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Abstract: The characterization of drug-drug interactions (DDIs) may require the use of several
different tools, such as the thesaurus issued by our national health agency (i.e., ANSM), the metabolic
pathways table from the Geneva University Hospital (GUH), and DDI-Predictor (DDI-P). We sought
to (i) compare the three tools’ respective abilities to detect DDIs in routine clinical practice and
(ii) measure the pharmacist intervention rate (PIR) and physician acceptance rate (PAR) associated
with the use of DDI-P. The three tools’ respective DDI detection rates (in %) were measured. The
PIRs and PARs were compared by using the area under the curve ratio given by DDI-P (Rayc) and
applying a chi-squared test. The DDI detection rates differed significantly: 40.0%, 76.5%, and 85.2%
for ANSM (The National Agency for the Safety of Medicines and Health Products), GUH and DDI-P,
respectively (p < 0.0001). The PIR differed significantly according to the DDI-P’s Rayc: 90.0%, 44.2%
and 75.0% for Rayc < 0.5; Rayc 0.5-2 and Rayc > 2, respectively (p < 0.001). The overall PAR was
85.1% and did not appear to depend on the Rayc category (p = 0.729). Our results showed that more
pharmacist interventions were issued when details of the strength of the DDI were available. The
three tools can be used in a complementary manner, with a view to refining medication adjustments.

Keywords: medication analysis; drug-drug interaction; pharmaceutical care; prevention

1. Introduction

Drug error is a major concern for inpatients and outpatients. It has been reported
that serious adverse drug reactions were responsible for 6.5% of all admissions to two
large general hospitals in the UK [1]. Similarly, two French studies [2,3] showed that drugs
were responsible for almost 0.7 %0 of serious adverse events and accounted for 4.5% of all
hospital admissions [2,3].

To reduce the risk of adverse drug reactions, prescribing physicians must take account
of several variables: compliance with the indication, the regimen, possible comorbidities
(e.g., renal, hepatic or cardiac failure, individual metabolic particularity) associated with
pharmacokinetic changes, and potential drug-drug interactions (DDISs) [4].

Pharmacokinetic changes are difficult to quantify but can occur at different stages in
the ADME process. Most (but not all) biotransformations are performed by cytochromes
P450 (CYP). The CYP3A4, 2D6, 2C9, 1A2, 2C19 and 2E1 isoforms are responsible for
metabolizing 80% of all drugs [5]. Given that the CYPs are genetically regulated protein
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complexes, their activity can be induced or inhibited by various compounds and various
liver disorders (e.g., cirrhosis). Moreover, gene polymorphisms in certain isoforms (notably
CYP2D6, CYP2C19, and CYP2C9) are potentially responsible for iatrogenic disorders
(i.e., abnormally high or low metabolic activity) in treated patients [6]. These modifications
may result in under- or over-dosing, which in turn can reduce drug effectiveness or lead to
adverse events. It has been reported that between 10% and 30% of DDIs lead to adverse
events [2,3,7] and that DDIs might account for up to 10% of emergency room admissions [8].
Pharmacogenetic modifications or cirrhosis might also lead to (sometimes serious) adverse
events [9-11].

Pharmacists can use several tools to detect and evaluate DDIs [12]. Various DDI
screening programs are commercially available and can be used to decide on dose ad-
justments or medication changes [12]. The programs’ sensitivity for detecting clinically
relevant DDIs has been reviewed [12]. Tools that screen for DDIs must also help physicians
or pharmacists to give accurate advice and thus optimize a patient’s medications. Some
of these DDI checkers have been evaluated in the literature [13,14]. In France, clinical
pharmacists usually look at a drug’s summary of product characteristics (SPC), together
with regulatory guidelines issued by French national health agency (Agence Nationale de
Securité du Meédicament et des Produits de Santé, ANSM, Saint-Denis, France) [15]. A num-
ber of other tools can provide more details, such as the tables summarizing DDIs and
the main metabolic pathways published by Geneva University Hospital (GUH, Geneva,
Switzerland) [16].

DDI-Predictor (www.ddi-predictor.org, accessed on 18 January 2021) is a recently
developed, free, online decision-making tool for characterizing pharmacokinetic mod-
ifications that involve the main CYPs; it notably takes account of possible cirrhosis or
gene polymorphisms in the patient [17]. Using a mathematical model based on the DDIs
observed in humans, DDI-Predictor’s output is quantified as the ratio of the area under
the drug concentration curve (AUC), relative to that of a “standard” patient (Rayc) [18,19].
The AUC corresponds to the change over time in the drug’s concentration in the body.
Hence, Rauc will be greater than 1 in patients with enzyme inhibition, cirrhosis, or a gene
polymorphism that slows drug metabolism. In contrast, Rayc will be less than 1 in cases of
enzyme induction or a gene polymorphism that accelerates drug metabolism. The opposite
is true for pro-drugs. The size of the effect on Rayc gives the pharmacist an idea of the
importance of the phenomenon and helps him/her to advise the physicians on possible
medication adjustments.

