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Abstract

BACKGROUND: Therapeutic drug monitoring (TDM) involves the measurement of serum drug
concentrations to optimize pharmacotherapy. Traditionally, blood pressure measurements alone, and
not TDM, have been used to evaluate the antihypertensive drug response. However, approximately 50 %
of hypertensive patients treated with lifestyle changes and antihypertensive drugs fail to achieve blood
pressure control. Serum drug concentration measurements could be useful to select the optimal drugs in
adjusted doses and to identify non-adherence. Implementation of TDM in clinical routine for

antihypertensive drugs depends on established serum reference ranges.

METHODS: Commonly used antihypertensive drugs were identified based on prescription data. The
authors performed a review of authoritative literature on reported serum drug concentrations and
calculated expected concentrations from previously reported pharmacokinetic parameters with
commonly prescribed daily doses. Finally, serum drug concentrations in samples from patients

undergoing antihypertensive treatment were measured.

RESULTS: Serum reference ranges for 24 frequently used antihypertensive drugs were established based

on results from three approaches.

CONCLUSION: Serum drug concentration measurements, interpreted in light of the established
reference ranges, together with blood pressure measurements and other clinical data, may help identify
non-adherent patients and tailor individual antihypertensive treatment when deviant drug responses

appear, in line with the concept of personalized medicine.

Keywords: therapeutic drug monitoring (TDM), serum drug concentration, antihypertensive drugs,

adherence, personalized medicine.



Background

High blood pressure (BP) globally affects 30—45 % of the adult population and is a major risk factor for
morbidity and mortality’3. Therefore, controlling high BP is of great importance to the health and

wellbeing of a large portion of the adult population.

According to the 2018 ESH/ESC Guidelines for the treatment of hypertension,! the recommended
antihypertensive drugs are: angiotensin-converting enzyme inhibitors (ACEls), angiotensin Il receptor
blockers (ARBs), calcium channel blockers (CCBs), beta-blockers, thiazide diuretics and, in certain
settings, other drugs like aldosterone antagonists, loop diuretics, and alpha-blockers. In Norway, a total
of 498-526 million daily defined doses (DDD) of these drug groups were prescribed yearly during 2014-

2018, with a reported drug expenditure of around 100 million Euros per year.*

Traditionally, BP measurements are used to evaluate the antihypertensive drug response. However,
approximately 50 % of those receiving treatment for hypertension fail to achieve treatment goals despite
advice regarding lifestyle changes and prescription of antihypertensive medication.® Uncontrolled
hypertension can be attributed to poor drug adherence, suboptimal drug selection for the individual
patient, failure to intensify treatment (i.e. physician’s inertia), secondary hypertension, and true

treatment-resistant hypertension.'®

The prevalence of non-adherence varies and depends on the population. In small groups with
apparently resistant hypertension, defined as BP >140/90 mm Hg, despite treatment with diuretics and 2
other antihypertensive drugs belonging to different classes at adequate doses, several studies have
reported a high prevalence of poor drug adherence, ranging between 23-66 %.” In an outpatient
hypertension clinic of a university hospital, the prevalence was shown to be only 10 %.8 Hence,
adherence issues are not the only explanation for the high number of patients failing to achieve BP

control. Large outcome trials in hypertension have shown that physician’s inertia is a major cause of not



reaching the target BP. ° Furthermore, even in adherent patients, individual pharmacokinetic variations

may cause treatment failure.

Current methods for monitoring drug adherence can be unreliable (e.g. pill counting, self-reporting,
patient interviews), or costly and difficult to implement in clinical practice (e.g. electronic pill dispensers,
witnessed drug intake”!%!!). Quantification of the serum drug concentration, also called therapeutic
drug monitoring (TDM), is an objective approach to assess adherence, may improve drug therapy, and is
in line with the concept of personalized medicine.?** TDM is currently performed as part of the normal
routine; e.g. antiepileptic, immunomodulatory, and certain psychotropic drugs. Several methods for
measuring serum or blood concentrations of antihypertensive drugs by ultra-high-performance liquid
chromatography coupled with tandem mass spectrometry (UHPLC-MSMS) have been published.®*® To

date, this method has mainly been used to assess drug adherence.”*119.20

Prescribing the correct dose and drug combination, which should be tailored to the individual patient, is
necessary for successful treatment outcomes. A given dose may result in a wide range of blood drug
concentrations as patients differ in their ability to absorb, distribute, metabolize, and excrete drugs
owing to age, concurrent disease, interacting drugs, or genetic variations?>?22* (Figure 1). Genetic
polymorphisms,?*?*> environmental factors, and alterations in organ function are major causes for
pharmacokinetic variability and could explain why patients with uncontrolled hypertension do not
respond to antihypertensive medications as expected. Measuring drug concentrations in the blood is a

practical approach to account for this variability and tailor doses to individual patients.

