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Abstract

Background: Levetiracetam pharmacokinetics is extensively altered in critically ill patients with augmented renal
clearance (ARC). Consequently, the dosage regimens commonly used in clinical practice may not be sufficient to
achieve target plasma concentrations. The aim of this study is to propose alternative dosage regimens able to achieve
target concentrations in this population. Furthermore, the feasibility of the proposed dosing regimens will be dis-
cussed from a clinical point of view.

Methods: Different dosage regimens for levetiracetam were evaluated in critically ill patients with ARC. Monte Carlo
simulations were conducted with extended or continuous infusions and/or high drug doses using a previously devel-
oped population pharmacokinetic model. To assess the clinical feasibility of the proposed dosages, we carried out a
literature search to evaluate the information on toxicity and efficacy of continuous administration or high doses, as
well as the post-dilution stability of levetiracetam.

Results: According to the simulations, target concentrations in patients with CrCl of 160 or 200 mL/min can be
achieved with the 3000 mg daily dose by prolonging the infusion time of levetiracetam. For patients with CrCl of

240 mL/min, it would be necessary to administer doses higher than the maximum recommended. Available evidence
suggests that levetiracetam administration in continuous infusion or at higher doses than those approved seems to
be safe. It would be desirable to re-examinate the current recommendations about drug stability and to achieve a
consensus in this issue.

Conclusions: Conventional dosage regimens of levetiracetam (500-1500 mg twice daily in a short infusion) do not
allow obtaining drug plasma concentrations among the defined target in critically ill patients with ARC. Therefore,
new dosing guidelines with specific recommendations for patients in this subpopulation are needed. This study
proposes new dosages for levetiracetam, including extended (4 or 6 h) infusions, continuous infusions or the admin-
istration of doses higher than the recommended in the summary of product characteristics (> 3000 mg). These new
dosage recommendations take into account biopharmaceutical and pharmacokinetic aspects and meet feasibility
criteria, which allow them to be transferred to the clinical environment with safety and efficacy. Nevertheless, further
clinical studies are needed to confirm these results.
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Background

Since levetiracetam was introduced in Europe, it has
become a very frequently used antiseizure medication
in the intensive care units (ICUs). It is used both in
the treatment of focal and generalized onset seizures,
and in the second line treatment of status epilepticus.
Moreover, despite the lack of a robust recommenda-
tion, levetiracetam has been increasingly used in the
ICUs in many clinical scenarios (after craniotomy, sub-
arachnoid hemorrhage (SAH) or traumatic brain injury
(TBI)) due to its relative ease of use, efficacy, and low
side effects profile [1]. There is no clear differentiation
between prophylactic and therapeutic doses. Thus, in
general, it is recommended to start with 500 mg twice
daily and increase the dose until the therapeutic effect
is achieved up to a maximum of 1500 mg twice daily.
This could justify that the most frequently used dose in
prophylaxis is 500 mg/12 h [2].

The altered pathophysiology in critically ill patients
can have a major impact on the pharmacokinetic
parameters of drugs [3—5]. One of the phenomena in
this population that is gaining relevance is augmented
renal clearance (ARC). ARC is defined as a creatinine
clearance (CrCl)>130 mL/min/1.73 m? It is present
in 20-65% of critically ill patients with younger age,
polytrauma and lower severity illness being identified
as risk factors [6]. Furthermore, it seems to be more
common in certain situations, such as TBI and SAH,
clinical conditions that usually justify the use of anti-
convulsants either prophylactically or therapeutically
[7-10]. The presence of ARC in critically ill patients
has been consistently associated with subtherapeutic
antimicrobial plasma concentrations and it may have a
negative impact on the attainment of therapeutic levels
of many drugs [11-15]. Although its influence has been
studied mainly in the context of antimicrobial therapy,
ARC has the potential to influence the pharmacokinetic
profile of any drug that is renally cleared and known to
have a direct correlation between their renal clearance
(CL) and CrCl, such as levetiracetam.

The reference range for levetiracetam trough con-
centrations is 12-46 mg/L at steady state, as recom-
mended by the International League Against Epilepsy
(ILAE) [16]. To date, several studies on levetiracetam in
critically ill patients indicate that the dosages regimens
commonly used are not sufficient to achieve plasma
concentrations within this range, specifically in criti-
cally ill patients with ARC [17-20].

