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Abstract

Purpose: While the beneficial effects of medications are numerous, drug-drug interac-
tions may lead to adverse drug reactions that are preventable causes of morbidity and
mortality. Our goal was to quantify the prevalence of potential drug-drug interactions
in drug prescriptions at Danish hospitals, estimate the risk of adverse outcomes associ-
ated with discouraged drug combinations, and highlight the patient types (defined by
the primary diagnosis of the admission) that appear to be more affected.

Methods: This cross-sectional (descriptive part) and cohort study (adverse outcomes
part) used hospital electronic health records from two Danish regions (~2.5 million peo-
ple) from January 2008 through June 2016. We included all inpatients receiving two or
more medications during their admission and considered concomitant prescriptions of
potentially interacting drugs as per the Danish Drug Interaction Database. We mea-
sured the prevalence of potential drug-drug interactions in general and discouraged
drug pairs in particular during admissions and associations with adverse outcomes:
post-discharge all-cause mortality rate, readmission rate and length-of-stay.

Results: Among 2 886 227 hospital admissions (945 475 patients; median age 62 years
[IQR: 41-74]; 54% female; median number of drugs 7 [IQR: 4-11]), patients in
1 836 170 admissions were exposed to at least one potential drug-drug interaction
(659 525 patients; median age 65 years [IQR: 49-77]; 54% female; median number of
drugs 9 [IQR: 6-13]) and in 27 605 admissions to a discouraged drug pair (18 192
patients; median age 68 years [IQR: 58-77]; female 46%; median number of drugs
16 [IQR: 11-22]). Meropenem-valproic acid (HR: 1.5, 95% Cl: 1.1-1.9), domperidone-
fluconazole (HR: 2.5, 95% CI: 2.1-3.1), imipramine-terbinafine (HR: 3.8, 95% Cl: 1.2-
12), agomelatine-ciprofloxacin (HR: 2.6, 95% Cl: 1.3-5.5), clarithromycin-quetiapine
(HR: 1.7, 95% Cl: 1.1-2.7) and piroxicam-warfarin (HR: 3.4, 95% CI: 1-11.4) were asso-
ciated with elevated mortality. Confidence interval bounds of pairs associated with

readmission were close to 1; length-of-stay results were inconclusive.
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1 | INTRODUCTION

Conclusions: Well-described potential drug-drug interactions are still missed and alerts
at point of prescription may reduce the risk of harming patients; prescribing clinicians
should be alert when using strong inhibitor/inducer drugs (i.e. clarithromycin, valproic
acid, terbinafine) and prevalent anticoagulants (i.e. warfarin and non-steroidal anti-inflam-
matory drugs - NSAIDs) due to their great potential for dangerous interactions. The most

prominent CYP isoenzyme involved in mortality and readmission rates was 3A4.
KEYWORDS

adverse outcomes, drug safety, drug-drug interactions, electronic health records,
pharmacoepidemiology, propensity score

Key Points

This combined cross-sectional and analytic study found that discouraged pairs are often pre-
scribed to inpatients and uncommon drugs are often part of these.

Seven discouraged pairs (six CYP-associated) were prevalent in at least one patient type;
12 discouraged pairs (10 CYP-associated) showed statistically significant associations with
elevated mortality or readmission rates.

The CYP isoenzyme 3A4 was as the most prominent, involved in more than half of the dis-
couraged combinations.

The most prominent drug types were anti-infectives (azoles, carbapenems and macrolides)
and anticoagulants (warfarin and NSAIDs); these are all well-known.

Our findings emphasise that prescribing clinicians should be alert when using these drugs
because of their great potential for dangerous interactions and give (more) weight to
patients' comorbidities to optimise patient safety.

No studies to date have examined the prevalence of potential

Two drugs are said to interact when the action of one does or may
affect the activity, metabolism or toxicity of the other.! Drug-drug
interactions (DDIs) constitute a particularly important cause of
adverse drug reactions (ADRs) as clinical evidence and (when known)
their pharmacological mechanisms make them somewhat predictable.
Many hospitalised patients take several drugs and polypharmacy? is
estimated to affect 40-65% of hospitalised patients.>*

Although the risk of DDIs is proportional to the number of drugs
taken,” the clinical consequences vary widely, and ADRs rarely occur.®
Even if uncommon, serious adverse outcomes do cause harm, consti-
tute economic losses and are to some extent preventable. At particu-
larly elevated risk of ADRs are the elderly (often multimorbid and with
reduced physiological capacity)? and patients with diseases in organ
systems involved in drug metabolism, particularly kidneys and liver.”
The consequences of DDIs affect both the individual patient and soci-
ety as a whole: 10-20% of hospital admissions may be attributable to
drug-related problems and toxic effects of medication of i.a. DDIs,®?
and studies have linked DDIs to prolonged hospitalisation and
increased healthcare costs. >3

The electronic medication management systems deployed at public
hospitals in Denmark do not systematically flag problematic drug combi-
nations. Even with such systems in place, alert fatigue is a real issue that
requires tailoring to optimise their genuine utility.* To this end, appro-

priate evidence about the extent and nature of the problem is needed.

drug-drug interactions (pDDIs) in hospitals for different patient types
and assessed the clinical impact of pDDls. This study sought to fill this
gap and elicit learning points for clinicians to mitigate this issue.

