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Prescribing in heart failure (HF), a common disease state that predominantly affects the older population, is often a challenging
task because of the dynamic nature of the condition, requiring frequent monitoring and medication review, the presence of
various comorbidities, and the frailty phenotype of many patients. The significant alterations in various organs and tissues
occurring in HF, particularly the reduced cardiac output with peripheral hypoperfusion and the structural and functional changes
of the gastrointestinal tract, liver and kidney, might affect the pharmacokinetics of several drugs. This review critically appraises
the results of published studies investigating the pharmacokinetics of currently marketed cardiovascular and selected non-
cardiovascular drugs in HF patients and control groups, identifies gaps in the current knowledge, and suggests avenues for future

research in this complex patient population.

Introduction

Heart failure (HF), commonly defined as a complex clinical
syndrome that results from any structural or functional
impairment of ventricular filling or ejection of blood, is a
disabling condition that primarily affects the older popula-
tion [1]. In the USA, the incidence of HF is 19.3 per 1000
subjects per year in those aged 65-69 years and 48.4 per
1000 subjects per year in those aged 80-84 years [2]. In
the UK, epidemiological studies have reported an overall
incidence of 3.4 per 1000 persons per year in those aged
55-64 years and 25.5 per 1000 persons per year in those
aged 75-84 years [3]. Although the long-term mortality
rates in HF patients have decreased over time, probably as
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a result of significant advances in early diagnosis and man-
agement, they remain unacceptably high. Data from the
Framingham Heart Study show that, in patients with a
new diagnosis of HF, the mortality rate is 20-30% at 1 year
and 45-60% at 5 years [4].

The presence of comorbidities further increases the risk of
mortality and reduces the quality of life in patients with HF
[5]. Data from the American Heart Association Get With The
Guidelines-Heart Failure (GWTG-HF) registry in 207 984 hos-
pitalized HF patients showed that 30% had one, 27% had two
and 25% had three or more comorbidities. The most common
comorbidities were diabetes, chronic obstructive pulmonary
disease (COPD) or asthma, and anaemia. In this study, the in-
creasing number of comorbidities in HF was significantly
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associated with longer hospital stay, in-hospital and 30-day
mortality and readmission [6].

Several classes of drugs are routinely prescribed in HF to
maintain cardiac function, prevent atherothrombotic events
and arrhythmias, regulate water and sodium homeostasis and
treat various comorbidities [7]. However, it is important to
emphasize that there is a significant inter-individual variabil-
ity in HF patient sub-types, disease severity and clinical prog-
ress. In addition to the traditional form of HF characterized by
left ventricular dysfunction, reduced cardiac output and
pulmonary congestion (HF with reduced ejection fraction),
HF patients can also exhibit a preserved function of the left
ventricle (HF with preserved ejection fraction) or an
impaired function of the right ventricle, either isolated
(right-sided HF, with predominant hepatic congestion,
ascites and leg oedema) or combined with left ventricular
dysfunction (bi-sided HF). Furthermore, there is a wide range
of symptom severity (New York Heart Association functional
class I-1V), even in the same patient, e.g. chronic stable HF vs.
acute decompensated HF, and involvement of other key
organs, particularly the kidney and the liver. These factors,
together with advancing age [8, 9], can differently influence
the pharmacokinetics, as well as the pharmacodynamics, of
drugs for the treatment of HF and comorbid conditions, po-
tentially limiting the generalizability of the results of studies
conducted in HF patients with specific characteristics to other
HF subgroups.

A number of excellent reviews of pharmacokinetics in
HF have been published previously [10-15]. This updated
review briefly discusses the main pathophysiological
changes in HF that are likely to influence pharmacokinetics,
critically appraises the results of published studies investi-
gating the pharmacokinetics of currently marketed cardio-
vascular, and selected non-cardiovascular, drugs in HF
patients and control groups, and discusses strategies for fur-
ther research in the field.