These results are in line with a recently published sys-
tematic review and meta-analysis (30 studies, n=7609
patients), which assesses the use of levetiracetam com-
pared with no antiseizure medication or with a differ-
ent antiseizure medication for the prevention of first
seizure across neurocritical patients [2]. They could not
demonstrate significant reductions in seizure incidence
and, neither support nor refute the use of levetiracetam
prophylaxis in TBI, SAH, intracerebral hemorrhage or
supratentorial neurosurgery. However, their data sug-
gested that levetiracetam might be superior to other
seizure medications following supratentorial neuro-
surgery. They hypothesized that the use of low-dosage
levetiracetam, with 500 mg twice daily being the most
common dosage used across the studies, might not gen-
erate therapeutic levels. These results suggested the need
to establish new dosage guidelines that allow reaching
the therapeutic objective in this population.

Therefore, the aim of this study is to put forward alter-
native dosage regimens, using stochastic simulations,
able to achieve target concentrations in critically ill
patients with ARC receiving levetiracetam. Furthermore,
the feasibility of the proposed dosing regimens will be
discussed from a clinical point of view considering the
potential toxicity and efficacy of the doses and mode of
administration evaluated, as well as the stability of the
pharmaceutical preparation.

Methods

Optimized dosage regimen proposals for critically ill
patients with ARC in treatment with levetiracetam

New dosage regimens for levetiracetam were simulated
in critically ill patients with ARC (CrCL of 160, 200 and
240 mL/min). Dosing proposals include the use of con-
tinuous infusion, extended infusion times (4 or 6 h) and/
or the administration of increasing doses (from 3000 mg
up to 6000 mg daily). Stochastic dosing simulations were
performed by a population pharmacokinetic model
(PPK) recently published by our group [17]. This PPK
model was developed from a multicentric open-label
prospective study conducted in 27 critically ill patients
treated with levetiracetam and with a CrCl>50 mL/min
(range 54-239 mL/min) measured in urine. The model is
described in Table 1.

Monte Carlo simulations were performed in
NONMEN® (v.7.4) to generate the concentration—
time profiles in 1000 virtual subjects. The percentiles
of steady-state trough concentrations by the simulated
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Table 1 Population pharmacokinetic model used in the

simulations

Parameter Model
estimate
(RSE (%))

CL (L/h) =6nr 4 (CrCl/120)® -

Bnr 3.5(9)

or 25017)

V1 (L) 20.7 (18)

Q(L/h) 31922

V2 (L) 335(13)

IIV_CL (%) 327 (21)

IIV_V1 (%) 56.1(29)

RE_proportional (%) 22.3(15)

CL clearance, CrCl creatinine clearance, V1 central volume of distribution, Q
intercompartmental clearance, V2 peripheral volume of distribution, /IV inter-
individual variability, RE residual error, RSE relative standard errors

dosing regimens were subsequently determined in R
(v.4.0.2). The probabilities of achieving target trough con-
centrations were estimated for the reference range of
12-46 mg/L.

Evaluation of dosage regimens feasibility

To assess the clinical feasibility of proposed dosages of
levetiracetam, we carried out an evaluation of the fol-
lowing aspects: (1) evidence of toxicity or efficacy of
extended or continuous administration mode, (2) evi-
dence of toxicity or efficacy of high doses and (3) stability
issues.

To gather information on these aspects, two tertiary
databases, UpToDate® [21] and Micromedex® [22] were
consulted. In addition, to evaluate the extended or con-
tinuous infusion mode, a bibliographic search was car-
ried out in MEDLINE, from inception until October
2021. The following terms were used: (“levetiracetam”
OR “keppra”) AND (“extended” OR “continuous”) AND
“infusion”. For stability evaluation three electronic drug
compatibility references (King Guide® to Parenteral
Admixtures® [23], Trissel's 2 Clinical Pharmaceutics
Database® [24] and Stabilis® database [25]) and manu-
facturers’ online labeling were also consulted [26-28].
Finally, other references considered to be relevant were
identified in a non-systematic literature search.

Results

Optimized dosage regimen proposals for critically ill
patients with ARC in treatment with levetiracetam

Table 2 summarizes the probabilities of target attainment
(PTA), that is, the percentage of virtual patients that
maintained trough drug concentrations at steady state
above 12 mg/L and below 46 mg/L.
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Based on our simulations, for patients with CrCl of
160 mL/min, it would be possible to achieve a PTA of
at least 80% with 1000 mg infused over 4 h every 8 h or
with 1500 mg over 30 min every 8 h. For patients with
CrCl of 200 mL/min, it would be necessary to administer
3000 mg in continuous infusion, 1500 mg over 4 h every
8 h or 2000 mg over 30 min every 8 h. For patients with
CrCl of 240 mL/min, it would be necessary to adminis-
ter 4500 mg in continuous infusion or 2000 mg over 4 h
every 8 h. With those dosing regimens, the probability of
Cmin to exceed the value of 46 mg/L is <5%.

