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Abstract
Introduction Drug–drug interactions (DDIs) have potential to cause patient harm, including lowering therapeutic efficacy. 
This study aimed to (i) determine the prevalence of potential DDIs (pDDIs); clinically relevant DDIs (cDDIs), that is, DDIs 
that could lead to patient harm, taking into account a patient’s individual clinical profile, drug effects and severity of potential 
harmful outcome; and subsequent actual harm among hospitalized patients and (ii) examine the impact of transitioning from 
paper-based medication charts to electronic medication management (eMM) on DDIs and patient harms.
Methods This was a secondary analysis of the control arm of a controlled pre-post study. Patients were randomly selected 
from three Australian hospitals. Retrospective chart review was conducted before and after the implementation of an eMM 
system, without accompanying clinical decision support alerts for DDIs. Harm was assessed by an expert panel.
Results Of 1186 patient admissions, 70.1% (n = 831) experienced a pDDI, 42.6% (n = 505) a cDDI and 0.9% (n = 11) an 
actual harm in hospital. Of 15,860 pDDIs identified, 27.0% (n = 4285) were classified as cDDIs. The median number of 
pDDIs and cDDIs per 10 drugs were 6 [interquartile range (IQR) 2–13] and 0 (IQR 0–2), respectively. In cases where a 
cDDI was identified, both drugs were 44% less likely to be co-administered following eMM (adjusted odds ratio 0.56, 95% 
confidence interval 0.46–0.73).
Conclusion Although most patients experienced a pDDI during their hospital stay, less than one-third of pDDIs were clini-
cally relevant. The low prevalence of harm identified raises questions about the value of incorporating DDI decision support 
into systems given the potential negative impacts of DDI alerts.

Key Points 

Prevalence of DDIs and harm in hospital: 70% of 
patients experienced a potential DDI, 40% a clinically 
relevant DDI and < 1% an actual harm.

In total, < 30% of potential DDIs were clinically rel-
evant.

1 Introduction

Drug–drug interactions (DDIs) have the potential to cause 
patient harm, including lowering therapeutic efficacy [1–3], 
and are associated with greater length of hospital stay and 

healthcare costs [4]. A US national study of more than 2 bil-
lion patient visits revealed that nearly two-thirds of patients 
were on multiple medications, and 23% were prescribed 
high-risk medications [5]. Risk of potential DDIs increases 
with the number of medications prescribed, polypharmacy, 
older age, renal impairment, declining hepatic function and 
the presence of comorbid disease [4–8]. As a result of the 
ageing population and rising rates of drug prescriptions, the 
prevalence of DDIs is increasing [6, 9].

Polypharmacy creates many opportunities for DDIs. A 
2018 systematic review and meta-analysis estimated that 
33% of general inpatients and 67% of intensive care unit 
(ICU) patients experience at least one DDI during their hos-
pital stay [10]. However, the likelihood of harm associated 
with DDIs is dependent on a range of contextual factors 
related to the drug, patient and clinical setting. For example, 
in some cases, a DDI is unlikely to be clinically significant 
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when a drug is given as a one-off dose, for example, the con-
current use of prednisone and once-only ibuprofen. Hence, 
it is valuable to identify clinically relevant DDIs (cDDIs), 
defined as DDIs that could lead to patient harm, taking into 
account a patient’s individual clinical profile, drug effects 
and severity of any potential harmful outcome. Nonetheless, 
only a limited number of studies have examined DDIs that 
are clinically relevant among hospitalised patients [10]. One 
previous study reported the prevalence of cDDIs [11], but 
clinical and pharmacological risk factors related to DDIs 
identified in this study were not specified or comprehensive. 
Only one study was identified to have examined actual harm 
to patients as a result of DDIs [12].

Electronic medication management (eMM) systems (or 
computerised provider order entry systems, CPOE), have 
been increasingly implemented in hospitals worldwide. 
These systems replace paper-based medication charts and 
allow computerised prescribing, review and administration 
of medications. eMM systems typically include clinical deci-
sion support (CDS) to assist clinicians in managing the risk 
of DDIs. Alerts identifying potential DDIs are triggered in 
high numbers at the point of prescribing, raising concerns 
around compliance to alert recommendations, alert fatigue 
and effectiveness [13]. DDI alerts have been the focus of 
much research [14, 15], however, there have been limited 
controlled studies examining the effectiveness of DDI alerts 
to reduce cDDIs and patient harm [13]. We undertook a 
large, controlled pre-post study across five hospitals to deter-
mine the effectiveness of DDI alerts [16], and in this cur-
rent paper we report detailed results from the control arm of 
this study. In particular, our control hospitals transitioned 
from paper-based prescribing to eMM systems, but did not 
implement DDI alerts. This presented us with an opportunity 
to generate evidence on how the transition from paper to 
eMM without accompanying CDS impacts DDIs and patient 
harms.

This paper primarily aimed to report on the prevalence 
and severity of cDDIs and subsequent actual harm during 
admission among hospitalised patients and to identify con-
textual factors associated with cDDIs. As data collection 
occurred at pre- and post-eMM periods, we performed a 
secondary analysis with an aim to examine the impact of 
the transition from paper-based medication charts to eMM 
without accompanying CDS on DDIs and patient harm.

