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Abstract

Critical care is a subspeciality of medicine that incorporates a multidisciplinary approach
for patient care in a heterogeneous population. The wide array of etiologies to critical illness may
result in disturbances to homeostasis and organ function. This variability in host-response may
impact the pharmacokinetics (PK) of an individual, resulting in potential differences in drug
exposure compared to a healthy counterpart. The high mortality rates of critically ill patients are
thought in part to be due to altered drug exposure, resulting in suboptimal dosing or adverse

effects.

The complexity and heterogeneity of critical illness limits the feasibility of conventional
PK studies for dose determination in this population. Furthermore, current “one-dose-fits-all”
approaches in pharmacotherapy overlook the interplay between drug physicochemical properties
and pathophysiology towards altered PK in the critically ill. Methods incorporating
pharmacometrics have advanced our understanding of this relationship, however current
approaches may require robust data sets to inform dose-exposure relationships and limit

extrapolations to untested clinical scenarios.

Methods incorporating physiologically-based pharmacokinetic (PBPK) modelling are
encouraging to overcome some of the current challenges and knowledge gaps towards
optimizing drug therapy in critically ill patients. PBPK models leverage mechanistic principles to
incorporate knowledge of physiology and drug physicochemical properties to provide a
simulation-based approach to drug PK. Knowledge of drug PK and physiology in healthy adults
may be adjusted to account for differences in age (i.e adults to children), or disease (i.e. critical
illness), to predict drug exposure. As these methods leverage known prior information, it enables
a more proactive approach in predicting drug PK in clinical settings when data sampling is

sparse, such as the critically ill.

This thesis aims to apply state-of-the-art mechanistic modelling strategies to advance
pharmacotherapy in critically ill adults and in children receiving extracorporeal life-saving
technology. The objectives are to (1) analyze the PK data in critically ill children receiving
continuous renal replacement therapy (CRRT), (2) evaluate the extraction of drugs via CRRT

utilizing a closed-loop ex-vivo study design, and (3) develop PBPK models to optimize drug
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dosing in various presentations of critical illness. The first objective included a systematic review
to evaluate our current understanding of drug PK in critically ill children receiving CRRT.
Several knowledge gaps were identified, which were to be addressed within the second objective
by incorporating a closed-loop study design to isolate the drug-CRRT circuit interaction. This ex-
vivo approach was the first of the holistic methodological solution towards which this thesis aims
to achieve. Knowledge gained from the ex-vivo studies may be integrated into a PBPK model
structure to provide a mechanistic understanding of drug PK, allowing for prospective dose

predictions in untested scenarios.

Within this work, it was identified that 40% of PK studies conducted in critically ill
children receiving CRRT focused on antimicrobials. Furthermore, only 50% of studies included
in the final analysis provided dosing guidance based upon PK findings in this population,
representing several knowledge gaps to support clinicians in dosing guidance at the bedside.
Anakinra and cefazolin were targeted as drugs of need for dosing guidance in patients receiving
CRRT. Ex-vivo studies were conducted to investigate the drug-circuit interaction. Both anakinra
and cefazolin, were efficiently removed from plasma upon the completion of the experiment,
rendering a sieving coefficient of 0.34 and 0.31, respectively. A PBPK model for anakinra was
developed to predict the PK in children receiving concurrent CRRT and extracorporeal
membrane oxygenation (ECMO). Upon applying the results from the ex-vivo experiment, PBPK
model predictions successfully described anakinra PK amongst critically ill children enrolled in a
prospective, opportunistic study. Overall anakinra exposure was similar amongst children
receiving ECLS compared to those who are not, supporting the hypothesis that renal dose

adjustments in this population may not be required.

The work herein this thesis seeks to advance the application of PBPK in supporting
pharmacotherapy to a diverse group of critically ill patients. In doing so, a mechanistic
representation of cefazolin drug concentrations in the central nervous system (CNS) through
PBPK was performed. Cefazolin cerebrospinal fluid (CSF) concentrations were accurately
predicted, and simulated CSF:plasma ratios fell within a 1.5 fold-error compared to observed
values. Dosing simulations demonstrate that a continuous infusion of 10 g/day may be required
to achieve pharmacodynamic response towards methicillin-susceptible Staphylococcus aureus in

treating infections in the CNS.
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This thesis aims to articulate the multiplicity of PBPK to support dosing guidance in the
critical care setting. Several knowledge gaps were identified, and the methods applied aim to
address some of the current limitations of conventional PK studies in this population. PBPK
modelling efforts such as these have the potential to improve generalizability, and efficiently
conduct PK studies in a highly vulnerable patient population by reducing the number of
participants required and applying a more proactive approach to dose determination in untested

clinical scenarios.
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Chapter 1: Background