Evaluation of dosing regimens feasibility

Mode of administration: extended or continuous infusion
Currently, there is experience on the use of levetiracetam
in continuous infusion, both intravenously and sub-
cutaneously. Overall, although more studies would be
necessary, levetiracetam given as a continuous infusion
appears to be effective and well tolerated.

Our search identified two publications that include
patients receiving intravenous levetiracetam in con-
tinuous infusion. Moodle et al. [29], made a retro-
spective study of 36 patients with diagnosis of status
epilepticus and who had been treated with intravenous
levetiracetam. Thirty patients received levetiracetam
as bolus infusions and 6 as continuous infusion. Effi-
cacy was higher if a bolus was administered compared
with continuous infusions without initial loading bolus
(p=0.002). The aim of the study was not to investigate
the differential efficacy of both methods of administra-
tion and plasma levels were not measured. Nevertheless,
authors hypothesized that in the context of status epilep-
ticus peak levels after rapid levetiracetam infusions might
be responsible for higher effectiveness of bolus compared
with continuous pump infusions. No severe adverse
effects related to levetiracetam infusion were described
and treatment was overall well tolerated. Burakgazi et al.
[30] published a retrospective study with 33 patients who
received intravenous levetiracetam (16 as bolus and 17 as
continuous infusion) for treatment or prevention of sei-
zures with the aim of discussing its safety and tolerability.
They concluded that intravenous levetiracetam, regard-
less of the method of administration, was not associated
with any adverse events in hospitalized patients.

There are also case reports assessing the administration
of levetiracetam in subcutaneous continuous infusion
in the context of palliative care. In this setting, leveti-
racetam subcutaneous infusion seems to be an effective
option for seizure control with good adverse effect pro-
file [31-34]. However, randomized controlled trials are
needed to establish the efficacy and tolerability of subcu-
taneous levetiracetam administration.
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Table 2 Probability of target attainment based on Monte Carlo simulations

CrCl (mL/min) Total daily dose Dose (mg) Dosing interval Perfusion duration  Probability of Cmin (%)
(mg) (h) (h)
>12mg/L >46 mg/mL
160 3000 1500 12 05 51 0
62 <05
70 <05
1000 8 05 65 0
81 <05
6 88 1
3000 24 24 98 1
4500 1500 8 05 89 5
200 3000 1000 8 6 69 <05
3000 24 24 89 <05
4500 1500 8 4 84 1
6 92 2
6000 2000 8 0.5 84 5
240 3000 3000 24 24 68 <05
4500 1500 8 61 <05
6 74 <05
4500 24 24 96 1
6000 2000 8 80 2
89 3
6000 24 24 29 7

Cmin minimum levetiracetam concentration, CrC/ creatinine clearance. In bold, PTA (probability of Cmin higher than 12 mg/L) > 80%

Micromedex® [22] includes the study of Burakgazi
et al. [30] in its information, while UpToDate® [21] does
not make references to this method of administration in
its monograph of levetiracetam.

The use of high doses

The information contained in the summary of product
characteristics (SPC) establishes a maximum dose of
3000 mg per day [26, 27], based on phase III trials with
fixed dose regimens. Even that the evaluation of a dose—
effect relationship was not the primary objective of these
trials, the results give an indication of a dose—effect rela-
tionship in this dose range [35-37].

However, for higher doses (up to 4000 mg) it has
been considered that they did not increase efficacy but
increased the rate of side effects [38, 39]. This is based on
studies that compared differing levetiracetam fixed doses
according to a group comparison. A more recent retro-
spective study [40], which included 61 patients treated
with levetiracetam, analyzed individual response to a lev-
etiracetam dose increment. It concluded that dose esca-
lation improved treatment outcomes without additional
safety hazards. The final daily doses ranged from 1000 to
6000 mg.

In tertiary databases [21, 22], the maximum dose rec-
ommended in the treatment of focal and generalized

onset seizures or prophylactically it is also 3000 mg per
day.

Stability of levetiracetam infusion solutions

According to the European SPC of Keppra® [26], intra-
venous levetiracetam is physically compatible and
chemically stable for at least 24 h at room tempera-
ture. In the case of the SPC authorized by FDA [27], the
information was the same until 2016, when it was mod-
ified. Currently it states that the diluted solution should
not be stored for more than 4 h at controlled room
temperature. However, there are other FDA-approved
levetiracetam medications that maintain 24-h stability
and there are also pre-diluted alternatives [28].

