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BACKGROUND: Adverse drug events (ADEs) are common
among hospitalized patients with renal impairment.

OBJECTIVE: To determine whether computerized physician
order entry (CPOE) systems with clinical decision support
capabilities reduce the frequency of renally related ADEs in
hospitals.

DESIGN, SETTING, AND PATIENTS: Quasi-experimental
study of 1590 adult patients with renal impairment who
were admitted to 5 community hospitals in Massachusetts
from January 2005 to September 2010, preimplementation
and postimplementation of CPOE.

INTERVENTION: Varying levels of clinical decision support,
ranging from basic CPOE only (sites 4 and 5), rudimentary
clinical decision support (sites 1 and 2), and advanced clini-
cal decision support (site 3).

MEASUREMENTS: Primary outcome was the rate of pre-
ventable ADEs from nephrotoxic and/or renally cleared
medications. Similarly, secondary outcomes were the rates
of overall ADEs and potential ADEs.

KEY RESULTS: There was a 45% decrease in the rate
of preventable ADEs following implementation (8.0/100
vs 4.4/100 admissions; P <0.01), and the impact was
related to the level of decision support. Basic CPOE
was not associated with any significant benefit (4.6/100
vs 4.3/100 admissions; P =0.87). There was a non-
significant decrease in preventable ADEs with rudimen-
tary clinical decision support (9.1/100 vs 6.4/100
admissions; P =0.22). However, substantial reduction
was seen with advanced clinical decision support
(12.4/100 vs 0/100 admissions; P =0.01). Despite these
benefits, a significant increase in potential ADEs was
found for all systems (55.5/100 vs 136.8/100 admis-
sions; P <0.01).

CONCLUSION: Vendor-developed CPOE with advanced
clinical decision support can reduce the occurrence of
preventable ADEs but may be associated with an
increase in potential ADEs. Journal of Hospital
Medicine 2013;8:545-552. © 2013 Society of Hospital
Medicine

Hospitalized patients with renal impairment are vul-
nerable to adverse drug events (ADEs)."> Appropriate
prescribing for patients with renal insufficiency is
challenging because of the complexities of drug ther-
apy within the wide spectrum of kidney disease.’®
Accordingly, computerized physician order entry
(CPOE) systems with clinical decision support may
help prevent many ADEs by providing timely labora-
tory information, recommending renally adjusted
doses, and by offering assistance with prescribing.”™
Despite the proposed benefits of CPOE, outcomes
vary greatly because of differences in technology.'®™!3
In particular, the type of decision support available to
assist medication ordering in the setting of renal dis-
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ease varies widely among current vendor systems.
Given the uncertain benefits of CPOE, especially with
the wide range of associated clinical decision support,
we conducted this study to determine the impact of
these systems on the rates of ADEs among hospital-
ized patients with kidney disease.

METHODS

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

Design and Setting

We conducted a before-and-after study to evaluate the
impact of newly implemented vendor CPOE systems
in 5 community hospitals in Massachusetts. Although
we reported on 6 hospitals in our baseline study,'* 1
of these hospitals later chose not to implement CPOE,
and therefore was not included in follow-up. At the
time of this study, 1 of the hospitals (site 3) had not
yet achieved hospital-wide implementation. Although
CPOE had been adopted by most medical services at
site 3, it had not yet been implemented in the emer-
gency, obstetrical, or surgical departments. Thus, we
limited our study to the medical services at this site.
For the remaining sites, all admitting services were
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included with the exception of the psychiatric and
neonatal services, which were excluded from both
phases because they would have required different
detection tools.

Participants

Patients aged >18 years with renal failure, exposed to
potentially nephrotoxic and/or renally cleared medica-
tions, and admitted to any of the participating hospi-
tals during the study period were eligible for
inclusion. Of the patients meeting eligibility criteria,
we randomly selected approximately 150 records per
hospital in the preimplementation and postimplemen-
tation phases for a total sample of 1590 charts. The
first phase of this study occurred from January 2005
to August 2006; the second phase began 6 months
postimplementation and lasted from October 2008 to
September 2010.

