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Abstract

Patients admitted to the intensive care unit (ICU) are frequently exposed to potential drug-drug interactions (pDDIs).However, reported frequencies
of pDDIs in the ICU vary widely between studies. This can be partly explained by significant variation in their methodological approach. Insight into
methodological choices affecting pDDI frequency would allow for improved comparison and synthesis of reported pDDI frequencies.This study aimed
to evaluate the association between methodological choices and pDDI frequency and formulate reporting recommendations for pDDI frequency
studies in the ICU. The MEDLINE database was searched to identify papers reporting pDDI frequency in ICU patients. For each paper, the pDDI
frequency and methodological choices such as pDDI definition and pDDI knowledge base were extracted, and the risk of bias was assessed. Each paper
was categorized as reporting a low, medium, or high pDDI frequency.We sought associations between methodological choices and pDDI frequency
group. Based on this comparison, reporting recommendations were formulated. Analysis of methodological choices showed significant heterogeneity
between studies, and 65% of the studies had a medium to high risk of bias. High risk of bias, small sample size, and use of drug prescriptions instead
of administrations were related to a higher pDDI frequency. The findings of this review may support researchers in designing a reliable methodology
assessing pDDI frequency in ICU patients. The reporting recommendations may contribute to standardization, comparison, and synthesis of pDDI
frequency studies, ultimately improving knowledge about pDDIs in and outside the ICU setting.
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A drug-drug interaction (DDI) occurs when a drug
affects the pharmacokinetics and/or the pharmacody-
namics of another drug.1 A potential DDI (pDDI) can
be defined as 2 potentially interacting drugs admin-
istered concomitantly.2 Such a pDDI may lead to an
actual DDI, which could result in patient harm.

Patients admitted to the intensive care unit (ICU) are
more likely to experienceDDIs because of often present
polypharmacy, impaired absorption, and reduced renal
and hepatic function.3 Moura et al4 found that pDDIs
are associated with a longer ICU length of stay (LOS).
Freeman et al5 showed that ICU patients with pDDIs
related to QT-prolonging drugs have a higher ICU
mortality rate and longer ICU LOS, compared to
patients without these pDDIs.

A recent systematic review by Fitzmaurice et al6

estimated that 58% of ICU patients are exposed to
pDDIs, with the number of pDDIs per patient ranging
between 1 and 5. However, the pDDI frequency
found in the included studies, varied widely from

0.5 pDDIs per patient to 33.5 pDDIs per patient.
Differences in setting, patient characteristics, and other
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methodological choices such as pDDI knowledge
bases and pDDI definition, have been suggested
as contributing to the variation in reported pDDI
frequencies.6–9 Such variation in methodology hinders
meaningful comparison and synthesis of the results.6–9

To our knowledge, a comprehensive analysis of
methodological choices and their impact on the mea-
sured pDDI frequency has not been reported previ-
ously. More insight into the influence of methodolog-
ical choices on pDDI frequency would allow for better
comparison and data synthesis regarding pDDI fre-
quency in the ICU.6–9 Understanding the true extent of
pDDI problems in ICU patients is important because,
based on the extent of medication safety risks such as
pDDIs, hospitals introduce preventive measures such
as clinical decision support systems (CDSSs). Further-
more, currently no reporting guidelines are available for
studies investigating pDDI frequency in general or in
ICU patients. The reporting guideline for observational
routinely collected health data in pharmacoepidemiol-
ogy (RECORD-PE) is not specifically aimed at studies
reporting pDDI frequencies.10,11 Reporting guidelines
are an important tool, as they increase the reproducibil-
ity and comparability of study results, as well as the
quality of evidence synthesis.

The aim of this study was to evaluate the association
between methodological choices and pDDI frequency
in the ICUand use these findings to formulate reporting
recommendations for pDDI frequency studies in the
ICU setting.

Methods
This study is reported in accordance with the Preferred
Reporting Items for Systematic Reviews and Meta-
Analyses statement (Supplemental Information 1).12

Eligibility Criteria
Original papers in English reporting the frequency of
pDDIs in ICU patients, published between January
2010 and January 2021, were included. Studies in
pediatric ICUs were excluded. To identify potential
papers, we searched the MEDLINE database through
PubMed. Supplemental Information 2 provides details
on the search strategy. Case studies, letters, opinions,
conference papers, dissertations, and systematic reviews
were excluded. Studies focusing on only 1 drug or
pDDI type were excluded, as well as studies focusing
on interactions with herbs, diseases, or nutrients.

Study Selection and Data Collection
Two reviewers (J.K. and T.B.) screened articles for
inclusion based on title and abstract using the web ap-
plication Rayyan.13 Discrepancies were discussed and
resolved by the 2 reviewers. Next, full-text screening for
inclusion was done by 1 reviewer (T.B.). Then, a data

extraction form (see Supplemental Information 3) was
developed to extract relevant information regarding 5
methodological domains, all potentially influencing the
reported pDDI frequency:

• Setting and design: study design, study period, sam-
ple size, hospital type, ICU type, and presence of a
CDSS.