The goal of the pharmacist’s analysis is to reduce the occurrence of drug-associated
iatrogenic events [20]. However, a lack of data on certain situations (such as DDIs, cir-
rhosis, or the presence of gene polymorphism) may prevent pharmacist from advising
the physician on medication adjustments. National and international standards, specific
online applications, and SPCs can help the pharmacist to detect potential DDIs or potential
changes in drug metabolism associated with cirrhosis or gene mutations. Although DDI
screening tools may classify the level of risk (e.g., contra-indication, an at-risk combination,
or administration with caution), they rarely indicate how the doses should be modified.
For the last few years, we have been using the GUH tools and DDI-Predictor in our routine
practice, along with the ANSM thesaurus.

The primary objective of the present study was to compare the three reference tools’
abilities to detect DDIs. The secondary objective was to measure the pharmacist interven-
tion rate (PIR) and the physician acceptance rate (PAR) following the use of DDI-Predictor.

2. Results
2.1. Description of the Interactions

Over a 24-month period, a total of 199,000 drug prescriptions were analyzed, and
284 alerts involving DDI-Predictor (i.e., potential DDIs) were generated (Figure 1). 88 alerts
were excluded because of application misuse (n = 33), noninterpretable results (n = 4), or
the presence of cirrhosis (1 = 17). A total of 230 alerts were included in the final analysis.
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Alerts recorded
n=284

Alerts excluded
Results not interpretable
n=4 (1.3%)

Alerts analyzed
n=230 (80.9%)

Application misuse
n=33 (11.2%)
Cirrhosis
n=17 (6.0%)

]

i

DDIs mediated by CYP 3A4, 2D6, 2C9, 2C19 or 1A2
n=196 (85.2%)

Nonclassified DDIs
n=34 (14.7%)

Figure 1. Study flow chart for DDIs.

The tools’ detection rates differed significantly: 92 out of 230 (40.0%), 176 out of
230 (76.5%), and 196 out of 230 (85.2%) for the ANSM thesaurus, the GUH table, and
DDI-Predictor, respectively (p < 0.0001). The results are summarized for inducers and
inhibitors in Table 1, with the ANSM thesaurus as the reference.

Table 1. Comparison of the three tools’ respective abilities to detect DDIs. Numbers not in italics refer to DDIs involving

enzyme inducers, whereas numbers in italics refer to DDIs involving enzyme inhibitors. According to the ANSM thesaurus,

the strength /risk level of a DDI is categorized as 1: a contraindicated drug combination; 2: an at-risk drug combination;

3: a drug combination to be administered with caution; or 4: an interaction to be taken into consideration. In the GUH

uzrr

table, weak and strong interactors are referred to as “i” or “1”, respectively, and weakly and strongly metabolized drugs are
referred to as “m” or “M”, respectively. The strength of the DDI is then categorized as I/M (1), I/m (2), M/i (3), i/m (4), ND
(not detected) or NR (not recorded). The Rayc is quoted as the mean =+ standard deviation.

ANSM GUH DDI-P
- N 1 2 3 4 ND NR N Rauc £0.5 Rauyc 0.5-2 Rauc >2 NR
1 0 0 0 0 0 0 0 0 - - - -
4 2 0 0 0 0 2 4 - - 344 £ 1.15 0
2 12 8 3 0 0 0 1 10 0.22 £ 0.06 1 - 2
10 9 0 0 0 0 1 9 1.74 6.10 £ 5.47 1
3 18 9 1 4 0 2 2 15 0.31 £0.06 0.69 £0.12 - 3
26 18 2 2 0 0 4 21 - 1.71 £0.38 5.03+1.97 5
4 2 0 0 0 0 2 0 1 0.5 - - 1
20 5 8 4 2 0 1 19 - 147 £0.1 2.56 £ 0.84 1
ND 35 15 2 0 1 5 12 29 0.29 £ 0.04 0.765 - 0.24 - 6
100 44 22 12 3 10 9 85 - 1.46 + 0.07 417 £1.14 15
NR 0 0 0 0 0 0 0 0 - - - 0
3 0 0 0 0 0 3 3 - 1.19 £1.97 6.13 0

All four types of DDI defined in the ANSM thesaurus (taken as the reference) were
detected by DDI-Predictor, including the four contraindicated drug combinations. Only two
of the four were detected by the GUH table. Of the 22 at-risk drug combinations, 20 were
detected by the GUH table and 19 were detected by DDI-P. Of the 44 drug combinations to
be administered with caution, 27 were detected by the GUH table and 36 were detected by
DDI-P. Of the 22 interactions to be taken into consideration, 19 were detected by the GUH
table and 20 were detected by DDI-P. Lastly, 138 DDIs were not detected or not recorded by
the ANSM thesaurus; of these, 99 were detected by the GUH table and 117 were detected

by DDI-P,
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2.2. Description of the Pls and PAR Associated with DDI-Predictor

After removing 34 alerts that could not be confirmed as DDIs, we analyzed 196 alerts
(Figure 1).