The information regarding stability of levetiracetam
solutions found in the consulted electronic databases is
scarce and differs between them. While in King Guide
to Parenteral Admixtures® [23], a 24 h at room tem-
perature stability is granted, Trissel’s 2 Clinical Phar-
maceutics Database® [24] only gives a stability of 4 h
at room temperature based on the SPC of Keppra®
authorized by FDA. Stabilis® database [25] does not
provide information on stability at room temperature.
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Discussion

This study is, to the best of our knowledge, the first to
propose alternative dosing regimens for levetiracetam
in critically ill patients with ARC. Dosing simulations
suggest the need to administer up to 6000 mg of leveti-
racetam daily to reach the target plasma level. Our results
indicate that it is necessary to optimize the dosage regi-
men in terms of increasing the dose and/or infusion time
to reach the target plasma concentrations in this group
of patients. Considering this evidence, it is worth won-
dering whether we are using levetiracetam adequately in
critically ill patients, especially in those with ARC. This
should be an issue to be taken into account in daily clini-
cal practice, because ARC has been identified in 20—65%
of ICU patients and in up to 85% of neurocritical patients
[6-10].

Currently, the reference range for levetiracetam trough
concentrations has been stablished by the ILAE in
12-46 mg/L [16]. However, studies carried out in criti-
cally ill patients have shown that these plasma concentra-
tions are not achieved with the authorized adult dosing
regimen. To date, four PPK studies of levetiracetam have
been identified in neurocritical care patients. Spencer
et al. [19] included 12 adult patients who received lev-
etiracetam. They estimated a higher levetiracetam CL
and a shorter half-life compared with previously pub-
lished results in healthy volunteers. Just one patient,
with renal impairment (CrCl 42 mL/min), achieved a
steady-state trough concentration greater than 6 mg/L.
Sime et al. [18] developed a population pharmacoki-
netics model in 30 critically ill patients with severe TBI
or SAH without renal dysfunction. For every 40 mL/
min/1.73 m? increase in urinary CrCl, levetiracetam CL
increased by 50% and the median trough concentrations
were reduced by 50%. They performed dosing simula-
tions with dosages ranging from 1000 mg every 12 h to
2000 mg every 8 h and concluded that for urinary CrCl
greater that 120 mL/min/1.73 m? none of the simulated
regimens had a probability of 80% or above of achieving
trough concentrations higher than 12 mg/L. Similarly,
Ong et al. [20] developed a PPK model in 20 neurosur-
gical patients. They also performed Monte Carlo simu-
lations showing a low probability of reaching trough
concentrations > 6 mg/L with the 500 mg twice daily dos-
ing regimen. Finally, our group also reported a popula-
tion pharmacokinetic model in 27 critically ill patients
[17], not restricted to neurocritical patients. CrCl dem-
onstrated a significant influence on the levetiracetam CL.
Dosing simulations showed that the administration of at
least 500 mg every 8 h or 1000 mg every 12 h would be
needed in patients with normal renal function and that
higher doses or shorter dosing interval would be needed
in patients with ARC.
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According to these PPK models, the dosage regimen
of 500 mg every 12 h is insufficient to achieve a PTA of
at least 80% in ICU patients with a normal renal func-
tion. However, this is a widely used dosage in clinical
practice, especially in the prophylactic context, where
between 34 and 100% of patients received this dosage
[17-20]. Furthermore, the maximum dosage approved
for levetiracetam, 3000 mg daily in short infusion, also
resulted in subtherapeutic levels in patients with ARC.
Our results confirm that the target plasma levels would
only be reached in ARC patients with the administration
of at least 3000 mg in 4-h infusion (in patients with CrCl
of 160 mL/min) or in continuous infusion (in patients
with CrCl of 200 mL/min). Although extended and con-
tinuous infusions are not included in the SPC of leveti-
racetam, they may be an alternative that avoids the use
of doses higher than 3000 mg. However, in patients with
CrCl of 240 mL/min, it is not possible to reach the target
plasma levels with the maximum authorized dose regard-
less of the mode of administration, and higher doses are
compulsory.

For an adequate management of these patients, how-
ever, the ARC should be considered as a dynamic and
temporary situation and, consequently, patients’ renal
function should be assessed daily to adjust dosing
regimens if necessary [6, 16]. Equations that estimate
glomerular filtration rate have been shown to be inap-
propriate in critically ill patients [41], and specifically
in patients with ARC as they tend to underestimate the
value of CrCl in this population [6]. For this reason, cre-
atinine clearance measured in urine should be the rou-
tine technique for calculating CrCl in ICU patients, and
this value should be used to adjust the dosing regimens of
drugs affected, such as levetiracetam.

