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ABSTRACT

In chronic kidney disease (CKD) patients, hypofiltration may lead to the accumulation of drugs that are cleared mainly
by the kidney and, vice versa, hyperfiltration may cause augmented renal excretion of the same drugs. In this review we
mainly focus on the issue of whether hyperfiltration significantly impacts the renal clearance of drugs and whether the
same alteration may demand an up-titration of the doses applied in clinical practice. About half of severely ill, septic
patients and patients with burns show glomerular hyperfiltration and this may lead to enhanced removal of drugs such
as hydrophilic antibiotics and a higher risk of antibiotic treatment failure. In general, hyperfiltering obese individuals
show higher absolute drug clearances than non-obese control subjects, but this depends on the body size descriptor
adopted to adjust for fat excess. Several mechanisms influence pharmacokinetics in type 2 diabetes, including renal
hyperfiltration, reduced tubular reabsorption and augmented tubular excretion. However, no consistent
pharmacokinetic alteration has been identified in hyperfiltering obese subjects and type 2 diabetics. Non-vitamin K
antagonist oral anticoagulants (NOACs) have exhibited lower plasma concentrations in hyperfiltering patients in some
studies in patients with atrial fibrillation, but a recent systematic review failed to document any excess risk for stroke
and systemic embolism in these patients. Hyperfiltration is common among severely ill patients in intensive care units
and drug levels should be measured whenever possible in these high-risk patients to prevent underdosing and
treatment failure. Hyperfiltration is also common in patients with obesity or type 2 diabetes, but no consistent
pharmacokinetic alteration has been described in these patients. No NOAC dose adjustment is indicated in patients with

atrial fibrillation being treated with these drugs.
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Chronic kidney disease (CKD) is a condition characterized by re-
nal dysfunction, i.e. alterations in the glomerular filtration rate
(GFR) ranging from hypofiltration to hyperfiltration and/or ev-
idence of renal damage as manifested by proteinuria and/or
alterations in the urine sediment and/or in renal imaging [1].
Hyperfiltration is an alteration that has received increased

attention in nephrology [2]. A low nephron number at birth or
a nephron loss due to renal diseases incites a compensatory
GFR increase in existing nephrons (hyperfiltration at the single
nephron level), which maintains the global GFR. On the other
hand, in the early phases of obesity and diabetes there can be a
global increase in the GFR attributable to a primary increase in
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Figure 1: Standard pharmacokinetic parameters. The area under the curve, bioavailability, volume of distribution and half-life. The figure is commented into detail in

the text.

the reabsorption of sodium and glucose in the proximal tubule
[3]. In this review we use the term hyperfiltration in reference to
‘global hyperfiltration’.

In CKD patients, hypofiltration may lead to the accumulation
of drugs that are cleared mainly by the kidney and, vice versa,
hyperfiltration may cause augmented renal excretion of drugs.
Because the pharmacokinetic relevance of decreased GFR is well
established and extensively covered in worldwide manuals like
UpToDate [4] and Goodman & Gilman’s: The Pharmacological Basis
of Therapeutics [5], herein we will mainly focus on the issue of
whether hyperfiltration impacts significantly on the renal clear-
ance of drugs and whether the same alteration may demand an
up-titration of the doses applied in clinical practice.

PHARMACOKINETICS STUDIES IN CKD
PATIENTS

Clinical pharmacology is a relatively new science, and pharma-
cokinetic studies were started only in the 1960s [6]. Early on, re-
nal function emerged as critical among factors impacting the
plasma concentration of drugs mainly excreted via the renal
route. Initial studies in patients with CKD built upon the lin-
ear relationship between the drug elimination rate constant and
creatinine clearance. Based on this relationship, individual drug
elimination parameters were estimated in these patients. Sim-
ple nomograms were constructed to estimate the elimination
rate fraction, i.e. the elimination rate of a given drug as a fraction

of its normal elimination rate constant [7]. These nomograms
allowed the adaptation of drug dosage to the individual patient.
More sophisticated approaches applying non-linear models are
now used to refine the pharmacokinetics of drugs that undergo
extensive tubular secretion, a pathophysiological context where
non-linearity in drug handling is expected [7]. The application
of pharmacokinetic studies in patients with renal dysfunction
lagged for many years. Until 2007 the US Food and Drug Admin-
istration (FDA) did not demand pharmacokinetic studies in pa-
tients with kidney diseases, and for this reason, 43% of applica-
tions for the registration of new drugs made between 2002 and
2007 did not include pharmacokinetic studies in patients with
CKD [8].