Overall, the 196 alerts triggered 121 PIs (i.e., PIR = 61.7%). The PIR differed as a
function of Rayc: 90.0%, 44.2% and 75.0% for Rayc < 0.5; Rayc 0.5-2 and Rayc > 2,
respectively (p < 0.001). The overall PAR was 85.1% (103 out of the 121 PIs) (Table 2). The
intergroup differences in the PAR were not significant (p = 0.729). The PIR for at-risk DDIs
(Rauc £ 0.5and Rayc > 2) was 81.5% (75 out of 92), and the PAR in this subgroup of Pls
was 85.3% (64 out of 75).

Table 2. Description of the type of PI and the PAR. * p < 0.0001; ¥ p < 0.729.

Rauc <£0.5 Rayc 0.5-2 Rauc >2
Median 0.28 1.51 3.05
N % N % N %
Pls 36/40 900t  46/104 442 39/52 7501
Dose increase 8/9 88.9 1/1 100 0/0 -
Change in the substrate 13/15 86.7 0/0 - 7/7 100
Dose decrease 0/0 - 4/6 66.7 11/12 91.7
Less frequent dosing 1/1 100 0/0 - 0/0 -
Change in the interactor 0/4 2/2 100 3/3 100
Therapeutic drug monitoring 4/4 100 8/9 88.9 2/4 50
Adverse drug reaction monitoring 5/5 100 24/28 86 9/13 69
Withdrawal of the interactor 1/2 50 - - - -
PAR 32/36  888% 39/46 848% 32/39 820%

A retrospective analysis of the PI and PAR associated with DDI-Predictor highlighted
differences with regard to two other tools (Table 3).

Table 3. Comparison of PIs and PARs for DDI-Predictor, the ANSM thesaurus and the GUH tables. @ p < 0.05; b p <0.001; €

p < 0.001.
N N W Total

Detected Pls PAR PIs PAR PIs PAR -
ANSM 132 (36.1%) 13/13 17 (37.0%) 15/17 20 € (51.3%) 13/20 50 (41.3%)
GUH 252 (69.4%) 21/25 37" (80.4%) 31/37 36 © (92.3%) 30/36 98 (81.0%)

Not detected - - - - - - -
ANSM 23 (63.9%) 19/23 29 (63.0%) 24/29 19 (48.7%) 17/19 71 (58.7%)
GUH 11 (30.6%) 11/11 9 (19.6%) 8/9 3 (7.7%) 2/3 23 (19.0%)

Regardless of the Rayc group, the PIR was higher for the GUH table than for the
ANSM thesaurus. Overall, the PIR was 81.0% for the GUH table and 41.3% for the ANSM
thesaurus (p < 0.0001).

The PIs issued with DDI-Predictor but not detected by the two other tools depended on
the Rayc. For Rayc < 0.5, 43% of the DDI-Predictor’s PIs would have been issued with the
ANSM thesaurus (drug changes because of interactions with rifampicin or carbamazepine);
the PAR was 82%. 55% of the DDI-Predictor’s PIs would have been issued by the GUH
(drug changes because of interactions with rifampicin or dabrafenib); the PAR was 100%.
For Rauc > 2, 44% of the DDI-Predictor’s PIs would have been issued by the ANSM
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thesaurus (dose decreases for drug combinations with fluoxetine and paroxetine); the PAR
was 87%. Use of the GUH table led to PIs for fluoxetine, paroxetine, and grapefruit juice;
the PAR was 66%.

Lastly, an analysis of alerts with Rayc 0.5-2 revealed that the interactors were mainly
strong inhibitors (i.e., fluconazole, paroxetine, fluoxetine, clarithromycin, or amlodipine)
or strong inducers (i.e., rifampicin). The majority of these PIs advised the physician to
monitor for adverse drug reactions because of the risk of overdosing. The PAR for this
subset of PIs was over 80%.

3. Discussion

Medication analyses by a pharmacist help to prevent adverse drug reactions. However,
the data given to pharmacists by several databases are rarely accurate enough to allow
drug therapy to be safely modified in cases of a DDI, cirrhosis, or the presence of gene
polymorphism.

Drug-drug interactions with a true clinical impact are not frequent [21] but require
pharmacists to be vigilant. [22] In the present study, 92 of the 196 of the DDI-Predictor’s
alerts (i.e., more than 40%) were considered to be significant (Rayc < 0.5 or >2) by the
clinical pharmacist. More than 80% of the alerts results in a PI. Cases without a PI concern
situations with limited clinical impact, a slight change in the AUC, the presence of several
interacting drugs in the same prescription, or another cause of pharmacokinetic alterations
(e.g., obesity or kidney failure). These complex cases will prompt the pharmacist and the
physician monitor the patient closely regarding to the difficulty to advise any PL

In our department, the pharmacist first analyses DDIs by reference to the ANSM
thesaurus. The GUH table was published (and thus implemented) before DDI-Predictor.
Our results show that the three tools are complementary—partly because they have different
objectives. The ANSM thesaurus lists DDIs considered to be clinically significant [15]. The
GUH table summarizes in vivo and in vitro data on potential biotransformation pathways
or drug interactions [16]. Rapidly analyzable data improve the pharmacist’s analysis. DDI-
Predictor’s output (Rayc) is calculated using physiologically based pharmacokinetic based
models, which gives the pharmacist and idea of the “strength” of a DDI. Our results showed
that pharmacists were more inclined to issue a PI when details of the DDI were available.
It has been previously shown that the implementation of tools that help pharmacists to
detect and prevent DDIs improves the management of drug therapy-notably in elderly
patients [13]; our present results confirmed this. Moreover, the PIR and PAR values in
Beeler et al.’s study of an on-demand DDI checker were similar to those observed in our
study [14].