1.1 Critical Care Medicine

Critical care, or intensive care is a subspecialty of medicine focused on providing
comprehensive management to patients with, or at risk of acute, life-threatening conditions. This
clinical specialty incorporates a multidisciplinary approach to patient care that differs from other
subspecialities by implementation of higher nurse-to-patient ratios, standardized protocols, and
use of advanced technologies to support failing organ systems. [1,2] Patient care is provided
within designated areas of hospital institutions termed intensive care units (ICU). These high
acuity medical units serve as the place for continuous monitoring of seriously ill patients. [3]
Etiologies of acute illness for patients in the ICU are inherently heterogeneous. These may be the
consequence of infection, failure of vital organ systems (i.e. kidney, lungs, cardiovascular),
trauma or post-surgical complications. [1,4] What adds to the complexity of critical care, beyond
the heterogeneity of the presenting syndrome, is that the physiological response that follows.
This in of itself is inherently heterogenous between individuals. [1] Such heterogeneity presents
challenges to the clinical team and despite advancements in practice, mortality and morbidity

associated with critical illness remains high.

As ICU level care is extremely resource intensive, differences in global mortality rates
range from 9% to upwards of 60%, [5,6] with disparities noted in the economic level of a
country. [5] In Canada, mortality rates in the ICU approximate 9%. [7] The comparatively lower
mortality rates in Canada may reflect access to care and differences in resource availability as
there are approximately 12.5 ICU-level beds per 100,000 people compared to <1 per 100,000 in
resource-limited countries. [8,9] While the overall mortality rates may be comparatively lower,
ICU admissions in this country continue to rise at an exponential rate. Such a rise has exceeded
that of the overall national hospitalization rate, and due to the costs associated with the level of
resources required for complex care, a significant burden on the healthcare system in Canada
remains. [7] To offset this burden and advance critical care practices, several advancements in
institutional protocols, diagnostics and organ support have been implemented to improve patient

care. However, advancements in drug delivery continues to be an area of need.



1.1.2 Pediatric Critical Care

Pediatric intensive care units (PICU) are specialized units designated to provide
comprehensive care to children experiencing life-threatening conditions such as infections,
trauma, or surgeries. [10,11] It is estimated that approximately 200,000 pediatric patients are
admitted to a PICU each year in the United States and account for nearly 15% of all critical care
admissions in Canada. [12,13] This increase may largely be attributed to advancements in

medical practice and continual development of life-saving technologies. [14,15]

It is estimated that up to 20% of all children admitted to a PICU will experience various
degrees of multiple organ dysfunction syndrome (MODS). [12] MODS encompasses failure of
vital organ systems such as the respiratory, renal, neurological, hepatic and cardiovascular
systems. [16] Epidemiological data suggests that respiratory and cardiovascular failure are most
prevalent. [17,18] A complete understanding of the epidemiology has yet to be known due to the
lack of large prospective data sets, however MODS has shown to be a significant predictor of
mortality and poor long-term functional outcomes. [18] Complications that follow are associated
with a severe inflammatory response that is commonly triggered by conditions such as shock,
infection or trauma. [16,18] To prevent further complications and reduce mortality associated
with MODS, many of these children will require life-saving extracorporeal technologies such as
continuous renal replacement therapy (CRRT) or extracorporeal membrane oxygenation

(ECMO).

1.2 Pharmacokinetic Changes Due to Critical Illness

Critically ill patients represent a unique population that may experience a heterogenous
array of complications including widespread systemic inflammation due to infection, trauma,
post-surgical complications, and organ dysfunction. Critical illness may be explained by
disturbances in homeostasis, and organ function. The disturbances in homeostasis and organ
function may affect the normal pharmacokinetic (PK) profile of an individual, resulting in
potential differences in drug exposure compared to a healthy counterpart. Early recognition of
the impact of disease states on PK has the potential to improve patient outcomes. For example,

optimization of antimicrobial dosing based upon predefined pharmacokinetic/pharmacodynamic



(PK/PD) targets may decrease mortality and antimicrobial resistance. [19,20] It is important to
conceptualize that the physiological response to critical illness is extremely variable, and that the
potential for PK changes may not be uniform across individuals. However, understanding the
potential consequences is of the utmost importance for optimizing safe and effective drug use in
this population. The following sections will illustrate potential alterations in absorption,
distribution, metabolism, and elimination (ADME) that may occur in a critically ill patient.
Additionally, the effect of extracorporeal therapy on drug PK will be discussed further in Section
1.3.

