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ORIGINAL INVESTIGATION

Reducing Warfarin Medication Interactions

An Interrupted Time Series Evaluation

Adrianne C. Feldstein, MD, MS; David H. Smith, RPh, MHA, PhD; Nancy Perrin, PhD; Xiuhai Yang, MS;
Steven R. Simon, MD, MPH; Michael Krall, MD, MS; Dean F. Sittig, PhD; Diane Ditmer, PharmD;
Richard Platt, MD, MS; Stephen B. Soumerai, ScD

Background: Computerized decision support reduces
medication errors in inpatients, but limited evidence sup-
ports its effectiveness in reducing the coprescribing of
interacting medications, especially in the outpatient set-
ting. The usefulness of academic detailing to enhance the
effectiveness of medication interaction alerts also is un-
certain.

Methods: This study used an interrupted time series de-
sign. In a health maintenance organization with an elec-
tronic medical record, we evaluated the effectiveness of
electronic medical record alerts and group academic de-
tailing to reduce the coprescribing of warfarin and in-
teracting medications. Participants were 239 primary care
providers at 15 primary care clinics and 9910 patients
taking warfarin. All 15 clinics received electronic medi-
cal record alerts for the coprescription of warfarin and
5 interacting medications: acetaminophen, nonsteroi-
dal anti-inflammatory medications, fluconazole, metro-
nidazole, and sulfamethoxazole. Seven clinics were ran-
domly assigned to receive group academic detailing. The
primary outcome, the interacting prescription rate (ie,

the number of coprescriptions of warfarin-interacting
medications per 10 000 warfarin users per month), was
analyzed with segmented regression models, control-
ling for preintervention trends.

Results: At baseline, nearly a third of patients had an
interacting prescription. Coinciding with the alerts, there
was an immediate and continued reduction in the war-
farin-interacting medication prescription rate (from
3294.0 to 2804.2), resulting in a 14.9% relative reduc-
tion (95% confidence interval, −19.5 to −10.2) at 12
months. Group academic detailing did not enhance alert
effectiveness.

Conclusions: This study, using a strong and quasi-
experimental design in ambulatory care, found that medi-
cation interaction alerts modestly reduced the frequency
of coprescribing of interacting medications. Additional ef-
forts will be required to further reduce rates of inappro-
priate prescribing of warfarin with interacting drugs.

Arch Intern Med. 2006;166:1009-1015

C OPRESCRIBING INTERACT-
ing medications can re-
sult in serious patient
consequences, particu-
larly in patients who re-

ceive warfarin, because of warfarin’s
narrow therapeutic index.1 Medication in-
teractions that accentuate the anticoagu-
lant effect of warfarin increase patient risk
for intracerebral hemorrhage, other bleed-
ing episodes, and death.1 Over 1 million
warfarin prescriptions are dispensed an-
nually in the United States, ranking it
among the top 15 prescription drugs by vol-
ume, and its use is expected to increase as
the population ages.2 The coprescription of
warfarin and drugs associated with signifi-
cant interactions is common—during a
1-year period, more than two thirds of pa-
tients receiving warfarin in a large phar-
macy benefits manager database received
at least 1 interacting medication that in-
creased bleeding risk.3

Decision support through alerts and re-
minders at the time of prescribing has been
shown to be an effective method for re-
ducing medication errors for inpatients.4

Limited sample size has hindered an evalu-
ation of the effect of decision support on
the coprescribing of interacting medica-
tions, however, and even less is known
about the effects of computerized deci-
sion support to improve medication safety
in the outpatient setting. Whether clini-
cian education, such as academic detail-
ing,5 can improve the effectiveness of
medication interaction alert systems is un-
known. Academic detailing has been
shown to be a successful intervention for
improving many types of prescribing.5

In a health maintenance organization
(HMO), using an electronic medical rec-
ord (EMR) with computerized order en-
try and decision support for medications,
we evaluated the effect of EMR alerts for
selected coprescriptions of medications
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that interact with warfarin and compared coprescribing
rates and trends before and after the alerts. This study also
experimentally evaluated the effect of group academic de-
tailing on response to the alert recommendations.