Indeed, a significant Ryyc prompted the pharmacist to issue a PI more readily and
was associated with a high PAR. Both the ANSM thesaurus and the GUH table can detect
DDIs with a limited clinical impact (Rayc 0.5-2). In most cases considered to be at-risk
combinations by the ANSM thesaurus, the PI recommended monitoring for side effects or
therapeutic drug monitoring. Our results appear to show that few Pls in this group had a
significant influence on patient care. Therefore, knowledge of the value of RAUC probably
helped the pharmacist to best advise the physician on treatment changes.

Although DDI-Predictor detects contraindicated combinations listed in the ANSM
thesaurus, the detection of other “strong” DDIs differed significantly. Hence, DDI screening
tools should be combined in order to better detect at-risk drug combinations and thus
prevent adverse drug reactions. Indeed, more than the half of the PIs based on DDI-
Predictor were not detected by the ANSM thesaurus. The PAR in this subgroup of events
was over 80%. Our results emphasize the tools” complementarity with regard to their
different objectives and the regularity of their updates, as already pointed out in a literature
review [12]. Clinical decision support systems alert pharmacists and physicians to adverse
drug reactions and medication errors [23]. Pharmacists can use these tools to define rules
for the detection of pharmacokinetic changes (including DDIs), issue PIs, and thus improve
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patient safety [24]. Additional data from DDI-Predictor could be usefully included in
this process.

Nonetheless, the use of DDI-Predictor has several limitations. Firstly, its use depends
on the pharmacist’s level of knowledge of the interacting agents. Most of the recorded
interactions involved very frequently prescribed drugs, and many are also well-known
interactors: carbamazepine [25], rifampicin [26], paroxetine [27,28], fluoxetine [27], and
fluconazole [29]. It is crucial to monitor co-prescribed drugs when judging the significance
of interactions. The fact that the pharmacists were very aware of these drugs’ interactor
potential might explain (at least in part) their high frequency in the database, relative to
drugs with lesser known interacting effects. Indeed, some DDIs might have been omitted
due to a lack of awareness, especially if the drugs are now frequently prescribed. This is
why reviewing PIs can also help raise awareness of DDIs among pharmacists. Although
the lists of drugs change continuously, the application is limited in the testable cases. Thus,
DDI-Predictor cannot analyze all DDIs.

A high proportion of the initially detected alerts (42 out of 284 (14.7%)) could not
be classified. This might be due to (i) the lack of published data in humans or (ii)
drug metabolism by enzymes other than CYPs (e.g., the production of glucuronated
or sulfonated metabolites or substrates for P-glycoprotein or organic anion transporters
(e.g., OATP2B1)) [28]. Further development of DDI-Predictor might resolve these issues.
DDI-Predictor’s algorithm computes Rayc on the basis of linear kinetics, which is a poor
approximation for drugs like phenytoin and voriconazole [29]. DDI-Predictor might com-
plement other databases and thus improve DDI screening.

In the present study, DDI-Predictor was applied to a small proportion of the analyzed
prescriptions. New tools have a learning curve. Some data may not be recorded, and
some interactions may not be detected by pharmacists; this is also a study limitation. The
underuse of DDI-Predictor can be also explained by the fact that some detected DDIs
involved well tolerated home medications. In the absence of poor efficacy or toxicity, Pls
were not issued.

Lastly, some misuses of DDI-Predictor were identified. Indeed, using the wrong
Rauc value or a Rayc computed under different condition might lead to incorrect advice.
Pharmacists must therefore be well trained in use of this application and must receive
well-structured quality assurance documents. Initial and continuing education and training
are essential.

4. Materials and Methods
4.1. The DDI Process Screening

The DDI screening process is shown schematically in Figure 2. Three different tools
were used. If a DDI was suspected, the clinical pharmacist consulted the regularly updated
ANSM thesaurus. This tool was integrated into our prescription analysis software. Other
tools can also be used, including the GUH table and DDI-Predictor. Depending on the
patient’s clinical background, a PI is sent to the attending physician. In the present study,
11 clinical pharmacists and 9 pharmacy residents analyzed prescriptions. All had received
training in the use of these tools.