1.2.1 Absorption

The degree of absorption after oral administration is highly dependent upon the
physicochemical properties of the drug and the gastrointestinal environment. Such drug
properties include molecular weight, solubility, lipophilicity, acid dissociation constant (pKa);
while surface area, gastric motility, pH and blood flow account for the physiological parameters
effecting oral drug absorption. [21,22] Extravascular drug administration does not only
encompass oral routes, as drugs may also be administered via the subcutaneous (SC) or
intramuscular (IM) route. Several physiological abnormalities during critical illness have the

potential to impair drug absorption via extravascular administration.

During states of shock, regardless of the etiology, blood flow is redistributed from the
liver, kidney, and gastrointestinal tract to more vital organs such as the brain, heart and lungs.
[19,21,23] Redirection of blood from the periphery has potential to reduce the amount of
systemic absorption from the gastrointestinal tract, muscular and subcutaneous tissues. [24,25]
This natural physiological shunting of blood flow may be further compounded by the

administration of vasoactive agents to maintain hemodynamic support.

Few drugs are often absorbed in the stomach due to the lower pH and surface area
compared to the small intestine. Therefore, gastric emptying time is often a key determinant of
oral drug absorption and bioavailability. [26] In response to critical illness, gastric emptying time
is often delayed in up to 60% patients. [27] The causal is multifactorial, and likely a result of the

physiological response to illness or use of medications such as opioids and sedatives. [27,28]



Slowing of gastric emptying time has the potential to delay the time to maximum drug

concentration (tmax) and the onset of pharmacodynamic activity. [28—30]

As enzyme metabolism may also occur at the site of the gastrointestinal tract, cellular
dysfunction due to atrophy has the potential to reduce drug metabolism. [21,31,32] Although
limited evidence identifies the impact of critical illness on enzymatic activity in the
gastrointestinal tract, it seems plausible that reduced function may occur similarly to that in other
clearing organs (i.e. liver). [33] The impact of critical illness on drug metabolism in the liver will

be discussed further in Section 1.2.3.

The blood flow redistribution in response to critical illness also affects the perfusion to
additional sites of drug absorption, including the subcutaneous tissue and muscle compartment.
Compounded with peripheral edema due to fluid shifting and use of vasoactive medications, the
absorption of extravascular doses to these compartments are often altered. [**>°] This may be
quite consequential and put patients at risk for suboptimal therapy if not accounted for. Due to
the changes in physiology, it is often advised that intravenous drug administration be utilized

when possible.

1.2.2 Volume of Distribution

Volume of distribution (Vg) is a primary (PK) parameter that may be defined as the
apparent volume to which a drug is completely dissolved. It is a proportionality constant relating
the concentration of a drug in plasma to the total amount in the body. The distribution
phenomenon of drugs within body tissues is highly dependent on multiple factors such as degree
of protein binding, permeability of tissue, lipid solubility (logP), pH of the environment and pKa.
[21,37] Hydrophilic drugs primarily distribute in the plasma and blood compartments, therefore
have a low V4. While in contrast, drugs that are lipophilic distribute widely throughout the body
into the tissue compartments. Understanding the degree of hydro/lipophilicity of a particular

medication is important for conceptualizing the impact of critical illness of V.

Although there are several etiologies of critical illness, sepsis is the most common. It is
characterized by a dysregulated host response to infection. [38] Endotoxins from bacteria or
fungi may produce direct effects on the vascular endothelium, leading to vasoconstriction,

vasodilation, endothelial damage and increase permeability. [23,39] The endothelial layer is

4



essential for maintaining tissue fluid homeostasis, therefore any dysregulation may result in fluid
shifting intravascularly to the interstitial space. [39,40] This shifting of fluid, often termed “third
spacing” creates a newly expanded compartment for which drugs may deposit into. [21,23,31]
Larger than expected Vg for hydrophilic drugs such as B-lactams, aminoglycosides and
vancomycin may be seen in critically ill patients compared to healthy counterparts. [41-43]
Increases in Vd may impact the pharmacodynamics of concentration-dependent antibiotics (i.e.
aminoglycosides), where peak plasma concentrations are correlated with response. [21,23,31]
Therefore to compensate, higher initial loading doses may be required. The resulting response in
Vi is less influential for lipophilic drugs as they inherently distribute beyond the plasma and
blood compartments. [44,45]

Upon administration of a medication, it is important to consider that only the unbound
fraction of a drug may migrate from plasma to body tissues. [97] The major plasma proteins,
albumin and a-1 acid glycoprotein (AAG), are involved in drug sequestration within the plasma.
[98,99] The affinity of a drug to these plasma proteins is associated with the molecule’s acid-base
characteristics, as acidic drugs have a higher affinity to albumin, whereas more basic molecules
will bind to AAG. The pathophysiological changes due to critical illness described above have
the potential to disrupt normal serum concentrations of such plasma binding proteins therefore

affecting the Vg4 of highly bound compounds.