We used electronic health records (EHRs) to (a) elicit the preva-
lence of discouraged drug pairs and their expected clinical significance
and documentation level, (b) identify which patient types are most
affected by discouraged pairs and (c) gauge the association between
discouraged pairs and three adverse outcomes: post-discharge mortal-
ity, readmission and length-of-stay (LOS).

2 | METHODS

2.1 | Patients and data

We obtained inpatient data for admissions to twelve public hospitals
in the Capital Region and Region Zealand, Denmark, from January
2008 through June 2016. The two regions comprise ~2.5 million peo-
ple, about half of the Danish population.?®> Admissions of individuals
using at least two drugs concomitantly were included. We defined
concomitant use as temporally overlapping drug exposures as two
temporally overlapping active drug prescriptions, during admission
and identified all two-way drug combinations as described in Leal
et al.*® (Figure S1). Active drug prescriptions were considered only if

these were dispensed/administered at the hospital.
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Information on admission timing, diagnoses and medical histories
was obtained from the Danish National Patient Register (DNPR),*718
recording data for department-specific visits. DNPR encodes diagno-
ses with a Danish version of the International Classification of Dis-
ease, 10th revision (ICD-10). An admission's primary diagnoses are
recorded retrospectively at discharge. Successive in-hospital visits
were combined into admissions if they were at most one day apart.

We marshalled information on dispensed in-hospital drug pre-
scriptions from OPUS-medication (OpusMed) and Electronic Patient
Medication (EPM). The latter has been validated®” and the former was
used in the same manner; both use the WHO Anatomical Therapeutic
Chemical (ATC) classification system.?°

As our pDDI reference we used the Danish Drug Interaction Data-
base (DID), covering predominantly pharmacokinetic interactions based
mainly on published results and maintained by specialists in clinical

pharmacology under the auspices of the Danish Medicines Agency.?*

2.2 | pDDI prevalence

This descriptive part was cross-sectional. pDDIs were categorised by

management recommendation (five levels), clinical significance (five

TABLE 1

levels) and documentation level (six levels); we only considered the
14 237 (from a total of 18 691) pDDIs with information on all three
axes (Table 1). The quality of the documentation level is based on the
evidence about the significance of the kinetic or dynamic properties.
Discouraged drug pairs were defined as prevalent when they
occurred in more than 10% of admissions of at least one specific
patient type, defined as the ICD-10 chapter of the admission's primary
diagnosis. We used standardised difference in proportions to compare
imbalances between binary variables, taking an absolute difference

above 10% to indicate substantial imbalance.??

2.3 | Adverse outcomes of exposure to
discouraged combinations

In this analytic part of the study, we screened the effect of all discour-
aged pairs on post-discharge all-cause mortality rate (henceforth, post-
discharge mortality), readmission rate and LOS. Only patients' first
admissions were used. We excluded patients whose exposure started
outside the hospital for better-defined exposure start. The effects on
post-discharge mortality and readmission were estimated with stratified

Cox regression models assuming noninformative censoring®® and the

Classification of potential drug-drug interactions based on management recommendation, clinical significance and documentation

level published by the Danish Medicines Agency Drug Interaction Database.

Management recommendation

1 The drug combination should always be avoided (discouraged in text).

2 The drug combination can be used with dose adjustment.

3 The drug combination can be used with staggered time of ingestion.

4 The drug combination can be used under certain precautions, i.e. changing the routes of administration. Alternative agents

should be considered.

5 The drug combination can be used. No action needed as the risk of adverse events appears to be small.

Clinical significance

Clinically pronounced/physiological effect with either significant altered therapeutic response or frequent occurrence of

Clinically moderate/physiological effect with either slightly altered therapeutic response, or rare occurrence of more serious

side effects. Serum concentration changes, which in other experiments have been closely associated with the above-

Unchanged or not significantly altered biological response with fewer and easier side effects - or serum concentration

changes, which in other studies have not shown significant changes in the biological response.

Major
serious adverse reactions.
Moderate
mentioned phenomena.
Minor
Possible
None Neither kinetic or physiological/clinical changes.

Undetermined

Documentation level

Pharmacokinetic changes which are not accompanied by known adverse reactions or changes in the biological response.

Kinetic or physiological/clinical changes that cannot be estimated based on the available documentation.

Well-documented

Documented

Limited documented

Poorly documented

At least 2 (from different centres) human controlled trials and/or (before and after) trials in relevant individuals with single
or multiple steady state trials in the form of either significant kinetic or dynamic changes.

A human controlled study and/or (before and after) study with steady state single or multiple dose trials in the form of
either significant kinetic or dynamic changes.

Either more than 2 case reports with relevant during and after kinetics or dynamics or human in vitro studies with relevant
cytochrome P450 (CYP) fractions and concentrations.