Principal Exposure

Each hospital independently selected a vendor CPOE
system with variable clinical decision support capabil-
ities: (1) sites 4 and 5 had basic CPOE only with no
clinical decision support for renal disease; (2) sites 1
and 2 implemented rudimentary clinical decision sup-
port with laboratory display (eg, serum creatinine)
whenever common renally related drugs were ordered;
and (3) site 3 had the most advanced support in place
where, in addition to basic order entry and lab checks,
physicians were provided with suggested doses for
renally cleared and/or nephrotoxic medications, as
well as appropriate drug monitoring for medications
with narrow therapeutic indices (eg, suggested dosages
and frequencies for vancomycin and automated corol-
lary laboratory monitoring).

Definitions
We screened for the presence of renal failure by a
serum creatinine >1.5 mg/dL at the time of admis-
sion. However, the duration of renal impairment was
not known. We defined 3 levels of renal insufficiency
based on the calculated creatinine clearance (CrCl)':
mild (CrCl 50-80 mL/min), moderate (16-49
mL/min), and severe (<15 mL/min). Subjects with a
CrCl >80 mL/min were considered to have normal
renal function and were excluded. Potentially nephro-
toxic and/or renally cleared medications were then
identified using an established knowledge base (see
Supporting Information, Table 1, in the online version
of this article).'®

In both phases of our study, only medications that
were potentially nephrotoxic and/or renally cleared
were included as potential cases; all other drugs
were excluded. We defined an ADE as any drug-
related injury. These were considered preventable if
they were due to an error at the time of order entry
(eg, a doubling of creatinine secondary to an over-
dose of gentamicin or failure to order corollary drug

levels for monitoring). A nonpreventable ADE was
any drug-related injury in which there was no error
at the time of order entry (eg, a doubling of creati-
nine despite appropriate dosing of lisinopril).!”
A medication error was an error anywhere in the
process of prescribing, transcribing, dispensing,
administering, or monitoring a drug, but with no
potential for harm or injury (eg, an order for an oral
medication with no route specified when it was clear
that the oral route was intended).'® A potential ADE
was an error with the potential to cause harm, but
not resulting in injury, either because it was inter-
cepted (eg, an order for ketorolac for a patient with
renal failure, but caught by a pharmacist) or because
of chance (eg, administering enoxaparin to a patient
with  severe renal dysfunction but without
hemorrhage).

All study investigators underwent standardized
training using a curriculum developed by the Center
for Patient Safety Research and Practice (www.pa-
tientsafetyresearch.org) to standardize definitions and
terminology, data collection methods, classification
strategies, and maximize reproducibility.'®!”1*=2! An
instructional manual was provided along with
examples. Training was reinforced using practice cases
and quizzes.

Main Outcome Measures

The primary outcome was the rate of preventable
ADEs. Secondary outcomes were the rates of potential
ADEs and overall ADEs. All outcomes were related to
nephrotoxicity or accumulation of a renally excreted
medication.

Data collection and classification strategies were
identical in both phases of our study.'* We reviewed
physician orders, medication lists, laboratory reports,
admission histories, progress and consultation notes,
discharge summaries, and nursing flow sheets, screen-
ing for the presence of medication incidents using an
adaptation of the Institute for Healthcare Improve-
ment’s trigger tool, selected for its high sensitivity,
reproducibility, and ease of use.*>** In our adaptation
of the tool, we excluded lidocaine, tobramycin, ami-
kacin, and theophylline levels because of their infre-
quency. For each trigger found, a detailed description
of the incident was extracted for detailed review. An
example of a trigger is the use of sodium polystyrene,
which may possibly indicate an overdose of potassium
or a medication side effect.

Subsequently, each case was then independently
reviewed by two investigators (A.A.L., M.A., B.C.,
S.R.S., M.C., N.K,, E.Z., and G.S.)—each assigned
to at least 1 site—and blinded to prescribing physi-
cian and hospital to determine whether nephrotoxic-
ity or injury from drug accumulation was present
(see Supporting Information, Figure 1, in the online
version of this article)."” First, incidents were classi-
fied as ADEs, potential ADEs, or medication errors
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TABLE 1. Baseline Characteristics