Several factors are needed to be considered before
considering applying in the clinical practice these results
obtained by means of pharmacokinetic simulations,
that is, the feasibility of the proposed dosage strategies
must be pondered from different approaches. In the
case of levetiracetam, there is sufficient experience to
consider safe its administration in prolonged infusions
[29-34]. However, it is important to take into account
that extended infusions do not allow reaching therapeu-
tic levels from the beginning of the treatment; therefore,
in patients who were not undergoing previous treatment
with the drug, it is necessary to consider a loading dose.
Considering levetiracetam Vd is not affected by patient's
CrCl, the required loading dose would be the same as
in patients without ARC (1000-1500 mg). On the other
hand, it should be noted that the administration in
extended or continuous infusion makes sense in situa-
tions in which we want to maintain stable drug levels in
the blood for prolonged time. Therefore, these strategies
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would not be suitable for example in the acute treatment
of status epilepticus, where high single dose bolus is usu-
ally recommended (1 to 3 g at a rate of 2 to 5 mg/kg/min
or 40 to 60 mg/kg as a single dose infused over 5-15 min
in combination with a parenteral benzodiazepine, and
with a maximum dose of 4.5 g) [21]. Finally, one poten-
tial drawback to prolonged or continuous infusion is
the need for a venous access site in patients with limited
lumens available.

The safety of administering doses higher than those
authorized in the SPC must be considered. Our dosing
simulations suggest the need to administer up to 6000 mg
of levetiracetam daily to reach the target plasma level. To
date, available evidence shows a good safety profile with
the use of high doses of levetiracetam [40]. Nevertheless,
the objective of our simulations is to reach levels within
the therapeutic range in a group of patients in which,
due to their characteristics, the clearance of the drug is
increased. For this reason, the use of high doses in this
context can be considered safe, although it is necessary to
closely monitor patients and, if possible, perform thera-
peutic monitoring of the drug.

Finally, when administering a drug in extended or con-
tinuous infusion, the information on drug stability is
critical. Indeed, short post-dilution stability can prevent
the drug from being administered in this way. However,
different stabilities have been set for levetiracetam by dif-
ferent regulatory agencies, which can condition the pro-
posal of new dosage regimens. On the one hand, EMA
[20] accepted that levetiracetam is stable for at least 24 h
at room temperature; on the other hand, FDA [21] lim-
ited it to 4 h. This discrepancy might suppose the use of
extended and prolonged perfusions impossible under
FDA criteria, whereas feasible in Europe. Therefore, it
would be desirable to re-examinate the current recom-
mendations about drug stability and to achieve an inter-
national consensus regarding this issue.

Although this research reached its aims, it has cer-
tain limitation: first of all, there is a limited number of
PPK studies of levetiracetam including ARC condition
and all the results are obtained from simulations based
on a previously published study carried out in a rela-
tively small population, which included patients with
CrCL>50 mL/min, but only 37% had ARC. Second,
the objective of our simulations was to evaluate the
adequacy of currently levetiracetam dosage regimens
to achieve plasma levels within the range established by
the ILAE. However, there is a lack of consensus about
which the target concentrations for levetiracetam treat-
ment are, and no specific target has been defined in
prophylactic use. Although, the dosage regimens used
in prophylactic context are usually the same as those
listed for seizure treatment and the majority of clinical
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trials in which the efficacy of levetiracetam in prophy-
laxis has been evaluated use same guidelines, the rela-
tionship between levetiracetam plasma levels and its
efficacy or toxicity needs to be further characterized
in both situations. That is, even if there are studies that
analyze the influence of the ARC in the achievement of
plasma levels within the currently accepted range, there
is no data linking this situation with higher incidence of
seizures. Therefore, further investigations overcoming
these limitations are needed to confirm these results in
the clinical setting.

Conclusions

This study states that conventional dosage regimens do
not allow obtaining drug plasma concentrations among
the therapeutic range of levetiracetam in critically ill
patients with ARC, and highlights the need to imple-
ment new dosing guidelines that include specific rec-
ommendations for patients in this subpopulation. The
recommended regimens must take into account biop-
harmaceutical and pharmacokinetic aspects that con-
dition the probability of treatment success, such as the
controversial stability of the drug in solution or the dura-
tion of perfusion. We proposed new dosage recommen-
dations, to be implemented in critically ill patients with
ARC, which meet feasibility criteria that allow them to
be transferred to the clinical environment with safety
and efficacy. According to simulation results, sometimes
extended or continuous infusions would be needed, and
in other situations, it would be necessary to administer
doses higher than those authorized. Nevertheless, further
clinical studies are needed to confirm these results.

Abbreviations

ARC: Augmented renal clearance; CL: Clearance; CrCl: Creatinine clearance;
ICU: Intensive care unit; ILAE: International League Against Epilepsy; PPK:
Population pharmacokinetic model; PTA: Probability of target attainment;
SAH: Subarachnoid hemorrhage; SPC: Summary of product characteristics; TBI:
Traumatic brain injury.