Evidence from clinical studies regarding the range of serum drug concentration, expected to result in
good therapeutic effects without intolerable adverse effects, defining the therapeutic reference range, is
a prerequisite for the optimal use of TDM. True therapeutic reference ranges require supportive

evidence of a relationship between drug concentrations and clinical outcomes. This is defined only for a



limited number of drugs, and not for antihypertensive medications. However, when a therapeutic
reference range is lacking, pharmacokinetic calculations, defining a dose-related reference range (DRRR),
can be used.'>1%2% Based on this approach, population data on pharmacokinetic variability can be utilized
to define the expected range of serum drug concentrations in patients receiving standard doses of the
drug. DRRR may be used to identify non-adherent patients, as well as patients with deviant drug
responses owing to pharmacokinetic abnormalities, and can reduce physician inertia by rendering
treatment intensification safer for the physician, even if this implies prescribing doses outside the

recommended range.

Therefore, the aims of the present study were as follows, 1) define the most commonly prescribed
antihypertensive drugs in Norway and describe their pharmacokinetic characteristics, and 2) suggest
serum reference ranges based on a review of authoritative literature, pharmacokinetic calculations, and

drug measurements in patient samples.

Material and Methods

SELECTION OF ANTIHYPERTENSIVE DRUGS, DOSE RANGES, AND DRUG
BIOTRANSFORMATION

We searched the Norwegian Prescription Database® for antihypertensive drugs prescribed between 2014
and 2018. The recommended low and high (initial to maximum) drug doses used for hypertension were
retrieved from the Summary of Product Characteristics (SmPC) and Micromedex
(https://www.micromedexsolutions.com). For each selected drug, we explored the pathways of
biotransformation and drug excretion mediated by the kidney to get an overview of the main factors

that can account for differences in blood levels and the need for TDM.?"-%8



PUBLISHED THERAPEUTIC REFERENCE RANGES

Data on therapeutic reference ranges were retrieved from two published reports of therapeutic and
toxic drug concentrations in serum/plasma,?>3° as well as two recognized drug reference works?®3%, In
cases where the ranges stated by different sources failed to match, we chose those with the widest

range.

CALCULATION OF EXPECTED SERUM CONCENTRATIONS AND DRC FACTORS
At steady state, the expected drug concentration at any time point in the elimination phase (C:) can be
calculated from the dose (D), the dosing interval (di), the elimination rate constant (k.), the time interval

between drug intake and blood sampling (At), the bioavailability (F), and the total body clearance (C/)**:

_ [(p F (ke xdi) —keXAt
Ct= [(di) X (cz )] % [(1—e—kexdi)] X (e7rex)
The concept of dose-related concentration (DRC) factors has been described by Hiemke et al** and
recently utilized in the context of evaluating antihypertensive drug adherence by Ritscher et al®.
Calculation of the DRC factor is performed by omitting the dose from the equation defining the expected
drug concentration, to facilitate the calculation of expected concentrations with different doses.

DRC factor = % = [(%) X (g)] X % X (e—keXAt)

We calculated DRC factors and expected concentration ranges with low and high doses at 12 h (Cyan; di
24, At 12) and 24 h (Caan; di 24, At 24) for drugs administered once daily, and at 12 h (Cy2n; di 12, At 12)
for drugs administered twice daily (propranolol and labetalol). Pharmacokinetic parameters were
retrieved mainly from authoritative pharmacology literature.3? In cases where these parameters could
not be found in this source, we searched other reference works and drug databases,?”"%3! as well as

primary literature regarding pharmacokinetic studies. To account for inter-individual variability in drug



elimination, we incorporated the standard deviation of total clearance, Cl £ SD, into equations. If the
standard deviation of clearance was lacking, we applied the variance reported for the area under the

curve (AUC).