Hospital Site
Baseline Characteristics All Sites 1 2 3 4 5 P (Among All Sites)’
No. of patients 815 170 156 143 164 182 -
Age, y, mean (range) 72.2(18.0-102.0) 79.2(33-102) 77.3(23-101) 65.6 (18-98) 70.7 (18-96) 69.2 (20-96) <0.01
18-44 years, no. (%) 68(9.1) 1(0.67) 8(6.5) 20(14.9) 15(9.4) 24 (13.4) <0.01
45-54 years, no. (%) 67(9.0) 6(4.0) 5@41) 17(12.7) 16(10.0) 23(129
55-64 years, no. (%) 79(10.6) 15(10.0) 12(9.8) 23(172) 13(8.1) 16(8.9)
65-74 years, no. (%) 104(13.9) 20(13.3) 12(9.8) 16(11.9) 30(18.8) 26 (14.5)
75-84 years, no. (%) 197 (26.4) 44(29.3) 36(29.3) 24(17.9) 49(30.6) 4424.6)
>85 years, no. (%) 231(31.0) 64 (42.7) 50 (40.7) 34(254) 37(23.1) 46 (25.7)
Sex
Male, no. (%) 427 (57.0) 66 (44.0) 60 (48.8) 82 (60.7) 105(65.2) 114(63.7) <0.01
Female, no. (%) 321 (43.0) 84 (56.0) 63 (51.2) 53(39.3) 56 (34.8) 65 (36.3)
Race
Caucasian, no. (%) 654 (87.4) 129 (86.0) 118(95.9) 126(93.3) 129(80.1) 152 (84.9) <0.01
Hispanic, no. (%) 25(3.3) 2(13) 0(0) 1(0.74) 13(8.1) 9(5.0)
African American, no. (%) 45(6.0) 12(8.0) 433 5@37) 13(8.1) 11(6.2)
Native American, no. (%) 0(0) 0(0) 0(0) 0(0) 0(0) 0(0)
Asian, no. (%) 13(1.7) 1(0.81) 1(0.81) 2(1.9) 5@31) 422
Other, no. (%) 7(0.94) 2(13) 0(0) 1(0.74) 1(14.3) 3(17)
Not recorded, no. (%) 4(0.53) 4(27) 0(0) 0(0.0) 0(0) 0(0)
Initial severity of renal dysfunction
Mild, CrCl 50-80 mL/min, no. (%) 60 (7.4) 4(24) 5@32) 5(359) 14(8.5) 32(17.6) <0.01
Moderate, CrCl 16-49 mL/min, no. (%) 388 (47.6) 84 (49.4) 71(45.5) 80 (95.9) 76 (46.3) 77 (42.3)
Severe, CrCl <15 mL/min, no. (%) 367 (45.0) 82 (48.2) 80 (51.3) 58 (40.6) 74.(45.1) 73 (40.1)
L0S, d, median (IR) 4.0 (2-6) 40(3-7) 3.0(2-5.5) 40(2-7) 40(2-7) 4.0 (2-6) 0.02
DRG-weighted LOS, d, median (I0R)" 50 (3.7-6.7) 55 (4-6.7) 50(34-62) 56(4.3-6.7) 5.0 (3.3-6.7) 50 (4.2-6.7) 0.27

[\IOTE: Abbreviations: CrCl, creatinine clearance; DRG, diagnosis-related group; IQR, interquartile range; LOS, length of stay. For creatinine, multiply by a factor of 88.4 to convert from mg/dL to umol/L
One-way analysis of variance for continuous age; Fisher exact test for discrete variables. "DRG-weighted LOS based on 783/815 patients because of missing DRG codes for 32 patients.

with no potential for injury. Second, ADEs and
potential ADEs were rated according to severity.
When nephrotoxic drugs were ordered, event sever-
ity was classified according to the elevation in serum
creatinine®*: increases of <10% were considered
potential ADEs (near misses); increases of 10% to
100% were significant ADEs; and increases of
>100% were serious ADEs. Changes in creatinine
that were not associated with inappropriate medica-
tion orders were excluded. For renally excreted
drugs with no potential for nephrotoxicity (eg, enox-
aparin), we used clinical judgment to classify events
as significant (eg, rash), severe (eg, 2-unit gastroin-
testinal bleed), life threatening (eg, transfer to an
intensive care unit), or fatal categories, as based on
earlier work.?® Disagreements were resolved by con-
sensus. We had a « score of 0.70 (95% confidence
interval [CI]: 0.61-0.80) for incident type, indicating
excellent overall agreement.

