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Abstract

Critical illness is unique for its complex nature which very often requires a range of
professional expertise to provide the most comprehensive care possible, hence the need for a
multidisciplinary approach. One of the most important aspects to accurate drug dosing and dose
individualization in critically ill patients is their renal function. This is especially true
considering its dynamic changes during the course of treatment warranting multiple dose
adjustments to renally eliminated drugs. However, renal function assessment in the critically
ill overlooks the possibility for hyper-functioning kidneys, known as augmented renal
clearance (ARC), which could contribute to therapeutic failures in the intensive care unit (ICU).
Therefore, our research aimed to conduct a systematic review and meta-analysis of prevalence
and risk factors of ARC in the critically ill, offering a step towards early identification of those
at risk, allowing timely medication optimization. Moreover, ARC alters the disposition of
renally eliminated medications currently used in the intensive care unit, resulting in
underdosing and potential therapy failure. Our research addresses the rising concern of
inadequate dosing in patients with ARC by summarizing the currently available evidence in a
narrative review. Our research addressed an example of a life threatening neurocritical care
condition, namely aneurysmal subarachnoid hemorrhage (aSAH). Subarachnoid hemorrhage
(SAH) results from bleeding in the subarachnoid space often caused by head trauma or more
commonly, a ruptured brain aneurysm resulting in aSAH. Delayed cerebral ischemia (DCI)
and cerebral vasospasm are the main complications that contributes to unfavorable outcomes
in patients with aSAH. Nimodipine is the only drug shown to decrease the incidence of DCI
and improve patient outcomes. Therefore, current guidelines suggest that all aSAH patients
receive oral nimodipine for 21 days. Patients with no difficulty swallowing swallow
nimodipine whole capsules or tablets; otherwise, nimodipine liquid must be drawn from
capsules, tablets need to be crushed or the commercially available liquid product to be used to
facilitate administration through an enteral feeding tube (FT). It is not clear whether these
techniques of administration are equivalent. Hence, our research aimed to examine if different
nimodipine formulations and administration techniques via FT were associated with the safety

and effectiveness of nimodipine.

In the first project of our research, we generated a random-effects meta-analytic model and

forest plots for a total of 70 studies resulting in a pooled ARC prevalence (95% CI) of 39 %



(34.9-43.3). Prevalence for neuro, trauma, mixed and sepsis ICUs were 74 (55-87), 58 (48-67),
36 (31-41) and 33 (21-48), respectively. Age, male sex and trauma were associated with ARC
with pooled OR (95% CI) of 0.95 (0.93-0.96), 2.36 (1.28-4.36), 2.60 (1.21-5.58), respectively.
This supports our hypothesis that certain critically ill populations will have higher risk of
developing ARC more than other cohorts.

The results of the second project of our research summarized the extent to which ARC
influences the probability of target attainment in several medications requiring dosing changes
to mitigate the risk of therapeutic failure. The results demonstrated the need for higher than
standard doses and reduced dosing intervals in patients with ARC. These results provide
clinicians with a guide to navigate drug dosing requirements for patients with ARC and to
anticipate aspects of treatment where deviation from standard dosing regimens could be

prudent.

With regards to the third project of our research, results from 727 patient records showed that
administration of nimodipine oral liquid product was independently associated with higher
prevalence of diarrhea compared to other administration techniques/formulations (OR 2.31,
95%CI 1.46 - 3.66, p-value < 0.0001 and OR 3.22, 95% CI 1.61-6.41, p-value = 0.001, for old
and new commercially available formulations, respectively). It also showed that bedside
withdrawal of liquid from nimodipine capsules prior to administration was significantly
associated with higher prevalence of nimodipine dose reduction or discontinuation secondary
to blood pressure reduction (OR 2.82, 95%CI 1.57-5.06, p-value = 0.001). Moreover, tablet
crushing and bedside withdrawal of liquid from capsules prior to administration were
associated with increased odds of DCI (OR 6.66, 95%CI 3.48-12.74, p-value < 0.0001 and OR
3.92,95%CI 2.05-7.52, p-value<0.0001, respectively). However, no differences were observed
between groups in the rates of angiographic vasospasm or mortality. Our findings suggest that
different enteral nimodipine formulation and administration techniques are associated with
variable propensity for diarrhea, hypotension and DCI and highlights the need to determine the
optimal formulation/technique for enteral nimodipine administration. In summary, ARC is a
prevalent phenomenon in critically ill adults that alters drug disposition and affects target
attainment and the risk of adverse drug reactions. Moreover, neurocritical care and trauma
patients are at a higher risk of developing ARC and special attention is prudent when it comes

to drug dosing in these subpopulations. Additionally, we concluded that the tolerability and



efficacy of nimodipine treatment in aSAH patients is significantly dependent on the method of

delivery.
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CHAPTER 1 INTRODUCTION

1.1 BACKGROUND

1.1.1 CRITICAL ILLNESS

1.1.1.1 OVERVIEW ON CRITICAL ILLNESS

Critical illness is defined as any life-threatening condition that requires pharmacological
treatment and/or mechanical support to the function of vital organ functions to reduce the risk
of death (1). Critical illness can be precipitated by sepsis, surgery, trauma, or by complications
of acute or chronic diseases. Following the onset of the triggering event, various neuronal and
inflammatory cascades initiate an orchestrated stress response. The activated stress response
involves a wide range of changes in the homeostasis and changes in the systemic circulation
with direct and indirect effects together reducing energy-consuming anabolism and activate
energy-producing catabolic pathways. This centrally activated hormonal and metabolic “fight-

or-flight” state is thought to be the main response to critical illnesses.

1.1.1.2 PHARMACOTHERAPEUTICS IN CRITICALLY ILL PATIENTS

Appropriate drug therapy for critically ill patients is the key to ensuring comprehensive care.
The dynamic, complex and heterogeneous nature of critically ill patients combined with limited
evidence often leads to off-label drug use and a high degree of individualization of drug
regimens. Although evidence-based standard drug therapy regimens are essential in assisting
intensive care unit (ICU) clinicians with providing high-quality care, clinicians need to face
instances where data are limited, or a clear consensus is absent. Additionally, the
pharmacokinetics (PK) and pharmacodynamics (PD) of drugs used in critically ill patients
show significant deviations from the patient groups whose data informed the conventional
dosing regimens. As a result, critically ill patients are at higher risk for adverse drug events
(ADEs) and more-severe ADEs, and such events lead to longer length of stay and higher costs
(2). Therefore, an understanding of drug PK/PD in the critically ill is essential to ensure safe
and effective drug regimens. Failure to proactively predict and monitor for changes to the PK
and PD of a drug in a critically ill patient can contribute to clinical failures or ADEs. The role
of a pharmacist as a member of a multidisciplinary ICU team is indispensable to reduce the

incidence of ADEs. Therefore, multidisciplinary teams, including clinicians with a thorough



understanding of drug PK and PD such as an ICU-trained pharmacist, are pivotal in providing

comprehensive care.

1.1.1.3 ALTERED PHARMACOKINETICS (PK) IN CRITICAL ILLNESS

PK describes the movement of a drug through the body and is divided into four major

components: absorption, distribution, metabolism, and elimination. Table 1.1 summarizes the

PK changes in critical illness.

Parameter

Absorption

Distribution

Metabolism

Elimination

1.TABLE 1.1: SUMMARY OF PK CHANGES IN CRITICAL ILLNESS (3)

Common Changes Observed in Critical Illness

e Diminished GI or subcutaneous perfusion
due to shock and the use of vasopressors

e Reduced GI motility in the postoperative
setting

e  Use of enteral nutrition formulas

e  Fluid resuscitation

e  Reduction in circulating albumin

e Increase in circulating AAG

e Reduced tissue perfusion secondary to shock

states

e Induction of hepatic enzymes by critical
illness or drugs

e Inhibition of hepatic enzymes by critical
illness or drugs

e Acute reduction in hepatic blood flow

e Acute kidney insufficiency

e Augmented renal function

e Altered active transport of medications

e  Renal replacement therapies

Potential Pharmacokinetic Change

e Reduction in time to peak concentration and
AUC

e Reduction in time to peak concentration and
AUC

e Reduction in AUC

e Increase in Vd and reduced peak concentration
of hydrophilic drugs

. Increase in free drug concentration and Vd for
drugs bound to albumin

e  Reduction in free drug concentration and Vd for
drugs bound to AAG

e  Reduction in free drug concentration in

peripheral tissues

e Increase in hepatic clearance of low-ER drugs

e  Reduction in hepatic clearance of low-ER drugs

e Reduction in hepatic clearance of high-ER drugs

e Reduction in renal clearance for renally
eliminated drugs

e Increase in renal clearance for renally eliminated
drugs

e  Variable effect

e  Variable effect

AAG 5 al acid glycoprotein; AUC 5 area under the curve, ER 5 extraction ratio; Vd 5 volume of distribution.
This table is copied from Introduction to Drug Pharmacokinetics in the Critically I1l Patient by Brian S. Smith et al. (3)



1.1.1.3.1 ABSORPTION

Alterations in pharmacokinetics of drugs due to critical illness includes changes in the systemic
absorption of orally administered drugs. Critically ill patients receive multiple oral medications
in unadjusted doses, overlooking the changes in their systemic absorption and risking
therapeutic failure. A recent review conducted in our lab regarding oral drug absorption in the
ICU reported altered drug absorption in critically ill patients and suggested the need for
alternative measures to lower the risk of therapeutic failure (4). These measures aiming to
mitigate the alterations in drug absorption in critically ill patients include holding tube feeding
around medication administration times, adopting alternative dosing regimens with higher
doses of orally administrated drugs and using alternate routes of administration such as

parenteral routes where possible (4).

Multiple drug-specific factors can affect drug absorption, including its particle size, solubility,
lipophilicity, ionization, and dissociation rate (5). It has been well established in the literature
that in states of hypotension and shock, the body physiologically responds by shunting blood
to its vital organs, including the heart and the brain. Subsequently, blood flow to other systems,

including the gastrointestinal tract is decreased.

Vasopressor use is one of the factors affecting absorption in critically ill patients. Studies have
demonstrated that vasopressors, such as, dopamine, epinephrine, and norepinephrine, have
different effects on both gastrointestinal perfusion and oxygen consumption (6). However, the
impact of gastrointestinal perfusion on drug absorption has not been evaluated, and the impact
of this on drug absorption is not well defined in the literature (7). Patient and drug specific
factors may also further add to this variability. It is important to consider the general lack of
data evaluating the impact of vasopressor use in critically ill adults on oral drug absorption (8).
Intravenous drug delivery in critically ill patients receiving vasopressors is often used to ensure

a patient receives the desired dose of a drug.

Delayed gastric emptying is also one of the aspects that complicate oral absorption in critically
ill patients. Reasons for delayed or slowed gastric emptying include but not limited to surgery,
postoperative ileus, trauma, head injury, burns, sepsis, and opiate use (9). Clinicians need to
also be aware that delayed gastric emptying can delay the onset of the action of enterally
administered drugs (10). Furthermore, feeding tubes are often used to facilitate enteral delivery

in critically ill patients who are either mechanically ventilated or unable to swallow. Drugs



administered via feeding tube entail multiple challenges. For instance, drugs can adsorb to the
plastic of the tube’s internal lumen, impeding drug delivery. Tubes also bear the risk of
clogging due to residual drug adhered to the lumen. Additionally, enteral feeding solutions tend
to increase the pH of the stomach, which leads to reducing the absorption of drugs that require
an acidic pH (11). Phenytoin is an example of medications that are subject to variable
absorption in the presence of enteral feeding solutions. Additionally, first pass metabolism is
an important factor contributing towards altered bioavailability of orally administered drugs in
all patients, especially the critically ill. This is more pronounced considering the alterations in
hepatic clearance since it is the primary site of first pass metabolism. Altered hepatic clearance

1s discussed in more detail in section 1.1.1.3.3.

1.1.1.3.2 DISTRIBUTION

Drug distribution is the process of disposition of a parent drug across the body's compartments
such as the blood or the central compartment and the tissue compartment. The efficacy and/or
toxicity of this drug highly relies on its ability to distribute and reach certain tissues. This is
also a key concept to understand why there are instances of a weak or absent correlation
between the plasma levels of a drug and its pharmacodynamic effect. Volume of distribution
(VD) is a PK variable describing the relationship between the dose of a drug and the serum
concentration reflecting it. Hydrophilic drug compounds tend to remain in the central
compartment and are characterized with a lower Vd value close to 0.65 L/kg (12). In other
words, the higher the Vd the more extensive the drug is distributed throughout the body’s
compartments. On the other hand, lipophilic drug compounds are characterized with a higher
Vd to reflect their wider drug distribution in the tissue compartment. It is important to consider
the ability of a particular drug to penetrate or distribute into tissues when assessing this drug
therapy. Hydrophilic drugs generally remain in the plasma water volume, showing a Vd closely

approximating 0.65 L/kg. However, lipophilic medications often will exhibit higher Vd.

Fluid resuscitation is an often-necessary intervention in many critically ill patients. The
additional infused fluid volume leads to an increase the volume of the body’s total water
content, resulting in decreased serum concentrations of hydrophilic drugs. Furthermore, due to
the increase in fluid volume, many patients with vasodilatory shock will also exhibit capillary
leak syndrome. There is an increased potential for increased third spacing when these two
phenomena occur simultaneously, leading to an increase in the interstitial volume and

alterations in the intravascular volume which can increase or decrease. Increased Vd in



critically ill patients in comparisons to non-critically ill patients can affect numerous lifesaving
hydrophilic drug classes, such as antimicrobials (13). Therapeutic drug monitoring and loading
doses are strategies that are often employed to achieve the targeted serum concentrations when

the Vd is increased (14, 15).

Alteration of plasma protein binding is another important factor affecting Vd and drug
distribution. Albumin and a-1 acid glycoprotein (AAG) are the two most predominant plasma
proteins that drugs are bound to. Acidic drugs, such as phenytoin bind to albumin. Basic drugs,
such as lidocaine bind to AAG (16). Many conditions affect plasma protein levels in critically
ill patients. Concentrations of AAG have been shown to increase in critically illness (17).
Accelerated protein catabolism and increased vascular permeability are two examples that
result in decreased albumin concentrations due to stress response or trauma (18, 19). These
changes are especially concerning taking into consideration that many drugs frequently used
in ICU settings are plasma protein bound. While therapeutic drug effects are attributed to the
free or unbound drug fraction in most cases, it is important to consider in critically ill patients
with hypoalbuminemia, that highly protein-bound drugs will have a greater fraction of free
drug, leading to increased pharmacologic effects, even if total drug level remains unchanged.
It is common practice while managing non-critically ill patients to monitor total drug
concentrations which would be especially misleading in critically ill patients with low plasma

protein levels.

To illustrate, midazolam, a sedative often used in the ICU, can be highly influenced by critical
illness. A threefold increase in midazolam Vd was demonstrated in a cohort of critically ill
patients, resulting in a prolonged half life. One proposed explanation for the increased Vd is
hypoalbuminemia resulting in an increase in the free proportion of midazolam, which is a
lipophilic medication readily distributed to the adipose tissues (20, 21). More interestingly, A
linear relationship was shown between serum albumin concentration and the induction time of
midazolam. Lower albumin concentrations associated with shorter time to induction, consistent
with the notion that the lower serum albumin levels increase free midazolam levels leading to
a quicker response (22). To summarise, highly albumin-bound drugs in
hypoalbuminemia exhibit greater free proportions and potentially an increased pharmacologic
effect as well as a greater risk for tolerability issues. The impact of hypoalbuminemia should
be considered by clinicians when using highly albumin bound drugs. Dose adjustment or
switching to an alternative agent with lower albumin binding could also be a valid option.

Additionally, adjustments for decrements in albumin levels or substituting the measurement of
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total drug levels for a direct measurement of free drug levels should be considered when using

therapeutic drug monitoring in the setting of hypoalbuminemia.

Similarly, AAG plasma protein levels have been shown to increase in the acute phase
inflammatory disease states (17). This increase would be important to consider when using
AAG-bound medications drugs as this will result in a reduction in the circulating free drug
levels. Morphine is an example of AAG-bound drugs where the Vd is reduced by
approximately 40% and its clearance is reduced by more than 66%. The clinical implications
of such pharmacokinetic alterations could mean prolonging the effects of morphine and

increasing the risk of adverse drug reactions and side effects (23).

Lastly, among the pharmacokinetic alterations occurring in critically ill patients are changes in
regional tissue perfusion. Hypoperfusion is a common complication in critically ill patients,
where hemodynamic changes can adversely affect tissue perfusion, hence decreasing the
delivery of hydrophilic drugs via blood passing through the capillary circulation. This, in turn,
impairs drug delivery to the tissues and limits their efficacy at the site of action. This is
especially true in the case of peripheral tissues and non-central organs with compromised blood
supply. For instance, piperacillin into skeletal muscles and adipose tissues has been found to
be impaired in septic shock patients (24). The research team in this study used micro-dialysis
in patients with septic shock and compared the results to healthy controls. A staggering 5-to-
10-fold reduction in the distribution of piperacillin into the skeletal muscles and adipose tissues
was demonstrated in septic shock patients, despite the successful attainment of the targeted

piperacillin plasma concentrations.

1.1.1.3.3 METABOLISM

Drugs are metabolized in a myriad of different body tissues, including the liver, kidneys,
gastrointestinal tract (GIT), heart, lungs, brain and even the skin. The liver, however, is the
predominant drug metabolism site. In the case of critical illness, hepatic enzyme activity is
altered, serum protein concentration and blood flow to the liver are also changed. This can
result in significant changes in the rate and extent of hepatic drug clearance. A good
understanding of the physiologic changes surrounding critical illness, which affect drug
metabolism is essential for clinicians to anticipate and mitigate changes in drug

pharmacokinetics that can be reflected in adverse drug reactions or therapeutic failures.



Hepatic clearance is defined as the volume of blood that can be completely cleared of the drug
per unit time by the liver (25, 26). The removal of drugs by the liver from the blood is directly
proportional to the hepatic blood flow and the drug’s hepatic extraction ratio. The hepatic
extraction ratio is the fraction of the drug removed from the blood by the liver in one pass.
Drugs can be classified as having high extraction ratio (>0.7), intermediate extraction ratio
(0.3-0.7), or low extraction ratio (<0.3) (5). The hepatic clearance of high extraction ratio drugs
such as fentanyl and midazolam depend mainly on the hepatic blood flow and is less affected
by liver function changes. On the contrary, low extraction ratio drugs clearance such as
phenytoin and warfarin hepatic clearance is less affected by hepatic blood flow changes and
more dependent on liver function changes. Considering whether a drug exhibits a high or low
hepatic extraction ratio is essential in predicting the effect changes in hepatic blood flow and

liver enzyme activity might have on its hepatic drug clearance.

Hepatic drug metabolism consists of two phases. Phase 1 metabolism involves oxidation,
reduction, and hydrolysis reactions aiming to alter the parent drug into either an active or an
inactive drug metabolite or more than one metabolite. Phase 2 metabolism, on the other hand
involves the addition of large polar molecules the parent drug molecule or its metabolite
resulting from phase 1 metabolism. Phase 2 involves glucuronidation, sulfation, or acetylation
reactions, converting the molecule to a more water-soluble form and hereby enhancing its
solubility and subsequent elimination. Metabolites can be active, usually less potent than their
parent compound, but can be more active or even toxic. The cytochrome P450 (CYP450)
enzyme family is mainly responsible for phase 1 drug metabolism. The activity of CYP450
enzymes can be induced or inhibited by conditions or drugs critically ill patients are subject to
(27). Moreover, many CPY450 enzymes, e.g., CYP2D6, CYP2C19, and CYP2C9 exhibit
genetic polymorphisms that often lead to variability in the rates of intrinsic hepatic metabolism

among patients.

Critically ill patients are often presenting with disease states that can affect the activity of
hepatic metabolizing enzymes. It should be taken in consideration how alterations in CYP450
activity have the potential to prolong or reduce the therapeutic effects of parent drugs.
Moreover, they can increase the burden of toxic metabolites, as well as delay the response of
prodrugs that require hepatic metabolic activation. For example, the activity of the CYP450
enzyme in severe burn injury can become reduced significantly. Phase 2 metabolism, however,

is typically is not affected in this case (28).



Another significant example of such conditions is renal dysfunction, which is known to alter
the renal elimination of drugs through urine. But it can also impact the hepatic drug metabolism
of drugs. Decreases in both phase 1 and phase 2 metabolism in the setting of renal dysfunction
have been reported in animal studies (29). Both the drug uptake into hepatocytes and the biliary
excretion of drugs, has been shown to decrease in the setting of kidney injury (30). In cirrhotic
patients the number of functional hepatocytes is reduced which can in turn lead to a significant
drop in hepatic enzyme metabolic activity (31). Cholestasis is another example where delays
in the drugs biliary excretion has been shown to negatively affect CYP450 function
(32). Trauma, surgery, and hemorrhagic shock are also conditions seen in critically ill patients
where the subsequent inflammatory response has been shown to have different effects on
CYP450 enzyme activity. Studies suggest a reduction in CYP3A4, CYP2C19, and CYP2EI
activity and an increase in CYP2C9 activity (33, 34).

Therapeutic hypothermia is a treatment often employed in the ICU aiming to lower the body
temperature to reduce long-term injury such as in cardiac arrest. Therapeutic hypothermia can
also affect CYP450 metabolic activity. Decrements in the hepatic clearance of phenytoin,
midazolam, fentanyl, remifentanil, phenobarbital, and vecuronium have been reported in
studies (35, 36). This reduction can be attributed to the reduced speed of chemical reactions,
reduced enzyme affinity for the drug, or a combination of both. Lipid solubility, protein
binding, hepatic blood flow are examples of other factors which can be altered due to
hypothermia. These alterations continue to be changed during the rewarming phase, hence the
importance of vigilant therapeutic drug monitoring in this setting especially with narrow
therapeutic index drugs. The clinical impact of drug pharmacokinetic changes during

hypothermia is still not strong enough to warrant changes to current drug regimens.

1.1.1.3.4 EXCRETION

The primary mechanism responsible for the renal clearance of most drugs is glomerular
filtration. Generally, the renal clearance of drugs has a direct proportional relationship to the
kidney’s glomerular filtration rate (GFR). In critically ill patients however, acute kidney injury
(AKI) is a common complication during the course of their stay. AKI can also be precipitated
by numerous factors, leading to GFR reduction and subsequently decelerated renal drug
clearance. Additionally, critically ill patients with comorbid chronic kidney disease of different
stages require careful consideration in their dosing regimens. In both of these cases, using

alternative dosing regimens or switching to non-renally cleared drugs are important alternative



measures in critically ill patients with AKI and/or CKD. Evidence suggests that patients with
AKI receive higher doses of medications than the maximum recommended dose and are at a
higher risk for experiencing ADEs (37, 38). Dose reduction are often required for maintenance
doses in the case of renal impairment. However, it is important to consider that usual doses or
higher loading doses of the same drugs may be required to account for increased Vd, as

discussed in section 1.1.1.3.3.

However, although renal impairment is a fairly common in critically ill patients, it is important
not to overlook instances where the renal clearance is accelerated or augmented. Normal GFR
is commonly described as 120-130 mL/min/1.73 m?, critically ill patients often exhibit GFR
values much higher than normal range values. Subsequently, renal drug clearance is accelerated
and the risk of therapeutic failure increases (39). Factors such as sepsis, trauma, surgery, burns,
and vasopressors increase renal blood flow and subsequently increase renal drug
clearance. This is especially important to consider with antimicrobials that are primarily renally
eliminated, such as B-lactams and glycopeptides. Research recently showed a direct correlation
between lower plasma drug levels and accelerated renal clearance in the critically ill (39). In
these instances, modification of dosing regimens might be necessary if the drug is primarily
renally eliminated. However, the decision to increase the dosing frequency or increase the
dosing amounts depend on PD properties of the drug since serum concentrations do not always
reflect PD targets. Augmented renal clearance (ARC) will be discussed in detail in Chapters 2
and 3.

Although not being primary processes involved in renal drug clearance, tubular secretion and
reabsorption can also be altered in critical illness. Multiple transport systems are responsible
for the disposition of organic anionic and cationic drug molecules in the kidneys. Tubular
secretion and reabsorption of these medications takes place primarily in the proximal tubules,
by the cells present on plasma cell membranes. Tubular secretion is an active process where
drugs are being transported from the interstitial fluid side into the nephron lumen of through
an anion-cation transport system that can be saturated. For instance, quinidine and digoxin if
administered together, can result in higher than expected digoxin concentrations and increased

risk of toxicity due to two molecules competing for the same transport proteins (40).

Tubular reabsorption is the process where the reabsorption of an ultra-filtrate occurs,
subsequently increasing drug concentrations again in the tubule lumen and promoting the

drug’s passive diffusion into the plasma following the concentration gradient. For instance,


https://www.sciencedirect.com/topics/medicine-and-dentistry/kidney-tubule-absorption
https://www.sciencedirect.com/topics/medicine-and-dentistry/kidney-tubule-absorption

urine alkalization increases basic drugs’ reabsorption trapping the drug in its non-ionized form.
On the contrary, it enhances the elimination of acidic drugs by trapping the drug in its ionized
form. An example of this is alkalinizing the urine to a pH of 7.5 using sodium bicarbonate to

enhance the elimination of salicylates to mitigate the effects of an overdose.

In addition, approximately 4% of critically ill patients with AKI require renal replacement
therapy (RRT) (41). Multiple RRT modalities, including hemofiltration, ultrafiltration,
intermittent hemodialysis and peritoneal dialysis are used in these cases. Multiple factors affect
drug clearance in this case including membrane properties, dialysate properties, and drug
properties. Generally, large molecular weight drugs as well as drugs that are highly protein
bound, and drugs with large Vd are less affected by RRT since they are less likely to be
removed by RRT.

These discussed PK changes in critically ill patients can potentially augment or reduce the
effect of the affected drugs, increasing the risks of either ADEs, therapeutic failures or both.
However, multiple strategies have been incorporated into practice to mitigate the effect of PK
alterations. These include gradually titrating IV infusions towards individualized end points,
such as titrating vasopressors to target a specific mean arterial pressure (MAP). Sedatives are
also titrated to a target pain score, and planned interruptions of sedative and analgesic infusions
are made to prevent over-sedation and over-analgesia and facilitate mechanical ventilation

weaning (42).

1.1.1.4 ALTERED PHARMACODYNAMICS (PD) IN CRITICAL ILLNESS

PD describes the pharmacologic response resulting from the drug once it reaches its receptor
or site of action. Critically ill patients, being a special group of patients where altered
pathophysiology results in significant variability in their pharmacokinetic parameters which
then also impacts on the pharmacodynamics. Poor clinical outcomes have often been associated
with failure to achieve pharmacodynamic targets for some drugs, such as antimicrobials and
antiepileptic drugs in augmented renal clearance. Therefore, it is important to consider the
alterations involved in the critically ill and to wuse the knowledge of
pharmacokinetic/pharmacodynamic properties of drugs to optimize dosing regimens not only
to maximize effectiveness but also minimize and mitigate toxicity and reduce the risk of

therapeutic failure.
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Pharmacodynamic alterations in drug response could also occur independently from a
pharmacokinetic precursor. For instance, hypothermia is sometimes used in patients post
cardiac arrest and in neurocritical care. As discussed in section 1.1.1.3.3, therapeutic
hypothermia’s effects on drug pharmacokinetics by altering its metabolism and elimination.
Moreover, hypothermia also affects drug response in a rather unpredictive fashion - unlike PK
changes - with either reduced or no change in the potency, depending on drug class. Thus,
intensivists should be aware of the complex interplay of alterations in drug metabolism,
elimination and response on drug disposition and response during hypothermia. This includes
close monitoring of drug levels when possible and the monitoring of drug outcomes such as
the depth of neuromuscular blockade and the employment of sedation scores. The effect of
hypothermia on the toxicity of a given drug level compared to normothermia, however, remains

an area of ongoing research.

1.1.2  AUGMENTED RENAL CLEARANCE (ARC)

When assessing a patient’s kidney function particularly in a critical care setting, clinicians
typically consider one of two possibilities: either normal renal function, or renal impairment;
with most of the attention paid towards dosing adjustments in the presence of impaired renal
function and/or the use of renal replacement therapy. This conventional view might in fact be
overlooking a third category of patients who may be exhibiting hyperfunctioning kidneys or
what is known as augmented renal clearance (ARC). This phenomenon, while not yet fully
understood, may potentially be the rationale behind a range of therapeutic failures for renally
eliminated drugs (43-45). This is mainly due to the fact that ARC is typically undetected unless
clinicians proactively monitor for its presence and the lack of solid evidence on the dosing of
renally eliminated medications subject to an accelerated elimination, leading to subtherapeutic

levels and sub-optimal outcomes.

In the recent years, there has been a growing number of reports recognizing the significance of

ARC (46, 47).

1.1.2.1 DEFINITION OF ARC

ARC has most commonly been defined in the literature as a creatinine clearance (CrCl) higher
than 130 ml/min/1.73m2. However, there is not yet an agreed-upon cut-off for the CrCl above
which a patient is diagnosed with ARC; nor a staging system for patients having CrCl more

than 150 ml/min/1.73m? or even 200 ml/min/1.73m? analogous to renal impairment stages.
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Studies vary in their definition of ARC in terms of CrCl cut-off. Most studies define ARC as
CrCl > 130 mL/min/1.73 m?; other definitions used are CrCl > 120 mL/min/1.73 m?, CrCl >
150 mL/min/1.73 m? , CrCl > 140 mL/min/1.y m? , CrCl > 155 mL/min/1.73 m? , CrC1 > 160
mL/min/1.73 m?, and CrCl > 108 mL/min/1.73 m?.

1.1.2.2 PATHOPHYSIOLOGY OF ARC

The pathophysiology of ARC is largely unknown, but it is thought to be closely tied to the
vigorous sympathetic response associated with severe critical illness, alterations in vascular
tone, cardiac output and major organs blood flow, resulting in a hyperdynamic state and
augmented glomerular filtration rate (46, 48). This is in addition to the effects of administration

of fluids and vasopressors aimed at maintaining organ perfusion (48, 49).

1.1.2.3 PREVALENCE OF ARC

ARC prevalence has been reported to range from 18 to 80% in general critically ill population
(46, 50-57). However, different patient sub-populations within critically ill patients are at

different risks of developing ARC.

1.1.2.4 RISK FACTORS OF ARC

Younger age, polytrauma and lower severity illness have been identified as risk factors. The
limited ability of CrCl estimating equations to accurately predict ARC has motivated the
creation of scores with greater predictive ability for identifying patients at risk of ARC. Baptista
et al. presented a model where the best diagnostic value for ARC was obtained using the
combination of urinary creatinine < 45 mg/mL and age < 65 years, with a specificity of 0.88
but a low sensitivity of 0.60 (58). Udy et al. presented another score based on the results of a
multivariate analysis, their score employed the modified SOFA score, admission post-trauma
and age to predict ARC (59). Higher scores were strongly associated with a greater prevalence
of ARC. Recently, Barletta et al. also developed the (ARCTIC) Augmented Renal Clearance
in Trauma Intensive Care scoring system to predict ARC in trauma patients (60). They
performed a multivariate analysis to identify independent predictors of ARC. The risk factors
included in the final ARCTIC score were age below 56 years, age between 56 and 75 years,
serum creatinine <0.7 mg/dL and male sex. An ARCTIC score of 6 or higher had a sensitivity
of 0.84 and a specificity of 0.68 of predicting ARC. It’s important to consider that all these

studies selected patients with normal serum creatinine levels. Therefore, the application of
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ARC scores may not apply in patients with serum creatinine higher than 1.3 mg/dL even though
the actual creatinine levels are not being included in the scores. Scores to detect patients at risk
of ARC are a practical tool to use in ICUs to help proactively identify patients at the highest
risk of ARC, and warrant the need to measure urinary CrCl to definitively diagnose those

patients.

However, the developed scoring tools were generated based on general critically ill/trauma
population rather than patients with severe neurological illnesses potentially not capturing

neurocritical care patients with additional risks for ARC.

1.1.2.5 IMPLICATIONS OF ARC

The presence of ARC in critically ill patients may have a negative impact on the attainment of
therapeutic levels of many drugs. Almost all the scarce references published about this research
question are focused on antimicrobial therapy, where ARC is very important because it could
condition not only the drug efficacy but also the development of resistance. ARC can also
influence the pharmacokinetic profile of antimicrobial drugs that are renally cleared and known
to have a direct correlation between their renal clearance and CrCl, such as beta lactams,
vancomycin or aminoglycosides. According to their activity pattern, antimicrobial drugs can
be classified into three groups: concentration-dependent killing along with prolonged effects
(aminoglycosides, fluoroquinolones, polymyxins, daptomycin or metronidazole), time-
dependent activity with no or very short persistent effects (b-lactams) and concentration-
independent killing with prolonged persistent effects (tetracyclines, tigecycline, macrolides,
azithromycin, clindamycin, linezolid, chloramphenicol, trimethoprim, sulphonamides and
vancomycin). For the first and the third groups, the PK/PD indexes that best correlated with
efficacy are the maximum serum concentration (Cmax)/minimum inhibitory concentration
(MIC) ratio or the area under the concentration-time curve (AUC)/MIC ratio, because the
prolonged persistent effects protect against regrowth when the active drug concentration falls
below the MIC. For the second group, time-dependent activity, the PK/PD index that best
correlated with efficacy is the duration of time that free antimicrobial concentrations exceeded

the MIC.

1.1.3  ANEURYSMAL SUBARACHNOID HEMORRHAGE (ASAH)

1.1.3.1 EPIDEMIOLOGY
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Aneurysmal SAH accounts for 5% of all strokes and 85% of all spontaneous subarachnoid
haemorrhages. The overall global incidence of aSAH follows a decreasing trend. The global
incidence of aSAH has decreased from 10.2 in 100,000 to the 6.1 in 100,000 population in the
last 30 years. Moreover, aSAH incidence also varies by geographic location. The changes in
incidences of aSAH are thought to be related to the higher age of the population and genetic
component (61, 62).

Although aSAH is more common in males at a younger age, females have a higher incidence
of aSAH in the elderly population. With each year increase in age beyond the age of 35 years,
the chances of cerebral aneurysm bleeding increase in by 1.03 folds. Despite the current
advancements in diagnosing and managing aSAH medically and surgically, aSAH is
responsible for significantly higher mortality, morbidity, and disease burden out of all stroke
patients. The mortality due to aSAH is approximately 40% in the first 30 days, and the

survivors’ favorable outcome is less than 25% (61, 62).

1.1.3.2 ETIOLOGY AND RISK FACTORS FOR INCREASED ASAH

Numerous factors and diseases contribute to the aetiology of the development of a cerebral
aneurysm and its rupture, resulting in aSAH. Table (1.2) summarizes the etiological factors

and associated disease conditions with aSAH.
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2. TABLE 1.2: THE AETIOLOGICAL FACTORS AND ASSOCIATED DISEASE CONDITIONS WITH
ASAH (63)
Infectious arterial vasculitis Myecotic (infectious) aneurysm
Meningovascular lues
Lyme disease
Gnathostomiasis (Gnathostoma spinigerum)
Immune vasculitis Primary CNS angiitis
Polyarteritis nodosa
Wegener’s vasculitis
Churg-Strauss syndrome
Behget’s disease
Other cerebrovascular diseases Arteriovenous angioma
Dural arteriovenous fstula
Spinal arterial aneurysm
Intracranial arterial dissection
Venous sinus thrombosis
Cerebral amyloid angiopathy

Moyamoya disease

Tumour Intracranial and intraspinal tumour
Haematology Sickle cell anaemia

Drugs Anticoagulants and thrombolytic therapy
Substance abuse Cocaine and amphetamine

This table is copied from Ahmed AE GA, Mohamed AO, Khair B. Aneurysmal subarachnoid hemorrhage. ICU Book. 2017:73-
99. (63)

Among the modifiable risk factors involved in the development and rupture of cerebral
aneurysms, are smoking, hypertension, dyslipidemia, alcohol and recreational drug abuse, and
low body mass index (BMI). Among the non-modifiable risk factors involved in an increased

aSAH risk are sex, familial disorders and connective tissue disorders.

1.1.3.3 PATHOPHYSIOLOGY OF CEREBRAL ANEURYSMS

Cerebral aneurysms are classified based on their pathogenesis and their shape form. The
saccular aneurysm is the most common form and is commonly called the berry aneurysm, due
to the berry-shaped or multi-lobe appearance. Saccular aneurysms are spontaneously formed
and are responsible for 85% of aSAH cases. Tumours, trauma, and infections are among the

contributing risk factors in the formation of cerebral aneurysms. Bacterial or fungal infections
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can also cause focal necrotic areas on the arterial wall resulting in the formation of an
aneurysm. Another type of aneurysms are fusiform aneurysms. These are spindle-shaped
bulgings on the artery wall, caused most often secondary to atherosclerosis. Dissecting
aneurysms are a third type of cerebral aneurysms and are caused by the dissection of the vessel

wall either secondary to a traumatic injury or are spontaneously formed.

The exact mechanism of a cerebral aneurysm’s formation is unclear. However, the initiating
factors are both pathological and structural changes in the vessel wall composition. Additional
predisposing genetic factors, environmental factors, and epidemiological factors also further

contribute to the cerebral aneurysm formation.

1.1.3.4 ANEURYSMS AND THE CEREBRAL CIRCULATION

Approximately 85% of cerebral aneurysms occur in the anterior cerebral circulation. Moreover,
20% of patients will develop multiple aneurysms, most commonly located bilaterally at the
mirror site. As the aneurysm develops, a neck and dome are formed. Aneurysm rupture occurs
at the dome site as the dome wall progressively thins and tears. Factors that further increase
the risk of the aneurysm rupture are aneurysms diameter > 7 mm, tip of the basilar artery
aneurysms, bifurcations aneurysms or aneurysms formed at the origin of posterior
communicating arteries (PCOMM). Following the initial rupture of the aneurysm, a small
amount of blood escapes into the subarachnoid space triggering the initial headache. However,
there are cases where the blood can not be detected in computerised tomography (CT) leading
to the patient getting initially discharged then admitted later with more significant aSAH and
more severe or persistent symptoms. Therefore, the initial headache is often referred to as a
sentinel headache. The signs and symptoms following ruptured cerebral aneurysms arise either

due to the mass effect or the blood present in the subarachnoid and ventricular spaces (64).

Aneurysm rupture due to anterior communicating artery (ACOMM) or middle cerebral artery
(MCA) bifurcation causes bleeding into the surrounding brain tissues leading to intracerebral
haemorrhage (ICH). This in turn gives rise to pressure-related symptoms such as hemiparesis,
and aphasia. While the blood present in the subarachnoid and ventricular spaces leads to
hydrocephalus, cerebral vasospasm, and cerebral ischemia (64). The risk of re-bleeding from
the ruptured aneurysm is at its peak in the initial 7 days post aSAH. This is due to the natural
thrombolysis mechanism which displaces the clot plug from the rupture site. Rebleeding in
these cases leads to higher morbidity and mortality (64). Moreover, due to obstruction to the

flow of cerebrospinal fluid (CSF), acute hydrocephalus can occur hours after aSAH, late
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hydrocephalus can also occur around 2 weeks post aSAH due to blockage of CSF absorption
in the subarachnoid villi by the blood in subarachnoid and ventricular space. Additionally,
cerebral vasospasm risk peaks from the occurrence of the ictus and until day 14 post-ictal. The
highest incidence however, occurs on day seven post-ictal. Cerebral vasospasm occurs due to
spasm of the major cerebral arteries causing increasing headaches, declines in the level of
consciousness, and focal neurological deficits that may not have been present post-ictal. If the
vasospasm persists, cerebral ischemia, infarctions, and brain oedema are among the
complications (64). The primary and secondary brain injuries secondary to the ruptured
aneurysm, can also be complicated by non-neurological organ dysfunction such as cardiac
complications, electrolyte disturbances, and deep venous thrombosis, leading to higher

morbidity and mortality (64).

1.1.3.5 DIAGNOSIS AND GRADING OF ASAH

1.1.3.5.1 DIAGNOSIS OF ASAH
As one of the most devastating neurosurgical emergencies, aSAH has a staggering mortality

rate of ~ 60% in the first 180 days and < 16% of aSAH survivors return to their previous state.
The two most important strategies to prevent aSAH complications and improve outcome are
early diagnosis and immediate intervention. Unfortunately, early diagnosis of aSAH during
initial assessment is extremely challenging, especially considering the limitations of
radiological investigations as well as lumbar punctures which increases the risk of misdiagnosis

(65, 66).

Diagnostic investigations are done when aSAH is suspected and for high-risk patients.
Diagnostic investigations include Lumbar puncture (LP), Magnetic resonance image (MRI),
non-contrast brain scan, Computed tomography angiography (CTA), and Digital subtraction
angiography (DSA).

1.1.3.5.1 GRADING OF ASAH

It is important to consider that aSAH is a heterogeneous disorder demonstrating a varied range
of initial presentations and final outcomes. The outcome of aSAH is affected by many patient-
related factors, disease-related factors, and surgical/medical interventions. The clinical features
of the initial presentation of aSAH significantly affect the prognosis. A substantial amount of
research has been conducted to develop aSAH grading scales to quantify and grade the severity

of the initial neurological insult. The aim of grading aSAH is to aid clinical decisions and
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predict the outcome. Currently, the World Federation of Neurological Surgeons (WFNS) Scale,
Hunt and Hess Scale, the Fisher Scale and the Glasgow Coma Score (GCS) are the most widely
used aSAH grading scales (65, 67, 68). Higher grades on Hunt and Hess and WFNS scales
reflect higher hemorrhage severity and poor neurological function and are associated with
higher overall mortality. Higher grades on Fisher scale, however, reflect a thicker layer of

blood, and is predictive of symptomatic vasospasm after SAH (65, 67, 68).