Acknowledgements
Not applicable.

Author contributions

IB, Al, MAS, AR and HB conceived the study. HB, JM and JASI carried out data
collection. IB and EA performed data analysis. IB, HB, MS and Al drafted the
manuscript. All authors read and approved the final manuscript.

Funding

This research was funded by Department of Education of the Basque Govern-
ment (PIBA 2019-57) and by the University of the Basque Country UPV/EHU
(GIU20/048).

Declarations

Ethics approval and consent to participate
Not applicable.



Bilbao-Meseguer et al. Journal of Intensive Care (2022) 10:21

Consent for publication
Not applicable.

Availability of data and materials

The data sets used and/or analyzed during the current study are available
from the corresponding author on reasonable request. The population PK
model used for simulations has been published at: Bilbao-Meseguer et al. [17].

Competing interests
The authors declare that they have no competing interests.

Author details

"Pharmacokinetic, Nanotechnology and Gene Therapy Group (PharmaNano-
Gene), Faculty of Pharmacy, Centro de Investigacion Lascaray Ikergunea, Uni-
versity of the Basque Country UPV/EHU, Paseo de la Universidad 7, 01006 Vito-
ria-Gasteiz, Spain. *Bioaraba, Microbiology, Infectious Disease, Antimicrobial
Agents, and Gene Therapy, Vitoria-Gasteiz, Spain. *Department of Pharmacy,
Cruces University Hospital, Plaza de Cruces 12, Barakaldo, 48903 Bizkaia, Spain.
“Bioaraba, Intensive Care Unit, Vitoria-Gasteiz, Spain. *Osakidetza Basque
Health Service, Araba University Hospital, Intensive Care Unit, ¢/ Olaguibel no.
29, Vitoria-Gasteiz, Spain. ®Inserm U1070: Pharmacologie des anti-infectieux,
Pole Biologie Santé-Batiment B36, Université de Poitiers, 1 rue Georges Bonnet,
86022 Poitiers, France. ’Intensive Care Unit, Doce de Octubre Hospital, Avda
de Cérdoba, s/n, 28041 Madrid, Spain. ®Present Address: PharmaMar, Avda. De
los Reyes, 1, Pol. Ind. La Mina-Norte, Colmenar Viejo, 28770 Madrid, Spain.

Received: 21 February 2022 Accepted: 5 April 2022
Published online: 21 April 2022

References

1. Szaflarski J, DeWolfe J. Levetiracetam use in the critical care setting. Front
Neurol. 2013;4(121).

2. FangT, Valdes E, Frontera JA. Levetiracetam for seizure prophylaxis in
neurocritical care: a systematic review and meta-analysis. Neurocrit Care.
2021;36:248-58.

3. Jamal JA, Roger C, Roberts JA. Understanding the impact of pathophysi-
ological alterations during critical iliness on drug pharmacokinetics.
Anaesth Crit Care Pain Med. 2018;37(6):515-7.

4. Varghese JM, Roberts JA, Lipman J. Pharmacokinetics and pharmacody-
namics in critically ill patients. Curr Opin Anaesthesiol. 2010;23(4):472-8.

5. Boucher BA, Wood GC, Swanson JM. Pharmacokinetic changes in critical
illness. Crit Care Clin. 2006;22(2):255-71.

6. Bilbao-Meseguer |, Rodriguez-Gascon A, Barrasa H, Isla A, Solinis M. Aug-
mented renal clearance in critically ill patients: a systematic review. Clin
Pharmacokinet. 2018;57(9):1107-21.

7. May CC, Arora S, Parli SE, Fraser JF, Bastin MT, Cook AM. Augmented renal
clearance in patients with subarachnoid hemorrhage. Neurocrit Care.
2015;23(3):374-9.

8. Udy AA, Jarrett P, Lassig-Smith M, Stuart J, Starr T, Dunlop R, et al. Aug-
mented renal clearance in traumatic brain injury: a single-center observa-
tional study of atrial natriuretic peptide, cardiac output, and creatinine
clearance. J Neurotrauma. 2017,;34(1):137-44.

9. Udy A, Boots R, Senthuran S, Stuart J, Deans R, Lassig-Smith M, et al.
Augmented creatinine clearance in traumatic brain injury. Anesth Analg.
2010;111(6):1505-10.

10. Hefny F, Stuart A, Kung JY, Mahmoud SH. Prevalence and risk factors
of augmented renal clearance: a systematic review and meta-analysis.
Pharmaceutics. 2022;14(2):455.