1-2 case reports. Non-conclusive in vitro studies.
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TABLE 2 Overall and stratified summary statistics of included admissions

Discouraged

Overall No pDDls pDDlIs drug pairs

Admissions 2 886 227 1 050 057 (36%) 1836 170 (64%) 27 605 (1%)
Women 1551 131 (54%) 565 697 (54%) 985 434 (54%) 12 655 (46%)
Patients 945 475 553 612 659 525 18 192
No. prescriptions 9 (5-15) 5(3-8) 12 (7-19) 22 (14-36)
In women 8 (4-15) 4(3-7) 12 (7-19) 22 (14-35)
No. unique prescribed drugs 7 (4-11) 4 (2-6) 9 (6-13) 16 (11-22)
Unique prescribed drugs

2-4 drugs 888 934 (31%) 629 786 (60%) 259 148 (14%) 520 (2%)

5-9 drugs 1042 023 (36%) 347 943 (33%) 694 080 (38%) 4408 (16%)

> 10 drugs 955 270 (33%) 72 328 (7%) 882 942 (48%) 22 677 (82%)

Age in years 62 (41-74) 51 (30-69) 65 (49-77) 68 (58-77)
Age group

< 18 years 203 125 (7%) 148 043 (14%) 55 082 (3%) 492 (2%)

18-44 years 619 540 (22%) 293 005 (28%) 326 535 (18%) 2359 (9%)

45-64 years 773 558 (27%) 269 693 (26%) 503 865 (27%) 7790 (28%)

65-74 years 577 389 (20%) 162 494 (16%) 414 895 (23%) 8166 (30%)

75-84 years 461 247 (16%) 114 094 (11%) 347 153 (19%) 6588 (24%)

> 85 years 251 368 (9%) 62 728 (6%) 188 640 (10%) 2210 (8%)
pDDls per patient 1(0-3) 0 (0-0) 2 (1-5) 9 (5-15)
Length of stay in days 3(1-6) 2(1-4) 3(2-7) 7 (3-15)
Acute admission 2107 774 (73%) 765 816 (73%) 1341 958 (73%) 19 746 (72%)
In-hospital mortality 62 830 (2%) 14 397 (1%) 48 433 (3%) 1252 (5%)
Low eGFR (<30 mL/min/1.73m?) 109 907 (4%) 15198 (1%) 94 709 (5%) 2660 (10%)
Elixhauser index (AHQR)

<0 646 561 (22%) 230 311 (22%) 416 250 (23%) 4893 (18%)

0 854 868 (30%) 399 526 (38%) 455 342 (25%) 3838 (14%)

1-4 297 174 (10%) 104 072 (10%) 193 102 (11%) 3157 (11%)

25 1 087 624 (40%) 316 148 (30%) 771 476 (42%) 15717 (57%)

Most common drug classes (ATC level 3)
Other analgesics and antipyretics (NO2B)
Antithrombotic agents (BO1A)

Opioids (NO2A)

Anti-inflammatory and antirheumatic products,
non-steroids (MO1A)

1334 677 (63%)
1 038 880 (43%)
917 092 (43%)
663 518 (29%)

501 208 (48%
211 944 (20%
318 180 (30%
178 152 (17%,

1334 677 (73%)
1 038 880 (57%)
917 092 (50%)
663 518 (36%)

22 024 (80%
21890 (79%
18 098 (66%
(

)
)
)
14 900 (54%)

Drugs for peptic ulcer and gastro-oesophageal 642 650 (27%) 141 344 (13%) 642 650 (35%) 15 429 (56%)
reflux disease (GORD) (A02B)
Beta-lactam antibacterials, penicillins (JO1C) 686 899 (24%) 206 305 (20%) 480 594 (26%) 10 796 (39%)

Loop (high-ceiling) diuretics (CO3C) 518 342 (18%) 52 487 (5%) 465 855 (25%) 131,98 (48%)
Most common primary diagnosis
Abdominal and pelvic pain (R10) 63 574 (2%) 26 387 (3%) 37 187 (2%) 448 (2%)
Pneumonia, organism unspecified (J18) 60 237 (2%) 21 369 (2%) 38 868 (2%) 1057 (4%)
Atrial fibrillation and flutter (148) 55 405 (2%) 14 422 (1%) 40 983 (2%) 667 (2%)
Mental and behavioural disorders due 51 347 (2%) 29 206 (3%) 22 141 (1%) 135 (0%)
to use of alcohol (F10)

Other chronic obstructive pulmonary disease (J44) 45919 (2%) 16 039 (2%) 29 880 (2%) 474 (2%)
Nonrheumatic aortic valve disorders (135) 10 244 (0%) 1784 (0%) 8646 (0%) 1439 (5%)

(Continues)
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TABLE 2 (Continued)
Overall
Acute myocardial infarction (121) 30 250 (1%)
Angina pectoris (120) 31 664 (1%)
Bacterial pneumonia, NOC (J15) 24 045 (1%)
Other sepsis (A41) 28 401 (1%)

Note: Values are N (%) and median (interquartile range).
Abbreviations: AHRQ, Agency for Healthcare Research Quality; pDDI, potential drug-drug interaction.