3. TABLE 1.3 ASAH GRADING SCALES
TABLE 1.3.A WFNS SCALE
WFNS Grade  Glasgow Coma Scale Score  Motor Deficit

1 15

2 13-14 Absent

3 13-14 Present

4 7-12

5 3-6 Present or absent

WEFNS, World Federation of Neurological Surgeons

TABLE 1.3.B HUNT AND HESS SCALE

Hunt and HESS Grade * Description

1 Asymptomatic or mild headache

2 Cranial nerve palsy and moderate to severe
headache, nuchal rigidity

3 Focal neurologic deficit, confusion, lethargy

4 Stuporous, hemiparesis, early decerebrate
posture

5 Comatose, decerebrate rigidity, morbid
appearance

* One point is added for associated systemic illnesses that may include: hypertension, diabetes
mellitus, atherosclerosis, chronic obstructive pulmonary disease, or documented severe

vasospasm.

TABLE 1.3.C FISHER SCALE

Fisher Grade Blood on CT scan

1 No SAH identified

2 Diffuse or vertical layers <1 mm thick

3 Localized clot and/or vertical thickness >1 mm
4 Intracerebral or intraventricular hemorrhage

CT, computed scan; SAH, subarachnoid hemorrhage
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1.1.3.6 SURGICAL MANAGEMENT OF ASAH

In patients who survive the initial bleed, the aneurysm site is targeted to prevent re-bleeding
and other complications. Coiling endovascular treatment by has emerged as a less invasive
technique compared to surgically clipping of the aneurysm (69). Interventional Neuroradiology
(INR) is a subspecialty of neurosurgery, radiology, and neurology where imaging-based
techniques that are minimally invasive are used for the management of central nervous system
diseases. Currently, endovascular treatment is recommended for all aSAH especially
aneurysms in the posterior circulation and cavernous carotid aneurysms. This is mainly due to
its minimally invasive nature and the shorter ICU/hospital stay and quicker patient recovery
associated with it. Non-ruptured aneurysms with high bleeding risks justifying the intervention
are also recommended to be endovascularly treated. Similarly, High risk patients with multiple
co-morbidities such as old age and bad neurological status are also recommended to be

endovascularly treated (70).

The main disadvantage to coiling aneurysms is that high rate of aneurysm recurrence associated
with it. The recurrence rate post coiling is approximately 6% in large aneurysms and 30% in
giant aneurysms which leads to the need of a complementary treatment. Additionally, the cost

of endovascular coiling is higher than surgical clipping of cerebral aneurysms (71).

The current guidelines for management of aSAH recommend both endovascular coiling and
clipping, where endovascular coiling should be considered first. The current trends suggest that

endovascular techniques will be the future of cerebral aneurysms management (72).

1.1.3.7 COMPLICATIONS OF ASAH

The high morbidity and mortality associated with aSAH has a devastating impact on the brain
and other organs. Despite the significant improvement in its management strategies in the last
thirty years, the mortality rate before admission and 30 days after admission remains high,
approximating 15%, and 35% respectively. aSAH outcomes largely depends on the severity of
initial ictus and the following complications. aSAH course in the ICU ranges from a few days
to a few weeks and is typically accompanied by neurological and non-neurological
complications. Neurological complications include vasospasm, delayed cerebral ischemia, re-
bleeding, brain edema, hydrocephalus, and seizures. Non-neurological complications include
but not limited to fever, hyperglycemia, anemia, cardiac complications, electrolyte

disturbances, and deep venous thrombosis (73, 74).
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Complications of aSAH significantly determines the prognosis. Re-bleeding in the early phase
is the most severe complication and requires immediate re-treatment. Acute hydrocephalus is
another complication that requires CSF diversion, commonly achieved using extraventricular
drain (EVD). Vasospasm and DCI commonly occur between day 3 and 21. Patients at high risk
for developing DCI are closely monitored with bedside transcranial Doppler (TCD)

ultrasonography. If DCI is suspected, immediate perfusion-weighted imaging is required.

1.1.3.8 PROGNOSIS OF ASAH

A devastating 60% of aSAH patients die within the initial 6 months of the initial bleed.
Numerous complications increase the morbidity and mortality risk in aSAH patients. The
combination of the primary neurological insult following the aneurysm rupture and the
secondary neurological and non-neurological complications thereafter, aggravates the overall
outcome. Outcome prediction is pivotal for effective management of aSAH. However, further
research is needed to develop the use of biomarkers for aSAH prognostication. Large size
cerebral aneurysms and advanced age signals poorer prognosis. Early diagnosis, intervention,
and administration of nimodipine are the mainstay of preventing further brain injury and

optimize the outcome.

1.1.3.10 THE ROLE OF NIMODIPINE IN THE PHARMACOTHERAPY OF ASAH

Calcium channel blockers play a crucial role in reducing the incidence of post-aSAH
arteriopathy, thereby improving patients’ functional outcomes. Nimodipine acts by inhibiting
the influx of calcium ions through voltage-gated L-type calcium channels of vascular smooth
muscles, therefore, causing vasodilation. Nimodipine has been shown to dilate blood vessels
and prevent vasoconstriction particularly in small arterioles whose diameters are 70-100pum
(75, 76). Despite that, nimodipine reported benefits in SAH patients were not related to its
effects on vasospasm suggesting other potential mechanisms. Furthermore, nimodipine
elevates adenosine levels in the central nervous system with subsequent inhibition of the
excitatory neurotransmitter glutamate, a potential neuroprotective mechanism (77).
Administered as a standard regimen of 60 mg every 4 hours for 21 days, nimodipine is the only
oral calcium channel blocker that has been shown to decrease the rates of DCI and improve
neurological outcomes in randomized controlled trials ( and hence recommended by clinical

guidelines (Class I; Level of Evidence A) (72, 74, 78-80).
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Oral nimodipine is available in soft gelatin capsules and oral liquid forms in the United States
(US). In Canada the only dosage form currently available is nimodipine tablets. Conscious and
capable patients swallow whole nimodipine tablets or capsules. In Canadian institutions, for
those patients who are unable to swallow whole tablets due to mechanical ventilation, altered
mental status, dysphagia, or other reasons, nursing staff crush nimodipine tablets, suspend it in
water and administer it through enteral feeding tubes (FT). However, the tablets should not be
crushed prior to administration as this may decrease its intended bioavailability and clinical
effectiveness according to the nimodipine manufacturer’s monograph (81). In US institutions
where the nimodipine soft gelatin capsules are available, the liquid is often siphoned from the
soft gelatin capsule shell in clinical practice. This is done either by the nursing staff in the
intensive care unit (ICU) and administered through FT by oral syringes, or by the pharmacy
staff to prepare an extemporaneously prepared liquid which is then measured in oral syringes
and administered through FT. In US institutions where a nimodipine oral liquid product
(Nymalize®) is available, it is directly administered through the FT. The dose in this case is
either measured from 6mg/ml nimodipine bottles or premeasured 30 mg and 60 mg oral
syringes. It is not clear, however, whether these formulations and techniques of administration
are equivalent and equally well tolerated. Anecdotal evidence suggests that patients receiving
the nimodipine oral liquid product exhibit a higher incidence of diarrhea. In addition, some
studies suggest that that the bioavailability of nimodipine is reduced when administered

through FT, especially in more severe aSAH (82, 83).

1.2 RATIONALE

Being a special population, critically ill patients need special consideration to optimize their
care and minimize therapeutic failures and ADRs. To that end, it is essential to recognize the
pharmacokinetic and pharmacodynamic alterations in this patient population as they play a
vital role in guiding clinical decision making. While standardized drug regimens may offer a
reasonable starting point for most drug treatments. Therapeutic drug monitoring (TDM)
techniques and alternate drug regimens maybe necessary for target attainment in critically ill
patients. Hence the importance of understanding the PK/PD alterations in critically ill patients.
Multiple knowledge gaps are needed to be addressed in order to guide these alternative drug
regimens and TDM strategies. Our research addressed the knowledge gap pertaining to the
prevalence and risk factors of ARC in different critically ill patient populations, summarized

the available evidence on drug dosing requirements and performed a direct comparison
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between different formulations and techniques of administration of nimodipine in neurocritical

care patients aiming to determine the optimum method of delivery of nimodipine in aSAH

patients.

1.3

OBJECTIVES

Overall objectives of this thesis were:

1.4

To summarize the available evidence pertaining the prevalence and risk factors of ARC in
critically ill patients. This objective was achieved by conducting a systematic review and
meta-analysis of prevalence and risk factors of ARC in the critically ill to aid in the early
identification of those at risk, to make for a timely medication optimization.

To address the concern of inadequate dosing in critically ill adult patients with ARC. This
objective was achieved by summarizing the currently available evidence in a narrative
review and to provide clinicians with dose recommendation insights for renally eliminated
agents in adult critically ill patients with ARC.

To investigate and compare the effects of different nimodipine administration delivery
techniques on patient safety and efficacy endpoints. This objective was achieved by
conducting a retrospective chart review cohort study. The primary aim of the study was to
investigate the impact of nimodipine administration techniques on the safety in patients
with SAH. The secondary aim was to compare the impact of nimodipine mode of

administration on outcomes in patients with SAH.

OVERALL HYPOTHESES

In ARC research projects, we hypothesized that the propensity to develop ARC will be

inequivalent in different critically ill subpopulations. Neurocritical care and Trauma ICU

patients will have higher prevalence of ARC compared to other ICU patients. In aSAH projects,

after adjusting for disease severity and other confounders, we hypothesized that the prevalence

of diarrhea and hypotension in patients who received liquid nimodipine will higher than those

who received the crushed tablets or liquid drawn from capsules.

22



1.5 LINKAGE

This thesis contains multiple projects that are all part of larger research looking into the
pharmacokinetic and pharmacodynamic alterations in critically ill patients. Firstly, we
researched the prevalence and risk factors of ARC, a condition that accelerates the renal
clearance of renally eliminated drugs. We hypothesized that different critically ill patient
populations have different propensities towards developing ARC. Moreover, we researched the
impact of ARC on dosing requirements in critically ill patients and the effect of ARC on target
attainment in multiple drug treatments. Secondly, we researched the potential difference
between different formulations and techniques of nimodipine delivery and their potential
association with poorer safety and efficacy endpoints in patients with aSAH, a debilitating

neurocritical care emergency.
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Abstract

Purpose: Kidney function assessment in the critically ill overlooks the possibility for
hyperfunctioning kidneys, known as augmented renal clearance (ARC), which could contribute to
therapeutic failures in the intensive care unit (ICU). The aim of this research is to conduct a
systematic review and meta-analysis of prevalence and risk factors of ARC in the critically ill, a
step towards early identification of those at risk, allowing timely medication optimization.
Methods: MEDLINE, Embase, Cochrane Library, CINAHL, Scopus, ProQuest Dissertations and
Theses Global databases were searched on October 27, 2020. We included studies conducted in
critically 11l adults that reported the prevalence and/or risk factors of ARC. We evaluated studies
quality using Joanna Briggs Institute appraisal tool. Case reports, reviews, editorials and
commentaries were excluded. We generated a random-effects meta-analytic model using the
inverse variance method and visualized the pooled estimates using forest plots. (Prospero
registration: CRD42021246417).

Results: Seventy studies were included. The pooled prevalence (95% CI) was 39%(34.9-43.3).
Prevalence for neuro, trauma, mixed and sepsis ICUs were 74(55-87), 58(48-67), 36(31-41) and
33(21-48), respectively. Age, male sex and trauma were associated with ARC with pooled
OR(95% CI) of 0.95(0.93-0.96), 2.36(1.28-4.36), 2.60(1.21-5.58), respectively. Limitations
included variations in ARC definition, inclusion and exclusion criteria and studies design.
Conclusion: ARC is prevalent in critically ill patients especially neurocritical care and trauma
ICU population. Young age, male sex and trauma are risk factors for ARC in those with apparently
normal renal function. Further research on optimal dosing of drugs in the setting of ARC is
warranted.

Keywords: augmented renal clearance, critically ill, glomerular hyperfiltration, neurocritical care,

GFR.
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2.1 INTRODUCTION

Critical illness is unique for its complex nature which very often requires a range of professional
expertise to provide the most comprehensive care possible, hence the need for a multidisciplinary
approach. When assessing a patient’s kidney function particularly in a critical care setting,
clinicians typically consider one of two possibilities: either normal renal function, or renal
impairment; with most of the attention paid towards dosing adjustments in the presence of
impaired renal function and/or the use of renal replacement therapy. This conventional view might
in fact be overlooking a third category of patients who may be exhibiting hyperfunctioning kidneys
or what is known as augmented renal clearance (ARC). This phenomenon, while not yet fully
understood, may potentially be the rationale behind a range of therapeutic failures for renally
eliminated drugs (1-3). This is mainly due to the fact that ARC is typically undetected unless
clinicians proactively monitor for its presence and the lack of solid evidence on the dosing of
renally eliminated medications subject to an accelerated elimination, leading to subtherapeutic
levels and sub-optimal outcomes. The pathophysiology of ARC is largely unknown, but it is
thought to be closely tied to the vigorous sympathetic response associated with severe critical
illness, alterations in vascular tone, cardiac output and major organs blood flow, resulting in a
hyperdynamic state and augmented glomerular filtration rate (4, 5). This is in addition to the effects
of administration of fluids and vasopressors aimed at maintaining organ perfusion (5, 6). ARC has
most commonly been defined as a creatinine clearance (CrCl) higher than 130 ml/min/1.73m? (7-
9). However, there is not yet an agreed-upon cut-off for the CrCl above which a patient is
diagnosed with ARC; nor a staging system for patients having CrCl more than 150 ml/min/1.73m?

or even 200 ml/min/1.73m? analogous to renal impairment stages.

In the recent years, there has been a growing number of reports recognizing the significance of
ARC (4, 10). ARC prevalence has been reported to range from 18 to 80% in general critically ill
population (4, 11-18). However, reported studies varied in their patient population, sample sizes,
inclusion and exclusion criteria and ARC definition, thus impeding accurate identification of ARC
prevalence and risk factors among intensive care unit (ICU) patients. Therefore, the aim of this
research is to conduct a systematic review and meta-analysis of the available literature on ARC

and attempt to provide pooled estimates of its prevalence and contributing risk factors in various
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critically ill populations. To our knowledge, this is the first combined systematic review and meta-
analysis of ARC in the critically ill. Our work represents a step towards defining the prevalence
and risk factors of ARC, facilitating early identification of those at risk for ARC allowing timely

medication optimization.

2.2 METHODS

This review was conducted following the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) checklist (19). Prospero protocol registration number:
CRD42021246417.

2.2.1 Database Search Method

The medical librarian (JYK) developed comprehensive searches on October 27, 2020 in the
following databases: MEDLINE (via Ovid), Embase (Ovid), Cochrane Library (Wiley), CINAHL,
Scopus, and ProQuest Dissertations and Theses Global. Search strategies included keywords and
controlled vocabulary related to augmented renal clearance in critical care (S1 Supplementary
Table 2.1). There were no date or language limits applied. To better facilitate the screening
process, the research team used Covidence, a web-based systematic review screening tool

(www.covidence.org ). In addition to subscription databases, the first 200 results from Google

Scholar were evaluated for inclusion. Bibliographies from included studies were also reviewed.
2.2.2 Inclusion and Exclusion Criteria

We included human studies conducted in critically ill adult populations that reported ARC
prevalence and/or risk factors in our analysis. Studies also needed to have a clearly defined criteria
for ARC and reported what method was used to measure or calculate CrCl. We excluded studies
that focused on pediatric patients or patients with renal dysfunction (e.g., acute kidney injury), as
well as studies conducted in populations that would have altered renal elimination (e.g., cystic
fibrosis, burn patients). Case reports, reviews, editorials and commentaries were also excluded.
2.2.3 Study Screening

Study screening and selection were conducted independently by SHM and AS using Covidence.
This was completed in two steps: (1) An Initial title and abstract screening was done. (2) The
relevant abstracts were then introduced to a full-text review. The authors used discussion to come
to a consensus about any arising conflicts during the screening process. Non-English language

studies were translated using the Google Translate web-based document translator, when possible.
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2.2.4 Data Extraction

The data were extracted independently by AS and FH from each of the included studies and then
cross-checked to verify the integrity and completeness of the information. Any inconsistencies
were resolved by discussion with SHM. The extracted data included: Study design, exclusion and
inclusion criteria, intensive care unit (ICU) type, ARC definition, diagnoses, patient demographics
and ARC prevalence and risk factors contributing to ARC along with their measures of association.
For studies that did not specify a cut-off for ARC but reported individual CrCl values, a value of
> 130 ml/min/1.73m? was applied to determine ARC prevalence.

2.2.5 Risk of Bias Assessment

All the included studies were individually assessed for their risk of bias by employing the “Joanna
Briggs Institute Critical Appraisal Instrument for Studies Reporting Prevalence Data”

(https://jbi.global/sites/default/files/2020-08/Checklist_for Prevalence Studies.pdf). This critical

appraisal tool assessed nine aspects to assess the quality of each study: (1) Was the sample frame
appropriate to address the target population? (2) Were study participants sampled in an appropriate
way? (3) Was the sample size adequate? (4) Were the study subjects and the setting described in
detail? (5) Was the data analysis conducted with sufficient coverage of the identified sample? (6)
Were valid methods used for the identification of the condition? (7) Was the condition measured
in a standard, reliable way for all participants? (8) Was there appropriate statistical analysis? (9)

Was the response rate adequate, and if not, was the low response rate managed appropriately?

2.2.6 Data Analysis

The statistical analysis was performed by FH in consultation with a biostatistician using the
package in R Statistical Software (Version 4.0.3, R Foundation for Statistical Computing, Vienna,
Austria) and RStudio Interface (Version 1.3.1093, RStudio, Boston, MA, USA) (20-22). For the
meta-analysis of prevalence, the function metaprop was used to pool the meta-analytic estimate of
prevalence of ARC using the reported number of cases and the total number of subjects in each
included trial. We generated a random-effects meta-analytic model using the inverse variance
method for weights, DerSimonian-Laird estimator (23, 24) for T? as the measure of true between-
study variance, Jackson method for confidence interval of T? (25) and a Logit transformation to
the calculated individual studies prevalence. Additionally, we examined I statistic (the estimate

of residual heterogeneity that is not due to sampling variation alone) and Cochrane Q statistic
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(describes the total heterogeneity not stemming from random error). The analyses were then
visualized graphically using forest plots. To assess the risk of publication bias, Egger’s test (26)
was conducted and tested for significance, and a funnel plot was used to visualize the individual
studies’ effect sizes against their estimate of precision. Studies reporting data for more than one
distinct patient populations, each population was entered separately in the meta-analysis. For the
meta-analysis of risk factors, the function “metagen” from the package “meta” in R was utilized.
It was used to synthesize the meta-analytic odds ratio size of the commonly reported risk factors:
age, male sex, trauma, Sequential Organ Failure Assessment (SOFA) score, Acute Physiology and
Chronic Health Evaluation (APACHE II), and diabetes on ARC from their reported odds ratios of

multivariate logistic regression.

2.3 RESULTS

2.3.1 Study Selection and Characteristics

As depicted in Figure 2.1, comprehensive searches identified 3455 records across all databases.
A total of 1761 records remained for screening after the removal of duplicate records. After title
and abstract screening, 384 records were subject to a full-text screening ending with a total of 70
included records Observational studies constituted the majority of collected evidence at 68 studies,
along with 1 randomized controlled trial (27) and 1 prospective non-randomized interventional
study (28). Table 2.1 depicts a summary of the studies included in this systematic review and
meta-analysis of prevalence and risk factors. Table 2.2 depicts a summary of the studies reporting
other risk factors not-included in the meta-analysis. S2 Supplementary Table 2.2 depicts the risk
of bias assessment of the included studies using the Joanna Briggs Institute critical appraisal

instrument for studies reporting prevalence data. The average score of all studies was 94.4%.
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1.FIGURE 2.1. FLOW CHART OF THE STUDY SEARCH AND SCREENING
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4. TABLE 2.1. SUMMARY CHARACTERISTICS OF STUDIES INCLUDED IN ARC SYSTEMATIC REVIEW AND META-ANALYSIS OF
PREVALENCE AND RISK FACTORS.

Author Year | Population Study Design | Clearance ARC N Prevalence | Malen Age* Main Identifiable | Renal
Determination® definition (%) (%) Diagnoses risk factors Impairment
>%
Joynt et al.(29) 2001 Sepsis ICU prospective m | 24h Urine 130 11 36.4 7(63.6) 45+16 Sepsis not reported Excluded
observational
Fuster-Lluch et | 2008 | Mixed ICU prospective c NKF 120 89 18.0 67(75.3) 60.5(18-86) Several not reported Excluded
al.(30) observational
Baptista et al. 2011 | Mixed ICU prospective m | 24h Urine 130 120 35.8 87(72.5) 55.9+21.1 Sepsis, not reported | Excluded
Portugal (1) observational Trauma
Baptista et al. 2011 | Mixed ICU prospective m | 8h Urine 130 89 483 64(71.9) 40+18.9 Sepsis, not reported Excluded
Australia 31) observational Trauma
Minville et al. 2011 Trauma ICU | retrospective m | 24h Urine 120 144 54.9 108(75) 42+18 Poly trauma Age Excluded
PolyTrauma (32) observational ICU Trauma
Minville et al. 2011 | Trauma ICU | retrospective m | 24h Urine 120 140 19.3 88(62.8) 58+17 Non trauma Age Excluded
Non-PolyTrauma (32) observational ICU Trauma
Lautrette et 2012 | Sepsis ICU retrospective m | 24h Urine 140 32 25.0 15 (46.8) 54+16 Infectious not reported Included
al.®® observational meningitis
Baptista et 2012 | Sepsis ICU prospective m | 24h Urine 130 93 39.8 69(74.2) 58(34-75) Trauma, not reported Excluded
al.(34) observational Sepsis,
Other.
Grootaert et 2012 | Mixed ICU retrospective m | 24h Urine 120 1317 | 29.6 247(18.8) 59(48-67) Several not reported Unclear
al.(35) observational
Carlier et 2013 | Mixed ICU prospective m | 24h Urine 130 61 31.1 51(85) 56(48-67) Infections not reported Excluded
al.(36) observational
Udy et al. 5PG? | 2013 | Sepsis ICU prospective m | 6h Urine 130 43 39.5 22(51.2) 46.3£17.1 Sepsis Age, Included
observational Trauma,
mod. SOFA
Udy et al. 2013 | TraumaICU | prospective m | 6h Urine 130 28 85.7 23(82.1) 36.4£13.9 Trauma Age, Included
Trauma(37) observational Trauma,
mod. SOFA
Minkute et 2013 | Mixed ICU retrospective c C&G 130 36 50.0 29(80.5) 49.75(21) Several not reported Excluded
al.(38) observational
Udy et al.(39) 2013 | Mixed ICU prospective m | 8h Urine 120 110 53.6 70(63.6) 50.9+16.9 Several not reported Excluded
observational
Claus et al.(40) 2013 | Mixed ICU prospective m | 24h Urine 130 128 51.6 86(67.2) 59(49-67.8) Several Age, Excluded
observational APACHETII,
Male sex
Baptista et al. 2014 | Sepsis ICU prospective m | 8h Urine 130 25 40.0 17(68) 59.9+17.2 Several not reported Excluded
group 2 (41) observational
Baptista et al. 2014 | Sepsis ICU retrospective m | 8h Urine 130 79 36.7 52(66) 57.8+15.5 Several not reported | Excluded
group 1 (41) observational
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Baptista et 2014 | Mixed ICU prospective 8h Urine 130 54 55.6 39(72.2) 54.2+16.9 Several not reported Excluded
al.(42) observational
Campassi et 2014 | Mixed ICU prospective 24h Urine 120 363 28.4 103(28.4) 56.5+16 Several Age, DM Excluded
al.(43) observational
Udy et al. 2014 | Mixed ICU prospective 8h Urine 130 281 65.1 178(63.3) 54.4(52.5- Several not reported Excluded
Multicenter (44) observational 56.4)
Adnan et al. 2014 | Mixed ICU prospective 24h Urine 130 49 38.8 37(75.5) 34(24-47) Trauma, not reported Excluded
45) observational others
Ruiz et al. (46) 2015 | Mixed ICU prospective 24h Urine 130 360 333 246(68.3) 50+19 Polytrauma, Age, Excluded
observational Non- Polytrauma
polytrauma
Huttner et al. 2015 | Sepsis ICU prospective C&G 130 100 64.0 75(73.5) 46+10.55 Several not reported Excluded
@7 observational
Dias et al. (48) 2015 | Neuro ICU retrospective C&G 130 18 88.9 16(89) 41+£15.6 TBI, not reported Included
observational Polytrauma
May et al. (49) 2015 | Neuro ICU prospective 24h Urine 130 20 100.0 8(40) 52.14+10.36 | SAH not reported Excluded
observational
De Waele et al. 2015 | Mixed ICU retrospective 24h Urine 130 1081 | 55.9 687(63.6) 62(20.5) Several not reported Excluded
(50) observational
Steinke et al. 2015 | Surgical ICU | retrospective 18h Urine 130 100 16.0 61(61) 66(57-74) Infection, not reported Included
(51) observational others
Chu et al. (52) 2016 | Sepsis ICU retrospective C&G 130 148 473 97(65.5) 55.3+14.9 Infection not reported Excluded
observational
Kawano et al. 2016 | Mixed ICU prospective 8h Urine 130 111 38.7 62(55.9) 67(53-770 Several Age, DM, Excluded
(53) observational Weight,
APACHEII,
others
Saour et al. (54) | 2016 | Trauma ICU | retrospective MDRD 120 775 61.3 581(75) 37.7+17 Several not reported Excluded
observational
Abd El Naeem 2017 | Mixed ICU prospective 24h Urine 130 50 40.0 32(64) 71£15 Sepsis, others not reported Excluded
et al. (55) observational
Barletta et al. 2016 | Trauma ICU | retrospective 12h Urine 130 65 69.2 48(74) 48+18 TBI, other not reported Unclear
(56) observational traumas
Declercq et al. 2016 | Surgical non- | prospective 8h Urine 130 129 349 75(58) 62(46-75) Trauma Age, Sex Excluded
Trauma Surgery (57) ICU observational surgery
Declercq et al. 2016 | Surgical non- | prospective 8h Urine 130 103 30.1 76(74) 63(51-71) Abdominal Age Excluded
Abdominal Surgery (57) ICU observational surgery
Hirai et al.(3) 2016 | Mixed ICU retrospective C&G 130 292 16.4 185(63.4) 72(62.8-82) Several Age, Brain Excluded
observational injury, others
Ehmann et 2017 | Mixed ICU prospective C&G 130 48 10.4 27(56.3) 55.5(32- Sepsis, others not reported Included
al.(58) observational 69.9)
Burnham et 2017 | Sepsis ICU retrospective MDRD 130 494 5.5 260(52.6) 59.9+15.8 Sepsis Age, sepsis Included
al.(59) observational severity,
others
Carrie et al. 2018 | Trauma ICU | retrospective 24h Urine 130 30 66.7 27(90) 48(32-67) Polytrauma, not reported Excluded
RVI (60) observational TBI
Udy et al. 2017 | Neuro ICU prospective 8h Urine 150 11 100.0 9(81.8) 37(24-49) TBI not reported Included
TBI(61) observational
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Barletta et al. 2017 Trauma ICU prospective 12h Urine 130 133 66.9 101(76) 48+19 TBI, fractures, | Age, Sex Excluded
ARCTIC(62) observational others
Dhaese et al.(63) | 2018 | Surgical ICU | prospective 8h Urine 130 110 31.8 75(68.2) 60+14.4 Several not reported Excluded
observational
Tamatsukuriet | 2018 | Sepsis ICU prospective 8h Urine 130 17 353 11(64.7) 60(19.5) Sepsis not reported Excluded
al.(64) observational
Carrie et al. 2018 | Sepsis ICU prospective 24h Urine 150 79 55.7 62(78) 52(33-68) Sepsis not reported Excluded
main study(2) observational
Carrie et al. 2018 | Sepsis ICU prospective 24h Urine 130 59 61.0 47(80) 53+21 Polytrauma, not reported Excluded
PIPITAZO(6S) observational non-trauma
surgery
Carrie et al. 2018 | Neuro ICU prospective 24h Urine 130 223 73.1 184(83) 36(23-57) TBI, VAP not reported Included
TBI(66) observational
Kawano et 2018 | Sepsis ICU retrospective Japanese 130 280 6.8 145(51.8) 74(64-83) Infection Age, Sex, Excluded
al.(67) observational equation DM, others
Tsai et al.(68) 2018 | Mixed ICU prospective 8h Urine 130 97 32.0 60(46) 50+18 Sepsis, not reported Excluded
observational Trauma,
others
Wong et al.(69) 2018 | Mixed ICU prospective C&G 130 330 58.2 198(60) 53.4+17.7 Infection not reported Included
observational
Ishii et al.(70) 2018 | Mixed ICU - | retrospective Japanese 120 177 26.0 109(62) 73(63-80) Tumors, Brain | not reported Excluded
Non-ICU observational equation injury
Udy et al. 2018 | Sepsis ICU randomized 8h Urine 130 254 17.7 151(59.4) 63(52-71) Infection not reported Included
BLINGH@7) controlled trial
Ollivier et al(71) | 2019 | Mixed ICU prospective 24h Urine 150 21 85.7 17(81) 36(27-60) Trauma, not reported Included
observational Surgery
Wau et al.(72) 2019 | Mixed ICU prospective 24h Urine 130 100 46.0 66(66) 60(47-71) Several Age, SOFA, Excluded
observational Weight,
others
Aitullina et 2019 | Mixed ICU retrospective not 108 97 16.5 65(67) 63(51-73.5) Several not reported Included
al.(73) observational reported
Weber et al.(74) | 2019 | Oncology prospective 24h Urine 120 24 375 14(58.3) 59(39.8- Febrile not reported Excluded
ICU observational 63.5) neutropenia
Izumisawa etal. | 2019 | Oncology retrospective C&G 120 261 8.4 146(55.9) 65.6+13.6 Hematologic not reported Excluded
Hematomalignancy(75) Non-ICU & observational malignancy
ICU
Izumisawa et al' | 2019 | Oncology retrospective C&G 120 261 11.1 175(67) 67.2+16.9 Non not reported Excluded
Non-Malignancy(75) Non-ICU & observational malignancy
ICU
Chu et al.(76) 2019 | Mixed ICU - | retrospective C&G 130 315 59.0 213(67.6) 56.3(19) Infection not reported Excluded
Non-ICU observational
Villanueva et 2019 | Trauma ICU | retrospective C&G 160 70 50.0 57(81.4) 47.5(31-61) TBI, Spinal not reported Excluded
al.(77) observational injury
Morbitzer et al 2019 | Neuro ICU prospective 8h Urine 130 50 94.0 16(32) 57.2£10.7 SAH not reported Excluded
aSAH(T8) observational
Morbitzer etal. | 2019 | Neuro ICU prospective 8h Urine 130 30 50.0 18(60) 70£13.7 ICH not reported Excluded
ICH®) observational
Mulder et 2019 | Trauma ICU | retrospective 24h Urine 130 207 57.0 141(68) 45+20 Trauma Age, Sex, Excluded
al.(79) observational others
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Mixed ICU
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Neuro ICU
Oncology
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Hospitalized

Neuro ICU

Mixed ICU

Mixed ICU

retrospective
observational

prospective
observational
retrospective
observational
prospective
observational
prospective
observational
prospective
observational

retrospective
observational
retrospective
observational

retrospective
observational
prospective
interventional
retrospective
observational
retrospective
observational

retrospective
observational

retrospective
observational

C

C&G

24h Urine
24h Urine
10h Urine
24h Urine

C&G

C&G
own
predictive
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24h Urine
MDRD
8h Urine
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8h Urine

CKD-EPI

130

130

130

130

130

130

130

130

155

130

130

130

130

130

300

83

4267

17

60

63

70

133

30

75

85

104

454

368

50.8

20.0

41.4

76.7

24.9

4.1

203(68)

61(73.5)
2669(62.5)
12(70.6)
53(88)

56(88.9)

53(76)
80(60.2)
not
reported
47(62.7)

43(50.6)

71(68.3)

293(64.5)

208(56.5)

59+17

54.5(38-63)
65(54-74)
61.7
48(32-60)

33.25(47.5)

65(51-73)

64(25-86)

33(47-57)
58(51-66)
55(41-70)

44.5(18.5)

66(52-76)

66.8(55.7-
76.6)

Abdominal
infection,
Pneumonia
Several

Several
Several

TBI, Multiple
trauma
Infection

Infection

Haematologic
malignancies

Brain trauma

Febrile
neutropenia
Several

Cerebral
tumor, Stroke,
TBI

Several

TBI, Trauma,
Sepsis, others

not reported

not reported
not reported
not reported
not reported

not reported

not reported

Age, Sex,
Scr, others

not reported
not reported
not reported

not reported

Age, Sex,
Trauma,
others
Age, ICH,
SOFA,
Trauma,
others

Unclear

Unclear

Excluded

Included

Excluded

Unclear

Unclear

Included

Included

Included

Excluded

Excluded

Included

Included

APACHE II = Acute Physiology and Chronic Health Evaluation; ARC = Augmented Renal Clearance; aSAH = aneurysmal subarachnoid hemorrhage; CG = Cockcroft Gault equation; CKD-EPI = Chronic

Kidney Disease Epidemiology; CrCl = creatinine clearance; ICH = intracranial hemorrhage; ICU = intensive care unit; MDRD =modification of diet in renal disease method; NKF = national kidney

foundation equation; SAH = subarachnoid hemorrhage; SAPS II = Simplified Acute Physiology Score; SCr = serum creatinine; SOFA = sequential organ failure assessment score; TBI = traumatic brain

injury. *Age reported in median (IQR) or mean + SD, ARC cut-off reported in 130 mL/min/1.73 m?, Clearance Determination method: m = measured, ¢ = calculated.
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5.TABLE 2.2. SUMMARY CHARACTERISTICS OF INDIVIDUAL STUDIES REPORTING OTHER RISK

FACTORS.
Author Year Population Sample Clearance Identified Risk Odds Ratio (95% Study inclusion in
Size Determination Factor(s) CI) prevalence meta-
analysis
Hirai et al.(3) 2016 Mixed 292 Calculated Febrile Neutropenia 2.76 (1.11 - 6.67)
Hospital v
Fluid Infusion > 1500 2.53(1.27-5.16)
ml/day
Traumatic Brain Injury 5.11(1.49 - 17.57)
Nei et al.(91) 2020 Mixed ICU 368 Calculated Charlson Comorbidity 0.80 (0.16 - 1.00)
Index v
Intracerebral 2.82 (1-69.1)
Hemorrhage
Kawano et al.(53) 2016 Mixed ICU 111 Measured Post-Operative Without 0.28 (0.07 - 1.04) v
Sepsis
Wau et al.(72) 2019 Mixed ICU 100 Measured Loop Diuretics 0.32(0.11-0.93)
v
Age <50 4.02 (1.54-10.51)
Udy et al.(37) 2013 Mixed ICU 71 Measured Age </=50 28.6 (4.4-187.2)
Ramos et al.(92) 2017 Mixed ICU 36 Measured 24h Sodium Excretion 0.99 (0.98 - 1.00)
Saito et al.(86) 2020 Oncology 133 Calculated Serum Creatinine 0.89 (0.83 - 0.94)
Hospital v
Leukemia 9.4(2.4-36.8)
Fever 2.4(0.78-7.1)
Burnham et 2017 Sepsis ICU 494 Calculated African American 3.45(1.40 - 8.50)
al.(59) Ethnicity X
Sepsis Severity 0.54 (0.30-0.97)
Mulder et al.(79) 2019 | Trauma ICU 207 Measured Packed RBC Transfusion 0.31 (0.15 - 0.66)
Eidelson et al.(93) 2018 | Trauma ICU 154 Measured Admission Hematocrit 1.18 (1.04 - 1.33) X
Barletta et al.(62) 2017 | Trauma ICU 133 Measured Serum Creatinine < 0.7 12.5 (3 -52.6)
mg/dL v
Age <56 58.3(5.2-658.9)
Age 56 -75 13.5(1.2-151.7)
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2.3.2 ARC Definition

Of the 70 included studies, 68 studies reported prevalence data. Studies varied in their definition
of ARC in terms of CrCl cut-off. Most studies [52 records (76.5%)] defined ARC as CrCl > 130
ml/min/1.73m?; other definitions used were CrCl> 120 ml/min/1.73m? [9 records (13.2%)], CrCl
> 150 ml/min/1.73m? [3 records (4.4%)], CrCl> 140 ml/min/1.73m?[1 record (1.5%)], CrC1 > 155
ml/min/1.73m? [1 record (1.3%)], CrCl > 160 ml/min/1.73m? [1 record (1.5%)], and CrCI > 108
ml/min/1.73m? [1 record (1.5%)].

2.3.3 ARC Prevalence

Reports on the prevalence of ARC in this meta-analysis ranged between 4% and 100% in various
critically ill populations; with an interquartile range of 25.9-55.8%, which suggests that ARC has
a very common occurrence. Our meta-analysis of prevalence included 68 studies representing 76
samples: 29 (38.2%) from mixed ICUs, 14 (18.4%) from sepsis ICUs, 9 (11.8%) from neuro ICUs,
9 (11.8%) from trauma ICUs, and 15 (19.7%) including patients from surgical, oncology, and other
critically ill and non-critically ill hospitalized patients (Table 2.1). CrCl determination methods
varied among studies where 52 (68.4 %) studies measured CrCl utilizing 6-24h urine collection
method and 24 (31.6%) studies calculated CrCl using various equations. Among the studies that
calculated CrCl, the majority used Cockcroft & Gault’s formula (n=15).

The meta-analysis of prevalence of all included studies yielded a pooled prevalence of 39%
(34.9%-43.3%) including patients from mixed, neuro, sepsis, trauma, surgical, and oncology
critical care units; as well as non-ICU patients. The highest ARC occurrence was detected in
neurocritical care patients with a 74% pooled prevalence across the 9 studies (Figure 2.3A),
followed by 58% in trauma ICUs across 9 studies (Figure 2.3B), 36% in mixed ICUs across 29
studies (Figure 2.2), 33% in sepsis ICUs (Figure 2.4A), and 27% in the other patient populations
collectively (Figure 2.4B). A meta-analysis of ARC prevalence only in studies that measured CrCl
yielded a prevalence of 44.26% (39.91-48.69) while in studies that calculated mathematical
estimates of CrCl, the pooled prevalence was 28.3% (19.91-38.52) showing a stark
underestimation in the case of calculated CrCl (S3 Supplementary Figure 2.1). To assess the risk

of publication bias, a funnel plot was used to visualize the individual studies’ effect sizes against
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their estimate of precision (Figure 2.5). Egger’s test (26) was conducted to test for funnel plot’s

asymmetry; the result was insignificant (p-value > 0.05), suggesting no publication bias.

2.FIGURE 2.2 FOREST PLOT OF THE PREVALENCE OF ARC IN MIXED INTENSIVE CARE UNIT
(ICU) POPULATION.