METHODS

The protocol for this study was approved by the institutional
review board within the study HMO. Clinicians provided in-
formed consent for structured interviews and usability testing
of draft EMR alerts during intervention development. Health
maintenance organization members provide consent on en-
rollment to use their medical records for research.

The study was conducted in a nonprofit group model HMO
with 15 primary care clinics and about 450 000 members. Nearly
all the HMO patients taking warfarin have a prescription drug
benefit, and most have been enrolled in the HMO’s anticoagu-
lation clinic to manage warfarin dosing using international nor-
malized ratio (INR) monitoring. The remainder of the care for
patients taking warfarin takes place in the standard inpatient
and outpatient settings.

Electronic databases include patient and health care pro-
vider demographics and pharmacy dispensing data linked
through the health record number that each member receives
on enrollment in the HMO. The databases capture over 95%
of all medical care and pharmacy services members receive.6

STUDY DESIGN AND PARTICIPANTS

This group-randomized trial compared interventions to re-
duce the coprescribing of warfarin and interacting medica-
tions. The unit of randomization was the primary care clinic;
the unit of intervention was the primary care provider; and the
unit of analysis was time (study month). The primary out-
come was the “interacting prescription rate,” defined as the num-
ber of coprescriptions of warfarin-interacting medications per
10 000 warfarin users per month. The effect of the interven-
tions was evaluated using an interrupted time series design, ana-
lyzed with segmented regression models that control for pre-
intervention trends.7

Figure 1 shows the study design and participant flow dur-
ing the trial. The 15 primary care clinics were block random-
ized by the study statistician according to their baseline pre-
scribing error rates generated from data from a prior study8 using

a binary random number generator. All clinics received the EMR
alerting interventions as intended. Of the 113 clinicians eli-
gible to receive academic detailing, 96 (85%) received it. Data
from patients who received any dispensing of warfarin during
the study period (n=9910) were included in the calculation of
the interacting prescription rate for the analyses.

INTERVENTION DESIGN

The intervention development and details have been de-
scribed elsewhere.9,10 We reviewed the study HMO and pub-
lished data regarding the frequency and severity of warfarin
medication interactions.2,11 Based on these data, an expert sub-
group of the formulary committee of the HMO selected the medi-
cation interactions to target. Table 1 gives the 5 targeted in-
teracting medications or medication classes.

We conducted structured interviews with 20 prescribers to
elicit clinician preferences about proposed alerts and aca-
demic detailing.9 We conducted alert discount usability test-
ing12 with 5 clinicians from one clinic assigned to the inter-
vention. In response to the findings, all the medication
interaction alerts were clearly identified as safety alerts, in-
cluded a short description of the clinical issue or risk, and rec-
ommended medication alternatives. When warfarin and a tar-
geted interacting medication were coprescribed, an alert would
appear, whereupon the clinician could click “OK” and pre-
scribe the interacting medication or change the medication. Or
the clinician could type “alt (medication name)” to select the
diagnosis that necessitated the treatment and then select from
among several specific treatment, dose, and schedule options
that appeared in the order entry field. Figure 2 presents a
sample warfarin-acetaminophen medication interaction alert.
Clinicians enter orders and receive alerts only for prescription

15 Primary Care Clinics 
Randomized

7 Clinics: Warfarin Interaction
EMR Alerts and Group 
Academic Detailing

8 Clinics: Warfarin Interaction
EMR Alerts Only

4866 Warfarin-Treated Patients 
Were Included in Analysis

5044 Warfarin-Treated Patients 
Were Included in Analysis

113 Primary Care Clinicians Were
Eligible to Receive EMR Alerts
and Group Academic Detailing
(96 [85%] Received Academic
Detailing)

126 Primary Care Clinicians Were
Eligible to Receive EMR Alerts

Figure 1. Study design and participant flow. EMR indicates electronic
medical record.