2  Methods

2.1  Study Design, Setting and Population

A multi-site before and after retrospective audit was 
undertaken at three public hospitals in New South Wales, 
Australia. Hospitals A and B were regional acute hospitals 

with 250 and 300 beds, respectively. Hospital C was a met-
ropolitan principal referral hospital with 820 beds. Data 
were collected from study hospitals before and after the 
implementation of each hospital’s eMM system. The eMM 
allowed for electronic prescribing, review and adminis-
tration of medications, but included no specific CDS for 
DDIs. Thus, the prescribing of two potentially interacting 
medications did not result in the triggering of a DDI alert 
for prescribers. The same eMM system was introduced 
across hospitals A and B (Cerner Millennium, https:// 
www. cerner. com/ solut ions/ health- syste ms), whilst hospi-
tal C implemented a different system (MedChart, https:// 
www. medch art. com/).

Study patients were randomly selected from all admit-
ted patients during two time periods: pre- and post-eMM 
implementation (Fig. 1). Patients were excluded if (i) their 
hospital stay was longer than 3 months, (ii) they were in 
a ward/unit without eMM being implemented or with a 
different eMM system (e.g. chemotherapy units, intensive 
care units and some psychiatric wards) or (iii) they were 
in ambulatory care to receive regular intravenous infu-
sions, for example, blood or blood product transfusions 
or dialysis. In addition, anaesthetic charts were excluded 
from chart review due to variations in documentation of 
anaesthetic medications across the study sites. Ethics 
approval was obtained from one of the hospitals’ Human 
Research Ethics Committee (reference no.: 8/02/21/4.07), 
and site-specific governance approval was subsequently 
obtained from all sites.

2.2  Drug–Drug Interaction (DDI) Classification—
Potential and Clinically Relevant DDIs

All medication orders that were active on a patient’s medica-
tion chart on the same calendar date were screened for DDIs 
using Stockley’s Drug Interactions Checker [17], a standard 
international reference used in Australian hospital practice. 
All moderate or severe DDIs specified by Stockley’s were 

Fig. 1  Study design and hospitals (eMM, electronic medication man-
agement)

https://www.cerner.com/solutions/health-systems
https://www.cerner.com/solutions/health-systems
https://www.medchart.com/
https://www.medchart.com/


Drug–Drug Interactions and Actual Harm to Hospitalized Patients

classified as a potential DDI (pDDI). This term was used to 
distinguish DDIs from cDDIs.

The clinical relevance of each pDDI, that is, the prob-
ability and potential for harm to each patient, was assessed 
by trained clinical pharmacists. The pharmacists classified 
the likelihood of clinical relevance as either very unlikely, 
unlikely, possible or likely. In this review process, they iden-
tified 26 contextual factors, including 11 drug factors, 11 
patient factors, two settings factors and two other factors 
that determined whether a pDDI was clinically relevant. See 
Online Resource Table S1 for detailed definitions and exam-
ples of these contextual factors that were considered when 
determining clinical relevance of each pDDI. All pDDIs 
with possible or likely clinical relevance were categorised 
as cDDIs. A step-by-step workflow of the DDI assessment 
process is presented in Online Resource Fig. S1.

2.3  Data Collection

Clinical pharmacists who were trained in the procedures 
described in the study protocol reviewed medication orders 
and medical records [16]. Five clinical pharmacist review-
ers undertook chart review across the three study hospitals. 
All five reviewers were experienced hospital pharmacists, 
but were independent from study hospitals. Reviewers 
documented patient demographics including date of birth, 
sex, admission and discharge date and diagnoses. For each 
patient reviewed during the pre-eMM period, details of 
every medication prescribed during the patient’s admission 
were recorded, including drug name, route, dose, frequency 
and start and end dates. For post-eMM patients, medication 
data were extracted from eMM systems.

Reviewers collected information on whether each drug in 
a DDI pair was administered. A drug was recorded as ‘not 
administered’ if the drug was not administered at all during 
the admission.

2.4  Inter‑Rater Reliability Assessment

Inter-rater reliability testing between the five pharmacist 
reviewers was conducted before commencing independent 
data collection. This was to ensure that all reviewers were 
consistent in identifying contextual factors related to clinical 
significance and classifying the likelihood of clinical rel-
evance of pDDIs. The reviewers were required to achieve a 
minimum Cohen’s Kappa score of 0.7 on contextual factor 
categorisation and 0.8 on clinical significance level, indi-
cating moderate-to-strong level of agreement [18], before 
starting independent data collection.

2.5  Harm Assessment

Medication charts were reviewed by the study pharmacists 
to determine whether medications involved in a cDDI were 
administered to patients concomitantly. The clinically rel-
evant time frame of two interacting drugs was assessed by 
pharmacist reviewers with respect to the pharmacokinetic 
and pharmacodynamic characteristics of each agent on the 
basis of published online databases (MIMS Australia [19] 
and Micromedex [20]). If both medications were admin-
istered within an estimated clinically relevant time frame, 
pharmacist reviewers proceeded to identify whether there 
was evidence that the possible harms associated with the 
cDDI, as described in Stockley’s, had manifested in the 
patient. An in-depth review of patient records was under-
taken to identify signs of possible harm to the patient from 
the cDDI during that hospital admission. This included, for 
example, abnormal findings from clinical examinations or 
vital signs, pathology results, patient symptoms or inter-
ruption to a treatment plan (e.g. prescribing of an antidote). 
For those patients who were identified to have experienced 
potential harm, study pharmacist reviewers prepared case 
studies detailing all relevant information. These case studies 
were reviewed by two clinical pharmacologists (physicians) 
to determine whether actual harm had occurred from cDDIs. 
On the basis of published classifications of DDI severity 
and resulting potential harms [21, 22], the clinical pharma-
cologists independently reviewed the material and made two 
assessments: (i) plausibility that the cDDI caused the identi-
fied harm (unlikely, possible, probable or certain) and (ii) 
severity of harm experienced (no harm, minor, moderate, 
serious or severe). Definitions of each category are in Online 
Resource Tables S2 and S3. The independent assessments 
were compared. Panels, involving the clinical pharmacolo-
gists and study pharmacist reviewers, were convened to dis-
cuss all disagreements and reach consensus on plausibility 
and severity of patient harms in all cases.