Some drugs are most often administered as sustained-release formulations owing to their short half-lives
(metoprolol, nifedipine, diltiazem, and doxazosin). The serum concentrations are relatively constant
throughout the dosing interval as absorption is delayed, and a precisely defined elimination phase or
elimination rate constant is lacking. In this case, the average concentration (C,,) at steady state can be

calculated, according to the formula:1#3

Cav = [(dﬂ) X (5)]

and hence,

DRC factor = |(3) x (7]

MEASUREMENTS USING PATIENT SAMPLES

The following patient samples were collected during 2018-2019: 1) outpatient samples from a routine
TDM service (n=93), and 2) inpatient samples from an ongoing study on pharmacokinetics in obese
patients (n=63). The study was approved by the Regional Ethics Committees and written consents were
signed and provided by patients, with the data from the TDM service approved for publication by the
Data Protection Officer. We included only samples with explicitly stated information regarding the time
of the last intake and time of sampling. Only concentrations at steady state collected between 12 and 24
h (Ci2-24n) after the last medication intake were included. If there was any doubt regarding the validity,
the samples were excluded. The parent drugs were measured, except for enalapril, ramipril, losartan,

and spironolactone, in which case the active metabolites enalaprilat, ramiprilat, losartan carboxylic acid,



and canrenone were measured. The median (range) of values for each drug is reported when

measurements of three or more patient samples were available.

The serum samples were analyzed by UHPLC-MSMS at the Department of Clinical Pharmacology, St. Olav
University Hospital, using a previously published and fully validated method.*® The patient samples were
refrigerated after receipt at the laboratory and were analyzed consecutively within the documented

stability time frame (max 3 days).

ESTABLISHING SERUM REFERENCE RANGES

We aimed to establish reference ranges that reflect expected serum concentrations with common doses
used in antihypertensive treatment. To establish these reference ranges, we compared drug
concentrations from 1) reported authoritative literature, Il) calculated Caan, Ci2n, and C,y as explained

above, and Ill) measurements of Ci,24n cOncentrations in patient serum samples.

Results

DRUG SELECTION

Figure 2 shows the drug consumption expressed as DDD per 1000 inhabitants per year, for drug groups
with blood pressure reducing effects prescribed outside hospitals in Norway during 2014-2018.% The 12
most frequently used antihypertensive preparations in Norway during 2018, listed in order from most to
least frequent, were: amlodipine, candesartan, ramipril, metoprolol, losartan, lercanidipine, losartan in
combination with hydrochlorothiazide (HCT), candesartan in combination with HCT, bumetanide,
valsartan, enalapril, and furosemide. These drugs covered 75 % of the total antihypertensive drug
prescriptions in 2018. The loop diuretics, bumetanide and furosemide, are mainly used in heart failure
and less frequently as antihypertensive therapy. They were still included in our study, together with

other less often used drugs such as the aldosterone antagonists, spironolactone and eplerenone, based



on their place in the therapy of treatment-resistant hypertension. The 26 antihypertensive drugs in
Table 1 represent 97 % of the antihypertensive drugs prescribed outside hospitals in Norway. Felodipine
was excluded owing to analytical difficulties. Table 1 shows the involvement of metabolizing enzymes
and renal excretion that can account for variabilities in serum drug concentrations of the selected 26

antihypertensive drugs.

DRC FACTORS AND SERUM REFERENCE RANGES
Table 2 shows pharmacokinetic parameters and calculated DRC factors for the selected 26

antihypertensive drugs, while Table 3 presents the suggested serum reference ranges, as well as the data
used to estimate these ranges. All pharmacokinetic data retrieved from literature and the Cay, Ci2n, Caan,
and DRC-factor calculations are presented in detail for each drug in an Excel-file (see Excel-file,
Supplemental Digital Content 1). Reference ranges were defined for all drugs, except the loop-diuretics

furosemide and bumetanide, owing to extremely low expected trough concentrations for these drugs.

Owing to uncertainty whether the serum drug concentration ranges reported in the literature represent
trough or Cmax values, the emphasis was laid on the calculated concentration ranges for most drugs. For
drugs dosed once daily, the range spanning from expected Casn at the lowest daily dose and highest
clearance (+SD) and expected Cizn at the highest daily dose and lowest clearance (-SD) was used. For
drugs administered twice daily, Ci2n values were used. For drugs administered mainly as sustained-
release preparations, substantial consideration was given to the calculated C,, ranges. Using this C,y
approach will tend to overestimate trough concentrations, as the pre-dose concentrations are lower
than the average concentration during the dosing interval even with sustained-release formulations; we
accounted for this during our estimation. To exemplify, the calculated C,, range for diltiazem was 156-
455 nmol/L. The pre-dose concentrations are lower, and the established range was therefore adjusted to

100-500 nmol/L.