Table 1. Medications Interacting With Warfarin,
Adverse Outcomes, and Medication Alternatives Suggested

Interacting
Medication Adverse Outcome

Medication
Alternatives
Suggested

NSAIDs Increased bleeding Single-agent narcotic
(eg, oxycodone,
codeine, or
morphine)

Acetaminophen
(usually in narcotic
combination)*

Increased INR and
bleeding

Single-agent narcotic
(eg, oxycodone,
codeine, or
morphine)

Fluconazole Increased INR and
bleeding

By indication
(eg, nystatin or
clotrimazole)

Metronidazole Increased INR and
bleeding

By indication
(eg, clindamycin,
albendazole,
furazolidone, or
paromomycin
sulfate)

Sulfamethoxazole Increased INR and
bleeding

By indication
(eg, trimethoprim
or nitrofurantoin)

Abbreviations: INR, international normalized ratio; NSAIDs, nonsteroidal
anti-inflammatory drugs (which included aspirin, diflunisal, bromfenac,
diclofenac, etodolac, fenoprofen, flurbiprofen, ibuprofen, indomethacin,
ketorolac, meclofenamate, mefenamic acid, meloxicam, nabumetone,
naproxen, oxaprozin, piroxicam, sulindac, tolmetin, and phenylbutazone).

*Acetaminophen-containing medications included acetaminophen-
codeine, acetaminophen-hydrocodone, and acetaminophen-oxycodone.
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medications. The warfarin-acetaminophen alert provides al-
ternatives for the most common scenario—prescribing a nar-
cotic combined with acetaminophen.

The academic detailing program was tailored for delivery
to small groups of clinicians and included the key aspects of
academic detailing.13 We hypothesized that academic detail-
ing would increase the likelihood of prescribers following the
advice in the EMR medication interaction alerts. Two internal
medicine physicians who were well known and respected within
the HMO delivered the 40-minute educational sessions. The
sessions addressed identified barriers to the use of alerts (eg,
clinician tendency to click though the alerts) using interactive
discussion; referenced credible information sources; and pro-
vided materials describing the clinical risks, alerts, and tools
for later reference.13 A second copy was mailed to clinicians
16 weeks after the educational sessions.

OUTCOMES AND MEASUREMENTS

January 2000 through November 2002 served as the preinter-
vention (baseline) period. From December 2002 to March 2003,
the warfarin-interacting medication alerts were implemented
and the academic detailing was delivered. The alerts remained
active during the postintervention period of April 2003 through
August 2004.

The study analyst assessing the outcomes was blinded to
treatment group assignment. The primary outcome was the “in-
teracting prescription rate” or number of coprescriptions of war-
farin-interacting medications per 10 000 warfarin users per
month. A warfarin user was defined as any patient who had a
supply of warfarin from a prescription written by a study pri-
mary care provider. Coprescription was defined as any over-
lap in the days supplied of medication for warfarin and the tar-
geted medications.

STATISTICAL ANALYSIS

To examine the comparability of the 2 study groups at base-
line, we compared characteristics of clinicians and patients
using unpaired, 2-tailed t tests for continuous variables and
�2 tests for categorical variables.

Given the preplanned use of all of the available primary
care clinics and primary care providers and the availability
of many years of prescription data relevant to patients taking
warfarin, we did not preselect a specific number of time
points, prescriptions, or patients. We determined that the
number of available time points would exceed the range of
12 points before and after an intervention used in similar
segmented regression analyses and that it was adequate to
detect modest effects.7,14

The effect of the EMR alerts with and without academic de-
tailing was estimated using segmented regression models, con-
trolling for preintervention trends.7,14 Calendar month served
as the unit of analysis, with the primary outcome measure being
the interaction event rate. There were 56 monthly intervals: 34
prior to the intervention, 4 when the interventions were de-
livered (the transition period), and 18 after the intervention.
The 4 transition months were not included in the analyses. We
used intention-to-treat principles, so error rates were calcu-
lated using all primary care clinicians and their patients that
were prescribed warfarin regardless of clinician participation
in the interventions.

The models included a constant term, a term for baseline
linear trend, a group variable to indicate study group, and terms
to estimate change in level and change in trend and interac-
tion terms (group by baseline trend, group by change in level,
and group by change in trend) to test the effect of group aca-
demic detailing.14 We used the main effect models to estimate
the absolute and relative differences in warfarin-interacting pre-
scription rates 12 months after the intervention. Analyses were
conducted for each of the interacting drugs alone and the 5 tar-
geted drugs combined using SAS Proc Autoreg (SAS Institute,
Cary, NC) for time series models.