Discouraged

No pDDls pDDlIs drug pairs
983 (0%) 29 267 (2%) 244 (1%)
5366 (1%) 26 298 (1%) 190 (1%)
8420 (1%) 15 625 (1%) 528 (2%)
7348 (1%) 21 053 (1%) 482 (2%)

TABLE 3 Unique drug combinations (upper cells) and prevalence (lower cells) of pDDIs by management recommendation and clinical

significance

Clinical significance

Recommendation level Major Moderate Minor
1: Discouraged 104 (71) 31(21) -
16 339 (90) 1293(7) -
2: Dose adjustment 164 (16) 457 (45) 48 (5)
40 718 (27) 91 264 (61) 12 606 (8)
3: Staggered ingestion 53 (23) 100 (44) 9 (4)
14 339 (16) 38 544 (43) 244 (0)
4: Precautions 300 (17) 602 (35) 86 (5)
45 221 (8) 459 717 (86) 82 611 (16)
5: No action needed 6 (0) 82 (3) 311 (12)
165 (0) 97 285 (21) 189 797 (40)
Total 627 (11) 1272 (23) 454 (8)
92 167 (14) 517 599 (78) 225 512 (34)

Note: Values are N (%).

effects on LOS with stratified Poisson regression models,?* with expo-
sure to the discouraged drug pair as the sole explanatory variable. We
created strata by greedy 1:5 matching on preference score, an extension
of the propensity score accounting for target exposure prevalence.?®
The preference score is the probability that a patient be exposed
whether this happened or not. Thus, if two patients have (almost) the
same preference score but one was exposed and the other not, the
exposure is a likely explanation for their difference in outcome. 2628

We used Cyclops?’ to compute high-dimensional propensity
scores?’ with sparse lasso logistic regression models using up to 843 fea-
tures derived from seven variables: age at admission (continuous — 1
feature), sex (binary — 1 feature), patient type (one-hot-encoded — 19
features), diagnoses during admission (ICD-10 level 3, one-hot-encoded
— 819 features), medication burden (continuous — 1 feature), whether
the admission was acute or elective (binary — 1 feature), and weighted
Elixhauser comorbidity score (Agency for Healthcare Research Quality>°
version, continuous — 1 feature). Seeking empirical equipoise, outcome
models were fit to patients with preference scores between 0.3 and
0.7.2% The significance level was set to 5%; power analyses were fore-
gone. Estimates with 95% confidence intervals (Cl) wider than 100 on

the linear scale were omitted.

Possible None Un-determined Total

8(5) - 3(2) 146 (3)

1206 (7) - 24 (0) 18 192 (3)

279 (28) 1(0) 56 (6) 1005 (18)

58 622 (39) 25 (0) 4953 (3) 148 455 (23)

47 (21) - 17 (8) 226 (4)

12 264 (14) - 43 776 (48) 90 662 (14)

601 (35) 30(2) 123(7) 1742 (31)

249 539 (47) 12 214 (2) 106 406 (20) 532 066 (81)

206 (8) 1648 (65) 274 (11) 2527 (45)

116 185 (25) 399 935 (85) 191 767 (41) 470 956 (71)

1141 (20) 1679 (30) 473 (8) 5646

1679 (0) 400 935 (61) 264 711 (40) 659 525
24 | Software

We used the R statistical programming language and Python for data
processing, analysis, and visualisation. The analysis workflow was built
as a Snakemake pipeline®? (Figure $2). The full analytic code is avail-

able upon request.

3 | RESULTS

Among the 4 411 576 admissions of 1481 584 patients identified,
we included 2 886 227 admissions (65%) of 945 475 patients (64%)
to whom two or more drugs were administered (Figure S3). Table 2
shows overall and stratified summary statistics for pertinent variables.
The 538 620 (57%) women in the cohort contributed 1 551 131
admissions (54%) and 13 122 610 (54%) dispensed prescriptions. Of
these, 27 605 admissions (1%) featured discouraged drug pairs and
12 655 (46%) were administrated to women. pDDlIs and discouraged
drug pairs were observed more frequently in older patients. Further,
the median number of prescribed drugs in admissions with discour-
aged drug pairs (16, IQR: 11-22) was larger than any-pDDI (9, IQR: 6-
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XX
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laboratory findings, not elsewhere classified

Injury, poisoning and certain other

Diseases of the skin and subcutaneous tissue
consequences of external causes
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FIGURE 1 Standardised differences in proportions (i.e. discouraged drug pairs initiated versus not) of diagnoses (A) and prescribed drugs
during admissions (B), respectively. The colour represents ICD-10 chapter and anatomical ATC level, respectively, and the size is the prevalence in
patients exposed to discouraged drug pairs. The top three diagnoses and drugs are labelled
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13) and no-pDDI (4, IQR: 2-6) admissions. Patients exposed to dis-
couraged drug pairs were more ill and had longer admissions and
higher in-hospital mortality.

