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Abstract: The study aimed to assess clinical pharmacology patterns of prescribed and taken medica-
tions in older cardiovascular patients using electronic health records (EHRs) (1 = 704) (2019-2022).
Medscape Drug Interaction Checker was used to identify pairwise drug-drug interactions (DDIs).
Prevalence rates of DDIs were 73.5% and 68.5% among taken and prescribed drugs, respectively.
However, the total number of DDIs was significantly higher among the prescribed medications
(p < 0.05). Serious DDIs comprised 16% and 7% of all DDIs among the prescribed and taken medica-
tions, respectively (p < 0.05). Median numbers of DDIs between the prescribed vs. taken medications
were Me = 2, IQR 0-7 vs. Me = 3, IQR 0-7 per record, respectively. Prevalence of polypharmacy was
significantly higher among the prescribed medications compared with that among the taken drugs
(p < 0.05). Women were taking significantly more drugs and had higher prevalence of polypharmacy
and DDIs (p < 0.05). No sex-related differences were observed in the list of prescribed medications.
ICD code U07.1 (COVID-19, virus identified) was associated with the highest median DDI number
per record. Further research is warranted to improve EHR structure, implement patient engagement
in reporting adverse drug reactions, and provide genetic profiling of patients to avoid potentially
serious DDIs.

Keywords: cardiovascular disease; drug—drug interaction; polypharmacy; health information system;
electronic health record; epidemiology; public health

1. Introduction

Multimorbidity is the coexistence of multiple health conditions potentially aggravating
each other. A systematic review and meta-analysis of 126 studies showed that the global
prevalence of multimorbidity is as high as 37.2%, and over half (51.0%) of the worldwide
population aged 60 years and older has multimorbid conditions [1]. The prevalence of
polypharmacy among patients of secondary-level hospital is 98%, with 5.1% having minor
polypharmacy (two to three medications), 10% having moderate polypharmacy (four to
five medications), and 83% having major polypharmacy (more than five medications) [2].
Up to 17% of older adults in Germany have at least one potential drug-drug interaction
(DDI) [3]. Over half of nursing home residents (52.7%) are exposed to at least one DDI and
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25.0% to more than one DDI [4]. Prevalence of DDIs in palliative care ranges from 31 to 75%
across various health care settings [5]. In COVID-19 patients administered with ritonavir-
containing therapy in the U.S., the weighted prevalence of major to contraindicated DDIs
was 29.3%. Prevalence rates of DDIs among those 60 years and older with serious heart
conditions, diabetes, and moderate chronic kidney disease are as high as 60.2%, 63.4%, and
80.7%, respectively [6].

Geriatric syndromes co-exist with acquired chronic diseases and contribute to multi-
morbidity. Multimorbidity predisposes a person to interactions between drugs adminis-
tered for treatment of involved pathologies so that the resulting risk exceeds a simple sum-
mation of risks. Drug-drug interactions may lead to adverse drug reactions (ADRs), and
medical error was reported to be the third leading cause of death in the U.S. [7]. Polyphar-
macy is associated with increased emergency department transfer in older long-term care
residents, with the strength of association increasing with the number of medications
prescribed [8].

One of the challenges facing healthcare today is the need for an interdisciplinary
team-based approach to management of cardiovascular patients with multiple health
conditions. Ideally, a cardiologist should be aware of therapies administered to patients
by other medical specialists such as neurologists, endocrinologists, rheumatologists, and
ophthalmologists. Administration of multiple medications is often unavoidable and, as
a rule, beneficial to multimorbid patients, but the risks of potentially dangerous ADRs
due to serious DDIs must be avoided. Evidence gaps exist in regard to the patterns of
prescribed versus taken pharmacotherapy in older cardiovascular patients, especially
during and after the COVID-19 pandemic when new drug combinations were introduced
into clinical practice.

Clinical pharmacology patterns of prescribed and taken medications in older cardio-
vascular patients may significantly depend on patient populations where physiologic and
pathologic characteristics significantly vary. Due to interindividual variability, predictors
of response to pharmacological treatment comprise not only gender and chronological age,
but also past and present comorbidities, co-administration of medications, liver and kidney
function, smoking, exercise, weight, eating and drinking behavior [9], genetics [10,11], and
epigenetics [12]. Superposition of all these factors results in a unique pharmacokinetic and
pharmacodynamic fingerprint of an individual.

Studies investigating the patterns of prescribed and taken medications usually focus
on patient compliance and adherence to treatment and are often limited to single-center
experience and a narrow spectrum of disease entities. Little is known about the overall
burden of prescribed versus taken polypharmacy and DDIs across the entire spectrum of
medical care encounters including outpatient visits, home visits, and hospitalizations in
older cardiovascular patients.

The present study aimed to assess the patterns of DDIs and polypharmacy in older
patients with cardiovascular diseases based on electronic health records (EHRs) stored in a
health information system in 2019-2022.

2. Materials and Methods
2.1. Ethics

This observational cross-sectional analytical study was performed in accordance with
the standards of Good Clinical Practice and the Declaration of Helsinki. The study protocol
was approved by the local Biomedical Ethics Committee (approval #230 from 28 June 2022).
The present paper is the first of a planned series of articles reporting data from the study
registered at ClinicalTrials.gov (Identifier NCT05336565).

2.2. Inclusion Criteria

Inclusion criteria were the established diagnosis of cardiovascular disease, age of
75 years and older, and the presence of EHR in the regional health information system.
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2.3. Sample Characteristics

The EHRs were obtained from the health information system implemented in 24 health
care institutions of Tomsk and Tomsk Region. The EHRs covered the period from January
2019 to August 2022. The probability serial nested sampling method was used for patient
selection. Cardiovascular diagnosis of patients was established and/or verified by a cardi-
ologist. Figure 1 shows the cardiovascular pathology codes of the International Statistical
Classification of Diseases and Related Health Problems (ICD) based on data available in
the medical records. Baseline characteristics of patients and the clinical conditions recorded
in the EHRs are presented in Table 1 and Table S1, respectively. Figure 2 demonstrates the
ICD structure of morbidity, except for the letter “I” (I00-199), as all patients had verified
cardiovascular diagnosis established prior to the COVID-19 pandemic. Unstructured text
of 704 EHRs was analyzed. Patient sex was identified based on the patient ID document
presented for establishing the EHR.
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Figure 1. Structure of cardiovascular pathology in the study cohort according to data of electronic
health records in 2019-2022. Detailed information on the clinical codes of International Statistical
Classification of Diseases and Related Health Problems is available in Table S1.
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Table 1. Baseline characteristics of patient cohort based on data of electronic health records in
2019-2022 (n = 704).