• Eligibility criteria for patient inclusion: criteria based
on the patient’s LOS, or selection of specific ad-
mission days, for example, only the third day of
admission.

• Patient characteristics: age, sex, diagnosis, and LOS.
• pDDI characteristics and outcomes: included drug
types evaluated, number of prescribed drugs, type of
pDDIs evaluated, assessment of clinical relevance of
pDDIs, total number of pDDIs, number of pDDIs
per patient, and percentage of patients with at least
1 pDDI. When explicitly reported, the number of
pDDIs per patient was taken directly from the paper;
otherwise, it was derived using reported information.

• pDDI detection strategy: pDDI definition, the drug
data source used for pDDI detection, the pDDI
knowledge base used, and whether pDDI detection
was automated or manually.

• The use of a reporting guideline, if stated by the
authors.

Whether drug prescriptions or administrations were
used to detect pDDIs is referred to as “the drug
data source.” The pDDI definition includes whether
pDDIs were counted more than once per patient and
the time frame in which 2 drugs have to be adminis-
tered/prescribed to deem it a pDDI. This time frame
will be further referred to as “gap time.”

Quality Assessment
The quality of studies was assessed by 1 reviewer (T.B.)
with the Risk of Bias (ROB) Tool, designed to assess
bias in population-based prevalence studies.14 This
assessment was validated by a second reviewer (J.K.).
The ROB tool assesses the methodological quality of
the study and the extent to which results may be biased.
The tool comprises 10 items addressing 4 domains
and a summary assessment. Items 1 to 4 assess the
external validity by assessing the domains selection bias
and response bias. Items 5 to 9 assess the internal
validity by assessing the domains measurement bias
and bias related to the analysis. Response options for
individual items were either high risk or low risk. The
summary assessment evaluates the overall ROB based
on responses to the 10 items. Response options for
the summary assessment were low, moderate, or high
ROB.14 Before the quality assessment was carried out,
2 reviewers (T.B. and J.K.) defined for each item in the
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Figure 1. Preferred Reporting Items for Systematic Reviews and Meta-Analyses flow diagram. ICU, intensive care unit; pDDI, potential drug-drug
interaction.

tool how this item should be interpreted in the context
of pDDI detection. The interpretation is explained in
Supplemental Information 4.

Summary Measures
To evaluate the influence of methodological choices
on the measured pDDI frequency, each study’s pDDI
frequency was categorized on the basis of the number
of pDDIs per patient. A Pareto chart was used to
identify natural clusters of studies that share similar
pDDI frequencies. As there were no visible clear-cut
groups on the Pareto chart, we categorized the studies’
frequencies on the basis of tertiles. Each study was
categorized as high, medium, or low frequency. Studies
evaluating severe pDDIs were categorized separately.
Studies evaluating a specific pDDI subtype or patient
population were excluded from categorization, because
their pDDI frequency may deviate from the general
frequency of all pDDI types in all ICU patients. Next,

the groups were analyzed for differences in the above
stated methodological domains.

Based on the findings of this analysis, recommenda-
tions for standardized reporting of the methods and
results of studies investigating pDDI frequency were
formulated for the ICU setting. Factors that could
influence the measured pDDI frequency should be
clearly stated and therefore are included in our recom-
mendations.

Results
Study Selection
In total, 2381 potential articles were identified, of which
finally 26 articles were included. Figure 1 shows a flow
diagram of the selection process.

Study Characteristics
Characteristics of the included studies are presented
in Tables 1 and 2. All 26 studies were observational
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studies, of which 12were prospective, 10were retrospec-
tive and 4 did not report being either. Four studies were
multicenter studies, while 22 (85%) were single-center
studies. Studies were mostly conducted in non-Western
countries (62%). Seventeen studies evaluated pDDIs in
adult patients (65%), 5 studies included all ages (19%), 1
study evaluated pDDIs in the elderly population (4%),
and 3 studies did not report any age restrictions (12%).
Several ICU types were represented, including mixed
ICUs (27%), medical ICUs (15%), cardiac ICUs (15%),
cardiosurgical ICUs (12%), and medicosurgical ICUs
(12%). Five studies (19%) focused on the frequency of
a specific pDDI subgroup or patient group. None of
the studies reported the use of a reporting guideline.

pDDI Frequency
In total, 21 studies assessed the frequency of all pDDI
types, without any selection on pDDI severity (see
Table 1). In this group, the mean number of pDDIs
per patient varied widely, ranging from 0.6 to 33.5.
The percentage of patients with at least 1 pDDI varied
from 28% to 96%. Of these 21 studies, we categorized
the pDDI frequency as low in 5 studies, as moderate
in 5 studies, and as high in 7 studies (see Table 3).
The remaining 4 studies were not categorized because
of their specific pDDI subtype and were therefore
excluded from analysis of methodological choices.15–18

In total, 9 studies assessed the frequency of pDDIs
with a severity level of at least moderate (see Table 2). In
this subgroup, the mean number of pDDIs per patient
varied from 0.2 to 3.33, and the percentage of patients
with at least 1 pDDI varied from 11% to 94%. Of
these 9 studies, we categorized the pDDI frequency as
low in 2 studies, as moderate in 3 studies and as high
in 2 studies (see Table 4). The remaining two studies
were not categorized because of their specific pDDI
subtype and were therefore excluded from analysis of
methodological choices.16,19

Four studies reported the pDDI frequency of all
pDDIs types and the pDDI frequency of pDDIs with
a severity level of at least moderate,16,20–22 and were
therefore represented in both Table 1 and Table 2.