Of 344 489 unique drug pairs administered in-hospital, 5646 (2%)
were pDDls; 1836 170 admissions (64%) of 659 525 patients (70%)
featured at least one of these 5646 pDDls. In 27 605 admissions (1%)
of 18 192 patients (2%) at least one of the 146 (3%) discouraged drug
pairs was used, most with expected major (71%) and moderate (21%)
clinical significance (Tables 3 and S1). The most prescribed drugs
involved in discouraged drug pairs were, in descending order of number
of users, pantoprazole (nine admissions [0.0%] of five patients [0.0%]
exposed to discouraged drug pairs of 570 440 admissions of 224 002
pantoprazole users), ibuprofen (9982 admissions [1.8%] of 7368
patients [2.0%] of 569 223 admissions of 365 302 users), simvastatin
(5048 admissions [1.1%] of 3887 patients [3.6%] of 442 545 admissions
of 148 579 users), metoprolol (1191 admissions [0.3%] of 399 patients
[0.3%] exposed of 379 785 admissions of 127 237 users) and diclofenac
(1917 admissions [1.1%] of 1326 patients [1.1%] exposed of 177 928
admissions of 120 256 users) affecting up to 3% of the hospitalised
patients receiving the drugs (Table S2). In contrast, more uncommon
drugs (used by less than 1% of hospitalised patients), e.g. erythromycin
(1573 admissions [27.8%)] of 1461 patients [29.2%] exposed out of
5665 admissions of 5001 users), rifabutin (25 admissions [24.8%]
of 10 patients [21.7%] exposed out of 101 admissions of 46 users),
ketoconazole (644 admissions [20.4%] of 320 patients [21.2%)] exposed
out of 3158 admissions of 1513 users), warfarin (12 570 admissions
[10.3%] of 8791 patients [20.9%)] exposed out of 121 653 admissions
of 42 101 users) and domperidone (2872 admissions [12.4%] of 2028
patients [19.2%)] exposed out of 23 213 admissions of 10 571 users)

were more often given as part of discouraged pairs (Tables S2 and S3,
Figure S4).

Overall, patients admitted with cardiovascular diseases (ICD-10
chapter IX); endocrine, nutritional and metabolic diseases (chapter 1V);
and respiratory diseases (chapter X) were more frequently exposed to
discouraged drug pairs unlike obstetrical patients (chapter XV) and
patients admitted for other reasons (chapter XXI) (Figures 1A and S5).
Discouraged pairs varied among the remaining patient types, but
within the #0.1 threshold

(Figure 1A). In contrast, most drugs were more frequently prescribed

indicative of negligible imbalance
in admissions with discouraged pairs with many above the 0.1 thresh-
old except misoprostol and oxytocin (Figure 1B).

In the 65 discouraged drug pairs (45%) prescribed to five patients
or more (Table S4), seven were prevalently (>10% of admissions) pre-
scribed during hospital admissions (Figure 2). The most prominent pair
was warfarin-ibuprofen, prevalent in all patient types except three
(chapters X, XVI and XX).
simvastatin-clarithromycin, prevalent in six patient types (I, lll, IV and

The second-most prominent was

X-XI11); the third-most was domperidone-fluconazole, prevalent in five
patient types (II-IV, VXII and XXI). The other four were warfarin-
diclofenac (XIV, XV, XVII), fluoxetine-venlafaxine (V), meropenem-
valproic acid (V1) and erythromycin-fluconazole (XI). Figures S5-S7
show the prevalence of each drug and each diagnosis in patients
exposed versus non-exposed to discouraged drug pairs.

Figure 3 shows the estimated effects of exposure on mortality
rate, readmission rate and LOS; Table S5 contains the numerical
estimates. Six discouraged drug pairs were significantly associated with
increased mortality rate, of which particularly the 95% Cls of meropenem-

valproic acid, domperidone-fluconazole, imipramine-terbinafine and
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FIGURE 2 Prevalence of discouraged drug pairs by patient type. Each point represents one discouraged drug pair, and size the absolute value
of the standardised difference in proportions using as reference admissions during which treatment with any discouraged pair was initiated. DF
(N = 5): Domperidone (AO3FA03) + Fluconazole (JO2ACO01); WD (N = 3): Warfarin (BO1AAQ3) + Diclofenac (M01ABO5, systemic); WI (N = 18):
Warfarin (BO1AA03) + lbuprofen (MO1AEQ1); SC (N = 6): Simvastatin (C10AA01) + Clarithromycin (JO1FAQ9); MV (N = 1): Meropenem
(JO1DHO02) + Valproic acid (NO3AGO01); EF (N = 1): Erythromycin (JO1FAO1) + Fluconazole (JO2ACO01); FV (N = 1): Fluoxetine (NO6ABOQ3)

