rates before and after CPOE implementation, we retained
only studies that either reported medication error rates per
order or provided sufficient data from which to calculate these
rates. Studies conducted outside the USA were excluded.

Using the search terms of Ammenwerth et al, we updated the
search using PubMed in February 2009, identifying 390 studies.
Each was reviewed by two study authors (MRW and DCR).
After applying the a priori inclusion/exclusion criteria, 10
studies were retained.'®® Based on later expert reviewer feed-
back, we eliminated one additional study that solely used a vol-
untary reporting method for error detection,'® leaving nine
studies for our final pooled analysis.

The outcome of interest was medication error frequency. For
each included study, we used the author’s definition of a medi-
cation error, encompassing errors in ordering, transcribing, dis-
pensing, administration, and monitoring.'® '' Some reviewed
studies also reported adverse drug events (ADEs) and potential
adverse drug events (PADEs). These studies were not excluded
from our literature review, but we used information provided in
reviewed studies to exclude ADEs and PADEs from data aggre-
gation procedures whenever feasible, since both are considered
distinct from more broadly defined medication errors.

Relevant data elements were extracted for pre- and post-
intervention periods from each study. These included duration
(in months) of pre- and post-intervention periods, and numbers
of prescription drug orders and medication errors recorded. For
each study, we calculated pre- and post-CPOE medication error
rates per order per month. These rates were used to calculate
the percentage change in medication error rates. Pooled
summary statistics were calculated as the weighted average of
pre-CPOE medication error rates, and the weighted average
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difference between pre- and post-CPOE medication error rates.
Cochran’s Q was significant (p<0.001), indicating heterogen-
eity across the nine studies used to calculate the pooled effect.
To accommodate within- and between-study variance, we there-
fore gged the DerSimonian—Laird random effects model to pool
data.

Outcome statistics

The percentage reduction in medication error frequency due to
CPOE is the product of the expected percentage reduction in
medication error rates resulting from CPOE, as estimated from
our systematic literature review using meta-analytic techniques,
and the proportion of medication errors processed through
CPOE in hospitals that have adopted and use CPOE, as calcu-
lated using estimates from nationally representative surveys
described above. We assumed a 0% reduction in medication
error rates due to CPOE for orders processed in settings
without CPOE.

The absolute reduction in medication error frequency due to
CPOE is the product of the first outcome statistic, the expected
percentage reduction in medication error rates resulting from
CPOE, and the expected total number of medication errors if
no CPOE were used (ie, total number of medication orders pro-
cessed during a year multiplied by the expected medication
error rate without CPOE), as calculated using estimates from
nationally representative surveys as described above.

Input supporting statistics were annualized to facilitate calcu-
lation of outcome statistics. These outcome statistics thus repre-
sent estimated medication error reduction during a 1-year
period based on observed levels of CPOE adoption and use in
2008, medication order volume in 2006, and error rates and
estimated reductions from our meta-analysis. Varying assumed
levels of CPOE adoption and use from observed 2008 levels
allows us to extrapolate to expected reductions over a 1-year
period as adoption and use increase. These calculations assume
that the effect of CPOE adoption and use on medication error
rates remains constant as the number of hospitals adopting and
implementing CPOE increases. This assumption may not hold if
later CPOE adopters differ systematically from earlier adopters,
or if medication orders currently processed through CPOE
differ systematically from medication orders not currently pro-
cessed through CPOE. We also assumed that CPOE adoption
does not change the total volume of medication orders pro-
cessed in hospitals, a simplifying assumption necessary for con-
verting the estimated percentage reduction in medication errors
into an estimated absolute reduction.

More generally, our estimates proceed by applying estimated
parameters from our meta-analysis to nationally representative
survey measures. This approach implicitly assumes that the esti-
mated error rates from the literature generalize to US hospital
settings as a whole.

Estimate bounds

Constructing probability-based Cls around these outcome statis-
tics was not feasible because of non-independence between
several sources of variability embedded in supporting statistics.
Sources of variability included within- and between-study vari-
ation in our meta-analysis, sampling variance on prescription
drug order estimates from the ASHP survey, and imputation
procedures used to estimate CPOE adoption and implementa-
tion. Instead of probability-based CIs, we therefore constructed
logical estimate bounds based on reasonable assumptions about
underlying variability in these measures.