Parameter Value
Ethnic group, n (%):

White/Caucasian, n (%) 704 (100%)
Sex

Male, n (%) 268 (38.1%)

Female, n (%) 436 (61.9%)
Age, median (IQR), years 78 (75; 82)

Age of men, median (IQR), years 77.5 (75; 83)

Age of women, median (IQR), years 79 (75; 82)
Type of medical care encounter:

Ambulatory visits, 1 (%) 458 (65.1)

Home visits, 1 (%) 118 (16.8)

Hospitalizations, 1 (%) 110 (15.6)

Emergency assessment unit visits, 1 (%) 18 (2.56)
Time of electronic health record registration Jan 2019-Aug 2022

cC G L §8 T
1.58% 1.58%0.78%0.7?% 078%

Comorbidities

5.51%

18.9%

10.2%

Figure 2. ICD structure defining morbidities except for the letter “I” (I00-199) in the cohort of
cardiovascular patients according to data of electronic health records in 2019-2022 (only the letters the
ICD codes begin with are shown). E—endocrine, nutritional and metabolic diseases; J—diseases of the
respiratory system; K—diseases of the digestive system; M—diseases of the musculoskeletal system
and connective tissue; N—diseases of the genitourinary system; U—codes for special purposes;
H—diseases of the eye and adnexa and diseases of the ear and mastoid process; D—diseases of
the blood and blood-forming organs and certain disorders involving the immune mechanism; R—
symptoms, signs and abnormal clinical and laboratory findings, not elsewhere classified; Z—factors
influencing health status and contact with health services; C—neoplasms; G—diseases of the nervous
system; L—diseases of the skin and subcutaneous tissue; S and T—injury, poisoning and certain
other consequences of external causes; n/a—data not available. Detailed information on ICD codes is
provided in Table S1.
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2.4. Medication Lists

The analyzed EHRs contained unstructured textual information regarding medications
taken by patients and medications prescribed to them during medical care encounters.

Two large medication lists were established to characterize the entire cohort of car-
diovascular patients, namely prescribed medication list (P-List) and taken medication list
(T-List), with “P” and “T” standing for prescribed and taken medications. These lists
comprised medications taken by or prescribed to patients over the entire cohort to assess
DDIs and polypharmacy burden at the population level.

The sub-lists of taken and prescribed medications were then established based on
patient sex and the primary diagnosis ICD code. Combinations of drugs associated with
individual medical care encounters were also analyzed. The individual lists of prescribed
and taken medications often overlapped, but they were not identical to each other in
every instant.

2.5. Polypharmacy, DDIs, and DDI Index

Prevalence rates of DDIs and polypharmacy were expressed as percentages. The use
of five medications or more was considered polypharmacy. Pairwise DDIs were identified
and classified into contraindicated, serious, requiring close monitoring, and minor using
Medscape Drug Interaction Checker [13].

Considering that individual records documented the use of drug combinations asso-
ciated with multiple DDIs classified into four different categories, we developed a DDI
index by introducing the following coefficients corresponding to drug impact categories:
1 (minor), 2 (monitor closely), 3 (serious), and 4 (contraindicated). The DDI index was
calculated as the sum of relevant coefficients multiplied by the number of corresponding
DDls as follows:

DDl index = (4 X ncontraindicated) + (3 X nserious) + (2 X nmonitor—closely) + (1 X nminor)

2.6. Statistics
2.6.1. Sample Size Calculation

We assumed the prevalence of potentially serious DDIs ranging from 17% to 81% in
patients during the pandemic [3-6]. We considered the acceptable margin of error of 5%,
confidence level of 95%, and approximate population size of 20,000. Taking into account
an assumed 18%-response distribution, we determined that a sample size of 225 would
be sufficient to assess DDI patterns. We also performed the pilot study of polypharmacy
rates in our cohort. Approximately 60% of the records contained data on prescribed
polypharmacy. Polypharmacy in the list of taken medications was observed in every third
EHR. Considering these rates, we increased the sample size to 704.

2.6.2. Statistical Processing of Data

Statistical processing of data was performed using Microsoft Excel 2010 and STA-
TISTICA 10 software. Figures were created using Microsoft Excel 2010, STATISTICA 10,
and Adobe Illustrator. Normality of the distribution of variables was checked by the
Kolmogorov-Smirnov test and the Shapiro-Wilk test. Data are presented as percentages,
absolute numbers, mean =+ standard deviation, and median and interquartile range where
appropriate. Significance of differences between non-normally distributed variables was
assessed by the Mann-Whitney U test. Significance of differences between normally dis-
tributed variables was assessed by Student’s t-test. Categorical variables were compared
by the chi-square test using 2 x 2 contingency tables. Values were considered statistically
significant when p was < 0.05.
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3. Results
3.1. EHRs

Out of 704 EHRs analyzed, 38.1% of records belonged to men and 61.9% of records
belonged to women. The records were created during ambulatory patient visits (1 = 458),
home visits by primary care physicians (n = 118), patient stays in emergency assessment
units (n = 18), and hospital discharge procedures (discharge epicrisis records, n = 110) from
January 2019 to August 2022. Information on prescribed drugs was present in 92.9% of
EHRSs; 51.7% of EHRs contained detailed information on drugs taken by patients.