Opposing changes in the plasma proteins may be noted in critical illness. First, albumin
levels may be reduced (hypoalbuminemia) in as many of 75% of individuals. [46,47] Impairment
of synthesis due to direct hepatic injury or extravasation may reduce the amount of circulating
plasma albumin. Although the implications of hypoalbuminemia may be more pronounced on
drug clearance (Section 1.2.4), changes in unbound fractions may lead to altered Vq. This is
evident with ceftriaxone, a highly protein bound cephalosporin, as the unbound fraction may be
increased by approximately 90% in critically ill patients. [100] Oppositely, as AAG is an acute
phase reactant, increases in plasma concentrations may be observed in response to critical illness.
[48,49] This leads to a higher degree of protein binding sites for those drugs binding to AAG and

a reduction in the unbound fraction.[48]

1.2.3 Clearance



1.2.3.1 Metabolism

Drug metabolism may occur in various body tissues, including the gastrointestinal tract,
kidney and most commonly, the liver. Drug metabolism via the liver depends on three
physiologic parameters: blood flow to the organ, enzymatic activity, and protein binding. Critical
illness may affect each of these parameters to some degree, however when assessing the potential
impact on hepatic clearance it is important to have context of the drug specific hepatic extraction
ratio. The hepatic extraction ratio (ER) may be defined as the ratio of the rate of elimination to
the liver to that of its presentation. [50,51] Drugs with a high ER (>0.70) have clearance
approximating blood flow, therefore clearance may be altered with any perfusion abnormalities.
[21,51] Conversely, clearance of drugs with a low ER (<0.30) are dependent upon the intrinsic
clearance and fraction unbound. [21,51] As discussed in Section 1.2.2, changes in unbound

fraction can fluctuate regardless of which plasma protein the drug is bound to.

Drug metabolism in the liver may occur via two processes: phase I metabolism, which
cytochrome P450 (CYP 450) enzymes are largely responsible, and phase II metabolism via
mechanisms such as glucuronidation, sulfonation and acetylation. [50] In response to the acute
stress of critical illness there is often an increase in the production of stress hormones, acute-
phase proteins, and proinflammatory cytokines.[1,52] This may have a direct impact on the
expression of CYP 450 enzymes in the liver, resulting in extreme variability in hepatic clearance
for substrate drugs. [53] Additionally, direct insult to the liver via ischemia, inflammatory
endotoxins or drug-induced liver injury (DILI) may impair phase I metabolism to some degree.
[21,53] The impact of critical illness on phase II metabolism remains less defined, however
states of inflammation induce a downregulation of these processes. [53,54] Therefore, in
critically ill individuals experiencing hyperinflammatory phenotypes, one would expect altered

phase II metabolism.

1.2.3.2 Elimination



The previous sections have thoroughly discussed the implications of critical illness on
several PK parameters. Although the evidence does support that careful consideration must be
made to changes in absorption, distribution and metabolism, the most tangible PK process for
clinicians and researchers that may be impacted is that of clearance. Such an importance is
reflective of how clearance is inversely proportional to drug exposure or the area-under the
concentration time curve (AUC). Any fluctuations in drug clearance will be reflective in
fluctuations in drug AUC. Therefore, depending on the therapeutic window or toxicity thresholds
of a particular drug, dose adjustments may be required. Renal clearance may be the most notable
clearance process altered in critically ill patients and is one that requires specific attention as
many of the commonly used drugs in this setting undergo a significant renal clearance. These
include antibiotics such as beta-lactams, [105] aminoglycosides, [106] and vancomycin, [107]

antifungals such as fluconazole, [107] and analgesics such as morphine. [108]

Renal clearance is the sum of three distinct processes: glomerular filtration (GFR), active

tubular secretion and passive reabsorption. [55] Mathematically, this can be defined as:
Eq. 1-1

CLrenar = (fux GFR) + CLgecretion — CLreabsorption

where CLenal represents total renal clearance, fu is the fraction unbound, GFR is the glomerular
filtration rate, and CLsecretion and CLreabsorption represent active tubular secretion and passive
reabsorption, respectively. Critical illness may impact each process specifically, however as GFR

is the primary mechanism responsible, this parameter is most influential.