Our approach for pooling data from the systematic literature
review allowed us to derive a probability-based CI around our
estimate of the average percentage reduction in medication
error rates due to CPOE. In addition, sampling variance on
medication order estimates from the ASHP survey influenced
our estimates for the total number of medication orders and the
number of medication orders processed with CPOE.
ASHP-reported SEs on mean medication orders per bed-day
were used to calculate probability-based lower and upper
bounds on estimates of medication order volume. There was no
credible approach for deriving probability-based estimates of
variance for measures of CPOE adoption and implementation.
Instead, we set logical bounds around each by imposing assump-
tions about CPOE use for hospitals not responding to the EHR
survey. The lower bound assumed that no non-responding hos-
pitals adopted CPOE, and the upper bound assumed that all
non-responding hospitals adopted CPOE. Each supporting stat-
istic described above was recalculated using lower and upper
bounds as inputs. Upper- and lower-bound supporting statistics
were in turn used as inputs to calculate upper- and lower-bound
summary statistics.

Our intentionally conservative approach resulted in point esti-
mates with relatively wide bounds. Note, however, that, as these
are not probability-based ClIs, the point estimates do not have
an equal probability of taking on any value between reported
bounds. Instead, the point estimates give a reasonable approxi-
mation of the true value, while the bounds represent possible
extreme values that could have been derived from given inputs.

RESULTS

CPOE use

Approximately 34% (1589 of 4701) of US acute-care hospitals
had adopted CPOE in 2008. Among the 2833 hospitals
responding to the EHR survey, larger hospitals (>400 beds)
were more likely to have adopted CPOE (56%) compared with
medium-sized or small hospitals (35% and 30%, respectively).
CPOE adoption was more common among urban hospitals
(41% vs 28% among rural hospitals, p<0.001) and major teach-
ing hospitals (53% vs 32% in non-teaching hospitals, p<0.001).
CPOE adoption was higher among private not-for-profit hospi-
tals (37%) compared with public hospitals (31%) and private
for-profit hospitals (32%). CPOE adoption did not significantly
differ between independent and health system-affiliated hospi-
tals (34% vs 36%, p=0.13). Table 1 summarizes CPOE adop-
tion in 2008 by hospital characteristic.

Table 2 describes 2008 CPOE implementation, the proportion
of prescription drug orders processed using CPOE in hospitals
with a CPOE system. Many CPOE adopters (39.0%) indicated a
very high degree of implementation (>90% of orders processed
by CPOE). Still, 42.4% of responding hospitals using CPOE
reported <50% implementation. Assuming the midpoint value
for each range, and averaging across all hospitals providing
CPOE data, mean CPOE implementation was 58.8%. Among
hospitals adopting CPOE, there was no statistically significant
association between bed size and CPOE implementation levels.

Total annual medication order volume was estimated at
1757 886 464 orders per year based on the 2007 AHA survey
and the 2006 ASHP survey. Factoring this with CPOE adoption
and implementation in 2008, and extrapolating to all US acute-
care hospitals, we estimate that ~26.1% (bounds 16.0-53.6%)
of medication orders in acute-care hospitals were processed
using CPOE.
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Table 1 Computerized provider order entry (CPOE) adoption by
hospital characteristic, 2008

With Without
Characteristic CPOE CPOE p Value
All acute hospitals 992 (35) 1841 (65) NA
Pediatric specialty hospitals 14 (100) (0) NA
Bed size
Small (6-99) 389 (30) 910 (70)
Medium (100-399) 430 (35) 795 (65) <0.001
Large (> 400) 173 (56) 136 (44)
Census region*
Northeast 173 (44) 224 (56)
Midwest 298 (32) 633 (68) 0.001
South 356 (36) 639 (64)
West 141 (32) 297 (68)
Ownership type
Public 211 (31) 471 (69)
Not-for-profit 670 (37) 1131 (63) 0.005
For-profit 111 (32) 239 (68)
Member of a health system
No 452 (34) 894 (66) 0.128
Yes 540 (36) 947 (64)
Location
Rural 360 (28) 928 (72) <0.001
Urban 632 (41) 913 (59)
Teaching status
Non-teaching hospital (0 full-time 705 (32) 1505 (68)
residents)
Minor teaching hospital (between 1 98 (37) 169 (63) <0.001
and 20 full-time residents)
Major teaching hospital (more than 189 (53) 167 (47)

20 full-time residents)

Values are number (%). Data in this table are aggregated only from the 2833
hospitals that provided responses to the EHR adoption database supplement
questions regarding CPOE adoption.