10



For all drugs, we assumed linear pharmacokinetics throughout the therapeutic dose range. For
lercanidipine, we adjusted for increasing bioavailability with increasing dose.?* If drug clearances for

different age groups were reported in the literature, the clearance determined in the elderly was used.

The established serum reference range was solely based on calculations for labetalol, telmisartan,
bendroflumethiazide, canrenone, and eplerenone, as shown in Table 3. For the other listed drugs, the
limited numbers of patient samples were used as validation to determine whether measured serum
concentrations would fit the calculated ranges, and we made some minor adjustments to the ranges
when the measured samples failed to comply with the calculations. We considered the range of
measured values or, if the number of measurements was large enough, the 10-90%" percentile range,
with emphasis on the median value. To exemplify, the calculated range for candesartan was 20-289
nmol/L. From the patient samples, one low concentration (12 nmol/L; dose: 8 mg) was observed. The
lower limit was adjusted based on this low patient sample and the 10*" percentile (16 nmol/L). The upper
limit was reduced after evaluating Ci2n values from inpatients who participated in the obesity study (170-
180 nmol/L) and the 90*" percentile (111 nmol/L). Therefore, the established reference range was
adjusted to 15-200 nmol/L. For metoprolol, the calculated range was 39-235 nmol/L; based on patient
samples and the 10-90"" percentile range (19-542 nmol/L), we adjusted the established range to 10-500
nmol/L. For losartan carboxylic acid, the established range was based on the high calculated upper limit
(31-374 nmol/L), despite the low concentrations from limited patient samples (n=5, 48 (35-73) nmol/L),
after evaluating high Cizn values from inpatients in the obesity study (166-256 nmol/L). Therefore, the
established reference range for losartan carboxylic acid was kept close to the calculated value, 30-350

nmol/L.

We excluded samples from patients with suspected non-adherence (negative results or information on

>24 h sampling time) or extensive individual variability (i.e. renal failure, CYP polymorphism).

11



Of the 24 drugs listed in Table 3, only amlodipine demonstrated an established serum reference range

corresponding with the literature.

Discussion

We proposed the serum concentration reference ranges for 24 antihypertensive drugs, reflecting
expected concentration ranges in patients using commonly prescribed doses, with samples drawn 12-24
h after the last drug intake. We anticipate that this broad definition of proper sampling time, 12-24 h
after drug intake regardless of once or twice daily dosing, which admittedly gives somewhat wider
reference ranges, is a pragmatic approach to making TDM of antihypertensives a practical tool for
prescribing doctors. This was chosen to simplify the recommendations to physicians, and to allow for
sampling within normal office hours irrespective of morning or evening administration, especially as drug
administration in the evening could become increasingly common with the recent focus on
chronotherapy. The reference ranges are based on calculations from known pharmacokinetic
properties of drugs, and for some drugs have been validated against a limited number of drug
measurements in patient samples. The reference ranges have not been correlated to drug responses and
are thus not to be considered as therapeutic reference ranges. We emphasize that measurements of
serum concentrations and comparison to our proposed reference ranges must be interpreted in light of

clinical findings, including standardized blood pressure recordings 3> and other signs and symptoms.

Persistent hypertension leads to serious end-organ damage if left untreated,* with high costs to the
individual and society. The use of serum drug concentrations to detect non-adherence and optimize
treatment could improve treatment outcomes and reduce costs. The European guidelines of arterial
hypertension® and the American Heart Association’s scientific statement on the detection, evaluation,
and management of resistant hypertension® focus on uncontrolled hypertension, drug-resistant

hypertension, drug non-adherence, and suboptimal drug dosing, emphasizing the need for personalized

12



antihypertensive treatment. The goal of TDM is to optimize the pharmacological treatment of the

patient by individualization of the dosing regimen based on the measured serum drug concentration.?

INTERPRETATION OF SERUM ANTIHYPERTENSIVE DRUG CONCENTRATION MEASUREMENTS
As shown in Table 1, several antihypertensive drugs are metabolized by cytochrome P450 (CYP)
enzymes, and elimination may depend on the liver and/or kidney functions. Thus, polymorphisms of
genes, organ failure, and drug-drug interactions can alter the serum drug concentrations in the individual
patient (Figure 1). As hypertension is a common disease and approximately half the patients fail to reach
the treatment goal, using serum drug concentrations and the established reference ranges could be an
objective tool to the physician to uncover non-adherence, determine the most suitable drug, and
achieve the correct dose when deviant drug responses owing to pharmacokinetic abnormalities appear.
Furthermore, TDM may reduce physician’s inertia by rendering treatment intensification safer for the

physician.