2.6  Statistical Analysis

Descriptive summaries of patient demographic and clinical 
characteristics were produced for both pre- and post-eMM 
periods. Summary statistics on pDDIs and cDDIs were pre-
sented, including contextual factors identified when classify-
ing pDDIs as either cDDIs or non-cDDIs. The distributions 
of pDDIs and cDDIs per admission by age, sex and eMM 
were displayed in clustered box plots. The same plots were 
created for the distributions of pDDIs and cDDIs per ten 
unique drugs prescribed during hospital stay, that is, per ten 
active ingredients per admission. Among the pDDIs identi-
fied from patient records, the primary outcome examined 
was occurrence of a cDDI. A cDDI was classified as leading 
to actual harm when its plausibility was rated as probable or 
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certain, and severity as minor or above. Sensitivity analyses 
were conducted and presented using different levels of harm 
plausibility and severity.

To examine the effect of the introduction of eMMs with-
out DDI decision support, three multilevel regression mod-
els were applied to three outcomes of interest (i.e. depend-
ent variable of each model): (1) the occurrence of a cDDI, 
(2) the administration of both medicines identified as con-
tributing to cDDIs and (3) the occurrence of actual harm. 
Mixed-effect multivariable logistic regression models were 
developed with consideration of the correlation of multi-
ple DDIs for the same patients. Study period (pre- versus 
post-eMM) was an explanatory variable of interest. Other 
explanatory variables included study hospital, patient’s age 
group, number of unique drugs prescribed during the admis-
sion and number of medication orders and relevant contex-
tual factors identified by the pharmacist reviewers. These 
variables in the multivariable models were selected on the 
basis of prior knowledge to control for potential confound-
ing. Backwards elimination and forwards addition steps were 
used to arrive at final models. Total number of medication 
orders was excluded from final models due to collinearity 
with number of unique drugs prescribed. Number of unique 
drugs prescribed was found to have a linear association with 
the outcome and thus kept as a continuous variable. Corre-
lation and variance inflation factors were examined, and no 
other collinearity was detected in final models. All statistical 
analyses were performed using SAS 9.4.

3  Results

A total of 1186 patient admissions from 1170 patients were 
included in the study (Table 1). Overall, 55.9% of patients 
were female. Most (79.7%, n = 933) were adults (aged 18 
years and older). The median number of medication orders 
(prescriptions) was 9 orders per admission [interquartile 
range (IQR) 3–18], which is slightly higher than the number 
of unique drugs prescribed (median 7, IQR 3–13). A total of 
1030 admissions (86.8%) had at least two drugs prescribed 
during their hospital stay. The distributions of site, age, sex, 
type of admission and medication orders were similar across 
pre- and post-eMM periods.

3.1  Prevalence of pDDIs and cDDIs

A total of 15,860 pDDIs were identified. At least one pDDI 
was identified in 70.1% of admissions (n = 831), and the 
median number of pDDIs per admission was 4 (IQR 0–13; 
Table 1). Among all pDDIs, 27.0% (n = 4285) were classi-
fied as cDDIs; 42.6% (n = 505) of admissions had a cDDI, 
and the median number of cDDIs per admission was 0 

(IQR 0–2). The median number of pDDIs per admission 
increased with age (Fig. 2A-1) and the median number of 
cDDIs remained low for those aged < 45 years (Fig. 2B-
1). Patients aged 80+ years had the highest number of 
pDDIs and cDDIs per admission (median 10, IQR 3–24 
and 2 IQR 0–5, respectively). The number of pDDIs per 10 
drugs prescribed increased with age and peaked for those 
aged 65–79 years (median 9 IQR 4–17), then decreased 
slightly for those aged 80+ (median 8, IQR 5–15; Fig. 2C-
1). However, patients aged 80+ still had the highest number 
of cDDIs per 10 drugs (median 1.7, IQR 0–3.3, Fig. 2D-1). 
The distributions of DDIs were similar for male and female 
patients.

3.2  Contextual Factors Related to pDDIs Being 
Classified as cDDIs

Overall, drug dose was identified as the most frequently 
occurring contextual factor affecting clinical relevance of 
pDDIs (22.1%, n = 3500; Table 2). Dose was the most com-
mon factor used to determine that a pDDI was unlikely to be 
a cDDI (29.7% of all non cDDIs).

In contrast, ‘patient taking concomitant drugs beyond the 
drug pair identified that contribute to the same pharmaco-
dynamic effect’ (further explanation, see Table 2) was the 
factor most associated with a pDDI being classified as a 
cDDI (55.3% of all cDDIs). The next four most common 
factors associated with a cDDI were: (i) ‘DDI is relevant 
based on the pharmacology of both drugs and the severity of 
the potential outcome (21.0%); (ii) ‘patient has renal/hepatic 
impairment’ (19.6%); (iii) age (14.0%); and (iv) ‘patient has 
a medical condition that may increase significance of DDI’ 
(13.6%).