Quality Assessment
Hoy and colleagues’ ROB Tool14 was easy to use and
appropriate to assess the quality of pDDI frequency
studies. The additional notes provided in the appendix
of their article were also helpful in applying the items
to our review.

For 9 studies (35%) the ROB was rated as low, for
7 studies (27%) as medium, and for 10 studies (38%)
as high. The medium and high ratings for ROB were
mostly due to the single-center nature of the studies
(selection bias) and the use of drug prescriptions, which
are seen as a proxy as opposed to drug administrations
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(measurement bias). Table 5 shows the ratings of each
article.

Variation in Patient Characteristics and Setting
Table 3 shows the methodological choices pertaining to
patient characteristics and setting in relation to pDDI
frequency for studies evaluating all pDDI types. From
Table 3, the following can be observed. First, studies
with a high pDDI frequency had fewer restrictions on
admission days or LOS. In the high-frequency group,
2 studies had a restriction on LOS, while in the low-
frequency group, 4 studies had a restriction on LOS
and 1 on admission days. Second, patients in the high-
pDDI-frequency group received more drugs per patient
(median = 11) compared to the medium- (median =
6) and low-frequency (median = 9) groups. Third,
regarding sample size, high-pDDI-frequency studies
had smaller sample sizes (mean = 272) compared to
low-pDDI-frequency studies (mean = 566). Regarding
ICU type, cardiac ICUs seem to be represented more
often in the high-pDDI-frequency group compared to
the medium- and low-pDDI-frequency group. Regard-
ing age and country, no significant differences were
observed among the 3 pDDI-frequency groups.

Table 4 shows the methodological choices pertaining
to patient characteristics and setting in relation to
pDDI frequency for studies evaluating pDDI typeswith
at least moderate severity. Despite the small numbers in
this subgroup, the same patterns apply to this subgroup.

Variation in pDDI Detection and ROB
Table 6 shows the methodological choices pertaining to
pDDI detection strategy and ROB in relation to pDDI
frequency, for studies evaluating all pDDI types. From
Table 6 the following can be observed: First, studies re-
porting a high pDDI frequency had a high ROB (71%),
while in the low-frequency group only 1 study had a
high ROB (20%). Second, in the high-pDDI-frequency
group, drug prescriptions were used more often to
detect pDDIs, as opposed to drug administrations.
In the high-pDDI-frequency group, no study detected
pDDIs based on drug administrations, while in the
low-pDDI-frequency group 2 of 5 studies did. Third,
studies reporting low or medium pDDI frequencies
more often used Micromedex23 or a combination of
Micromedex and Lexi-interact24 as pDDI knowledge
base(s). Regarding manual or automated detection,
no significant differences were observed among the
frequency groups.

Table 7 shows the methodological choices pertaining
to pDDI detection strategy and ROB in relation to
pDDI frequency, for studies evaluating pDDI types
with at least moderate severity. Despite the small num-
bers in this subgroup, the same patterns apply.
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ğl
u
et

al
44

M
ed
iu
m

M
od

er
at
e/
m
aj
or
/c
on

tr
ai
nd

ic
at
edPr

es
cr
ip
tio

ns
M
an
ua
l

N
ot

re
po

rt
ed

N
ot

re
po

rt
ed

Le
xi
-in

te
ra
ct

an
d

M
ic
ro
m
ed
ex

2
H
ig
h

Ba
ni
as
ad
ie
t
al
45

H
ig
h

M
aj
or
/c
on

tr
ai
nd

ic
at
ed

Pr
es
cr
ip
tio

ns
M
an
ua
l

N
ot

re
po

rt
ed

D
D
Is
w
er
e
co
un

te
d

on
ly
on

ce
pe
r
pa
tie

nt
Le
xi
-in

te
ra
ct

1
M
ed
iu
m

M
ou

ra
et

al
4

H
ig
h

M
od

er
at
e/
m
aj
or

Pr
es
cr
ip
tio

ns
A
ut
om

at
ed

N
ot

re
po

rt
ed

N
ot

re
po

rt
ed

D
ru
g
In
te
ra
ct
io
ns

Fa
ct
s

1
M
ed
iu
m

IC
U
,i
nt
en
si
ve

ca
re

un
it;
K
B,
kn
ow

le
dg
e
ba
se
;p
D
D
I,
po

te
nt
ia
ld

ru
g-
dr
ug

in
te
ra
ct
io
n;
RO

B,
R
is
k
of

Bi
as

Another important observation is that only 3 studies
specified whether a gap time was applied. Two studies
defined a pDDI as 2 simultaneously administered inter-
acting drugs, while another study defined a pDDI as 2
interacting drugs prescribed within 24 hours. Further-
more, only 2 studies reported howpDDIswere counted.
Both reported that a specific pDDI was counted only
once per patient.