Undetectable drug concentrations in the serum suggest non-adherence, whereas detectable values
below the lower limit of the established serum reference range most likely reflect partial drug
adherence. Additionally, it has been reported that the lower limit of DRRR can be used to evaluate
adherence.'”!® The treating physician should be careful to avoid accusations of non-adherence in a
confrontational manner, as this may alienate the patient and damage the physician-patient relationship.
Instead, the reason for the unexpectedly low or absent drug concentration should be explored along
with the patient in a compassionate manner,? with the common goal to find a suitable and efficient
treatment. Moreover, one should take into consideration the possibility of rare causes of low drug levels,
including CYP2D6 ultra-rapid metabolism owing to gene amplification, or the concomitant use of
enzyme-inducing agents such as certain antiepileptic drugs, rifampicin, or St. John’s Wort. Before

assuming non-adherence, the treating physician should also ascertain that the measurement method

13



used has adequate analytical sensitivity (lower limit of quantification in regards to clinical reference
ranges).? This is especially relevant with certain antihypertensive drugs presenting low expected trough
concentrations such as lercanidipine. Loop diuretics, bumetanide and furosemide, demonstrate
extremely low trough concentrations, and therefore, are not expected to be present at detectable levels

in trough samples.

A Ci22an concentration within the reference range is consistent with adherence to therapy, and
therapeutic effects may be expected. However, considerable inter-individual variabilities can be
observed in the dose-concentration-response relationship. In patients showing an insufficient
therapeutic response, concentrations in the low end of the reference range may suggest either partial
non-adherence or individual pharmacokinetic factors that cause rapid elimination. A lack of effect
despite concentrations in the higher end of the reference range is indicative of true drug non-response,

in which case a diagnostic re-evaluation and switching or adding drugs could be in order.

At therapeutic doses, Ci2-2an cOncentrations above the reference range may suggest impaired elimination,
and dose reduction should be considered, especially if the patient experiences adverse effects. Impaired
renal function or other organ dysfunction, drug-drug interactions causing CYP enzyme inhibition, or slow
metabolism owing to genetic polymorphisms could be deemed possible mechanisms. Furthermore,
concentrations well above the expected ranges may indicate overdosing or intoxication, although certain
drugs such as valsartan and irbesartan demonstrate an extremely high amplitude between Cmax and Crmin,

so adequate sampling time should always be ascertained in case of a high measurement.

URINE OR SERUM TO EVALUATE DRUG ADHERENCE?
Urine has been suggested as the medium of choice to detect drug non-adherence owing to the longer

time window available for drug detection than in serum.3¥%! However, this may lead to overestimation of

drug adherence, as some drugs may be present in urine for several days after the last dose. Furthermore,

14



not all antihypertensive drugs or their metabolites are excreted in the urine. For instance, telmisartan is
excreted unchanged in the feces*>** (Table 1). The excretion pattern of a drug, or drug metabolites, in
urine with time is not extensively investigated for all the drugs, which makes the interpretation difficult
and may lead to false assessments of drug adherence. Furthermore, urine measurements may only be
used as a qualitative assessment of adherence, but cannot be used to assess drug response, which is
possible with serum quantification. This implies that the measurement of serum concentrations, in

contrast to urine analysis, could be a tool for personalized medicine.

LIMITATIONS

Our data relied, for the most part, on theoretical calculations based on known pharmacokinetic
properties of the different drugs and were not extensively validated against measured serum drug
concentrations in patient samples. We retrieved the pharmacokinetic variables from authoritative
sources; however, the quality and representativity (i.e. age and co-morbidity of included study subjects)
of the underlying pharmacokinetic studies may vary. Drug clearance in the elderly was used if available,
as most patients treated with antihypertensive drugs are older than 50 years.* Renal clearance in the
elderly can be reduced both by age and disease (see Table 1).*** By incorporating 1 SD of total clearance
to account for inter-individual variability, the resulting reference ranges should, in theory, comprise 68 %
of the serum concentrations in a patient population. In practice, they will encompass a larger
percentage, as it is likely that frail, sick, or old patients with low clearances are prescribed low doses and,
likewise, comparatively healthy and young patients with high clearances are prescribed higher doses.
Nonetheless, the total clearance variability in the patient population varies more than that accounted for
by our reference ranges. Therefore, reference ranges should be used cautiously, and we expect that
several of the suggested ranges will have to be adjusted according to experiences with clinical