1.2.4 Pathophysiological Changes
1.2.4.1 Acute Kidney Injury

Acute kidney injury (AKI) is one of the most common complications to a critically ill
patient and has been shown to result in significant increases in morbidity and mortality. [56,57]
The incidence rate amongst critically ill individuals is extremely high, approaching 50% in
adults, [58,59] and approximately 30% in children. [60,61] Currently, three widely used

classification systems of AKI have been implemented into clinical practice and validated in



several patient populations. [62—64] The overall premise of such classifications focuses on
changes in serum creatinine and urine output as surrogates for GFR. [65] A comparison of the

three classifications may be found in Table 1-1. [65]

Table 1-1. Comparison of acute kidney injury classifications.



Criteria  RIFLE Criteria  AKIN Criteria KDIGO Urine”
Creatinine Creatinine Creatinine Output
Definition Definition Definition

Risk Increase in  Stage 1 Increase in  Stage 1 Increase in SCr  <0.5
SCr>1.5x SCr >26.4 >26.4 umol/L  mL/kg/h
baseline or pumol/L or in 48 h or for>6 h
GFR increase increase >1.5 x
decrease > >1.5x baseline
25% baseline

Injury Increase in  Stage 2 Increase in  Stage 2 Increase in SCr  <0.5
SCr >2 x SCr>2 x >2 x baseline mL/kg/h
baseline or baseline for>12 h
GFR
decrease >
50%

Failure Increase in  Stage 3 Increase in  Stage 3 Increase in SCr  <0.3
SCr >3 x SCr>3 x >3 x baseline mL/kg/h
baseline or baseline or or SCr >354 >24h or
SCr 2354 SCr >354 pumol/L or anuria
pmol/L pumol/L initiation of >12h
with an with an RRT
acute rise acute rise irrespective of
of at least of at least SCrorin
44 pmol/L 44 pmol/L patients <18
or GFR or years, decrease
decrease initiation in eGFR to <35
>75% of RRT mL/min/1.73m?

Loss Complete
loss of
Kidney
function
>4 weeks

ESKD Complete
loss of
Kidney
function
>3 months

AKIN; acute kidney injury network, eGFR; estimated glomerular filtration, ESKD; end stage,
GFR; glomerular filtration rate, h; hour, KDIGO;, kidney disease improving global outcomes,
kg, kilogram, mL, millilitre, RRT; renal replacement therapy, SCr; serum creatinine, umol/L;
micromole per litre.

* Urine output criteria consistent amongst all three classifications

To ensure an adequate description of AKI for pediatric patients, Akcan-Arikan et.al

constructed a modified version of the risk-injury-failure-loss-ESKD (RIFLE) criteria to account
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for childhood growth and physiological maturation. [66] As opposed to using changes in serum
creatinine concentrations, pediatric RIFLE (pRIFLE) incorporates estimated creatinine clearance
(CrCL), which is a function of patient demographics such as age, height, and weight. [66] In
comparison to the acute kidney injury network (AKIN) and the kidney disease: improving global
outcomes (KDIGO) classifications, pRIFLE showed similar associations with pediatric

morbidity and mortality. [66]

1.2.4.2 Pathophysiology of Acute Kidney Injury in The Critically IlI

Several potential causes have been known to contribute to AKI within a critically ill
patient, with the most common being sepsis, ischemia related to hypoperfusion and/or use of
nephrotoxic agents. [67] The pathology of AKI may range from decreases in GFR due to
reversible injury, to tubular necrosis leading to chronic kidney disease (CKD) or renal failure.
[67] It has been suggested that inflammation associated with critical illness results in apoptosis
and non-specific changes of renal tubular cells or brush border membranes may be the primary

pathological mechanism of AKI. [68]

Sepsis-induced AKI may occur in up to 50% of critically ill adults and 20% of
children.[69-71] The pathophysiology has not been fully understood; however it has been
described by heterogenous tubular injury without characteristic features of necrosis as seen in
severe ischemic injury. [72,73] Circulating toxins may trigger a reduction in blood flow and
infiltration of inflammatory cells. [72,74] Sepsis may also lead to the induction and release of
apopoetin-2, and reduction in apopoetin-1 receptor expression, resulting in vascular capillary
leakage. [75,76] Such consequences may result in apoptosis and necrosis, contributing to

sustained AKI or progression to CKD in a small subset of patients. [75,76]

Redistribution of blood flow as previously described, results in a reduction in renal blood
flow and is a significant contributor to AKI. Contributing factors to renal ischemia include
reductions in intravascular volume, systemic hypotension, fluid retention and/or neurohormonal
activation. [72] Under normal physiological conditions, the medullary region of the kidney
receives poorly oxygenated blood and low blood flow, making this region susceptible to injury
upon systemic hypoperfusion. [77,78] Systemic hemodynamic instability may lead to

hemodynamic imbalances within the kidney, increasing the release of vasoconstrictive molecules
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such as endothelin. [77,78] Simplistically, ischemic AKI may lead to alterations in renal

processes, cell structure and gene expression.