4.2. Description of the Tools Used

The thesaurus published by the ANSM is the French national reference for detecting
DDIs [15]. It classes DDIs according to the iatrogenic risk encountered by patients if
the drug combination is prescribed. There are four risk levels: a contraindicated drug
combination, an at-risk drug combination, a drug combination to be administered with
caution, and an interaction to be taken into consideration. As this tool has been integrated
into our computerized physician order entry system, it can be used directly for medication
analyses by our clinical pharmacists. If one of the four grades of DDI is detected, other
tools can be used to deepen the analysis. Furthermore, if the DDI is not detected by the
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tool but is strongly suspected by the pharmacist, the GUH table and DDI-Predictor can
also be applied.

Ve

Medical records DDI-Predictor : www.ddi-predictor.org
Medical history y
Iﬁ ——— Inputs :A io (R
‘ * Age<or22years General rule:
| Laboratory data * Drug metabolized bv Ccyp * Rauc 0.5-2.0> No
A ——————— 450 or not modification
‘ Clinical assessment = SO s e * Ruc<050r>20>
\ i * Cirrhosis (if applicable) Suggest a modification
o * Gene polymorphisms (if (pharmacist intervention)
: P applicable) AN 5
> —
St
Oy ?
f"“:;’ e ‘1 Possible recommendations at the time of the analysis:
Coatiadications * Increase or decrease the dose m
Dose Clinica * Dose less frequently Remember

Treatment compliance

Pharmaceutical formulation &/ pharmacist *  Switch to another drug to readjust the

Switch to another interactant treatment  once
the interactor has

been withdrawn

Kidney function
Liver function

DDIs

Impairment of CYP
metabolism

Prescribe therapeutic drug monitoring
Monitor lab/clinical parameters

Figure 2. The DDI screening process.

The GUH table lists (i) the biotransformation pathways of drugs involving the main
CYPs and P-gp, (ii) the main inhibitors of these enzymes, and (iii) the main inducers. The
table is based on a review of the literature data from in vivo and in vitro studies. The
magnitude of the biotransformation (major or minor) and the strength of the induction or
inhibition is given for each drug. [16] This tool is notably of value for completing the data
given in the SPC.

The DDI-Predictor application was created by the Genophar working group of the
University-Hospital from Lyon, France. This group is composed of clinical pharmacists,
pharmacologists, modelers, a biologist and a computer scientist. The website (www.ddi-
predictor.org, accessed on 18 January 2021) was launched in 2013. The working group
regularly updates the data and external evaluations. DDI-Predictor targets the main
CYP isoforms implicated in the drug metabolism (3A4, 2D6, 2C9, 2C19 and 1A2). This
application was used when a medication adjustment could be envisaged in the case of
DDlIs identified by the ANSM thesaurus when precisions were not available or sufficient
on the SPC or when the DDIs was not detected by the ANSM thesaurus but the GUH tool
contributed to identify such DDIL.

DDI-Predictor comprises five modules. The first three are (a) interaction between two
drugs, (b) the drug exposure level in cases of cirrhosis, and (c) the drug exposure level in
patients with polymorphisms in the genes coding for CYP2D6, 2C9 and 2C19. The fourth
and fifth modules result from combining (a) + (b) and (a) + (c), respectively. Moreover,
DDI-Predictor can even? also be used for prescriptions in young children (under the age of
2,1i.e., when the enzyme system is maturing. The lists of substrates, inhibitors and inducers
are predefined.

DDI-Predictor’s algorithm is based on steady-state equations in a physiologically
based pharmacokinetic model [30]. The model has been externally validation ([17] and
on the tool’s web site). The parameters for substrates and interactors were estimated
exclusively from clinical studies: no in vitro data were used [30].

The analyses were performed as follows. On the DDI-Predictor website, the operator
entered the patient’s age (< or >2 years), the name and dose of the substrate (i.e., the
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“victim drug”) and the name and dose of the inhibitor or inducer (the “interactor”). The
DDI-Predictor algorithm then computed the Rayc, as follows:

Rauc = AUC for the substrate administered with the interactor/ AUC for the (1)
substrate administered alone

The Rauc’s 95% tolerance interval was also given [31].

Depending on the magnitude of the Rayc, the pharmacist should suggest one or more
the following medication adjustments: a dose increase, a change in the substrate, a dose
decrease, less frequent dosing, a change in the interactor; therapeutic drug monitoring;
adverse drug reaction monitoring, or withdrawal of the interactor (Figure 2). The following
equation was used to calculate the dose adjustment:

Adjusted dose = Current dose/Rayc 2)

The same equation was used for prodrugs because the Rayc corresponds to the active
metabolite moiety in such cases.

4.3. Data Collection

Data were continuously acquired during routine computer-assisted drug prescription
for inpatients in our institution. After being anonymized, the data were recorded in
a standardized Excel® spreadsheet (Microsoft Corporation, Redmond, WA, USA). The
data analyzed in the present study were generated over 24 consecutive months. The
department’s pharmacists were trained by two expert pharmacists (FM and NS), who
had initially been trained by the DDI-Predictor’s developers. Each pharmacist was asked
to present a clinical case involving DDI-Predictor, in order to check that the application
was being used correctly. Moreover, quality assurance documents (for correct use of
DDI-Predictor and help in interpretating the results) were created at the start of the study.