Among interaction events, we used t tests to compare the
mean number of days of prescription overlap with warfarin for
each interacting medication in the 12-month preintervention
and postintervention periods.

RESULTS

BASELINE STUDY
POPULATION CHARACTERISTICS

The baseline characteristics by study group of the par-
ticipating primary care clinics, clinicians, and patients
are presented in Table 2. In the 12 months prior to the
intervention, the mean (monthly) interacting prescrip-
tion rate was 2812 in the alerts plus academic detailing
group and 3259 in the alerts-only group. Warfarin-
acetaminophen coprescriptions accounted for approxi-
mately 80% of the events. Other group characteristics were
similar.

GROUP ACADEMIC DETAILING

In the segmented regression models, the interaction rep-
resenting group differences in baseline trend (P=.22) and
level change after the alerts were implemented (P=.87)
was not significant. The groups were different in slope
after the alerts were implemented but not in the antici-
pated direction, with the control group showing a sharper
decline compared with the academic detailing group
(P=.002). The group variable and associated interac-
tion terms were dropped from the remainder of the analy-
ses because academic detailing did not have the hypoth-
esized effect, and the effect of the alerts was tested across
both groups.

WARFARIN-INTERACTING
MEDICATION ALERTS

The effect of the alerts on interacting prescription rates
is displayed in Figure3. When baseline trends were con-

Figure 2. Sample warfarin-interacting medication alert.
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trolled for, the overall interacting prescription rate de-
creased immediately after the alerts were implemented,
with an estimated reduction of 329.7 interacting pre-
scriptions per 10 000 warfarin users in the first month
(P=.002). The alerts also significantly changed the trend
in the interacting prescription rate, with a preinterven-
tion increasing rate of 1.1 and a postintervention de-
creasing rate of 21.3 (slope change, −22.4; P=.01).

The main contributor to the effect of the alerts was the
effect of the warfarin-acetaminophen alert ( Figure 3B). This
alert alone resulted in an estimated reduction of 311 war-
farin-acetaminophen interacting prescriptions per 10 000
warfarin users in the first month (P=.002) and a slope
change of −22.2 compared with preintervention trends
(P=.009). There was also a significant level change in the
warfarin-fluconazole interacting prescription rate at the time
of the intervention (17.8 fewer events per 10 000 warfarin
users in the first month; P=.04) but a nonsignificant slope
change. The models revealed nonsignificant level changes
for warfarin–nonsteroidal anti-inflammatory medications
(−28.9; P=.60), warfarin-sulfamethoxazole (−4.94; P=.97),
and warfarin-metronidazole (0.86; P=.94) interacting pre-
scription rates at the time of the intervention, as well as non-
significant slope changes for all 3 interacting medications.

Without the alert, the total interacting prescription rate
at 12 months after alert implementation was estimated
to be 3294.0. With the alert, the estimated total inter-
acting prescription rate was 2804.2, representing an ab-
solute reduction of 489.8 events per month (95% con-

fidence interval [CI], −664.9 to −314.7) and a 14.9%
relative reduction (95% CI, −19.5% to −10.2%). For the
warfarin-acetaminophen coprescription, the compa-
rable interacting prescription rates were 2711.0 and
2207.6, representing an absolute reduction of 503.4 in-
teracting prescriptions per month (95% CI, −670.0 to
−336.8) and an 18.6% relative reduction (95% CI, −23.8%
to −13.4%).

Among warfarin-interacting medication prescriptions,
the mean prescription overlap ranged from 4.5 days for flu-
conazole to 23.9 days for nonsteroidal anti-inflammatory
drugs; there were no significant differences in the length
of the overlap periods before and after the interventions.