Among EHRs with documented information on pharmacotherapy, the number of
medications per record ranged from 1 to 28 for the taken drugs (Me =5, IQR 3-7; n = 361)
and from 1 to 18 for the prescribed drugs (Me = 6, IQR 4-8; n = 651), p < 0.05. Female
patients were taking significantly more drugs than men (p < 0.05) (Figure 3A). The number
of medications per record in the P-List significantly exceeded the corresponding number in
the T-List (p < 0.05) (Figure 3B).
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¥ ' O Median 30 X p
A * [025%-75% B %
T Non-Outlier Range
- 4 o Outliers 25F
% Extremes <
1
L = g g 20r o
° o o o
° ° o g
- o : 3 15F o °
—_— —— ° _o —
=)
2
3 : © 10f 1
-
o
) o
L o 4 o 5t o
1 ; :
=
z
_ T . al 1 1
Female Male Taken Prescribed
p =0.00619 p =0.000174
Sex Medication list
7 T T
C D *
= * 4 <
T 6f
o
- . o
e
* » S| o g
L * 4 @ o
o o
")
L 4 o4t g o
(=] o
8 8
i * | 2 3} S—
i o b
-1 | s
-9 o 2k J
@
[ 1 £ | |
L L 0 M )
Female Male Taken Prescribed
p=0.041910 p = 0.000235

Figure 3. (A): Median number of taken medications per record in women versus men. (B): Median
number of taken versus prescribed medications per record. (C): Median number of drug-drug
interactions (DDIs) between taken medications in women versus men. (D): Median number of serious
DDIs between taken versus prescribed medications per record. Only statistically significant results
are presented (p < 0.05).
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3.2. Polypharmacy

In the case of polypharmacy, the median number of drugs prescribed to patient per
record did not significantly differ from the median number of medications reported as
“taken”: Me =7, IQR 5-9 versus Me =7, IQR 6-9 (p > 0.05). However, the prevalence of
polypharmacy was significantly higher in the list of prescribed medications than in the list
of taken medications (p < 0.05) (Table 2).

Table 2. Polypharmacy occurrence in the lists of taken (T-List) and prescribed medications (P-List) in
male (m) and female (f) patients.

Medication List; Sex Polypharmacy
T-List; m, n 69 *§

T-List; f, n 146 *§

P-List; m, n 166§

P-List; f, n 2698

T-List; m + f, n 2158

P-List m+f,n 4358

Note: * p < 0.05 indicates significant differences between men and women; § p < 0.05 indicates significant
differences between T- and P-Lists.

Polypharmacy was observed significantly more often in women taking medications
than in the corresponding group of men (p < 0.05). However, no sex-related differences
were found in the rates of polypharmacy in the list of prescribed medications (Table 2).

3.3. DDIs

The number of DDIs per record ranged from 0 to 70 and from 0 to 39 for the taken and
prescribed medications, respectively. The prevalence rates of DDIs were 73.5% and 68.5%
in the T- and P-Lists, respectively. Serious DDIs comprised 16% of all DDIs in the P-List
and 7% of DDIs in the T-List (p < 0.05). Median DDI numbers per record were Me = 2, IQR
0-7 and Me = 3, IQR 0-7 in the T- and P-Lists, respectively. The total number of DDIs was
significantly higher in the P-List compared with the T-List (p < 0.05) (Figure 4).

3000

2709*

2500

2000

1551
1500

DDI number, n

1000

580*
500
263"

0 1 5

Contraindicated Serious Monitor Closely Minor

W Prescribed drugs OTaken drugs

Figure 4. Numbers of drug-drug interactions (DDIs) classified into contraindicated, seri-
ous/dangerous, monitor closely, and minor in the lists of prescribed and taken medications. * p < 0.05.
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We identified 365 pairwise drug combinations associated with DDIs in the T-List, and
the total number of DDI occurrences due to these combinations reached 1879. Among these,
249 drug combinations were associated with DDIs requiring close monitoring (n = 1551);
73 drug combinations were associated with minor DDIs (n = 193); 41 combinations were
associated with serious DDIs (n = 130); and only two drug combinations were associated
with contraindicated DDIs (1 = 5). The top 10 serious and monitor-closely pairwise DDIs in
the T-List are presented in Tables 3 and 4, respectively. Detailed explanations of all pairwise
DDIs in the T-list are given in Table S2 (serious DDIs), Table S3 (monitor-closely DDIs), and

Table S4 (minor DDIs).

Table 3. Top 10 pairwise serious drug-drug interactions in the list of taken drugs in the cohort of

cardiovascular patients based on data of electronic health records in 2019-2022 (n = 704).

Drug Combination

n

Top 10 Serious Drug-Drug Interactions (T-List)

aspirin + perindopril

25

Aspirin, perindopril. Pharmacodynamic antagonism. Avoid or Use
Alternate Drug. Co-administration may result in a significant
decrease in renal function. NSAIDs may diminish the
antihypertensive effect of ACE inhibitors. The mechanism of these
interactions is likely related to the ability of NSAIDs to reduce the
synthesis of vasodilating renal prostaglandins

aspirin + lisinopril

17

Aspirin, lisinopril. Pharmacodynamic antagonism. Avoid or Use
Alternate Drug. Co-administration may result in a significant
decrease in renal function. NSAIDs may diminish the
antihypertensive effect of ACE inhibitors. The mechanism of these
interactions is likely related to the ability of NSAIDs to reduce the
synthesis of vasodilating renal prostaglandins

amiodarone + indapamide

Amiodarone and indapamide both increase QTc interval. Avoid or
Use Alternate Drug

aspirin + enalapril *

Aspirin, enalapril. Pharmacodynamic antagonism. Avoid or Use
Alternate Drug. Co-administration may result in a significant
decrease in renal function. NSAIDs may diminish the
antihypertensive effect of ACE inhibitors. The mechanism of these
interactions is likely related to the ability of NSAIDs to reduce the
synthesis of vasodilating renal prostaglandins

bisoprolol + digoxin

Bisoprolol increases effects of digoxin by pharmacodynamic
synergism. Use Caution/Monitor. Enhanced bradycardia

clopidogrel + omeprazole

Omeprazole decreases effects of clopidogrel by affecting hepatic
enzyme CYP2C19 metabolism. Avoid or Use Alternate Drug.
Clopidogrel efficacy may be reduced by drugs that inhibit
CYP2C19. Inhibition of platelet aggregation by clopidogrel is
entirely due to an active metabolite. Clopidogrel is metabolized to
this active metabolite in part by CYP2C19

ceftriaxone + enoxaparin

Ceftriaxone increases effects of enoxaparin by anticoagulation.
Avoid or Use Alternate Drug. cephalosporins may decrease
prothrombin activity

apixaban + clopidogrel

Clopidogrel and apixaban both increase anticoagulation. Avoid or
Use Alternate Drug

digoxin + omeprazole

Esomeprazole will increase the level or effect of digoxin by
increasing gastric pH. Applies only to oral form of both agents.
Avoid or Use Alternate Drug

aspirin + ketorolac

3

Aspirin, ketorolac. Either increases toxicity of the other by
pharmacodynamic synergism. Contraindicated