Thirdly, one of the largest contributors of AKI to a hospitalized or critically ill patient is
the use of nephrotoxic agents. Data suggests that the use of nephrotoxic agents may account for
up to 60% of AKI cases in hospitalized adults and 25% in children. [77,79—81] The renal
vasculature is highly subjected to the direct effects of blood circulating molecules due to the
kidneys receiving a large percentage (25%) of blood flow from cardiac output. Nephrotoxic
agents may induce kidney injury through several mechanisms, including alterations in kidney

hemodynamics, direct cellular injury, or osmotic injury. [72,82]

1.3 Extracorporeal Therapy

Organ impairment or failure may be quite common in critically ill adults [83,84] and
children. [16,85,86] Patients experiencing impairment to vital organs such as the lungs, kidneys,
and heart are at high risk of mortality. [16,83,84] To offset the complications and improve patient
outcomes, extracorporeal therapy is often required. This includes the use of CRRT and ECMO.
Both act as artificial organs, supporting the kidneys and heart and lungs, respectively. As they
provide non-specific exchanges of substances in the blood as a filtration mechanism, important

PK considerations must be made.

1.3.1 Continuous Renal Replacement Therapy

Renal replacement therapy (RRT) was originally developed as a method of blood purification
and solute removal in patients with chronic kidney disease. However, with advancements in
technology it has become an application of great importance in critically ill patients experiencing
renal dysfunction and/or fluid overload. [56] As previously discussed, a high percentage of
critically 1ll patients may experience some degree of renal impairment. [58—61] Of these, 10% of
adults and 5% of children require RRT to manage the consequences of kidney injury. [56,87]
Due to the hemodynamic instability of critically ill patients, traditional forms of RRT (i.e.
intermittent hemodialysis) may not be tolerated due to the rapid rate of solute and fluid removal.
[56,87] With the ability to provide a more gradual removal of solutes and fluid over prolonged
periods of time, CRRT has become the method of choice for renal support in critically ill adults

and children.
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Historically, CRRT was developed as an arteriovenous therapy, however more recent
practices utilize pump-driven venovenous circuits. [56] Within these circuits, venous blood is
removed from patient circulation through a large catheter and then passes through a peristaltic
blood pump to generate enough perfusion pressure to enable ultrafiltration of plasma water
through the circuit membrane. [88] Solute removal occurs differently depending on the modality
of CRRT which includes: continuous veno-venous hemofiltration (CVVH), continuous veno-
venous hemodialysis (CVVHD) or continuous veno-venous hemodiafiltration (CVVHDF). The
overall objective of fluid and solute removal is similar between these modalities however the
mechanistic function differs between each. [56,89] Each method of solute removal may have
differential effects on the pharmacokinetics of medications administered. Additionally, circuit
properties such as filters, membranes and flow rates may impact clearance of certain
medications. [90-92] A thorough understanding of the interplay between circuit, drug and patient

factors is important to describe the PK of medications administered to this population.

1.3.1.1 Continuous Veno-Venous Hemofiltration

Within a CVVH system, solute transport occurs through convective clearance. The
concept of convective clearance is that solutes within the blood are forced across a semi-
permeable membrane, a process referred to as “solvent drag”. [88,93] This process of mass
transport differs from the random Brownian movement of solutes associated with diffusion due
to the generation of a pressure gradient. [93,94] The high ultrafiltration rates applied for solute
clearance requires the addition of physiologic replacement fluids to restore fluid volume and
electrolytes. [87,88,94] Replacement fluids may be administered to the CRRT circuit either prior
to or after the hemofilter. Prefilter administration of replacement fluids dilutes the blood which
offers advantages in filter life preservation however reduces the effectiveness of solute clearance

at a fixed ultrafiltration rate. [56]
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1.3.1.2 Continuous Veno-Venous Hemodialysis

CVVHD circuits utilize a concentration gradient to perform solute removal. In these
circuits, a counter current dialysate solution is administered across the external surface of the
dialysis membrane, allowing for solutes to be removed from the blood down their concentration
gradient. [56] Unlike CVVH, ultrafiltration rates are generally low, if used at all, allowing for
adjustments in fluid balances without the need for replacement fluid administration. [56,88]
Clearance of endogenous solutes or medications via a CVVHD is dependent on molecular
weight. Diffusion provides efficient clearance of lower molecular weight solutes (<500-1500 Da)
but decreases as molecular weight increases. [56] This differs in comparison to CVVH circuits
where the rate limiting step in solute clearance is membrane porosity, rendering CVVH more
efficient in clearance of solutes ranging from 1000 to 20,000 Da. [56,88] However, with
advancements in circuit membrane technology, the use of “high-flux” or “high-cutoff”

membrane filters have reduce the importance of molecular weight on solute clearance. [95,96]