Author (Year) Method ARC N Proportion  95% ClI Weight
Fuster-Liuch et al. ( 2008 ) C 16 89 -8 | 0.18 [0.11,0.28] 3.3%
Baptista et al. Portugal ( 2011) m 43 120 —— 036 [027;045] 3.7%
Baptistaet al. Austraha ( 2011) m 43 89 —— 048 [0.38,059] 36%
Grootaert etal (2012 ) m 390 1317 L ¥ 030 [027;032] 40%
Carlieretal (2013) m 19 61 —— 031 [020;044] 33%
Minkute et al. ( 2013 ) C 18 36 — 050 [0.33;067] 3.1%
Udy etal (2013) m 50 110 P —— 054 [0.44,063] 37%
Claus etal (2013) m 66 128 —— 052 [0.43,060] 37%
Baptista et al. ( 2014 ) m 30 54 | —il— 056 [0.41;069] 33%
Campassi et al (2014 ) m 103 363 - 028 [024,033] 39%
Udy et al. Multicenter ( 2014 ) m 183 281 . = 065 [059;071] 39%
Adnanetal (2014 ) m 19 49 — 039 [025:054] 32%
Ruiz etal (2015) m 120 360 = 033 [028;038] 39%
De Waele etal. ( 2015 ) m 604 1081 = 056 [053,059] 40%
Kawano et al. ( 2016 ) m 43 111 — 0.39 [0.30;048) 36%
Abdel El Naeem et al. ( 2016 ) m 20 50 —— 040 [0.26;055] 3.3%
Hirai etal (2016 - 48 292 - : 016 [0.12;021] 38%
Ehmannetal ( 2017 ) c 5 48 —#— | 010 [003;023] 25%
Tsai etal (2018) m 31 97 —— 032 [023;042] 35%
Wong et al. (2018 ) C 192 330 - 058 [0.53;064] 39%
Ollivier et al { 2019) m 18 21 —_— 086 [064,097] 19%
Wuetal (2019) m 46 100 P 046 [0.36,056] 36%
Aitullina etal ( 2019) C 16 97 - 016 [0.10;025] 33%
Helset et al. ( 2020 ) m 21 83 —_— 025 [0.16;0.36] 3.4%
Gijsen etal. { 2020 ) m 1501 4267 ] 035 [0.34,037] 4.0%
Barrasa et al. ( 2020 ) m 4 17 —8— 024 [007,050] 21%
Aréchiga-Avarado etal. (2020) ¢ 32 63 e 051 [0.38;064] 34%
Baptista et al. ( 2020 ) m 113 454 - 025 [0.21;029] 39%
Nei etal (2020) C 15 368 B 004 [002,007] 34%
Random effects model - 0.36 [0.31; 0.41] 100.0%

Heterogeneity: I° = 96%, t° = 0.3460, p < 0.01 ! ' U '
02 04 06 08
ARC Prevalence in Mixed ICU [Measured/Calculated Crcl]
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3.FIGURE 2.3. FOREST PLOT OF THE PREVALENCE OF ARC IN NEUROCRITICAL CARE (A)

AND TRAUMA INTENSIVE CARE UNIT (ICU) POPULATION (B)

Author (Year) Method ARC N Proportion  95% Cl Weight
Dias et al (2015) ¢ 16 18 e - 089 [065,099] 10.0%
May et al { 2015) m 20 20 i —= 100 [083;100] 55%
Udy et al TBI(2017 ) m 111 - 100 [0.72;1.00] 54%
Carrie et al. TBI{ 2018) m 163 223 — 073 [067,0.79] 14.3%
Morbitzer et al. aSAH ( 2019) m 47 50 P — 094 [083;099] 113%
Morbitzer et al. ICH ( 2019 ) m 15 30 —a— | 050 [0.31;069] 13.1%
Lannou et al. { 2020 ) m 32 60 - 053 [0.40;066] 13.8%
Lannou et al. Editorial Letter (2020) m 23 30 —— 0.77 [0.58;0.90] 126%
Chenetal (2020 ) c 26 104 —=— 025 [0.17,0.34] 14.0%
Random effects model —_—— 0.74 [0.55; 0.87] 100.0%

Heterogeneity: I° = 92%, =° = 1.2388, p < 0.01 ! ' ' J !
02 04 06 08 1
ARC Prevalence in Neuro ICU

Author (Year) Method ARC N Proportion 95% Cl Weight
Minville et al. PolyTrauma ( 2011 ) m 79 144 —— 0.55 [0.46,063] 12.3%
Minville et al. Non-PolyTrauma (2011) m 27 140 o 0.19 [0.13,027] 11.7%
Udy etal. Trauma ( 2013 ) m 24 28 P — 0.86 [0.67,0.96] 7.0%
Saour etal (2016 ) c 475 7715 g 061 [0.58,065 13.1%
Barletta etal. ( 2016 ) m 45 65 — 069 [0.57,080] 109%
Barletta et al ARCTIC ( 2017 ) m 89 133 - 067 [058,075 121%
Carrie et al. RVI( 2018 ) m 20 30 —'—*— 067 [0.47,083] 91%
Villanueva et al. ( 2019 ) e 3B 70 — 050 [038,062] 113%
Mulder etal. (2019) m 118 207 - 0.57 [0.50,064] 12.6%
Random effects model e 0.58 [0.48; 0.67] 100.0%

Heterogeneity: /° = 91%, ©° = 0.3185, p < 0.01 ! : ' '
02 04 06 08
ARC Prevalence in Trauma ICU

Clearance Determination method: m = measured, ¢ = calculated; CI, confidence interval; N, study size.
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4.FIGURE 2.4. FOREST PLOT OF THE PREVALENCE OF ARC IN SEPSIS INTENSIVE CARE UNIT
(ICU) (A) AND OTHER POPULATION (B).

Author (Year) Method ARC N Proportion 95% C1 Weight
Joynt et al. { 2001 ) m 4 1N il 036 [0.11,069] 59%
Lautrette etal (2012 ) m 8 32 —— 025 [011;043] 68%
Baptista etal. (2012 ) m 37 93 - 040 [030,050] T74%
Udy et al. Sepsis ( 2013 ) m 17 43 — 040 [025056] 7.2%
Baptista et al group 2 ( 2014 ) m 10 25 —— 040 [021,061] 68%
Baptista et al. group 1 (2014 ) m 29 79 —— 0.37 [0.26,048] 74%
Huttner et al. { 2015 ) c 64 100 i —— 064 [054,073] 74%
Chuetal {2016 ) = 70 148 P —— 047 [039 056 75%
Burnham et al. { 2017 ) c 27 494 ] 005 [004,008] 75%
Tamatsukuri et al. ( 2018 ) m 8 17 —ﬁi 035 [014,062] 64%
Carmie et al. main study ( 2018 ) m 44 79 i —— 056 [044.067] 74%
Camie et al PIPTAZO(2018) m 36 59 —— 061 [047,073] 7.3%
Kawano et al ( 2018 ) L~ 19 280 &= 007 [004,010] 7.4%
Udy et al. BLINGHI { 2018 ) m 45 254 - 018 [013;023] 75%
Random effects model T 0.33 [0.21; 0.48] 100.0%
Heterogeneity I* = 86%, == = 1.2086, p < 0.01 g B L%k 4

01 02 03 04 05 06 07

ARC Prevalence in Sepsis ICU
Author (Year) Method ARC N Proportion 85% CI Weight
Steinke et al ( 2015) m 16 100 —@— i 016 [009:025] 64%
Declercq et al Trauma Surgery { 2016 ) m 45 129 —i— 035 [027,044] 69%
Declercq et al. Abdominal Surgery ( 2016 ) m 31 103 —‘E!— 030 [021,040] 67%
Declercq etal (2018) m 76 232 — 033 [027;039] 70%
Dhaese etal { 2018) m 35 110 —i— 032 [023:041] 68%
Ishii et al. { 2018 ) g 46 177 —ﬁ— 026 [020,033] 69%
Weber et al (2019) m 9 24 — 038 [0.19,059] 55%
lzumisawa et al Hematomalignancy (2019) ¢ 22 261 8 i 008 [005012] 67%
lzumisawa et al. Non Malignancy ( 2019 ) [ 29 261 - 0.11 [0.08,0.16] 68%
Chuetal {2019) ¢ 186 315 i — 059 [053:0685 71%
Bricheux et al { 2019) c B0 300 —=— 027 [022,032] 71%
Carme et al. Amikacin ( 2020 ) B 14 70 —'.QE— 020 [0.11;031] 62%
Saito et al. { 2020 ) [ 55 133 i —il— 041 [033,050] 69%
Caojutti et al_ {2020 ) e 2T 75 e 036 [025 048] 66%
Brown et al. (2020 ) m 22 8 - 026 [0.17;037] 65%
Random effects model - 0.27 [0.20; 0.36) 100.0%

Heterogeneity: I~ = 94% +° = 0.5326, p < 0.01 L ! J ! . L
01 02 03 04 05 06
ARC Prevalence in Other Populations { Oncology, Surgical, Miscellaneous Inpatients }

Clearance Determination method: m = measured, ¢ = calculated; CI, confidence interval; N, study size.
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5.FIGURE 2.5. FUNNEL PLOT OF STUDIES REPORTING PREVALENCE.
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2.3.4 ARC Risk Factors

Reported risk factors included in the meta-analysis were age (as a continuous variable), male sex,
trauma, SOFA and APACHEII disease severity scores, and diabetes. Among the reported risk
factors, age, male sex and trauma were significantly associated with ARC with pooled odds ratio
(95% CI) estimates of 0.95 (0.93-0.96), 2.36 (1.28-4.36), and 2.60 (1.21-5.58), respectively
(Figure 2.6). SOFA, APACHEII and diabetes were not significantly associated with ARC with
pooled odds ratio (95% CI) estimates of 0.86 (0.7301-1.0112), 1.00 (0.9471-1.0589) and 1.21
(0.4623-3.1689), respectively (S4 Supplementary Figure 2.2).
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6.FIGURE 2.6. FOREST PLOT OF RISK FACTORS FOR AUGMENTED RENAL CLEARANCE.

A
Author (Year) method Log OR Log SE Odds Ratio OR 95% Cl Weight
Kawano (2018) [ 006 00136 — 094 [092097] 101%
Baptista (2020) m 007 00083 =i 093 [092:095] 129%
Nei (2020) c 006 00475 ——=—1— 094 [086 103 21%
Claus (2013) m 008 00207 — 092 [082. 096 70%
Kawano (2016) m 005 00189 —— 095 [092 099] T7%
Declercq (2016) Abdominal Surgery  m 004 00077 R 096 [095 098] 132%
Declercq (2016)Trauma Surgery m 003 00060 i . 097 [096 098] 140%
Saito (2020) [ 012 00287 —=——! 089 [084 094) 46%
Bumham (2017) [ 007 00136 = 093 [0.91,095 10.1%
Mulder (2019) m 003 00105 Hi- 097 [095099] 117%
Eidelson (2018) m 005 00215 —-— 095 [0.91,0.99] 6.7%
Random effects model = 0.95 [0.93; 0.96] 100.0%
Heterogeneity: [* = 72%, ¥ = 0.0004, p < 0.01
09 1 11
Odds Ratio for Age as a risk factor for ARC
B
Author (Year) method Log OR Log SE Odds Ratio OR 95% CI Weight
Kawano et al (2018 ) C 020 05185 —'*I— 082 [030; 227] 203%
Claus etal (2013) m 094 04677 — 257 [1.03, 6.43] 226%
Saitoetal (2020) c 069 06808 —T 200 [053 760] 144%
Mulder et al ( 2019 ) m 106 03755 —— 290 [1.39 605 276%
Barletta et al. ( 2017 ) m 193 06564 —8—— 690 [1.91,2498] 152%
Random effects model ~=-t=- 2.36 [1.28; 4.36] 100.0%
Heterogeneity: 1° = 45%, +° = 0.2137, p = 0.12 1 ! T !
0.1 051 2 10
Odds Ratio for Male Sex as a risk factor for ARC
c
Author (Year) method Log OR Log SE Odds Ratio OR 95% CI Weight
Baptista et al ( 2020 ) m 069 03094 _*"“ 200 [1.09; 367] 407%
Nei et al (2020 ) c 056 07165 —T& 1.75 [043 7.13] 19.2%
Kawano et al. { 2016 ) m 060 05693 —E— 1.83 [0.60; 559] 252%
Udyetal (2013) m 278 08610 —-— 16.10 [2.98, 87.05] 149%
Random effects model —— 260 [1.21; 5.58] 100.0%
— T

Heterogeneity: I* = 47%, 1° = 0.2772, p = 0.13

01 0512 10
Odds Ratio for Trauma as a risk factor for ARC

A, age (as continuous variable); B, male sex; C, trauma. Clearance Determination method: m = measured,

¢ = calculated; CI, confidence interval; OR, odds ratio; SE, standard error.
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2.4 DISCUSSION

ARC is a phenomenon where renal clearance is accelerated beyond normal range, it has also been
referred to as glomerular hyperfiltration or enhanced renal clearance. ARC bears the risk of causing
therapeutic failure of predominantly renally cleared drugs, which could be especially detrimental
in critically ill populations. Numerous studies have described the association between ARC and
higher rates of failure to attain therapeutic levels and compromised effectiveness of various drugs
and the need for a more frequent administration and/or higher dosages. Standard doses of renally
eliminated medications are typically used in patients with “normal” renal function. However,
pharmacodynamic targets that are consistently obtained in other populations with typical dosing
are not met in the presence of ARC. Studies suggested that ARC might be associated with
subtherapeutic concentrations of antimicrobials and other drugs, (34, 94-96) antimicrobial therapy
failure,(97) increased odds of recurrent infections,(18) and poor seizure control (98). Our
systematic review and meta-analysis demonstrated the common occurrence of ARC in critical care
settings with higher prevalence among neurocritical care and trauma patients compared to mixed
ICU population. In addition, risk factors consistently found to be associated with ARC includes
age, male sex, and trauma. The differences in the pooled ARC prevalence demonstrates that
different critically ill populations are not at an equivalent risk for ARC and highlights the
importance of screening for ARC in select patient populations as well as the need to develop new
screening tools that accounts for these risk differences. To our knowledge, this is the first combined

systematic review and meta-analysis of the prevalence and risk factors of ARC.

In our random effects meta-analysis for ARC prevalence, patients with neurocritical care
population demonstrated the highest prevalence of ARC (74%). ARC incidence has been reported
to range much higher in neurocritical care patients compared to general critically ill population (4,
11-18). To illustrate, in a study of 20 traumatic brain injury (TBI) patients, 85% had ARC (14).
In a study of patients with hemorrhagic stroke, ARC has been reported in 50% of intracerebral
hemorrhage (ICH) (n=30) and 94 % of subarachnoid hemorrhage (n=50) patients (16). In addition,
ICH has been found to predict ARC in a retrospective study of heterogenous ICU patients,
supporting the notion that neurological injury pose additional ARC risk (91). This could be
attributed to the possibility that patients with neurological injuries might have additional ARC
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risks. Neurocritical care patients tend to be relatively younger patients with single comorbidities
and otherwise unimpaired organ systems and lower incidence of renal impairment. Furthermore,
neurological injury could play an additional role in the pathophysiology of ARC; however, further

studies are needed to confirm such association (48, 99).

The employment of an accurate determination method for glomerular filtration rate is essential for
ARC screening and diagnosis. Although using serum creatinine to assess kidney function has
limitations, CrCl measurement using 8-24h urine collection is the most agreed upon accurate
method for the measurement of renal function in the clinical setting without the need of
administrating an exogenous substance such as inulin. Moreover, due to the impracticality of
routine and frequent measurement of CrCl in clinical settings, calculating CrCl using mathematical
estimations derived from population parameters are often employed to allow for a more rapid
determination. Commonly used formulae used to draw mathematical estimates of CrCl include the
Cockceroft Gault equation (CG), Modification of Diet in Renal Diseases (MDRD), and Chronic
Kidney Disease-Epidemiology (CKD-EPI). Each of those methods have their own merits and
downfalls. Several studies assessed the relative accuracy of different mathematical estimates of
CrCl in patients exhibiting ARC. It has been found that all mathematical estimations of CrCl
grossly underestimate the actual CrCl when compared with their respective measured CrCl in
patients with ARC (31, 39, 42, 45, 46, 51, 56, 100-102). Similarly, we found that the mathematical
estimations of CrCl grossly underestimated the prevalence in ARC when compared to measured
CrClL To illustrate, the meta-analysis of prevalence of ARC in the same population (mixed ICU
patients) was 23% in studies using mathematical estimates whereas studies using measured CrCl
showed a 42% prevalence. Therefore, we recommend obtaining a patient’s measured CrCl at least
once on admission for a more judicious assessment if they are at risk for ARC. Special
consideration must also be taken in immobile patients, children, burn patients or patients with
conditions causing lower muscle mass or amputations to account for the reduced production of
creatinine in these cases which could result in falsely low serum creatinine levels leading to

incorrect diagnosis of augmented renal clearance.

It has been consistently shown in studies reporting risk factors of ARC that ARC patients tend to

be younger males (<50 years old) with lower critical illness severity scores. These patients also
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tend to have single organ impairment with unimpaired kidney function and a history of recent
trauma. In our analysis, among the reported risk factors, age, male sex, and trauma were
significantly associated with ARC with pooled odds ratio (95% CI) estimates of 0.95 (0.93-0.96),
2.36 (1.28-4.36), and 2.60 (1.21-5.58), respectively. The aforementioned risk factors have been
utilized to develop clinical prediction tools needed for early identification of patients at higher risk
for developing ARC. An ARC scoring system with 60% sensitivity and 95% specificity was
introduced by Baptista et al (103) where urinary creatinine higher than 45 mg/mL, age less than
65 years, and Blood Urea Nitrogen (BUN) less than 7 mmol/L serve as predictors of ARC.
Moreover, Udy et al developed a scoring system that is based on age less than 50 years old, history
of recent trauma, and SOFA score < 4 (37). This tool demonstrated 100% sensitivity and 71%
specificity when validated by Akers et al (104). Furthermore, Barletta et al (62) developed the
augmented renal clearance in trauma intensive Care (ARCTIC) scoring system which eliminated
the need to calculate a SOFA score in order to assess the patients’ risk for developing ARC, which
can be impractical in some patient settings. The risk factors employed in the assessment tool were
serum creatinine, sex and age, and it stratified patients into high risk (ARCTIC score > 6) and low
risk (ARCTIC score <6). Employing predictive tools like ARC or ARCTIC in routine screening
of critically ill patients could be valuable in the way of early recognition and timely management
of ARC patients. However, the developed scoring tools were generated based on general critically
ill/trauma population rather than patients with severe neurological illnesses potentially not

capturing neurocritical care patients with additional risks for ARC.

Our systematic review is limited by the characteristics of the included studies. The main body of
evidence comes from retrospective observational studies which requires caution in the
interpretation of results. In addition, variations in ARC definitions, the method of determining
CrCl, studies inclusion and exclusion criteria may impede accurate comparisons among studies.
For example, 65% of the studies in the meta-analysis have excluded patients with existing acute
and/or chronic renal impairment with various stages, impeding the possibility of extrapolating their
results outside of the sampling context; as well as overestimating ARC occurrence in these samples
compared to others where patients with renal impairment were included (9, 61, 66, 91). However,
in our analysis we took into consideration the heterogeneity of the included studies and our pooled

estimates are a reasonable representation of the body of literature.
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2.5 CONCLUSION

ARC is a prevalent phenomenon in critically ill patients especially neurocritical care and trauma
ICU population. Young age, male sex, and trauma are risk factors for ARC in those with apparently
normal renal function. The estimation of CrCl using mathematical estimates of GFR grossly
underestimates the prevalence of ARC in the critical care setting, therefore measured CrCl through
urine collections is prudent. Further research on optimal dosing of drugs in the setting of ARC is

warranted.

Registration and protocol: This review was registered in international prospective register of
systematic reviews (PROSPERO). Registration number CRD42021246417 and protocol can be
accessed in the following link:

https://www.crd.york.ac.uk/prospero/display_record.php?ID=CRD42021246417
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ABSTRACT

Augmented renal clearance (ARC) is a phenomenon of enhanced renal function seen in critically
ill patients. ARC alters the disposition of renally eliminated medications currently used in the
intensive care unit, resulting in underdosing and potential therapy failure. Our review addresses
the rising concern of inadequate dosing in patients with ARC by summarizing the currently
available evidence. To our knowledge, this guide is the first to provide clinicians with dose
recommendation insights for renally eliminated agents in adult critically ill patients with ARC. A
comprehensive literature search using MEDLINE, Embase, Cochrane Library, CINAHL, Scopus,
and ProQuest Dissertations and Theses Global was conducted until November 3, 2021. Screening
and data extraction was conducted in two steps: title and abstract screening followed by full-text
review. Full text review resulted in a total of 51 studies included in this review. The results
demonstrated the need for higher than standard doses for meropenem, imipenem and vancomycin
and reduced dosing intervals for ceftriaxone in patients with ARC. The potential need for increased
dosing frequency in ARC patients was also found for both enoxaparin and levetiracetam. In
conclusion, ARC has been shown to influence the probability of target attainment in several

medications requiring dosing changes to mitigate the risk of therapeutic failure.

Keywords: Augmented Renal Clearance, Drug Dosing, Antibiotics, Antiepileptics, Low-
Molecular Weight Heparins.
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3.1 INTRODUCTION

Augmented renal clearance (ARC) is a phenomenon seen in critically ill patients that has been
increasingly recognized in the recent years. It is most often defined as a creatinine clearance
(CrCl) >130ml/min/1.73m? which is most accurately based on measured CrCl using 8-24h urine
collection (1). Although the exact mechanisms causing ARC are not fully understood, many have
been hypothesized. ARC may perhaps be a physiologic response to acute injury such as traumatic
brain injury or body temperature change. Renal clearance may also be enhanced due to various
treatments patients in the intensive care unit (ICU) receive, such as vasopressors and fluid
resuscitation. It is also thought to be a consequence of the heightened sympathetic response
associated with severe critical illness and systemic inflammatory responses such as in patients with
traumatic brain injury and sepsis; as well as changes in vascular resistance, cardiac output and
blood flow to major organs e.g. the kidneys, resulting in a hyperdynamic state and accelerated
glomerular filtration rate. The prevalence of ARC has been reported to range between 14-80%
making it a common phenomenon (1). The clinical relevance of ARC lies in the potential for
enhancing the clearance of drugs primarily eliminated by the kidneys such as beta-lactam
antimicrobials and certain antiepileptic drugs, potentially leading to therapeutic failure and

potentially poor outcomes in this especially vulnerable patient population.

Multiple ARC risk factors have been reported by research teams. As mentioned, ARC is more
prevalent in the critical care setting, especially in trauma patients. Age appears to be the most
important and widely verified risk factor for ARC. Patients of younger age (<50 years of age) were
at the highest risk of developing ARC. Additionally, ARC patients tend to be males, with lower
critical illness severity scores (1). Therefore, it may be necessary to use risk assessment tools for
more rapid identification of critically ill patients exhibiting ARC. A few tools have been developed

for this purpose (2).

It is considered common practice to reduce doses in the presence of renal impairment, however,
the scarcity of currently available evidence and the lack of a clear consensus supporting dosing
requirements in the case of ARC have made it difficult for clinicians to optimise dosing regimens

for ARC patients. Multiple studies have demonstrated that ARC impacts the plasma levels of
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renally eliminated drugs commonly seen in a critical care setting, especially antimicrobials and
antiepileptic drugs (AED). We discussed the phenomenon of ARC in our previous review (1);
however, multiple studies have been published since our initial review. Therefore, the objective of
this review is to provide an update to summarize the current evidence pertaining to the influence
of ARC on the disposition of renally eliminated medications commonly used in the ICU. We hope
that this guide will provide clinicians with dosing recommendation insights for multiple renally

eliminated agents used in patients with ARC.

3.2 LITERATURE SEARCH

3.2.1 Search Strategy

A comprehensive database search was conducted by the medical librarian (JYK) on October 27,
2020 in the following databases: MEDLINE (via Ovid), Embase (Ovid), Cochrane Library
(Wiley), CINAHL, Scopus, and ProQuest Dissertations and Theses Global with no date or
language limits. The search was updated on November 3, 2021 to capture newly published research
following the original search. Keywords related to ARC in the critically ill were used to conduct
the search (see Supplementary Table 3.1 for details on keywords used). We utilized, the web-based

review screening tool “Covidence” for the screening process (www.covidence.org).

3.2.2 Study Inclusion and Exclusion Criteria

Human studies conducted in critically ill adult populations and reporting drug dosing or
pharmacokinetics in the setting of ARC (those with creatinine clearance > 130 ml/min/1.73m?)
were included. Studies were further sorted based on inclusion of specific medications. Studies
focused on pediatrics, pregnant women, or studies conducted in populations with potentially
altered renal elimination (e.g., cystic fibrosis, burn patients) were excluded. This is due to the
physiological and pathological changes associated with these patient populations that would hinder
the detection of ARC. In addition, reviews, editorials, case reports, pre-prints and commentaries

were also excluded.
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3.2.3 Study Screening

Study screening and selection from the October 27, 2020 database search were conducted
independently by AS and SHM. An updated study screening and selection from November 3, 2021,
were conducted independently by SHM and SS to include research published from October 2020
to November 2021. An initial title and abstract screening followed by a full-text review was

conducted. Any conflicts were discussed among authors to reach a consensus.

3.2.4 Data Extraction
Data extracted included study design, study objectives, study population, drugs tested, method
used and study findings.

3.3 RESULTS OF LITERATURE SEARCH & DISCUSSION

Literature search resulted in 3,455 and 3,941 articles across all databases on October 27, 2020, and
November 3, 2021, respectively (Supplementary Table 3.2). A total of 1,761 and 347 unique
articles remained for screening from these comprehensive searches. Full text screening yielded 51

articles for inclusion (Supplementary Table 3.3).

Prospective observational studies constitute the main body of evidence in this review at 69%
(n=34) of the total evidence. Retrospective observational studies constitute 31% (n=16) of the total
evidence. This is in addition to a single prospective interventional study by Cojutti et al. discussing
meropenem (3) Expectedly, the literature search concluded that renally eliminated drugs such as
beta lactams and levetiracetam in ARC patients needed alternate dosing regimens where a loading
dose might be needed, an extended infusion strategy employed or increased frequency or amount
of dosing to achieve the same targets as in non-ARC patients. Although the currently available
evidence is not exhaustive of all drugs used in the ICU and other settings where patients are at a
higher risk of developing ARC e.g. oncology patients,it can be assumed that all renally eliminated
drugs in this patient population will be at a higher risk of therapeutic failure or target non-

attainment and it would be prudent to take precautions to mitigate for this risk.
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Young age, male sex, and trauma are repeatedly defined in the literature as risk factors for ARC
in those with apparently normal renal function and lower disease severity scores. Age, male sex
and trauma were associated with ARC with pooled OR (95% CI) of 0.95 (0.93-0.96), 2.36 (1.28—
4.36), 2.60 (1.21-5.58), respectively. Prevalence for neuro, trauma, mixed and sepsis ICUs were

74 (55-87), 58 (48—-67), 36 (31-41) and 33 (21-48), respectively (4).

3.3.1 Carbapenems

3.3.1.1 Meropenem

Meropenem is a member of the carbapenem class of antimicrobials. It has a broad spectrum of
activity and exhibits time-dependent killing. It is also eliminated 70% by the kidneys (5). In the
case of critically ill patients, clinicians target a minimum of >50% fT > MIC (percent time of free
drug remains above the minimum inhibitory concentration, MIC), and the preferred target is
>100% fT > MIC. In some cases, experts prefer to target >100% fT >4 times the MIC (6-8). Three
prospective observational studies have described the impact of ARC on meropenem treatments (9-
11). In an early study, Kitzes-Cohen et al. have reported that lower plasma concentrations of
meropenem were seen with increasing kidney function (9). Ehmann et al. corroborated this
observation (10). Additionally, standard meropenem doses were insufficient in achieving desired
concentrations in the majority of patients with ARC (9, 10). The authors suggested that a
meropenem dosing of 2000 mg every 8 hours will greatly enhance the probability of target
attainment (9, 10). A dose of 2000mg every 8 hours was also identified as an alternative strategy
by Tamatsukuri et al. with the additional recommendation of administration via prolonged infusion
over 180 minutes for each dose (11). However, these studies were limited by a small sample size
as well as a lack of correlation to clinical outcomes. An interventional study exploring the effects
of TDM-based optimization on treatment outcomes also exists (3). Cojutti et al. found that based
on therapeutic drug monitoring (TDM), 30.1% of patients required dose adjustment and this
strategy resulted in a promising overall cure rate of 90%. In this study mortality was also

significantly associated with ARC (OR 10.846, CI 95% 1.534-76.672, P=0.017) (3).

Conclusion: ARC results in lower plasma concentration of meropenem; this can lead to therapeutic
failure and negative clinical outcomes. Because of this, higher dosing is recommended (9, 10). A

dose of 2000mg every 8 hours is likely needed; prolonged infusion may also improve drug
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exposure (9-11). Therapeutic drug monitoring of meropenem could also be of benefit in these

patients. Further studies focused on these strategies are needed.

3.3.1.2 Imipenem/cilastatin

Imipenem is a carbapenem antimicrobial agent. It has a broad spectrum of activity and
demonstrates time dependent bacterial killing. It is also 70% renally eliminated (5). In the case of
critically 1ill patients, clinicians target a minimum of >50% fT > MIC, and the preferred target is
>100% fT > MIC. In some cases, experts prefer to target >100% fT >4 times the MIC (6-8). A
retrospective study demonstrated that when patients received 500 mg every 6 hours (2g/day),
frequent treatment failure and infrequent toxicity was documented (12). The authors also found
that when patients received higher doses (3-4g/day) instead of standard dosing (2g/day) they
reported fewer counts of treatment failures without any increase in toxicity. Huttner et al.
performed a prospective observational study in which patients received standard doses of 500mg
four times daily as well (13). They reported ARC as a predictor for undetectable trough levels,
though this study was underpowered to determine any associations to clinical failure. These two
studies suggest a possibility that standard dosing may be insufficient and increased doses could be

warranted (12, 13).

Patel et al. 2021 conducted a prospective observational study to determine the probability of target
attainment using various dosing regimens of imipenem/cilastatin/relebactam in patients with
hospital acquired bacterial pneumonia/ventilator acquired bacterial pneumonia (14). ARC was
defined as CrCl >150 ml/min calculated using the Cockcroft-Gault equation. A dose of
imipenem/relebactam 500/250mg every 6hr established a joint probability of target attainment
(PTA) of 99% for a target trough of 30% fT>MIC (14). Further studies analyzing the correlation

between target trough concentration and clinical success are needed.

Conclusion: ARC may lead to lower concentrations of imipenem in some patients receiving
standard doses of 500 mg every 6 hours, which has the potential to result in therapeutic failure and
negative effects on clinical outcomes (12, 13). Increased doses could be considered for patients
exhibiting ARC who are indicated for treatment with imipenem and experiencing clinical failure

at standard doses. Doses of 1g every 6 hours could be considered for these individuals (12). Further
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studies administering increased doses to patients with ARC in which safety and clinical outcomes
are documented, are required. With regards to imipenem/relebactam, standard doses of 1.25g
(500mg imipenem/ 500mg cilastatin/250mg relebactam) dosed every 6 hours consistently showed
high PTA for such doses in patients with ARC (14). This may indicate that no further dose
increases are mnecessary in patients with ARC being treated for infection with
imipenem/relebactam. Further studies are needed to identify the relationship between target

attainment and clinical success.

3.3.2 Cephalosporins:
3.3.2.1 Ceftriaxone

Ceftriaxone is a third-generation cephalosporin antimicrobial. It has a relatively broad spectrum
of activity, with specific efficacy against gram negative pathogens; it accomplishes bacterial
killing in a time-dependent manner. Up to 67% of the drug is eliminated by the kidneys (5). In the
case of critically ill patients, clinicians target a minimum of >50% fT > MIC, and the preferred
target is >100% fT > MIC. In some cases, experts prefer to target >100% fT >4 times the MIC (7,
8, 15). Three prospective observational studies describe ceftriaxone dosing in the context of ARC
(16-18). Increased kidney function leads to a decrease in plasma concentrations of ceftriaxone
when standard dosing is used (17). The insufficiency of standard dosing of ceftriaxone is further
described by Ollivier et al. They found that CrCl > 150ml/min is significantly associated with
under-dosing, defined as trough concentrations < 2mg/L (OR 8.8, CI 95% 2.5-30.7, P<0.01) (16).
The authors suggested that a reduced dosing interval of 2000mg every 12 hours would be better
suited for target attainment (16). However, these studies were limited by a small sample size and
the inability to associate findings with clinical outcomes. Wong et al. found that ARC was a
predictive factor for treatment failure. They suggested that ceftriaxone allowed for increased drug
exposure throughout the dosing interval compared to other B-lactams, due to the attainment of a
strict target of 100%fT>4xMIC in a majority of patients who received it (18). A retrospective
observational study evaluating the effects of an increased dosing regimen of ceftriaxone also exists
(19). Carrie et al. found that 2000 mg twice daily dosing was effective in reducing therapeutic

failure and relapse of infection without increased adverse effects (19).
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Conclusion: Ceftriaxone may be a promising agent in improving target attainment, possibly due
to its high protein binding which allows for prolonged half-life, ensuring concentrations remain
above target for the duration of the dosing interval (19). However, it is not spared from reduced
plasma concentrations in the setting of ARC which can lead to higher rates of therapeutic failures
(16, 17, 19). Higher doses or reduced dosing intervals may be warranted (16). Doses of 2000mg
every 12 hours are likely required (16). Further studies regarding increased doses of ceftriaxone,

and its safety, in patients with ARC are necessary.

3.3.3 Aminoglycosides:
3.3.3.1 Amikacin

Amikacin is a member of the aminoglycoside class of antimicrobials. It demonstrates
concentration dependent bacterial killing and is often used to treat severe gram-negative infections.
It is eliminated nearly 100% unchanged by the kidneys (5). There is one retrospective
observational study that has discussed amikacin’s use in patients with ARC (20). Carrie et al. found
that an increase in renal clearance is associated with an increased clearance of amikacin, which
results in lower plasma concentrations. Using the Monte Carlo simulation, the authors determined
the standard loading dose of 25mg/kg ABW to be effective in reaching maximum blood
concentration (Cmax)/MIC targets for most patients(20). However, patients exhibiting
CrCl >130ml/min may need higher than licensed loading doses of up to 35mg/kg ABW (20). An
increase in maintenance dose has been explored in a prospective observational study (21).
Arechiga-Alvarado et al. reported that an increase in creatinine clearance leads to lower
concentrations of amikacin. Monte Carlo simulations suggested that for patients with ARC
infected with pathogens with high minimum inhibitory concentrations, maintenance doses of up
to 70mg/kg could be warranted (21). However, this study was limited by a small sample size and
both studies based the dosing recommendations only on simulation data. Furthermore, the safety
of doses as high at 70mg/kg need to be explored in future studies. Both of the above studies

investigated extended interval/once daily dosing (20, 21).

Conclusion: ARC results in increased amikacin clearance and subsequent decreased plasma
concentrations (20). Low plasma concentrations of amikacin have the potential to increase

instances of therapeutic failure which would be detrimental in terms of increased mortality and
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emergence of resistant pathogens (20). For this reason, higher than licensed doses may be needed
to reach the recommended pharmacokinetic/pharmacodynamic targets (20, 21). An increase of
either the loading dose or maintenance dose may be effective in improving achievement of desired
drug levels in patients with ARC (20, 21). Further studies are required to assess the safety and

clinical benefit of such dose increases.

3.3.4 Glycopeptides:

3.3.4.1 Vancomycin

Vancomycin is a glycopeptide antimicrobial agent. It has a narrow spectrum of activity against
primarily gram-positive pathogens, including resistant strains of Staphylococcus. It is excreted by
the kidneys as 80-90% unchanged drug (5). The ideal monitoring parameter for vancomycin is
area under the curve to minimum inhibitory concentration (AUC: MIC) ratio of greater than 400.
However, in clinical practice a steady state trough value of 10-20mg/L is often used as a surrogate
target. Current standard dosing involves a loading dose of 25-30mg/kg followed by a maintenance
dose of 15mg/kg administered at various intervals determined by the patients calculated CrCl. The

recommended dosing interval for patients with CrCl >80ml/min is every 12 hours (22).

Multiple studies have discussed the impacts of ARC on vancomycin plasma concentrations (23-
26). The clearance of vancomycin is drastically increased in patients with ARC ranging from 1.6
to up to 3.5 times the expected values (23, 26). The authors also demonstrated that this was
associated with sub-therapeutic levels as well as a need for overall higher doses (26). Multiple
studies suggested that standard dosing of vancomycin consistently results in subtherapeutic
vancomycin levels and higher doses are required (19, 24, 25, 27, 28). To illustrate, Chen et al.
found that only 19.23% of patients in the ARC group were able to achieve target trough levels
of >10mg/L (24). In addition, He et al. 2020 conducted a retrospective observational study and
found that 77.7% of patients with ARC vs 68.8% of patient without ARC had subtherapeutic
(<10mg/L) vancomycin trough concentrations when given vancomycin maintenance doses of
15mg/kg every 12 hours IV infusion. They also demonstrated that only 17.9% and 4.3% of patients
with ARC were able to reach trough levels between 10-15 and 15-20mg/L, respectively (25). The
authors suggested a dose of 46mg/kg/day in patients with ARC to achieve trough levels of at least
10mg/L (25). Contrary to these studies Zhao et al. found that standard doses of 1000mg q12hr
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would result in PTA (defined as targeted AUC between 400-650mg.h/L) of 62.56% in patients
with CrCl between 150-179 ml/min (29). Results of this study were based solely on Monte Carlo
simulations with a mean patient TBW (total body weight) of 63.4kg and thus may not be
representative of adult populations with higher TBW(29). Furthermore, two prospective
observational studies have discussed the need for high loading doses for patients with ARC (30,
31). Baptista et al. and Campassi et al. administered loading doses of 1000-1500mg and 15mg/kg,
respectively with maintenance doses of 30mg/kg/day (30, 31). It was reported that only half of the
ARC patients were able to achieve therapeutic trough levels with this dosing strategy (30, 31). The
authors suggested a need for an increased loading dose of 2g as well as a need for TDM for these
patients (30). A need for maintenance doses over 40mg/kg/day was also reinforced by the findings
of Helset et al. (2020). In their prospective observational study they found that ARC patients
demonstrated an overall lower AUC:MIC despite receiving an average dose of 44.4mg/kg/day
(32).Two retrospective observational studies found that when patients with ARC received doses
of 1000mg every 12 hours, the majority were not able to achieve trough concentration >10mg/L
(23, 27). The authors suggested that increased frequency be considered. A retrospective study by
Minkute et al. has reported that ARC patients are at risk of under-dosing (defined as trough below
5.2 ug/ml) and that nearly double the standard dose is likely required. The authors further

suggested that a decreased dosing interval to every 6 to 8 hours be considered (28).

Lastly, both a prospective observational study and retrospective analysis have discussed the
promising effects of the use of nomogram-based dosing in patients with ARC (33, 34). Bapstista
et al. (2014) administered dosing concurrent with a developed nomogram based on 8h urine CrCl
measurement. With this dosing strategy all ARC patients were able to achieve target trough levels
within the first day of treatment (33). This study was limited by a small sample size. However,
Ishii et al. (2018) showed promising results when using a nomogram based on calculations of
estimated glomerular filtration rate (¢GFR) using the Japanese Society of Nephrology equation.
This equation is essentially the Modification of Diet in Renal Disease Study (MDRD) equation
multiplied by a Japanese coefficient of 0.741(34). This dosing resulted in no significant differences
between trough concentrations of ARC and non-ARC patients. Unfortunately, the nomogram was

not detailed within the study.
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Conclusion: Patients with ARC are at an increased risk for subtherapeutic trough concentrations
of vancomycin, this reduced drug exposure has the potential to cause therapy failure and other
negative clinical outcomes (23, 24, 26) . The most promising option may be dosing based on a
nomogram for various renal functions (33, 34). However, nomograms may be unavailable or not
feasible in practice. Based on the data presented an increase in loading dose and/or maintenance
dose could also be considered to allow ARC patients rapid and continuous achievement of desired
vancomycin levels. Loading doses of 2g may be most effective in achieving target trough
concentrations quickly (30). Additionally, maintenance doses of 45mg/kg/day would be a more
realistic starting dose for patients with ARC (32). Lastly, it is necessary that patients with ARC
receive more frequent TDM with subsequent dose adjustment. Development and validation of a
CrCl based dosing nomogram is a promising step forward for patients with extremes of renal
function requiring vancomycin therapy (33, 34). Further studies administering increased doses or
frequencies are needed to determine safety and efficacy. It is also important to note that patients
with ARC receiving higher doses are at a higher risk of developing ADRs if the CrCl was not

monitored closely, and doses adjusted accordingly.

3.3.5 Oxazolidinones:

3.3.5.1 Linezolid

Linezolid is an oxazolidinone antimicrobial agent that exhibits concentration dependent killing
with time dependence, with the ideal monitoring parameter of AUC:MIC (22). Use is primarily in
the treatment of severe gram-positive infections (35). Linezolid is partially eliminated by the
kidneys with about 30% of the unchanged drug excreted in the urine (5). Currently, there is no
clear definition for linezolid’s target parameters, an AUC24hours: MIC >119 mg/L/hour has been
proposed (36, 37), an alternative target trough concentration > MIC has been proposed (38).

A prospective observational study has addressed the impact of ARC on linezolid plasma
concentrations and demonstrated the benefit of continuous infusion in this setting (35). Barrasa et
al. reported that with increasing renal function, linezolid clearance is increased, which results in
reduced plasma concentrations. Patients with ARC have a particularly low probability of target
attainment; when receiving a standard dose of 600mg every 12 hours no patients with ARC were

able to achieve PK/PD targets (35). However, 70% of patients with ARC who received linezolid

67



as a continuous infusion of 50mg/hour, reached desired targets (35). The authors also used Monte
Carlo simulation to determine optimal dosing regimens. They report the rate of target attainment
could further be increased to 93% if a continuous infusion of 75mg/hour is used (35). This study

was limited by a lack of correlation with either dosing strategy with clinical outcomes.

Conclusion: Enhanced renal clearance results in lower plasma concentrations of linezolid, this has
the potential to lead to therapeutic failure and subsequent negative clinical outcomes. Continuous
infusion may allow for increased drug exposure in patients with ARC, which would allow for an
increased probability of achieving and maintaining desired targets (35). A dosing strategy
including continuous infusion of 50-75 mg/hour may be beneficial for target attainment in patients
exhibiting ARC (35). Further studies regarding the benefit of continuous infusion of linezolid on

clinical outcomes of patients with ARC are needed.