* Note: Impact of drug-drug interactions associated with the combinations “aspirin + captopril” and “aspirin +
enalapril” may be considered insignificant due to the use of low-dose aspirin in the majority of cases. Administra-
tion of aspirin at doses less than 300 mg per day has little effect on the effectiveness of captopril and enalapril.
Administration of aspirin in higher doses reduces the effectiveness of captopril and enalapril.



J. Clin. Med. 2023, 12, 5061

9 of 20

Table 4. Top 10 pairwise monitor-closely drug—drug interactions among taken drugs in the cohort of
cardiovascular patients based on data of electronic health records in 20192022 (n = 704).

Drug Combination

n Top 10 Monitor-Closely Drug-Drug Interactions (T-List)

aspirin + losartan

Aspirin decreases effects of losartan by pharmacodynamic
antagonism. Modify Therapy/Monitor Closely. NSAIDs decrease
synthesis of vasodilating renal prostaglandins, and thus affect fluid
homeostasis and may diminish antihypertensive effect

104

aspirin + bisoprolol

Aspirin decreases effects of bisoprolol by pharmacodynamic
94 antagonism. Use Caution/Monitor. Long term (>1 wk) NSAID use.
NSAIDs decrease prostaglandin synthesis

bisoprolol + losartan

Bisoprolol, losartan. Mechanism: pharmacodynamic synergism.
58 Use Caution/Monitor. Risk of fetal compromise if given during
pregnancy

aspirin + spironolactone

Aspirin decreases effects of spironolactone by unspecified
interaction mechanism. Use Caution/Monitor. When used

42 concomitantly, spironolactone dose may need to be titrated to
higher maintenance dose and the patient should be observed
closely to determine if the desired effect is obtained

amiodarone + losartan

Amiodarone will increase the level or effect of losartan by affecting
hepatic enzyme CYP2C9/10 metabolism. Use Caution/Monitor.
32 May inhibit the conversion of losartan to its active metabolite
E-3174. Importance of interaction not established; monitor
individual therapeutic response to determine losartan dosage

aspirin + metoprolol

Aspirin decreases effects of metoprolol by pharmacodynamic
32 antagonism. Use Caution/Monitor. Long term (>1 wk) NSAID use.
NSAIDs decrease prostaglandin synthesis

losartan + metoprolol

Losartan and metoprolol both increase serum potassium. Use

32 Caution/Monitor

bisoprolol + torsemide

Bisoprolol increases and torsemide decreases serum potassium.

1 . .. . . .
3 Effect of interaction is not clear, use caution. Use Caution/Monitor

digoxin + spironolactone

Spironolactone increases levels of digoxin by Other (see comment).
30 Use Caution/Monitor. Comment: Spironolactone may cause false
elevation of digoxin assay

aspirin + perindopril

Aspirin, perindopril. pharmacodynamic antagonism. Avoid or Use
Alternate Drug. Co-administration may result in a significant
decrease in renal function. NSAIDs may diminish the
antihypertensive effect of ACE inhibitors. The mechanism of these
interactions is likely related to the ability of NSAIDs to reduce the
synthesis of vasodilating renal prostaglandins

25

We identified 439 drug combinations associated with DDIs in the P-List, and these
drug combinations resulted in more than seven-fold higher pairwise drug interactions
(n = 3261). Among these, 317 drug combinations were associated with DDIs requiring
close monitoring (1 = 2709); 79 combinations were associated with minor DDIs (1 = 261);
42 combinations were associated with serious DDIs (n = 290); and one combination was
associated with contraindicated DDIs (1 = 2). Female sex was associated with a significantly
higher median number of DDIs between taken drugs compared with the corresponding
number in males (p < 0.05) (Figure 3C). A significantly higher number of serious DDIs
was identified in the P-List versus the T-List (p < 0.05) (Figure 3D). The top 10 serious
and monitor-closely DDIs in the list of prescribed drugs are presented in Tables 5 and 6,
respectively. The detailed explanations of pairwise DDIs in the P-list are given in Table S5
(serious DDIs), Table S6 (monitor-closely DDIs), and Table S7 (minor DDIs).
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Table 5. Top 10 pairwise serious drug-drug interactions among prescribed drugs in the cohort of

cardiovascular patients based on data of electronic health records in 20192022 (n = 704).

Drug Combination

n

Top 10 Serious Drug-Drug Interactions (P-List)

aspirin + captopril *

62

Aspirin, captopril. Pharmacodynamic antagonism. Avoid or Use
Alternate Drug. Co-administration may result in a significant
decrease in renal function. NSAIDs may diminish the
antihypertensive effect of ACE inhibitors. The mechanism of these
interactions is likely related to the ability of NSAIDs to reduce the
synthesis of vasodilating renal prostaglandins

captopril + losartan

38

Losartan, captopril. Either increases toxicity of the other by
pharmacodynamic synergism. Avoid or Use Alternate Drug. Dual
blockade of renin-angiotensin system increases risks of
hypotension, hyperkalemia, and renal impairment

aspirin + lisinopril

34

Aspirin, lisinopril. pharmacodynamic antagonism. Avoid or Use
Alternate Drug. Co-administration may result in a significant
decrease in renal function. NSAIDs may diminish the
antihypertensive effect of ACE inhibitors. The mechanism of these
interactions is likely related to the ability of NSAIDs to reduce the
synthesis of vasodilating renal prostaglandins

aspirin + perindopril

34

Aspirin, perindopril. pharmacodynamic antagonism. Avoid or Use
Alternate Drug. Co-administration may result in a significant
decrease in renal function. NSAIDs may diminish the
antihypertensive effect of ACE inhibitors. The mechanism of these
interactions is likely related to the ability of NSAIDs to reduce the
synthesis of vasodilating renal prostaglandins