Comprehensive evaluations of the pharmacokinetic charac-
teristics of drugs to adjust drug doses for CKD patients are now
increasingly made by the industry. To assist proper applications
of pharmacokinetic principles, the European Medicines Agency
(EMA) and the FDA issued specific guidelines on the study of the
pharmacokinetic profile of drugs in patients with CKD, including
recommendations on how to assess the adequacy of the linear
model for describing the elimination of drugs [7].

Pharmacokinetic studies estimate various parameters [9]
(Fig. 1). The area under the curve (AUC) is the integral value of the
concentration of a drug in plasma as a function of time. In prac-
tical terms, the drug concentration is measured at discrete time
points and the trapezoidal rule estimates the AUC. This parame-
ter is proportional to the decrease in total clearance (see below)
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Figure 2: Total clearance and non-renal clearance (see main text).

and, as such, it defines the exposure to the drug after a single
dose. In general, the greater the overall drug exposure for a cer-
tain dose, the greater the risk of adverse drug reactions. Absolute
bioavailability is the fraction of the drug that attains systemic
circulation, and it is estimated by comparing the AUC of a given
dose (oral, subcutaneous, transrectal or transdermic) with the
AUC attained after rapid intravenous injection. Practically, oral
bioavailability depends on gastrointestinal absorption and first-
pass elimination in the liver. For other routes of administration,
it depends on specific characteristics of the same routes. The
volume of distribution (Vd) is a theoretical rather than a real vol-
ume. It relates the plasma concentration of the drug to the total
amount of the same drug in the whole organism. It is expressed
as litres per kilogram of body weight and it mainly depends on
the distribution and binding of the drug to extravascular tissues
compared with plasma proteins. If the Vd is ~3 L, the drug is
largely confined to the plasma compartment (e.g. a drug with
strong binding to albumin). If it is >42 L (the total body water
of a person with a weight of 70 kg), the drug is also distributed
to tissues. Some drugs have very high distribution volumes of
>1000 L. In such cases, the drug is mainly sequestered at the
tissue level and has a very low plasma concentration (Fig. 1). In
other words, the higher the Vd, the lower the plasma concentra-
tion, and vice versa. The elimination ti, is the time required for
the plasma concentration to halve, and it is estimated by mea-
suring the rate of decrease of a given drug in a series of at least
three measurements after the peak value (Fig. 1). Total clearance
(Fig. 2), the parameter that most closely describes drug elimina-
tion, is the blood volume cleared of a drug, measured in litres
per hour or millilitres per minute. This parameter is the sum
of the clearance of individual organs, the kidney and the liver.
For some drugs, clearance may also occur via the lung [10] or
the skin [11]. Clearance may be active (e.g. drug metabolism or
active secretion) or passive, like glomerular filtration. As for re-
nal clearance, this is generally measured by the rate of excre-
tion of the drug in urine and the simultaneous changes in the
drug plasma concentration. Non-renal clearance is the sum of
the hepatic clearance and the clearance in other tissues and or-
gans (Fig. 2).

A drug not supported by adequate pharmacokinetics anal-
yses in CKD patients is prudently labelled by the drug com-
pany producing it as ‘non-indicated’ for these patients. This is
the case for metformin, an antidiabetic medication that was not

Clearance
in other organs

Lung clearance
(ml/min)

used in patients with a GFR <30 ml/min/1.73 m?. However, based
on new studies, current European Best Practice guidelines [12]
indicate that metformin at a lower dosage can be safely admin-
istered to patients with severely impaired renal function. Simi-
larly, some studies suggest that the novel-acting oral anticoagu-
lant (NOAC) apixaban, which was previously contraindicated in
severe CKD, can be used at a reduced dosage in stage 5G CKD pa-
tients on regular dialysis treatment, a possibility endorsed by the
FDA [13]. However, a recent network meta-analysis showed that
apixaban at low doses is ineffective for thromboembolism pre-
vention in dialysis patients with atrial fibrillation [14] and new
trials are needed for the benefit:risk profile of apixaban in these
patients.