Reporting Recommendations
Based on the analysis of methodological choices, the
reported results in the included studies, and the ROB
evaluation, a set of recommendations was defined for
studies reporting pDDI frequency in the ICU. Table 8
summarizes the recommendations. The recommenda-
tions focus on the Methods and Results section and are
an addition to the existing RECORD-PE guideline.10

Reporting Recommendations: Methods Section

ICU Type. Describe the type of the ICU(s) from
which the patient sample was drawn. For example, the
sample could be drawn from a medical ICU, surgical
ICU, or cardiac ICU, representing different patient
populations with different drug profiles.

Restrictions on the LOS. Indicate whether patients
were excluded on the basis of restrictions regarding
their ICULOS. Some studies exclude ICUpatients with
an LOS of <24 hours. In a previous study, we showed
that patients with a minimum LOS of 24 hours have
a higher pDDI frequency compared to patients with a
shorter LOS.25

Restrictions on Admission Days. Specify if pDDI de-
tection was restricted to specific admission day(s). This
may influence pDDI frequency in 2 ways. First, a short
detection period may lead to an underestimation of
pDDI frequency. Second, ICU patients are more at
risk of a pDDI in the first day(s) of admission.25

For example, Vanham et al26 detected pDDIs only on
the third admission day. Therefore, they may report a
lower pDDI frequency per patient compared to studies
detecting pDDIs on all admission days.

pDDI Prevention Strategies. Describe any type of
pDDI prevention strategy in the ICU, such as a com-
puterized decision support system or active participa-
tion of clinical pharmacists in the ICU. Prevention
strategies are expected to decrease the pDDI frequency
and therefore may be relevant in comparing pDDI
frequencies among studies.27,28

Set of Drugs. Describe the set of drugs included in
the pDDI evaluation. Indicate whether a selection of
drugs was used, based on drug type, medical indication,
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Table 8. Summary of Recommendations for Reporting the Frequency of pDDIs in the ICU

Section/Topic
Methods Item No. Item

ICU type 1 Describe the type of the ICU(s) the patient sample was drawn from.
Set of pDDIs 2 Describe the set of pDDIs evaluated in the study. Indicate which pDDI

knowledge base was used to detect these pDDIs. Indicate whether a
selection of pDDIs was made based on clinical relevance, severity level,

pDDI type, or any other factor.
Set of drugs 3 Describe the set of drugs included in the evaluation of pDDIs. Indicate

whether a selection of drugs was made on the basis of medication type,
medical indication, or any other factor.

Drug data source 4 Describe the drug data source on which pDDI detection was performed,
for example, drug orders, clinical notes. Clearly indicate whether drug

prescriptions or drug administrations were used.
Detection algorithm 5 State the process for detecting pDDIs and indicate whether the process

was manual or automated.
pDDI definition
Gap time 6 Specify what time restrictions were used to define a pDDI. Indicate

whether drugs should be given simultaneously or that a gap time is used
to deem them a pDDI. Indicate whether the gap time takes half-life into

account. Specify the gap time, for example, 24 h.
Counting of the pDDIs 7 Describe how pDDIs were counted, indicate whether specific pDDIs or

pDDI types were counted, and indicate whether a pDDI was counted
more than once in 1 patient.

Restrictions admission days 8 Specify if pDDI detection was restricted to specific admission day(s).
Restrictions length of stay 9 Indicate whether patients were excluded on the basis of restrictions

regarding their ICU length of stay.
pDDI prevention strategies 10 Describe if the ICU uses any type of pDDI prevention strategy, such as a

computerized decision support system.
Results
Number of patients 1 Report the number of patients in the patient sample.
Participants 2 Characterize the patient sample in terms of relevant variables, for example,

age, sex, diagnosis, comorbidities, (predicted) mortality.
Number of pDDIs 3 Report the total number of pDDIs detected.
Number of patients with at least 1 pDDI 4 Report the number and percentage of patients with at least 1 pDDI.
Number of drugs 5 Report the total number of drugs evaluated.
Total length of stay 6 Report the total length of stay of all patients in days.

ICU, intensive care unit; pDDI, potential drug-drug interaction.

or any other factor. The pDDI frequency is expected
to be lower when a selection of drugs is evaluated.
Additionally, some drugs are involved in many pDDIs,
which could also affect the pDDI frequency.

Drug Data Source. Describe the drug data source
from which pDDIs are detected, such as drug orders
or clinical notes. Clearly indicate whether drug pre-
scriptions or drug administrations were used. Using
prescriptions instead of administrations could result in
an overestimation of pDDI frequency because not all
prescribed drugs may be actually administered. Espe-
cially when there are concerns about a pDDI, exposure
to a pDDI may be prevented by canceling prescriptions
and not actually administering the medication.