clopidogrel + omeprazole

30

Omeprazole decreases effects of clopidogrel by affecting hepatic
enzyme CYP2C19 metabolism. Avoid or Use Alternate Drug.
Clopidogrel efficacy may be reduced by drugs that inhibit
CYP2C19. Inhibition of platelet aggregation by clopidogrel is
entirely due to an active metabolite. Clopidogrel is metabolized to
this active metabolite in part by CYP2C19

amiodarone + indapamide

Amiodarone and indapamide both increase QTc interval. Avoid or
Use Alternate Drug

aspirin + enalapril *

Aspirin, enalapril. pharmacodynamic antagonism. Avoid or Use
Alternate Drug. Co-administration may result in a significant
decrease in renal function. NSAIDs may diminish the
antihypertensive effect of ACE inhibitors. The mechanism of these
interactions is likely related to the ability of NSAIDs to reduce the
synthesis of vasodilating renal prostaglandins

aspirin + fosinopril

Aspirin, fosinopril. pharmacodynamic antagonism. Avoid or Use
Alternate Drug. Co-administration may result in a significant
decrease in renal function. NSAIDs may diminish the
antihypertensive effect of ACE inhibitors. The mechanism of these
interactions is likely related to the ability of NSAIDs to reduce the
synthesis of vasodilating renal prostaglandins

bisoprolol + digoxin

Bisoprolol increases effects of digoxin by pharmacodynamic
synergism. Use Caution/Monitor. Enhanced bradycardia

candesartan + captopril

Candesartan, captopril. Either increases toxicity of the other by
pharmacodynamic synergism. Avoid or Use Alternate Drug. Dual
blockade of renin-angiotensin system increases risks of
hypotension, hyperkalemia, and renal impairment

* Note: Impact of drug-drug interactions associated with the combinations “aspirin + captopril” and “aspirin +
enalapril” may be considered insignificant due to the use of low-dose aspirin in the majority of cases. Administra-
tion of aspirin at doses less than 300 mg per day has little effect on the effectiveness of captopril and enalapril.
Administration of aspirin in higher doses reduces the effectiveness of captopril and enalapril.
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Table 6. Top 10 pairwise monitor-closely drug-drug interactions among prescribed drugs in the
cohort of cardiovascular patients based on data of electronic health records in 20192022 (1 = 704).

Drug Combination

n Top 10 Monitor-Closely Drug-Drug Interactions (P-List)

aspirin + bisoprolol

Aspirin decreases effects of bisoprolol by pharmacodynamic
180 antagonism. Use Caution/Monitor. Long term (>1 wk) NSAID use.
NSAIDs decrease prostaglandin synthesis

aspirin + losartan

Aspirin decreases effects of losartan by pharmacodynamic
antagonism. Modify Therapy/Monitor Closely. NSAIDs decrease
synthesis of vasodilating renal prostaglandins, and thus affect fluid
homeostasis and may diminish antihypertensive effect

168

aspirin + metoprolol

Aspirin decreases effects of metoprolol by pharmacodynamic
86 antagonism. Use Caution/Monitor. Long term (>1 wk) NSAID use.
NSAIDs decrease prostaglandin synthesis

bisoprolol + losartan

Bisoprolol, losartan. Mechanism: pharmacodynamic synergism.
82 Use Caution/Monitor. Risk of fetal compromise if given
during pregnancy

aspirin + captopril *

Aspirin, captopril. pharmacodynamic antagonism. Avoid or Use
Alternate Drug. Co-administration may result in a significant
decrease in renal function. NSAIDs may diminish the
antihypertensive effect of ACE inhibitors. The mechanism of these
interactions is likely related to the ability of NSAIDs to reduce the
synthesis of vasodilating renal prostaglandins

62

aspirin + spironolactone

Aspirin decreases effects of spironolactone by unspecified
interaction mechanism. Use Caution/Monitor. When used

62 concomitantly, spironolactone dose may need to be titrated to
higher maintenance dose and the patient should be observed
closely to determine if the desired effect is obtained

aspirin + nitroglycerin

Aspirin increases effects of nitroglycerin sublingual by additive
vasodilation. Use Caution/Monitor. Vasodilatory and

61 hemodynamic effects of NTG may be enhanced by
co-administration with aspirin (additive effect desirable for
emergent treatment)

spironolactone + torsemide

Spironolactone increases and torsemide decreases serum potassium.
56 Effect of interaction is not clear, use caution. Modify
Therapy/Monitor Closely

bisoprolol + torsemide

Bisoprolol increases and torsemide decreases serum potassium.

55 Effect of interaction is not clear, use caution. Use Caution/Monitor

aspirin + clopidogrel

Aspirin, clopidogrel. Either increases toxicity of the other by
pharmacodynamic synergism. Use Caution/Monitor. The need for

46 simultaneous use of low-dose aspirin and anticoagulant or
antiplatelet agents are common for patients with cardiovascular
disease; monitor closely

* Note: Impact of drug-drug interactions associated with the combinations “aspirin + captopril” and “aspirin +
enalapril” may be considered insignificant due to the use of low-dose aspirin in the majority of cases. Administra-
tion of aspirin at doses less than 300 mg per day has little effect on the effectiveness of captopril and enalapril.
Administration of aspirin in higher doses reduces the effectiveness of captopril and enalapril.

Contraindicated DDIs occurred between the following medications: “dexametha-
sone + apixaban” and “indapamide + sotalol” in the T-List and “indapamide + sotalol”
in the P-List. Dexamethasone decreases the level or effect of apixaban by affecting hep-
atic/intestinal enzyme CYP3A4 metabolism, which reduces the anticoagulant effect by
decreasing apixaban systemic exposure. Indapamide and sotalol both increase QTc interval.