Pathophysiological changes in HF
potentially affecting pharmacokinetics

The state of systemic arterial hypoperfusion, venous conges-
tion and neurohormonal activation occurring in HF nega-
tively affects the integrity and the function of key organs,
particularly the gastrointestinal tract, the liver and the kid-
ney. A reduced (—29%) absorption of D-xylose with increased
(+35%) permeability, bacterial growth, and wall thickness in
the small and large intestine have been observed in HF pa-
tients when compared to healthy controls [16]. Recent evi-
dence suggests that some of the structural and functional
alterations of the gastrointestinal tract observed in HF might
be, at least partly, accounted for by changes in the gut
microbiome that favour local inflammation and fibrosis
[17]. In a study investigating the presence of bacteria and
fungi in faeces in HF patients and controls, the former group
had a significantly higher number of Campylobacter, Shigella,
Salmonella, Yersinia enterocolitica, and Candida species [18].
Studies have also reported a significant reduction in gastric
emptying in mice with left ventricular dysfunction post-
myocardial infarction. It has been proposed that the adverse
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effects on gastric emptying are mediated by the B-type natri-
uretic peptide [19].

Hepatic congestion is a common feature in patients
with HF that is associated with laboratory abnormalities in-
dicating cholestasis as well as reduced synthetic capacity.
The latter leads to a prolongation of the prothrombin time
and hypoalbuminaemia [20]. Hypoalbuminaemia in HF is
also a consequence of increased losses through the gastro-
intestinal system and the kidneys [21]. In some cases,
chronic hepatic congestion can progress to fibrosis and cir-
rhosis and also predisposes to acute ischaemic hepatitis,
resulting from a sudden reduction in cardiac output and
hepatic perfusion [22, 23].

Kidney dysfunction and reduced glomerular filtration
rate, also commonly observed in patients with HF in the
form of chronic kidney disease and/or acute kidney injury,
are secondary to reduced renal blood flow, the direct delete-
rious effects of HF risk factors (e.g. hypertension and diabe-
tes) on the renal parenchyma, and the effects of
nephrotoxic drugs [24]. There is also emerging evidence that
a state of renal venous hypertension, resulting from cardiac
congestion and increased central venous pressure, might
significantly contribute to the development of renal fibrosis,
causing a further reduction of renal perfusion and glomeru-
lar filtration [25].

Although the pathophysiological changes described
above can potentially affect drug absorption, first-pass me-
tabolism, protein binding, volume of distribution and clear-
ance, there is a significant inter-individual variability in the
presence and the severity of hepatic and renal dysfunction,
singly or in combination, in the HF population. In a recent
epidemiological study of 24 339 HF patients hospitalized in
the UK, according to the National Kidney Foundation
Kidney Disease Outcomes Quality Initiative classification
of chronic kidney disease (CKD), 3.4% had stage 1, 30.9%
stage 2, 52.2% stage 3, 11.3% stage 4, and 2.2% stage 5
CKD [26]. Similarly, studies have reported a significant vari-
ability in laboratory liver function tests and the histological
evidence of liver fibrosis in patients with HF [27, 28]. Fur-
thermore, significant temporal changes in hepatic and/or
renal function can occur in the same patient, either progres-
sively or as a result of acute cardiac or non-cardiac events,
e.g. severe infections. In this context, the presence of signif-
icant fluid overload can lead to modifications of specific
compartments, such as the pleural space (pleural effusion)
and the peritoneal cavity (ascites), and/or a systemic
expansion of the interstitial fluid volume (anasarca), with
significant effects on the distribution of water-soluble drugs
[29, 30]. Cardiac cachexia, a condition characterized by pro-
gressive weight loss due to reduced skeletal muscle and fat
mass in patients with HF, might also influence pharmacoki-
netics [31]. Although no specific information is available on
possible pharmacokinetic alterations in cardiac cachexia, a
recent systematic review identified 14 pharmacokinetic
studies in cachectic patients with cancer and human
immunodeficiency virus infection. These studies, primarily
investigating anti-cancer drugs, opioids, antiretrovirals and
antibiotics, showed a reduced volume of distribution for both
water-soluble and fat-soluble drugs, presumably reflecting
the concomitant loss of fat and lean body mass, and a possi-
ble impairment in drug metabolism, particularly for drugs
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metabolized by CYP3A4 [32]. The following sections will dis-
cuss the available evidence regarding the pharmacokinetics
of currently marketed cardiovascular, and selected non-
cardiovascular, drugs in studies conducted in HF patients
and in control groups.