Set of pDDIs. Describe the set of pDDIs evaluated
in the study and indicate which pDDI knowledge base
was used to detect pDDIs. As there is little concordance
between different pDDI knowledge bases,26 differences

between studies in the use of a pDDI knowledge base
may complicate comparison. The use of different pDDI
knowledge bases, and therefore the use of different
names and pDDI classifications, further complicates
the comparison of frequently occurring pDDIs be-
tween studies. For example, some pDDI knowledge
bases use names based on drug group level, while others
use names based on specific drug level. Regarding the
set of pDDIs used, describe whether the severity of
pDDIs was used as an inclusion or exclusion criterion.
Also, state how severity was assessed, for example,
by using severity levels defined in a pDDI knowledge
base or via expert-based consensus.29 Using severity as
defined in pDDI knowledge bases may bias the results,
because pDDI knowledge bases are not tailored to the
ICU setting.

pDDI Detection Strategy. State the process for de-
tecting pDDIs and indicate whether the process was
manual or automated.
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Gap Time. Specify any time restrictions used to
define a pDDI. Indicate whether 2 drugs should be
given simultaneously or that a gap in time between them
is allowed to deem it a pDDI. Specify the gap time, for
example, 1 admission day or a period of 24 hours or
72 hours. With a longer gap time, more pDDIs will be
detected. While a long gap time may overestimate the
number of pDDIs, using simultaneously administered
drugs may underestimate the number of pDDIs. Al-
though challenging to implement, the optimal strategy
would be taking into account the half-life of drugs for
each pDDI to reduce both under- and overestimation.

Counting of the pDDIs. Describe how pDDIs were
counted, indicate whether specific pDDIs or pDDI
types were counted, and indicate whether a pDDI was
counted more than once per patient. For example, the
pDDI type nonsteroidal anti-inflammatory drugs +
corticosteroids can be represented by 10 000+ com-
binations of drug subtypes, such as the combination
of ibuprofen with dexamethasone or diclofenac with
hydrocortisone.30 Counting all instances of combina-
tions of drug subtypes will result in a substantially
higher pDDI frequency, compared to counting only the
pDDI type once. Each instance of a pDDI increases the
risk of harm; therefore, reporting each instance seems
more appropriate.

Reporting Recommendations: Results Section

General. Researchers should report raw numbers in
addition to summary measures. Providing raw numbers
enables the calculation of alternative outcomemeasures
and facilitates comparison between studies.

Participants. Characterize the patient sample in
terms of relevant variables, for example, age, sex, diag-
nosis, comorbidities, and (predicted) mortality. These
factors may relate to the number of pDDIs identified;
for example, patients with comorbidities in general use
more drugs andmay therefore bemore prone to pDDIs.

Number of Patients. Report the total number of pa-
tients in the patient sample.

Number of pDDIs. Report the total number of pDDIs
detected.

Number of Patients With at Least 1 pDDI. Report the
number and percentage of patients with at least 1
pDDI. This outcome measure is often used in pDDI
studies; therefore, reporting it facilitates comparison
between studies.

Number of Drugs. Report the total number of drugs
evaluated. For example, give the total number of drug
administrations or the total number of drug prescrip-

tions. Clearly indicate howdrugswere counted, whether
drug subtypes were counted and whether a drug could
be counted twice or more per patient.

Total Length of Stay. Report the total LOS of all pa-
tients in days. This enables the calculation of outcome
measures per patient day.

Discussion
Main Findings
This study evaluated the relation between method-
ological choices and pDDI frequency and formulated
reporting recommendations for pDDI detection studies
in the ICU. In line with the recent systematic review
by Fitzmaurice et al,6 the frequency of pDDIs found
in the literature varied widely, from 0.6 pDDIs per
patient to 33.5 pDDIs per patient. Comparison of
methodological choices (patient characteristics, setting,
pDDI detection strategy), and ROB showed significant
heterogeneity between studies. Noteworthy is that 65%
of the studies had a medium or high risk of bias, and
none reported the use of a reporting guideline.

Associations of Methodological Choices and ROB With
pDDI Frequency
In general, studies with a high pDDI frequency had a
higherROB, used drug prescriptions to detect pDDIs as
opposed to drug administrations, had fewer restrictions
regarding LOS or the inclusion of specific admission
days, had a higher number of drugs per patient, and
had smaller sample sizes. Regarding ICU type, cardiac
ICUs are represented more often in the high-pDDI-
frequency studies compared to the medium- and low-
pDDI-frequency studies. A recent study on pDDIs in
the ICU25 shows that pDDIs between QT-prolonging
drugs are the most frequently occurring pDDI type. As
QT-prolonging drugs may be administered more fre-
quently in cardiac ICUs, this may partly explain higher
pDDI frequencies in cardiac ICUs. Regarding country
and median age, no apparent differences among the 3
pDDI frequency groups were found.