11. Campassi ML, Gonzalez MC, Masevicius FD, Vazquez AR, Moseinco M,
Navarro NC, et al. Augmented renal clearance in critically ill patients:
incidence, associated factors and effects on vancomycin treatment. Rev
Bras Ter Intensiva. 2014;26(1):13-20.

12. Carlier M, Carrette S, Roberts JA, Stove V, Verstraete A, Hoste E, et al. Mero-
penem and piperacillin/tazobactam prescribing in critically ill patients:
does augmented renal clearance affect pharmacokinetic/pharmacody-
namic target attainment when extended infusions are used? Crit Care.
2013;17(3):R84.

13. Udy AA, Varghese JM, Altukroni M, Briscoe S, McWhinney BC, Ungerer JP,
et al. Subtherapeutic initial B-lactam concentrations in select critically

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

Page 7 of 8

ill patients: association between augmented renal clearance and low
trough drug concentrations. Chest. 2012;142(1):30-9.

Baptista JP, Sousa E, Martins PJ, Pimentel JM. Augmented renal clearance
in septic patients and implications for vancomycin optimisation. Int J
Antimicrob Agents. 2012;39(5):420-3.

Barrasa H, Soraluce A, Uson E, Sainz J, Martin A, Sdnchez-Izquierdo J,

et al. Impact of augmented renal clearance on the pharmacokinetics of
linezolid: advantages of continuous infusion from a pharmacokinetic/
pharmacodynamic perspective. Int J Infect Dis. 2020,93:329-38.

Patsalos PN, Berry DJ, Bourgeois BF, Cloyd JC, Glauser TA, Johannessen Sl
et al. Antiepileptic drugs—best practice guidelines for therapeutic drug
monitoring: a position paper by the subcommission on therapeutic drug
monitoring. ILAE Commission Thera Strate Epilepsia. 2008;49(7):1239-76.
Bilbao-Meseguer |, Barrasa H, Asin-Prieto E, Alarcia-Lacalle A, Rodriguez-
Gascon A, Maynar J, et al. Population pharmacokinetics of levetiracetam
and dosing evaluation in critically ill patients with normal or augmented
renal function. Pharmaceutics. 2021;13(10):1690. https://doi.org/10.3390/
pharmaceutics13101690.

Sime FB, Roberts JA, Jeffree RL, Pandey S, Adiraju S, Livermore A, et al.
Population pharmacokinetics of levetiracetam in patients with traumatic
brain injury and subarachnoid hemorrhage exhibiting augmented renal
clearance. Clin Pharmacokinet. 2021;60(5):655-64.

Spencer DD, Jacobi J, Juenke JM, Fleck JD, Kays MB. Steady-state phar-
macokinetics of intravenous levetiracetam in neurocritical care patients.
Pharmacotherapy. 2011;31(10):934-41.

Ong CLJ, Goh PSJ, Teo MM, Lim TP, Goh KKK, Ang XY, et al. Pharma-
cokinetics of levetiracetam in neurosurgical ICU patients. J Crit Care.
2021,64:255-61.

Lexicomp®. Levetiracetam: Drug information. Available online: https:/
www.uptodate.com. Accessed 20 Dec 2021.

IBM Micromedex®. Levetiracetam. In: In Depth Answers. Available online:
www.micromedexsolutions.com. Accessed 20 Dec 2021.

King guide® to parenteral admixtures®. Available online: www kingguide.
com. Accessed 20 Dec 2021.

Trissel's 2 Clinical Pharmaceutics Database®. Available online: https://
www.micromedexsolutions.com/home/dispatch. Accessed 20 Dec 2021.
Stabilis®. Available online: https//www.stabilis.org. Accessed 20 Dec
2021,

European Medicines Agency. Keppra® 100 mg/ml concentrate for
solution for infusion-Summary of Product Characteristics (SPC). Avail-
able online: https://www.ema.europa.eu/en/documents/product-infor
mation/keppra-epar-product-information_en.pdf. Accessed 15 Dec 2021.
Food & Drug Administration. Keppra® injection, for intravenous use-
Summary of Product characteristics (SPC). Available online: https://www.
accessdata.fda.gov/drugsatfda_docs/label/2020/021872s0291bl.pdf.
Accessed 15 Dec 2021.

Food & Drug Administration. Levetiracetam Injection, USP for Intrave-
nous-Summary of Product characteristics (SPC). Available online: https://
www.accessdata.fda.gov/drugsatfda_docs/label/2016/2043120rigs000I
bl.pdf. Accessed 15 Dec 2021.

Maoddel G, Bunten S, Dobis C, Kovac S, Dogan M, Fischera M, et al. Intra-
venous levetiracetam: a new treatment alternative for refractory status
epilepticus. J Neurol Neurosurg Psychiatry. 2009;80(6):689-92.