Methods

A literature search was conducted on Pubmed, Embase and
Scopus, from inception to May 2018, using the following
terms: generic names of individual cardiovascular and se-
lected non-cardiovascular drugs, pharmacokinetics and heart
failure. Inclusion criteria were: (1) English language; (2) hu-
man studies comparing pharmacokinetic data between HF
patients and a control group or analysing the associations be-
tween the presence of HF and specific pharmacokinetic pa-
rameters by means of multivariate analysis, e.g. population
pharmacokinetic studies; and (3) current marketing status.
References in individual papers were screened and reviewed
to identify additional studies. Grey literature was also
searched by accessing Google Scholar. Current marketing
status for each drug was verified using online resources [33].
Individual cardiovascular drugs and drugs used for the
treatment of diabetes, COPD, asthma and anaemia were iden-
tified using the Anatomical Therapeutic Chemical (ATC)
Classification System (2018 version) developed by the WHO
Collaborating Centre for Drug Statistics Methodology (Oslo,
Norway). Drugs for the treatment of diabetes, COPD, asthma
and anaemia were selected on the basis that these conditions
represent the most common comorbidities in patients with
HF [6]. Cardiovascular drugs included those listed under
ATC codes CO01-10 (cardiac therapy, antihypertensives,
diuretics, peripheral vasodilators, vasoprotectives, beta
blocking agents, calcium channel blockers, agents acting on
the renin-angiotensin system, and lipid lowering agents)
and BO1 (antithrombotic agents). Drugs for diabetes included
those listed under code A10 (insulins and analogues, blood
glucose lowering drugs excluding insulins, and other drugs
used in diabetes), drugs for COPD and asthma those listed un-
der code RO3 (inhaled adrenergics and other inhaled drugs for
obstructive airway diseases, adrenergics for systemic use, and
other systemic drugs for obstructive airway disease), and
drugs for anaemia those listed under code BO3 (iron prepara-
tions, vitamin By, and folic acid and other anti-anaemic
preparations).

The following parameters were collected from each study:
dose, route of administration, number of HF patients and
controls, age, sex, New York Heart Association (NYHA)
functional class, presence of significant renal and/or hepatic
impairment, bioavailability, maximum concentration,
concentration at steady state, time to reach maximum con-
centration, volume of distribution, clearance, elimination
half-life and area under the curve. Information regarding
the physicochemical characteristics (water solubility and
Biopharmaceutics Classification System) and the pharmaco-
kinetics of individual drugs in healthy groups (bioavailability,
protein binding, volume of distribution, elimination half-life
and main route of elimination) was also collected using
established sources (Table S1) [33-36].
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Results

A total of 59 studies (49 on cardiovascular drugs) investigat-
ing 36 drugs (31 cardiovascular) were identified (Tables 1-6).
Twelve studies were published in the period 1970-1979 [37-
48], 20 in the period 1980-1989 [49-68], 12 in the period
1990-1999 [69-80], 10 in the period 2000-2009 [81-90],
and five in the period 2010-2018 [91-95].

Positive inotropes and vasopressors

The pharmacokinetics of six drugs (digoxin, enoximone,
adrenaline, noradrenaline, isoprenaline and levosimendan)
were investigated in 11 studies (Table 1). Digoxin clearance was
mildly, albeit significantly, lower (between —6% and —32%) in
HF patients vs. controls in four studies [49, 69, 91, 92]. However,
no significant between-group differences in digoxin clearance
were reported in two other studies [37, 81]. Given the key role
of renal function in influencing the elimination of digoxin
(Table S1), it is important to emphasize that renal function
was not significantly altered in HF patients in two of the six
studies assessing digoxin clearance. Notably, in these two
studies the clearance of digoxin was either minimally reduced
(—6%) [91] or not significantly different from that of controls
[37]. This suggests that the clearance of digoxin is unlikely to
be significantly affected in HF patients with preserved renal
function. When compared to controls, patients with HF had
a reduced clearance (—58%) and a mildly longer half-life
(+21%) of enoximone, although no statistical analyses were
reported [S0]. A reduced clearance (between —26% and
—56%) of adrenaline, noradrenaline and isoprenaline and a
marked increase in steady state concentrations (between
+49% and +204%) of adrenaline and noradrenaline [70-72]
were observed in HF patients. By contrast, the pharmacokinet-
ics of levosimendan, a drug with a short half-life that is pre-
dominantly metabolized in the liver and the small intestine
(Table S1) [96], was not significantly affected by HF [73].