What Is Missing in pDDI Frequency Studies?
Important methodological choices including gap
time and whether pDDIs are counted more than
once per patient were rarely reported, despite the
considerable influence these factors may have on
the measured pDDI frequency. Applying the same
gap time for each pDDI does not take into account
half-life and might lead to an overestimation of
pDDIs involving drugs with a short half-life or an
underestimation of pDDIs involving drugs with a long
half-life. Taking into account the half-life of drugs
is complex but could be a worthy future direction.
In addition, no study considered the half-life of
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drugs or the duration of a pDDI. These factors are
important modulators of actual DDI manifestation46

as pharmacokinetic/pharmacodynamic mechanisms
are often time dependent. For example, for pDDIs with
an underlying liver metabolism induction mechanism,
it takes several days to produce an induction effect on
the enzymes involved.47

Strengths and Limitations
This study has several strengths. First, the included
articles span over a period of 11 years. Second, to our
knowledge, this is the first study to analyze different
sources of heterogeneity influencing pDDI frequency.
Third, to analyze heterogeneity, a comprehensive set of
methodological choices potentially influencing pDDI
frequency was evaluated and our findings were trans-
lated into reporting recommendations. Our recommen-
dations extend the RECORD-PE guideline.10 Fourth,
the quality of all included articles was assessed with
a well-established ROB tool. Finally, the results and
recommendations presented in this study are not only
applicable to studies investigating pDDI frequency in
ICU patients but can be generalized to hospitalized
adult patients in general, since standardization in pDDI
definitions and detectionmethods is also lacking there.9

This study has some limitations. First, to review the
literature, only the MEDLINE database was used, and
the search was limited to studies in English. However,
the large sample of studies we searched and found
seems to be representative of other databases, as it
covers 73% of articles included in a recently published
systematic review by Fitzmaurice et al,6 who searched
several databases. Second, as the included studies show
significant heterogeneity, it was not feasible to perform
a statistical analysis, and the effect of the poten-
tial sources of heterogeneity on pDDI frequency was
assessed on the basis of qualitative patterns. Third,
recommendations formulated were primarily based on
what was found in the reviewed articles and therefore
might not include other relevant factors not reported
by these studies. Hence, the recommendations cover
the current literature but might need adaptation in the
future.

Future Research and Implications
The results and recommendations presented in this
study can support researchers in designing a robust and
transparent methodology to evaluate and report pDDI
frequency in the ICU or hospital setting. Addition-
ally, along with RECORD-PE, the recommendations
can be used by reviewers of peer-reviewed journals
for quality assessment of studies reporting pDDI fre-
quency. Future development of a standardized, interna-
tional classification of pDDIs, covering different pDDI
knowledge bases, would further enable comparison

of pDDI frequency across settings and countries and
understanding the true extent of the pDDI problems in
ICU patients.

Conclusion
This systematic review showed significant heterogeneity
between pDDI frequency studies in ICU patients, and
65% of the studies had a medium to high risk of bias,
which complicates the comparison of study outcomes.
Methodological choices such as the drug data source,
sample size, and the choice of pDDI knowledge base
are associated with reported pDDI frequency. To im-
prove comparability of pDDI frequency studies, the re-
porting quality of studies should be improved. A set of
reporting recommendationswas formulated that extend
established guidelines. Our recommendations may con-
tribute to standardization, reproducibility, comparison,
and evidence synthesis of pDDI frequency studies in
and outside the ICU setting, ultimately improving our
knowledge about pDDIs in hospitalized (ICU) patients.
This in turn may inform pDDI prevention strategies
such as CDSSs, contributing to improved medication
safety.

Conflicts of Interest
All authors declare that they have no competing interests and
that they have no financial disclosures.

Author Contributions
T.B., D.D., A.A., N.K., and J.K. conceptualized the study
and designed the methodology. D.D., A.A., N.K., S.E., and
J.K. acquired funding for the study. T.B., E.N., and S.E.
conducted the literature search. T.B. and J.K. conducted title
and abstract inclusion. Full-text inclusion, data extraction,
and data analyses were conducted by T.B. J.K. validated the
data-extraction. D.D., A.A., N.K., and J.K. validated the
data analyses. A.A. and N.K. oversaw the study activities and
provided supervision to the team. T.B. wrote the initial draft
of the manuscript. A.A., D.D., N.K., S.E., E.N., and J.K.
reviewed and edited the manuscript. All authors gave final
approval of the submitted version. All authors agreed to be
accountable for aspects of the work in ensuring that questions
related to the accuracy or integrity of any part of the work are
appropriately investigated and resolved.

Funding
This study was funded by The Netherlands Organization for
Health Research and Development (ZonMw projectnumber:
80-83600-98-40140). The funder had no role in the design of
the study or writing the manuscript.



Bakker et al 719

Availability of Data and Material
The filled out data extraction form is available in Supplemen-
tal Information 3.

Availability of Code
The search terms used for this review are available in Supple-
mental Information 2.

References
1. Hennessy S, Leonard CE, Gagne JJ, et al. Pharmacoepidemi-

ologic methods for studying the health effects of drug-drug
interactions. Clin Pharmacol Ther. 2016;99(1):92-100.

2. Uijtendaal EV, vanHarssel LL,Hugenholtz GW, et al. Analysis
of potential drug-drug interactions in medical intensive care
unit patients. Pharmacotherapy. 2014;34(3):213-219.

3. Wong A, Amato MG, Seger DL, et al. Evaluation of
medication-related clinical decision support alert overrides in
the intensive care unit. J Crit Care. 2017;39:156-161.