*Geographic region was missing for 72 hospitals.

EHR, electronic health record.

Expected medication error rate without CPOE and expected
change in error rate associated with CPOE use
Table 3 summarizes literature review findings.

Among the nine pooled studies, eight found a decrease in
medication error frequency after CPOE implementation. The
last, Walsh et al,'® reported an increase (23%) in medication
errors. Pooling data across these studies, we find an expected

Table 2 CPOE implementation among hospitals that report having
a CPOE system according to hospital size, 2008

Proportion of medication orders processed using

CPOE
Hospital size, beds 1-25% 26-50% 51-90% > 90%
<200 110 (31) 46 (13) 78 (22) 126 (35)
200-299 28 (27) 12 (12) 20 (20) 42 (41)
300-399 22 (32) 10 (14) 13 (19) 24 (35)
> 400 45 (30) 16 (11) 16 (11) 74 (49)
Total (row %) 205 (30) 84 (12) 127 (19) 266 (39)

Values are number (%). These data represent reported CPOE implementation among
the 682 hospitals that indicated having a CPOE system in place and gave responses to
CPOE implementation questions in the EHR survey.

CPOE, computerized provider order entry; EHR, electronic health record.

medication error rate per order of 0.079 without CPOE.
Medication error rates were ~48% (95% CI 41% to 55%)
lower after CPOE implementation (table 4).

Percentage and absolute reduction in medication errors
Summary and outcome statistics are summarized in table 4. At
the rate of CPOE adoption and implementation in 2008, our
findings suggest that medication errors were reduced by
~12.5% (bounds 10.6-14.4%). This equates to ~17.4 million
(bounds 0.09-27.1 million) fewer medication errors over a
1-year period than would be expected without CPOE.

Figure 1 illustrates observed (under the analytic assumptions
of this study) and potential reductions in medication errors
during a 1-year time frame associated with varying levels of
CPOE adoption. The y-axis is the number of averted errors, and
the x-axis is the proportion of hospitals adopting CPOE. The
slope of the line for each wedge represents CPOE implementa-
tion (proportion of drug orders processed using CPOE). The
black wedge represents medication error reductions associated
with CPOE use in 2008. If all US hospitals adopted CPOE,
assuming constant implementation levels of ~60%, as many as
51 million medication errors per year could be averted com-
pared with what would have been expected without CPOE
(hatched area). If the proportion of medication orders processed
using CPOE were to increase in hospitals that already have
CPOE in place (grey shaded area), as many as 36 million errors
per year might be averted. Finally, if all hospitals were to use
CPOE to process all medication orders, as many as 104 million
medication errors per year could be averted (dotted area).

DISCUSSION

To our knowledge, our study represents the first attempt to gen-
erate a nationally representative estimate of the effect of CPOE
on medication error frequency. Our findings suggest that CPOE
can substantially reduce medication errors in hospitals. In 2008,
~349% of US acute-care hospitals had adopted CPOE capable of
processing prescription orders. At these adoption and imple-
mentation levels, we estimate 17.4 million medication errors per
year avoided due to CPOE—a 12.5% reduction nationally.
Given the modest adoption and implementation rates to date,
there is still great potential for this technology to reduce medi-
cation errors.

The projected reduction in medication errors represents an
important intermediate indicator of potential gains as health IT
systems are expanded and more deeply integrated in care deliv-
ery systems nationwide. However, it is unclear whether reduced
medication errors would translate into reduced patient harm
from medications. Several studies reviewed for this analysis
provide insight into the potential for harm reduction. Bates
et al,'® Evans et al,"* and Igboechi et al® all report fewer ADEs
and fewer serious medication errors with potential to harm
patients after CPOE implementation. However, insufficient
information was available to construct meta-analytic estimates
of CPOE impacts on serious medication errors, PADEs, or
ADEs.