3.3  Actual Harm Experienced by Patients Due 
to DDIs

Of all 4285 cDDIs, in 2904 cases (67.8%) both medications 
involved in the cDDI were administered to patients within a 
clinically relevant time frame depending on the pharmacoki-
netic and pharmacodynamic characteristics of each medi-
cation (as explained in the Sect. 2). These patient records 
were further reviewed to identify any evidence of harm as 
described in the Sect. 2.

According to our study definition of actual harm, which 
is cDDIs with probable or certain plausibility of causing 
the harm experienced by the patient, 76 cDDIs (1.8% of 
all 4285 cDDIs; Table 3) in 11 patients (0.9% of 1170 
patients) led to actual harm with a severity of minor or 
above. Broadening the definition of actual harm to include 
cDDIs with possible, probable or certain plausibility found 
that 3% of cDDIs in 27 patients led to actual harm with 
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a severity of minor or above. Narrowing the definition of 
actual harm to cases with certain plausibility identified 
actual harm from 0.6% of cDDIs in three patients. Fur-
thermore, no patients experienced serious or severe actual 
harm with certain plausibility.

Table 4 presents examples of cDDIs that resulted in 
patient harm. A range of examples was chosen to demon-
strate harms of different severity and plausibility. Informa-
tion on drugs involved in cDDIs, plausibility of harm and 
level of harm are also included in this table.

Table 1  Patient admission 
characteristics and drug–drug 
interactions (DDIs)

eMMs electronic medication management system; pDDI potential drug–drug interaction; cDDI clinically 
relevant drug–drug interaction; IQR interquartile range; SD standard deviation
a N (%) is the number of patients or admissions and column percentage unless stated otherwise

Characteristic Pre-eMM
N (%)a

Post-eMM
N (%)a

All
N (%)a

Patients, Total number  (row %) 593 (50.7) 577 (49.3) 1170 (100)
Hospital
A 195 (32.9) 170 (29.5) 365 (31.2)
B 168 (28.3) 173 (30.0) 341 (29.1)
C 230 (38.8) 234 (40.6) 464 (39.7)
Sex
Female 341 (57.5) 313 (54.2) 654 (55.9)
Male 252 (42.5) 264 (45.8) 516 (44.1)
Age category (years)
< 1 61 (10.3) 52 (9.0) 113 (9.7)
1–17 65 (11.0) 59 (10.2) 124 (10.6)
18–44 146 (24.6) 135 (23.4) 281 (24.0)
45–64 126 (21.2) 106 (18.4) 232 (19.8)
65–79 120 (20.2) 148 (25.6) 268 (22.9)
80+ 75 (12.6) 77 (13.3) 152 (13.0)
Admission level
Total number of admissions (row %) 597 (50.3) 589 (49.7) 1186 (100)
Admissions with two or more drugs 535 (89.6) 495 (84.04) 1030 (86.8)
Number of orders
 Median (IQR) 9 (4–18) 9 (3–17) 9 (3–18)
 Mean (SD) 13.6 (17.2) 11.9 (12.6) 12.8 (15.1)

Number of drugs
 Median (IQR) 7 (3–13) 7 (2–14) 7 (3–13)
 Mean (SD) 9.2 (7.9) 8.8 (7.7) 9.0 (7.8)

Admissions with a pDDI 420 (70.4) 411 (69.8) 831 (70.1)
Number of pDDIs
 Median (IQR) 4(0–14) 4 (0–13) 4 (0–13)
 Mean (SD) 14.0 (33.7) 12.8(31.1) 13.4 (32.5)

Number of pDDIs per 10 drugs
 Median (IQR) 6 (1–13) 6 (2–12) 6 (2–13)
 Mean (SD) 9.4 (13.0) 9.3 (12.4) 9.3 (12.7)

Admissions with a cDDI 255 (42.7) 250 (42.4) 505 (42.6)
Number of cDDIs
 Median (IQR) 0 (0–2) 0 (0–2) 0 (0–2)
 Mean (SD) 2.8 (9.1) 2.1 (6.3) 2.4 (7.8)

Number of cDDIs per 10 drugs
 Median (IQR) 0 (0–3) 0 (0–3) 0 (0–3)
 Mean (SD) 2.43 (5.5) 2.46 (5.9) 2.45 (5.7)
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A-1: pDDIs per admission by age group A-2: pDDIs per admission by sex A-3: pDDIs per admission by eMM

B-1: cDDIs per admission by age group B-2: cDDIs per admission by sex B-3: cDDIs per admission by eMM

Fig. 2  Number of potential drug–drug interactions (pDDIs) and clinically relevant DDIs (cDDIs) per admission and per ten drugs (active ingredients) 
by age group, sex and before or after implementation of electronic medication management (eMM)
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C-1: pDDIs per 10 drugs by age group C-2: pDDIs per 10 drugs by sex C-3: pDDIs per 10 drugs by eMM

D-1: cDDIs per 10 drugs by age group D-2:L cDDIs per 10 drugs by sex D-3: cDDIs per 10 drugs by eMM

Fig. 2  (continued)
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3.4  Distribution of DDIs and associated patient 
harms before and after introduction 
of the electronic medication management 
(eMM) system

The distributions of pDDIs and cDDIs across study periods 
(pre- and post-eMM) were similar, as presented in Table 1 
and shown in Fig. 2. In the pre-eMM period, 27.1% of 
pDDIs were classified as cDDIs and a similar proportion 
(26.9%) was found in the post-eMM period (Table 5). The 

implementation of eMM was not associated with signifi-
cant changes in the occurrence of cDDIs on the basis of the 
multilevel model after accounting for patient-level cluster 
and adjusting for hospital, patient age, number of drugs and 
relevant contextual factors [adjusted odds ratio (AOR) 1.14, 
95% CI 0.73–1.77].