4. Moura C, PradoN, Acurcio F. Potential drug-drug interactions
associated with prolonged stays in the intensive care unit: a
retrospective cohort study. Clin Drug Investig. 2011;31(5):309-
316.

5. Freeman BD, Dixon DJ, Coopersmith CM, Zehnbauer BA,
Buchman TG. Pharmacoepidemiology of QT-interval prolong-
ing drug administration in critically ill patients. Pharmacoepi-
demiol Drug Saf. 2008;17(10):971-981.

6. Fitzmaurice MG, Wong A, Akerberg H, et al. Evaluation
of potential drug-drug interactions in adults in the intensive
care unit: a systematic review and meta-analysis. Drug Saf.
2019;42(9):1035-1044.

7. Espinosa-BoschM, Santos-Ramos B,Gil-NavarroMV, Santos-
Rubio MD, Marin-Gil R, Villacorta-Linaza P. Prevalence of
drug interactions in hospital healthcare. Int J Clin Pharm.
2012;34(6):807-817.

8. Dechanont S, Maphanta S, Butthum B, Kongkaew C. Hospital
admissions/visits associated with drug-drug interactions: a sys-
tematic review andmeta-analysis.Pharmacoepidemiol Drug Saf.
2014;23(5):489-497.

9. Zheng WY, Richardson LC, Li L, Day RO, Westbrook JI,
Baysari MT. Drug-drug interactions and their harmful effects
in hospitalised patients: a systematic review and meta-analysis.
Eur J Clin Pharmacol. 2018;74(1):15-27.

10. Langan SM, Schmidt SA, Wing K, et al. The reporting of stud-
ies conducted using observational routinely collected health data
statement for pharmacoepidemiology (RECORD-PE). BMJ.
2018;363:k3532.

11. Enhancing the QUAlity and Transparency Of health Re-
search (EQUATOR). https://www.equator-network.org/. Ac-
cessed November 1, 2021.

12. Moher D, Liberati A, Tetzlaff J, Altman DG, Group P. Pre-
ferred reporting items for systematic reviews and meta-analyses:
the PRISMA statement. PLoS Med. 2009;6(7):e1000097.

13. Ouzzani M, Hammady H, Fedorowicz Z, Elmagarmid A.
Rayyan-a web and mobile app for systematic reviews. Syst Rev.
2016;5(1):210.

14. Hoy D, Brooks P, Woolf A, et al. Assessing risk of bias in
prevalence studies: modification of an existing tool and evidence
of interrater agreement. J Clin Epidemiol. 2012;65(9):934-939.

15. Armahizer MJ, Seybert AL, Smithburger PL, Kane-Gill SL.
Drug-drug interactions contributing to QT prolongation in
cardiac intensive care units. J Crit Care. 2013;28(3):243-249.

16. Amkreutz J, Koch A, Buendgens L, Muehlfeld A, Trautwein
C, Eisert A. Prevalence and nature of potential drug-drug
interactions among kidney transplant patients in a Ger-
man intensive care unit. Int J Clin Pharm. 2017;39(5):1128-
1139.

17. Khan Q, Ismail M, Haider I. High prevalence of the risk factors
for QT interval prolongation and associated drug-drug inter-
actions in coronary care units. Postgrad Med. 2018;130(8):660-
665.

18. Alvim MM, Silva LA, Leite IC, Silverio MS. Adverse events
caused by potential drug-drug interactions in an intensive
care unit of a teaching hospital. Rev Bras Ter Intensiva.
2015;27(4):353-359.

19. Ramos GV, Japiassu AM, Bozza FA, Guaraldo L. Preventable
adverse drug events in critically ill HIV patients: is the detection
of potential drug-drug interactions a useful tool? Clinics (Sao
Paulo). 2018;73:e148.

20. Smithburger PL, Kane-Gill SL, Seybert AL. Drug-drug inter-
actions in the medical intensive care unit: an assessment of
frequency, severity and the medications involved. Int J Pharm
Pract. 2012;20(6):402-408.

21. Farzanegan B, AlehashemM, BastaniM, Baniasadi S. Potential
drug-drug interactions in cardiothoracic intensive care unit of a
pulmonary teaching hospital. J Clin Pharmacol. 2015;55(2):132-
136.

22. Rodrigues AT, Stahlschmidt R, Granja S, Falcao AL,Moriel P,
Mazzola PG.Clinical relevancy and risks of potential drug-drug
interactions in intensive therapy.Saudi Pharm J. 2015;23(4):366-
370.

23. Micromedex Drug-Reax®. Greenwood Village, CO: Truven
Health Analytics; 2020. https://www.micromedexsolutions.com.
Accessed November 1, 2021.

24. Lexicomp.Hudson,OH: Lexicomp Inc.; 2020. http://online.lexi.
com. Accessed November 1, 2021.

25. Bakker T, Abu-HannaA,DongelmansDA, et al. Clinically rele-
vant potential drug-drug interactions in intensive care patients: a
large retrospective observational multicenter study. J Crit Care.
2020;62:124-130.

26. Vanham D, Spinewine A, Hantson P, Wittebole X, Wouters D,
Sneyers B. Drug-drug interactions in the intensive care unit: do
they really matter? J Crit Care. 2017;38:97-103.