Statistical Analysis

Baseline characteristics between hospitals were com-
pared using the Fisher exact test for categorical vari-
ables and 1-way analysis of variance for continuous
variables. The occurrence of each outcome was
determined according to site. To facilitate compari-
sons between sites, rates were expressed as number
of events per 100 admissions with 95% ClIs. To
account for hospital effects in the analysis when

comparing pre- and postimplementation rates of
ADEs and potential ADEs, we developed a fixed-
effects Poisson regression model. To explore the
independent effects of each system, a stratified analy-
sis was performed to compare average rates of each
outcome observed.

RESULTS

The outcomes of 775 patients in the baseline study
were compared with the 815 patients enrolled dur-
ing the postimplementation phase.'* Among those
in the postimplementation phase (Table 1), the
mean age was 72.2 years, and they were predomi-
nantly male (57.0%). The demographics of the
patients admitted to each of the 5 sites varied
widely (P<0.01). Most patients had moderate to
severe renal dysfunction.

Overall, the rates of ADEs were similar between the
pre- and postimplementation phases (8.9/100 vs
8.3/100 admissions, respectively; P = 0.74) (Table 2).
However, there was a significant decrease in the rate
of preventable ADEs, the primary outcome of interest,
following CPOE implementation (8.0/100 vs 4.4/100
admissions; P <0.01). A reduction in preventable
ADEs was observed in every hospital except site 4,
where only basic order entry was introduced. How-
ever, there was a significant increase in the rates of
nonpreventable ADEs (0.90/100 vs 3.9/100 admis-
sions; P<0.01) and potential ADEs (55.5/100 vs
136.8/100 admissions; P < 0.01).
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TABLE 2. Rates of Adverse Drug Events and Potential Adverse Drug Events

P

0.71
0.03
0.09

<0.01
0.87

Post
6.0
(3.1-104)

1

Site 5
1
(018-34)
49
(24-89)
195,
(1755-216.1)
1
(018-34)

Pre
1
(37-122)
58
(2.8-105)
1.3
(0.21,4.0)
49.0
(38.8-609)
3
(0.21-4.0)

P
0.01
1
0.05
<0.01
0.20

Post
134
(8.6-19.9)
79
(4.4-13.0)
55
(26-99)
1329
(116.1-151.4)
49
(22-9.1)

Site 4

34
(12-73)
20
05153

Pre
41
(16-83)

068

(0.04-30)
92

(47645

b
0.02
<0.01
<0.01
<0.01
0.41

Post
42
(17-85)
0
(0-0.03)
42
(17-85)
103.5
(87.7-121.1)
2.8
(0.87-6.5)

Site 3

Pre
124
(7.5-19.9)
124
(75-19.1)
0
(0-0.03)

48
(34.8-56.6)
14
023-43)

P
0.34
1
0.37
0.60

Rate/100 Admissions
(95% Cl)
<0.01

Post
1.7
(41-129
58
(28-104

1
(0.48-5.0)
98.7
(83.9-115.1)

1
(0.21-4.0)

Site 2

Pre

11
(6.5-17.)

10.3
(6.0-16.5)

0.69
(0.04-3.04)

57
(45.8-705)

2
(0.51-5.4)

P
0.96
070
042

<0.01
050

Post
100
(6.0-15.5)
71
(38-119)

Site 1
29
(11-63)
1411
(124.1-1598)
47
(22-89)

Pre
98
(6.0-15.1)

82
(7-131)
§
04143
65.0
(54.0-77.4)
33
(13-656)

P*
0.74
<0.01
<0.01
<0.01
<024

Post
8.3
(6.5-05)
44
(31-6.0)
39
(2.7-5.4)
136.8
(128.9-145.0)
29
(1.9-43)

All Sites

21
(1-32)

Pre
8.9
(7.0-12)

8.0
(6.2-10.2)

090
(0.39-1.7)

55.9
(50.4-60.9)

Post
68
(6.7)
36
32
115
(935)
24

Total No.
(%)

Pre

9

2

7
430
(862

(139

Event

ADEs
Preventable
Nonpreventable

Potential ADEs
Intercepted

<0.01

1940
(1744-214.9)

<0.01 477
(37.7-59.5)

1280
(1115-146.2)

<001 571
(45.8-702)

100.7

(85.1-118.1)

434
(33.6-55.1)

<0.01

974
(82.8-113.8)

55.243.9-68.2)

<0.01

136.5
(119.7-54.8)

61.7
(51.1-73.8)

<001

1339
(126.1-142.0)

1091 534
(48.4-58.7)

414

Nonintercepted

NOTE: Abbreviations: ADEs, adverse drug events; CI, confidence interval; Post, postimplementation; Pre, preimplementation. *P value among all sites.