After using DDI-Predictor, the pharmacist filled out a care report form. In addition to
the date, ward, drug, dosage regimen, and the interactor, the pharmacist noted whether
a PI had been issued (yes/no) and, if so, gave details of the intervention: a change of
drug (yes/no, and the name of the replacement, if applicable), a change of interactor (if
applicable), a dose modification (a dose increase, a dose decrease, or a change in dosing
frequency), therapeutic drug monitoring, and patient monitoring for adverse drug reactions.
The physician’s acceptance (yes/no) of the PI was then recorded. Each PI had to be justified
by the pharmacist, according to a predetermined list: addition of pharmacological effects,
maximum dose reached or exceeded, limited clinical impact, lack of efficiency, a fragile
patient, or a risk of overdosing. Lastly, the absence of a PI also had to be justified-notably
when several interacting drugs or any factors possibly causing of a pharmacokinetic
alteration (kidney failure, obesity, etc.) were present.

4.4. Data Coding

Each tool categorizes the strength or risk level of each detected DDIL

According to the ANSM thesaurus, the strength/risk level of a DDl is categorized as 1:
a contraindicated drug combination; 2: an at-risk drug combination; 3: a drug combination
to be administered with caution; or 4: an interaction to be taken into consideration

The GUH tables classify DDIs into 5 groups, depending on the combination of weak
or strong interactors (i or I, respectively) with weak or strong metabolized drugs (m or M,
respectively): I/M, I/m, M/1, i/m, or no interaction.

Lastly, the mean value of Rayc provided by DDI-Predictor was categorized as
Rauc £ 0.5, Rayc 0.5-2 or Rayc > 2. Rauc < 0.5 and Rayc > 2 correspond to at-risk DDIs.

For each tool, interactions that did not fit into any of the defined categories were noted
as “not recorded”.
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4.5. Data Analysis

Firstly, the tools” respective DDI detection rates (the number of DDIs reported by each
tool, divided by the total number of DDIs recorded during the study, in %) were compared
in a chi-squared test. Secondly, the data produced by DDI-Predictor were described, and
the PIR (as a percentage of the analyzed events) and the PAR (as a percentage of the Pls
issued) were computed. Each type of PI was characterized with the same parameters. The
cases were analyzed according to whether the interacting agent was and enzyme inducer
or an enzyme inhibitor. The PIR and PAR were also analyzed according to the type of
interacting agent and were compared using a chi-squared test. The threshold for statistical
significance was set to p < 0.05.

Lastly, misuse of DDI-Predictor was identified when the pharmacist either (i) high-
lighted a DDI although the criteria defined in the application were not met, or (ii) misinter-
preted the Ryyc. In order quantify the misuse rate over the whole studied period, each
case was reviewed by a pharmacist with expertise in DDI-Predictor (FM).

5. Conclusions

The present study is the first to have described the implementation and use of DDI-
Predictor in routine clinical practice. This web-application is very easy to use, although
pharmacists must be trained to interpret the results correctly-notably with regard to the
patient’s clinical status at the time of the analysis. DDI-Predictor flags up the potential
occurrence of adverse drug reactions and gives the pharmacist more information for
resolving a drug treatment problem. This decision support provided by DDI-Predictor
usefully complements other tools. Further studies are necessary to refine our practice and
to identify factors that might improve PIs and increase the PAR.

Author Contributions: Conceptualization, N.S. and F.M.; methodology N.S. and EM.; formal analy-
sis, EM. and N.S.; investigation, EM., N.S., JW,, M.D.,GK,,5.G, M.P, D.L.,S.B., C.R., B.D.; resources,
EM. and N.S.; data curation, EM.; writing—original draft preparation, EM. and N.S.; writing—review
and editing, EM., N.S.,, M.T.,, B.D., P.O.; supervision B.D. and P.O.; project administration, N.S. All
authors have read and agreed to the published version of the manuscript.

Funding: This research did not receive any third-party funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to their potential reuse for further
analyses and publications.

Acknowledgments: The authors thank David Fraser for editorial assistance.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

Pirmohamed, M.; James, S.; Meakin, S.; Green, C.; Scott, A.K.; Walley, T.].; Farrar, K.; Park, B.K,; Breckenridge, A.M. Adverse drug
reactions as cause of admission to hospital: Prospective analysis of 18 820 patients. BM] 2004, 329, 15-19. [CrossRef]

Michel, P; Lathelize, M.; Domecq, S.; Kret, M.; Bru-Sonnet, R.; Quenon, J.-L.; Minodier, C.; Moty-Monnereau, C.; Chaleix, M.;
Olier, L.; et al. «Les Evénements Indésirables Graves dans les Etablissements de Santé: Fréquence, Evitabilité et Acceptabilité»,
Etudes et Résultats, DREES, n° 761, mai. 2011. Available online: http:/ /www.epsilon.insee.fr/jspui/bitstream/1/13389/1/
article201017.pdf (accessed on 16 December 2020).