COMMENT

We found that coprescribing warfarin with interacting
medications was common in the outpatient setting.
More than a third of patients receiving warfarin were
coprescribed 1 of the 5 study medications, and warfa-
rin-acetaminophen coprescription accounted for the
majority of the interacting prescriptions. These findings
are consistent with those from a retrospective review of
a large pharmacy benefits manager database, in which
64.8% of patients taking warfarin received a concurrent
prescription for at least 1 potentially interacting drug,
and acetaminophen-containing products accounted for
22.7% of these.3

Table 2. Baseline Site Characteristics* and Study Population

Variable Total
Academic Detailing

Plus EMR Alerts EMR Alerts Only P Value†

Clinics
No. of sites 15 7 8 NA
Patients per month, mean No. 443 165 219 093 224 072 NA

Interacting Prescription Rates‡
Total No. 3288 2812 3259 �.001

Warfarin-NSAID, No. (%) 578 (17.6) 432 (15.4) 594 (18.2) .003
Warfarin-acetaminophen, No. (%) 2589 (78.7) 2260 (80.4) 2567 (78.8) .12
Warfarin-fluconazole, No (%) 44 (1.3) 45 (1.6) 35 (1.1) .07
Warfarin-metronidazole, No. (%) 36 (1.1) 39 (1.4) 23 (0.7) .009
Warfarin-sulfamethoxazole, No. (%) 41 (1.2) 36 (1.2) 40 (1.2) .85

Study Population
Primary care clinicians, No. 236 110 126 .16
Physicians 172 84 88
Nurse practitioners 27 14 13
Physician assistants 37 12 25

Age, mean ± SD, y 45.4 ± 7.9 45.5 ± 7.9 45.3 ± 8.1 .91
Male, % 55.8 60.0 52.4 .24

Patients prescribed warfarin, No. 4743 2374 2369 NA
Age, mean ± SD, y§ 70.4 ± 13.4 70.6 ± 13.2 70.2 ± 13.6 .27
Warfarin prescriptions, mean No. per patient per month 1.6 1.6 1.6 .56
Male, % 51.9 52.3 51.9 .76

Visits per person, mean ± SD� 22.6 ± 20.0 21.3 ± 18.2 24.3 ± 21.4 �.001

Abbreviations: EMR, electronic medical record; NA, not applicable; NSAID, nonsteroidal anti-inflammatory drug.
*Based on 12 months prior to interventions.
†P values based on proportions in 2 study groups.
‡Warfarin-interacting medication prescriptions per 10 000 warfarin users per month (mean).
§Age measured on last day of month prior to interventions.
�Mean number of visits per person in 12 months prior to interventions.
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After adjusting for baseline trends, implementation of
the EMR alerts was associated with a significant imme-
diate and continuing reduction in the interacting pre-
scription rate, leading to an estimated 15% relative re-
duction in the overall rate at 12 months. Our findings
are consistent with prior research from the inpatient set-
ting, in which computerized physician order entry with
decision support substantially reduced medication er-
rors overall.4 However, in the prior analyses, the small
number of interacting prescriptions did not allow for the
separate evaluation of the effect of decision support on
those events. A prior study of a drug interaction alert sys-
tem in the outpatient setting did not control for prein-
tervention trends.15

Our findings may be important when considering prior
work that supports the potential severity of warfarin in-
teractions. Drug interactions are the most common fac-

tor associated with a critically high INR16 and an in-
creased risk of bleeding.17 Acetaminophen has been
reported by Hylek et al11 to be an unrecognized hazard
for warfarin takers—as little as 1300 mg/d for 7 days in-
creased by 10-fold the odds of an INR greater than 6. How-
ever, it is important to note that the clinical significance
of the acetaminophen-warfarin interaction is not with-
out controversy. The mechanism of this interaction has
only recently been elucidated18 and likely results from
the independent inhibitory effect of an acetaminophen
metabolite on enzymes of the vitamin K cycle. Although
several case reports and controlled studies have re-
ported that acetaminophen potentiates the anticoagu-
lant effect of warfarin,11,19,20 others have not found a clini-
cally relevant interaction.21,22 We found a significant
reduction in warfarin-acetaminophen coprescribing af-
ter the alert was implemented despite the controversy sur-
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Figure 3. Time series of warfarin-interacting medication prescription rates by month (warfarin-interacting medication prescriptions per 10 000 warfarin users per
month). A, Interacting medications (combined); B, warfarin-acetaminophen. Fitted trend lines show predicted values from the segmented regression analysis.
Transition period is the intervention implementation period.
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rounding the clinical significance of the interaction. This
highlights the importance of the careful selection of medi-
cation interactions to target with alerts.