Pharmacokinetic studies in the CKD population are gener-
ally conducted in patients with decreased GFR, while there is
almost inexistent information on the possible influence of high
GFR (hyperfiltration) on drug dosage. In theory, hyperfiltration
can increase the renal clearance of drugs handled by the kidney
and may therefore demand an up-titration of the dosage of the
same drugs. To deal with this issue, we preliminarily discuss the
definition and the health implications of glomerular hyperfiltra-
tion to review then-available studies focusing on drug dosing in
patients with hyperfiltration.

WHAT IS HYPERFILTRATION?

The GFR is the undisputed standard for measuring renal func-
tion. The global GFR can be seen as the sum of all single-
nephron GFRs. Single-nephron GFR increases mainly as a com-
pensatory mechanism in response to nephron loss and therefore
single-nephron hyperfiltration is often associated with global
hypofiltration rather than with hyperfiltration [3].

Glomerular hyperfiltration denotes a situation where the
global GFR is above a given threshold [3]. Obesity, diabetes and
hypertension are well-known risk factors for hyperfiltration [2].
However, there is no formally established threshold for defin-
ing this alteration. In a meta-analysis in 2015, where the GFR
was estimated by the Chronic Kidney Disease Epidemiology
Collaboration (CKD-EPI) formula, thresholds ranging from 91
to 175 ml/min/1.73 m? were adopted [15]. Most studies failed
to include a reference or normal population and only a few
considered the relationship between the GFR and the risk of



adverse clinical outcomes. In the same meta-analysis, the as-
sociation between the GFR and the risk of cardiovascular death
was U-shaped, with a risk increase at low and high eGFR levels
[16].In men, an eGFR of 120 ml/min/1.73 m? entailed an indepen-
dent 70% risk increase for death compared with the reference
GFR value (95 ml/min/1.73 m?). Thus, at least from a prognos-
tic point of view, a high eGFR (>120 ml/min/1.73 m?) is unques-
tionably an unfavourable prognostic sign. Even though there is
no gold standard threshold for the diagnosis of hyperfiltration,
~40-50% of individuals in the general population and in high-
risk cohorts had a GFR (CKD-EPI formula) >95 ml/min/1.73 m?,
which is the reference value adopted in the meta-analysis we
discussed before [16]. Overall, the problem of defining a hyper-
filtration threshold to apply in drug dosing remains a research
priority because the prevalence of obesity, a condition frequently
associated with hyperfiltration and atrial fibrillation as well, is
>40% in the adult population in the USA and >20% in Europe.
As to the estimate of the GFR, the error in the high-normal GFR
range by the CKD-EPI formula is substantially less than that by
the Modification of Diet in Renal Disease (MDRD) equation [17],
which is, in turn, more reliable than the creatinine clearance
[18]. It is important to note that the CKD-EPI and MDRD formu-
las calculate the GFR standardised for body surface area (BSA)
in ml/min/1.73 m?. However, the renal clearance of drugs is pro-
portional to individual GFR (expressed as ml/min) and not BSA-
standardised GFR. Thus the BSA standardisation is inappropri-
ate in patients with BSAs different than the standard (1.73 m?),
like obese individuals. To individualise the GFR for drug dosing,
the FDA recommends multiplying the standardised GFR by the
individual’s BSA and dividing by 1.73 [19]. Non-invasive methods
for direct measurement of true GFR at the point of care are being
developed, and their application may, in the future, refine drug
dosing [20].

HYPERFILTRATION AND DRUG DOSING

Whether hyperfiltration and the resulting higher drug excre-
tion may in some cases lead to drug underdosing is a problem
scarcely investigated. An otherwise rich and well-written review
on clinical pharmacokinetics in kidney disease [21] did not re-
port any information on this issue, which is also overlooked in
most clinical pharmacology textbooks. Yet it is well established
that hyperfiltration may cause suboptimal plasma concentra-
tions of drugs in some conditions.