While our conclusions reflect the fact that the majority of peer-
reviewed studies find reductions in medication errors associated
with CPOE, a few studies have found increases. As noted above,
Wialsh et al'® found that error rates increased from 18 to 22 per
1000 medication orders after CPOE adoption, although this dif-
ference was not statistically significant, and the authors also found
fewer non-intercepted serious medication errors and fewer PADEs
in the post-CPOE implementation period. Bradley and colleagues
illustrate the risk of unintended consequences from CPOE: while
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Table 3 Summary data from systematically peer-reviewed literature evaluating medication error frequency before (pre) and after (post)

implementation of computerized provider order entry (CPOE)

Rate per
Duration Medication 1000
Author (year of CPOE implementation and study setting s BRI CREEE  EODE nAEE Percentage difference
publication) (hospital department) Pre  Post Pre Post Pre Post Pre Post (unweighted)*
Bates et af (1999)'° Select medical and intensive care units 1.7 56 10070 42516 255 340 25 8 —68
(inpatient)
Bizovi et al (2002)'>  Emergency department 2 2 2326 2169 54 11 23 5 78
Cordero et al (2004)®  NICU 6 6 136 17 16 0 118 0 —100
Evans et al (1998)"* Intensive care unit 24 12 1813 942 787 134 434 142 —67
Igboechi et al Hospital wide (inpatient) 24 12 1868274 934137 5441 1247 3 1 -54
(2003)"
Kim et al (2006)'® Pediatric oncology unit 8 9.9 1259 1116 8 69 67 62 =7
Mahoney et al Hospital wide (inpatient) 12 12 1452346 1390789 4815 2227 3 2 -52
(2007)"
Taylor et al (2008)" NICU 11 9 254 272 50 31 197 114 -4
Walsh et af (2008)'® NICU, PICU, select pediatric medical and 7 9 5777 6895 106 155 18 22 23

surgical units (inpatient)

*Our calculated summary statistic (presented in table 4) used the DerSimonian—Laird method (DL) to pool these data, where each study’s DL weight was multiplied by the unweighted
percentage difference shown. The DL effect sizes are not included here, as they are not scaled in a meaningful way.

NICU, neonatal intensive care unit; PICU, pediatric intensive care unit.

error types reported during the study’s pre-period were reduced
by 65%, of the 164 errors reported during the study’s post-CPOE
implementation period, 117 were related to the use of the CPOE
system itself.!® The authors observed a range of CPOE-related
errors, including prescribing errors, where clinicians chose the
wrong drug or dose from a pull-down menu, attributed a prescrip-
tion to the wrong patient, or entered duplicate orders, and tran-
scribing errors, where pharmacy staff incorrectly recorded
medication order information. As noted above, data from the
Bradley et al study were not used in our meta-analysis, because the
study used only a voluntarily reported error detection method. As
a sensitivity analysis, we produced estimates including Bradley
et al. Pooling data from Bradley er al with estimates from the other
literature would decrease our estimate of 12.5% (bounds 10.6—
14.4%) error reduction nationally to 9.2% (bounds 0.33-36.7%),
implying ~3.1 million fewer averted medication errors per year.
Reviewed studies used various medication error detection
methods. Research suggests that the highest error rates are
found through direct observation,”' followed by chart review,
then automated surveillance, and voluntary reporting.? There
exists limited overlap in errors reported through each modality,
and studies using a combination of methods detect the highest

Table 4 Outcome and supporting statistics

error rates.”®> We extracted information on detection mode from
each study, and excluded studies relying solely on voluntary
reporting or employing inconsistent detection modes before and
after CPOE implementation. While there is a risk that errors
will be double-counted in studies using multiple modes,*?
studies that use single and/or less rigorous detection modes may
seriously undercount medication errors.

Definitions of medication errors also varied between studies
in our review. For example, most studies counted wrong doses
as medication errors, but only some counted drug-drug interac-
tions. In addition, while some studies reported stratified results
by error type (eg, frequency, route), others stratified by process
stage (eg, prescribing, transcribing). Finally, some studies defined
medication errors as events with potential to cause patient
harm, while others counted errors corrected by the hospital’s
internal redundant systems before reaching the patient.
Unfortunately, in aggregating these data, it was not possible to
parse out these differences.