We found no improved effect in the study group that
received group academic detailing. The detailing aimed to
assist clinicians with the use of the medication interaction
alerts andremovebarriers to following thealert advice.How-
ever, well-constructed alerts may be self-explanatory and
provide the just-in-time training that is thought to be a key
feature of successful computerized decision support to im-
prove prescribing.23 The absence of an additional interven-
tion effect from the education may not be especially sur-
prising given the strength of the EMR alerting intervention.
A study of inpatient computerized physician order entry
with computerized decision support24 revealed a strong
effect on reducing potential adverse drug events, and a ro-
bust intervention that better integrated pharmacists into
the care team did not enhance that effect. Despite our find-
ings, academic detailing remains a potentially important
intervention to improve prescribing safety. Also, it is in-
teresting to note that we found a significant slope change
(improvement over time) in the interacting prescription rate
after alert implementation. This may indicate that the alerts
themselves improve clinician awareness of medication in-
teractions, leading to some improvement of the effect over
time while the alerts are active.

Although the reduction of the interacting prescription
rate was sudden and progressive, some may ask why the
rate did not fall further after the alerts were implemented.
Coprescribing warfarin and interacting medications is not
contraindicated in all situations. In fact, acetaminophen
alone or in combination with narcotics may often be the
best medication choice for pain for patients taking warfa-
rin.25 Similarly, the antibiotics targeted here may at times
be the best or only choice for an individual patient. If an
interacting medication is coprescribed, it would be appro-
priate to counsel the patient on the recommended dose limi-
tations and to increase the frequency of INR monitoring.
We did not assess these appropriate actions in response to
alerts; nor did we assess warfarin dose adjustment. Also,
our definition of coprescribing was conservative, that is,
prescription overlap of even a single day was counted. This
could have led to false-positive alerting in cases for which
a short period of prescription overlap was not thought to
be clinically significant and a secondary attenuation of the
effect of the alerts.

This study has several other limitations. There is evi-
dence that clinicians may be more responsive to alerts that
address more severe medication interactions than we evalu-
ated,26 thus our findings may not be generalizable to all
interaction alerts. The only statistically significant effect
found was on the rate of coprescribing of acetaminophen
and warfarin. It is likely that the study was underpow-
ered to detect changes in less frequent coprescribing events.
Also, the study alerts comprised the majority of medica-
tion interaction alerts presenting to clinicians during the
study period. In some settings, clinicians report that they
can be overwhelmed by the sheer volume of alerts,9,26 sug-
gesting that warfarin-interacting medication alerts may be
less effective if competing for attention with alerts for many
medication interactions. Our results thus may not be com-
pletely generalizable to other settings.

We were unable to ascertain patient use of over-the-
counter acetaminophen or how the alerts affected clini-
cian counseling of patients regarding this use. We did
not evaluate the selection of medication alternatives and
their inherent safety, and the study was not designed to
evaluate the effect of the interventions on patient out-
comes. Future research should include these key areas.

While one can never eliminate the possibility that a
cointervention explains the changes we observed in in-
teraction rates, we worked closely with the pharmacy,
information technology, and anticoagulation clinic, and
the programs for patients receiving warfarin remained
stable throughout the study period. Therefore, such a
cointervention is unlikely to explain the sudden and sub-
stantive reduction in the interaction event rate immedi-
ately following the alerts.

In summary, to our knowledge, this is the first study
in ambulatory care with a strong quasi-experimental de-
sign that found that EMR alerts reduced the frequency
of coprescribing of interacting medications. We found
that coprescribing interacting medications with warfa-
rin is common. Given that prior work supports the as-
sociation between warfarin-interacting medication, in-
creased INR, and resultant patient bleeding risk,
implementing EMR alerts for medications interacting with
warfarin should reduce patient morbidity and mortal-
ity. Group academic detailing did not improve the effec-
tiveness of the alerts. Additional studies will be neces-
sary to determine how to maximize the effectiveness of
medication interaction alerts in the outpatient setting.
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