3.3.6 Penicillin:
3.3.6.1 Piperacillin/Tazobactam

Piperacillin is a penicillin which belongs to the B-lactam class of antimicrobials. It is often
administered in conjunction with tazobactam, a -lactamase inhibitor. It has a broad spectrum of
activity and like other B -lactams, exhibits time dependent bactericidal activity. Both piperacillin
and tazobactam are eliminated by the kidneys, about 68% and 80%, respectively (5). In the case
of critically 1ll patients, clinicians target a minimum of >50% fT > MIC, and the preferred target
is >100% fT > MIC. In some cases, experts prefer to target >100% fT >4 times the MIC (6-8).

Three prospective observational studies have discussed the effects of ARC on PK/PD target
attainment of piperacillin/tazobactam therapy (13, 39, 40). Wu et al. (2019) demonstrated that
ARC patients were less likely to achieve targets of 50%fT>MIC and 100%fT>MIC. It has been
suggested that critically ill patients should have treatment targets above these,
specifically %T>4xMIC (39). This was examined by Carrie et al. (2018) where the authors found
that when targeting concentrations of >4xMIC, CrCI>170ml/min was statistically associated with
under-dosing, adding that patients with therapeutic failure had significantly higher CrCl. The
authors concluded that TDM is required to ensure adequate drug exposure in patients with ARC
(40). However, in this study multiple  lactams were included as well as treatment consisting of

multiple antimicrobial agents (40). Huttner et al. (2015) found that with the administration of
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various f -lactams, including piperacillin/tazobactam at 4.5¢g three times daily, patients with ARC
were 3.3 times more likely to have undetectable trough levels. Again, this finding was generalized
to various 3 -lactams but suggests that this dose of piperacillin/tazobactam is likely not sufficient

for patients who exhibit ARC (13).

A dose of 4g/0.5g every 8 hours delivered by 3-minute bolus infusions, was also unlikely to allow
ARC patients to attain PK/PD targets in a prospective observational study by Andersen et al.
(2018). The authors suggested that increasing the frequency of administration to 4g every 6 hours
or administering prolonged infusion, either 3 hours or continuously, would be more effective (41).
However, only 4 patients with ARC were included in this study (41). They also concluded that if
4g every 6 hours was administered it would provide 100%fT>MIC as long as MIC was 2.0mg/L,
so this recommendation would likely remain insufficient in the context of empirical dosing for
high MIC pathogens (41). Every 6-hour dosing was addressed in a prospective cohort study by
Weber et al. (2019). It was reported that a dose of 4g/0.5g every 6 hours was insufficient to attain
targets of 50% and 100%fT>MIC in all patients, regardless of ARC, though increased CrCl was
associated with lower trough levels (42). This study was composed of a small number of
hematological malignancy patients and findings cannot be generalized to all critical care settings
but may suggest that even infusions of 4g every 6 hour may not be sufficient (42). A cross-sectional
study by Akers et al. (2014) showed that patients with high ARC scores had increased
piperacillin/tazobactam clearance as well as reduced AUC, compared to the low ARC score group.
They utilized PK simulation data to suggest that continuous infusion of 12g/day or intermittent
infusions of 4-6g every 4 hours or 6-8g every 6 hours would allow for target attainment above
MIC of 16mg/L (43). This study only included 13 patients and patients were only classified based
on ARC scores, CrCl was not used for comparison of groups (43). Lastly, when patients received
a 4.5g loading dose, followed by 4.5g every 6 hours administered by 3-hour infusion, half of the
patients did not achieve the target (>16mg/L), 80% of these patients had ARC (44). This study was
limited by a small sample size but suggests that a dosing frequency of every 6 hours and prolonged
infusion may not be sufficient to achieve desired targets for patients with ARC, especially those

who are infected with high MIC pathogens (44).
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Three prospective observational studies have reported the effects of continuous infusion on
piperacillin/tazobactam therapy in patients with ARC (19, 45, 46). Carrie et al. (2018) administered
4g/0.5¢g loading and 16g/2g maintenance doses. With this dose, the rate of underexposure (defined
as at least 1/ 3 concentration samples being under 16mg/L) was higher in ARC patients, however
the underexposure rate for the overall sample was only 19% (45). The authors utilized simulation
to determine that a continuous infusion of 20g/2.5g/day would allow for the highest probability of
target attainment without excessive dosing (resulting in concentrations > 150mg/L) (45). Another
study performed by Carrie et al. in 2019 administered the suggested increased dose to hospital
acquired pneumonia/ventilator acquired pneumonia (HAP/VAP) patients with ARC (19). They
reported that when maintenance doses were increased from 16g/day (control group) to 20g/day
(treatment group) therapeutic failure was reduced by 13% (19). Lastly, Dhaese et al. (2018) utilized
Monte Carlo simulation to determine that high dose piperacillin/tazobactam, 4g loading dose and
24g/day as continuous infusion, would not allow patients with CrCl >90ml/min to reach targets of
100%fT>MIC (16mg/L). The authors raise the question regarding if additional agents should be
added or if a different therapy should be employed altogether (46). Interestingly, a nested cohort
sub-study of the BLINGII trial showed no difference in clinical outcomes of ARC patients when
either continuous infusion or intermittent infusion was used (47). However, this was a generalized

finding for multiple  -lactams and not piperacillin/tazobactam specifically.

Conclusion: ARC results in lower levels of piperacillin/tazobactam, this has the potential to cause
underexposure and lead to negative clinical outcomes. TDM, if available, should be considered for
these patients to ensure adequate exposure to medication. Data for continuous infusion are
promising. Perhaps continuous infusion of 20g/2.5g/day would allow increased likelihood of target
attainment for patients with ARC (45). Further studies are required to determine efficacy and safety
of such dose changes in ARC patients. Additionally, larger studies are needed to determine impact

on clinically significant outcomes.
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3.3.6.2 Ceftolozane/Tazobactam

Ceftolozane/Tazobactam is a cephalosporin/beta lactamase inhibitor combination product often
used to treat gram-negative infections resistant to other drugs. Common recommended dosing for
treatment of infections ranges from 1.5-3g g8hr. Ceftolozane and tazobactam are renally

eliminated as >95% and >80% unchanged drug, respectively (5).

Two prospective observational studies investigated the appropriateness of ceftolozane/ tazobactam
3g q8hr dosing in patients with ARC (48, 49). Nicolau et al. 2021 determined that 11/14 critically
ill patients enrolled in the study demonstrated ARC (CrCl = 130mL/min). Eighty two percent of
patients with ARC demonstrated ceftolozane fT>MIC 4ug/mL for up to 6 hours after the dose was
administered and sixty four percent of patients with ARC were able to demonstrate this for up to
8 hours(48). Sixty four percent of patients with ARC demonstrated tazobactam fT> lug/mL
(threshold) for up to 4 hours post administration (48). The authors concluded that adequate target
levels were maintained for the 8-hour interval between doses for ceftolozane/tazobactam. It should
be noted that the generalizability of this study is reduced due to its sample size (n=14). Shorr et al.
2021 conducted a larger study using the patients enrolled in the phase 3 ASPECT-NP trial to
investigate the same dose. Monte Carlo simulations where developed based on patients
HABP/VABP with varying renal functions. ARC was defined as CrCl = 130mL/min (49). Over
99% of simulated patients achieved the ceftolozane target of 50% fT> MIC of 4ug/mL in plasma
in all renal function groups including ARC (49). 80% of patients achieved the tazobactam target
of 35% fT> Ct of 1ug/mL across all renal function groups including ARC (49). Although a high
PTA was shown for tazobactam in patients with ARC, PTA did trend down as ARC increased
across groups. No statistical difference was shown in 28 day all-cause mortality between non-ARC
and ARC groups treated with ceftolozane/tazobactam in intention to treat (0.2 [95% CI, —9.6 to
10.6]) and microbiologic intention to treat groups (—1.4 [95% CI,—11.6 to 9.4]) (49). The authors
concluded ceftolozane/tazobactam 3g q8h is an appropriate dose for patients with ARC based on

these findings.

Conclusion: Doses of ceftolozane/tazobactam in critically ill adults of 3g q8h have been shown to
achieve high probability of target attainment in patients with ARC (48, 49). Few clinical outcomes

such as all-cause mortality have also been shown to exhibit no difference in patients with or
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without ARC treated with ceftolozane and tazobactam (49). Ceftolozane/tazobactam 3g q8hr is
likely an appropriate dose for critically ill adults with ARC however further analysis that compares
target concentration attainment to clinically relevant results such as infection resolution are

needed.

3.3.7 Low-Molecular weight heparins:
3.3.7.1 Enoxaparin

Enoxaparin is a commonly used low molecular weight heparin, up to 40% of the drug is excreted
by the kidneys(5). For venous thromboembolism prophylaxis in moderate to high risk patients, a
peak factor Xa level of 0.2 to 0.4 units/mL or trough level of 0.1 to 0.2 units/mL is usually targeted
(50). A prospective observational study provides information about the effects of ARC on
prophylactic enoxaparin dosing (51). Patients with ARC exhibited target anti-factor Xa levels at
hour 4 but these levels dropped significantly by hours 12 and 24(51). This suggests that the
duration of activity of enoxaparin may be shortened by enhanced renal clearance in patients with
ARC, possibly rendering the need for dose adjustment (51). However, the significance of anti-
factor Xa monitoring at 12 and 24 hours is not fully known. This study is also limited by a small

sample size, and data regarding the development of clots was not collected.

Conclusion: The duration of action of enoxaparin may be shortened in patients with ARC, this
could potentially lead to an increased risk for clot formation. An increased frequency of dosing to
40mg twice daily should be considered for clot prophylaxis in these patients. Further studies
exploring a shortened dosing interval and the impacts on clot formation in critically ill patients

with ARC are needed.

3.3.8 Anti-epileptics:

3.3.8.1 Levetiracetam

Levetiracetam is an AED which is used to treat multiple seizure types as well as seizure
prophylaxis in certain care settings. It is eliminated renally with 66% of the unchanged drug
excreted in the urine (5). Therapeutic drug monitoring of levetiracetam targets a plasma

concentration between 12 and 46 mg/mL(52, 53).
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A prospective observational study by Ong et al. in 2021 on neurosurgical ICU patients targeting a
trough concentration of 6mg/L showed Monte Carlo simulations demonstrating PTA >80% in
patients with ARC who were dosed with levetiracetam 1000mg Q8H (54). Three prospective
observational studies further discussed levetiracetam administration in patients with ARC (55-57).
La et al. have reported that a standard dose of 1000mg twice daily, resulted in sub-therapeutic
concentrations in patients with ARC. Two of the studies also utilized Monte Carlo simulation to
determine an optimized dosing strategy. May et al. determined three times daily dosing is needed
to reach desired plasma concentrations of levetiracetam. Three times daily dosing was also
suggested by Spencer et al. as an alternative, as they reported an increased probability of target
attainment when a dose of 500mg every 8 hours was simulated. They also documented similar
findings for a dose of 1000 mg twice daily. Again, these studies were limited by small sample size,
and did not discuss development of seizures in ARC patients specifically. Additionally, dosing
suggestions were based on simulation data alone. Two prospective observational studies
conducted by Bilbao-meseguer et al. and Sime et al. also demonstrated levetiracetam dosing in
critically ill patients with ARC using doses as high as 6g/day (58, 59). Bilbao-meseguer et al. 2021
performed Monte Carlo simulations using data from adult ICU patients to demonstrate PTA using
various dosing regimens in patients with CrCl ranges (80-240ml/min). They found 500mg BID to
be inadequate in all critically ill patients with or without ARC and found doses as high as 1500mg
q12hr to only guarantee target trough concentrations in those with CrCl < 80ml/min. The study
concluded doses as high as 1500-2000 mg Q8H were required to achieve target trough
concentrations in those with ARC (58). Sime et al. 2021 also developed Monte Carlo simulations
and found patients with ARC had a PTA of 0 for trough concentrations of >46mg/L with doses as
high as 6g/day however these doses demonstrated a PTA < 80% for a target trough concentration
of 6mg/L. These studies results should be interpreted with caution due to the small sample sizes
and wide range in target trough concentrations (6-46mg/L) included in both studies (58, 59).

Further safety data on dose regimens this high should be analyzed before implemented.

Conclusion: ARC results in lower plasma levels of levetiracetam, this could lead to therapeutic
failure and the increased development of seizures in these patients. It appears that an increase in
dose or frequency is needed. Dosing regimens of 500mg every 8 hours or 1000-2000mg every 12

hours can be currently recommended for seizure prophylaxis in patients exhibiting ARC as they
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may allow for the achievement of therapeutic plasma levels (1, 56, 57). Additionally, loading doses
may be used to further increase drug exposure. Though some studies suggest that further dose
increases may be warranted up to 6g/day (58, 59), further studies which attempt to administer
increased doses and report seizure occurrence and adverse event profiles in patients with ARC are

necessary to determine the safety of efficacy of such doses.

3.3.9 Other considerations:

It is important to note that ARC is one of multiple pathophysiological changes due to critical illness
need to be taken into account when following drug therapy guidelines in various disease states.
Numerous changes including but not limited to altered plasma protein binding, extracorporeal
membrane oxygenation (ECMO), alterations in gastric pH and the rate and extent of absorption of
orally administered drugs, and reductions in hepatic blood flow or enzyme activity. These changes
can consequently affect the pharmacokinetics of different drugs. Therefore, they should be taken
into consideration before adopting unadjusted dosing regimens in critically ill patient settings,
putting them at a risk for therapy failure, longer hospitalizations and increased adverse drug

events(60).

3.3.10 Limitations:

This literature review is limited by the inherent drawbacks to non-systematic reviews. In addition,
some of the proposed dosing regimens are derived from pharmacokinetic simulations as opposed
to controlled clinical trials. Although we aimed to provide clinicians with a summary of the
available evidence to aid in the dosing of key renally eliminated drugs in critical care settings,
there is a current lack of a clear consensus of high quality critically appraised evidence to support

the dosing regimens of some of the reported drugs such as linezolid and enoxaparin.

3.4 CONCLUSION

In conclusion, our review summarizes the evidence on medications relevant to the care of critically
ill adults which may require alternate dosing regimens in patients with ARC, addressing an area
of rising concern. ARC has been repeatedly shown to negatively influence the probability of target
trough level attainment in many life-saving medications, potentially increasing the risk of

therapeutic failure. We have provided a table with recommended doses for 10 medications for

74



critically i1l adult patients with CrCl >130ml/min/1.73 m2 based on multiple studies (Table 3.1).
Further research is required to investigate the correlation between target trough level attainment
and clinical outcomes as well as the safety of higher doses such as those reported in our
recommendation table.
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6. TABLE 3.1. DOSING RECOMMENDATIONS FOR CRITICALLY ILL ADULT PATIENTS WITH

AUGMENTED RENAL CLEARANCE (ARC).

Drug Literature Suggested Recommended Dose Evidence [sample size]
Target
Meropenem In the case of critically ill . Suggested dose: 2000 mg Three prospective observational
patients, clinicians target a IV every 8 hours studies:
minimum of >50% fT > . Prolonged (each dose to be . Kitzes-Cohen et al (2002)
MIC, and the preferred infused over at least 3 [n=14](9)
target is >100% /T > MIC. hours) or continuous . Ehmann et al. (2017)
In some cases, experts prefer infusion may also improve [n=48](10)
to target >100% fT >4 times drug exposure e Tamatsukuri et al.
the MIC (6, 8, 15, 61) e TDM, if present (2018) [n=17](11)
One interventional study suggesting
TDM:
e Cojutti et al. (2020) [n=75](3)
Imipenem/cilastatin® In the case of critically ill . Suggested dose: 1000 mg One retrospective study:
patients, clinicians target a IV every 6 hours may be . Bricheux et al. (2019) [n=300]
minimum of >50% fT > considered; however (12)
MIC, and the preferred target further studies are needed One prospective observational study
is >2100% /T > MIC. In some . Huttner et al.
cases, experts prefer to target (2015) [n=100](13)
>100% /T >4 times the MIC
(6,8, 15, 61)
Ceftriaxone In the case of critically ill e Suggested dose: 2000 mg Three prospective observational
patients, clinicians target a IV every 12 hours studies:
minimum of >50% fT > . Ollivier et al.
MIC, and the preferred target (2019) [n=21](16)
is >2100% fT > MIC. In some e Joyntetal. (2001) [n=12](17)
cases, experts prefer to target e Wongetal. (2018)
>100% fT >4 times the MIC [n=373](18)
(6,8, 15,61) One retrospective observational study:
. Carrie et al.
(2019) [n=177](19)
Amikacin Extended interval dosing: . Suggested dose: 20-30 One retrospective observational study:
Trough: <2 mg/L mg/kg IV once daily . Carrie et al. (2020) [n=70](20)
Peak (not generally (extended interval dosing) One prospective observational study:
monitored): 40-60 mg/L . Dose based on IBW (use . Arechiga-Alvarado et al.
A 6-14 hour level could be of ABW if ABW < IBW; (2020) [n=50](21)
value for dose adjustment used DW if ABW is more
based on nomogram than 20% IBW)
. Adjust further dosing
based on TDM
Vancomycin The ideal monitoring . Suggested dose: LD: 25-30 | 13 retrospective observational studies:

parameter for vancomycin is
area under the curve to
minimum inhibitory
concentration (AUC/ MIC)
ratio of greater than 400.
However, a targer steady
state trough value of 10-
20mg/L is often used as a
surrogate target.

mg/kg (ABW; max dose
3000 mg) IV followed by
MD of at least 15 mg/kg
(ABW) every 8 hours IV
(MD doses of 20 mg/kg
every eight hours have
been used)

. Adjust further dosing
based on TDM

e Dosing as per a CrCl based
nomogram may be
beneficial, if present

. Continuous infusion of 40-
60 mg.kg/day has been
suggested (target Css of
20-25 mg/L)

Chu et al. (2020) [n=95](23)
Hirai et al. (2016) [n=292](26)
Chen et al. (2020) [n=104](24)
Izumisawa et al.
(2019) [n=684](62)
He et al.(2020) [n=280](25)
. Villanueva et al. (2019)
[n=70](63)
. Chu et al. (2016) [n=148](27)
. Minkute et al.
(2013) [n=109](28)
. Baptista et al. (2014)
[n=104](33)
e  Ishiietal. (2018) [n=177](34)
. Vermis et al. (2014) [n = 96]
Abstract (64)
e  Chuetal. (2020) [n=292] (65)
. Mikami et al. 2021 [n=65] (66)
Six prospective observational studies
. Baptista et al. (2012)
[n=93](30)
. Campassi et al. (2014)
[n=363](31)
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Drug Literature Suggested Recommended Dose Evidence [sample size]
Target
e  Zhao etal.(2021) [n=209](29)
. Helset et al. [n=83] (2020) (32)
. Weigel et al. (2014) [n = 287]
Abstract (67)
e  Sridharan et al. 2020 [n=80]
(68)
Linezolid* There is no clear definition . Insufficient evidence One prospective observational study:

for linezolid’s target
parameters, an AUC24hours:
MIC >119 mg/L/hour has
been proposed (36, 37), an
alternative target trough
concentration > MIC has
been proposed(38).

. Continuous IV infusion of
50-75 mg/hour has been
suggested (1200 mg/day)

. TDM if available

. Barrasa et al. (2020)
[n=43](35)

Piperacillin/Tazobactam

In the case of critically ill
patients, clinicians target a
minimum of >50% /T > MIC,
and the preferred target is
>100% T > MIC. In some
cases, experts prefer to target
>100% T >4 times the
MIC(6-8).

. Continuous IV infusion of
18-22.5g/day may be
beneficial

. TDM with subsequent dose
adjustments can help guide
dosing

One retrospective observational study:
. Carrie et al.
(2019) [n=177](19)

Nine prospective observational
studies:
. Huttner et al. (2015)
[n=100](13)
e  Wuetal. (2019) [n=100](39)
. Carrie et al.
(2018) [n=79](40)
. Andersen et al. (2018)
[n=22](41)
. Carrie et al. (2018)
[n=59](45)
. Dhaese et al. (2018)
[n=110](46)
. Carlier et al (2013)
[n=61](44)
e  Weberetal.
(2019) [n=24](42)
. Akers et al. (2014)
n=[13](43)

Ceftolozane/Tazobactam

In the case of critically ill
patients, clinicians target a
minimum of >50% fT >
MIC, and the preferred target
is >2100% T > MIC. In some
cases, experts prefer to target

. Suggested dose: 3000 mg
IV every 8 hours

Two prospective observational studies:
e Nicolau et al. 2021
[n=14](48)
. Shorr et al. 2021
[n=5152](49)

>100% fT >4 times the
MIC(6-8)

Enoxaparin® For venous . Insufficient evidence Two prospective observational study:
thromboembolism . A dose of at least of 40 . Abdel El Naeem et al. (2017)
prophylaxis in moderate to mg subcutaneous twice [n=50](51)
high risk patients, a peak daily is likely needed for *  Ramos etal. (2018)(69)
factor Xa level of 0.2 to 0.4 prophylaxis
units/mL or trough level of
0.1 to 0.2 units/mL is usually
targeted (50)

Levetiracetam Suggested reference range: . Suggested dose: 1.5-2 g IV | Six prospective observational studies:

12 and 46 mg/mL(52, 53)

every 12 hours

. Laet al. (2018) [n=25]

Abstract (55)

. May et al. (2014) [n=20]
Abstract (56)

. Spencer et al. (2011)
[n=12](57)

. Ong et al. 2021 [n=20](54)

e  Bilbao-Meseguer et al. 2021
[n=27](58)

. Sime et al. 2021 [n=30](59)

77




ABW, actual body weight; CrCl, creatinine clearance; Css, steady state concentration; IBW, ideal body weight; DW, dosing weight
[DW= 0.4 (ABW — IBW) +IBW]; HABP, hospital-acquired baceterial pneumonia; LD, loading dose; fT > MIC, percent time
concentration above the minimum inhibitory concentration (MIC); MD, maintainance dose; TDM, therapeutic drug monitroing;

VABP, ventilator-acquired bacterial pneumonia. * No substantial evidence to support the proposed dosing recommendation.

References:

1. Mahmoud SH, Shen C. Augmented Renal Clearance in Critical Illness: An Important
Consideration in Drug Dosing. Pharmaceutics. 2017;9(3).

2. Molina KC, Hall ST, Barletta JF, Mangram AJ, Dzandu JK, Huang V. Utilization of
Augmented Renal Clearance in Trauma Intensive Care Scoring System to Improve Vancomycin
Dosing in Trauma Patients at Risk for Augmented Renal Clearance. Surgical infections.
2020;21(1):43-7.

3. Cojutti PG, Lazzarotto D, Candoni A, Dubbini MV, Zannier ME, Fanin R, et al. Real-time
TDM-based optimization of continuous-infusion meropenem for improving treatment outcome of
febrile neutropenia in oncohaematological patients: results from a prospective, monocentric,
interventional study. The Journal of antimicrobial chemotherapy. 2020;75(10):3029-37.

4, 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).

5. Lexicomp: UpToDate, Inc. , Waltham, MA.; [cited 2022 02-02-2022]. Available from:
https://online.lexi.com/Ico/action/login.

6. Al-Shaer MH, Alghamdi WA, Graham E, Peloquin CA. Meropenem, Cefepime, and
Piperacillin Protein Binding in Patient Samples. Ther Drug Monit. 2020;42(1):129-32.

7. Roberts JA, Paul SK, Akova M, Bassetti M, De Waele JJ, Dimopoulos G, et al. DALI:
defining antibiotic levels in intensive care unit patients: are current beta-lactam antibiotic doses
sufficient for critically ill patients? Clin Infect Dis. 2014;58(8):1072-83.

8. Guilhaumou R, Benaboud S, Bennis Y, Dahyot-Fizelier C, Dailly E, Gandia P, et al.
Optimization of the treatment with beta-lactam antibiotics in critically ill patients-guidelines from
the French Society of Pharmacology and Therapeutics (Societe Francaise de Pharmacologie et
Therapeutique-SFPT) and the French Society of Anaesthesia and Intensive Care Medicine (Societe
Francaise d'Anesthesie et Reanimation-SFAR). Crit Care. 2019;23(1):104.

9. Kitzes-Cohen R, Farin D, Piva G, De Myttenaere-Bursztein SA. Pharmacokinetics and
pharmacodynamics of meropenem in critically ill patients. International journal of antimicrobial
agents. 2002;19(2):105-10.

10. Ehmann L, Zoller M, Minichmayr IK, Scharf C, Maier B, Schmitt MV, et al. Role of renal
function in risk assessment of target non-attainment after standard dosing of meropenem in
critically ill patients: a prospective observational study. Critical Care. 2017;21:1-14.

11. Tamatsukuri T, Ohbayashi M, Kohyama N, Kobayashi Y, Yamamoto T, Fukuda K, et al.
The exploration of population pharmacokinetic model for meropenem in augmented renal
clearance and investigation of optimum setting of dose. Journal of infection and chemotherapy :
official journal of the Japan Society of Chemotherapy. 2018;24(10):834-40.

12.  Bricheux A, Lenggenhager L, Hughes S, Karmime A, Lescuyer P, Huttner A. Therapeutic
drug monitoring of imipenem and the incidence of toxicity and failure in hospitalized patients: a

78



retrospective cohort study. Clinical microbiology and infection : the official publication of the
European Society of Clinical Microbiology and Infectious Diseases. 2019;25(3):383.¢1-.e4.

13. Huttner A, Von Dach E, Renzoni A, Huttner BD, Affaticati M, Pagani L, et al. Augmented
renal clearance, low beta-lactam concentrations and clinical outcomes in the critically ill: an
observational prospective cohort study. International journal of antimicrobial agents.
2015;45(4):385-92.

14. Patel M, Bellanti F, Daryani NM, Noormohamed N, Hilbert DW, Young K, et al.
Population pharmacokinetic/pharmacodynamic assessment of imipenem/cilastatin/relebactam in
patients with hospital-acquired/ventilator-associated bacterial pneumonia. Clin Transl Sci. 2021.
15. Jamal JA, Mat-Nor MB, Mohamad-Nor FS, Udy AA, Wallis SC, Lipman J, et al.
Pharmacokinetics of meropenem in critically ill patients receiving continuous venovenous
haemofiltration: a randomised controlled trial of continuous infusion versus intermittent bolus
administration. Int J Antimicrob Agents. 2015;45(1):41-5.

16. Ollivier J, Carrie C, d'Houdain N, Djabarouti S, Petit L, Xuereb F, et al. Are Standard
Dosing Regimens of Ceftriaxone Adapted for Critically Il Patients with Augmented Creatinine
Clearance? Antimicrobial agents and chemotherapy. 2019;63(3).

17. Joynt GM, Lipman J, Gomersall CD, Young RJ, Wong EL, Gin T. The pharmacokinetics
of once-daily dosing of ceftriaxone in critically ill patients. The Journal of antimicrobial
chemotherapy. 2001;47(4):421-9.

18. Wong G, Briscoe S, McWhinney B, Ally M, Ungerer J, Lipman J, et al. Therapeutic drug
monitoring of beta-lactam antibiotics in the critically ill: direct measurement of unbound drug
concentrations to achieve appropriate drug exposures. The Journal of antimicrobial chemotherapy.
2018;73(11):3087-94.

19. Carrie C, Chadefaux G, Sauvage N, de Courson H, Petit L, Nouette-Gaulain K, et al.
Increased beta-Lactams dosing regimens improve clinical outcome in critically ill patients with
augmented renal clearance treated for a first episode of hospital or ventilator-acquired pneumonia:
a before and after study. Critical care (London, England). 2019;23(1):379.

20. Carrie C, Delzor F, Roure S, Dubuisson V, Petit L, Molimard M, et al. Population
Pharmacokinetic Study of the Suitability of Standard Dosing Regimens of Amikacin in Critically
Il Patients with Open-Abdomen and Negative-Pressure Wound Therapy. Antimicrobial agents
and chemotherapy. 2020;64(4).

21. Arechiga-Alvarado NA, Medellin-Garibay SE, Milan-Segovia RDC, Ortiz-Alvarez A,
Magana-Aquino M, Romano-Moreno S. Population Pharmacokinetics of Amikacin Administered
Once Daily in Patients with Different Renal Functions. Antimicrobial agents and chemotherapy.
2020;64(5).

22.  Bugs & Drugs: ©1998-2020 Alberta Health Service; [cited 2022 02-02-2022]. Content
Version: 0.0.81 Jan 27, 2022.16:54:[ Available from: https://www.bugsanddrugs.org/.

23. Chu Y, Luo Y, Ji S, Jiang M, Zhou B. Population pharmacokinetics of vancomycin in
Chinese patients with augmented renal clearance. Journal of infection and public health.
2020;13(1):68-74.

24, Chen Y, Liu L, Zhu M. Effect of augmented renal clearance on the therapeutic drug
monitoring of vancomycin in patients after neurosurgery. The Journal of international medical
research. 2020;48(10):300060520949076.

25. HeJ, Yang ZT, Qian X, Zhao B, Mao EQ, Chen EZ, et al. A higher dose of vancomycin is
needed in critically ill patients with augmented renal clearance. Transl Androl Urol.
2020;9(5):2166-71.

79



26. Hirai K, Ishii H, Shimoshikiryo T, Shimomura T, Tsuji D, Inoue K, et al. Augmented renal
clearance in patients with febrile neutropenia is associated with increased risk for subtherapeutic
concentrations of vancomycin. Therapeutic drug monitoring. 2016;38(6):706-10.

217. ChuY,LuoY, QulL, Zhao C, Jiang M. Application of vancomycin in patients with varying
renal function, especially those with augmented renal clearance. Pharmaceutical Biology.
2016;54(12):2802-6.

28. Minkute R, Briedis V, Steponaviciute R, Vitkauskiene A, Maciulaitis R. Augmented renal
clearance--an evolving risk factor to consider during the treatment with vancomycin. Journal of
clinical pharmacy and therapeutics. 2013;38(6):462-7.

29. Zhao S, He N, Zhang Y, Wang C, Zhai S, Zhang C. Population Pharmacokinetic Modeling
and Dose Optimization of Vancomycin in Chinese Patients with Augmented Renal Clearance.
Antibiotics (Basel). 2021;10(10).

30. Baptista JP, Sousa E, Martins PJ, Pimentel JM. Augmented renal clearance in septic
patients and implications for vancomycin optimisation. International journal of antimicrobial
agents. 2012;39(5):420-3.

31. 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. Incremento da depuracao renal em pacientes gravemente enfermos:
incidencia, fatores associados e efeitos no tratamento com vancomicina. 2014;26(1):13-20.

32. Helset E, Nordey I, Sporsem H, Bakke VD, Bugge JF, Gammelsrud KW, et al. Factors
increasing the risk of inappropriate vancomycin therapy in ICU patients: A prospective
observational study. Acta Anaesthesiologica Scandinavica. 2020;64(9):1295-304.

33. Baptista JP, Roberts JA, Sousa E, Freitas R, Deveza N, Pimentel J. Decreasing the time to
achieve therapeutic vancomycin concentrations in critically ill patients: developing and testing of
a dosing nomogram. Critical care (London, England). 2014;18(6):654.

34. Ishii H, Hirai K, Sugiyama K, Nakatani E, Kimura M, Itoh K. Validation of a Nomogram
for Achieving Target Trough Concentration of Vancomycin: Accuracy in Patients With
Augmented Renal Function. Therapeutic drug monitoring. 2018;40(6):693-8.

35. Barrasa H, Soraluce A, Uson E, Sainz J, Martin A, Sanchez-Izquierdo JA, et al. Impact of
augmented renal clearance on the pharmacokinetics of linezolid: Advantages of continuous
infusion from a pharmacokinetic/pharmacodynamic perspective. International journal of
infectious diseases : 1JID : official publication of the International Society for Infectious Diseases.
2020;93:329-38.

36. Millard J, Pertinez H, Bonnett L, Hodel EM, Dartois V, Johnson JL, et al. Linezolid
pharmacokinetics in MDR-TB: a systematic review, meta-analysis and Monte Carlo simulation. J
Antimicrob Chemother. 2018;73(7):1755-62.

37. Srivastava S, Magombedze G, Koeuth T, Sherman C, Pasipanodya JG, Raj P, et al.
Linezolid Dose That Maximizes Sterilizing Effect While Minimizing Toxicity and Resistance
Emergence for Tuberculosis. Antimicrob Agents Chemother. 2017;61(8).

38.  Alsultan A, Peloquin CA. Therapeutic drug monitoring in the treatment of tuberculosis: an
update. Drugs. 2014;74(8):839-54.

39. Wu CC, Tai CH, Liao WY, Wang CC, Kuo CH, Lin SW, et al. Augmented renal clearance
is associated with inadequate antibiotic pharmacokinetic/pharmacodynamic target in Asian ICU
population: a prospective observational study. Infection and drug resistance. 2019;12:2531-41.
40. Carrie C, Petit L, d'Houdain N, Sauvage N, Cottenceau V, Lafitte M, et al. Association
between augmented renal clearance, antibiotic exposure and clinical outcome in critically ill septic

80



patients receiving high doses of beta-lactams administered by continuous infusion: a prospective
observational study. International journal of antimicrobial agents. 2018;51(3):443-9.

41. Andersen MG, Thorsted A, Storgaard M, Kristoffersson AN, Friberg LE, Obrink-Hansen
K. Population Pharmacokinetics of Piperacillin in Sepsis Patients: Should Alternative Dosing
Strategies Be Considered? Antimicrobial agents and chemotherapy. 2018;62(5).

42. Weber N, Jackson K, McWhinney B, Ungerer J, Kennedy G, Lipman J, et al. Evaluation
of pharmacokinetic/pharmacodynamic and clinical outcomes with 6-hourly empiric piperacillin-
tazobactam dosing in hematological malignancy patients with febrile neutropenia. Journal of
infection and chemotherapy : official journal of the Japan Society of Chemotherapy.
2019;25(7):503-8.

43, Akers KS, Niece KL, Chung KK, Cannon JW, Cota JM, Murray CK. Modified Augmented
Renal Clearance score predicts rapid piperacillin and tazobactam clearance in critically ill surgery
and trauma patients. The journal of trauma and acute care surgery. 2014;77(3 Suppl 2):S163-70.
44. Carlier M, Carrette S, Roberts JA, Stove V, Verstraete A, Hoste E, et al. Meropenem and
piperacillin/tazobactam prescribing in critically ill patients: does augmented renal clearance affect
pharmacokinetic/pharmacodynamic target attainment when extended infusions are used? Critical
care (London, England). 2013;17(3):R84.

45. Carrie C, Legeron R, Petit L, Ollivier J, Cottenceau V, d'Houdain N, et al. Higher than
standard dosing regimen are needed to achieve optimal antibiotic exposure in critically ill patients
with augmented renal clearance receiving piperacillin-tazobactam administered by continuous
infusion. Journal of critical care. 2018;48:66-71.

46. Dhaese SAM, Roberts JA, Carlier M, Verstraete AG, Stove V, De Waele JJ. Population
pharmacokinetics of continuous infusion of piperacillin in critically ill patients. International
journal of antimicrobial agents. 2018;51(4):594-600.

47. Udy AA, Dulhunty JM, Roberts JA, Davis JS, Webb SAR, Bellomo R, et al. Association
between augmented renal clearance and clinical outcomes in patients receiving beta-lactam
antibiotic therapy by continuous or intermittent infusion: a nested cohort study of the BLING-II
randomised, placebo-controlled, clinical trial. International journal of antimicrobial agents.
2017;49(5):624-30.

48. Nicolau DP, De Waele J, Kuti JL, Caro L, Larson KB, Yu B, et al. Pharmacokinetics and
Pharmacodynamics of Ceftolozane/Tazobactam in Critically Il Patients With Augmented Renal
Clearance. Int J] Antimicrob Agents. 2021;57(4):106299.

49, Shorr AF, Bruno CJ, Zhang Z, Jensen E, Gao W, Feng HP, et al. Ceftolozane/tazobactam
probability of target attainment and outcomes in participants with augmented renal clearance from
the randomized phase 3 ASPECT-NP trial. Crit Care. 2021;25(1):354.

50. Ley EJ, Brown CVR, Moore EE, Sava JA, Peck K, Ciesla DJ, et al. Updated guidelines to
reduce venous thromboembolism in trauma patients: A Western Trauma Association critical
decisions algorithm. J Trauma Acute Care Surg. 2020;89(5):971-81.

51. Abdel El Naeem HEM, Abdelhamid MHE, Atteya DAM. Impact of augmented renal
clearance on enoxaparin therapy in critically ill patients. Egyptian Journal of Anaesthesia.
2017;33(1):113-7.

52. Hernandez-Mitre MP, Medellin-Garibay SE, Rodriguez-Leyva I, Rodriguez-Pinal CJ,
Zarazua S, Jung-Cook HH, et al. Population Pharmacokinetics and Dosing Recommendations of
Levetiracetam in Adult and Elderly Patients With Epilepsy. J Pharm Sci. 2020;109(6):2070-8.
53.  Jarvie D, Mahmoud SH. Therapeutic Drug Monitoring of Levetiracetam in Select
Populations. J Pharm Pharm Sci. 2018;21(15):149s-76s.

81



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

55. La MK, Morbitzer KA, Cook A, Hatton-Kolpek J, Jordan JD, Nelson NR, et al.
Levetiracetam pharmacokinetics and dose optimization for seizure prophylaxis in TBI.
Neurocritical Care. 2018;29(1 Supplement):S106.

56. May C, Arora S, Parli S, Bastin MT, Cook A. Levetiracetam pharmacokinetics in
subarachnoid hemorrhage patients with augmented renal clearance: A Monte Carlo Simulation.
Pharmacotherapy. 2014;34(10):e261-¢2.

57.  Spencer DD, Jacobi J, Juenke JM, Fleck JD, Kays MB. Steady-state pharmacokinetics of
intravenous levetiracetam in neurocritical care patients. Pharmacotherapy. 2011;31(10):934-41.
58. Bilbao-Meseguer I, Barrasa H, Asin-Prieto E, Alarcia-Lacalle A, Rodriguez-Gascon A,
Maynar J, et al. Population Pharmacokinetics of Levetiracetam and Dosing Evaluation in Critically
I11 Patients with Normal or Augmented Renal Function. Pharmaceutics. 2021;13(10).

59. 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.
60.  Forsberg J, Bedard E, Mahmoud SH. Bioavailability of Orally Administered Drugs in
Critically Il Patients. J Pharm Pract. 2022:8971900221100205.

61. Al-Hwiesh A, Alhwiesh A, Abdul-Rahman IS, Al-Harbi A, Mousa D, Skiker S, et al.
Meropenem at recommended dose is a potential risk for seizure in hemodialysis patient. Saudi J
Kidney Dis Transpl. 2020;31(6):1427-31.

62. Izumisawa T, Kaneko T, Soma M, Imai M, Wakui N, Hasegawa H, et al. Augmented Renal
Clearance of Vancomycin in Hematologic Malignancy Patients. Biological & pharmaceutical
bulletin. 2019;42(12):2089-94.

63. Villanueva RD, Talledo O, Neely S, White B, Celii A, Cross A, et al. Vancomycin dosing
in critically ill trauma patients: The VANCTIC Study. The journal of trauma and acute care
surgery. 2019;87(5):1164-71.

64. Vermis K, Steel E, Vandenbroucke J. Prevalence of augmented renal clearance in
haematological patients and the impact on vancomycin dosing. Journal of Oncology Pharmacy
Practice. 2014;20(3 SUPPL. 1):7.

65. Chu Y, Luo Y, Jiang M, Zhou B. Application of vancomycin in patients with augmented
renal clearance. European journal of hospital pharmacy : science and practice. 2020;27(5):276-9.
66. Mikami R, Imai S, Hayakawa M, Sugawara M, Takekuma Y. Clinical applicability of
urinary creatinine clearance for determining the initial dose of vancomycin in critically ill patients.
J Infect Chemother. 2022;28(2):199-205.

67. Weigel J, Egal M, Lima A, Koch B, Hunfeld NG, Van Gelder T, et al. Vancomycin is
underdosed in patients with high estimated glomerular filtration rate. Intensive Care Medicine.
2014;40(1 SUPPL. 1):S252.

68. Sridharan K, Pasha SAA, Qader AM, Hasan HM, ElSeirafi MM. Drug Utilization in
Critically ill Adults with Augmented Renal Clearance Compared to Normal Renal Clearance:
Implications for use of Antimicrobials with Predominant Renal Excretion. Current clinical
pharmacology. 2020.

69. Ramos A, Dogliotti A, Pires N, Lovesio C, Latasa D, Perezlindo M, et al. Enoxaparin
pharmacokinetics in patients with augmented renal clearance, preliminary results of a single center
study. Critical Care. 2018;22(Supplement 1).

82



CHAPTER 4 COMPARISON OF NIMODIPINE FORMULATIONS AND
ADMINISTRATION TECHNIQUES VIA ENTERAL FEEDING TUBES IN PATIENTS
WITH ANEURYSMAL SUBARACHNOID HEMORRHAGE: A MULTICENTER
RETROSPECTIVE COHORT STUDY

Authors:
Sherif Hanafy Mahmoud, BSc (Pharm), MSc, PhD, FNCS'
Fatma R Hefny, BSc (Pharm), BCPS!
Nicholas G. Panos, Pharm D?
Laura Delucilla, Pharm D, MSc?
Zinquon Ngan, Pharm D, MSc?
Marc M. Perreault, MSc, Pharm D, FCSHP>*
Leslie A. Hamilton, Pharm D, FCCP, FCCM, FNCS, BCPS, BCCCP?
A. Shaun Rowe, Pharm D, BCCCP, FNCS?
Pamela L. Buschur, Pharm D, BCPS®

. Jocelyn Owusu-Guha, Pharm D, BCCCP®

. Sulaiman Almohaish, Pharm D, BCPS’#

. Melissa Sandler , Pharm D, BCCCP”?