Among all cDDIs, the proportion of cases in which both 
drugs were administered decreased from 72.9% before the 
implementation of eMM to 61.9% after the implementation 
(Table 5). The likelihood of both drugs being administered 

Table 2  Contextual factors identified in all potential drug–drug interactions (pDDIs) to determine whether classified as clinically relevant drug–
drug interactions (cDDIs)

a See Online Resource Table S1 for detailed explanation and example of each factor
b N (%) is the number of DDIs and column percentage unless stated otherwise
c With or without the same mechanism of action. For example, in a patient who was prescribed morphine in addition to a DDI pair of oxycodone 
and amitriptyline, the morphine further contributed to the CNS depressant effect of the DDI pair

Contextual  factorsa cDDIs
N (%)b

Non cDDIs
N (%)b

All pDDIs
N (%)b

Total Number (row %) 4285 (27.0) 11,575 (73.0) 15,860
Drug factors (11)
Dose 61 (1.4) 3439 (29.7) 3500 (22.1)
Route 8 (0.2) 1174 (10.1) 1182 (7.5)
Formulation 4 (0.1) 19 (0.2) 23 (0.1)
Duration/frequency 23 (0.5) 1077 (9.3) 1100 (6.9)
Timing of doses 43 (1.0) 60 (0.5) 103 (0.6)
Moderate/strong CYP (cytochrome) 3A4 or P glycoprotein inhibitor/inducer 133 (3.1) 0 (0) 133 (0.8)
Affected drug is a sensitive CYP3A4 substrate 18 (0.4) 0 (0) 18 (0.1)
Affected drug has a narrow therapeutic window/is a high-risk medication 99 (2.3) 0 (0) 99 (0.6)
DDI based on drug class or similar drugs and one or both drugs are considered low risk 0 (0) 628 (5.4) 628 (4.0)
Combination unsafe, decreased effect or adverse effect 132 (3.1) 0 (0) 132 (0.8)
DDI is relevant based on the pharmacology of both drugs and the severity of the potential outcome 901 (21.0) 0 (0) 901 (5.7)
Patient factors (11)
Age 601 (14.0) 494 (4.3) 1095 (6.9)
Sex 157 (3.7) 0 (0) 157 (1.0)
Electrolyte imbalance or other laboratory abnormality at time of DDI commencement 78 (1.8) 27 (0.2) 105 (0.7)
Patient has renal/hepatic impairment 838 (19.6) 0 (0) 838 (5.3)
Patient has normal renal function and/or electrolytes 4 (0.1) 192 (1.7) 196 (1.2)
DDI not applicable as patient palliative 0 (0) 25 (0.2) 25 (0.2)
Patient has a medical condition that may increase significance of DDI 582 (13.6) 0 (0) 582 (3.7)
DDI not applicable as patient does not have relevant condition 0 (0) 54 (0.5) 54 (0.3)
Patient stabilised on therapy prior to admission, making DDI outcomes unexpected 0 (0) 229 (2.0) 229 (1.4)
Patient taking concomitant drugs beyond the drug pair identified that contribute to same pharmacody-

namic  effectc
2371 (55.3) 0 (0) 2371 (14.9)

For this patient, combination has desired pharmacological effect where benefit outweighs potential 
risk of DDI

0 (0) 1885 (16.3) 1885 (11.9)

Setting factors (2)
DDI not expected to be clinically important during hospital admission/short term or per Stockley’s 0 (0) 1698 (14.7) 1698 (10.7)
DDI may occur but does not warrant any changes in clinical practice 0 (0) 227 (2.0) 227 (1.4)
Other factors (2)
DDI is unclear and/or conflicting evidence 0 (0) 1624 (14.0) 1624 (10.2)
Other (free type) 1 (< 0.1) 1 (< 0.1) 2 (< 0.1)
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was significantly reduced by 44% in the post-eMM period 
(AOR 0.56, 95% CI 0.43–0.73, p < 0.0001) on the basis 
of the multilevel model after adjusting for other relevant 
factors.