Diuretics

Four diuretics (bumetanide, furosemide, hydroflumethiazide
and metolazone) were investigated in six studies (Table 2).
Studies of the loop diuretics bumetanide and furosemide pro-
vided conflicting results. There were no significant differ-
ences between HF patients and controls in bioavailability,
volume of distribution, clearance and elimination half-life
of both drugs after intravenous administration [51, 52]. By
contrast, bumetanide clearance was significantly lower
(—44%) in HF patients after oral administration [51]. In an-
other study, HF patients had a significantly longer elimina-
tion half-life of both bumetanide (+144%) and furosemide
(+70%) administered orally [53]. Finally, a study reported a
significant reduction (—50%) in furosemide clearance in HF
patients after intravenous administration, although the vol-
ume of distribution and the elimination half-life were similar
to that of controls [38]. The results of this study, conducted in
patients with preserved renal function, require further confir-
mation as the clearance of furosemide, primarily mediated by
the kidney (Table S1), was similar in HF patients with renal
dysfunction and in controls in another study [52]. There
was a significant reduction (—52%) in volume distribution
and a shorter (—42%) half-life of the thiazide diuretic
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hydroflumethiazide in HF patients [39]. By contrast, the
clearance of the thiazide diuretic metolazone in HF patients
was similar to that of controls. The absence of significant re-
nal dysfunction in HF patients in this study might explain
the lack of significant changes in metolazone clearance,
which primarily occurs through the elimination of the un-
changed drug in urine (Table S1) [40].

Vasodilators and beta-blockers

The pharmacokinetics of nine drugs (carvedilol, metoprolol,
nifedipine, bosentan, hydralazine, nicorandil, isosorbide-
S-mononitrate, isosorbide dinitrate and prazosin) were inves-
tigated in 10 studies (Table 3). There were no significant
differences in the pharmacokinetics of the beta-blockers car-
vedilol and metoprolol between HF patients and controls,
barring a significantly shorter (—44%) elimination half-life
of carvedilol in HF [82, 83]. These findings, in HF patients
without significant hepatic or renal dysfunction, are not un-
expected given that both carvedilol and metoprolol undergo
significant metabolism in the liver (Table S1). HF did not sig-
nificantly affect the pharmacokinetics of the calcium channel
blocker nifedipine, the endothelin receptor antagonist
bosentan, and the direct vasodilating agent hydralazine,
drugs that are also significantly metabolized in the liver
(Table S1) [54, 55, 93]. By contrast, patients with HF had a sig-
nificantly greater volume of distribution (+39%) and higher
clearance (+94%) of the vasodilator nicorandil, administered
intravenously, when compared to controls [84]. Studies
investigating the effects of HF on the pharmacokinetics of ni-
trates showed reduced peak concentrations (—28%) and a sig-
nificantly longer time to reach peak concentrations (+72%)
and, to a lesser extent, elimination half-life (+29%) with
isosorbide-5-mononitrate [74]. No significant changes in bio-
availability or clearance were observed with isosorbide
dinitrate [56]. The most significant pharmacokinetic changes
in this group of drugs was observed with the alpha-1 blocker
prazosin, with significant reductions (—54%) in clearance, a
marked prolongation in elimination half-life (between
+153% and +160%), and a greater area under the curve (be-
tween +111% and +127%) in HF patients [41, 57]. The mech-
anisms responsible for these alterations are unknown given
that prazosin is extensively metabolized in the liver and its
metabolites are almost completely excreted in the bile
(Table S1) [97]. Furthermore, liver function was preserved in
one study but unknown in another [41, 57].