Michel, P.; Minodier, C.; Lathelize, M.; Moty-Monnereau, C.; Domecq, S.; Chaleix, M.; Izotte-kret, M.; Bru-Sonnet, R.; Quenon, J.-L.;
Olier, L. «Les Evénements Indésirables Graves Associés aux soins Observés dans les Etablissements de Santé», Dossiers Solidarité
et Santé, DREES, n°® 17. 2010. Available online: http://www.epsilon.insee.fr/jspui/bitstream/1/13389/1/article201017.pdf
(accessed on 16 December 2020).

Strandell, J.; Wahlin, S. Pharmacodynamic and pharmacokinetic drug interactions reported to VigiBase, the WHO global
individual case safety report database. Eur. J. Clin. Pharmacol. 2011, 67, 633-641. [CrossRef]


http://doi.org/10.1136/bmj.329.7456.15
http://www.epsilon.insee.fr/jspui/bitstream/1/13389/1/article201017.pdf 
http://www.epsilon.insee.fr/jspui/bitstream/1/13389/1/article201017.pdf 
http://www.epsilon.insee.fr/jspui/bitstream/1/13389/1/article201017.pdf
http://doi.org/10.1007/s00228-010-0979-y

Metabolites 2021, 11,173 10 of 10

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

31.

Rendic, S. Summary of information on human CYP enzymes: Human P450 metabolism data. Drug Metab. Rev. 2002, 34, 83—-448.
[CrossRef]

Ingelman-Sundberg, M.; Oscarson, M.; McLellan, R.A. Polymorphic human cytochrome P450 enzymes: An opportunity for
individualized drug treatment. Trends Pharmacol. Sci. 1999, 20, 342-349. [CrossRef]

Liu, R.; AbdulHameed, M.D.M.; Kumar, K,; Yu, X.; Wallqvist, A.; Reifman, J. Data-driven prediction of adverse drug reactions
induced by drug-drug interactions. BMC Pharmacol. Toxicol. 2017, 18, 44. [CrossRef]

Hohl, C.M.; Dankoff, J.; Colacone, A.; Afilalo, M. Polypharmacy, adverse drug-related events, and potential adverse drug
interactions in elderly patients presenting to an emergency department. Ann. Emerg. Med. 2001, 38, 666—671. [CrossRef]

De Leon, J.; Barnhill, J.; Rogers, T.; Boyle, J.; Chou, W.H.; Wedlund, PJ. Pilot study of the cytochrome P450-2D6 genotype in a
psychiatric state hospital. Am. J. Psychiatry 1998, 155, 1278-1280. [CrossRef]

Ozdil, B.; Akkiz, H.; Bayram, S.; Bekar, A.; Akgolli, E.; Sandik¢i, M. Influence of CYP2C19 functional polymorphism on
Helicobacter pylori eradication. Turk J. Gastroenterol. 2010, 21, 23-28. [CrossRef]

Franz, C.C.; Egger, S.; Born, C.; Ritz Bravo, A.E.; Krahenbiihl, S. Potential drug-drug interactions and adverse drug reactions in
patients with liver cirrhosis. Eur. J. Clin. Pharmacol. 2012, 68, 179-188. [CrossRef]

Robiek, T.; Vaupotic, T.; Mrahr, A.; Lainscak, M. Drug-drug interaction software in clinical practice: A systematic review. Eur. |.
Clin. Pharmacol. 2015, 71, 131-142.

Zakrzewski-Jakubiak, H.; Doan, J.; Lamoureux, P.; Singh, D.; Turgeon, J.; Tannenbaum, C. Detection and prevention of drug-drug
interactions in the hospitalized elderly: Utility of new cytochrome p450-based software. Am. J. Geriatr. Pharmacother. 2011, 9,
461-470. [CrossRef]

Beeler, P.A.; Eschmann, E.; Rosen, C.; Blaser, J. Use of an on-demand drug-drug interaction checker by prescribers and consultants:
A retrospective analysis in a Swiss teaching hospital. Drug Saf. 2013, 36, 427-434. [CrossRef]

Thésaurus des Interactions Médicamenteuses de 1’ANSM. Available online: http://ansm.sante.fr/var/ansm_site/storage/
original /application/de444ea9eb4bc084905c¢917c902a805f.pdf (accessed on 23 June 2020).

Hopitaux Universitaires de Geneve. Interactions Médicamenteuses, Cytochromes P450 et P-Glycoprotéine (Pgp). Available
online: https:/ /www.hug.ch/sites/interhug/files/structures /pharmacologie_et_toxicologie_cliniques/a5_cytochromes_6_2.pdf
(accessed on 23 June 2020).

Tod, M.; Pierrillas, P.B.; Bourguignon, L.; Goutelle, S. Comparison of the static in vivo approach to a physiologically based
pharmacokinetic approach for metabolic drug-drug interactions prediction. Int. J. Pharm. 2016, 1, 25-34.