Stratified Analysis

To account for differences in technology, we per-
formed a stratified analysis (Table 3). As was consist-
ent with the overall study estimates, the rates of
nonpreventable ADEs and potential ADEs increased
with all 3 interventions. In contrast, we found that
the changes in preventable ADE rates were related to
the level of clinical decision support, where the great-
est benefit was associated with the most sophisticated
decision support system (P =0.03 and 0.02 for com-
parisons between advanced vs rudimentary decision
support and basic order entry only, respectively).
There was no difference in preventable ADE rates at
sites without decision support (4.6/100 vs 4.3/100
admissions; P = 0.87); with rudimentary clinical deci-
sion support, there was a trend toward a decrease
in the preventable ADE rate, which did not meet sta-
tistical significance (9.1/100 vs 6.4/100 admissions;
P =0.22), and, the greatest reduction was seen with
advanced clinical decision support (12.4/100 vs 0/100
admissions; P < 0.01).

Severity of Events

We further analyzed our data based on event severity
(Table 4). Among preventable ADEs, only 1 fatal
event was observed, which occurred after CPOE
implementation. Here, a previously opioid-naive
patient received intravenous morphine for malignant
pain. Within the first 24 hours, the patient received
70.2 mg of intravenous morphine, resulting in a
decreased level of consciousness. The patient expired
the following day. Furthermore, following implemen-
tation, among preventable ADEs, a reduction in sig-
nificant events was seen (P=0.02) along with a
nonsignificant reduction in the rate of serious events
(P=0.06). However, the rate of preventable life-
threatening events was not different (P =0.96). The
nonpreventable ADE rate rose during the postimple-
mentation period for both serious (P=0.03) and
significant events (P < 0.01). The risk of fatal and life-
threatening nonpreventable ADEs did not change. The
potential ADE rate increased following implementa-
tion for all severities (P < 0. 01).

Case Reviews

In total, there were 36 preventable ADEs identified
during the postimplementation phase (Table 5). Of
these, inappropriate renal dosing accounted for 26
preventable ADEs, which involved antibiotics (eg,
gentamicin-induced renal failure), opioids (eg, over
sedation from morphine), B-blockers (eg, hypotension
from atenolol), angiotensin-converting enzyme inhibi-
tors (eg, renal failure with hyperkalemia secondary to
lisinopril), and digoxin (eg, bradyarrhythmia and tox-
icity). The use of contraindicated medications resulted
in 7 preventable ADEs (eg, prescribing glyburide
in the setting of severe renal impairment).”® The
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TABLE 3. Stratified Analysis by Level of Clinical Decision Support

Rate per 100 Admissions by Level of Clinical Decision Support (95% Cl)

CPOE, Lab Display, and Drug-Dosing

Basic CPOE Only (Sites 4 and 5) CPOE and Lab Display (Sites 1 and 2) Check (Site 3)
Incident Pre Post P Pre Post P Pre Post P
ADEs 56 (3.4-8.7) 95(6.6-13.2) 0.08 10.3(7.3-14.3) 8.9(6.0-12.5) 055 12.4(7.53-19.1) 42(1.7-85) 0.02
Preventable 46(26-75) 43(25-69) 087 91 (6.3-129) 6.4 (4.1-956) 022 124(753-19.1) 0.00 (0-0.03) <001
Nonpreventable 099 (0.24-2.6) 52(3.2-8.0) <001 12(0.38-29) 25(1.1-456) 024 0.00(0-0.03) 42(17-85) <001
Potential ADEs 54.0 (46.1-62.7) 165.6 (152.4-179.5) <0.01 61.6 (53.5-70.5) 120.9(109.3-133.2) <0.01 44.8 (34.8-56.6) 103.5 87.7-121.1) <0.01
Intercepted 17(059-3.6) 29(14-5.1) 030 27(13-49) 31(15-54) 0.76 14(023-43) 28(087-6.5) 042
Nomintercepted 523 (446-60.9) 1627 (1496-1765 <001  588(509-675  1178(1064-130.0) <001  434(336-55.1)  1007(85.1-1181) <001