Antiarrhythmics

Seven antiarrhythmics (cibenzoline, disopyramide, ibutilide,
lidocaine, mexiletine, procainamide and quinidine) were in-
vestigated in 17 studies (Table 4). No significant differences
in the pharmacokinetics of cibenzoline, disopyramide and
ibutilide were observed between HF patients and controls
with preserved renal and liver function [58, 59, 85]. Studies
on lidocaine reported a significant reduction in volume of
distribution (-33%) and clearance (between —36% and
—37%) and a significantly longer elimination half-life (be-
tween +62% and +628%) in HF patients [42, 43, 60]. By con-
trast, other studies did not report any significant differences
in volume of distribution and elimination half-life of lido-
caine between HF patients and controls [42, 60]. The
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clearance of mexiletine was significantly reduced (—33%) in
HF patients in one study [86], but not in another [61]. No sig-
nificant pharmacokinetic changes in HF patients were ob-
served with procainamide in four studies, barring a
significant reduction (between —17% and —49%) in clearance
in two studies [62-64, 75]. Another study reported a signifi-
cant increase (+114%) in the half-life of procainamide; how-
ever, this parameter was estimated by measuring plasma
procaine half-life in vitro [44, 98]. Studies on quinidine re-
ported a significant increase in the time to reach peak concen-
trations (+127%) and a significant reduction in volume of
distribution (—32%) and clearance (between —34% and
—72%) in HF patients. However, there were no significant dif-
ferences in either bioavailability, maximum serum concentra-
tions, steady-state concentrations or elimination half-life [45,
46, 65, 76].

Renin-angiotensin system inhibitors

Five drugs (enalapril, fosinopril, lisinopril, perindopril and
irbesartan) were investigated in five studies (Table 5). An in-
crease in the time to reach peak concentrations (+67%) and
elimination half-life (+130%), and a reduced clearance
(—=75%), were observed with oral enalapril in HF patients.
However, no statistical analyses between HF patients and
controls were reported in this study [66]. A significant reduc-
tion (—74%) in clearance, with an increase (+127%) in the
area under the curve, was observed in HF patients with pre-
served renal function receiving oral lisinopril [67]. Notably,
lisinopril is excreted unchanged almost entirely in the urine
(Table S1). Patients with HF treated with oral perindopril
had similar peak concentrations, a significantly longer time
to reach peak concentrations (+137%) and elimination half-
life (+360%), and a significantly greater area under the curve
(+300%) when compared to controls [87]. However, analysis
of the active metabolite perindoprilat yielded different re-
sults, with a significant increase in peak concentrations
(+220%), a similar time to reach peak concentrations and area
under the curve, and a significantly shorter elimination half-
life (—92%) in HF patients. It is not possible to establish
whether changes in liver and/or renal function might have
influenced the results as the relevant information was not
provided in this study [87]. By contrast, no significant alter-
ations in the pharmacokinetics of fosinopril and irbesartan
were observed in HF [77, 88].

Non-cardiovascular drugs

Five drugs (theophylline, conivaptan, tolvaptan, dabigatran
and darbopoetin) were investigated in 10 studies (Table 6).
Studies of theophylline pharmacokinetics consistently
showed a significant reduction (between —25% and —69%)
in clearance in HF patients [47, 48, 68, 78-80]. Two studies
also reported a significantly longer (between +84% and
+267%) elimination half-life of the drug in HF [68, 79]. By
contrast, the volume of distribution was similar to that of
controls [47, 68, 79]. Theophylline undergoes significant me-
tabolism in the liver and only a minimal fraction of the un-
changed drug is eliminated in the urine (Table S1). Notably,
significant liver and renal dysfunction were reported in only
one study investigating theophylline pharmacokinetics
[48]. A significant reduction in the volume of distribution
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(between —40% and —49%) and clearance (between —42%
and —55%) of tolvaptan, primarily metabolized by CYP3A4
in the liver (Table S1), were observed in HF patients when
compared to controls. The presence of significant liver dys-
function might have at least partly contributed to the alter-
ations in clearance reported in this study [94]. A mild, albeit
statistically significant, reduction in clearance (—7%), and a
mild increase in the area under the curve (+7%), were ob-
served with dabigatran, a drug that is primarily eliminated
in unchanged form in the urine (Table S1), in HF patients.
Notably, significant renal dysfunction was reported in these
patients [95]. By contrast, the pharmacokinetics of
conivaptan and darbopoetin were not significantly affected
by HF [89, 90].