Loue, C.; Tod, M. Reliability and extension of quantitative prediction of CYP3A4-mediated drug interactions based on clinical
data. AAPS J. 2014, 16, 1309-1320. [CrossRef]

Steelandt, J.; Jean-Bart, E.; Goutelle, S.; Tod, M. A Prediction Model of Drug Exposure in Cirrhotic Patients According to
Child-Pugh Classification. Clin. Pharm. 2015, 54, 1245-1258. [CrossRef]

Bond, C.A ; Raehl, C.L. Clinical pharmacy services, pharmacy staffing, and hospital mortality rates. Pharmacotherapy 2007, 27,
481-489. [CrossRef] [PubMed]

Egger, S.S.; Drewe, J.; Schlienger, R.G. Potential drug-drug interactions in the medication of medical patients at hospital discharge.
Eur. J. Clin. Pharmacol. 2003, 58, 773-778. [CrossRef]

Cornu, P; Steurbaut, S.; Sostari¢, S.; Mrhar, A.; Dupont, A.G. Performance of a clinical decision support system and of clinical
pharmacists in preventing drug-drug interactions on a geriatric ward. Int. J. Clin. Pharm. 2014, 36, 519-525. [CrossRef]
Olakotan, O.; Mohd Yusof, M.; Ezat Wan Puteh, S. A Systematic Review on CDSS Alert Appropriateness. Stud. Health Technol.
Inform. 2020, 270, 906-910.

Sola Bonada, N.; Alvarez Diaz, A.M.; Codina Jané, C. The role of the Pharmacist in the design, development and implementation
of Medication Prescription Support Systems. Farm Hosp. 2016, 40, 457-476.

Michalets, E.L. Update: Clinically significant cytochrome P-450 drug interactions. Pharmacotherapy 1998, 18, 84-112.

Baciewicz, A.M.; Chrisman, C.R.; Finch, C.K,; Self, T.H. Update on rifampin, rifabutin, and rifapentine drug interactions. Curr.
Med. Res. Opin. 2013, 29, 1-12. [CrossRef]

Riesenman, C. Antidepressant drug interactions and the cytochrome P450 system: A critical appraisal. Pharmacotherapy 1995, 15,
845-99S.

Miiller, J.; Keiser, M.; Drozdzik, M.; Oswald, S. Expression, regulation and function of intestinal drug transporters: An update.
Biol. Chem. 2017, 398, 175-192. [CrossRef] [PubMed]

Andes, D.; Marchillo, K.; Stamstad, T.; Conklin, R. In vivo pharmacokinetics and pharmacodynamics of a new triazole, voricona-
zole, in a murine candidiasis model. Antimicrob Agents Chemother 2003, 47, 3165-3169. [CrossRef]

Tod, M.; Nkoud-Mongo, C.; Gueyffier, F. Impact of genetic polymorphism on drug-drug interactions mediated by cytochromes:
A general approach. AAPS J. 2013, 15, 1242-1252. [CrossRef]

Tod, M.; Bourguignon, L.; Bleyzac, N.; Goutelle, S. A model for predicting the interindividual variability of drug-drug interactions.
AAPS J. 2017, 19, 497-509. [CrossRef]


http://doi.org/10.1081/DMR-120001392
http://doi.org/10.1016/S0165-6147(99)01363-2
http://doi.org/10.1186/s40360-017-0153-6
http://doi.org/10.1067/mem.2001.119456
http://doi.org/10.1176/ajp.155.9.1278
http://doi.org/10.4318/tjg.2010.0043
http://doi.org/10.1007/s00228-011-1105-5
http://doi.org/10.1016/j.amjopharm.2011.09.006
http://doi.org/10.1007/s40264-013-0022-1
http://ansm.sante.fr/var/ansm_site/storage/original/application/de444ea9eb4bc084905c917c902a805f.pdf
http://ansm.sante.fr/var/ansm_site/storage/original/application/de444ea9eb4bc084905c917c902a805f.pdf
https://www.hug.ch/sites/interhug/files/structures/pharmacologie_et_toxicologie_cliniques/a5_cytochromes_6_2.pdf
http://doi.org/10.1208/s12248-014-9663-y
http://doi.org/10.1007/s40262-015-0288-9
http://doi.org/10.1592/phco.27.4.481
http://www.ncbi.nlm.nih.gov/pubmed/17381374
http://doi.org/10.1007/s00228-002-0557-z
http://doi.org/10.1007/s11096-014-9925-x
http://doi.org/10.1185/03007995.2012.747952
http://doi.org/10.1515/hsz-2016-0259
http://www.ncbi.nlm.nih.gov/pubmed/27611766
http://doi.org/10.1128/AAC.47.10.3165-3169.2003
http://doi.org/10.1208/s12248-013-9530-2
http://doi.org/10.1208/s12248-016-0021-0

	Introduction 
	Results 
	Description of the Interactions 
	Description of the PIs and PAR Associated with DDI-Predictor 

	Discussion 
	Materials and Methods 
	The DDI Process Screening 
	Description of the Tools Used 
	Data Collection 
	Data Coding 
	Data Analysis 

	Conclusions 
	References