The top three most common drug combinations associated with serious/dangerous
DDIs were “aspirin + captopril”, “captopril + losartan”, and “aspirin + lisinopril” in the
P-List (Figure 5) and “aspirin + perindopril”, “aspirin + lisinopril”, and “amiodarone +
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indapamide” in the T-List (Figure 6). DDIs associated with the combinations “aspirin +
captopril” and “aspirin + enalapril” may be considered clinically insignificant due to the
use of low-dose aspirin in the majority of cases. Administration of aspirin at doses less
than 300 mg per day has little effect on the effectiveness of captopril and enalapril. Admin-
istration of aspirin in higher doses reduces the effectiveness of captopril and enalapril.

amlodipine + simvastatin, atorvastatin + carbamazepine, atorvastatin + niacin,
budesonide + clarithromycin, captopril + ketoprofen, captopril + meloxicam,
celecoxib + lisinopril, clopidogrel + esomeprazole, diclofenac + perindopril, =
digoxin + esomeprazole, digoxin + omeprazole, fenofibrate + pitavastatin, Prescribed drugs
ibuprofen + lisinopril, ketoprofen + ramipril, lisinopril + losartan,

meloxicam + perindopril, methotrexate + naproxen,

amiodarone + carbamazepine (1)

amlodipine + nifedipine, apixaban + rivaroxaban,
aspirin + ramipril, bisoprolol + nebivolol,

bisoprolol + timolol, digoxin + metoprolol,

digoxin + pantoprazole, potassium + spironolactone (2)

ibuprofen + naproxen (3)
captopril + telmisartan (3)

apixaban + clopidogrel (3) aspirin + captopril (62)

aspirin + ibuprofen (4)

captopril + valsartan (5)

azilsartan + captopril (5)
candesartan + captopril (6)

bisoprolol + digoxin (6)
aspirin + fosinopril (7)
aspirin + enalapril (7)

amiodarone + indapamide (9)

clopidogrel + omeprazole (30)

aspirin + lisinopril (34)

Figure 5. Pairwise combinations of prescribed drugs associated with serious/dangerous drug-drug
interactions (DDIs) in the cohort of cardiovascular patients. Digits in parentheses indicate the absolute
number of DDI occurrences for each pair of medications. Note: Impact of drug-drug interactions
associated with the combinations “aspirin + captopril” and “aspirin + enalapril” may be considered
insignificant due to the use of low-dose aspirin in the majority of cases. Administration of aspirin
at doses less than 300 mg per day has little effect on the effectiveness of captopril and enalapril.
Administration of aspirin in higher doses reduces the effectiveness of captopril and enalapril.
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amiodarone + escitalopram, amiodarone + haloperidol, amiodarone + levofloxacin, Taken drugs

apixaban + enoxaparin, apixaban + rivaroxaban, atenolol + sotalol,

azithromycin + heparin, bisoprolol + metoprolol, clarithromycin + dexamethasone,
clopidogrel + morphine, dalteparin + enoxaparin, diclofenac + enalapril,
diclofenac + ketorolac, diclofenac + lisinopril, enalapril + ketorolac,

enalapril + losartan, enoxaparin + heparin, fluconazole + octreotide, aspirin + perindopril (25)

heparin + warfarin, ketorolac + meloxicam, lisinopril + meloxicam,

lisinopril + losartan (1)

clarithromycin + enoxaparin (2)
metoprolol + sotalol (2)
digoxin + metoprolol (2)
ketorolac + lisinopril (2)
aspirin + fosinopril (2)
captopril + losartan (2)
ceftriaxone + heparin (2)

amiodarone + digoxin (2)
aspirin + ketorolac (3) "

potassium + spironolactone (3)

digoxin + omeprazole (4)

apixaban + clopidogrel (4)

ceftriaxone + enoxaparin (6) aspirin + enalapril (7)

clopidogrel + omeprazole (7) bisoprolol + digoxin (7)

Figure 6. Pairwise combinations of taken drugs associated with serious/dangerous drug-drug
interactions (DDIs) in the cohort of cardiovascular patients. Digits in parentheses indicate the
absolute number of DDI occurrences for each pair of medications. Note: Impact of drug-drug
interactions associated with the combinations “aspirin + captopril” and “aspirin + enalapril” may be
considered insignificant due to the use of low-dose aspirin in the majority of cases. Administration of
aspirin at doses less than 300 mg per day has little effect on the effectiveness of captopril and enalapril.
Administration of aspirin in higher doses reduces the effectiveness of captopril and enalapril.

The top three most common drug combinations associated with DDIs requiring close
monitoring were “aspirin + bisoprolol”, “aspirin + losartan”, and “aspirin + metoprolol” in
the P-List and “aspirin + losartan”, “aspirin + bisoprolol”, and “bisoprolol + losartan” in
the T-List. Nine drugs (digoxin, amiodarone, enalapril, metoprolol, enoxaparin, ceftriaxone,
ketorolac, heparin, and sotalol) were associated with significantly higher DDI numbers in
the T-List compared with the P-List (p < 0.05).

Only captopril and losartan were associated with significantly higher DDI numbers
in the P-List relative to those in the T-List (p < 0.05), but the abundance of these DDIs
contributed to significantly higher overall DDI burden among the prescribed drugs.

Three groups of DDI-associated drug combinations were identified: (1) only taken,
but never recommended, (2) both taken and recommended, and (3) only recommended,
but never taken.
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3.4. DDI Index

Figure 5 shows median numbers of prescribed and taken drugs and the corresponding
values of DDIs and DDI indexes per record depending on the ICD code. Records without
a specified ICD code were marked “N/A”. The DDI indexes ranged from 0 to 138. The
top five DDI indexes in the P-List were associated with ICD codes beginning with the
letters R, U, I, and Z, and N/A. The top five DDI indexes in the T-List were associated
with ICD codes beginning with the letters U, N/A, L, I, and S (Figure 7). ICD code U07.1
(COVID-19, virus identified) was the only code beginning with the letter “U” in both lists
(P- and T-Lists). DDI indexes associated with the N/A category ranked in the top two in
the P-List and top five in the T-List (Figure 7).