A small reduction in cDDIs that led to actual harm was 
observed using the study definition of probable or cer-
tain plausibility and severity minor or above, from 2.5% 

pre-eMM (95% CI 2.0–3.3% n = 57) to 0.9% post-eMM 
(95% CI 0.6–1.5% n = 19; Table 3). The occurrence of 
cDDIs that led to actual harm when broadening plausibility 
to possible, probable or certain harm of severity minor or 
above was reduced from 3.9% (95% CI 3.2–4.8%, n = 88) in 
the pre-eMM period to 2.0% post-eMM (95% CI 1.5–2.7%, 
n = 40; Table 3), but this change was not significant after 
adjusting for other relevant factors (AOR 0.61, 95% CI 

Table 3  Plausibility and severity level of actual harm that occurred with clinically relevant drug–drug interactions (cDDIs) before and after 
introduction of electronic medication management (eMM)

CIs confidence intervals based on Wilson score interval method; eMM electronic medication management system
a On the basis of the harm associated with medication errors classification (details in Online Resource Tables S2 and S3)
b n is the number of cDDIs unless specified otherwise
c The definition of actual harm applied in this study

Plausibilitya Severity  levela Pre-eMM (N = 2256 
cDDIs, 593 patients)

Post-eMM (N = 2029 
cDDIs, 577 patients)

All (N = 4285 cDDIs, 
1170 patients)

nb % (95%CI) nb % (95% CI) nb % (95% CI)

Possible, probable or certain None 2168 96.1 (95.2, 96.8) 1989 98.0 (97.3, 98.5) 4157 97.0 (96.5, 97.5)
Minor 32 1.4 (1.0, 2.0) 7 0.3 (0.2, 0.7) 39 0.9 (0.7, 1.2)
Moderate 38 1.7 (1.2, 2.3) 10 0.5 (0.3, 0.9) 48 1.1 (0.8, 1.5)
Serious 6 0.3 (0.1, 0.6) 23 1.1 (0.8, 1.7) 29 0.7 (0.5, 1.0)
Severe 12 0.5 (0.3, 0.9) 0 0 (0, 0.2) 12 0.3 (0.2, 0.5)
Actual harm with minor or above severity
Total cDDIs that led to harm 88 3.9 (3.2, 4.8) 40 2.0 (1.5, 2.7) 128 3.0 (2.5, 3.5)
Patients who experienced harm 18 3.0 (1.9, 4.7) 9 1.6 (0.8, 2.9) 27 2.3 (1.6, 3.3)
Actual harm with serious or severe severity
Total cDDIs that led to harm 18 0.8 (0.5, 1.3) 23 1.1 (0.8, 1.7) 41 1.0 (0.7, 1.3)
Patients who experienced harm 4 0.7 (0.3, 1.7) 4 0.7 (0.3, 1.8) 8 0.7 (0.3, 1.3)

Probable or certain None 2199 97.5 (96.7, 98.0) 2010 99.1 (98.5, 99.4) 4209 98.2 (97.8, 98.6)
Minor 19 0.8 (0.5, 1.3) 0 0 (0, 0.2) 19 0.4 (0.3, 0.7)
Moderate 21 0.9 (0.6, 1.4) 6 0.3 (0.1, 0.6) 27 0.6 (0.4, 0.9)
Serious 5 0.2 (0.1, 0.5) 13 0.6 (0.4, 1.1) 18 0.4 (0.3, 0.7)
Severe 12 0.5 (0.3, 0.9) 0 0 (0, 0.2) 12 0.3 (0.2, 0.5)
Actual harm with minor or above  severityc

Total cDDIs that led to harm 57 2.5 (2.0, 3.3) 19 0.9 (0.6, 1.5) 76 1.8 (1.4, 2.2)
Patients who experienced harm 8 1.3 (0.7, 2.6) 3 0.5 (0.2, 1.5) 11 0.9 (0.5, 1.7)
Actual harm with serious or severe severity
Total cDDIs that led to harm 17 0.8 (0.5, 1.2) 13 0.6 (0.4, 1.1) 30 0.7 (0.5, 1.0)
Patients who experienced harm 3 0.5 (0.2, 1.5) 1 0.2 (0.0, 1.0) 4 0.3 (0.1, 0.9)

Certain None 2232 98.9 (98.4, 99.3) 2029 100 (99.8, 100) 4261 99.4 (99.2, 99.6)
Minor 8 0.4 (0.2, 0.7) 0 0 (0, 0.2) 8 0.2 (0.1, 0.4)
Moderate 16 0.7 (0.4, 1.1) 0 0 (0, 0.2) 16 0.4 (0.2, 0.6)
Serious 0 0 (0, 0.2) 0 0 (0, 0.2) 0 0 (0, 0.1)
Severe 0 0 (0, 0.2) 0 0 (0, 0.2) 0 0 (0, 0.1)
Actual harm with minor or above severity
Total cDDIs that led to harm 24 1.1 (0.7, 1.6) 0 0 (0, 0.2) 24 0.6 (0.4, 0.8)
Patients who experienced harm 3 0.5 (0.2, 1.5) 0 0 (0, 0.7) 3 0.3 (0.1, 0.8)
Actual harm with serious or severe severity
Total cDDIs that led to harm 0 0 (0, 0.2) 0 0 (0, 0.2) 0 0 (0, 0.1)
Patients who experienced harm 0 0 (0, 0.6) 0 0 (0, 0.7) 0 0 (0, 0.3)



 L. Li et al.

0.32–1.21; Table 5). There was no significant difference 
when further limiting plausibility to certain (from 1.1%, 95% 
CI 0.7–1.6%, n = 24 in pre-eMM to 0%, 95% CI 0–0.2%, n 
= 0 in post-eMM; Table 3).