applications.
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To utilize serum concentration reference ranges for dose optimization, one must assume that there
exists a relationship between dose, serum concentrations, and responses of selected drugs. We assumed
the pharmacokinetics of the drugs to be linear. However, the relationship between serum concentration
and effect is known to be more complex for some drugs. For instance, the serum concentration of beta-
blockers demonstrates a linear relationship with heart rate but not with the BP-lowering effect.*® The
correlation is also poorly documented in the case of polypharmacy, which often is the reality in patients
with hypertension. The 2018 ESH/ESC Guidelines® recommend the use of combinations of two
antihypertensive drugs, an ACEl or ARB together with a thiazide diuretic or CCB, in a single pill as initial
therapy, to achieve a blood pressure target in most patients of <130/80 mmHg. Further studies are
needed to comprehensively investigate the association between serum drug concentration and clinical
responses in hypertensive patients to confirm the clinical relevance of our established serum

concentration ra nges.

When deciding on the reference range for each drug, we observed that for most drugs we could not
emphasize the serum concentration ranges presented in authoritative literature, as the sources of these
ranges suggest that they often represent Cnax values. According to standard accepted TDM routines,
blood samples should be collected at steady-state and at the end of the dosing interval (trough
concentration/C,4).3% For most drugs, steady-state is reached in approximately 3 days, except for
amlodipine, which has a long half-life. Real trough samples can be difficult to collect in daily routine. Our
broader definition of proper sampling time, 12-24 h after the last intake, will render the reference ranges
more applicable to real-world sampling practices; however, allowing for sampling at 12 h results in

considerably higher upper limits of the reference range.

Furthermore, several antihypertensive drugs may be used for other indications like heart failure,

arrhythmias, and migraines. Recommended dose ranges for other indications may differ from those in

16



hypertension (Table 3), and pharmacokinetics may be altered in, for instance, heart failure when
compared with hypertensive patients. Thus, the established reference ranges must be used with caution
for other indications. In patients using doses outside the recommended dose range for hypertension, the
physician can calculate the expected serum drug concentration for a given patient by multiplying the

DRC factors with the daily dose, paying attention to the di and At.

In conclusion, the proposed reference ranges for antihypertensive drugs can be used to interpret serum
drug concentration measurements in hypertensive patients and could be an objective tool to assess
adherence, to optimize dosing by facilitating drug titration to higher doses, or suggest the need for
combination treatment, or to detect deviant drug responses owing to pharmacokinetic abnormalities

that may require alternate drugs, thereby, improving pharmacotherapy in hypertensive patients.
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TABLE 1. Metabolism and excretion of antihypertensive drugs

The table shows the involvement of metabolizing enzymes and renal excretion of commonly used antihypertensive drugs,
suggesting that CYP polymorphisms and renal failure might alter serum drug concentrations.

Drug Metabolic elimination (minor Renal excretion of  Renal excretion of  References
pathways in brackets) parent drug (%) metabolites (%)
Alpha-blockers
Doxazosin”® CYP 3A4 (2D6, 2C9) none 9 28,47
Beta-blockers
Atenolol None 50 none 28,47
Bisoprolol CYP 2D6 (3A4) 50-60 50 10,28,32,47,48
Carvedilol® CYP 2D6, 2C9 (3A4, 2C19, 1A2, 2E1) <1 16 28,47
Labetalol Conjugation 5 55-60 28,32,47,49
Metoprolol CYP 2D6 5 95 28,47,49,50
Propranolol® CYP 2D6 (1A2) <1 99 47,50
CCBs
Amlodipine CYP 3A4/5 10 60 47,50
Diltiazem» CYP 3A4 (2D6) 2-4 35-50 28,32,47,51,52
Lercanidipine CYP 3A4 none 50 27,49
Nifedipine CYP 3A4 <0,1 80 28,45
Verapamil® CYP 3A4 (1A2, 2C8, 2C19, 2C18) 3-4 70 28,49
ACEls
Enalapril (prodrug) Carboxylesterase 18 44% 27,47,49
Lisinopril None 100 none 28,32,49
Ramipril (prodrug) Carboxylesterase <2 60% 8
ARBs
Candesartan CYP 2C9 (minor pathway) 26 7 10,27,47
Irbesartan Conjugation (2C9 10 %) <2 10,27,47,49
Losartan® CYP (2C9, 3A4 14 %) 4 6 27,3247
Telmisartan Conjugation none <1% 32,4347
Valsartan CYP 2C9 (minor pathway) 13 none 28,47,53
Thiazide diuretics
Bendroflumethiazide  70% (unknown enzymes) 30 49,54
Hydrochlorothiazide ~ None 60-100 10,3247
Loop diuretics
Bumetanide Conjugation (40%) 45 36 28,47,49
Furosemide Conjugation (10-35%) 60-90 28,49
Potassium-sparing diuretics
Spironolactone® Unknown enzymes none 47-57 28,49
Eplerenone CYP 3A4 <5% 67 28,47