NOTE: Abbreviations: ADEs, adverse drug events; CPOE, computerized physician order entry; Post, postimplementation; Pre, preimplementation.

remaining 3 preventable ADEs stemmed from unmo-
nitored use of vancomycin.

DISCUSSION

We evaluated the use of vendor CPOE for hospitalized
patients with renal disease and found that it was asso-
ciated with a 45% reduction in preventable ADEs
related to nephrotoxicity and accumulation of renally
excreted medications. The impact of CPOE appeared
to be related to the level of associated clinical decision
support, where only the most advanced system was
associated with benefit. We observed a significant
increase in potential ADEs with all levels of interven-
tion. Overall, these findings suggest that vendor-
developed applications with appropriate decision sup-
port can reduce the occurrence of renally related pre-
ventable ADEs, but careful implementation is needed
if the potential ADE rate is to fall.

Many of the benefits of CPOE come from clinical
decision support.'' When applied to patients with
renal impairment, CPOE with clinical decision sup-
port has been associated with decreased lengths of

stay,'®*” reduced use of contraindicated medica-
. 72830 . - ~

tions, improved dosing and drug monitor-

ing,'®'2  and  improved general prescribing

practices.””*? Even so, the observed benefit of CPOE
on ADE rates has been variable, with some studies
reporting reductions,””** whereas others are unable to
detect differences.'®>! These studies, however, limited
their case definition of ADEs to strictly declining renal
function,'®*'** or adverse events directly resulting
from anti-infective drugs.?” In contrast, our study
accounted for nephrotoxicity and systemic toxicity
from drug accumulation. Using this broader definition,
we were able to detect large reductions in the rates of
preventable ADEs following CPOE adoption.
Successful decision support is simple, intuitive, and
provides speedy information that integrates seamlessly
into the clinical workflow.>>*¢ However, information
delivery, although necessary, is insufficient for improv-
ing safety. For instance, passive alerts are often
ignored, deferred, or overridden.>*3”*® Demonstrat-
ing this, Quartarolo et al. found that informing

physicians of the presence of renal impairment using
automated reporting of glomerular filtration rates did
not change prescribing behavior.®” In contrast, provid-
ing active feedback (with dosing recommendations)
was observed to be more useful in effecting change.*’
Chertow et al. further showed that providing an
adjusted dose list with a default dose and frequency at
the time of order entry for patients with renal insuffi-
ciency improved appropriate ordering and was associ-
ated with a decreased length of stay.'® Altogether,
these studies help to explain why only CPOE with
clinical decision support equipped to provide renally
adjusted dosing and monitoring was associated with a
reduction in preventable ADEs in our study.

However, in contrast to reports of internally devel-
oped systems,”**° potential ADE rates actually rose
during the follow-up portion of our study. These
appeared to be chiefly related to customized order sets
with the potential of overdosing drugs through thera-
peutic duplication, a problem that is commonly
known to be associated with CPOE (ie, new orders
that overlap with other new or active medication
orders, which may be the same drug itself or from
within the same drug class, with the risk of over-
dose).*** Of note, our findings give rise to several
key implications. First, hospitals implementing
vendor-developed CPOE systems may be at greater
risk of incurring potential ADEs compared to those
using home-grown systems, which have comparatively
gone through more cycles of internal refinement. As
such, it is necessary to monitor for issues postimple-
mentation and respond with appropriate changes to
achieve successful system performance.>**¢ Second,
although the rate of potential ADEs (near misses)
increased, preventable ADEs decreased because some
of these errors were intercepted, whereas others were
averted simply because of chance. Of note, not all
potential ADEs have the same potential for injury;
more serious cases are more likely to result in actual
ADEs (eg, failure to renally dose acetaminophen likely
poses less potential for harm than prescribing a full
dose of enoxaparin in the setting of severe renal fail-
ure). Third, we found that most potential ADEs could
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TABLE 4. Severity of Events