27. Klopotowska JE, Kuiper R, van Kan HJ, et al. On-ward
participation of a hospital pharmacist in a Dutch intensive care
unit reduces prescribing errors and related patient harm: an
intervention study. Crit Care. 2010;14(5):R174.

28. Nabovati E, Vakili-Arki H, Taherzadeh Z, et al. Information
technology-based interventions to improve drug-drug interac-
tion outcomes: a systematic review on features and effects. JMed
Syst. 2017;41(1):12.

29. Bakker T, Klopotowska JE, de Keizer NF, et al. Improving
medication safety in the Intensive Care by identifying relevant
drug-drug interactions - results of a multicenter Delphi study. J
Crit Care. 2020;57:134-140.

30. G-standaard. https://www.z-index.nl/g-standaard. Accessed
November 1, 2021.

31. Ali I, Bazzar A, Hussein N, Sahhar E. Potential drug-drug
interactions in ICU patients: a retrospective study. Drug Metab
Pers Ther. 2020;35(3).

32. Ray S, Pramanik J, Bhattacharyya M, Todi S. Prospective ob-
servational evaluation of incidences and implications of drug-
drug interactions induced adverse drug reactions in critically ill
patients. Indian J Pharm Sci. 2010;72(6):787-792.

33. ReisAM,Cassiani SH. Prevalence of potential drug interactions
in patients in an intensive care unit of a university hospital in
Brazil. Clinics (Sao Paulo). 2011;66(1):9-15.

https://www.equator-network.org/
https://www.micromedexsolutions.com
http://online.lexi.com
http://online.lexi.com
https://www.z-index.nl/g-standaard


720 The Journal of Clinical Pharmacology / Vol 62 No 6 2022

34. Shakeel F, Aamir M, Khan AF, Khan TN, Khan S. Epidemi-
ology of potential drug-drug interactions in elderly population
admitted to critical care units of Peshawar, Pakistan. BMC
Pharmacol Toxicol. 2018;19(1):85.

35. Wagh BR, Godbole DD, Deshmukh SS, Iyer S, Deshpande PR.
Identification and assessment of potential drug-drug interac-
tions in intensive care unit patients. Indian J Crit Care Med.
2019;23(4):170-174.

36. Smithburger PL, Kane-Gill SL, Benedict NJ, Falcione BA, Sey-
bert AL. Grading the severity of drug-drug interactions in the
intensive care unit: a comparison between clinician assessment
and proprietary database severity rankings. Ann Pharmacother.
2010;44(11):1718-1724.

37. Ismail M, Khan F, Noor S, et al. Potential drug-drug interac-
tions in medical intensive care unit of a tertiary care hospital in
Pakistan. Int J Clin Pharm. 2016;38(5):1052-1056.

38. Hasan SS, Lim KN, Anwar M, et al. Impact of pharmacists’
intervention on identification and management of drug-drug
interactions in an intensive care setting. Singapore Med J.
2012;53(8):526-531.

39. Shakeel F, Khan JA, Aamir M, Hannan PA, Zehra S, Ullah I.
Risk of potential drug-drug interactions in the cardiac intensive
care units. A comparative analysis between 2 tertiary care
hospitals. Saudi Med J. 2018;39(12):1207-1212.

40. Jain S, Jain P, Sharma K, Saraswat P. A prospective analysis of
drug interactions in patients of intensive cardiac care unit. JClin
Diagn Res. 2017;11(3):FC01-FC04.

41. Jankovic SM, Pejcic AV, Milosavljevic MN, et al. Risk factors
for potential drug-drug interactions in intensive care unit pa-
tients. J Crit Care. 2018;43:1-6.

42. Loj P, Olender A, Slezak W, Krzych LJ. Pharmacokinetic
drug-drug interactions in the intensive care unit - single-centre
experience and literature review. Anaesthesiol Intensive Ther.
2017;49(4):259-267.

43. Askari M, Eslami S, Louws M, et al. Frequency and nature of
drug-drug interactions in the intensive care unit. Pharmacoepi-
demiol Drug Saf. 2013;22(4):430-437.

44. Gulcebi Idriz Oglu M, Kucukibrahimoglu E, Karaalp A, et al.
Potential drug-drug interactions in a medical intensive care
unit of a university hospital. Turk J Med Sci. 2016;46(3):812-
819.

45. Baniasadi S, Farzanegan B, Alehashem M. Important drug
classes associated with potential drug-drug interactions in crit-
ically ill patients: highlights for cardiothoracic intensivists. Ann
Intensive Care. 2015;5(1):44.

46. Bates DW, BaysariMT,DugasM, et al. Discussion of “Attitude
of physicians towards automatic alerting in computerized physi-
cian order entry systems.” Methods Inf Med. 2013;52(2):109-
127.

47. Horn JR. Hansten PD. Disaster: failing to consider the time
course of drug interactions. Pharm Times. 2006;72:30.

Supplemental Information
Additional supplemental information can be found by click-
ing the Supplements link in the PDF toolbar or the Supple-
mental Information section at the end of web-based version
of this article.