Discussion

This review identified studies that investigated pharmacoki-
netic parameters of currently marketed cardiovascular and se-
lected non-cardiovascular drugs in patients with HF and in
control groups. The most studied, and consistently reported,
HF-related pharmacokinetic changes involved a limited num-
ber of drugs and parameters, i.e. higher steady state concen-
trations and reduced clearance of the sympathomimetics
adrenaline, noradrenaline and isoprenaline [70-72], longer
elimination half-life and greater area under the curve of
prazosin [41, 57], reduced volume of distribution and clear-
ance of quinidine [45, 65, 76], and reduced clearance of the-
ophylline [47, 48, 68, 78-80]. However, the potential
translation of these findings into the contemporary manage-
ment of HF is partly limited by the specific settings in which
these drugs are administered and the current recommenda-
tions of professional guidelines. For example, the use of intra-
venous sympathomimetics is restricted to critically ill
patients. Even in the presence of reduced clearance and in-
creased plasma concentrations in HF patients, the infusion
rate of sympathomimetics is typically adjusted according to
haemodynamic responses, rather than pharmacokinetic pa-
rameters [99]. The alpha-1 adrenergic blocker prazosin and
the antiarrhythmic quinidine are not commonly prescribed
and/or contraindicated in HF [1, 100]. Furthermore, the use
of theophylline is largely confined to patients with severe
COPD or asthma and those experiencing disease exacerba-
tions [101].

Despite the gastrointestinal tract alterations observed in
experimental and human HF, only nine of the identified stud-
ies investigated bioavailability. Notably, none of these studies
reported significant differences in bioavailability between HF
patients and controls [51, 52, 56, 58, 65, 73, 77, 88, 90].
Therefore, the practice of administering several drugs, e.g.
digoxin and loop diuretics, intravenously in patients with
acute decompensated or end-stage HF with concomitant
portal venous congestion and gut wall oedema is not sup-
ported by any evidence of a reduced bioavailability in this
setting. This review also identified a significant knowledge
gap regarding potential HF-related pharmacokinetic changes
of several widely prescribed cardiovascular and non-
cardiovascular drugs, particularly the aldosterone antago-
nists spironolactone and eplerenone, the antiarrhythmics
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amiodarone, flecainide, verapamil, diltiazem, and sotalol,
statins, warfarin and the new oral anticoagulants, antiplate-
let drugs and anti-diabetic drugs.

The contrasting results reported in studies investigating
digoxin [37, 49, 69, 81, 91, 92], bumetanide [51, 53], furose-
mide [38, 52, 53], lidocaine [42, 43, 60], mexiletine [61, 86]
and procainamide [44, 62-64, 75] might be, at least partly,
due to differences in study design and/or participant clinical
and demographic characteristics. The available knowledge re-
garding the pharmacokinetics in HF of other drugs, such as
enoximone [50], levosimendan [73], hydroflumethiazide
[39], metolazone [40], carvedilol [82], metoprolol [83], nifed-
ipine [54], bosentan [93], hydralazine [55], nicorandil [84],
cibenzoline [58], disopyramide [59], ibutilide [85], enalapril
[66], fosinopril [77], irbesartan [88], lisinopril [67],
perindopril [87], conivaptan [89], tolvaptan [94], dabigatran
[95] and darbopoetin [90] is based on results from single stud-
ies. However, the data on enoximone, reduced clearance and
increased half-life in HF, require further confirmation be-
cause of the lack of statistical analyses and the relatively small
study population, seven patients with HF and only two con-
trols [50]. Similarly, the study investigating metolazone was
conducted in three HF patients and three controls, the popu-
lation pharmacokinetic study of metoprolol included only
five patients with HF, and the study on enalapril did not re-
port statistical analyses [40, 66, 83]. In the studies investigat-
ing hydroflumethiazide, carvedilol, lisinopril and
perindopril, there was a marked age difference, not accounted
for in statistical analysis, between HF patients and controls
[39, 67, 82, 87]. Furthermore, a significant number of these
studies did not provide information regarding the NYHA
functional class [40, 54, 59, 67, 82, 89], age [40, 50, 54, 83,
84, 89, 90, 93, 95], sex [50, 54, 59, 67, 83, 89, 93-95] or pres-
ence of significant renal or hepatic impairment [39, 40, 50,
54,84, 87,90, 95]. Therefore, it is not possible to clearly estab-
lish whether the findings from these studies are directly rele-
vant to the management of HF patients with specific clinical
and demographic characteristics.