80
DDl index/record (P) DDl index/record (T)
DDl/record (P) DDl/record (T) "
I Drug/record (P) 70 M Drug/record (T)
60
50
B .
o
(8]
e
€ 40
k]
©
14
’ 30
. 20
10 *
0
S GC THNUJLEDIKAMNAZ | UR ICD: A C T GNKH ZMD J ER S | LNAU
1 6 4 1 2 23 4 1 38 7 32 2 25 22 12 172 7 7 Nptst O 2 1 2 9 20 5 3 14 3 26 27 6 1 239 1 17 7
Prescribed drugs (P) Taken drugs (T)

Figure 7. Median numbers of prescribed and taken medications and associated median numbers of
drug-drug interactions (DDIs) and DDI indexes per record depending on primary ICD code (only the
letters the ICD codes begin with are shown). Digits on the horizontal axis represent the corresponding
numbers of patients in the electronic health records. Digits in red color on the horizontal axis highlight
the top three most abundant ICD codes. The red line connects the bars corresponding to the most
abundant ICD group of codes beginning with the letter “I”. Asterisk indicates significantly higher
DDI index between the panels (* p < 0.05).

4. Discussion

Two primary drug lists (P-List and T-List, with “P” and “T” standing for prescribed
and taken medications) were established in our study to analyze the patterns of prescribed
and taken medications documented in the electronic health records in the cohort of older
cardiovascular patients. A sub-list analysis enabled the assessment of the patterns of DDIs
and polypragmasy at the group-based and individual levels.

There are many medical decision support systems available to assess potential DDIs
while prescribing pharmacotherapy [14-18]. Each of these systems has its own advantages
and disadvantages, and several systems may be used for in-depth assessment of a limited
number of DDIs. We selected a single medical decision support system for DDI assessment.
Medscape Drug Interaction Checker [13] was chosen among other medical decision support
systems because (i) it allowed stratification of the DDIs into four classes; (ii) it was user-
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friendly to operate; (iii) it provided information on underlying mechanisms of DDIs; and
(iv) it was previously verified to be useful in assessing DDIs in cardiovascular and comorbid
patients [19-23].

We analyzed DDIs on a pairwise basis because there are currently no commonly
recognized resources allowing the assessment of higher-order DDIs, although such tech-
niques are emerging and seem promising [24]. Pairwise DDI identification enabled the
provision of straightforward and comprehensible illustrations, thereby contributing to
better understanding of DDI patterns. In our study, median DDI number per record
often exceeded the corresponding number of drug combinations because pharmacokinet-
ics and pharmacodynamics of one pairwise drug combination involved more than one
biotransformation pathway.

We developed an easy-to-calculate DDI index to take into consideration the differential
impact of DDI categories ranging from contraindicated to minor. Procedures currently
accommodated by institutions for reporting ADRs are as follows: as soon as a healthcare
provider becomes aware of an ADR, this information is recorded, and medication causing
the ADR is discontinued or dosage adjustment is performed. Current procedures for
reporting DDIs remain at the discretion of health care workers taking care of patients.
No standard procedures for reporting DDIs have been implemented yet. For the first
time, we propose the use of the DDI index to take into consideration the strength of drug
interactions (contraindicated, serious/dangerous, requiring close monitoring, and minor).
We believe that the simple summation of DDIs without introducing the DDI index could
lead to underestimation of clinically significant DDI burden. Without introducing the DDI
index, the contribution of minor and contraindicated DDIs (i.e., insignificant and very
dangerous, respectively) to the overall DDI burden is leveled or equalized. We believe that
DDlIs should be stratified quantitively both for scientific purposes and clinical application.

The proposed DDI index has not yet been validated. Upon validation, it may be
implemented in clinical practice. Calculation of the proposed DDI index has been discussed
with the institute running the study. The present research and introduction of the DDI index,
in particular, represent the efforts aimed at the development of a strategy and measures
to control clinically significant DDIs in our cardiovascular patients. We plan to further
foster the concept of the DDI index in future research. Integrating quantitative systems’
pharmacology analysis with physiologically based pharmacokinetic models may lead to
the development of more sophisticated scales. Multiscale modeling may predict potential
pharmacodynamic DDIs, and, via clinical trial simulations, create testable hypotheses as to
their potential clinical significance [25]. It is essential to develop clinical decision support
systems for data-driven prediction of ADRs triggered by DDIs [26,27]. However, it seems
challenging to adequately measure the overlapping impact of DDIs, which is multifactorial
and depends on genetic factors, ADR manifestation, and economic burden.

The frequency of occurrence of serious DDIs in our study was significantly higher in
the case of prescribed medications compared with that among taken drugs. The highest
median DDI index in our study was observed in patients with COVID-19. Notably, in the
study by Spanakis and others [28], clinically significant DDIs of “serious-use alternative”
or “use with caution-monitor” management were found in 40.3% of cases upon admission,
21% during hospitalization, and 40.7% upon discharge, suggesting that the efforts of a
medical team can successfully reduce the risks associated with dangerous DDIs during a
hospital stay. It is clear that serious DDIs can hinder treatment response and complicate
hospitalization in COVID-19 patients [28].

Sex-related differences found in our study agree with data of the large-scale analysis
showing that women have a 60% increased risk of DDI and a 90% increased risk of DDI
leading to major ADR as compared to men [27]. Female sex and older age also contribute
to non-adherence to, in particular, statins [29]. We agree that the potential effects of sex
and gender on inappropriate prescribing and deprescribing remain poorly understood [30].
Cognitive, behavioral, pharmacokinetic, and pharmacodynamic factors of adaptation
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underlying significantly higher scores in drug numbers, polypharmacy rates, and DDIs in
women require further research.

Our study showed significant differences in the median numbers of serious DDIs
per record (i.e., per single medical care encounter) in the lists of prescribed and taken
medications. The mismatch of serious, requiring close monitoring, and minor DDIs was
also found between the large cohort-based lists of prescribed and taken medications.
This observation may indirectly suggest suboptimal treatment compliance and/or non-
adherence of patients to prescribed therapy. Considering the significantly higher burden
of serious DDIs among prescribed medications, the observed difference may be a sign of
patient adaptation protecting them from exposure to serious DDIs.