ABioactive metabolites

CYP: Cytochrome P450 enzymes
CCBs: calcium channel blockers, ACEls: angiotensin converting enzyme inhibitors, ARBs: angiotensin Il receptor blockers

18



TABLE 2. Pharmacokinetic properties used to calculate dose-related concentration (DRC) factors and expected serum concentration ranges (shown in TABLE 3).

Low and high DRC factors may be multiplied with a patient’s individual dose to yield the expected trough serum concentration interval using the given di and At.

Drug di and At [h] F Cl £ SD [mL/min] t2 [h] Low DRC factor High DRC factor References
[(nmol/L)/mg] [(nmol/L)/mg]
Alpha-blockers
Doxazosin 24 0.35 158 £ 99 19 1.31 5.71 32
Beta-blockers
Atenolol 24 0.58 168 +21 6.1 1.53 1.96 32
Bisoprolol 24 0.90 250 £ 54 11 2.70 4.19 27,28
Carvedilol 24 0.30 609 £ 119 8 0.21 0.31 31,32
Labetalol 12 0.25 1610+ 371 7 0.28t 0.44t 32
Metoprolol 24 0.38 1050 £ 210 3.5 0.78% 1.17% 27,28,32
Propranolol 12 0.46 1120 + 350 5 0.65t 1.24% 32
CCBs
Amlodipine 24 0.74 413 £105 39 1.95 3.27 32
Diltiazem 24 0.38 826+ 154 7.5 0.65% 0.95% 27,2832
Lercanidipine 24 0.107 1283 + 45 9 0.023 0.095 s
Nifedipine 24 0.50 490+ 126 8.5 1.63% 2.75% 31,32
Verapamil 24 0.35 1050 £ 420 12 0.36% 0.85% 32
ACEls
Enalaprilat 24 0.41 141 £ 43 11 1.72 3.23 32
Lisinopril 24 0.25 106 + 13 12 1.66 2.13 31,56
Ramiprilat 24 0.48 203 £57 14 1.72 3.06 57
ARBs
Candesartan 24 0.14 25.9* 9.7 2.52 3.83 27,58
Irbesartan 24 0.70 148 + 38 13 3.01 5.08 32
Losartan carboxylic acid 24 0.14 47 +5.8 5.4 0.63 0.80 59
Telmisartan 24 0.42 800 + 250 24 0.37 0.71 43
Valsartan 24 0.23 343+6.3 9.4 3.28 4.76 32
Thiazide diuretics
Bendroflumethiazide 24 1 374 + 101 9 1.20 2.09 28,54
Hydrochlorothiazide 24 0.71 34377 8 1.17 1.85 32
Loop diuretics
Bumetanide 24 1 126 +21 1 ** ** 60
Furosemide 24 0.71 116 +41 1.3 ** ** 32
Potassium-sparing diuretics
Canrenone 24 0.25 301 +£130 16.1 0.68 1.70 61
Eplerenone 24 0.69 12162 3 0.14 0.43 62

*No data available for SD. Range (21.7-32.9) ml/min used in the calculation of DRC factor

**DRC factors not calculated due to short half-life that causes very low trough concentrations (pmol/L)
TDRC factors calculated assuming the use of depot formulations

ABioavailability increases to 0.20 with higher doses (20 mg), which is used for the high DRC factor calculation

di: dosing interval; At: sampling interval; F: bioavailability; Cl: total clearance; SD: standard deviation; t1/2: drug elimination half-life; CCBs: calcium channel blockers, ACEls:
angiotensin-converting enzyme inhibitors, ARBs: angiotensin Il receptor blockers
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TABLE 3. Established serum reference ranges of antihypertensive drugs