4  Discussion

In this large-scale multisite study of 1170 patients, we found 
that 70% of inpatients experienced a pDDI during their hos-
pital stay, 43% experienced a cDDI and < 1% experienced 
probable or certain harm from a cDDI with severity minor 

or above. The prevalence of pDDI in our study is signifi-
cantly higher than the 33% reported in a 2018 meta-analysis 
(reported rate from 0.3–71.1% among 11 included studies) 
[10], 15–45% reported in a narrative review [23] and 58% 
from a systematic review of ICU patients [24], while close 
to the 71% reported in a 2013 Romanian study of 305 hos-
pital internal medicine patients in a single hospital [12]. 
The number of pDDIs per patient in our study (mean 13 per 
patient) was also higher than the 0.3–4.5 reported for general 
hospital inpatients and 1.7–5.0 reported for ICU patients in 
a systematic review [10]. This likely reflects the variability 
in definitions and methods used in identifying pDDIs across 

Table 4  Examplesa of clinically relevant drug–drug interactions (cDDIs) that were determined to result in probable or certain patient harm

a A range of examples was chosen to demonstrate harms of different severity and plausibility
b Interactions between hypoglycaemic agents and corticosteroids are classified as a moderate or severe DDIs by Stockley’s and thus were 
included in the definition of pDDI in this study. The expert panel noted that these drug combinations indicate a drug disease interaction between 
corticosteroids and diabetes mellitus.

Drug 1 Drug 2 Harm that occurred from cDDI Severity 
level of 
harm

Plausibility 
cDDI caused 
harm

Fentanyl 62.5 mcg patch every 3 days Nortriptyline 12.5 mg twice daily Excessive sedation Minor Probable
Olanzapine wafer twice daily (oral/

IM)
Clonazepam 2 mg four times daily Excessive sedation Minor Certain

Oxycodone PCA 100 mg/100 mL Pregabalin 75 mg twice daily Blurry vision, drowsiness and confu-
sion

Moderate Probable

Furosemide 20 mg once daily Ibuprofen 200 mg three times a day Acute kidney injury and worsening 
heart failure

Moderate Probable

Apixaban 5 mg twice daily Clopidogrel 75 mg daily Pulmonary haemorrhage leading to 
dose reduction of apixaban

Moderate Probable

Zuclopenthixol 75 mg once only Paliperidone 3 mg twice daily Excessive sedation including urinary 
incontinence, increased falls risk 
and need for increased observations 
and missed medication doses

Moderate Certain

Warfarin variable dose once daily Meloxicam 15 mg once daily Vaginal haemorrhage Serious Probable
Lantus SoloStar 100 intl units/mL 

subcutaneous solution (insulin 
glargine)b

Prednisolone 25 mg once daily Hyperglycaemia requiring intensive 
monitoring of treatment and fre-
quent treatment changes

Serious Probable

Aspirin 100 mg daily Heparin 25000 units/250 mL, 600 
mL/h, target APTT 60–80 s

Bleed from puncture wound requiring 
intervention and prolonged hospital 
stay

Serious Probable

Mesalazine 4.8 g once daily Mercaptopurine 50 mg once daily Pancytopaenia Serious Probable

Table 5  Clinically relevant drug–drug interaction (cDDI) occurrence, drug administration and harm before and after introduction of electronic 
medication management (eMM)

Note: Adjusted odds ratios (AORs) and confidence intervals (CIs) were estimated from multilevel logistic models accounting for patient-level 
cluster and adjusted for hospital, patient age, number of drugs and relevant contextual factors
eMM electronic medication management system

Outcome Pre-eMM
n/N (%)

Post -eMM
n/N (%)

AOR (95% CI; p)

(1) cDDI (n) among pDDIs (N) 2256/8316 (27.1%) 2029/7544 (26.9%) 1.14 (0.73–1.77; 0.6)
(2) Both drugs in cDDI (N) administered (n) 1645/2256 (72.9%) 1255/2029 (61.9%) 0.56 (0.43–0.73; < 0.0001)
(3) cDDI (N) that led to actual harm (n) 57/2256 (2.5%) 19/2029 (0.9%) 0.62 (0.26–1.48; 0.3)
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different studies and differences in study populations. Our 
study included all inpatients with limited exclusion criteria, 
and thus is more representative of patients admitted to these 
public hospitals than previous studies that have typically 
restricted inclusion to patients prescribed at least one or two 
drugs, or to particular patient cohorts [2, 10]. The inclusion 
of multiple hospitals of different sizes and locations further 
strengthens the generalisability of the results. Careful assess-
ment by experienced pharmacists and clinical pharmacolo-
gists is another strength of this study, as previous studies 
rarely used a pharmacist or physician to evaluate identified 
pDDIs and actual harm [10].

Our study identified cDDIs and reported their preva-
lence, which has rarely been done in previous research [10, 
23]. Our cDDI prevalence rate of 43% is much higher than 
8.8% reported in a Norwegian study of 827 patients [11], 
which investigated a broad range of 13 drug-related prob-
lems, including cDDIs, but did not provide a specific method 
for identifying cDDIs. The difference could be partially 
explained by the lower mean number of drugs for the 827 
patients in this Norwegian study (4.6 vs. 9.0 in our study). 
Polypharmacy is well established as a strong risk factor for 
DDIs [25]. We reported the average number of cDDIs per 
10 drugs (as 2.5, median 0), but this was not reported in the 
Norwegian study, preventing a comparison. Older patients 
experienced a relatively high number of cDDIs per ten drugs 
(median 1.6–1.7) for those aged 65 years and older and age 
was a contextual factor accounting for classification of 14% 
of pDDIs as cDDIs. To the best of our knowledge, this infor-
mation has not been reported in previous studies for hospi-
talized patients.