. Michael J. Armahizer, Pharm D, BCCCP!°

. Megan E. Barra, Pharm D, BCPS, BCCCP!!

. Aaron M. Cook, Pharm D'?

. Colleen A Barthol, Pharm D, BCPS, BCCCP'?

. Trager D Hintze, Pharm D'*

. Anna Cantin, Pharm D, BCPS"

. Jessica Traeger, Pharm D, BCCCP'®

. Joseph R. Blunck, Pharm D, BCPS, BCCCP!’

. Justin Shewmaker, Pharm D, BCPS!’

. Sarah V. Burgess, Pharm D'®

. Kristin Kaupp, BSc, BSc (Pharm), ACPR!®

. Caitlin S. Brown, Pharm D, BCCCP"

. Sarah L Clark, Pharm D, BCPS"

A e A R o A e

|\ T NG T NG T NG TN NG TN N JEN S Gy GGG G VU GG G S SO
N A W D = O OV 0 N O N B~ W N = O

83



26. Erin D. Wieruszewski, Pharm D, BCCCP"

27. Eljim P. Tesoro, Pharm D, FNCS, FCCM, BCCCP?
28. Abdalla A. Ammar, Pharm D, BCCCP, BCPS?!

29. Mahmoud A. Ammar, Pharm D, BCCCP, BCPS?!

30. Mandy J Binning, MD, FAANS?*

31. Stanislav Naydin, MD?**

32. Neal Fox, Pharm D, RPh, BCPS??

33. David M. Peters Jr, Pharm D, BCCCP**

34. Leana N Mahmoud, Pharm D, MAS?®

35. Shaun P. Keegan, Pharm D, BCPS?¢

36. Gretchen M. Brophy, Pharm D, BCPS, FCCP, FCCM, FNCS, MCCM’

"Faculty of Pharmacy and Pharmaceutical Sciences, University of Alberta, Edmonton, Alberta,
Canada

2 Department of Pharmacy, Rush University Medical Center, Chicago, Illinois, USA
3Department of Pharmacy, McGill University Health Centre, Montreal, Quebec, Canada

“Faculty of Pharmacy, Université de Montréal, Montreal, Quebec, Canada

SUniversity of Tennessee Health Science Center, College of Pharmacy, Knoxville, Tennessee,
USA

®OhioHealth Riverside Methodist Hospital, Columbus, Ohio, USA

"Virginia Commonwealth University, School of Pharmacy, Department of Pharmacotherapy and
Outcomes Science, Richmond, Virginia, USA

8King Faisal University, College of Clinical Pharmacy, Al-Ahsa, Saudi Arabia

Virginia Commonwealth University, Department of Physical Medicine and Rehabilitation,
School of Medicine, Richmond, Virginia, USA

%Pharmacy Services, University of Maryland Medical Center, Baltimore, Maryland, USA
""Department of Pharmacy, Massachusetts General Hospital, Boston, Massachusetts, USA
2UKHealthCare, University of Kentucky College of Pharmacy, Lexington, Kentucky, USA
BUniversity Health, Department of Pharmacotherapy & Pharmacy Services, San Antonio, Texas,

USA

84



“Department of Pharmacy Practice, Texas A&M College of Pharmacy, College Station, Texas,
USA

SHartford Hospital, Hartford, Connecticut, USA

6University Hospitals Cleveland Medical Center, Cleveland, Ohio, USA

"Department of Pharmacy, Saint Luke’s Hospital, Kansas City, Missouri, USA

"¥Queen Elizabeth II Health Sciences Centre, Nova Scotia Health, Halifax, Nova Scotia, Canada
YMayo Clinic, Rochester, Minnesota, USA

20College of Pharmacy, University of Illinois at Chicago, Chicago, Illinois, USA

2'Department of Pharmacy, Yale New Haven Hospital, New Haven, Connecticut, USA

22Global Neurosciences Institute, Pennington, New Jersey, USA

23Premier Health Miami Valley Hospital, Dayton, Ohio, USA

24Cedarville University School of Pharmacy, Cedarville, Ohio, USA

ZDepartment of Pharmacy, Rhode Island Hospital/Lifespan, Providence, Rhode Island, USA
*Department of Pharmacy, University of Cincinnati Medical Center, Cincinnati, Ohio, USA

Corresponding Author:
Sherif Hanafy Mahmoud, BSc (Pharm), MSc, PhD, FNCS

Clinical Associate Professor and Director of Certificate to Canadian Pharmacy Practice Program

ORCID number: https://orcid.org/0000-0002-5517-2622

Faculty of Pharmacy and Pharmaceutical Sciences, University of Alberta
3-142H Katz Group Centre for Pharmacy and Health Research
Edmonton, AB, Canada T6G 2E1; Tel: 780-492-5364; Email: smahmoud(@ualberta.ca

Key words: nimodipine; aneurysmal subarachnoid hemorrhage; diarrhea; vasospasm; enteral

administration; delayed cerebral ischemia

Contflict of interest: All authors have nothing to disclose.
This retrospective chart review study was reported following the strengthening the reporting of

observational studies in epidemiology (STROBE) checklist

85


https://orcid.org/0000-0002-5517-2622
mailto:smahmoud@ualberta.ca

ABSTRACT

Background: Delayed cerebral ischemia (DCI) is the main complication that contributes to
unfavorable outcomes in patients with aneurysmal subarachnoid hemorrhage (aSAH). Nimodipine
is the only drug shown to decrease the incidence of DCI and improve patient outcomes (Class I;
Level of Evidence A). Therefore, current guidelines suggest that all aSAH patients receive oral
nimodipine for 21 days. Patients with no difficulty swallowing will swallow the whole capsules or
tablets; otherwise, nimodipine liquid must be drawn from capsules, tablets need to be crushed or
the commercially available liquid product to be used to facilitate administration through an enteral
feeding tube (FT). It is not clear whether these techniques of administration are equivalent.
Therefore, the overall goal of the study was to determine if different nimodipine formulations and
administration techniques via FT were associated with the safety and effectiveness of nimodipine.
Methods: This was a retrospective multicenter observational cohort study conducted in 21
hospitals across North America. Medical records of patients admitted with aSAH were reviewed.
Those who received nimodipine by enteral FT for > 3 days were included. Patient demographics,
disease severity, nimodipine administration and study outcomes (prevalence of diarrhea,
nimodipine dose reduction (from 60 mg Q4h to 30 mg Q2h) or discontinuation secondary to
hypotension and DCI) were collected. Descriptive statistics were used to present the data.
Predictors of the study outcomes were analyzed using regression modeling.

Results: A total of 727 patients were included. Administration of nimodipine oral liquid product
was independently associated with higher prevalence of diarrhea compared to other administration
techniques/formulations (OR 2.31, 95%CI 1.46 - 3.66, p-value < 0.0001 and OR 3.22, 95% CI
1.61-6.41, p-value = 0.001, for old and new commercially available formulations, respectively).
Bedside withdrawal of liquid from nimodipine capsules prior to administration was significantly
associated with higher prevalence of nimodipine dose reduction or discontinuation secondary to
blood pressure reduction (OR 2.82, 95%CI 1.57-5.06, p-value = 0.001). Tablet crushing and
bedside withdrawal of liquid from capsules prior to administration were associated with increased
odds of DCI (OR 6.66, 95%CI 3.48-12.74, p-value < 0.0001 and OR 3.92, 95%CI 2.05-7.52, p-
value<0.0001, respectively). No differences were observed between groups in the rates of
mortality.

Conclusions: Our findings suggest that different enteral nimodipine formulation and

administration techniques are associated with the propensity for diarrhea, hypotension and DCI.
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This could be attributed to excipient differences, inconsistency and inaccuracy in medication
administration and altered nimodipine bioavailability. Further studies are needed to determine the
optimal formulation/technique for enteral nimodipine administration.

Key words: nimodipine; aneurysmal subarachnoid hemorrhage; diarrhea; vasospasm; enteral

administration; delayed cerebral ischemia

4.1 INTRODUCTION

Aneurysmal subarachnoid hemorrhage (aSAH) is a neurological emergency resulting from
blood extravasating into the subarachnoid space secondary to ruptured brain aneurysm. The
average mortality rate following aSAH is estimated to range from 30 to 50%, with approximately
one-third of aSAH survivors experiencing debilitating cognitive and functional disabilities (1-3).
Delayed cerebral ischemia (DCI) and vasospasm are the primary complications contributing to
unfavorable outcomes following aSAH. Calcium channel blockers play a crucial role in
significantly reducing the incidence of post-SAH arteriopathy, subsequently improving patients’
functional outcomes. Nimodipine, administered as 60 mg every 4 hours for 21 days, is the only
oral calcium channel blocker that has been shown to decrease the rates of DCI and improve
neurological outcomes and hence recommended by clinical guidelines (Class I; Level of Evidence
A). (1, 3).

In the United States (US), oral nimodipine is available in soft gelatin capsules and oral
liquid forms, while in Canada the only dosage form currently available is nimodipine tablets.
Conscious and capable patients swallow whole nimodipine tablets or capsules. However, in
Canadian institutions, for those patients who are unable to swallow whole tablets due to
mechanical ventilation, altered mental status, dysphagia, or other reasons, nursing staff crush
nimodipine tablets, suspend it in water and administer it through enteral feeding tubes (FT).
Nevertheless, according to the nimodipine manufacturer’s monograph, the tablets should not be
crushed prior to administration as this may decrease its intended bioavailability and clinical
effectiveness (4). In US institutions where the nimodipine soft gelatin capsules are available, the
liquid is often siphoned from the soft gelatin capsule shell in clinical practice. This is done either
by the nursing staff in the intensive care unit (ICU) and administered through FT by oral syringes,
or by the pharmacy staff to prepare an extemporaneously prepared liquid which is then measured

in oral syringes and administered through FT. In US institutions where a nimodipine oral liquid
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product (Nymalize®) is available, it is directly administered through the FT. The dose in this case
is either measured from 6mg/ml nimodipine bottles or premeasured 30 mg and 60 mg oral syringes.
It is not clear, however, whether these formulations and techniques of administration are equivalent
and equally well tolerated. Anecdotal evidence suggests that patients receiving the nimodipine oral
liquid product exhibit a higher incidence of diarrhea. In addition, some studies suggest that that
the bioavailability of nimodipine is reduced when administered through FT, especially in more
severe aSAH (5, 6). However, the evidence is sparse, suggesting the need to address this
knowledge gap. Therefore, the overall goal of the study was to determine if different nimodipine
formulations and administration techniques via FT were associated with the safety and
effectiveness of nimodipine in aSAH.

The primary objective of the study was to compare the safety of enteral nimodipine
formulations and administration techniques. Safety endpoints included the prevalence of diarrhea
and nimodipine dose reduction or discontinuation secondary to blood pressure reduction. The
secondary objective was to determine if nimodipine administration techniques are associated with
patient outcomes, including angiographic evidence of vasospasm using digital subtraction
angiography, DCI (as defined in the methods section) and hospital mortality. To our knowledge,

this is the first study of this scale to perform such comparisons.

4.2 METHODS
4.2.1 Study Design

This was a multicenter, retrospective, observational cohort study conducted across 21
hospitals in North America. Site investigators individually obtained ethics approval, each from
their corresponding institutional review board (IRB) and were subject to the governing regulations
set by their IRBs. For this study design, informed consent was not required. The study was
performed in compliance with the Declaration of Helsinki ethical standards and its later
amendments or comparable sets of ethical standards in each jurisdiction.
4.2.2 Study Population

Medical records of patients admitted to any of the participating hospitals and treated with
nimodipine were reviewed. Inclusion criteria were non-traumatic SAH diagnosis, age 18 years or
older and those who received nimodipine through enteral FT for 3 or more days and admitted

within the dates of January 1% 2016, to July 31%, 2020.
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4.2.3 Data Extraction

Study data were collected and managed using REDCap electronic data capture tool hosted
at the University of Alberta (Edmonton, Alberta, Canada) (7, 8). Data collected included patients’
demographics (age, height, weight, and biological sex), aneurysm location, aneurysm treatment
(e.g., endovascular coiling, surgical clipping), Fisher scale and Hunt and Hess grade, and presence
of pre-existing liver disease (liver cirrhosis or Child Pugh class B or C). Body mass index (BMI)
was also calculated for each patient. The nimodipine administration record was collected and
included dose, frequency, duration, formulation and technique of administration. The lowest
systolic blood pressure (SBP) value before the start of nimodipine and 24 hours after initiation and
SBP values reported at the time of dose change or discontinuation were recorded. In addition,
administration and duration of liver microsomal enzyme (LME) inducing and inhibiting
medications, vasopressors and laxatives were recorded for the first 21 days of hospital stay or until
discharge, whichever came first.

Primary endpoints included occurrence and duration of diarrhea and nimodipine dose-
reduction or discontinuation (attributed to blood pressure reduction or hypotension as documented
in the patient’s record). Secondary endpoints included reporting of DCI and hospital mortality.
Other outcomes collected were the hospital and intensive care unit (ICU) length of stay and
discharge disposition.

4.2.4 Definitions

Diarrhea was defined as the reporting of 3 or more loose or liquid stools per day or
documentation of diarrhea in the patient’s chart by the medical team. DCI was defined as the
documentation of a new onset focal neurological impairment (such as hemiparesis or aphasia),
cerebral infarction or a decrease of at least 2 points in Glasgow Coma Score (GCS) that cannot be
explained by other causes (10). LME inducers included phenytoin, fosphenytoin, carbamazepine,
pentobarbital, phenobarbital, primidone and rifampin. LME inhibitors included fluconazole,
verapamil, amiodarone, diltiazem, nicardipine, erythromycin, valproic acid and protease
inhibitors.

4.2.5 Data Analysis

Patients were stratified into five main groups corresponding to their nimodipine

formulation and administration technique: Group 1 (6 reporting centers, n =178) included patients

who received extemporaneously prepared liquid drawn from soft gelatin capsules performed by
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trained compounding pharmacy staff; Group 2 (6 reporting centers, n = 96) included patients who
received liquid drawn from soft gelatin capsules performed at bedside by the nurse; Group 3 (3
reporting centers, n = 127, Canada) included patients who received crushed nimodipine tablets;
Group 4 (11 reporting centers, n = 252) included patients who received the commercially available
nimodipine oral liquid product (Nymalize® - old formulation) (11) and Group 5 (4 reporting
centers, n = 74) included patients who received the commercially available newly reformulated
and premeasured nimodipine liquid (Nymalize® - new formulation) oral syringes which,
according to the manufacturer, now contains nearly 44% less polyethylene glycol (PEG) excipient
than the original formula (Group 4) (12). If the patient was exposed to more than one enteral
formulation or administration technique, they were assigned to the group with highest number of

administration days.

Continuous variables (being not normally distributed) were presented as median with
interquartile range (IQR) and were compared using Kruskal-Wallis test followed by Dunn’s
multiple comparison test with Bonferroni correction for multiple comparisons. Categorical
variables were presented as frequency and percentage n (%) and were compared using 42 or Fisher
exact test, as appropriate. The association between covariates (including stratified nimodipine
administration groups) and study endpoints were analyzed using univariate logistic regression.
Biologically plausible variables, potential confounders (variables seems to significantly differ
across the groups) and/or those with p values of < 0.2 were controlled for in the multivariate
logistic regression models and adjusted odds ratios (OR) were determined. The fit of the final
models with the variables controlled for in the models was confirmed by using Hosmer—Lemeshow
goodness-of-fit test. Models’ discrimination was compared using the area under the receiver
operating characteristic (ROC) curve. Missing data, if any, were handled by complete case
analysis. A p value < 0.05 was set as the level of significance. Data analysis was conducted using

STATA software version 15 (STATA Corporation, College Station, Texas).

4.3 RESULTS

A total of 842 patient charts from 21 reporting hospitals were reviewed; 115 patient records
were excluded as they received enteral nimodipine for less than 72 hours. Therefore, a total of 727

patient records satisfied the inclusion criteria and were analyzed. Table 4.1 details the baseline
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characteristics of the patients included in the study. Females comprised 68% of the study
population and the median (IQR) age was 60 (51-69) years. The majority of aneurysms were
treated by endovascular coiling [450 (61.9%)], while 170 (23.4%) were treated by surgical
clipping. As depicted in Table 4.1, groups were similar in terms of baseline characteristics and
admission Hunt and Hess grade. However, inter-groups differences were identified. Groups
differed in terms of weight, BMI, aneurysm location, aneurysm securing technique (e.g., coiling,
clipping, etc.) and Fisher scale, which we attempted to control for the multivariate logistic
regression models. Table 4.2 depicts nimodipine administration regimens in the study groups.
The median (IQR) number of days patients received nimodipine collectively was 18 (11-21), and
the median (IQR) number of days nimodipine was administered via enteral FT was 12 (7-20) with
no significant difference among the study groups. Patients also spent a median (IQR) of 11 (5-17)
days receiving nimodipine 60 mg every 4h and 2 (0-8) days receiving 30 mg every 2h. As shown
in Table 4.2, 109 patients (15%) received LME inducers and 12 (1.7%) received LME inhibitors.
Six hundred and seventy patients (92.2%) received any laxative during the reporting period and
627 (86.2%) received an antibacterial drug. A total of 419 (57.6%) patients received vasopressors.
These exposures were addressed and accounted for using multiple logistic regression as mentioned

in the methods and will be further elaborated below.
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7.TABLE 4.1. BASELINE CHARACTERISTICS OF THE STUDY POPULATION

Group 1: Liquid Group 2: Liquid Group 3: Crushed Group 4: Group 5: All patients P-value
drawn from capsules | drawn from capsules nimodipine tablets Nimodipine liquid nimodipine liquid (n=727)
by the pharmacy in the intensive care (n=127) product (old product (new
department unit formulation) formulation)
Characteristic (n =178) (n=96) (n=252) (n=74)
Number of reporting hospitals* 6 6 3 11 4 21 -
Age (years) median (IQR) 58 (50-70) 60 (48-68) 61 (51-68) 60 (51-70) 57.5 (53-67) 60 (51-69) 0.976
Female 127 (71) 67 (69.8) 85 (66.9) 170 (67.5) 45 (60.8) 494 (68)¢ 0.572
Height (cm) median (IQR) 165.1 (160-172.7)¢ 165.1 (160-172.7)¢ 167.3 (160-175)° 165.1 (158-173)" 165 (158-175) 165.1 (160-173) 0.548
Weight (kg) median (IQR) 79.5 (67.1-95.3) 74.45 (62.4-90) 73 (60-89.7)° 73.7 (62.6-85) 71.35 (59.8-92.8)° 74.40 (62.6-90) 0.012
Body Mass Index (BMI) median (IQR) 28.3 (24.7-33.2)¢ 27.4(21.9-31.6) 26.2 (23-29.4)>¢ 26.6 (23.7-30.5)>F 25.4(22.5-31.4)° 26.99 (23.6-31.2)¢ 0.0018
BMI categories Underweight 3(1.7) 4 (4.2) 7(5.7)¢ 4(1.6) 8(10.8) 26 (3.6)¢ <0.0001
Normal 47 (26.6) 31(32.6) 39 (31.97) 84 (34.15) 25(33.8) 226 (31.7)
Overweight 52 (29.4) 29 (30.5) 49 (40.2) 93 (37.8) 19 (25.7) 242 (33.9)
Obese 75 (42.4) 31(32.6) 27(22.1) 65(26.4) 22 (29.7) 220 (30.8)
Aneurysm ACA 29 (16.3) 7(7.3) 6(4.7) 43 (17.1) 20 (27) 105 (14.4) <0.0001
location MCA 34 (19.1) 15 (15.6) 33 (25.98) 48 (19.1) 12 (16.2) 142 (19.5)
ACOM 15 (8.43) 30 (31.25) 42 (33.07) 38 (15.08) 9(12.2) 134 (18.4)
PCOM 28 (15.7) 17.(17.7) 17(13.4) 45(17.9) 7(9.5) 114 (15.7)
Angio 19 (10.7) 1(1) 2(1.6) 17 (6.75) 6(8.1) 45(6.2)
negative/Unknown
Other/Multiple 53(29.78) 26 (27.1) 27 (21.3) 61 (24.21) 20 (27) 187 (25.7)
locations
Aneurysm Clipping 34 (19.1) 39 (40.6) 35(27.6) 50 (19.8) 12 (16.2) 170 (23.4) <0.0001
treatment Coiling 107 (60.1) 52 (54.2) 82 (64.6) 161 (63.9) 48 (64.9) 450 (61.9)
Other treatment” 37 (20.8) 5(5.2) 10 (7.9) 41 (16.3) 14 (18.9) 107 (14.7)
Fisher grade Low grade (1-2) 12 (7.1) 4 (4.6 7 (6.4) 24 (10.9)' 5Ly 62 (9.5)" 0.004
Grade 1 5(2.96) 1(1.1) 0(0) 3(1.4) 2(2.9) 11(1.7)
Grade 2 7(4) 334 7 (6.4) 21 (9.5) 13 (18.8) 51(7.8)
High grade (3-4) 157 (92.9) 84 (95.5) 102 (93.6) 197 (89.1) 54 (78.3) 594 (90.6)
Grade 3 56 (33.1) 17 (19.3) 13 (11.9) 69 (31.2) 15 (21.7) 170 (25.9)
Grade 4 101 (59.8) 67 (76.1) 89 (81.7) 128 (57.9) 39 (56.5) 424 (64.6)
Hunt & Hess Low grade 102 (59.7)° 58 (61.1)¢ 41 (48.2)° 144 (57.8)¢ 33 (47.8)" 378 (56.5) 0.189
grade Grade 1 21(12.3) 8(8.4) 3(3.5) 21 (8.4) 6(8.7) 59 (8.8)
Grade 2 33(19.3) 20 (21.1) 17 (20) 51(20.5) 14 (20.3) 135(20.2)
Grade 3 48 (28.1) 30 (31.6) 21(24.7) 72 (28.9) 13 (18.8) 184 (27.5)
High grade 69 (40.4) 37(39) 44 (51.8) 105 (42.2) 36 (52.2) 291 (43.5)
Grade 4 40 (23.4) 26 (27.4) 16 (18.8) 49 (19.7) 23(33.3) 154 (23)
Grade 5 29 (16.96) 11 (11.6) 28 (32.9) 56 (22.5) 13 (18.8) 137 (20.5)

All data are presented as n (%) unless otherwise specified; ACA, anterior cerebral artery; ACOM, anterior communicating artery; IQR, interquartile range; MCA, middle cerebral artery; PCOM, posterior

communicating artery; a, some centers reported more than one administration technique/formulation; b, significantly different from group 1; ¢, n=177; d, n=95; e, n=122; f, n=246; g, n=714; h, other: deconstructive
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strategy, pipeline embolization, partial Clipping then pipeline stenting, collagen plug, glue embolization, endovascular drain , onyx embolization; i, n=169; j, n=88; k, n=109; 1, n=221; m, n=69; n, n=656; 0, n=171;

p, n=85; q, n=249; r, n=669. Reported p-values are referring to whether between group differences exist.

8. TABLE 4.2. PHARMACOTHERAPY REPORTED IN THE CURRENT STUDY

Group 1: Liquid Group 2: Liquid Group 3: Group 4: Group S: All patients P-value
drawn from drawn from Crushed Nimodipine liquid | nimodipine liquid (n=727)
capsules by the capsules in the nimodipine product (old product (new
pharmacy intensive care unit tablets formulation) formulation)
department (n=96) (n=127) (n=252) (n=74)
(n =178)

Total number of days of nimodipine median (IQR) 19 (12-21) 17 (12-21) 19 (11-21) 17 (9.75-21) 18.5 (11-21) 18 (11-21) 0.06

Number of days of enteral nimodipine 12 (6-20) 10.5 (6-19) 13 (7-20) 12 (6-19) 12.5 (7-21) 12 (7-20) 0.741

Number of days of oral nimodipine 0 (0-6) 1 (0-6) 0 (0-6) 0 (0-4) 0 (0-5) 0 (0-5) 0.073
Nimodipine dosing median (IQR)

Number of days of nimodipine 60 mg q4h 10 (4-17)* 11 (4.5-16)* 16 (7-20) 10 (4-15)* 7 (2-14)* 11 (5-17) 0.0001

Number of days of nimodipine 30 mg q2h 3 (0-11)* 3(0-9) 0(0-3) 2.5 (0-7.25) 6 (0-14)~® 2 (0-8) 0.0001
LME inducer use‘ n(%) 17 (9.6) 14 (14.6) 57 (44.9) 19 (7.5) 2(2.7) 109 (15) <0.0001

Phenytoin n(%) 1 (0.6) 10 (10.4) 55(43.3) 16 (6.4) 1(1.4) 83 (11.4) <0.0001

Number of days of LME inducer [median 2 (2-3) 5(4-11.5) 5.5(2-10) 6 (2-12.5) 5.5 (4.75-6.25) 5(2-10) 0.140
LME inhib(iltgfl)llse" n(%) 8(4.5) 33.1) 0(0) 1(0.4) 0(0) 12 (1.7) 0.003
Any laxative use n (%) 175 (98.3) 95 (99) 124 (97.6) 210 (83.3) 66 (89.2) 670(92.2) <0.0001

Stool softener 121 (68) 89 (92.7) 1(0.8) 188 (74.6) 61 (82.4) 460 (63.3) <0.0001

Osmotic laxative 135 (75.8) 50 (52.1) 106 (83.5) 101 (40.1) 27 (36.5) 419 (57.6) <0.0001

Stimulant laxative 162 (91) 86 (89.6) 80 (63) 169 (67.1) 65 (87.8) 562 (77.3) <0.0001
Antibacterial use n(%) 153 (86) 88 (91.7) 116 (91.3) 202 (80.2) 68 (91.9) 627 (86.2) 0.005

Number of days of antimicrobials [median 5.5 (1-10) 8.5 (5-12)>¢ 8 (4-11)>¢ 5(1-11) 6 (3-10) 6 (2-11) 0.0004
Vasopressg‘?ll:e)]n(%) 103 (58) 71 (74) 59 (46.5) 140 (55.6) 46 (62.2) 419 (57.6) 0.001

Number of days of vasopressors [median (IQR)] | 1 (0-6)° 4(0-7) 0 (0-5)f 1 (0-4)f 2.5 (0-6) 1(0-5) 0.0003

Number of days (continuous data) are presented as median (IQR); categorical data are presented as n(%); LME, liver microsomal enzyme; a, significantly different from group 3; b, significantly different from group
4; ¢, LME inducers included phenytoin, fosphenytoin, phenobarbital, pentobarbital and carbamazepine; d, LME inhibitors included fluconazole, verapamil, amiodarone, nicardipine, diltiazem, erythromycin and

valproic acid; e, significantly different from group 1; f, significantly different from group 2. Reported p-values are referring to whether between group differences exist.
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4.3.1 Impact of nimodipine formulations and administration techniques on diarrhea
prevalence

Of the 727 included patients, 444 (61%) experienced diarrhea. The prevalence of diarrhea
among the study cohort groups ranged between 36.2% and 78.4% (Table 4.3). The highest
prevalence was observed in Group 5 receiving the new reformulated Nymalize® at 78.4%;
followed by Group 4 receiving the original Nymalize® formulation at 72.2%. The lowest
prevalence was observed in Group 3 (crushed tablets) at 36.2%. Diarrhea lasted for a median (IQR)
of 2 (0-6) days among the entire population. Groups 4 and 5 had significantly higher number of
days of diarrhea compared to the other groups (Table 4.3). The median (IQR) numbers of diarrhea
days were 4 (0-9) and 4 (1-7) in Groups 4 and 5, respectively; while for groups 1, 2 and 3, number
of days were 1 (0-4), 1 (0-3) and 0 (0-2), respectively.

Univariate followed by multivariate logistic regression analyses were performed to identify
covariates associated with diarrhea. After controlling for antibacterial use, laxative use, BMI and
Fisher grade, compared to Group 1 as a reference (baseline group), Groups 4 and 5 were
significantly associated with increased odds of diarrhea (OR 2.31, 95%CI 1.46 - 3.66, p-value <
0.0001 and OR 3.22, 95%CI 1.61-6.41, p-value = 0.001, respectively). On the other hand, Group
3 was significantly associated with decreased odds of diarrhea (OR 0.32, 95%CI 0.19 - 0.54, p-
value < 0.0001) compared with Group 1. We selected Group 1 to be the baseline group because
this is where the liquid has been accurately extracted from the capsules at the pharmacy
departments of the participating hospitals, representing the best possible measure taken to prevent
decrements to the amount or the bioavailability of nimodipine. (Table 4.4). To check if the
observed findings are not driven by a single center, we examined the unadjusted prevalence of
diarrhea in individual institutions. As depicted in Supplementary Figure 4.1, most centers within
Groups 4 and 5 receiving the commercially available formulations, had higher prevalence of

diarrhea.

%94



7.FIGURE 4.1. COMPARISON OF THE PREVALENCE OF DIARRHEA BY CENTER

Group 1 (Liquid drawn from capsules by the pharmacy department)

Queen Elizabeth 1| HEERI‘! Sciences Centre.
‘ale New Haven Health -

VCU Health - I

University of Tennessee Medical Center §

University of Maryland Wedical Center &
University of Kertucky

Uriversity of llinois at Chicago-

University of Cincinnali Medical Cenier -
University of Alberia Hospital
University Hospials Cleveland Medical Center
Univeraity Health System
Luke's Hospital -
Wedieal Center
e |sland hospital
OhioHealth Riverside Wiethodist Hospital
Montreal Neurological Hospital
Miami VaHay Hospital -

== Diarrhea

Ne Diarrhea

Rush Univers
Rh

May ]
Massachuselts General Hospital
artiord Hospital — ———
Glabal Neurosciences Instiute
@ & B3 &
number of subjects

Group 3 (crushed tablets in the intensive care unit)

Queen Ellzabeth |l Heatth Sclences Cerire —
i@ New Haven Health -
Health
University of Tennessee Medical Center
University of Ma ryland Megiical Center -
University of Kentucky
University of lllingis at Chicage -
Umvcrs\ty of Cincinnati Medical Center -
University of Alberta Hespital -
University Hospitals Cleveland Medical Genter
University Health System -
Saint Luke's Hospital
Rush University Mecical Center
ode Island hospital -
OhiaHealth Rluerslde Methodist Hospital
Wentreal Neurclogical Hespital
Miami Valley Hespital -

= Diarrhea

Na Diarthea

Massachusells Ge neral Hospital
Global Neurcscienses nstmuie -
' '

@ » © &
number of subjects

Group 4 (Nimodipine liquid product - new formulation)

Queen Elizabeth Il Health Sciences Centre
Yale New Haven Health

Heslth

University of Tennessee Medical Center-
University of Maryland Medical Center

reity of Kentucky

University of llinais at Chicago—

University of Cincinnati Medical Center
niversil jospilal

University Hospitals Clevaland Medical Center
Uni

m= Diarrhea

No Diarrhea

e lsland hospital

OhluHea\th Riverside MEdevst Hospital
onireal Neurological Hosoital

mi Valley Hospital

layo Clinic

Massachusetis Goneral Kospial

rd Hospital

Giobal Neuroborenaes Inetie

® ® ® &
number of subjects

95

Group 2 (Liquid drawn from capsules in the intensive care unit)

Queen Elizabeth |1 Healm Sciences Centre {
le New Haven Health
Health -
University of Tennessee Medical Center-|
University of Maryland Medical Center
niversity of Kentucky |
ersity of llinois at Chicago
Umvens\w 01 Cincinnati Medical Cenler
iversity of Alberta Hospital
University Hospitals Cleveland Medical Gentar
University Health System
Saint Luke's Hosprial
Rush Umvalso\:}( Medical Center |
Istand hospital
OhioHeath Riversids Methodist Hospial
lontreal Neurological Hospital
Miami Valley Hospital
ayo Clinic
Massachusetts General Hospital -1
artiordt Hospital
Global Newrostiences et

9

mm Diarrhea
Mo Diarthea

—
-]

——

——
T
> L3 &

number of subjects

Group 4 (Nimedipine liquid product - old formulation)}

Queen Elizabeth || Hea\th Sciences Centre
‘ale New Haven Health-

Universily of Tennessee Medical Center

University of Mary\and Medical Center|
University of Kenlucky

University of llinois at Chicago

Universiy of Cincinnati Medical Conter |

rsity of Mlberta Hospital |

University Hcsmmls ‘Cleveian Medical Center

University Health System-

Saint Luke's Haspital-

Rush University Medical Center

ode Island haspital

OhioHealth Riverside Methodist Hospital -
Montreal Neumlng\cal Haspital

mivaley Hnspwla\

inic|

Massachusetis Genéra\ \ {ospital

lartford Hospital

Global Neurosciences Institute

o

——
—
——
'
® s

number of subjects

== Diarrhea

No Diarrhea



4.3.2 Impact of nimodipine formulations and administration techniques on nimodipine dose

reduction or discontinuation secondary to hypotension

Nimodipine dose reduction (from 60 mg Q4h to 30 mg Q2h) or discontinuation secondary
to hypotension was reported in 171 (23.5%) patients (Table 4.3), with Group 2 (liquid drawn at
bedside) having the highest prevalence (41.7%, p-value = 0.0003). Using multivariate logistic
regression, after controlling for age, BMI and Fisher grade, Group 2 was significantly associated
with dose reduction and discontinuation (OR 2.82, 95%CI 1.57-5.06, p-value = 0.001) (Table 4.4).
To check if the observed findings are not driven by a single center, we examined the unadjusted
prevalence of nimodipine dose reduction or discontinuation secondary to blood pressure reduction
in individual institutions. As depicted in Supplementary Figure 4.2, it seems that the high

prevalence observed Group 2 was driven by two centers.
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4.3.3 Impact of nimodipine formulations and administration techniques on patient outcomes

Secondary endpoints included DCI and hospital mortality (Table 4.3). A total of 225 (31%)
patients experienced DCI. The magnitude of group-wise differences in DCI was higher than
expected. There was a statistically significant difference (p < 0.0001) in DCI prevalence among
the study groups (Table 4.3). The highest prevalence was observed in Group 3 (crushed tablets)
at 59.1% followed by Group 2 (liquid drawn at bedside) at 45.8%. The lowest prevalence was
observed in Group 1 (liquid drawn by pharmacy) at 13.5%. After controlling for age, BMI,
aneurysm location, aneurysm treatment, Fisher grade, and LME inducer use, Groups 2, 3, 4 and 5,
were significantly associated with increased odds of DCI compared to Group 1 as a reference,
where Groups 2 and 3 had the highest adjusted OR (Table 4.4). To check if the observed findings
are not driven by a single center, we examined the unadjusted prevalence of DCI in individual
institutions. As depicted in Supplementary Figure 4.3, it seems that institutions in Groups 2 and 3
had higher prevalence of DCI compared to other groups. None of the groups were associated with

mortality after controlling for age, Hunt and Hess grade and female sex (Table 4.4).
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9.FIGURE 4.3. COMPARISON OF THE PREVALENCE OF DCI BY CENTER
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9.TABLE 4.3. HOSPITAL COURSE AND PATIENT OUTCOMES

Group 1: Liquid Group 2: Liquid Group 3: Crushed Group 4: Group 5: All patients P-value
drawn from drawn from nimodipine tablets Nimodipine liquid nimodipine liquid (n=727)
capsules by the capsules in the (n=127) product (old product (new
pharmacy intensive care unit formulation) formulation)
department (n=96) (n=252) (n=74)
(n=178)
Diarrhea 105 (59) 53(55.2) 46 (36.2) 182 (72.2) 58 (78.4) 444 (61) <0.0001
Number of days of diarrhea 1 (0-4)"b¢ 1 (0-3)*° 0 (0-2)** 4(0-9) 4 (1-7) 2 (0-6) 0.0001
Mean SBP reduction® -12.5 (27 t0 0) -7(-23t05) -6 (-24 to 6) -9(-21t05) -4.5 (20 to 6) -9(-23t05) 0.105
Nimodipine discontinuation® 55(1) 32(33.3) 56 (44.1) 62 (24.6) 24 (32.4) 229 (31.5) 0.004
Nimodipine dose reduction® 86 (48.3) 61 (63.5) 46 (36.2) 72 (28.6) 30 (40.5) 295 (40.6) <0.0001
Nimodipine dose reduction or 33 (18.5) 40 (41.7) 25 (19.7) 55(21.8) 18 (24.3) 171 (23.5) 0.0003
discontinuation secondary to
hypotension
SBP value at the time of 113 (99-130)° 110 (99-131)¢ 128 (107-160) 111 (97-121)° 106 (95-118)° 113 (99-130)° <0.0001
nimodipine dose reduction or
discontinuation secondary to
hypotension (mmHg)
DCI 24 (13.5) 44 (45.8) 75 (59.1) 59(23.4) 23 (31.1) 225 (31) <0.0001
Onset day of DCI 6.5 (3-10) 6 (4-9) 5(2-7) 6 (4-10) 5(4-9) 5(3-9) 0.083
Discharged home 45 (25.3) 12 (12.5) 13 (10.2) 63 (25) 12 (16.2) 145 (19.9) <0.0001
Discharge | Transfer to acute care 46 (25.8) 44.2) 36(28.4) 30(11.9) 32(43.2) 148 (20.4)
outcome hospital
Transfer to continuing care | 62 (34.8) 59 (61.5) 46 (36.2) 103 (40.9) 16 (21.6) 286 (39.3)
Died 25 (14) 21 (21.9) 32(25.2) 56 (22.2) 14 (18.9) 148 (20.4)
ICU LOS 17(13-22)>¢ 18(14-21)>¢ 15(9-20) 15(10-20) 15.5(12-19) 16(11-21) 0.0001
Hospital LOS 22(15-27)° 21(17-27)° 27(19-42) 18(11.5-26.5)° 21(14-25)° 21(15-28) 0.0001

Continuous data are presented as median (IQR); categorical data are presented as n (%); DCI, delayed cerebral ischemia; SBP, systolic blood pressure; a, significantly different from group 4; b, significantly different
from group 5; c, significantly different from group 3; d, calculated by subtracting the lowest SBP 24h before nimodipine initiation from the lowest SBP 24h after nimodipine initiation; e, due to any cause. Reported

p-values are referring to whether between group differences exist.
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10.TABLE 4.4 ADJUSTED ODDS RATIOS OF ENTERAL NIMODIPINE ADMINISTRATION GROUPS AND STUDY ENDPOINTS

Group 1: Liquid
drawn from capsules
by the pharmacy
department

Group 2: Liquid drawn from capsules
in the intensive care unit

Group 3: Crushed nimodipine tablets

Group 4: Nimodipine liquid product
(old formulation)

Group 5: nimodipine liquid product
(new formulation)

Diarrhea®

Reference

OR 0.84,CI10.49 - 1.43,p=0.512

OR 0.32, CI1 0.19 - 0.54, p < 0.0001

OR 2.31,CI 1.46 - 3.66, p < 0.0001

OR 3.22,CI 1.61 —6.41, p=0.001

Dose reduction or D/C®

Reference

OR 2.82,CI 1.57 - 5.06, p=0.001

OR 1.08, C10.58 —2.01, p=0.806

OR 1.25,CI10.75-2.08, p=0.391

OR 1.37,CI1 0.69 —2.75, p=0.369

DCI*

Reference

OR 3.92, CI12.05 —7.52, p<0.0001

OR 6.66, CI 3.48 — 12.74, p < 0.0001

OR2.02,CI'1.15-3.54,p=10.014

OR 3.16, CI 1.55 - 6.42, p=0.001

Hospital mortality*

Reference

OR 1.86, C10.93 - 3.75, p=0.082

OR 1.84,C10.91 —3.72, p=0.087

OR 1.61,CI10.92 —2.83, p=0.095

OR 1.29,CI 0.58 —2.86, p=0.533

CI, 95% confidence interval; DCI, delayed cerebral ischemia; Dose reduction of D/C, nimodipine dose reduction of discontinuation secondary to blood pressure reduction; OR, adjusted odds ratio; a, controlled for any
laxatives use, antibacterials use, body mass index (BMI) and Fisher grade (n=648); b, controlled for age, BMI and Fisher grade (n=648); c, controlled for age, BMI, aneurysm location, aneurysm treatment, Fisher grade and
liver microsomal enzyme inducer use (n = 648); d, controlled for age, female sex and Hunt and Hess grade (n=669).
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4.4 DISCUSSION

In this study we compared available enteral nimodipine formulations and administration
techniques in terms of tolerability and effectiveness. Our findings suggest that enteral nimodipine
formulations and administration techniques are associated with the propensity for diarrhea,

hypotension, and DCI.