+ Venlafaxine (NO6AX16)
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Mortality (HR) Readmission (HR) LOS (days) Exposed Non-exposed Matched
Undetermined | Isocarboxazid + Mianserin . -+ 14 (14%) 18,175 (28%) 2110
Bleditic Erythromycin + Simvastatin > <+ - 518 (37%) 17,799 (45%) 192/960
Celecoxib + Warfarin — - - 316 (17%) 17,896 (24%) 55/275
Metoprolol + Paroxetine — e * 163 (47%) 17,831 (56%) 76/380
Meropenem + Valproic acid - -~ - 391 (50%) 17,825 (51%) 196/980
Itraconazole + Simvastatin —— —_—— - 18 (39%) 18,166 (73%) 7135
Fluoxetine + Venlafaxine - —— 79 (6%) 18,060 (9%) 5/25
Moderate Estriol + Phenobarbital —_—— 4 (50%) 18,188 (75%) 2/10
Estradiol + Phenobarbital e 15 (27%) 18,163 (41%) 4120
Estradiol + O e 12 (58%) 18,155 (41%) 7135
Colchicine + Verapamil —— —— - 65 (40%) 18,124 (48%) 26/130
Carbamazepine + Estradiol —_—— - —— 25 (48%) 18,143 (42%) 12/60
Sirolimus + Voriconazole s + - 17 (12%) 18,171 (34%) 2/10
Ritonavir + Triazolam —————— e e 16 (38%) 18,163 (55%) 6/30
Rifampicin + e —— 22 (23%) 18,177 (41%) 5/25
Rifampicin + Verapamil — —— - 29 (41%) 18,167 (64%) 12/60
Rifabutin + Ritonavir —_— 6(33%) 18,185 (40%) 2110
Posaconazole + Simvastatin - * —— 34 (9%) 18,162 (21%) 315
Piroxicam + Warfarin —_— e e 11 (64%) 18,185 (80%) 7135
Paroxetine + Tamoxifen —— _— — 4(75%) 18,187 (71%) 315
Nortriptyline + Terbinafine (topical) — —e— - 42 (45%) 18,170 (66%) 19/95
Nortriptyline + Terbinafine (systemic) - — —— 7 (43%) 18,183 (83%) 35
Nifedipine + Rifampicin - - - 24 (29%) 18,168 (53%) 7135
Naproxen + Warfarin * <+ - 63 (41%) 18,123 (60%) 26/130
Nabumetone + Warfarin B —_— — 10 (50%) 18,182 (54%) 5/25
Methenamine + Sulfamethizole — — - 19 (63%) 18,168 (64%) 12/60
Ketoconazole + Simvastatin —— —— . 167 (35%) 17,969 (41%) 59/295
Imipramine + Terbinafine —_— - —— 14/(71%) 18,180 (87%) 1050
Imatinib + Simvastatin e — e 19 (42%) 18,154 (59%) 8/40
Ibuprofen + Warfarin . . L3 5,500 (41%) 11,917 (40%) 2,266/11,330
Ibuprofen + Phenprocoumon —— —— - 71 (82%) 18,116 (81%) 58/200
Etoricoxib + Warfarin —— - e 4(75%) 18,189 (98%) 35
Etodolac + Warfarin o + - 118 (44%) 18,051 (55%) 52/260
Erythromycin + Tacrolimus - < —— 38 (11%) 18,166 (21%) 4120
Erythromycin + Fluconazole - - . 911 (20%) 17,487 (21%) 1831915
Ertapenem + Valproic acid — —_— - 20 (60%) 18,175 (66%) 12/60
Maijor Domperidone + Fluconazole - * . 1,503 (22%) 16,276 (25%) 327/1,635
Diclofenac, combinations + Warfarin - - - 11 (55%) 18,179 (80%) 6/30
Diclofenac (topical) + Warfarin + < —— 11 (64%) 18,182 (73%) 7135
Diclofenac (systemic) + Warfarin - - - 775 (49%) 17,376 (60%) 378/1,890
Diclofenac (ophthalmological) + Warfarin R — —— 8 (100%) 18,183 (99%) 8/40
Dabigatran etexilate + Ketoconazole - —— 5 (60%) 18,189 (97%) 35
Clonidine + Imipramine - - —— 14 (50%) 18,177 (65%) 7135
Clomipramine + Clonidine - <+ < 6(67%) 18,179 (90%) 4120
Clarithromycin + Ticagrelor e —— - 89 (51%) 18,109 (58%) 45/225
Clarithromycin + Tacrolimus (topical) —_— R 5 (40%) 18,185 (93%) 2/10
Clarithromycin + Tacrolimus (immunosupp.) —_— —_— —— 26 (23%) 18,174 (34%) 6/30
Clarithromycin + Simvastatin . 3 . 2,205 (31%) 15,558 (32%) 673/3,365
Clarithromycin + Quetiapine —— > - 184 (32%) 18,015 (37%) 58/290
+ — - 20 (30%) 18,178 (54%) 6/30
Clarithromycin + Everolimus e 8 (25%) 18,188 (39%) 2/10
Ciprofioxacin + Tizanidine —— —— - 157 (40%) 18,031 (43%) 63/315
Giclosporin + Ticagrelor - - - 7 (29%) 18,181 (82%) 2110
Giclosporin + Pravastatin - < — 60 (7%) 18,097 (12%) 4120
Carbamazepine + Midazolam o —— + 74 (54%) 18,099 (57%) 401200
Atorvastatin + Ciclosporin — —— - 35 (34%) 18,146 (54%) 12/60
Apixaban + Ketoconazole e — —— 14 (93%) 18,175 (88%) 13/65
Amitriptyline + Terbinafine (topical) - —— - 84 (61%) 18,125 (69%) 51/255
Amitriptyline + Terbinafine (systemic) - —_— —— 9 (67%) 18,181 (59%) 6/30
Amitriptyline + Clonidine e 3 - 155 (36%) 17,956 (37%) 56/280
Allopurinol + Azathioprine e —o— .- 55 (36%) 18,068 (53%) 201100
Agomelatine + Ciprofloxacin — — - 43 (53%) 18,140 (62%) 23/115
' T — ' ' o ' ' ' I '
01 05 1 2 10 01 05 1 2 10 -2 -1 0 1