We further examined the proportion of pDDIs that consti-
tuted cDDIs for patients. In both pre- and post-eMM periods, 
only 27% of all identified pDDIs were classified as cDDIs, 
indicating that pDDIs are not an accurate measure of risk to 
a patient from drug interactions. Although pDDIs are quick 
to identify, designing clinical decision support (CDS) sys-
tems to target pDDIs rather than cDDIs would likely lead 
to alert fatigue, as 73% of pDDIs in our sample were not 
clinically relevant when patient, drug, setting and other con-
textual factors were considered.

Another major strength of this study was the extensive 
chart review undertaken to identify drug, patient, setting and 
other contextual factors related to the clinical relevance of 
DDIs. These could be used when designing future CDS sys-
tems to improve alert effectiveness. Relevant demographic 
and clinical information in electronic medical records, such 
as pathology results and vital signs, could be automatically 
updated in real time to be available at the point of prescrib-
ing. In particular, the key contextual factors identified in 
our study, for example, renal/hepatic impairment, age and 
comorbidity, should be considered when developing alert 
algorithms. Dose and route information would also be 

critical information to incorporate into CDS, as nearly half 
of pDDIs were classified as non cDDIs because of these two 
drug factors (29.7% dose and 10.1% route), and so would 
reduce false positive DDI alerts being generated.

In cases where a cDDI was identified, both drugs were 
less likely to be administered by nurses in the post-eMM 
period compared with the pre-eMM period, although no 
DDI alerts or specific CDS were incorporated into the 
eMM systems in this study. It is possible that eMM systems 
improve visibility of medicine information [26], which may 
make it easier for clinicians to detect DDIs when prescrib-
ing, reviewing or administering medications. Easy access 
to reference material (e.g. DDI databases) at the point of 
care is also a frequently reported benefit of electronic sys-
tems [27]. All staff at study sites also had online access to 
several interaction checkers that are not integrated with the 
eMM system, although we did not investigate utilisation of 
this function during the study. Both improved visibility of 
medication information and easy access to online interaction 
checkers may have improved DDI identification and reduced 
concurrent administration of interacting drug pairs, resulting 
in fewer cDDIs and related harm after the eMM was intro-
duced. Further investigation would be needed to shed light 
on the reasons behind this change.

Our research went further than most previous studies and 
investigated actual harm during hospital admission related 
to cDDIs. We found that 76 cDDIs resulted in actual harm 
with plausibility limited to probable or certain for 11 (0.9%) 
of 1170 patients, which is comparable to the 2.0% (6 out of 
305 patients) reported in a Romanian study [12]. Only about 
35% of our randomly selected study patients were aged 65 
years and older, which might contribute to this low rate of 
harm, as old age is a known risk factor for DDIs and related 
harm [6]. However, only four of these patients were found 
to experience serious or severe actual harm (with 30 cDDIs; 
Table 3). With plausibility limited to certain, no patients 
experienced serious or severe actual harm. Given the rela-
tively low rates of serious or severe harm, these findings 
raise questions regarding the relative value of implementing 
DDI alerts without considering clinical relevance and con-
textual factors including age, renal/hepatic impairment and 
other comorbidities, given the monetary investments in such 
decision support systems and the negative impacts alerts can 
produce (e.g. frustration, alert fatigue, time lost) [28].

This study, and particularly harm identification, was 
limited by information contained in medical records dur-
ing patient hospital stays. Any harms not documented 
or evident in patients’ medical records would have been 
missed, which could be due to limited documentation 
or to harm occurring after hospital discharge. Lack of 
reported harm may not have always reflected the impor-
tance of the DDI identified and instead could have been 
due to the two interacting drugs not being administered 
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together in a clinically relevant time frame. Identification 
of pDDIs relied on Stockley’s Drug Interaction Checker 
and DDIs were assessed only on the basis of the informa-
tion presented by Stockley’s and classified by Stockley’s 
as moderate or severe, which could have resulted in some 
DDIs being missed and in some interactions being classi-
fied as DDIs that were actually drug–disease interactions 
(Table 4). Despite inconsistencies across compendia in 
how DDIs are identified and classified [29], Stockley’s 
is one of the most reputable and frequently used sources 
for identifying DDIs in Australian healthcare settings. 
Furthermore, nearly two-thirds of all randomly selected 
patients in our study were under 65 years of age, which 
reflected the age distribution of patients in our study hos-
pitals. As older patients are more likely to experience 
DDIs and DDI-related harm [2, 30], caution should be 
taken when interpreting or comparing our results with 
other studies of particular patient cohorts, for example, 
age groups and medical conditions.

In conclusion, a large number of inpatients experienced 
potential DDIs but nearly three-quarters of pDDIs were not 
clinically relevant to patients. Contextual factors associated 
with cDDIs identified in this study could be used to design 
more targeted interventions, such as DDI alerts, which trig-
ger only when DDIs are relevant to the patient (e.g. age, 
hepatic/renal impairment, comorbidities) and context. In a 
representative sample of all patients admitted to three Aus-
tralian hospitals, very few cDDIs were associated with seri-
ous or severe actual harm during hospital admission. This 
warrants further thought and investigation on targeting the 
adoption of clinical decision support systems for DDIs to 
those situations where they are most likely to be clinically 
relevant, given the resources required for implementation 
and known negative impact of alerts.
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