In our study, patients in Groups 4 and 5 (both commercially available nimodipine liquid
formulations) had the highest diarrhea prevalence and Group 3 (crushed tablets) had the lowest
prevalence. Data on the prevalence of diarrhea among aSAH patients are limited. Our findings are
similar to anecdotes and clinical experience suggesting diarrhea is highly prevalent in patients
receiving the nimodipine oral liquid product (12). In a single center study conducted by Brooker
et al, 82.4% of those who received the nimodipine oral liquid product developed diarrhea (12).
However, the study was limited by its small sample size. On the other hand, the prevalence of
diarrhea reported in drug product monographs were much lower than our study, ranging from 1.7-
4.2% (11, 13). These data are merely derived from the results of clinical studies where the patient
population received nimodipine capsules as opposed to nimodipine liquid. In addition, 92.2% and
86.2% of our cohort received laxatives and antibacterials, respectively, potentially contributing to
the increased prevalence of diarrhea. However, despite controlling for these covariates, the
association between the formulation and administration technique and diarrhea still existed. This
could be attributed to variation in the amount of excipients in each formulation, notably the amount
of PEG content, an ingredient with laxative properties, evidenced by the high odds of diarrhea in
groups 4 and 5 receiving the commercially available nimodipine oral liquid products containing a
high PEG content. Although the reformulated oral liquid product has been marketed for the benefit
of containing double the nimodipine concentration (6 mg/ml) compared to the original
formulation, allowing for administration of half the liquid volume for the same dosage (and
approximately 44% less PEG), Group 5 still demonstrated high odds of diarrhea. Therefore, it is
recommended to exercise caution when using nimodipine oral liquid product and to reduce the
concomitant use of laxatives. Contrarily, other formulations and administration techniques

(Groups 1, 2 and 3) had a lower propensity for diarrhea, suggesting better tolerability in this regard.
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Despite it being the only preventive treatment for DCI after aSAH, the main challenge
limiting the dosing of nimodipine is hypotension. Oral or intravenous nimodipine administration
yields a cerebrospinal spinal fluid (CSF) concentration that is ten-fold lower than the plasma
concentration (14). Hypotension starts to occur at a 30 ng/ml plasma nimodipine concentration
(14). This hypotension safety risk hampers the ability to determine if higher doses of oral
nimodipine would prove more effective. Further clinical studies are currently attempting to
evaluate the safety and effectiveness of local delivery options as a way of bypassing or curbing
systemic limitations (15-20). In our study, we found the highest prevalence of nimodipine dose
reduction or discontinuation due to blood pressure reduction was seen in Group 2. The rationale
behind this finding is unclear. This could be attributed to institutional practice differences in their
threshold for initiating vasopressors and discontinuing or reducing the dose of nimodipine
especially since Group 2 had the highest percentage of vasopressor use compared to other groups.
It should be noted, that due to the retrospective nature of the study, we are unable to determine the
exact cause of hypotension in those patients, which could have been attributed to SAH-related
cardiovascular and cerebrovascular dysfunctions rather than nimodipine-induced blood pressure

reduction and the results should be interpreted with caution.

Although the prevalence of DCI in the study population is consistent with existing
literature, Groups 2 (liquid drawn at bedside) and 3 (crushed tablets) demonstrated the highest
odds of developing DCI (21). This raises the concern that enteral nimodipine formulation and
administration techniques may not be equivalent in terms of their effectiveness. This could be
attributed to altered nimodipine systemic exposure secondary to inconsistency in medication
administration and variations in nimodipine oral bioavailability notably for Groups 2 and 3. To
illustrate, Oyler et al. have found that simulated bedside extraction of 30 mg nimodipine capsule
contents provided inconsistent and lower yield compared to pharmacy-compounded oral syringes
(22.6+4.6 mg vs. 30.4+0.59 mg, respectively, p-value = 0.001), suggesting potential inaccuracies
of bedside extraction of capsule contents (as done in Group 2) (22). In addition, the observed
differences are less likely due to variations in the FT placement as approximately 93% of the
participating hospitals reportedly utilize gastric positioning of the FT. With regard to nimodipine
tablets, the manufacturer recommends against tablet crushing (as done in Group 3) as this may

reduce nimodipine bioavailability and effectiveness (4). A few small studies have corroborated the
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manufacturer’s recommendation. To illustrate, Kumana et al. have reported reduced systemic
exposure in a patient where nimodipine was administered as crushed tablets via a gastric tube (23).
Abboud et al. compared enteral and parenteral nimodipine plasma concentrations in patients
switched from intravenous to oral routes. They have reported lower bioavailability in patients
receiving nimodipine tablets via an FT compared to those who swallowed whole tablets (24).
Moreover, in a single center retrospective study, Isse et al. have reported an association between
nimodipine administration technique and patient outcomes where patients receiving crushed
nimodipine tablets enterally had worse outcomes compared to those who received whole tablets
after controlling for disease severity (5). However, this study was a single center study with small
sample size, limiting its generalizability. Furthermore, nimodipine is light-sensitive and is subject
to photodegradation if not administered immediately or stored properly, further contributing to
administration inconsistencies (25, 26). This would be of relevance to Groups 2 and 3 as in both
cases nimodipine dose needs to be prepared in the ICU before administration, which may remain
in the medicine cup or oral syringe for variable times resulting in various degrees of
photodegradation. Another factor that influences nimodipine exposure is the use of LME inducers.
Although Groups 2 and 3 had the highest use of LME inducers, the median number of days on
LME inducer was less than one week in both groups. In addition, it was controlled for as a
confounder in our regression modeling and administration group remained an independent
predictor for DCI. Taken together, it would be prudent to avoid crushing nimodipine tablets (Group
3) or to administer liquid drawn from soft gelatin capsules performed at bedside by the nurse
(Group 2) for enteral administration techniques as common practice. Alternative administration
techniques and formulations should be considered.

Our study is limited by the retrospective nature of the study design. Hence, there might
have been other unforeseen or uncaptured confounders such as institutional practice variations and
other patient-extrinsic factors (e.g., health systems and socioeconomic factors) across the reporting
sites that may have contributed to the study findings. Those factors may be overrepresented within
different nimodipine administration groups. Although, we were unable to control for institutional
practice differences due to collinearity with nimodipine groups and other unknown confounder,
we carefully looked at outcomes shown to be significant (diarrhea, DCI and nimodipine
discontinuation) in individual institutions and it seems that the study findings are not driven by a

single center (Supplementary Figures S1-S3). Another limitation is the variability of data
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collection across study centers. However, we tried to standardize all study definitions across the
reporting sites to minimize such limitation.

Although we have tried to control for as many confounders as possible to account for these
variations, with the existence of inter-group differences, the findings of the present study should
be interpreted with caution and further prospective studies are warranted to overcome such

limitations.

4.5 CONCLUSION

Aneurysmal Subarachnoid hemorrhage is a devastating medical emergency that needs
prompt medical and surgical care. The proven benefit of nimodipine in the aSAH population
warrants that every patient should receive it, if tolerated. Our findings suggest that different enteral
nimodipine formulation and administration techniques are associated with the propensity for
diarrhea, hypotension and DCI. Observed differences in diarrhea prevalence could be attributed to
variation in the amount of excipients in each formulation, notably the amount of PEG content, an
ingredient with laxative properties, rather than nimodipine, the active ingredient, potency changes.
Therefore, differences in diarrhea not necessarily parallels differences in DCI and BP changes. On
the other hand, factors affecting nimodipine potency (inconsistency and inaccuracy in medication
preparation, dose measurement and administration and altered nimodipine bioavailability) could
contribute, at least in part, to the observed DCI changes; however, this did not translate into parallel
differences in BP changes. The reason for this discrepancy is unclear which could be attributed to
institutional practice differences in their threshold for initiating vasopressors and discontinuing or
reducing the dose of nimodipine. Although we have tried to control for as many confounders as
possible to account for these variations, with the existence of inter-group differences, the findings
of the present study should be interpreted with caution. Further studies are needed to determine
the optimal enteral nimodipine formulation and administration technique for aSAH patients unable

to swallow oral nimodipine capsules.
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CHAPTER 5 DISCUSSION

Critical illness is defined as any life-threatening condition that requires pharmacological treatment
and/or mechanical support to the function of vital organ functions to reduce the risk of death.
Pharmacotherapy in critically ill patients is particularly challenging due to the heterogeneous
nature of these patients combined with the often limited evidence available on drug dosing in
critically ill patients. This often leads to off-label drug use and a high degree of individualization
of drug regimens. The significant deviations of PK and PD of drugs used in critically ill patients
compared to the patient groups whose data informed the conventional dosing regimens also add

the challenge.

ARC is prevalent in critically ill patients where renal clearance is exceeds 130 ml/min/1.73m?.
ARC poses the risk of causing therapeutic failure of predominantly renally cleared drugs, which
are often life saving in these patients. It has been found to be associated with higher rates of failure
to attain therapeutic levels and compromised effectiveness of various drugs. Standard doses of
renally eliminated medications typically used in patients with “normal” renal function are
insufficient to attain pharmacodynamic targets in the presence of ARC. Studies suggested that
ARC might be associated with subtherapeutic concentrations of antimicrobials (1-4), higher risk

of therapeutic failure (5), increased odds of recurrent infections (6), and poor seizure control (7).

The finding of our research demonstrated the common occurrence of ARC in critical care settings
with higher prevalence among neurocritical care and trauma patients compared to mixed ICU
population. Our synthesized ARC prevalence emphasized the extent to which different critically
ill populations are at an inequivalent risk for ARC. It also highlighted the importance of screening
for ARC in select patient populations, and the need to develop new screening tools that accounts
for these risk differences. Our meta-analytic estimates of age, male sex and trauma as risk factors
for ARC, with pooled OR (95% CI) of 0.95 (0.93-0.96), 2.36 (1.28-4.36), 2.60 (1.21-5.58),
respectively , highlight the importance of proactively screening for ARC in those with apparently
normal renal function and lower disease severity scores. Our meta-analytic estimates of
prevalence for neuro, trauma, mixed and sepsis ICUs - 74 (55-87), 58 (48-67), 36 (31-41) and 33
(21-48), respectively- highlight the importance of prioritizing ARC screening for higher risk sub-
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populations such as neuro and trauma ICU patients and possibly warranting measurements of their

urinary creatinine to rule out ARC (8).

The clinical relevance of ARC lies in its implications on drug dosing of renally eliminated drugs
often used in the ICU. It’s been consistently reported that ARC patients often need alternate drug
regimens to compensate for the accelerated clearance. Although the currently available evidence
is not exhaustive of all drugs used in the ICU or other settings, it can be assumed that all renally
eliminated drugs in this patient population will be at a higher risk of therapeutic failure or target

non-attainment and it would be prudent to take precautions to mitigate for this risk such as TDM.

It is important to remember that ARC is one of multiple pathophysiological changes such as
alterations in gastric pH and the rate and extent of absorption of orally administered drugs, and
reductions in hepatic blood flow or enzyme activity. These need to be taken into account when

following standard drug regimens (9).

Our research into the role of nimodipine in aSAH treatment is a direct application on the
pharmacokinetic and pharmacodynamic alterations in critically ill patients. aSAH is associated
with a high morbidity and mortality burden and nimodipine is currently the only recommended
drug therapy for improving patient outcomes. We compared the tolerability and effectiveness of
enteral nimodipine formulations and techniques in the treatment of aSAH in our cohort study. Our
findings suggesting that enteral nimodipine formulations and administration techniques are
associated with the propensity for diarrhea, hypotension and DCI highlights the importance of

optimizing technique of delivery of nimodipine in this vulnerable patient population.

With regards to safety, patients receiving commercially available liquid nimodipine had the highest
odds of experiencing diarrhea where patients receiving crushed tablets had the lowest odds despite
controlling for covariates such as laxatives and antibacterials. Although data on the prevalence of
diarrhea among aSAH patients are limited, our findings are consistent with anecdotes and clinical
experience suggesting diarrhea is highly prevalent in patients receiving nimodipine oral liquid
(10). It is important to note that the prevalence of diarrhea reported in drug product monographs

were much lower than the findings of our study, ranging from 1.7-4.2% (11, 12). Additionally,
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although the reformulated oral liquid product has been marketed for the benefit of containing
double the nimodipine concentration (6 mg/ml) and approximately 44% less PEG than the original
formulation, patients receiving the product still demonstrated higher odds of diarrhea. Therefore,
recommend caution when using nimodipine oral liquid product and to reduce the concomitant use

of laxatives, as well as consider other formulations with arguably better tolerability in this regard.

Also in the safety regard, the main challenge limiting the dosing of nimodipine is hypotension
(13). Our results suggest that the highest prevalence of nimodipine dose reduction or
discontinuation due to hypotension was seen in patients receiving nimodipine liquid drawn from
capsules by the pharmacist. Although the rationale behind this finding is unclear, it could be
attributed to institutional practice differences in their threshold for initiating vasopressors and
discontinuing or reducing the dose of nimodipine especially. However, due to the retrospective
nature of the study, we are unable to conclusively determine if the hypotension in those patients,
is nimodipine-induced. Therefore, we recommend caution interpreting these results; as well as
considering other pathophysiological changes that might contribute to this finding e.g. reduction
in hepatic blood flow or enzymatic activity, alterations in gastric pH and the extent of absorption

of oral drugs.

With regards to the effectiveness side of the comparison; although the prevalence of DCI in our
study population is consistent with existing literature, our results show patients receiving liquid
drawn from capsules at bedside and patients receiving crushed tablets demonstrated the highest
odds of developing DCI (14), suggesting that enteral nimodipine formulation and administration
techniques may not be equivalent in terms of their effectiveness. This could be attributed to altered
nimodipine systemic exposure secondary to inconsistency in medication administration and
variations in nimodipine oral bioavailability notably for patients receiving liquid from capsules
drawn at bed side or crushed tablets since they are both done by the nursing staff. This
interpretation is supported by evidence suggesting potential inaccuracies of bedside extraction of
capsule contents (15) and the notion that it the observed differences are less likely due to variations
in the FT placement as approximately 93% of the participating hospitals reportedly utilize gastric
positioning of the FT.
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In patients receiving crushed nimodipine tablets, the manufacturer recommends against tablet
crushing as this may reduce nimodipine bioavailability and effectiveness (16). A few small studies
have corroborated the manufacturer’s recommendation (17-19). Therefore, it would be prudent to
avoid crushing nimodipine tablets or to consider alternative formulations such as liquid drawn

from soft gelatin capsules for enteral administration techniques as common practice.

To address our limitations, although we were unable to control for institutional practice differences
due to collinearity with nimodipine groups and other unknown confounder, we carefully looked at
outcomes shown to be significant (diarrhea, DCI and nimodipine discontinuation) in individual
institutions and it seems that the study findings are not driven by a single center (Supplementary
Figures S4.1-S4.3). Another limitation is the variability of data collection across study centers.
However, we aimed to standardize all study definitions across the reporting sites to minimize such
limitation. Additionally, we attempted to control for as many confounders as possible to account
for these variations. However, with the existence of inter-group differences, the findings of the
present study should be interpreted with caution as further prospective studies are warranted to

overcome such limitations.

To conclude, ARC is a prevalent phenomenon in critically ill adults and particularly neurocritical
care and trauma patients, as well as younger patients with lower disease severity scores. Further
prevalence studies are needed to develop risk scores that account for the risk differences between
critically ill sub-populations towards developing ARC and provide clinicians with practical and
accurate predictive tools to screen for ARC. Patients affected by ARC are consistently in need of
alternate drug regimens to compensate for the accelerated clearance of renally eliminated drugs
Further studies are also needed to further understand the clinical impact of ARC and target

attainment failure of drugs affected by ARC.

We concluded that aSAH patients receiving nimodipine via different formulations or techniques
of delivery show different propensities towards tolerability e.g., diarrhea and hypotension, and
effectiveness endpoints e.g., DCI. Further research is needed to determine the optimal available
delivery technique of nimodipine especially in critically ill adults who are unable to swallow, as

well as explore new formulations that overcome the pitfalls of the available ones. Further research
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into alternate regimens that could overcome the drawbacks of currently used formulations such as
crushed tablets are also needed, as well as possible practice policy changes to improve the

availability of superior formulations.
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APPENDIX

11.SUPPLEMENTARY TABLE 2.1. FULL SEARCH STRATEGY

Ovid Embase 1974
to 2020 October 26

Database Search Strategy
MEDLINE 1. augmented renal clearance.mp.
2. augmented kidney clearance.mp.
Ovid 3. ((increas™® or enhanc* or high*) adj3 (kidney or renal) adj! (function or clearance)).mp.
MEDLINE(R) ALL | 4. ((increas* or high*) adj3 (creatinine clearance or drug clearance or med* clearance)).mp.
1946 to October 26, 5. (ultrafiltrat* adj3 (kidney or renal)).mp.
2020 6. glomerular hyperfiltration.mp.
7.3o0r4orS5or6
8. exp *Intensive Care Units/
9. (ICU or intensive care or critical care or critical* ill* or acute care).ti,ab,kf.
10. exp *Critical Care/
11. (sepsis or septic shock or trauma or brain injur* or brain bleed* or cerebral bleed* or intracerebral or intracranial or stroke*
or infection*® or meningitis or subarachnoid or h#emorrhag*).ti,ab,kf.
12.80r9or 10 or 11
13.7 and 12
14.1Tor2or13
15. animal/
16. human/
17. 15 not (15 and 16)
18. (veterinary or rabbit or rabbits or animal or animals or mouse or mice or rodent or rodents or rat or rats or hamster* or pig
or pigs or porcine or horse* or equine or cow or cows or bovine or goat or goats or sheep or ovine or canine or dog or dogs or
feline or cat or cats or zebrafish).ti.
19. 17 or 18 [animal studies]
20. 14 not 19
21. limit 20 to comment
22. limit 20 to editorial
23.21 or 22
24.20 not 23
Embase 1. augmented renal clearance.mp.

2. augmented kidney clearance.mp.

3. ((increas* or enhanc* or high*) adj3 (kidney or renal) adjl (function or clearance)).mp.

4. ((increas* or high*) adj3 (creatinine clearance or drug clearance or med* clearance)).mp.

5. (ultrafiltrat* adj3 (kidney or renal)).mp.

6. glomerular hyperfiltration.mp.

7.3or4or5o0r6

8. exp *intensive care unit/

9. (ICU or intensive care or critical care or critical* ill* or acute care).ti,ab,kw.

10. exp *intensive care/

11. (sepsis or septic shock or trauma or brain injur* or brain bleed* or cerebral bleed* or intracerebral or intracranial or stroke*
or infection* or meningitis or subarachnoid or h#emorrhag*).ti,ab,kw.

12.80r9or10or 11

13.7 and 12

14. 1Tor2or13

15. animal/

16. human/

17. 15 not (15 and 16)

18. (veterinary or rabbit or rabbits or animal or animals or mouse or mice or rodent or rodents or rat or rats or hamster* or pig
or pigs or porcine or horse* or equine or cow or cows or bovine or goat or goats or sheep or ovine or canine or dog or dogs or
feline or cat or cats or zebrafish).ti.

19. 17 or 18 [animal studies]

20. 14 not 19

21. limit 20 to editorial

22.20 not 21

CINAHL

S1 augmented renal clearance

S2 augmented kidney clearance

S3 (increas* or enhanc* or high*) N2 ("kidney function" or "kidney clearance" or "renal function" or "renal clearance")
S4  (increas* or high*) N2 ("creatinine clearance" or "drug clearance" or "med* clearance")

S5 (ultrafiltrat® N3 (kidney or renal))

S6 "glomerular hyperfiltration"
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S7  S30R S40R S5 OR S6

S8 (MM "Intensive Care Units+")

S9 TI (ICU or "intensive care" or "critical care" or "critical* ill*" or "acute care" ) OR AB ( ICU or "intensive care" or
"critical care" or "critical* ill*" or "acute care" )

S10 (MM "Critical Care+")

S11  TI ( sepsis or "septic shock" or trauma or "brain injur*" or "brain bleed*" or "cerebral bleed*" or intracerebral or
intracranial or stroke* or infection* or meningitis or subarachnoid or h#emorrhag* ) OR AB ( sepsis or "septic shock"
or trauma or "brain injur*" or "brain bleed*" or "cerebral bleed*" or intracerebral or intracranial or stroke* or infection*®
or meningitis or subarachnoid or h#emorrhag™* )

S12 S§ OR S9 OR S10 OR S11

S13  S7 AND S12

S14 S1ORS2O0RSI13

S15  (MH "Animals+")

S16  (MH "Human")

S17  S15NOT (S15 AND S16)

S18  TI veterinary or rabbit or rabbits or animal or animals or mouse or mice or rodent or rodents or rat or rats or hamster*
or pig or pigs or porcine or horse* or equine or cow or cows or bovine or goat or goats or sheep or ovine or canine or
dog or dogs or feline or cat or cats or zebrafish

S19 S17O0RS18

S20 S14NOT S19

S21  S14 NOT S19 [Limit to Commentary]

S22 S14 NOT S19 [Limit to Editorial]

S23  S21 OR S22

S24  S20 NOT S23

Scopus

( TITLE-ABS-KEY ( "augmented renal clearance" OR "augmented kidney clearance" ) OR TITLE-ABS-KEY ( ( ((
increas* OR enhanc* OR high* ) W/2 ( "kidney function" OR "kidney clearance" OR "renal function" OR "renal
clearance" ) ) OR ( (increas* OR high* ) W/2 ( "creatinine clearance" OR "drug clearance” OR "med* clearance" )

) OR (ultrafiltrat* W/3 (kidney OR renal )) OR "glomerular hyperfiltration" ) AND (icu OR "intensive

care" OR 'critical care" OR "critical* ill*" OR "acute care" OR sepsis OR "septic shock" OR trauma OR "brain
injur*" OR "brain bleed*" OR "cerebral

bleed*" OR intracerebral OR intracranial OR stroke* OR infection* OR meningitis OR subarachnoid OR hemorrha
g* OR haemorrhag*))) AND NOT TITLE (

veterinary OR rabbit OR rabbits OR animal OR animals OR mouse OR mice OR rodent OR rodents OR rat OR
rats OR hamster* OR pig OR pigs OR porcine OR horse* OR equine OR cow OR cows OR bovine OR goat O
R goats OR sheep OR ovine OR canine OR dog OR dogs OR feline OR cat OR cats OR zebrafish ) AND (
EXCLUDE ( DOCTYPE, "ed"))

Cochrane Library #1 augmented renal clearance
#2 augmented kidney clearance
via Wiley #3 (increas* or enhanc* or high*) NEAR/2 ("kidney function" or "kidney clearance" or "renal function" or "renal
clearance")
#4 (increas* or high*) NEAR/2 ("creatinine clearance" or "drug clearance" or "med* clearance")
#5 (ultrafiltrat* NEAR/3 (kidney or renal))
#6 "glomerular hyperfiltration"
#7 (1-#6)
#8 [mh "intensive care units"[mj]]
#9 ICU or "intensive care" or "critical care" or "critical* ill*" or "acute care"
#10 [mh "critical care"[mj]]
#11 sepsis or "septic shock" or trauma or "brain injur*" or "brain bleed*" or "cerebral bleed*" or intracerebral or
intracranial or stroke* or infection® or meningitis or subarachnoid or hemorrhag* or haemorrhag*
#12 (2-#11)
#13 #7 AND #12
#14 #1 OR #2 OR #13
ProQuest noft("augmented renal clearance" OR "augmented kidney clearance") OR noft(((increas* NEAR/2 ("kidney function" OR
Dissertations and "kidney clearance" OR "renal function" OR "renal clearance")) OR (enhanc* NEAR/2 ("kidney function" OR "kidney
Theses Global clearance" OR "renal function" OR "renal clearance")) OR (high* NEAR/2 ("kidney function" OR "kidney clearance" OR

"renal function" OR "renal clearance")) OR (increas* NEAR/2 ("creatinine clearance" OR "drug clearance" OR "med*
clearance")) OR (high* NEAR/2 ("creatinine clearance" OR "drug clearance" OR "med* clearance")) OR (ultrafiltrat*
NEAR/3 (kidney OR renal)) OR "glomerular hyperfiltration") AND (icu OR "intensive care" OR "critical care" OR "critical*
ill*" OR "acute care" OR sepsis OR "septic shock" OR trauma OR ("brain injured" OR "brain injuries" OR "brain injury") OR
"brain bleed*" OR "cerebral bleed*" OR intracerebral OR intracranial OR stroke* OR infection* OR meningitis OR
subarachnoid OR hemorrhag* OR haemorrhag*)) NOT

ti(veterinary OR rabbit OR rabbits OR animal OR animals OR mouse OR mice OR rodent OR rodents OR rat OR
rats OR hamster* OR pig OR pigs OR porcine OR horse* OR equine OR cow OR cows OR bovine OR goat OR
goats OR sheep OR ovine OR canine OR dog OR dogs OR feline OR cat OR cats OR zebrafish)
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Google Scholar

augmented renal clearance OR enhanced renal function OR enhanced renal clearance OR increased kidney function OR
increased kidney clearance

12.SUPPLEMENTARY TABLE 2.2. APPRAISAL OF INDIVIDUAL STUDIES INCLUDED IN THIS

REVIEW

Prevalence/Incidence Studies A B C D E F G H I Total
Adnan (2014) (3) Yes Yes No Yes Yes Yes Yes Yes Yes 8/9
Abdel el Naeem (2017) (4) Yes Unclear No Yes Yes Yes Yes Yes Yes 79
Aréchiga-Alvarado et al. (5) Yes Yes Yes Yes Yes Yes Yes Yes Yes 9/9
Aitullina (2019) (6) Yes Yes No Yes Yes No Yes Yes Yes 7/9
Baptista (2011) (7) Yes Yes No Yes Yes Yes Yes Yes Yes 8/9
Baptista (2012) (8) Yes Yes No Yes Yes Yes Yes Yes Yes 8/9
Baptista (2014) (9) Yes Yes Yes Yes Yes Yes Yes Yes Yes 9/9
Baptista et al.(2014) (10) Yes Yes Yes Yes Yes Yes Yes Yes Yes 9/9
Baptista (2020) (11) Yes Yes Yes Yes Yes Yes Yes Yes Yes 9/9
Barletta (2016) (12) Yes Yes No Yes Yes Yes Yes Yes Yes 8/9
Barletta (2017) (13) Yes Yes No Yes Yes Yes Yes Yes Yes 8/9
Barrasa (2020) (14) Yes Yes No Yes Yes Yes Yes Yes Yes 8/9
Bricheux (2019) (15) Unclear Yes Yes Yes Yes No Yes Yes Yes 7/9
Brown (2020) (16) Yes Yes No Yes No Yes Yes Yes Yes 7/9
Burnham (2017) (17) Yes Yes Yes Yes Yes No Yes Yes Yes 8/9
Campassi (2014) (18) Yes Yes No Yes Yes Yes Yes No Yes 7/9
Carlier (2013) (19) Yes Yes No Yes Yes Yes Yes Yes Yes 8/9
Carrie (2018a) (20) Yes Yes No Yes Yes Yes Yes Yes Yes 8/9
Carrie (2018b) (21) Yes Yes No Yes Yes Yes Yes Yes Yes 8/9
Carrie (2019a) (22) Yes Yes No Yes Yes Yes Yes Yes Yes 8/9
Carrie (2019b) (23) No Yes No No Yes Yes Yes Yes Yes 6/9
Carrie (2020) (24) Unclear Yes No Yes Yes No Yes Yes Yes 6/9
Chen (2020) (25) Yes Yes No Yes Yes No Yes Yes Yes 7/9
Chu (2016) (26) Yes Unclear No Yes Yes No Yes Yes Yes 6/9
Chu (2019) (27) Yes Yes Yes Yes Yes No Yes Yes Yes 8/9
Claus (2013) (28) Yes Yes No Yes Yes Yes Yes Yes Yes 8/9
Cojutti (2020) (29) No Yes No Yes Yes No Yes Yes Yes 6/9
Dhaese et al. (2018) (30) Yes Yes Yes Yes Yes Yes Yes Yes Yes 9/9
Declercq (2016) (31) Yes Yes Yes Yes Yes Yes Yes Yes Yes 9/9
DeWaele (2015) (32) Yes Yes Yes Yes Yes Yes Yes Yes Yes 9/9
Dias (2015) (33) Yes Yes No Yes Yes No Yes Yes Yes 7/9
Ehmann (2017) (34) No Yes No Yes Yes No Yes Yes Yes 6/9
Eidelson et al.(35) No Yes No Yes Yes Yes Yes Yes Yes 7/9
Fuster-Lluch (2008) (36) Yes Yes Yes Yes Yes Yes Yes Yes Yes 9/9




Gijsen (2020) (37) Yes Yes Yes Yes Yes Yes Yes Yes Yes 9/9
Grootaert (2012) (38) Yes Yes Yes Yes Yes Yes Yes Yes Yes 9/9
Helset (2020) (39) Yes Yes No Yes Yes Yes Yes Yes Yes 8/9
Hirai (2016) (40) Yes Yes Yes Yes Yes No Yes Yes Yes 8/9
Huttner (2015) (41) Yes Unclear No Yes Yes No Yes Yes Yes 6/9
Ishii (2018) (42) Yes Yes No Yes No No Yes No Yes 5/9
Izumisawa (2019) (43) Unclear Yes Yes Yes Yes No Yes Yes Yes 7/9
Joynt (2001) (44) Yes Yes No Yes Yes Yes Yes No Yes 7/9
Kawano et al.(2016) (45) Yes Yes Yes Yes Yes Yes Yes Yes Yes 9/9
Kawano (2018) (46) Yes Yes Yes Yes Yes Yes Yes Yes Yes 9/9
Lannou (2020) (47) Yes Yes No Yes Yes Yes Yes Yes Yes 8/9
Lannou editorial letter (2020) (48) Yes Yes No Yes Yes Yes Yes Yes Yes 8/9
Lautrette (2012) (49) Yes Yes No Yes Yes Yes Yes Yes Yes 8/9
May (2015) (50) Yes Yes No Yes Yes Yes Yes Yes Yes 8/9
Minkute (2013) (51) Unclear Yes No Yes Yes No Yes Yes Yes 6/9
Minville (2011) (52) Yes Yes Yes Yes Yes Yes Yes No Yes 8/9
Morbitzer (2019) (53) Yes Yes Yes Yes Yes Yes Yes Yes Yes 9/9
Mulder (2019) (54) Yes Yes No Yes Yes Yes Yes Yes Yes 8/9
Nei (2020) (55) Yes Yes Yes Yes Yes No Yes Yes Yes 8/9
Ollivier (2019) (56) Yes Yes No Yes Yes Yes Yes Yes Yes 8/9
Ramos (2017)(57) Yes Yes No No Unclear Yes Yes Yes Yes 6/9
Ruiz (2015) (58) Yes Yes Yes Yes Yes Yes Yes Yes Yes 9/9
Saito (2020) (59) Yes Yes No Yes Yes No Yes Yes Yes 7/9
Saour (2016) (60) Yes Yes Yes Yes Yes No Yes Yes Yes 8/9
Steinke (2015) (61) Yes Yes No Yes Unclear Yes No Yes Yes 6/9
Tamatsukuri (2018) (62) Yes Yes No Yes Yes No Yes Yes Yes 7/9
Tsai (2018) (63) Yes Yes No Yes Yes Yes Yes Yes Yes 8/9
Udy (2013) (64) Yes Yes No Yes Yes Yes Yes Yes Yes 8/9
Udy (2013b) (65) Yes Yes No Yes Yes Yes Yes Yes Yes 8/9
Udy (2014) (66) Yes Yes Yes Yes Yes Yes Yes Yes Yes 9/9
Udy (2017) (67) Yes Yes No Yes Yes Yes Yes Yes Yes 8/9
Udy (2018) (68) No Yes Yes Yes Yes Yes Yes Yes Yes 8/9
Villaneuva (2019) (69) Yes Yes No Yes Yes No Yes Yes Yes 7/9
Weber (2019) (70) No Yes No Yes Yes Yes Yes No Yes 6/9
Wong (2018) (71) Unclear Yes Yes Yes No No Yes Yes Yes 6/9
Wu (2019) (72) Yes Yes No Yes Yes Yes Yes Yes Yes 8/9

A: Was the sample frame appropriate to address the target population? B: Were study participants sampled in an appropriate way? C: Was the sample size
adequate? D: Were the study subjects and the setting described in detail? E: Was the data analysis conducted with sufficient coverage of the identified sample? F:
Were valid methods used for the identification of the condition? G: Was the condition measured in a standard, reliable way for all participants? H: Was there
appropriate statistical analysis? I: Was the response rate adequate, and if not, was the low response rate managed appropriately?
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10.SUPPLEMENTARY FIGURE 2.1: FOREST PLOT OF ARC PREVALENCE IN MIXED ICU
(MEASURED AND CALCULATED CRCL )

A
Author (Year) Method ARC N Proportion 95% Cl Weight
Baptista et al. Portugal (2011) m 43 120 —— 036 [027;045] 50%
Baptistaet al. Australia (2011) m 43 89 . 048 [0.38;059] 48%
Grootaert et al (2012) m 390 1317 i 030 [027;032] 57%
Carlieretal. (2013) m 19 61 — = 031 [020;044] 44%
Udy et al. (2013) m 59 110 | — 054 [0.44;063] 50%
Claus etal (2013) m 66 128 — 052 [043;060] 51%
Baptista et al. (2014 ) m 30 54 — 056 [041;069] 44%
Campassi etal. (2014) m 103 363 - 028 [0.24,033] 55%
Udy et al. Multicenter ( 2014 ) m 183 281 - 065 [059;0.71] 54%
Adnanetal (2014) m 19 49 —— 039 [025;054] 42%
Ruizetal. (2015) m 120 360 . ol 0.33 [0.28;0.38] 55%
De Waele et al (2015) m 604 1081 i B 056 [053;059] 57%
Kawano et al. (2016 ) m 43 1M1 . 039 [0.30;0.48] 5.0%
Abdel EI Naeem et al (2016) m 20 50 —a 040 [026;055] 43%
Tsaietal (2018) m 31 97 —— 032 [023;042] 48%
Ollivier et al (2019) m 18 21 — 086 [064,097] 22%
Wuetal (2019) m 46 100 — 046 [0.36;056] 49%
Helset et al. (2020 ) m 21 83 — 025 [0.16;0.36] 4.5%
Gijsen et al. (2020 ) m 1501 4267 = 035 [034,037] 57%
Barrasa et al. ( 2020 ) m 4 17 —B— 024 [0.07;050] 24%
Baptista et al. (2020 ) m 113 454 - 025 [021,029] 55%
Random effects model <> 0.41 [0.35; 0.46] 100.0%
Heterogeneity: /* = 95%, t° = 0.2356, p < 0.01
02 04 06 08
ARC Prevalence in Mixed ICU [Measured Crcl]
B
Author (Year) Method ARC N Proportion 95% Cl Weight
Fuster-Lluch et al. ( 2008 ) = 16 89 —_— 0.18 [0.11;0.28] 12.5%
Minkute et al. (2013 ) [+ 18 36 — 0.50 [0.33;067] 123%
Hirai etal. (2016 ) c 48 292 L = 0.16 [0.12;021] 129%
Ehmannetal (2017) [ 5 48 —W— 0.10 [0.03;0.23] 116%
Wong et al (2018) C 192 330 . 058 [053;064] 130%
Aitullina etal. (2019) < 16 97 —a 0.16 [0.10;0.25] 125%
Aréchiga-Alvarado et al. (2020 ) € 32 63 i — 051 [0.38;064] 126%
Nei et al. (2020) c 15 368 & 0.04 [0.02;0.07] 126%
Random effects model — 0.23 [0.11; 0.43] 100.0%

Heterogeneity: /* = 97%, > = 1.6868, p < 0.01 T 1T 1T
01 02 03 04 05 06
ARC Prevalence in Mixed ICU [Calculated Crcl]

Supplementary Figure 1. Forest plot of the prevalence of ARC in mixed intensive care unit (ICU) population. A, studies
reporting measured creatinine clearance (m); B, studies reported calculated creatinine clearance (c). Cl, confidence

interval; N, study size.
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11.SUPPLEMENTARY FIGURE 2.2: FOREST PLOT OF OR OF DIABETES, SOFA SCORE, AND
APACHEII SCORE AS RISK FACTORS FOR ARC

A
Author (Year) method Log OR Log SE Odds Ratio OR 95% CI| Weight
Kawano et al. (2018 ) = 067 06452 195 [0.55,6.91] 515%
Kawano et al. (2016 ) m -0.31 06668 0.73 [0.20,2.70] 485%
Random effects model —_— 1.21 [0.46; 3.17] 100.0%
Heterogeneity: I° = 11%, ° = 0.0522, p = 0.29 ) e !
02 05 1 2 5
Odds Ratio for Diabetes as a risk factor for ARC
B

Author (Year) Log OR Log SE 0Odds Ratio OR 95% CI Weight

Nei ( 2020 ) -0.01 0.1668 4 099 [0.71;1.37] 248%

Wu (2019) 020 00958 —— =+ 082 [068,099] 752%

Random effects model 0.86 [0.73; 1.01] 100.0%

Heterogeneity: I° = 0%, * =0, p = 0.33

08 1 125
Odds Ratio for SOFA score as a risk factor for ARC
(o

Author (Year) method Log OR Log SE 0Odds Ratio OR 95% CI Weight
Claus (2013) m 0.00 0.0312 —_— 1.00 [0.95;1.07] 41.9%
Kawano ( 2016 ) [ -0.05 0.0402 — 095 [0.88;1.03] 31.5%
Ramos ( 2017 ) m 006 00456 — 106 [097;1.16] 266%
Random effects model $ 1.00 [0.95; 1.06] 100.0%
Heterogeneity: I° = 39%, * = 0.0010, p = 0.19

09 1 11
Odds Ratio for APACHEIl score as a risk factor for ARC

Supplementary Figure 2. Forest plot of risk factors for augmented renal clearance. A, diabetes; B, Sequential Organ Failure
Assessment (SOFA) score ; C, Acute Physiology and Chronic Health Evaluation (APACHE Il) . Clearance Determination

method: m = measured, c = calculated; Cl, confidence interval ; OR, odds ratio; SE, standard error.
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13.SUPPLEMENTARY TABLE 3.1: FULL SEARCH STRATEGY

Database Search Strategy
MEDLINE 1. augmented renal clearance.mp.

2. augmented kidney clearance.mp.
Ovid 3. ((increas* or enhanc* or high*) adj3 (kidney or renal) adjl (function or clearance)).mp.
MEDLINE(R) 4. ((increas* or high*) adj3 (creatinine clearance or drug clearance or med* clearance)).mp.
ALL 1946 to 5. (ultrafiltrat* adj3 (kidney or renal)).mp.

6

November 03,
2021

. glomerular hyperfiltration.mp.

7.30or4or5or6

8. exp *Intensive Care Units/

9. (ICU or intensive care or critical care or critical* ill* or acute care).ti,ab,kf.

10. exp *Critical Care/

11. (sepsis or septic shock or trauma or brain injur* or brain bleed* or cerebral bleed* or intracerebral or intracranial or
stroke* or infection* or meningitis or subarachnoid or h?emorrhag*).ti,ab,kf.

12.80r9o0r 10 or 11

13. 7 and 12

14.1or2or13

15. animal/

16. human/

17. 15 not (15 and 16)

18. (veterinary or rabbit or rabbits or animal or animals or mouse or mice or rodent or rodents or rat or rats or hamster*
or pig or pigs or porcine or horse* or equine or cow or cows or bovine or goat or goats or sheep or ovine or canine or
dog or dogs or feline or cat or cats or zebrafish).ti.

19. 17 or 18 [animal studies]

20. 14 not 19

21. limit 20 to comment

22. limit 20 to editorial

23.21 0r22

24.20 not 23

Embase

Ovid Embase
1974 to 2021
November 03

1. augmented renal clearance.mp.

2. augmented kidney clearance.mp.

3. ((increas* or enhanc* or high*) adj3 (kidney or renal) adjl (function or clearance)).mp.

4. ((increas* or high*) adj3 (creatinine clearance or drug clearance or med* clearance)).mp.

5. (ultrafiltrat* adj3 (kidney or renal)).mp.

6. glomerular hyperfiltration.mp.

7.3or4or5Sor6

8. exp *intensive care unit/

9. (ICU or intensive care or critical care or critical* ill* or acute care).ti,ab,kw.

10. exp *intensive care/

11. (sepsis or septic shock or trauma or brain injur* or brain bleed* or cerebral bleed* or intracerebral or intracranial or
stroke* or infection* or meningitis or subarachnoid or h?emorrhag*).ti,ab,kw.

12.80r9or10or 11

13. 7 and 12

14.10or2o0r13

15. animal/

16. human/

17. 15 not (15 and 16)

18. (veterinary or rabbit or rabbits or animal or animals or mouse or mice or rodent or rodents or rat or rats or hamster*
or pig or pigs or porcine or horse* or equine or cow or cows or bovine or goat or goats or sheep or ovine or canine or
dog or dogs or feline or cat or cats or zebrafish).ti.