1.3.1.3 Continuous Veno-Venous Hemodiafiltration

The third modality of CRRT, and the most common applied in both adult [97] and pediatric
[98] intensive care units is that of CVVHDF. CVVHDF combines dialysis with filtration,
resulting in solute clearance through both diffusion and convection. [56,99] The addition of
dialysis within the CVVHDEF circuit allows for an increase in small-molecule solute clearance
compared to middle-to-large molecular weight solutes. As identified by Brunet et.al, clearance of
small solutes such as urea and creatinine by CVVHDF approximated the sum of CVVH and
CVVHD. [100] However, this concept did not hold true with larger endogenous solutes such as
B2-microglobulin, suggesting that clearance via CVVHDF is difficult to predict and must
consider circuit flow rates and molecular weight of solute. [100,101] An understanding of such
mechanisms of extracorporeal clearance is imperative to understand the potential alterations of

the PK of administered medications.
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1.3.2 Pharmacokinetic Alterations in Patients Receiving Continuous Renal
Replacement Therapy

As the purpose of CRRT is to provide support to the failing kidney, the non-specific
mechanism of filtration has the potential to remove drugs from systemic circulation to various
degrees. Intuitively, the filtration acts as a clearing organ and the CRRT circuit clearance
(CLcrrr) needs to be accounted for when assessing CLiotl 0f @ particular drug. Additionally,
circuit specific properties such as flow rates and membrane composition, may directly impact
drug PK. The PK of drugs in CRRT has been studied extensively in adults, and several reviews
have been conducted to draw large conclusions. [89,102—107] Although, PK studies in children
receiving CRRT have been conducted, no such review is available to assess the literature as a
whole. The following sections will briefly describe the variables associated with PK alterations

in these patients.

1.3.2.1 Mechanistic Differences

As previously discussed, the mechanisms for solute removal differ between CRRT
modalities, rendering potential differences in drug PK. With a CVVH circuit, drug clearance is
largely dependent upon the ultrafiltration rate and independent of molecular size.[89,99] To
assess the potential for drug passage across the hemofilter in a CVVH circuit, a drug-specific
constant referred to as the sieving coefficient (Sc) is considered. The Sc expresses the ratio of
unbound drug concentration in the ultrafiltrate (waste; Cur) to the concentration in plasma (Cp)
(Eq. 1-2). [102,103]

S, = CC_I;f Eq. 1-2

Sc values near 1 indicates free passing of drug across the hemofilter, while a SC of 0

indicates minimal transport. Drug clearance (CLcvvn) may be estimated by the product of the

ultrafiltration rate (Qur) and the Sc of a particular drug (Eq. 1-3). [102,103]

CLeyyn = Qup X Sc Eq.1-3
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The high ultrafiltration rates often utilized require the addition of replacement fluids,
either pre- or post-hemofilter, to ensure plasma water volume and electrolytes are being restored.
[88,93,108] The dilutional effect may decrease the efficiency of solute removal. This has been
shown with up to a 40% reduction in small solute clearance when a pre-filter replacement
technique is used compared to post-filter replacement. [109] Clinically, Uchino et.al
demonstrated that the CLcvvu of vancomycin increased with post-filter replacement fluid
administration compared to pre-filter. [110] In order to account for the dilution effect of pre-filter

replacement, one can approximate with the use of a correction factor (Eq 1-4 & 1-5):

CLeyvu(pre) = Quf x Sc x CF Eq. 1-4

CF = Qpli";—a’f% Eq. 1-5
Where, Qplasma and Qpre represent the flow rates of plasma and pre-filter replacement
fluids, respectively. [102,103] In this equation, Qplasma 1S approximated by blood flow (Qyp) x 1-
hematocrit (HCT). The application of this concept in Eq. 1-3 does not need to be considered for
small solute clearance within a post-dilutional method of CVVH. As a result, CLcvvu using post-

filter replacement fluids may be described using Eq. 1-3.

The clearance of CVVHD differs through a diffusive process with the use of a
countercurrent dialysate solution. The dialysate flow is substantially slower than blood flow,
enabling sufficient time for the diffusive process to occur across circuit membranes. [108] The
ability of a solute, or drug, to diffuse through a CVVHD circuit membrane may be quantified by
the dialysate saturation constant (Sp). [102,103] This constant is mathematically equivalent to
SC, as the ratio of drug concentration in dialysate (waste, Cq) to the drug concentration in plasma

(Cp). The full equation may be found in Eq. 1-6.