Burakgazi E, Bashir S, Doss V, Pellock J. The safety and tolerability of differ-
ent intravenous administrations of levetiracetam, bolus versus infusion, in
intensive care unit patients. Clin EEG Neurosci. 2014;45(2):89-91.

Wells GH, Mason LD, Foreman E, Chambers J. Continuous subcutaneous
levetiracetam in the management of seizures at the end of life: a case
report. Age Ageing. 2016;45(2):321-2.

Sancho-Zamora MA, Espadas-Hervés N, Canada-Millas I. Maintenance

of plasma levels of levetiracetam in subcutaneous, continuous and
prolonged palliative infusion by elastomeric infusors. Rev Neurol.
2019;69(9):392-3.

Rémi C, Lorenzl S, Vyhnalek B, Rastorfer K, Feddersen B. Continuous sub-
cutaneous use of levetiracetam: a retrospective review of tolerability and
clinical effects. J Pain Palliat Care Pharmacother. 2014;28(4):371-7.
Sutherland AE, Curtin J, Bradley V, Bush O, Presswood M, Hedges V, et al.
Subcutaneous levetiracetam for the management of seizures at the end
of life. BMJ Support Palliat Care. 2018;8(2):129-35.

Shorvon SD, Lowenthal A, Janz D, Bielen E, Loiseau P. Multicenter double-
blind, randomized, placebo-controlled trial of levetiracetam as add-on


https://doi.org/10.3390/pharmaceutics13101690
https://doi.org/10.3390/pharmaceutics13101690
https://www.uptodate.com
https://www.uptodate.com
http://www.micromedexsolutions.com
http://www.kingguide.com
http://www.kingguide.com
https://www.micromedexsolutions.com/home/dispatch
https://www.micromedexsolutions.com/home/dispatch
https://www.stabilis.org
https://www.ema.europa.eu/en/documents/product-information/keppra-epar-product-information_en.pdf
https://www.ema.europa.eu/en/documents/product-information/keppra-epar-product-information_en.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2020/021872s029lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2020/021872s029lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2016/204312Origs000lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2016/204312Origs000lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2016/204312Origs000lbl.pdf

Bilbao-Meseguer et al. Journal of Intensive Care

36.

37.

38.

39.

40.

41.

(2022) 10:21

therapy in patients with refractory partial seizures. European Leveti-
racetam Study. Group Epilepsia. 2000;41(9):1179-86.

Cereghino JJ, Biton V, Abou-Khalil B, Dreifuss F, Gauer LJ, Leppik I. Leveti-
racetam for partial seizures: results of a double-blind, randomized clinical
trial. Neurology. 2000;55(2):236-42.

Ben-Menachem E, Falter U. Efficacy and tolerability of levetiracetam 3000
mg/d in patients with refractory partial seizures: a multicenter, double-
blind, responder-selected study evaluating monotherapy. European
Levetiracetam Study. Group Epilepsia. 2000;41(10):1276-83.

Betts T, Waegemans T, Crawford P. A multicentre, double-blind, rand-
omized, parallel group study to evaluate the tolerability and efficacy of
two oral doses of levetiracetam, 2000 mg daily and 4000 mg daily, with-
out titration in patients with refractory epilepsy. Seizure. 2000;9(2):80-7.
Grant R, Shorvon SD. Efficacy and tolerability of 1000-4000 mg per day
of levetiracetam as add-on therapy in patients with refractory epilepsy.
Epilepsy Res. 2000;42(2-3):89-95.

LamouretV, Kurth C, Intravooth T, Steinhoff BJ. Is the anticonvulsant activ-
ity of levetiracetam dose-dependent? Seizure. 2020;83:197-202.
Seller-Pérez G, Herrera-Gutiérrez ME, Banderas-Bravo E, Olalla-

Sanchez R, Lozano-Saez R, Quesada-Garcia G. Concordance in critical
patients between the equations designed for the calculation of
glomerular filtration rate and 24-h creatinine clearance. Med Intensiva.
2010;34(5):294-302.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 8 of 8

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Optimization of levetiracetam dosing regimen in critically ill patients with augmented renal clearance: a Monte Carlo simulation study
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Optimized dosage regimen proposals for critically ill patients with ARC in treatment with levetiracetam
	Evaluation of dosage regimens feasibility

	Results
	Optimized dosage regimen proposals for critically ill patients with ARC in treatment with levetiracetam
	Evaluation of dosing regimens feasibility
	Mode of administration: extended or continuous infusion
	The use of high doses
	Stability of levetiracetam infusion solutions


	Discussion
	Conclusions
	Acknowledgements
	References