Preimplementation Postimplementation
Incident No. (%) Average Rate/100 Admissions (95% CI)* No. (%) Average Rate/100 Admissions (95% CI)* P
All ADEs
Fatal 0(0) 0.00 (0-0.0047) 1(14) 0.12(0.007-0.54) 0.52
Life-threatening 343 0.39(0.10-1.0) 344 0.37(0.09-0.95) 0.95
Serious 34 (49.3) 44(31-6.0) 32(47.1) 39(27-54) 0.6
Significant 32 (46.4) 41(29-5.7) 32(47.9) 39(27-54) 0.84
Total 69 (100) 89(7.0-11.2) 68 (100) 8.3(6.5-109) 0.74
Preventable ADES
Fatal 0(0) 0.00 (0-0.0047) 127) 0.00 (0-0.0045) 0.52
Life-threatening 2(32) 0.26 (0.04-0.80) 2(5.6) 0.25 (0.04-0.76) 0.96
Serious 31(50.0) 40(28-56) 19(62.8) 2.3(14-3.9) 0.06
Significant 29 (46.8) 37(25-53) 14(38.9) 1.7(0.97-2.8) 0.02
Total 62 (100) 8.0(6.2-102) 36(100) 44(31-6.0) <0.01
Nonpreventable ADEs
Fatal 0(0) 0.00 (0-0.0047) 0(0) 0.00 (0-0.0045) NS
Life-threatening 1(14.2) 0.13(0.007-0.57) 131) 0.12(0.007-0.54) 097
Serious 3(429) 0.39(0.10-1.0) 13 (40.6) 1.6 (0.88-2.6) 0.03
Significant 3429 0.39(0.10-1.0) 18 (56.3) 22(1.3-34) <0.01
Total 7(100) 090 (0.39-1.7) 32(100) 39(27-54) <001
All potential ADES
Life-threatening 5(1.2) 0.65(0.23-1.4) 33(3.0) 40(2.8-5.6) <0.01
Serious 233 (54.2) 30.1(26.4-34.1) 429(38.4) 52,6 (47.8-57.9) <0.01
Significant 192 (44.6) 24.8 (21.4-284) 653 (58.6) 80.1(74.1-86.4) <0.01
Total 430(100) 55.5 (50.4-60.9) 1115 (100) 136.8 (128.9-145.0) <0.01
Intercepted potential ADES
Life-threatening 0(0) 0.00 (0-0.0047) 142 0.12(0.007-0.54) 0.52
Serious 5(31.2) 0.65(0.23-1.4) 13 (54.2) 1.6 (0.88-2.6) 0.09
Significant 11(68.9) 14(0.74-2.4) 10 (41.6) 1.2(0.62-2.2) 0.74
Total 16 (100) 21(1.2-32) 24 (100) 29(1.9-43) 024
Nonintercepted potential ADES
Life-threatening 5(1.2) 0.65(0.23-1.4) 32(29 39(2.7-54) <001
Serious 228 (55.1) 29.4(258-334) 416(38.1) 51.0 (46.3-56.1) <0.01
Significant 181 (43.7) 234(201-26.9) 643 (58.9) 78.9(73.0-85.2) <0.01
Total 414.(100) 53.4 (48.4-58.7) 1091 (100) 133.9(126.1-142.0) <0.01

NOTE: Abbreviations: ADEs, adverse drug events; CI, confidence interval.

have been averted with a combination of basic (dosing
guidance and drug-drug interactions checks) and
advanced decision support (medication-associated lab-
oratory testing and drug-disease interactions).*?
Therefore, further refinements to existing software are
needed to maximize safety outcomes.