19. 17 or 18 [animal studies]

20. 14 not 19

21. limit 20 to editorial

22.20 not 21

CINAHL

S1 augmented renal clearance

S2 augmented kidney clearance

S3 (increas* or enhanc* or high*) N2 ("kidney function" or "kidney clearance" or "renal function" or "renal
clearance")

S4 (increas* or high*) N2 ("creatinine clearance" or "drug clearance" or "med* clearance")

S5 (ultrafiltrat® N3 (kidney or renal))

S6 "glomerular hyperfiltration"

S7 S3 OR S4 OR S5 OR S6

S8 (MM "Intensive Care Units+")
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S9 TI (ICU or "intensive care" or "critical care" or "critical* ill*" or "acute care" ) OR AB ( ICU or "intensive
care" or "critical care" or "critical* ill*" or "acute care" )

S10 (MM "Critical Care+")

S11 TI ( sepsis or "septic shock" or trauma or "brain injur*" or "brain bleed*" or "cerebral bleed*" or
intracerebral or intracranial or stroke* or infection* or meningitis or subarachnoid or h#emorrhag* ) OR AB ( sepsis or
"septic shock" or trauma or "brain injur*" or "brain bleed*" or "cerebral bleed*" or intracerebral or intracranial or
stroke* or infection® or meningitis or subarachnoid or h#emorrhag* )

S12 S8 OR S9 OR S10 OR S11

S13 S7 AND S12

S14 S1 OR S2 OR S13

S15 (MH "Animals+")

S16 (MH "Human")

S17 S15NOT (S15 AND S16)

S18 TI veterinary or rabbit or rabbits or animal or animals or mouse or mice or rodent or rodents or rat or rats or

hamster* or pig or pigs or porcine or horse* or equine or cow or cows or bovine or goat or goats or sheep or ovine or
canine or dog or dogs or feline or cat or cats or zebrafish

S19 S17 OR S18
S20 S14 NOT S19
S21 S14 NOT S19 [Limit to Commentary]
S22 S14 NOT S19 [Limit to Editorial]
S23 S21 OR S22
S24 S20 NOT S23
Scopus ( TITLE-ABS-KEY ( "augmented renal clearance" OR "augmented kidney clearance" ) OR TITLE-ABS-KEY
((((increas* OR enhanc* OR high*) W/2 ( "kidney function" OR "kidney clearance" OR "renal
function" OR "renal clearance" ) ) OR ( (increas* OR high* ) W/2 ( "creatinine clearance" OR "drug
clearance" OR "med* clearance" ) ) OR ( ultrafiltrat* W/3 (kidney OR renal )) OR "glomerular
hyperfiltration" ) AND (icu OR "intensive care" OR "critical care" OR "critical* ill*" OR "acute
care" OR sepsis OR "septic shock" OR trauma OR "brain injur*" OR "brain bleed*" OR "cerebral
bleed*" OR intracerebral OR intracranial OR stroke* OR infection* OR meningitis OR subarachnoid OR hemo
rrhag* OR haemorrhag* ))) AND NOT TITLE
(veterinary OR rabbit OR rabbits OR animal OR animals OR mouse OR mice OR rodent OR rodents OR rat
OR rats OR hamster* OR pig OR pigs OR porcine OR horse* OR equine OR cow OR cows OR bovine O
R goat OR goats OR sheep OR ovine OR canine OR dog OR dogs OR feline OR cat OR cats OR zebrafish
) AND ( EXCLUDE ( DOCTYPE, "ed"))
Cochrane Library | #1 augmented renal clearance
#2 augmented kidney clearance
via Wiley #3 (increas* or enhanc* or high*) NEAR/2 ("kidney function" or "kidney clearance" or "renal function" or
"renal clearance")
#4 (increas* or high*) NEAR/2 ("creatinine clearance" or "drug clearance" or "med* clearance")
#5 (ultrafiltrat®* NEAR/3 (kidney or renal))
#6 "glomerular hyperfiltration"
#7
#8 [mh "intensive care units"[mj]]
#9 ICU or "intensive care" or "critical care" or "critical* ill*" or "acute care"
#10 [mh "critical care"[mj]]
#11 sepsis or "septic shock" or trauma or "brain injur*" or "brain bleed*" or "cerebral bleed*" or intracerebral or
intracranial or stroke* or infection* or meningitis or subarachnoid or hemorrhag* or haemorrhag*
#12
#13 #7 AND #12
#14 #1 OR #2 OR #13
ProQuest noft("augmented renal clearance" OR "augmented kidney clearance") OR noft(((increas* NEAR/2 ("kidney function"
Dissertations and OR "kidney clearance" OR "renal function" OR "renal clearance")) OR (enhanc* NEAR/2 ("kidney function" OR
Theses Global "kidney clearance" OR "renal function" OR "renal clearance")) OR (high* NEAR/2 ("kidney function" OR "kidney

clearance" OR "renal function" OR "renal clearance")) OR (increas* NEAR/2 ("creatinine clearance" OR "drug
clearance" OR "med* clearance")) OR (high* NEAR/2 ("creatinine clearance" OR "drug clearance" OR "med*
clearance")) OR (ultrafiltrat* NEAR/3 (kidney OR renal)) OR "glomerular hyperfiltration") AND (icu OR "intensive
care" OR "critical care" OR "critical* ill*" OR "acute care" OR sepsis OR "septic shock" OR trauma OR ("brain
injured" OR "brain injuries" OR "brain injury") OR "brain bleed*" OR "cerebral bleed*" OR intracerebral OR
intracranial OR stroke* OR infection* OR meningitis OR subarachnoid OR hemorrhag* OR haemorrhag*)) NOT
ti(veterinary OR rabbit OR rabbits OR animal OR animals OR mouse OR mice OR rodent OR rodents OR ra
t OR rats OR hamster* OR pig OR pigs OR porcine OR horse* OR equine OR cow OR cows OR bovine O
R goat OR goats OR sheep OR ovine OR canine OR dog OR dogs OR feline OR cat OR cats OR zebrafish

)
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Google Scholar

augmented renal clearance OR enhanced renal function OR enhanced renal clearance OR increased kidney function OR
increased kidney clearance

14.SUPPLEMENTARY TABLE 3.2. SEARCH RESULTS

Database 2020 2021
Results Results
MEDLINE 637 754
Embase 1165 1349
CINAHL 239 265
Scopus 1181 1321
Cochrane Library 220 236
ProQuest Dissertations & Theses 13 16
Global
TOTAL 3,455 3,941
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15.SUPPLEMENTARY TABLE 3.3. STUDY SUMMARIES

Authors I Study Type l Objective | Population I Methods | Findings | Limitations I Conclusion
Meropenem
Kitzes- Prospective Determine the n = 14, patients Patients split into 2 groups based on Between groups there small sample The standard doses are OK for less
Cohen et Observational PK/PD of in ICU with CrCl, group 1 having were significant size, don’t know resistant organisms but are likely not for
al meropenem in severe sepsis + CrCl >50ml/min and group 2 having | differences in CL and how they less susceptible pathogens like A.
(2002) (73) severely ill patients blood or other CrCl <50ml/min. Patients in G1 MRT as well as half determined CrCl baumanii and P.aeruginosa and in these
with sepsis and culture growing received 1g q8h and G2 1g q12h. life. In both groups only patients continuous infusion may be
determine if bacteria Blood samples drawn after patients infected with warranted to achieve sustained levels
recommended dose susceptible to administration at predefined less resistant strains above target concentration.
resulted in plasma meropenem intervals. The time when meropenem | (MIC <lmg/L) have
concentrations higher conc. were higher than 4xMIC were desired plasma
than MIC of bacterial also determined. concentrations during
isolated 100% of dosing
interval. Patients in
Group 1 with less
susceptible organisms
only maintained desired
concentration for 4 to
6h, and duration of
treatment was increased
in these patients.
Ehmann Prospective Investigate target n =48, adult all patients received standard doses For non-CRRT patients did not measure PK/PD target attainment was overall
et al. Observational attainment of patients with of meropenem as 30-min infusion with pathogens with CrCl, based unlikely when critically ill patients were
(2017) (34) | study standard meropenem severe infection (1000mg q8h). Multiple arterial MIC 2mg/L both targets | findings off of receiving a dose of 1000mg q8&h,
dosing in critically ill | being treated blood samples were collected over a were obtained in extrapolated especially if they had ARC. Doses of

patients, to quantify

the impact of renal
function on

meropenem exposure
and how this relates
to target attainment.

with meropenem

period of 4 days (based on these C4h
and C8h were calculated). CrCl was
estimated according to the Cockcroft
Gault equation - this was done daily
based on serum creatinine
measurements. Patients were
stratified into following groups
based on renal function: severe RI
(15-29), mod RI (30-59), mild RI
(60-89), normal (90-129) and ARC
(>130). PK/PD target attainment was
assessed for MIC of 2mg/L and
8mg/L based on EUCAST
breakpoints for relevant pathogens.
Targets were 100% T>MIC and 50%
T>4xMIC. They looked at if
calculated C4h and C8h
concentrations exceeded those
thresholds. Target attainment was

approx. half of patients.
When data was
extrapolated to 2000mg
target attainment was
substantially higher. For
MIC of 8mg/L target
attainment (100%
T>MIC) occurred in 1/
Sth of patients and was
even lower for the other
target (4xMIC). When
extrapolated for a dose
of 2000mg, the
likelihood of target
attainment for 100%
T>MIC doubled and
quadrupled for
50%T>4xMIC. For
non-CRRT patients

concentrations
(not actual), did
not relate targets
to actual
infective
pathogens

2000mg q8h may be warranted for
certain patient subgroups (i.e. ARC, less
susceptible pathogens) in order to attain
desired targets.
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also evaluated for doses of 2000mg
based on extrapolated C4h and C8h
values.

augmented RF to mild
RI was a risk factor for
non-attainment for MIC
of 2mg/L. For MIC
8mg/L moderate RI was
also identified as a risk
factor.

Tamatsuk | Prospective determine optimum n=17, adult Patients treated with 1 to 3g/day over | Plasma MEPM levels small sample, patients with ARC may benefit from
uri et al. observational population PK model | patients receiving | 30-60ming infusion. Blood levels were significantly lower | dosing prolonged infusion (180min) of
(2018) (62) of meropenem in meropenem in drawn and predefined intervals based | in ARC. Empirical tx: recommendations | meropenem +/- dose increase (2g)
patients with sepsis the ICU on renal function. CrCL measured for CFR>90% 2g q8h hypothesized
with ARC, and with 8h urine collection and ARC via 180 min infusion
evaluated dosing defined as CrCl >130ml/min. was needed for ARC
regimens based on patients. Definitive tx
renal function (for P.aeruginosa):
PTA>90% achieved
with 1g q8h and 2g q8h
if infused over 180mins.
Cojutti et prospective assess the role of n=75 adult If patients did not clinically improve | Meropenem doses were | dosing CI + TDM readjustment may optimize
al. interventional real-time TDM- patients with in 48-72hrs meropenem was initiated | adjusted in 30.1% of recommendations | drug exposure of meropenem among FN
(2020) (29) | study guided optimization oncohaematologi | with 1g LD over 30 mins followed TDM reassessment were based on patients with susceptible pathogens; a
of CI meropenem on | cal disease who by 1g q8h over 8hrs (for (split for increased and personal target of Css 8-16 mg/L should be used.

maximizing
empirical treatment
and preventing break-
through infection
and/or colonization
with carbapenem
resistant
Enterobacteriaceae
(CRE) among
oncohaematological
patients with febrile
neutropenia

were admitted
and received
empirical
escalation
therapy with
meropenem for
the treatment of
febrile
neutropenia

CrCI>60ml/min). All patients
underwent TDM on days 2 or 3 and
then again q48-72h until treatment
was over. With each TDM SCr,
eCrCl and CRP were reassessed.
ARC was defined as eCrCl >130.
Target Css was 8-16 mg/L (derived
from recommendation of 4-8x MIC
of Enterbacteriacae and P.aeruginosa
which is 2mg/L). TDM dose
adjustments were provided by
clinical pharmacologists and were
based on personal interpretation.
Patients were followed up for 3m
and if they were readmitted, rectal
swabs were collected to determine
CRE colonization.

decreased). For patients
receiving definitive-
empirical or targeted
treatment with
meropenem, all-cause
mortality was 10% and
overall cure rate was
90%. Mortality was
significantly associated
with ARC (OR 10.8).
15 (20%) patients had
definitive targeted
therapy, of these 12
patients had meropenem
susceptible pathogens
and all attained the
desired PD targets
(Css/MIC = 4-8). None
of the 3 patients who
had resistant pathogens
attained the targets (2
achieved Css/MIC of 1
and were cured, the
other did not and died).
84% of total patients
were readmitted and
none of them had CRE
colonization.

assessments of
various
pharmacologists,
very specific
patient
population,
Cotreatment with
other agents

This dosing strategy may also prevent the
emergence of CRE colonization.
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Imipenem

Bricheux
et al.
(2019)(15)

Retrospective
Observational

to report clinical
outcomes of patients
receiving imipenem
in the context of drug
concentrations - to
gain further
understanding for the
use of TDM for beta-
lactam agents like
imipenem

primary outcome =
incidence of toxicity
(included events
deemed possibly,
probably) overall and
with highest trough
conc

secondary outcomes
= incidence of
clinical failure
(recurrence or death)
overall and with
undetectable or
below 2 and 4mg/L
as well as the median
concentration in
patients with or
without clinical
toxicity or failure

n=300 any
hospitalized adult
patients,
undergoing
imipenem TDM
for suspected or
confirmed
infection

most pts had received standardized
doses of 500mg QID (15min
infusion) researchers calculated if
levels were trough (99% were),
institutional guidelines suggest target
trough levels of 2-20mg/L. CrClI was
calculated using CG, ARC defined
as CrC1>130

TOXICITY - Only 5%
of patients had AEs the
were at least possibly
related to imipenem
treatment (only 1 had
certainly related).
Patients with highest
quartile concentrations
(>7.7mg/L) did not
experience more
toxicity than those with
lower conc. But patients
who did have side
effects had slightly
higher trough
concentrations. Both
patients experiencing
and not experiencing
toxicity had similar
median doses received,
duration of hospital
stay, and renal
clearance.

FAILURE - 29% of
patients had clinical
failure. Patients with
failure did not have
lower imipenem
concentrations. Also
found that patients with
P.aeurginosa infections
+ trough <2mg/L were
more likely to have
treatment failure
(underpowered due to
small subgroup) and
that patients who did
not receive a subsequent
dose increase after
trough below 2mg/L
were also more likely to
have treatment failure
(not stat. sig)

OTHER - It appeared
patients with ARC had
decreased likelihood of
treatment failure.
Patients with ARC were

Did not define
“toxicity” that
they were
looking for. Did
not discuss data
collection
methods. States
ARCisa
protective
mechanism
against treatment
failure, which is
unexpected.

Due to overall infrequency of toxicity
and frequency of treatment failure
authors question if standard dose of
2g/day is optimal for patients with severe
infection (found that those receiving 3-
4g/day did not experience more toxicity
but instead trended towards no treatment
failure). Author questions the utility of
imipenem TDM for imipenem given that,
in this population, plasma levels could
predict neither toxicity nor failure with
strong statistical significance.
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less likely to have

failure (if MIC is low)
Huttner et | Prospective Determine link n=100 patients TDM performed for peak, 64% of sample patients Infections not all | Confirmed strong association between
al. Observational between ARC, low aged 18-60 intermediate and trough had ARC (younger, documented, did ARC and reduced B-lactam
(2015) (41) B-lactam requiring concentrations on days 1,2, 3 and 5 fewer comorbidities and | not calculate concentrations (ARC patients 3.3x more
concentrations and intensive of therapy. CrCl calculated using CG | lower APACHE II CrCl, did notuse | likely to have at least one undetectable
clinical outcomes care and during the first week and days 14 score). ARC strongly MIC for actual trough concentration). Effect of this
®  Primary diagnosed with and 28. Intermediate and trough predicted undetectable pathogen, finding on clinical outcomes cannot be
outcome = | suspected or concentrations were compared to trough concentrations. patients on dual identified at this time.
clinical confirmed non-species-specific breakpoints Based on logistical antibiotic therapy
response infection (EUCAST) for each B-lactam. If regression models, there | were not
28 days warranting concentration was equal to or lower was no association excluded
after treatment with B- | than breakpoint it was defined as between ARC and
inclusion lactam antibiotic | subtherapeutic. clinical failure. Sub
® Secondary (imipenem/cilasti analysis of
— | n-500mg QID, microbiologically
outcome = : ?
ARC meropenem - 2g confirmed 1r}fect10n
prevalenc TID, showed no link between
e piperacilin/tazob ARC, subtherapeutic
Sl,lbthresh actam - 4.§g TID le\_lels and clinical
old and and cefepime - failure.
undetecta 2g BID).
ble
concentrat
ions
Patel et al. | Prospective To evaluate the n=1197. Patients | The authors used a PK/PD model 1,000,000 virtual This study used Adequate joint PTA for IMP/REL was
2021 (74) observation effects of covariates were included if developed using nonlinear mixed patients were simulated | CG equation to achieved in both ventilated and non-

population study

on
Imipenem/relebactam
(IPM and REL)
exposures and to
analyze
pharmacokinetic/phar
macodynamic
probability of target
attainment (PTA) in
patients with
HABP/VABP.

they were in
previous phase 3
clinical trials
PNO14 and
PNO17. Patients
were also pooled
from an
additional 10
previous studies.

effects. Data was added to this
model from 2 previously phase 3
clinical studies: RESTORE IMI 2
(pn014) and PNO17. Clinical and
demographic covariates were
included to assess their influence on
PK characteristics of IMP/REL
(imipenem and relebactam). CrCL
was calculated using the CG
equation. Simulation were made to
determine the joint PTA for PK/PD
targets for IMP/REL to confirm the
dose regimen for those with
HABP/VABP with various renal
functions (augmented renal
clearance (CrCl >150 ml/min),
normal renal function, (CrCl >90 to
<150 ml/min), renal impairment
(mild, CrCl >60 to <90 ml/min;
moderate, CrCl >30 to <60 ml/min;
or severe, CrCl >15 to <30 ml/min),

based on the study
participants. Joint PTA
at steady state

was >99% for patients
with HABP/VABP,
regardless of renal
function category, using
targets of

30% fT>MIC for IPM
and fAUC0-24/MIC
greater than or equal to
8 for REL at an
IPM/REL MIC
breakpoint

of less than or equal to 2
pg/ml at a fixed
concentration

of 4 pg/ml REL.

calculate CrCL
instead of the
gold standard
24hour urine
collection
method which is
more accurate.
Covariates were
assumed to
remain the same
as their
baseline’s values
in critically ill
patients which is
likely not true for
certain covariates
such as CrCl
which is known
to be unstable.
Funding was
provided by
MSD which is

ventilated patients with HABP/VABP
across all renal function categories.
Support the recommended 500/500/250-
mg IMI/REL q6hr dose with no
adjustment based on ventilation status.
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and end-stage renal disease (CrCl
<15 ml/min)).

where multiple
authors work
causing a
potential risk of
bias.

Ceftriaxone

Ollivier et | Prospective Determine whether n =21, adult All patients received a dose of 2g Rate of underdosing small sample size | Patients with ARC are less likely to
al. Observational ARC negatively patients treated once daily. On days 1 to 3 patients was 62% with strong achieve desired treatment targets
(2019) (56) impacts ceftriaxone with ceftriaxone underwent TDM of unbound association with CrCL. If especially with less susceptible
PK/PD target for a first episode | ceftriaxone concentration as well as patients had CrCl >150 pathogens. Dosing of 2g BID may be
attainment in of presumed or 24hr CrCl measurements. this was associated with better suited for increased PTA.
critically ill patients documented Underdosing was defined as trough underdosing with OR
infection. unbound conc. Below 2mg/L. If 8.8. There was no
Excluded if renal | pathogen was known they also statistical association
impairment or defined underdosing as fT>MIC between underdosing
receiving renal <100% and fT>4xMIC <100%. Used | and therapeutic failure.
replacement monte carlo simulation for multiple Findings through MS
therapy. dosing regimens (2 or 3g once daily are as follows:
and 1 or 2g twice daily) for various proportion of patients
renal function groups (no ARC, who failed to achieve
moderate ARC 150-200 and severe fT>MIC 100% was sig
ARC) to determine optimal dosing higher if CrCl was over
regimen. 200ml/min. PTA for
moderate ARC was
55% and only 45% for
severe ARC. A dose of
2g BID allowed PTA of
99% for MIC of 2mg/L
regardless of renal
clearance.
Joynt et Prospective Determine the PK n=12, critically all patients received 2g qd via 30 They found correlation very small authors recommend a dose change for
al. (2001) Observational profile of normal ill patients with min infusion and blood levels were between CrCl and total sample size, critically ill patients with normal renal
(44) recommended dose severe sepsis and | drawn within the first 24h and on ceftriaxone CL. In cannot link function (LD 300mg followed by CI of

of ceftriaxone in
critically ill patients
and to establish if it
allows for plasma
concentrations which
are adequate for
antibacterial efficacy

normal serum
creatinine
concentrations

day 3. 24h urine volume and urine
CrClI were also measured

critically ill patients
with normal renal
function Vd increased,
CL increased, and this
resulted in prolonged
t1/2. 3 patients had high
CrCl, and they all
showed plasma
ceftriaxone
concentrations below
desired threshold for a
substantial proportion of
the dosing interval.
Based on MIC of
8mg/L, half of patients
in the cohort failed to
maintain concentrations

findings to
clinical outcomes

1g over 24hrs)
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at this level for the
entire dosing regimen
and the 3 patients with
high CrCl did not reach
this level for a
substantial part of the
dosing interval.

Wong et Prospective To describe the n =373, The treating physician and clinical 39.1% of cohorts had single centre Patients with ARC are more likely to not
al. (2018) Observational achievement of critically ill pharmacist determined empirical ARC - they received study, CrCl was achieve PK/PD targets when receiving
(71) unbound b-lactam patients receiving | dosing and performed dose higher doses. 90.1% of not measured B-lactam in an ICU setting. So, dosing
antibiotic B-lactam adjustment (see algorithm in paper). patients achieved target | with 24hr urine strategies need to be redefined, especially
concentration targets | (ampicillin, Blood samples were obtained once of 50% fT>MI (except samples, did not for this patient population. Ampicillin
in a therapeutic drug benzylpenicillin, steady state had been reached (after for ampicillin which take into account | may not be suited for empirical treatment
monitoring (TDM) flucloxacillin, administration of at least 4 doses). showed only 60%), this synergistic in this population. Benzylpenicillin and
programme in piperacillin, Plasma unbound concentrations were | was reduced to 36.6% antibiotic use, for | ceftriaxone (highly protein bound agents)
critically ill patients, ceftriaxone, measured directly using validated with target of the vast majority | may be better suited for patients with
and the factors cefazolin, assay. Demographic, clinical, and 100%fT>4xMIC we did not ARC as they showed the highest
associated with meropenem) + microbiological data was collected. (except for actually know likelihood of target attainment. Potential
failure to achieve a TDM CrCl was calculated using the CG benzylpenicillin 80% MIC that should for overexposure may be reduced if used
target concentration. equation and ARC was >130 ml/min. | and ceftriaxone 71.4%). | be targeted. in patients with ARC (there is little
PK/PD target of 50%fT>MIC and But with evidence that 100%fT>10xMIC is going
100%fT>4xMIC were analyzed, benzylpenicillin and to result in toxicity).
MIC was either available or they ceftriaxone patients
used EUCAST breakpoints. were more likely to
exceed
100%fT>10xMIC and
require dose reductions
(however overexposure
was associated with
impaired renal
function). ARC was
identified as a factor to
predict failure of target
achievement, so
extended periods of
administration. Failure
to achieve PK/PD
targets was not
associated with negative
clinical outcomes.
Carrie et Retrospective The main objective n=177 (88 in compared two 15-month periods Therapeutic failure or retrospection — Higher than licensed dosing regimens of
al. observational was to compare the control and 89 in | before and after change in local relapse was 10% in the selection and B-lactams (see table within paper) may
(2019) (75) | study clinical outcome of treatment), antibiotic therapy protocol. 24-hr treatment group and interpretation be safe and effective in reducing the rate
ARC patients treated | patients who urinary samples completed for CrCl, | 23% in the control bias, did not of therapeutic failure and recurrence of
by conventional or displayed ARC ARC defined as >150ml/min. For the | group. No antibiotic perform MIC and | HAP-VAP in the setting of critically ill
increased p-lactam the first day of latter period, patients who had related side effects were | TDM reporting patients with ARC.

dosing regimens for a
first episode of

treatment, while
being treated for

CrCl >150ml/min received higher
than licensed doses of amoxi/clav,

reported in the
treatment group. There
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hospital or ventilator-

HAP-VAP with

cefotaxime, ceftriaxone, and

was no statistical

acquired pneumonia B-lactams piperacilin/tazobactam. MIC was difference in MV
(HAP-VAP). defined by the lab or if not available duration, ICU stay or
EUCAST. Study endpoints included | mortality rate between
(primarily) therapeutic failure = the two periods.
persistent or worsening symptoms
with the need for escalation of
empiric therapy and recurrence =
second HAP-VAP with at least one
of the initial causative bacterial
strains, (secondary) side effects,
secondary acquisition of
antimicrobial resistance, duration of
ventilation, length of stay in ICU,
status of patient at discharge.
Amikacin
Carrie et Retrospective Characterize PK of n=70, critically Based on concentration values from Patients with OA/NPT percentage of PK/PD targets can be achieved in most
al. Observational amikacin in critically | ill patients TDM, PK modeling was performed had higher Vd than standard error as patients using LD of 25 to 30mg/kg
(2020) (24) ill patients with treated by considering the effect of multiple expected for critically <50% for PK ABW but higher doses (up to 35mg/kg)
Open-Abdomen and OA/NPT and covariates. Monte Carlo simulations ill patients but amount parameters are likely needed in patients with ARC
Negative-Pressure receiving were employed to determine the of fluid collected by the | Can’t link results | infected with less susceptible pathogens.
Wound Therapy amikacin with FTA for PK/PD targets (Cmax/MIC NPT did not improve to clinical
(OA/NPT) and assess | TDM were ratio of >/= 8 and [AUC0-24]/MIC PK model building so response (small
the appropriateness included. of >/=175) for multiple renal the influence is sample), data
of recommended functions and doses. Authors complex. CrCl and collected
regimens for hypothesized patients treated with ABW as covariates retrospectively,
empirical MIC OA/NPT would have sig. Changes in | influencing amikacin CrCl not
coverage. Vd and or CL which would justify CL and Vd. Desired measured
higher than licensed dosing Cmax/MIC ratio can be
regimens. achieved in most
patients with ABW LD
of 25 to 30mg/kg. But,
LD of 30 to 35 mg/kg
ABW, may be
necessary for patients
with CrCl
of >130ml/min
especially if high MIC
pathogen.
Arechiga- | Prospective Evaluate PK of n =50, adult Patients received IV treatment with CrCl had significant small sample CrCl significantly influences CL of
Alvarado Observational amikacin in Mexican | patients with dosing determined by the treating influence on amikacin amikacin. For low susceptibility
et al. patients with suspected or physician. Plasma samples were CL. pathogens doses of up to 60-70mg/kg
(2020) (5) different renal proven infection taken. CG equation used for CrCl may be needed to ensure target

functions receiving
once daily dosing
regimens and the
influence of clinical
and demographic
covariates that may
influence

and getting
treatment with
once-daily IV
amikacin with at
least one
determination of

determination. Simulations were
performed with the population model
for dose selection (targets of
Cmax/MIC of 8 or more and
AUC/MIC>75).

attainment.
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optimization of the
drug. Propose a
dosage regimen
achieving therapeutic
targets

amikacin plasma
concentration.

Vancomycin
Chu et al. Retrospective Establish a PPK n = 95 patients All patients received vancomycin via | CL was 8.515 L/h and retrospective, Clearance of vancomycin is higher in
(2020) (76) | Observational model to better aged 11-82 years, | IV infusion at intermittent intervals Vd was 155.4 L which small sample, patients with ARC
describe the hospitalized, of 6, 8, or 12h and total daily doses is 2.5-3.5x values children
pharmacokinetic suspected or between 1000 and 4000mg. All reported in literature. included
behavior of confirmed patients had ARC (CrCl > Univariate analysis
vancomycin and infection caused 130ml/min), CrCl estimated by CG showed age, CrCl, BUN
clarify PPK by gram positive | equation. To determine steady state to be covariants for CL.
characteristics in and receiving levels were drawn 30 mins before But multivariate
Chinese ARC vancomycin subsequent dose. analysis did not show
patients. (pregnant and this conclusion and only
renal age influenced CL.
replacement not
included)
Chen et al. | Retrospective Study the effect of n =104, adult Patients undergoing vancomycin Age, weight, and CrCl small sample, In this cohort patients with ARC tended
(2020) (25) | Observational ARC on vancomycin | patients treated therapeutic drug monitoring were were significantly retrospective, did | to be young, weigh more and be

TDM in patients
undergoing
neurosurgery

with vancomycin
after
neurosurgery +
normal liver and
kidney function
with TDM
employed

assigned to the normal renal function
or ARC group (CrCl > 130ml/min,
calculated by CG). Target was 10 to
20 mg/L. The baseline
characteristics, vancomycin
therapeutic drug monitoring data,
and prognosis were compared and
analyzed.

different between
groups. Total dosage
and duration were lower
in the ARC group
(maybe switched to
other agents after they
did not reach initial
targets)? Mean
vancomycin trough
conc. was 6.45mg/L
(compared to
10.72mg/L). Rate of
target achievement was
only 19.23% (compared
to 41.03%). The
proportion of patients in
the three trough
concentration groups
(<10, 10-20 and >20)
was also significantly
different between
groups. Trough
concentration was
correlated with age and
CrCL Neither of the
groups had adverse
reactions, and outcomes

not measure CrCl

previously healthy. More likely to have
subtherapeutic trough levels and require
individualized doses based on TDM.
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were not significantly
different.

He et al.
2020(77)

Retrospective
observational

To provide PK/PD
parameters of serum
vancomycin and
analyze the optimal
dosage regimen in
critically ill patients
with ARC.

n=280 critically
ill patients that
were tested for
steady state
vancomycin
serum
concentrations
during January
2013 —
November 2018
in a tertiary level
hospital.
Exclusion
criteria: CrCl
<80 ml/min,
pregnant or
lactating
individuals.

Patients were assigned to two
groups: ARC (CrCl > 130ml/min) or
non-ARC (CrCL <130 ml/min).
CrCl was determined using CG
equation. Patients were given
vancomycin 15mg/kg q12 hours over
a 2 hr iv infusion. Vancomycin
serum concentration was measured
and PK parameters of vancomycin
were estimated using Bayesian
estimator. AUC/MIC was calculated
using the MIC for each gram-
positive bacteria (staph aureus,
enterococcus faecalis and
enterococcus faecium). TDM was
conducted and doses that achieved
target tough levels were recorded.

Patient with ARC had
higher vancomycin
clearance and lower
trough serum
vancomycin
concentration values
than on-ARC patients.
Subtherapeutic trough
concentrations
(<10mg/L) were shown
in 77.7% of ARC
patients vs 68.8% of
non-ARC patients
(p<0.05). Higher
through concentrations
were harder to obtain in
both ARC and non-
ARC group. A daily
dose of 46mg/kg is
needed to attain a tough
concentration of
10mg/L in patients with
ARC.

Used CG formula
to calculate CrCl
instead of 24
hour urine
collection which
is more accurate.
The Bayesian
estimator used
was developed in
a Spanish
population
however this
study was
conducted to
reflect results in a
Chinese
population. This
may affect how
accurately the
Bayesian model
reflects PK
parameters of
vancomycin in
this population.
ARC group
contained 90
males vs. only 49
females. The
average age of
patients in the
ARC group was
statistically
different than
that of the non-
ARC group
(p<0.05) with the
ARC group being
a younger. This
study did not
compare clinical
outcomes such as
resolution of
infections or
infection related
complications
between the ARC

A higher dose of vancomycin is needed
in critically ill patients with ARC. TDM
guided dose adjustment should be
considered to achieve the target
therapeutic range. Further studies are
needed to establish dosing guidelines in
ICU patients with ARC treated with
vancomycin.
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and non-ARC
group.

Hirai et al. | Retrospective Investigate the risk n = 292 patient CrCl was estimated from serum 16.4% had ARC (less did not discuss Clinicians should consider adjustments
(2016) (40) | Observational factors for ARC and with normal creatinine concentrations based on than 65 years old, brain LD use of initial dosage of vancomycin and
to evaluate the serum creatinine | CG equation. ARC was defined as injury, febrile appropriate TDM-guided dose
influence of ARC on | receiving IV CrCl > 130ml/min. Blood sampling neutropenia, mean optimization to achieve targeted
the PK of vancomycin was performed at least 3 days after volume of infusion therapeutic range, especially in patient
vancomycin treatment was initiated. fluid >1500ml/d risk with ARC
factors for ARC).
Patients with ARC had
1.6x higher CL of
vancomycin. ARC
group received higher
doses and still exhibited
lower trough levels and
AUC. Subtherapeutic
levels (<10mcg/ml)
were identified in
68.8% of ARC patients
and 32.8% in non-ARC.
Chu et al. Retrospective Evaluate the effects n = 148 patients All patients received 1000mg q12h, 78 patients had ARC. retrospective, Patients with ARC are at higher risk for
(2016) (78) | Observational of ARC on serum receiving after 3 or 4 maintenance doses serum | ARC patients were way more males below target vancomycin trough
vancomycin vancomycin dose | samples were collected before the younger, lower SCrand | than female, concentrations. An increased LD or
concentration of 1000mg q12h next dose. Dosage adjustments were | higher GFR (determined | single center, increased dosing frequency is necessary
and undergoing made if necessary. CrCl was by MDRD). Trough CrCl was not for patients with ARC
serum determined using CG equation, ARC | concentration for ARC measured
monitoring was >130ml/min. patients was 9.2 +/- 5.4
ug/ml with 62.9%
having vancomycin
trough concentrations
below 10 ug/ml.
Minkute Retrospective Determine the n = 109 patients CrCl was estimated using CG Mechanical ventilation, | Many different Subtherapeutic vancomycin serum
et al. Observational incidence of ARC in in various equation and done every vancomycin | hemodynamic doses, different concentrations dominated in ARC
(2013) (51) patients with clinical settings serum concentrations measurement instability and patient intervals for patients, this finding should be

different medical
conditions employing
steady state trough
vancomycin serum
concentrations for
analysis.

day, ARC defined by

CrCl >130ml/min. Patients were
divided into ARC group and control
group. Vancomycin was prescribed
according to routine use and ranged
from 1000 to 4000mg/day.
Concentration measurements were
based on clinical judgement only.
When the vancomycin serum
concentrations was obtained before
the next dose at steady state the case
would be included for further
analysis. Trough target was between
5.2 and 10.3 ug/ml. Various degrees
of ARC were tested for impact of

age were determinants
of ARC. ARC resulted
in statistically higher
risk of under dosage
(OR 1.84). Even though
patients with ARC
received higher average
dose (22.9mg/kg/day
compared to
13.5mg/kg/day). Every
increase of CrCl by
40ml/min predicts a
decrease in Css (steady
state trough conc) by
1.49mg/ml.

plasma
measurements,
all of which were
determined by
multiple
physicians. CrCl
was estimated
and not
measured.
Recommendation
is speculative and
they did not test
dosing in the
study

considered while prescribing
vancomycin. MV and hemodynamic
instability may be predictors of ARC.
Therefore, if there is a young patient,
who is hemodynamically unstable and/or
mechanically ventilated, CrCl >130 but
especially if over 150ml/min and
required vancomycin they may benefit
from decreased dosing interval (q8h or
q6h) and more prompt monitoring of
trough concentrations (before 24hrs after
initial dose).
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vancomycin serum concentrations.
Patient factors and patient medical
conditions were tested to determine
relationship to ARC.

Zhao et al. | Prospective The purpose of this N=209. Chinese Patient demographics and lab data 51/209 (24.4%) of Limited sample Established a population
2021 (79) observational study is to determine adult patients were extracted. Serum concentration | patients had ARC. size means pharmacokinetic model for vancomycin
the pharmacokinetic (39.2% ICU, of vancomycin was determined. PK Patients with ARC reduced in adult patients with different renal
of vancomycin in 60.8% admitted modeling was conducted to analyze showed 1.3- 2.1 times generalizability. function, including patients with ARC.
Chinese adults and to other covariates. Monte Carlo simulation higher drug clearance CrCl was An initial dosing regimen of vancomycin
the recommend departments) were then performed for each renal than patients with calculated using was proposed for patients with
dosage for patients hospitalized function classification: 15-29 normal kidney function. | the CG equation insufficient, normal and augmented renal
with different renal between January mL/min, 30-44 mL/min, 45-59 CrCl was identified as instead of the clearance.
function, including 2010 and June mL/min, 60-89 mL/min, 90-119 the most significant gold standard
patients with ARC. 2018. Patients mL/min, 120-149 mL/min, 150-179 | covariate that affected 24hour urine
were included if mL/min, 180-209 mL/min, 210-239 elimination of collection
they received mL/min, vancomycin. Dosing method which
intermittent [V 240-269 mL/min, and 270-299 regimens were may have
vancomycin mL/min. CrCl was calculated using recommended as influenced
therapy, had data | the CG equation. ARC was defined follows: For patients accuracy of
recorded, as CrCI>130ml/min. Dosing with CrClI 120- estimated
including age, intervals were set at 8, 12 or 24 h 149ml/min a dose of clearance.
gender, TBW, with 250-2500 mg per dose. The 1750mg q24hr will
SCr and at least probability of target (steady state 24- | result in a PTA of
one serum h area under the curve (AUC24): 62.33%, for CrCl 150-
vancomycin 400-650 mg-h/L, steady state trough | 179ml/min a dose
measurement. concentration (Ct): 10-20 mg/L) regimen of 1000mg
attainment q12hr will result in a
was calculated. PTA of 62.56% and for
CrCl1>180 750mg q8hr
will result in a PTA of
61.69%.
Baptista et | Prospective Evaluate the effect of | n=93 adult Patients received LD 1000mg 40% of patients in the Did not discuss ARC is associated with subtherapeutic
al. observational ARC on vancomycin | patients, (weight <70kg) or 1500mg cohort demonstrated data serum vancomycin levels, this study
(2012) (8) serum concentrations | ventilated with (weight >70kg) over 1h followed by | ARC. These patients origin/collection. | suggests these patients may need a more

in critically ill
patients

severe sepsis or
septic shock
receiving empiric
or directive
treatment with
vancomycin.

continuous infusion of 30mg/kg/day.
Serum levels measured on the first 3
days of treatment. Adequate
treatment for gram-positive
organisms was defined as 13.8-
20.7umol/L. If needed, dose
adjustments were made. 24h CrCl
measurement performed on patients,
with ARC defined as

CrCl >130ml/min. Patients were
divided into group A (no ARC) and
group B (ARC).

were significantly
younger, less severely
ill, with trauma as the
leading cause of
admission. The serum
vancomycin
concentrations in Group
B were significantly
lower on all 3 days of
testing. 10.8% had
therapeutic levels on
D1, 31.4% on D2 and
51.6% on D3.

Rationale for
their treatment
targets

aggressive LD and well as TDM
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Campassi Prospective Determine the n=363 patients 24 hr urine samples were collected 28% of the cohort CrCl was only ARC is a common finding and linked to
et al. observational incidence and admitted to and CrCl was calculated. ARC developed ARC. ARC evaluated at age and absence of diabetes. Patients
(2014) (18) associated factors of clinical-surgical defined as CrCl >120 ml/min. patients were younger, admission. with ARC had lower plasma
ARC and the effects ICU (exclusion: Patients were grouped based on the had obstetric or trauma concentrations of vancomycin despite
on vancomycin under 21 years presence of ARC. Possible risk admission, lower receiving increased dosing.
concentrations and old, no bladder factors were analyzed. In patients APACHE II scores.
dosing in ICU catheter in place, | with confirmed gram-positive Logistic regression
patients. no 24hr urine infection, vancomycin was started analysis showed
collection with LD 15 mg/kg followed by CI of | younger age and
available, plasma | 30mg/kg/day targeting plasma absence of diabetes as
creatinine concentration of 15-25ug/ml. Dosage | the only independent
of >1.3mg/dL) adjustments were made if needed. predictors of ARC.
Serum levels were measured on the 12/44 patients getting
first 3 days of treatment. vancomycin had ARC.
These patients had
lower concentrations
and required higher
doses (after 72h doses
required were almost
50% higher than the
other group). After 24hr
of treatment no ARC
patient had achieved
target trough levels.
Helset et Prospective The aim of this study | n=283 (20 The patients were divided into four ARC patients were Patients who All patients with ARC (even with MIC
al. (2020) observational was to identify patients per groups according to renal function given stat. higher required <1) + any patient with pathogens of
39) patients at risk of group), adult and CRRT-mode as follows: normal maintenance doses vancomycin MIC >1 mg/L are at risk of
therapeutic failure patients enrolled (CrCI >60 and <129) or augmented (44.4mg/kg) compared treatment had subtherapeutic AUC/MIC ratio when
defined as from various renal clearance (> 130) and to other groups. ARC appropriate levels | treated empirically with vancomycin.
vancomycin ICU settings continuous venovenous hemodialysis | patients had higher CL so are findings Daily CrCl measurements and TDM are
AUC/minimum (general, cardio, or -hemofiltration. Doses were and shorter T1/2 clinically needed in non-CRRT patients. Author
inhibitory and infused at a maximum rate of 1g/h compared to normal significant? They | suggests continuous infusion as a
concentration neurosurgical) with a median frequency of 2x/day. renal clearance groups didn’t breakdown | possible dosing option for ARC patients.
(AUCO0-24/MIC) treated with Vancomycin trough levels were which resulted in lower | how many

<400, and to examine
possible effects of
different MICs, the
variability in renal
clearance and
continuous renal
replacement therapy
(CRRT), and the
relevance of
vancomycin therapy.

vancomycin of
over 72 hours.

measured at 24, 48, and 72 hours
after therapy initiation prior to next
dose. Peak levels were drawn lhr
after infusion. Urine collection used
for CrCl measurements started at
initiation and continued q24hrs.
Relevance of vancomycin therapy
was retrospectively evaluated based
on microbiological results and
indications for therapy by three ID
specialists.