Among the most commonly prescribed drug combinations associated with serious
DDlIs, the pairs of “aspirin + captopril” and “aspirin + enalapril” may be considered
clinically insignificant due to the use of low-dose aspirin in the majority of cases. Adminis-
tration of aspirin at doses less than 300 mg per day has little effect on the effectiveness of
captopril and enalapril. Administration of aspirin in higher doses reduces the effective-
ness of captopril and enalapril. Furthermore, captopril was often prescribed to be taken
episodically when blood pressure remained high, despite intake of other antihypertensives;
this corresponds to the guidelines of the Russian Medical Society on Arterial Hyperten-
sion (RMSAH) [31], which recommend administration of relatively fast- and short-acting
oral/sublingual angiotensin converting enzyme inhibitors (captopril, moxonidine, cloni-
dine, and propranolol) for treatment of uncomplicated hypertensive crisis. It remains
unclear whether the risk of taking these combinations may be completely dismissed con-
sidering the significant burden of polypharmacy and higher-order DDIs, which could
potentially interfere with the pharmacokinetics of administered drugs. The combination
“aspirin + lisinopril”, associated with serious DDIs, was among the most common in both
lists (T- and P-Lists). Other common drug combinations associated with serious DDIs
differed between the lists.

Drug interactions observed in some patients could directly result from the official clini-
cal recommendations regarding the treatment of certain disease entities. British researchers
from seven medical centers performed a systematic study focusing on the recommen-
dations given in twelve national clinical guidelines [32]. The analysis of drug-disease
interactions and DDIs between medications recommended by national guidelines showed
that following the guidelines may result in serious DDIs in multimorbid patients. The
number of potentially serious (dangerous) DDIs reaches 30 in patients with most common
multimorbidities, which poses a significant risk of serious ADRs including neurotoxicity,
abnormal renal function, bleeding, and cardiovascular reactions [32]. Randomized clinical
trials underlying guidelines produce high-quality data regarding the benefits rather than
the risks of taking medication in real clinical settings where people are usually frailer and
multimorbid and take multiple drugs for treatment of conditions distinct from those in
clinical trial populations. Studying real groups of patients improves understanding of the
heterogeneity of patient populations, and allows the development of measures that provide
pure benefits without the harm posed by potentially serious DDIs [33]. Furthermore, paper
versions of guidelines are challenging to integrate for people with geriatric syndromes and
multimorbidity due to the overwhelming body of knowledge produced in recent years and
the vast array of factors to be taken into consideration. Solving this problem would require
going beyond the clinical recommendations in this category of patients.

The Working Group on Cardiovascular Pharmacotherapy of the European Society
of Cardiology encourages implementation of a multidisciplinary team approach and con-
sideration of age-related changes in the pharmacokinetics and pharmacodynamics of
cardiovascular drugs to address the issues of polypharmacy [34]. The working group
considers that adherence to pharmacotherapy is a key question. It is vital to thoroughly
understand the most common ADRs, practices of deprescribing [34,35], problems of omis-
sions, and potentially inappropriate medications, which may require going beyond the
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guidelines while implementing binary or multicore team-based approaches to care for
vulnerable patients [36].

Genetic variations markedly increase or ameliorate the severity of potential DDIs and
should be considered while prescribing pharmacotherapy to patients with polypharmacy.
Most current guidelines on DDIs neither consider the potential effect of genetic polymor-
phisms in the strength of the interaction nor do they account for the complex interaction
caused by the combination of DDIs and DGIs (drug-gene interactions) when there are
multiple biotransformation pathways, which are referred to as DGGIs (drug-gene—gene
interactions) [10]. The increasing availability of real-world drug outcome data linked to
genetic technologies and resources is likely to enable the discovery of previously unrec-
ognized clinically significant drug—drug-gene interactions to develop clinically useful
models to reduce adverse DDIs and improve drug outcomes in the setting of increasing
multimorbidity and polypharmacy [10,11].

Our study has some limitations. First, we studied the lists of prescribed and taken
medications documented in the EHRs. These lists could differ from the drugs taken by
patients in reality, especially in the case of medical records documenting patient visits
to outpatient facilities, as it is possible that older individuals could misreport some of
the medications they take. On the contrary, records of administrated medications during
hospitalizations may be more precise. Furthermore, some community-dwelling older
patients could practice self-administration of over-the-counter drugs, food supplements,
and herbal medications without reporting it to their health care providers. Due to the
retrospective nature of our study, there was no way to verify with certainty whether
the drugs documented as those patients were taking had indeed been taken by patients.
Future studies involving patient surveys may contribute to solving this issue. The second
limitation is caused by the fact that the health information system covers only a portion of
healthcare institutions in Tomsk and Tomsk Region, and this coverage will expand in the
future. Therefore, the data in this paper represent only a portion of the patient population
triaged to particular healthcare providers. The third limitation of the study is due to
the significant disruption in routine healthcare during the COVID-19 pandemic, which
provides a rationale for continuous monitoring of the situation with pharmacotherapy
patterns in the vulnerable cohort of older cardiovascular patients. The fourth limitation is
the absence of data on some medications, in particular, umifenovir and favipiravir in the
Medscape Drug Interaction Checker at the time of investigation. However, these drugs
constituted less than 1% of the entire pool of medications administered to our cohort, so
they would not make a significant difference to the overall picture. Finally, we did not
study the associations between DDIs and potential ADRs in our cohort, which require
further independent research.

We propose the following solutions to the problem of high DDI burden: (i) build-
ing a better structure of EHRSs; (ii) patient engagement in medication diaries and ADR
documentation using specially built portals linked to EHRs [37]; (iii) identifying patients
with clinically significant polymorphisms of genes involved in drug metabolism [10,11];
(iv) developing electronic decision-making support system for control over DDIs; and
(v) an interdisciplinary approach to team building [36]. Data such as those obtained in our
study should urge the medical expert community to develop consensus guidelines for the
pharmacotherapy of geriatric patients with multimorbidity.

5. Conclusions

The high prevalence of serious DDIs and polypharmacy requires implementation of
deprescribing protocols in older cardiovascular patients. Control of DDIs and polyphar-
macy may contribute to better medical compliance and adherence by reducing potential
ADRs. Further research is warranted to improve the EHR structure, provide patient engage-
ment in reporting ADRs via an EHR-linked platform, implement patient clustering and
genotyping, develop an electronic decision support system, and practice interdisciplinary
teamwork to ensure safe and effective personalized care.
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