Severely ill patients

In severely ill, septic patients in intensive care units (ICUs),
systemic inflammation and massive cytokines release cause
vasodilation, increased cardiac output and renal blood flow,
and the resulting glomerular hyperfiltration may lead to en-
hanced removal of drugs [22, 23]. Consequently, drug exposure,
the AUGC, is lower in hyperfiltering than in normofiltering pa-
tients (Fig. 3). Hydrophilic antibiotics (e.g. aminoglycosides, B-
lactams, glycopeptides and colistin) often attain suboptimal
plasma concentrations because their distribution volume is ex-
panded and because they are removed at an enhanced rate
in hyperfiltering, critically ill patients [22]. Patients with exten-
sive burns are a special category among critically ill patients.
Renal hyperfiltration and high non-renal clearance (CLNR)—i.e.
enhanced metabolism in the liver and/or elimination via the
biliary system, non-enzymatic degradation and direct loss via
the exudating burned tissue [24]—are frequently observed in
these patients. In these patients, CLNR increases during the

C.Zoccalietal. | 1583

Area under curve in hyperfiltering
and normofiltering patients

AUC of
normofiltering
patients

Plasma concentration (mg/L)

AUC of

hyperfiltering
patients
0 2 4 6 8 10 12
Time

Figure 3: Area under the curve in hyperfiltering and normofiltering patients.

hypermetabolic phase [23] and ethanol clearance, an indica-
tor of the oxidative capacity of the liver, is double that ob-
served in healthy individuals [25]. Hyperfiltration affects most
patients with major burns. In a series of 128 patients with
major burns [26], hyperfiltration as measured by 24-hour cre-
atinine clearance (CrCl >130 ml/min/1.73 m?) was present in
52% of patients. Hyperfiltering patients had a median CrCl of
144 ml/min/1.73 m? and this alteration was associated with
more antibiotic treatment failures (27.3%) compared with non-
hyperfiltering patients (12.9%). In another series of 100 pa-
tients with major burns [27] where creatinine clearance was
estimated by the Cockcroft-Gault equation (CG-eCrCl), hyper-
filtration (eCrCl >130 ml/min) at study entry was present in
the majority (64%) of patients. Subthreshold and undetectable
trough concentrations of imipenem, meropenem, piperacillin
and cefepime concentrations were common among hyperfilter-
ing patients and were strongly associated with eCrCl [27]. How-
ever, at variance with the study by Claus et al. [26], no associa-
tion was found between hyperfiltration and treatment failure in
this study. Clearly, larger studies are needed to assess whether
hyperfiltration impacts the response to antibiotic treatment in
patients with major burns.

Obese patients and patients with type 2 diabetes

For most drugs, the liver is the main organ of clearance. Obe-
sity is frequently associated with non-alcoholic fatty liver, an
alteration that may alter hepatic blood flow [28], thereby reduc-
ing the clearance of drugs in the liver. On the other hand, re-
nal hyperfiltration—an alteration favouring accelerated removal
of drugs—is present in the majority (~50%) of patients with
early type 2 diabetes, and the same alteration is also common
among obese subjects [29]. Molecules with weak or moderate
lipophilicity (e.g. lithium) have predictable pharmacokinetics be-
cause these drugs are distributed mainly in lean tissues, and
their dosage should be based on the ideal body weight (IBW).
However, other drugs with weak or moderate lipophilicity (e.g.
some antibacterial and anticancer drugs) are partly distributed
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in adipose tissues, and their dosage is based on IBW plus a per-
centage of the patient’s excess body weight [30]. For markedly
lipophilic drugs (e.g. some g-blockers), the degree of lipophilic-
ity is only loosely related to their distribution in fat/lean tissue
in obese individuals.

Drug clearance in obesity should be calculated by making an
allowance for excess fat mass. However, there is no single valid
method to relate drug clearance to the severity of obesity. Fac-
toring for lean body weight (LBW) is plausible, as the major drug-
clearing organs (the liver and kidneys) are parts of LBW [31]. In
general, obese individuals show higher absolute drug clearances
than non-obese control subjects and drug clearance does not in-
crease linearly with total body weight, while drug clearance and
LBW are directly related [31]. For this reason, some recommend
LBW [32] as the ideal body-size descriptor to adjust for the im-
pact of body composition on drug clearance. However, in other
analyses [33], no body-size metric explained more than ~20%
of the total interindividual pharmacokinetic variability for any
drug. Thus there is no accepted body size descriptor to charac-
terize drug clearance in the obese population. Until now no drug
treatment failures associated with hyperfiltration in obese pa-
tients have been described.