FIGURE 3

Estimate effect sizes of exposure to discouraged drug pairs and post-discharge mortality rate (hazard ratio, HR), readmission rate

(HR) and length-of-stay (change in days). Diamonds show point estimates of the effect sizes, horisontal lines the 95% confidence intervals. The
exposed and non-exposed columns show count (empirical equipoise) and the matched column shows the number of exposed/non-exposed used

to estimate the effects of that pair

agomelatine-ciprofloxacin are relatively far from 1. Ertapenem-flucon-

azole, amitriptyline-terbinafine as well as clarithromycin with
ticagrelor, tacrolimus and everolimus, respectively, were associated
with substantially elevated readmission rates albeit with Cl bounds
near 1. Many discouraged pairs were associated with longer or shorter

hospital stays with most effect sizes within ~+1 day.

4 DISCUSSION

I
We found that 1836 170 admissions (64%) of 659 525 patients
(70%) featured at least one pDDI and that during 27 605 admissions
(1%) of 18 192 patients (2%) at least one discouraged drug pair was
administered. Seven discouraged pairs were prevalent, most notably
warfarin-ibuprofen (18 patient types), simvastatin-clarithromycin (six
patient types) and domperidone-fluconazole (five patient types). Of
the prevalent discouraged pairs, domperidone-fluconazole and
meropenem-valproic acid (one patient type) were significantly associ-

ated with elevated mortality. The prevalent pair warfarin-ibuprofen

was just statistically significantly associated with elevated readmission
rates and three of five discouraged pairs associated with elevated
readmission rates involved clarithromycin. LOS results were
inconclusive.

The increasing availability of longitudinal patient data and grow-
ing access to databases with DDI information facilitate comparative,
data-driven approaches to identify, anticipate and explain DDIs.>?
Indeed, in this study we used comprehensive phenotypic in-hospital
data to detail the landscape of in-hospital pDDIs with particular focus
on discouraged drug pairs to elicit their associations with potentially
preventable adverse outcomes. Although propensity (and, by exten-

33 we used them

sion, preference) scores underpin causal inference,
mainly to qualify the strengths of the association instead of using
e.g. unadjusted estimates.

Prevalence patterns and effects of pDDIs are elusive because
many potentially interacting drug combinations offer genuine clinical
utility if used consciously by alert physicians. Teasing apart these
dynamics is difficult on a large scale. Indeed, studies of pDDI preva-

lence in hospitalised patients often use relatively small samples from
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sub-populations such as critically ill or oncological patients.>*~%¢ Our
approach was different seeking to conduct a large-scale screening of
hospitalised patients, focusing on outright discouraged drug pairs
because their clinical benefits unlikely outweigh their potential harm.

A recent systematic review of clinically manifested DDIs®” found
prevalence estimates up to 26% in not-critically-ill hospitalised
patients.>® Further, the number of drugs used concomitantly has been
shown to be a significant risk factor for interactions at hospitals and in
primary care.>?~%2 We also observed widespread polypharmacy among
patients exposed to pDDIs especially when exposed to discouraged
drug pairs. However, unlike for diagnoses, no drugs involved in pDDIs
emerged as neither particularly frequent nor infrequent except miso-
prostol and oxytocin. Thus, perceiving the effect of polypharmacy solely
in terms of the association between number of concomitant drugs and
pDDils is arguably of limited use as it tells us little about the nature of
the association. Instead, other phenotypic factors such as comorbidities
may be of greater utility to the prescribing physician at point of care.

A Danish study of 167 232 patients from 1998 on the island of
Funen found that 4.4% of all inhabitants of age above 70 were prescribed
drug combinations with a high risk of severe interactions.*> A recent Bra-
zilian study with ~340 000 patients from primary- and secondary-care
hospitals arrived at a similar figure.** These estimates are substantially
lower than our 14% patients prescribed pDDIs with expected major clini-
cal significance (Table 3), likely because our data are newer than those in
the former and include also tertiary hospitals unlike both those studies.

Another study from Denmark published in 2005 found that
pDDls are prevalent but mostly clinically insignificant.*> Our results
agree with this notion: six discouraged combinations featured sub-
stantial and statistically significant associations with elevated mortal-
ity, of which only two were prevalent in particular patient types
(meropenem-valproic acid, domperidone-fluconazole). This was the
case for only warfarin-ibuprofen with respect to readmission rates.