Our study has some limitations. This study was not
a randomized controlled trial, and thus is subject to
potential confounding. Although 6 hospitals were
involved at the study inception,'* one of these hospi-
tals eventually opted not to implement CPOE, and
further declined to participate as a control site. There-
fore, we cannot exclude confounding from secular
trends because we had no contemporaneous control
group. However, the introduction of CPOE was the
main medication safety-oriented intervention during
the study interval, thus arguing against major con-
founding by cointervention. Second, even though it is
possible that classification bias may have been intro-
duced between the preimplementation and postimple-
mentation portions of our study, especially given the
passage of time, it is unlikely. Study personnel under-
went training using a curriculum designed to maintain

continuity across projects, minimize individual vari-
ability, and optimize reproducibility in data collection
and classification, as in a number of previous stud-
ies. ! 1719221 Third, our study is limited by a heteroge-
neous intervention, as varying levels of decision
support were introduced. However, this reflects usual
practice and may be construed as a strength as we
were able to describe the impact of different types of
decision support. Fourth, we enrolled patients with a
large spectrum of renal impairment, and our findings
are not specific to any particular subgroup. However,
our wide recruitment strategy also enhances the gener-
alizability. Finally, our study was restricted to patients
who were exposed to potentially nephrotoxic and/or
renally cleared drugs. As such, we could not deter-
mine whether advanced decision support helped to
eliminate the use of some potentially dangerous medi-
cations altogether, as these cases would have been
excluded from our study. It is possible, therefore, that
our study findings underestimate the true benefit of
clinical decision support.

In conclusion, vendor CPOE implementation in 5
community hospitals was associated with a 45%
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TABLE 5. Adverse Drug Events by Drug Class

ADEs, Preventable, No. (Rate per 100 Admissions)*

ADEs, Nonpreventable, No. (Rate per 100 Admissions)*

P (for Entire P (for Drug

Drug Class Preimplementation Postimplementation Drug Class) Preimplementation Postimplementation Class) Drugs Involved

Cardiovascular 20 (2.6) 18(2.2) 0.63 4(0.52) 16 (2.0) 0.02 Atenolol, bumetanide, captopril,

Diuretics 1(0.13) 2(0.25) 1(0.13) 9(1y) digoxin, furosemide, hydralazine,

B-blockers 0(0.00) 2(0.25) 1(0.13) hydrochlorothiazide,

ACE inhibitors and 16(2.1) 10(12) 2(0.26) 7(0.86) lisinopril,

ARBs sotalol, spironolactong

Antiarrhythmic 3(0.39) 3(0.37)

Viasodilator 0(0.00) 1(0.12)

Analgesics 28(3.6) 4(049) 0.0002 1(013) 5(0.61) 0.15 Acetaminophen and combination

Narcotic 13(17) 4(049) 0(0.00) 5(0.61) pills containing

Non-narcotic 15(1.9) 0(0.00) 1013 0 acetaminophen: Percocet
(oxycodone and acetaminaphen),
Tylenol #3 (codeine and
acetaminophen), Vicodin
(hydrocodone and
acetaminophen), fentanyl,
hydrocodone, meperiding,
morphine, oxycodone

Antibiotics 8(1.0) 13(16) 033 1(0.13) 9(1.1) 0.04 Amikacin, ampicillin and
sulbactam, ciprofloxacin,
cefazolin, cefuroxime,
gatifloxacin,
gentamicin, levofloxacin,
metronidazole, piperacillin
and tazobactam,
tobramycin, vancomycin

Neurotropic drugs 2(0.26) 0(0.00) 028 0 0 - Lithium, midazolam

Sedatives 1(0.13) 0(0.00)

Antipsychotics 1(0.13) 0(0.00)

Diabetes 0 1(0.12) 052 0 1(0.12) 0.52 Glipizide, glyburide

Oral antidiabetics 0 1(0.12) 1(0.12)

Other drugs 4(0.52) 0(0.00) 013 1013 1(0.12) 097 Allopurinol, famotidine

Gastrointestinal drugs 1(0.13) 0(0.00)

Other 3(0.39) 0(0.00) 0 1(0.12)

NOTE: Abbreviations: ACE, angiotensin-converting enzyme; ADEs, adverse drug events; ARB, angiotensin Il receptor blocker.

*Counted as 1 case per patient per drug. One patient may have several ADEs.

reduction in preventable ADE rates among patients
with renal impairment. Measurable benefit was associ-
ated with advanced decision support capable of lab
display, dosing guidance, and medication-associated
laboratory testing. Although the potential benefits of
CPOE systems are far reaching, achieving the desired
safety benefits will require appropriate decision sup-
port, tracking of problems that arise, and systematic
approaches to eliminating them.
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