As for type 2 diabetes, several factors may influence the
pharmacokinetics of drugs in these patients. These factors in-
clude altered intestinal absorption, reduced gastric emptying,
subcutaneous adipose tissue and muscle blood flow changes,
altered biotransformation and renal excretion encompassing
renal hyperfiltration, reduced tubular reabsorption and aug-
mented tubular excretion [34]. However, no consistent pharma-
cokinetic alteration has been identified in hyperfiltering type 2
diabetics [34].

THE CASE OF NOACs

It is well known that the use of NOACs—i.e. dabigatran, apixa-
ban, edoxaban and rivaroxaban—in patients with CKD demands
caution because these drugs are variably metabolized by the kid-
ney [35]. The problem of renal function in patients with NOACs
is not limited to the risk of overdosing in patients with reduced
GFR, but extends to the risk of underdosing in hyperfiltering
patients, a problem amplified by the use the CG equation [36],
which is still the equation recommended by the 2018 version
of the European Heart Rhythm Association Practical Guide on
NOACs [37] and by major scientific European [38] and North
American [39] cardiology associations. The CG equation is in-
herently limited because it is based on serum creatinine mea-
surements, which are uncalibrated to the international isotopic
dilution mass spectroscopy (IDMS) creatinine standard and may
overestimate IDMS-calibrated creatinine by 10-20% [40]. As dis-
cussed, the standard CKD-EPI equation is the best-validated
equation and in theory it would appear preferable to the CG
equation for application in clinical practice and in studies aimed
at identifying the GFR threshold, minimizing the risk of NOAC
underdosing in hyperfiltering patients with atrial fibrillation.
However, in the landmark trials that tested NOACs [41, 42, 43],
this equation was not applied and therefore major cardiology
societies continue to endorse the use of the CG equation.
There is evidence that NOACs, when administered at ap-
propriately reduced doses, generally confer similar protec-
tive effects against cardioembolism and a lower risk of ma-
jor bleeding compared with vitamin K antagonists (VKAs) in
stage G3 CKD patients (eGFR 30-60 ml/min/1.73 m?) and the
FDA has produced recommendations for dosing down NOACs
to an eGFR of 15 ml/min/1.73 m? (and for apixaban for eGFR
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<15 ml/min/1.73 m?) [44]. On the other hand, a signal for a pos-
sibly decreased efficacy of edoxaban in patients with higher re-
nal clearance levels was first reported in a subanalysis of the
Effective Anticoagulation with Factor Xa Next Generation in
Atrial Fibrillation-Thrombolysis in Myocardial Infarction 48 trial
[41]. Similar findings were derived from subanalyses of other
trials with apixaban [42] and with rivaroxaban [43]. Recently,
Hugqi et al. [45] conducted a systematic review of studies that
assessed the efficacy of NOACs in patients with high-normal
and high eCrCl. In a combined analysis of the four major tri-
als that compared NOACs versus warfarin, a significant interac-
tion was registered between treatment (NOACs versus warfarin)
and the eCrCl for the risk of ischaemic stroke or systemic em-
bolism (P =.005) and death (P = .009). The risk for these events by
treatment favoured warfarin at high eCrCl levels, thereby prima
facie supporting the contention that hyperfiltration may lead
to NOACs underdosing in hyperfiltrators. Counterintuitively, no
interaction between treatment and the CG-eCrCl for haemor-
rhagic complications emerged in these analyses. Overall, in this
systematic review, the high eCrCl did not significantly impact
plasma levels of NOACs or the efficacy of these drugs as com-
pared with VKAs. The therapeutic window of NOACs is large
and includes drug levels typically seen in renal hyperfiltrators
[45]. Further studies are needed to definitively establish whether
higher renal [45] excretion of NOACs in renal hyperfiltrators im-
pacts NOAC efficacy. But now, the up-titration of NOAC dosages
in renal hyperfiltrators is unjustified [46].

In conclusion, hyperfiltration is common among severely ill
patients in ICUs and drug levels should be measured whenever
possible in these high-risk patients to prevent underdosing and
treatment failure. Hyperfiltration is also common in patients
with obesity or type 2 diabetes, but no consistent pharmacoki-
netic alteration has been described in these patients. No NOAC
dose adjustment is indicated in patients with atrial fibrillation
being treated with these drugs.
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