Rarely used drugs are more often involved in potentially dangerous
DDIs perhaps due to prescribers' lack of specific knowledge on these
drugs; consider three examples. First, using meropenem (or ertapenem)
with valproic acid elevates the risk of seizures (unknown mechanism) and
meropenem consumption is increasingly prescribed at emergency depart-
ments, often by junior doctors. Second, the cardiac risks of domperidone
and erythromycin (prolonged QT and Torsades-de-Pointes) are aggravated
by concurrent use of fluconazole (or any conazole) because the latter
impedes their metabolism by inhibiting CYP3A4.*¢ Third, concurrent use
of agomelatine and ciprofloxacin increases the exposure of the former
because the later inhibits CYP1A2. Causes of death in deceased exposed
to these drug pairs did not suggest unexpected patterns (Figure S8).

Some active ingredients involved in discouraged drug pairs have
several ATC codes (terbinafine, diclofenac and tacrolimus) and the
somewhat agreeing effect estimates on mortality and readmission
rates add confidence to these findings. Interestingly, the effects on
LOS were not consistent across ATC codes for the same active ingre-
dient prompting cautious interpretation. Indeed, LOS is elusive: for
example, a short admission can end with discharge to home or death.

To arrive at meaningful conclusions on lengths-of-stays, one would

need to use for example drug administrations allowing for time-to-

event analyses, something not possible with these data.

41 | Strengths and limitations

This study features a range of strengths. First, this is the largest study
assessing the prevalence of discouraged drug pairs and their effects
on adverse outcomes among hospitalised patients. Second, we used
unfiltered data from a heterogeneous population of almost one million
hospitalised patients over an eight-year period. Third, detailed and
reliable register data allow for detailed phenotyping, both with respect
to diagnoses and medication use. Fourth, such deep phenotyping
underpins the use of high-dimensional preference scores to obtain
approximate empirical equipoise when studying the associations
between exposure and adverse outcomes. Fifth, the risk of selection
bias and loss to follow-up was minimal.

Nonetheless, there are potential weaknesses. First, hospital data
may be subject to recall and information bias. This is likely not an issue
for this study because we rely on near-objective data (e.g. validated
source of medication data) used also for administrative and billing pur-
poses. Bias by indication could be a problem but the use of high-
dimensional propensity scores should, at least in part, counter this.
Carry-over effects of drugs with long half-lives will elude our analysis
and accounting for this would require considering pharmacokinetic
profiles to the individual drugs. Owing to our use of drug prescription
periods, exposure for pro necessitate prescriptions may be inaccurate,
something that might be remedied using timestamps of the actual
administrations and, potentially, pharmacokinetic data for these drugs.
Second, we only considered two-way pDDls. Large-scale screening
for N-drug interactions is difficult due to combinatorial explosion in
the number of possibilities and difficulties in defining a proper refer-
ence to which the results should be compared. Instead, targeted
investigations would be meaningful, e.g. on triple whammy and its
effect on kidney function. Third, different pDDI databases (perhaps
most notably from different countries or healthcare settings) likely
feature discrepancies regarding management recommendations and
clinical significance, and the DID covers primarily pharmacokinetic
interactions. Further, DID allows different levels of evidence: for older
drugs only pDDIs supported by published evidence are considered,
whereas for newer drugs also pDDlIs from summaries of product char-
acteristics not published elsewhere are included. This database, none-
theless, is well-known among Danish physicians and used in daily
practice to guide medicinal treatment and, as such, makes for a natural
gold standard against which to compare real-life prescriptions in
Denmark. Fourth, the pDDIs involving antibiotics and systemic anti-
fungals and associated with elevated mortality are used to treat seri-
ous infections. Thus, exposure to these combinations could be proxies
for serious clinical conditions, themselves associated with high mortal-
ity. If so, physicians could have deemed it worthwhile to use a dis-
couraged drug pair due to bleak prognoses. Fifth, despite a large

dataset we had relatively few patients exposed to several discouraged
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drug pairs, making it difficult to rule out effects of these exposures on

mortality and readmission rates even though we did not find any.

4.2 | Conclusion

Discouraged drug pairs are common in hospitalised patients at large and
so are potentially problematic drug pairs, notably, combinations of warfa-
rin and non-steroidal anti-inflammatory drugs (NSAIDs) and with
antiinfectives (especially, azoles, carbapenems and macrolides). The
meropenem-valproic acid and domperidone-fluconazole combination,
both prevalent in at least one patient type, were significantly associated
with elevated post-discharge mortality rate. This study elicited unfortu-
nate prescription patterns with potentially detrimental effects in hos-
pitalised patients and the CYP3A4 isoenzyme was involved in more than
half the discouraged pairs associated with elevated mortality or
readmission rates. Moreover, our findings provided quantitative evidence
about the prevalence and risk of adverse outcomes associated with dis-
tinct patient types that clinicians should consider when pondering initia-
tion of therapies and give (more) weight to patients' comorbidities to

optimise patient safety.
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