Several limitations should be noted when interpreting results.
As with any meta-analysis, some limitations extend from limita-
tions in the primary literature upon which our estimates relied.
First, as noted above, detection mode and medication error

Calculated metric Data source

Point estimate  Estimate bound

Supporting statistics

Mean % reduction in medication error rates conditional on
using CPOE to prescribe the order

Proportion of medication orders that are ordered using a
CPOE system

Outcome statistics
Percentage reduction in medication error frequency
resulting from CPOE use to process medication orders
Absolute reduction in medication error frequency resulting
from CPOE use to process medication orders

Peer-reviewed literature

Hospital surveys (2007 AHA annual survey, 2008 EHR
adoption database, 2006 ASHP National Survey)

Calculated from supporting statistics

Calculated from supporting statistics

—48% (=55% to —41%)
26.10% (16.0% to 53.6%)
-12.5% (—14.4% to —10.6%)
17390443 (88058 to 27094038)

AHA, The American Hospital Association; ASHP, The American Society of Health-System Pharmacists; CPOE, computerized provider order entry; EHR, electronic health record.
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Figure 1
hospitals in a 1-year period.

definitions varied across included studies. We attempted to
address these and other sources of study heterogeneity by imple-
menting inclusion criteria to ensure a minimum standard for
comparability, and by using statistical adjustments on pooled
estimates. However, it was not possible to fully account for all
methodological differences. Second, hospitals in included
studies may not be broadly representative of all US hospitals,
particularly since there was a preponderance of large, urban,
academic medical centers; Hug and colleagues found a higher
incidence of ADEs in community hospitals than in academic
medical centers.?* For this reason, the medication error rates
and the mix of medication order types in included studies may
vary from that in all US hospitals. Similarly, while studies have
found that specific CPOE functionalities or accompanying clin-
ical decision support can affect error rates,” *® we could not
systematically capture and quantify these factors for our esti-
mate. It was difficult to observe and quantify other factors that
may modify CPOE effects across hospitals (eg, implementation
duration, commitment to quality improvement, severity of
illness among patient population). Finally, we note an additional
limitation not stemming from our meta-analytic approach. Our
calculations assume that the effect of CPOE adoption on medi-
cation error rates is constant as the number of hospitals adopt-
ing CPOE increases. This assumption may not hold if later
CPOE adopters differ systematically from earlier adopters.

Our findings and the limitations of our estimate point to key
areas for future research; as the relevant source literature grows
in breadth and methodological consistency to overcome these
limitations, the base methodology described here can be refined
and expanded to improve on existing estimates. First, further
research is needed to characterize the effect of CPOE

Estimated medication errors averted due to observed and increased use of computerized provider order entry in inpatient acute-care

implementation on order volume and patterns, and heterogen-
eity in the likelihood of medication errors for different types of
medications, orders, and settings. In addition, common and con-
sistently applied definitions of medication errors and serious
medication errors, as well as consistent stratification of errors by
type and/or ordering process stage, will ensure greater compar-
ability across studies. Second, further work is needed to explain
variation in findings across studies; for example, authors have
noted an increase in medication errors due to CPOE' and unin-
tended consequences of health IT.>” 2® Even among the eight
studies in our meta-analysis showing reductions in errors due to
CPOE, variation in the magnitude of impacts across study set-
tings may indicate that not all patient populations will benefit
equally from CPOE’s apparent error risk reduction. Third, given
the variation in detected error rates by detection mode, future
model refinements might weight analyses according to detection-
mode sensitivity. Making scaling decisions will necessarily
require a judgment about the relative value of more or less rigor-
ous detection modes. Finally, additional evidence is needed to
establish more concrete links between medication errors, ADEs,
and patient harm; while Bates et al*” found that 0.9% of medica-
tion errors result in ADEs, few other such estimates are currently
available, either in general or stratified by CPOE system function-
ality, and even less is known about the frequency with which
medication errors result in actual patient harm.

CONCLUSION

Our rigorously developed meta-analytic estimate is in keeping
with the earlier, evidence-based heuristic of Bates et al,”* and,
more importantly, is a much-needed addition to our knowledge
of the effect of CPOE on medication errors. Our estimation
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approach may be useful for estimating other health IT-related
impacts on the healthcare system and patient outcomes. Future
research in this area will be critically important to inform policy
and funding decisions regarding the development and imple-
mentation of CPOE in care delivery.
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