Dose (mg) I Serum Il Calculated concentrations (nmol/L) Il C1,.24 patient samples (nmol/L)  Established
low-high concentrations Median (range) Ci2-24ns€rUM
from literature Caan Cinh Ca concentration
(nmol/L)* range (nmol/L)

Alpha-blockers

Doxazosin (depot) 4-8 22-332 5.2-46 8.1-71 8.4-73 n=3 28 (18-80) 5-80
Beta-blockers

Atenolol 50-100 375-3755 76-196 299-768 400-1029 n=1 (228) 75-750

Bisoprolol 5-20 31-307 14-84 29-178 32-196 n=5 22 (10-137) 10-200

Carvedilol 12.5-50 49-369 2.6-16 7.4-44 8.8-52 n=3 9(8-176) 2,5-50

Labetalol 200-2400 76-609 n.a.* 56-1067 107-2048 - 50-1000

Metoprolol (depot) 50-200 30-2244 1.6-9.7 17-105 39-235%* n=34 109 (8-702) 10-500

Propranolol 80-320 77-3470 n.a.* 52-398 134-1024 n=2 (52-146) 50-400
CCBs

Amlodipine 5-10 7,3-37 9.7-33 12-40 12-41 n=21 26 (9.7 -61.8) 10-40

Diltiazem (depot) 240-480 73-965 42-123 128-373 156-455**  n=1(303) 100-500

Lercanidipine™ 10-20 No data 0.23-1.9 0.57-4.8 0.65-5.5 n=5 0.7 (0.28-1.52) 0.2-5

Nifedipine (depot) 20-60 58-433 10-53 28-142 33-165** n=5 104 (31-212) 20-150

Verapamil (depot) 120-480 44-1100 20-188 40-376 44-407 n=2 (32-500) 40-400
ACEls

Enalaprilat 5-40 26-130 8.6-129 18-275 20-302 n=2 (14-21) 10-300

Lisinopril 5-80 2,5-173 8.3-170 17-340 18-368 n=2 (10-37.9) 10-300

Ramiprilat 2.5-10 2,6-103 4.3-31 7.8-55 8.3-59 n=8 8 (4-19) 4-60
ARBs

Candesartan 8-32 182-409 20-122 48-289 54-325 n=22 38 (12-166) 15-200

Irbesartan 150-300 4434-7701 451-1525 855-2893 915-3094 n=5 357 (107-586) 300-3000

Losartan carboxylic acid 50-100 (458-1488) 31-80 146-374 211-540 n=5 48 (35-73) 30-350

Telmisartan 20-80 25-225 7.5-57 11-81 11-82 - 8-80

Valsartan 80-320 1837-13777 263-1523 636-3691 723-4191 n=11 952 (359-1891) 300-4000
Thiazide diuretics

Bendroflumethiazide 1.25-5 119-235 1.5-10 3.8-26 4.3-30 - 1.5-30

Hydrochlorothiazide 12.5-50 61-122 15-92 41-262 49-311 n=26 45 (19-149) 15-300
Potassium-sparing diuretics

Canrenone 25-100 147-206 17-170 28-285 30-298 n=2 (27-89) 15-300

Eplerenone 25-50 No data 3.4-21 55-341 158-980 - 3.5-350

A Ca4= minimum concentration (trough) at 24 h post-dose, Ci2n = concentration at 12 h post-dose, C,y = average concentration
* Dosing interval usually 12 h

** Cav is a better predictor of Ci,-24n S€rum concentration when using depot formulation

*** Most likely refers to the parent drug losartan

t Bioavailability increases to 0.20 with higher doses (20 mg), which is used when calculating the upper range of the calculated concentrations

¥ For references see materials and methods
CCBs: calcium channel blockers, ACEls: angiotensin-converting enzyme inhibitors, ARBs: angiotensin Il receptor blockers
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Figure Legends:

Figure 1. Factors influencing serum drug concentrations, constituting possible indications for TDM use.

Figure 2. Prescriptions from outside hospitals of cardiovascular drugs in DDD/1000 inhabitants/year
during 2014-2018 in Norway. Data from the Norwegian Prescription Database.
CCBs: calcium channel blockers, ACEls: angiotensin-converting enzyme inhibitors, ARBs: angiotensin Il

receptor blockers, others: mainly alpha-blockers and centrally acting agents; DDD: daily defined doses.
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