Several other issues might affect the interpretation of the
results of the studies identified in this review. First, no sample
size calculation for specific pharmacokinetic parameters was
performed, with the exception of two studies [85, 88]. This in-
creases the risk of underpowered studies and, consequently, a
type 2 error [102]. Second, there is uncertainty regarding the
contributing role of various degrees of renal and hepatic im-
pairment, singly or combined, on the pharmacokinetics of
specific drugs in HF. Third, participants had different severity
of HF, according to the NYHA functional classification. How-
ever, no specific analysis was conducted, barring three studies
[48, 94, 95], on the possible effects of severe vs. mild HF on
pharmacokinetics. Fourth, the potential effect of polymor-
phisms of transporters and/or metabolizing enzymes on
pharmacokinetics was not considered, except for studies on
metoprolol and bosentan [83, 93]. Fifth, the potential con-
founding effect of concomitant drug treatment either on
the drugs tested or on organ function, particularly the kidney,
was not investigated.

The aforementioned issues, whilst limiting the interpreta-
tion of the available evidence, offer several opportunities for
more rigorously investigating pharmacokinetic changes in
patients with HF in future studies. In such studies, an a priori
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sample size calculation should be based on specific pharma-
cokinetic parameters, serving as primary end-points. A com-
prehensive assessment of the severity of HF, based on
functional as well as haemodynamic measures, and the pres-
ence and severity of concomitant kidney and/or hepatic im-
pairment, should be performed to investigate independent
associations between these parameters and pharmacokinetic
end-points. The use of physiologically based pharmacoki-
netic drug-disease models that incorporate information on
pathophysiological changes in liver and renal function might
be useful in this context. In a recent study, the reduced he-
patic and renal blood flows, typically observed in HF [103],
were incorporated in two models, one based on human liver
and intestinal microsome clearances and the other on the
clearance by specific cytochrome P450 enzymes, to predict
the pharmacokinetics of carvedilol in HF. The increased se-
verity of HF was strongly associated with a reduction in the
hepatic clearance of carvedilol. Furthermore, the incorpora-
tion of hepatic and renal blood flow parameters improved
the prediction of the area under the curve of carvedilol in
some, but not all, HF study groups [104]. Pending further re-
search using this approach, analyses of HF-related pharmaco-
kinetic changes should also take into account the role of
specific polymorphisms and the treatment with concomitant
drugs [105]. Furthermore, it is now established that a signifi-
cant proportion of HF patients are frail [106]. As there is evi-
dence that frailty per se might affect pharmacokinetics, this
factor should be accounted for in future studies in HF [107,
108]. The proposed strategies might allow the identification
of those pharmacokinetic changes that are biologically and
clinically relevant for the safe and effective management of
this complex patient population.

In conclusion, the significant between-study variability in
clinical and demographic characteristics, the identified issues
with study design, the contrasting results of studies investi-
gating similar drugs, and the paucity of pharmacokinetic data
with newer drugs prevent, at this stage, the provision of ro-
bust evidence-based recommendations to predict the influ-
ence of HF on pharmacokinetics. The proposed suggestions
for future clinical studies, together with the development
and refinement of physiologically based pharmacokinetic
drug-disease HF models, will likely enhance the safe and ef-
fective use of several cardiovascular and non-cardiovascular
drugs in this patient group.
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