AUC/MIC values. For
all groups, when
looking at MIC of 2 and
4 mg/L, the target was
reached at 8% and 0%
respectively. Only 5 of
patients needed
treatment and of this
median MIC was
1.0mg/L and patients
belonging to all groups
had AUC/MIC >400 but
majority were part of
CRRT group.

patients required
treatment were

from each group
just that majority
was from CRRT
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Baptista et | Group 1 Develop a dosing Group 1 (n=79), Group 1 - Dosing protocol In group 1, 51% of second cohort Patients with ARC appeared to be more
al. (retrospective), nomogram for the ventilated, adult (described in previous study above), patients achieved the was smaller, no likely to experience subtherapeutic
(2014)(9) group 2 administration of patients with daily TDM performed morning target, compared to 84% | info on collection | vancomycin levels within the first 24h of
(prospective) vancomycin by CI severe sepsis or following initiation of treatment. in group 2. In patients of retrospective treatment. Using the nomogram appeared
for the first 24h of septic shock Used 8h urine collection to with ARC in group 1, data to increase target attainment, especially
therapy based on 8h starting empirical | determine CrCl. 28% achieved target in ARC patients.
measured urinary or directive Relationship between the clearance whereas all of the ARC
CrCl. And then to treatment that of vancomycin and 8 h CrCl was patients in group 2
evaluate its efficiency | includes used to define a dosing nomogram reached target. There
in a separate cohort vancomycin. for vancomycin for different 8 h were no side effects
of critically ill septic CLCR that targets Css of 25 mg/L. reported in group 2 but
patients. Group 2 (n=25), ARC defined as 8h CrCl 6.3% of patients in
critically ill of >130ml/min. group 1 had
septic patients Group 2 - 8h urine collection nephrotoxicity
receiving determined CrCl. Received dosing as | reported.
vancomycin at per nomogram and had serum levels
discretion of ICU | drawn on day 1 following start of
physicians. treatment. To determine the efficacy
of the nomogram that had been
developed. Treatment target was 20-
30 mg/L.
Ishii et al. | Retrospective Evaluate the validity n=177, patients | Patients received vancomycin doses 46% of patients had retrospective, did | This study suggests that this nomogram
(2018) (42) | Observational of a renal function- receiving IV based on nomogram. Blood trough <10, 7% had not consider LD, (which I couldn’t find) may be useful in
based nomogram for | vancomycin + sampling done at least 3 days after trough >20. Univariate is GFR equation avoiding subtherapeutic concentrations
vancomycin dosing, concentration initiation. eGFR calculated using the | analysis showed age as validated, of vancomycin in patients with risk
and to investigate the | data + dosed Japanese Society of Nephrology the only variable nomogram not factors for ARC.
association of based on formula from SCr concentrations. associated with detailed in study
specific conditions nomogram (<18 The associations between age, renal subtherapeutic levels.
related to ARC with yrs, renal function, and conditions with There was no
the accuracy of the replacement and subtherapeutic concentration significant difference
nomogram. eGFR (<10ug/ml) was evaluated. between trough
<30ml/min were concentrations when
excluded) patients were analyzed
in CrCl groups.
Vermis et Retrospective investigate the n =96, patients Patients received LD 15 mg/kg ARC was a factor in ARC could have Regular monitoring of drug
al. (2014) Observational - | prevalence of ARCin | with followed by maintenance of 73/112 treatment been a factorin 1 | concentration and subsequent dose
(80) abstract a hematological hematological 30mg/kg via CI. Therapeutic levels courses. It was to 100% of the adjustment is needed. A dosing regimen

population and
evaluate correlation
with higher clearance
and increased
vancomycin dosing

malignancies
receiving
vancomycin in a
tertiary care
hospital

were 20ug/ml. CrCl was estimated
using CG equation. ARC was
defined as CrCl > 120ml/min

statistically related to
age, neutropenia and
chemotherapy. Patients
with ARC reached
therapeutic levels on
day 5 with average
maintenance of 41.7
mg/kg/day and patients
without reached on day

treatment course.

with increased LD 25 mg/kg (for all
patients) and maintenance of 40 mg/kg
for patients with CrCl >130 ml/min may
be beneficial.
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3 with average
32.7mg/kg/day.

Weigel et Prospective Does ARC measured | n =287 patients Patients received LD of 20 mg/kg, Subtherapeutic levels abstract If a patient has ARC higher standard
al. Observational - by MDRD lead to in general ICU TDM performed, and maintenance were more frequent in maintenance doses of vancomycin will
(2014)(81) | abstract subtherapeutic serum | who received CI doses were adjusted to target patients with ARC (55.2 be needed to reach therapeutic
vancomycin vancomycin concentration of 20-25 mg/L. eGFR compared to 29.3%) concentrations.
concentrations was calculated using MDRD and
ARC was defined as eGFR > 130
Chu et al. Retrospective Analyze the influence | n =292 patients, Demographic, clinical factor, Median trough retrospective, Patients with ARC are at an increased
(2020) (27) | Observational of factors on the between 12- vancomycin doses and concentration of included children | risk of vancomycin trough levels
steady-state trough 90years with concentrations were retrospectively vancomycin in ARC in the study <10ug/ml. Patients with ARC should be
concentration of documented are gathered and analyzed. CG formula patients was 7.7 ug/ml. identified as early as possible and TDM
vancomycin, assumed was used to calculate CrCl and ARC | Patients within the should be performed for dosing changes.
especially in patients | infection with was defined as over 130 ml/min. therapeutic range was
with ARC gram-positive only 32.8%. With over
organisms, 60% having
receiving concentrations
1000mg q12h <10ug/ml. Data
with monitoring suggests age had a more
completed. profound correlation
with trough
concentrations than
CrCl.
Villanueva | Retrospective To determine if n =70, critically Dosing protocol was 15mg/kg to Only 15% of patients small, Dosing protocol (15-20mg/kg + 25mg/kg
et al. Observational institutional ill trauma 20mg/kg + 25 mg/kg LD, had initial levels at retrospective, did | LD at various intervals) did not result in
(2019) (69) vancomycin patients treated maintenance intervals determined target. No statistically not measure CrCl | target attainment in critically ill trauma
pharmacy dosing with the based on CrCl. Target 15mg/L to significant differences patients. Continuous infusion may be a
protocol will achieve | institutional 10mg/L. CrCl calculated using CG. between the group that strategy worth exploring in this patient
higher rates of initial | vancomycin ARC defined as >160ml/min. did and did not achieve population.
therapeutic troughs protocol with targets. But more
appropriately patients had CrCl > 160
drawn steady in the group that didn’t
state trough (lhr achieve as well as lower
before 4th or 5th rates of ever achieving
dose) - therapeutic trough. The
exclusion: CrCl patients with initial
<60 ml/min, trough below 10 mg/L
Scr >1.5mg/dL, were categorized as
renal having lower Scr,
replacement higher CrCl and higher
therapy. ARCTIC score.
Izumisawa | Retrospective Perform a large scale | n= 684, adult Patients split into hematologic Vancomycin daily dose | retrospective, Patients with hematological malignancy
et al. Observational investigation toward Japanese patients | malignancy and non-hematologic and trough generalizability must have vancomycin therapy carefully
(2019) (43) the effect of with (261) and malignancy, then split into more concentration was monitored.
hematologic without (261) groups based on having normal renal | higher in hematologic
malignancy on the hematological function (CrCl >60 and <120) and malignancy group. CL
PK parameters of malignancy who | ARC (CrCl >120). CrCl calculated was higher and t1/2 was
vancomycin received using CG equation. Patient shorter for the

vancomycin with

malignancy group.
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proper TDM background, lab values, dose, and ‘When comparing group,
completed PK were analyzed and compared. A and B with heme
(trough levels malignancy they found
drawn 3 or more average doses were
days after higher in group B, yet
initiation). trough concentrations
Excluded were not significantly
patients on renal different.
replacement
therapy.
Mikami et | Retrospective to evaluate the n=65. Critically Patient characteristics and laboratory | CrCl formulatendedto | The study had a CrCl may have clinical applicability in
al. 2021 Observational clinical applicability ill patients who data were collected from medical show a stronger low patient determining initial dose of vancomycin
(82) of urinary CrCl for received records. Renal function was negative correlation population in critically ill patients. Patients with
determining the vancomycin [V estimated using CrCl (8hr urine with D/C ratio than the number, this ARC require higher vancomycin doses
initial dose of from April 2014- | collection) ,CG equation and other two formulas in meant some than non-ARC patients. It is necessary to
vancomycin in July 2020 in the KineticGFR equation. Correlation all groups except in the groups did not continuously monitor renal function
critically ill patients emergency between estimated renal function non-ARC group. Actual | meet the required | using CrCl because renal function in
and to assess department of (using each of the above formulas) ARC group had sample size set critically ill patients often changes daily.
vancomycin trough Hokkadio on the first day of vancomycin significantly lower C/D | for correlation Further studies are needed to verify these
plasma University administration and C/D ratio was ratio than non-ARC analysis. The results.
concentration/mainte | hospital. evaluated. Physician/pharmacist group (0.24 vs study was only
nance daily dose Exclusion determined the LD and maintenance 0.52kg/L). No conducted at one
(C/D) ratio in criteria: <18, dosing. Patients were divided into significant difference hospital limiting
patients with ARC. RRT, changed those with or within renal function was found between the generalizability.
vancomycin changes (defined as change in Actual and borderline The study did not
maintenance CrCl >30 ml/min from the beginning | ARC group or the compare C/D
dose during start | of vancomycin administration to borderline and non- ratio to clinical
of therapy and initial TDM) and patients with or ARC group. outcomes such as
initial TDM. without ARC ( Actual ARC Defined infection
as CrCl >130ml/min on first day of resolution,
vancomycin administration). limiting the
Difference in C/D ratio between clinical relevance
ARC and non-ARC groups of these findings.
(borderline ARC and non-ARC)
were evaluated as a secondary
outcome.
Sridharan | Prospective To assess the n=80. Patients Patient demographics, laboratory Both CG equation Small sample Critically ill adults are likely to have
et al. 2020 | Observational incidence of ARC 21-60 yr old with | results, clinical outcome and ICU (r=0.46, p=0.001) and size means low ARC and are more likely to achieve
(83) and compare the drug | normal Scr (53- length of stay were extracted. CrCl MDRD equation (1- generalizability subtherapeutic vancomycin

utilization in this
group with those
having a normal renal
clearance

97umol/L).
Exclusion
criteria: history
of renal disease.

was assessed using 24hour urine
collection. CG and MDRD equation
were also used to assess CrCl to
compare CrCL obtained from urine
collection The pearsons correlation
tests were used to assess this.
Vancomycin (target 10-20 mg/L)
and gentamicin (target <2mg/L)
trough levels were collected as part
of care. Monte Carlo simulations
were only carried out for

0.26, p=0.001) were
significantly correlated
with urinary CrCl.
42/80 (52.5%) of
patients had ARC. 8/28
(28.6%) vancomycin
trough levels were
within the
recommended range vs
4/4 (100%) gentamicin
levels were within the

of these results.
The study did not
provide
information
regarding dosing
regimens used in
patients for either
vancomycin or
gentamicin. This
leads to the
inability to rule

concentrations.
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vancomycin to compare CrCl and
trough concentrations in patients
with or without ARC. ARC was
defined at CrC1>130ml/min.

recommended range in
the 29 patients who had
ARC. 6/23 (26.1%)
vancomycin trough
levels were within range
and 1/1 (100%)
gentamicin trough
concentrations were
within range in the 16
patients WITHOUT
ARC). 90% of patients
with ARC are likely to
have trough
concentrations 5.63-

out
subtherapeutic
dosing as a
confounding
variable which
could result in
subtherapeutic
trough
concentrations.
The study did not
indicate time of
blood sampling
therefore we
cannot determine

7.78mg/L (10-20mg/L) if trough
vs 7.75-9.66mg/L in concentrations
those without ARC. represent steady
state.
Linezolid
Barrasa et | Prospective Assess influence of adult patients in Part 1: measured conc. with standard | PART 1: linezolid Linezolid administered as continuous
al. Observational ARC on PK of ICU and suffered | dosing (600mg q12h over 30mins) in | concentration was infusion (either 50mg/h - equivalent to
(2020)(14) linezolid in critically | from infection groups of patients based on renal remarkably lower in current standard dosing or 75mg/h) is an
ill patients. Evaluate treated with function - group I CrCl <60, group II | group I, significant alternative for patients with ARC.
the effect of linezolid CrCl1 >60 and <130, group III differences in half-life Provides justification for the use of TDM
continuous infusion CrCl >130, part 2: measured conc. (t1/2), CL, AUC24, and in patients with ARC.
on the probability of following continuous infusions Cmin. Patients with

therapeutic success

(50mg/h) in patients with renal
function >40 (group 4 >40 and <130,
group 5 crcl >130). Targeting
linezolid AUC/MIC > 80

and %T>MIC>85%

ARC did not achieve
PK/PD targets, whereas
80% of patient in the
other groups did. This
was the case with ARC
patients who received
600mg q12h and q8h as
per Monte Carlo
simulation. PART 2:
ARC patients had
reduced C and AUC but
70% of patients
achieved and
maintained linezolid
conc. above target,
compared to 94% of
patients without ARC.
No adverse effects were
observed.

Based on simulation a
CI of 75mg/h
probability of target
attainment in 93% of
patients who had ARC.
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Piperacillin/Tazobactam

Wu et al. Prospective Incidence and risk n=100 adult Blood samples collected if patient ARC group was small sample Patients with ARC are less likely to
(2019)(72) | Observational factors of ARC and patients in ICU received piperacilin/tazobactam, significantly younger size, did not attain necessary PK/PD targets, impact
its effect on B-lactam | for >24hr cefepime, meropenem at mid-dosing | with lower SOFA score. | calculate on clinical outcomes cannot be
PK/PD in Asian without CKD interval and prior to next dose (after Loop diuretics showed unbound determined (survival of ARC patients
populations admitted at least 4 prior doses had been lower occurrence of could be due to young age and less organ
to ICU given). Used P. aeruginosa ARC. For more failure and not B-lactam levels) studies
breakpoint as target MIC. Analyzed aggressive treatment matched for age and SOFA may be
results in terms of %fT>MIC targets like necessary to compare clinical outcomes.
50%fT>4MIC,
100%fT>MIC and
100%fT>4MIC patients
with ARC were less
likely to achieve targets.
More patients achieved
the PK/PD target of
100%fT>MIC with ICU
survival than those with
ICU mortality. But there
was no stat. Difference
between ICU survival in
ARC and non-ARC
groups.
Carrie et Prospective To determine n=79, adult Cefazolin, cefotaxime, With PK/PD target Had lots of More aggressive clinical targets may be
al. Observational whether ARC patients, piperacilin/tazobactam, cefepime, at >4xMIC the rate of patients receiving | needed in critically ill patients (4xMIC
(2018) (21) impacts negatively critically ill ceftazidime, meropenem were underdosing was 12% combination for the entire dosing interval). When
on PK/PD target without renal administered at standard dosing. with significant antibiotic CrCl is >170 there is increased risk for
attainment in patients | impairment Patients were included on day 1 of association with CrCl therapy, levels sub-exposure to antimicrobial agents and
treated by high doses | treated by one of | antibiotic therapy, TDM and CrCl (CrC1 >170 stat. and CrCl only this is associated with therapeutic failure.
of B-lactams the monitored B- | were reported on days 1-3. For CrCl, | Associated with B- taken for 3 days, TDM may be employed in patients with
administered lactams for a patients underwent 24-h urine lactam underdosing). majority ARC especially those infected with less
continuously for a documented samples. For TDM, blood was Other variables receiving susceptible pathogens or infections with
first infection in a infection collected at 24, 48 and 72hrs. associated with piperacillin so limited penetration of antimicrobial
surgical ICU. The (exclusion Underdosing was defined as free underdosing included does it apply to agents.
secondary objective criteria - renal drug concentration under the MIC of | younger age, higher all agents?
was to test the impairment, the known pathogen and sub- weight and higher MIC.
association between undocumented exposure was defined as at least 1 Mean CrCl values were
ARC, sub exposure infection, initial sample under the MIC of the known significantly higher in
to B-lactams and inappropriate pathogen. Defined bactericidal patients with therapeutic
clinical outcomes. antimicrobial activity as 4x MIC (if MIC not failure and sub-

therapy, died
before 15 days
after termination
of therapy)

known they used EUCAST break-
point). Therapeutic failure was
defined as persistent or recurrent
fever, organ dysfunction, clinical and
biological symptoms of the initial
infection with a need for escalating
antibiotics during or 15 days after
treatment.

exposure. Sub-exposure
was associated with
therapeutic failure.
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Andersen Prospective Develop a PK model | n=22 adult All patients received 4 patients in the cohort small sample, In patients with sepsis,
et al. Observational to assess the patients admitted | piperacilin/tazobactam at 4g/0.5g had ARC. An increase estimated CrCl, piperacilin/tazobactam doses
(2018) (84) piperacillin PK with sepsis q8h via 3 min intermittent infusion. in CrCl from 83.9 to simulation data administered by prolonged infusion
profile in septic (known or Blood samples were collected over I | 174 ml/min predicted to | dose (infusions over 3h or CI) or increased
patients. Make suspected dosing interval for 3 consecutive lead to an increase in recommendation | frequency (4g q6h) may result in more
correlation to target infection) to a days. Wanted to evaluate targets of total B-lactam CL of favorable PK/PD target attainment.
attainment and assess | medical ward. 50%fT>MIC and 100%fT>MIC 79.5%. The max MIC
efficacy of different Patients on renal | using clinical breakpoint for for 100%fT>MIn
dosing regimens. replacement P.aeurginosa (16mg/L). Using patients with
therapy were simulations, they tested intermittent, CrCl >130ml/min was
excluded. extended and continuous regimens at | only 0.125mg/L, which
various daily doses. ARC was suggests ARC patients
defined as 130ml/min and CrCl was are less likely to achieve
calculated using the CG equation. targets. Found
prolonged infusion and
higher intermittent dose
improved results.
Extended infusion (4 g
every 6 h [q6h]) over 3
h would be sufficient to
achieve a 50% fTMIC
in all patients, while
continuous infusion (CI;
8 g) was needed in
order to achieve a 100%
fTMIC. When using IA
at 4g q6h the max MIC
for a pathogen resulting
in 100%fT>MIC was
2.0mg/L which is
considered sufficient.
Weber et Prospective Evaluate fT>MIC n=24, Patients Patients received Only 4% of patients small sample Dose of 4g q6h was not suitable for this
al. Observational with q6h undergoing piperacilin/tazobactam 4g/0.5g q6h. achieved 100% fT>MIC | size, population especially if they had
(2019) (70) piperacilin/tazobacta chemotherapy for | 24h urine samples were performed and 50% achieved 50% generalizability increased CrCl (ARC)
m dosing in hematological for CrCl calculation. Plasma fT>MIC. Higher CrCl
hematology patients malignancies concentrations were assayed at 50% was significantly

with chemo-induced
neutropenia. Assess
impact of PK/PD
target attainment on
clinical outcomes.

presenting with
first fever and
receiving
piperacilin/tazob
actam

and 100% of dosing interval and
compared to target MIC breakpoint
of 16 mg/L to determine likelihood
of 50%fT>MIC and 100%fT>MIC.
Also recorded clinical cure, length of
stay, duration of antibiotics, and
clinical treatment success.

associated with lower
trough drug
concentration. Of
patients who had
clinical failure none
achieved 100%fT>MIC
and about half achieved
50%fT>MIC. Duration
of therapy and time to
clinical cure were
longer in those who did
not attain 100%fT>MIC
but this was not
statistically significant.
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Akers et Prospective Assess diagnosis of n = 13 critically Pharmacokinetic data from More rapid CL and used MDRD critically ill patients with ARC may
al. (2014) Observational ARC score, compare | ill patients trauma/surgical intensive care unit larger Vd observed equation, only 13 | benefit from extended dosing (12g/day at
(85) PK of low vs high patients receiving among patients with patients included, | 500mg/h) especially for less susceptible
ARC score groups. piperacillin/tazobactam were high ARC score. These pathogens with MIC 16ug/ml
Assess target evaluated. We combined factors may reduce
attainment for intermediate scores into a single low | antibiotic exposure
multiple dosing score group and compared which was also
recommendations of pharmacokinetic parameters against reflected in reduced
piperacillin the high ARC score group. AUCs compared with
Diagnostic performance was patients with low ARC
evaluated using median clearance scores. Higher ARC
and volume of distribution, area scores were also found
under the antibiotic time- to be 100% sensitive for
concentration curve (AUC), and predicting suboptimal
achievement of free concentrations drug levels for
greater than a minimum inhibitory pathogens with MIC of
concentration (MIC) of 16 mg/mL 16ug/ml. Sufficient
for at least 50% of the dose interval. dosing was found to be
Alternative dosing strategies were an extended interval of
explored in silico. 12g/day (500mg/h), for
intermittent 4 to 6g q4h
or 6 to 8g q6h would be
required. Also found
that extended dosing
allowed for a 50% (or
more) cost reduction
compared to various
intermittent dosing.
Dhaese et Prospective evaluate the Evaluated 270 received continuous infusion high dose (4g loading, current dosing is based on II data and
al. Observational population PK and plasma samples piperacilin/tazobactam, standard 24g/day) + CI was not that dosing is potentially not effective for
(2017)(86) PTA of piperacillin of 110 patients in | dose was sufficient to achieve some ICU patients.

when infused
continuously in
critically ill patients
(because current PK
models for
continuous infusion
are estimated from
intermittent infusion
studies)

ICU being
treated with
piperacillin
(excluded those
undergoing
extracorporeal
membrane
oxygenation or
renal
replacement
therapy)

16/2g/piperacillin/tazobactem/24hr
but dose was increased or decreased
based on renal clearance. CrCl

determined by 8hr urinary collection.

Levels were determined in the lab
and Monte Carlo simulation used
based on various doses, CrCl, and
MICs.

adequate exposure of
100% fT>MIC against
susceptible P.aeruginosa
isolates (MIC <16mg/L)
when renal CL was >90.
For MIC of 16mg/L
(worst case scenario)
max dose continuous
infusion only provided
adequate exposure for
CrCl of less than 65. In
a substantial amount of
patients even high dose
continuous was not
enough (31.5% of
patients had ARC
defined as CrCl >130).

Suggestions based on this —
piperacilin/tazobactam use as
monotherapy in patients with high CrCl
and infected with high MIC bacteria may
not be sufficient (use combination, TDM,
different agents). Author suggests a PK
model that is based on CI is needed.
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Carrie et Prospective To determine n=59, adult ICU Patients received 4g/0.5g LD and PIP underexposure was simulation data - Higher than licensed doses of
al. Observational whether ARC patients with 16g/2¢g by continuous infusion. 19% with a stat. need for clinical piperacilin/tazobactam (20g/2.5g/24hr)
(2018)(22) impacts negatively sepsis, excluded Samples collected at 24, 48 and association to CrCl. The | outcome trials, may be needed for patients with
on if CrCl <40 or 72hrs. For days 1-3 of treatment rate of PIP small sample CrCl >170ml/min, and even at these
piperacilin/tazobacta | renal patients underwent 24-h urine underexposure was doses study suggests patients were well
m unbound replacement samples to calculate CrCl - patients higher in ARC patients. under the 150mg/L threshold for
concentration in therapy. put into groups as no ARC (>40 and Patients with CrCl >170 neurological toxicity.
critically ill patients <130) moderate ARC (>130 and did not achieve PK/PD
receiving 16g/2g/day <200) and severe ARC (>200). targets when receiving
administered Therapeutic failure was defined as 16g/2g/24hr via CL In
continuously. The persistent or recurrent fever, organ patients with ARC a
secondary outcome dysfunction, clinical and biological 20g/2.5g/24hr dosing
was to determine symptoms of the initial infection regimen was associated
optimal dosing of with a need for escalating antibiotics | with highest probability
piperacilin/tazobacta during or within 15 days of to reach 16mg/L target,
m for empirical treatment. Underexposure was based | without risk of
antimicrobial therapy on at least one sample below the excessive dosing (as per
in critically ill highest MIC as per EUCAST - simulation).
patients with various 16mg/L for PIP and 2mg/L for TAZ
renal clearance and (wanted to base off of “worst case”
pathogen scenario because it is important that
susceptibility. empirical treatment covers this).
They also looked at excessive dosing
which was defined as free drug
conc. >150mg/L for PIP
Carlier et Prospective Link ARC to PK/PD | n=61, adults CrCl via 24hr urine sample, ARC 48% of patients did not small sample Standard dosing of meropenem and
al Observational target attainment in without renal defined as CrCIl >130ml/min, achieve PK/PD target piperacilin/tazobactam resulted in nearly
(2013)(19) critically ill patients dysfunction patients received standard doses of (100%fT>MIC) and of half of critically ill patients in this cohort
receiving meropenem | receiving meropenem (1g LD followed by 1g these almost 80% had not achieving PK/PD target, with patients
or meropenem or q8h via extended infusion over 3hrs) | ARC. Patients who did experiencing ARC at increased risk.
piperacilin/tazobacta | piperacilin/tazob | and piperacilin/tazobactam (4.5g LD | not achieve the target
m actam as an followed by 4.5g q6h via extended were younger, had
extended infusion over 3hr). Blood samples higher CrCl and higher
infusion drawn and analyzed. Concentrations weight. 48% of patients
compared to target MICs for had ARC and of this

P.aeruginosa - 16mg/L for
piperacilin/tazobactam and 2mg/L
for meropenem as per EUCAST
breakpoints.

majority (76%) did not
reach PK/PD target. A
lower target of
50%fT>MIC was also
assessed, finding that of
the ARC patients 37%
of patients did not even
achieve this target.

Ceftolozane/Tazobactam

Nicolau et | Prospective To determine n=14. Critically CrCl was measured using 8 hr urine 11/14 patients showed Small sample 3g C/T dose reached clinically
al. 2021 Observational whether established ill patients >18, sample. ARC was defined as to have size reduced meaningful plasma concentrations.
87 ceftolozane/tazobacta | with CrCl1 >130 ml/min. Patients received | CrCl>130ml/min using | generalizability. Dosing g8 hour is associated with
m (C/T) dosing is CrCl1 >180ml/mi 3g of C/T via 60 min IV infusion. 8 hr urine collection and | Used CrCl 8 hour | reaching PK/PD targets and is generally
adequate for patients n (CG equation) PK sampling was at time 0 were confirmed to have | collection instead | well tolerated in critically ill patients
within 24 hr. of (predose), 1,2,4,6 and 8 hours after ARC. Mean plasma of the gold with ARC. Therefore C/T 3g g8 hr is

163




with ARC and
bacterial infection

dosing and had a
documented or
suspected
infection.

the start of infusion.
Noncompartmental analysis was
conducted on the concentration data.
The study further determined
fT>MIC of 4ug/ML for Ceftolozane
and fT> threshold = lug/ml

for >20% of the dosing interval for
tazobactam. Safety and tolerability
was assessed based on the incidence
of AE and serious AE.

clearance and volume of
distribution was higher
in patients with ARC vs
healthy patients for
ceftolozane and
tazobactam.
Ceftolozane fT>MIC of
4ug/mL was achieved in
9/11 patients with ARC
for up to 6 hours after
administration. This
was also seen in 7/11
patients with ARC for
up to 8 hours after

standard 24hr
collection to
determine CrCl.
fT>MIC of
4ug/mL and
ft>1ug/mL for
Ceftolozane and
Tazobactam
respectively were
not compared
against clinical
outcomes
reducing the
clinical relevance

likely to be efficacious of critically ill
patients with ARC without additional
dose adjustments needed.

administration. of these targets.
Tazobactam Some of the
fT>1mg/ML (threshold) | study authors are
was achieved for 2 hrin | currently
all patients and up to employed by the
4hr after administration | company which
in 7/11 patients with funded the study
ARC. Saftey and resulting in
tolerance data showed potential
C/T was well tolerated conflicts of
in critically ill interest.
population. The most
common AE were
constipation and
hypotension (18.2%).
Shorr et Prospective To examine 28-day N=5152. Patients | Patients were categorized into >99% of all simulated CrCl was Findings demonstrate high PTA with C/T
al. Observational all-cause mortality from the phase 3 | normal renal function group (CrCl patients were estimated | calculated using 3 g dosed every 8 h in patients with
2021(88) (ACM) and clinical ASPECT-NP 80-130ml/min) or ARC Group to achieve the the CG equations | HABP/VABP and in critically ill
and per-participant trial, >18 years (CrC1>130ml/min). CG formula was | ceftolozane target (50% | instead of the participants with and without ARC, with-
micro- biologic cure of age with used to calculate CrCl. PK models fT>MIC of 4ug/mL) in gold standard out a need for further dose modification.
rates at the test-of- HABP/VABP informed Monte Carlo simulations to | plasma and ELF across 24hr urine
cure (TOC) visit (persistent, assess PTA in plasma and different ARC collection
among participants worsening or pulmonary epithelial lining fluid categories. Tazobactam | making it less
with ARC (CrCI>130 | new nosocomial (ELF) for C/T. PK/PD target for target (35% fT>Ct of accurate. CrCl

mL/min) and those
with normal renal
function (CrCl 80 to
130 mL/min).

pneumonia
despite >48
hours of
antibacterial
therapy).
Exclusion
criteria: only
gram-positive
pathogen was
isolated, ESRD,
peritoneal or
hemodialysis,

ceftolozane was 50% of the dosing
period that the free drug
concentration >MIC (fT>MIC of
4ug/mL). PK/PD target for
tazobactam 35% fT>Ct with a
threshold concentration of lug/mL.
Authors also measured all-cause
mortality and clinical cure and per-
patient microbiologic cure rates at
the test-of-cure visit.

lug/mL) was achieved
in 80% of simulated
patients. High PTA for
tazobac-

tam was estimated for
all patients but
incremental decrease in
PTA was observed with
increased ARC across
ARC categories.

categorization
was only done at
baseline and
therefore patients
who had ARC at
baseline but then
reverted to
normal renal
function would
have had a dose
adjustment but
remained in the
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urine output
<20mL/hr over
24 hour period,
received >24hr
of
systemic/inhaled
antibacterial
agent with gram
negative activity
72hours prior to
study agent.

ARC group.
Many of the
study authors
work for the
company that
funded the study
which could be a
conflict of
interest.

Enoxaparin
Abdel E1 Observational determine impact of critically ill, >18 | 50 critically ill patients divided into Anti-factor Xa levels Did not follow- ARC patients showed shortened activity
Naeem et (prospective) ARC on therapeutic years old, two groups (ARC and normal kidney | similar in both groups at | up regarding of enoxaparin, need for increased dose or
al. action of enoxaparin stay >48hrs, function) based on 24hr CrCl 4h but measurement at development of administration frequency. Need larger
(2017)4) measured by anti- requiring measurement. Anti-factor Xa 12 and 24h showed DVT in both study conducted with extended follow-up
factor Xa activity enoxaparin measured in both groups at 4, 12 and | ARC group with groups, did not to address development of clots as well
prophylaxis 24hr post administration. significantly reduced follow-up as other clinically important outcomes.
(given levels. regarding overall
40mg/QD) clinical outcomes
of patients, and
are levels at
hours 12 and 24
relevant?
Ramos et Observational investigate impact of | ICU patients, 13 patients included, 6 developed found no relationship dose of Dosing adjustment may not be required
al. (prospective) - ARC on the PK of <65 years of age, | ARC (defined by between ARC and enoxaparin not in ICU patients receiving prophylactic
(2018)(89) | abstract enoxaparin normal SCr, CrCl >130ml/min/1.73m2, measured | therapeutic failure specified, did not | enoxaparin. Though a larger study which
requiring via 24h urine collection), of these 6, investigate incorporates data on development of
enoxaparin 5 patients achieved therapeutic range thromboembolic clots is required.
prophylaxis of enoxaparin during second day of events
treatment
Levetiracetam
La et al. Prospective Identify optimal ICU TBI patients | 25 patients included, receiving median maximum didn’t use Standard dosing regimens may not be
(2018)(90) | Observational dosing strategies for 1000mg IV bid, CrCl and max. levetiracetam confirmed effective in TBI patients exhibiting ARC,
patients receiving levetiracetam levels measured during | concentrations 2.3- reference ranges further investigation needed to determine
levetiracetam for first 7 days of admission 4.6mg/L required dosing.
seizure prophylaxis (subtherapeutic,
secondary to TBI suggested reference
range: 6-20mg/L), 20%
of patients had seizures
May et al. Prospective measure CrCl in ICU patients 20 patients enrolled, baseline CrCl Measured CrCl was simulation, In ICU patients with SAH an increased
(2014)(91) | Observational - aneurysmal SAH with SAH measured, and concentration-time much greater than dosing data dose of levetiracetam (i.e. TID dosing)
abstract patients and evaluate dependent profiles were simulated estimated. MCS provided is vague | may be required for adequate therapeutic

how it may impact
renally cleared
medications

for multiple IV doses of
levetiracetam using Monte Carlo
Simulation (MCS)

suggested that
levetiracetam dosing did
not achieve target levels
unless three times daily
dosing was used.

effects
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Spencer et | Prospective Characterize the neurocritical care | 12 neurocritical care patients Levetiracetam systemic | results based on Increasing dose or frequency increased
al. Observational steady-state patients with received levetiracetam 500mg clearance was faster, simulation, probability of achieving trough >6ug/ml
(2011)(92) pharmacokinetics of SAH, TBI, or infused over 15 minutes q12h. Blood | and half-life was shorter | relationship but also increased probably of
IV levetiracetam used | SDH requiring samples collected after a minimum in neurocritical patients between serum trough >20ug/ml. Doses of 500 mg every
as seizure seizure of 4 doses of therapy and serum (compared to those of concentration and | 8 hours and 1000 mg every 12 hours
prophylaxis in prophylaxis, >18 | levetiracetam levels obtained. Used healthy volunteers and clinical efficacy achieved trough concentrations of at least
patients following years of age, Monte Carlo simulation for multiple adults in status cannot be 6 ng/ml with greater than 50%
neurological injury. with venous dosing regimens. epilepticus). established, did probability while achieving trough
Determine which access already Additionally, Vd was not measure concentrations greater than 20 pg/ml
dosing regimen established decreased. Doses of CrCl, small with less than 10% probability. PK is
resulted in (exclusion: 500-1000mg g8h and sample altered — increased dose/frequency may
levetiracetam levels multi-system 1500-2000mg q12h be required in critically ill patients.
within therapeutic trauma, kidney provided greatest
range of 6-20ug/ml impairment, low probability of achieving
hemoglobin) target concentrations
between 6-20ug/ml
Bilbao- Prospective To evaluate the N=27 patients. Each patient received 500, 1000 or 500mg q12hr was Small population | CrCl effects levetiracetam exposure
Meseguer Observational adequacy of Critically ill 1500mg of levetiracetam q12hr via insufficient in critical size leads to lack | which puts patients with ARC at risk of
et al. 2021 levetiracetam dosing patients over 18 30 min IV infusion. Blood samples patients with normal or of external subtherapeutic levels. 500mg q12hr is an
93) in patients with years old, were taken pre dose (Ohr), 0.5hrs and | augmented renal validation of the inadequate dose for patients with or
normal or augmented | admitted to ICU 12hr after administration. Samples function. Maximum PK model without ARC. Doses as high as 1500mg
renal clearance and treated with with assayed for interpretation. A PK | dose approved in the developed. q12hr may be insufficient for those with
(ARC) admitted to levetiracetam model of levetiracetam was summary of product Investigations ARC and further studies are needed to
the ICU by with a CRCL > developed with a focus on ARC (1500mg q12hr) only used a target assess effective dosing regimens.
population modelling | 50ml/min using this data. ARC defined as guaranteed target trough | trough
and simulation measured in CrC1>130ml/min/1.73> measured in | concentration in patients | concentration 12-
urine. urine. Monte Carlo simulations were | with CrCL<80ml/min. 46mg/L and a
performed to predict levetiracetam Doses of 1500-2000mg | lower target
Cmin and PTA under these dosing q8hr needed to achieve trough range
regimens with patients with various PTA >80% in those of >6mg/L. Study
CrCl (80-240ml/min). Patient with CrCl >160-200 would have
samples and data provided by ml/min. Mild benefitted by the
Basque Biobank and processed with improvements in well accepted
ethical approval. achieving Cmin were and universally
shown with infusion accepted
time of 2hr in those therapeutic
with CrCl >240 ml/min. | range. This study
did not discuss
clinical outcomes
of seizure
prevention in
patients with
ARC being
treated with these
doses.
Sime et al. | Prospective To develop a n=30. Patients Demographic and clinical data was 21/30 participants has Small sample TDM and urinary creatinine clearance
2021(94) Observational population treated In the collected from the hospital. ARC defined as size reduces should be measured in critically ill
pharmacokinetic ICU >18 years of | Levetiracetam dosing was at the CrCl1 >130ml/min. For generalizability patients with TBI or SAH. Even a high-
model for age, with severe discretion of the treating intensivist the simulated dosing of study results. dose approach (up to 6 g of levetiracetam
levetiracetam In TBI with GCS of | (po/IV). Blood samples were Study did not
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patients with severe
TBI and aneurysmal
SAH, and use it to
describe optimal
dosing regimens.

<8 on admission
or GSC >8 on
admission & CT
imaging
consistent with
severe TBI
including SAH,
epidural
hemorrhage,
intra-cerebral
hemorrhage, or
difuse axonal
injury;

OR aneurysmal
SAH, planned
administration of
IV or PO
levetiracetam for
treatment or
prophylaxis, Scr
<170umol/L,
arterial line or
planned
insertion,
indwelling
catheter or
planned insertion
and consent.

collected after a minimum of 4 doses
at 0 (predose), 15, 30, 60, 120, 360
and 480 min. A non-parametric PK
model was developed. Monte Carlo
simulations generated concentration-
time profiles and PTA for the
following dosing regimens both IV
and PO: 1000mg q12hr, 1000mg
q8hr, 1500mg q12hr, 15000mg g8hr,
2000mg q12hr and 2000mg q8hr.
These concentration-time profiles
and PTA for various dosing
regimens were shown for CrCL
profiles ranging from 80-
240ml/min). CrCl was measured as
urinary creatinine clearance.

regimens, on average,
the median trough
concentration reduced
by 50% for every
40ml/min increase in
CrCL. For

IV continuous infusion,
a lower reduction (30%)
was observed for every
40mL/min

increase in CrCl. In
patient with

CrCl1 >120ml/min none
of the regimens had a
PTA >72%. In patients
with ARC the PTA > 46
mg/L is almost O for
doses as high as 6
g/day. Patients with
CrCL >160ml/min
would have a < 80%
PTA >6mg/L using
doses up to 6 g/day.

specify urinary
creatinine
clearance
collection time
(gold standard is
24hour urine
collection),
therefore CrCl
accuracy is not
known.

a day) does not guarantee achieving
trough concentrations

within currently accepted target ranges in
patients with ARC. Therefore, clinicians
should be vigilant in the potential need to
use higher doses

and dose titrate, if necessary, in these
patients.

Ong et al.
2021(95)

Prospective
observational

Describe the
population PK of
levetiracetam using a
nonparametric
approach to design a
optimal dosing
regimen for critically
ill neurosurgical
patients.

N=20. Age >21
and admission to
neurosurgical
ICU for elective
brain tumor
resection, SAH
or TBI and
received at least
once IV dose of
levetiracetam for
seizure
prophylaxis.
Exclusion
criteria: Hx of
seizures and on
active treatment,
subjects of
barbiturate coma
for ICP or status
epilepticus,
pregnant or
breastfeeding.

Demographic and laboratory data
were collected for each patient. CG
equation was used to estimate CrCl
and ARC was defined as CrCl>
150mL/min. Levetiracetam dose was
left up to discretion of the primary
neurosurgical team. Each dose as
administered over 15-30 min IV
infusions. Blood samples were
collected before administration (Ohr),
0.5hr, 1hr, 6hr and 12hr after dose
administration. Nonparametric
analysis was done on blood samples
for population PK modeling. 1000
Monte Carlo simulations were used
to determine the PTA (>6mg/L
target). PTA was calculated using IV
doses of 500mg BID, 100mg BID,
1500mg BID and 1000mg Q8hr.

1/3 (30%) of patients
presented with ARC on
the day of blood
sampling. All subjected
were given at least 3
doses of levetiracetam
at the point of blood
sampling. The Monte
Carlo simulation
showed 500mg BID IV
provided a PTA of
63.4% (low). 1000mg
BID and 1000mg q8hr
provided a PTA of 80%
in patients without and
with ARC respectively.

Small sample
size and narrow
weight and CrCl
range therefore
not all clinically
relevant
covariates could
be described, and
this reduces the
generalizability
of results. CrCl
was calculated
using CG
equation instead
of 24-hour urine
collection
reducing
accuracy. PK/PD
targets were not
compared to
clinical outcomes
(seizure

Standing dosing of levetiracetam 500mg
BID IV was insufficient to achieve
therapeutic trough concentrations in most
neurosurgical ICU patients. A higher
dose of at least 1000mg bid IV is
recommended for patients without renal
impairment.
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prevention) in
this study,
therefore the
PTA with
different dosing
regimens may
lack clinical
relevance.
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