Sp= 2 Eq. 1-6
14

Utilizing Sp along with the dialysate flow rate (Qp), CVVHD clearance (CLcvvhp) may
be estimated (Eq. 1-7). [102,103]
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CLcyyup = Qp x Sp Eq. 1-7

With a countercurrent configuration, increased Qp prevents dialysate saturation and

improves the diffusion gradient.

The third modality of CRRT, CVVHDF, integrates a combination of convection and
diffusion for fluid and solute removal. CVVHDF clearance (CLcvvapr) may be approximated by

the sum of each respective process (Eq. 1-8). [102,103]

CLeyvupr = (Quf XS¢x CF) + (Q@p x Sp) Eq. 1-8

As CVVHDEF incorporates ultrafiltration, replacement fluids are required. [102,103]
Therefore, a correction factor (Eq. 1-5) based on replacement fluids may need to be applied

when estimating CLcvvHDF.

1.3.2.2 Flow Rates

Based upon the estimation equations presented above, flow rates of each CRRT modality
affect both CLrrT and CLiotar. The effluent flow rate (Qerr), or “dose” of the CRRT circuit is
defined as the waste fluid per unit of time from the outflow port of the dialysate/ultrafiltrate
compartment of the CRRT circuit. The effluent flow rate equates to the sum of all removal
processes incorporated in the circuit, including the Qur, Qp and patient fluid removal rate (PFR)

(Eq. 1-9).

Qerr = Qus + Qp + PFR
Eq.1-9

Increases in effluent flow rates have been shown to significantly correlate with CLtotal
and CLgrr of several antibiotics such as meropenem, piperacillin and vancomycin. [90]
Furthermore, administration of vancomycin to patients receiving high effluent flow rates of
CVVH have been shown to have a reduced probability of reaching target attainment. [111]
Therefore, consideration of effluent flow rates within a CRRT circuit is of the utmost importance

to ensure adequate dose.
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1.3.2.3 Circuit Membrane Composition

CRRT circuit membranes have traditionally been categorized based upon composition
(cellulose vs. synthetic) or permeability (low vs. high-flux). [92] Historically, cellulose
membranes were used however advancements in technology to address the bio-incompatibilities
have shifted towards the use of synthetic based membranes in modern circuits. [92,112,113]
Examples of synthetic membranes used today in CRRT circuits include sulfonated
polyacrylonitrile (PAN), polymethyl-methacrylate (PMMA) and polysulfone membranes
(PS).[92,114,115]

To this point the concept of CLcrrr has been thought of in the context of filtration
mechanisms such as convection or dialysis. However, a third possible mechanism of drug
removal from plasma may be that of drug adsorption to circuit materials. [116] Adsorption may
be dependent on membrane specific properties such as the composition or charge, and drug
specific properties including lipophilicity, protein binding and charge. [92,116,117] Comparisons
between PAN and PS have shown that PS circuit membranes may reduce the adsorption and
CLgrr of several antibiotics. [117,118] A complex interaction, which may be explained by the
Gibbs-Donan effect, between molecular charge and the negative charge of membranes have been
suggested to explain this process.[103,117] As an example, adsorption of gentamicin, a
positively charged molecule, may have significant adhesion to CRRT circuit

membranes.[117,119]

Drug specific properties must also be accounted for when assessing the potential for
adsorption. Drugs that are lipophilic and highly protein bound are less likely to be removed from
plasma by filtration mechanisms, as only the unbound drug is cleared. [102,103,116] However,
significant adsorption may occur, leading to high CLCRRT for molecules with these
physicochemical properties. [117,120] It should also be noted that the drug-membrane
interaction appears to be saturable and may be of significance during initial dosing and upon

replacement of new filters. [121,122]
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1.3.3 Extracorporeal Membrane Oxygenation

Extracorporeal membrane oxygenation (ECMO) is a form of life-support used in patients
with cardiorespiratory failure. [123,124] Mechanistically, blood is drained from the patients
venous system, oxygenated, and then returned to systemic circulation via the venous or arterial
system. There are two forms of ECMO used in a critical care setting, veno-venous ECMO (V'V-
ECMO) and veno-arterial ECMO (VA-ECMO). [124,125] In a VV-ECMO circuit, the drained
venous blood undergoes gas exchange and returned to the venous circulation, providing only
respiratory support. In a VA-ECMO circuit, the venous blood is reinfused back to the arterial
system, providing both cardiovascular and pulmonary support. [124,125] Regardless of which
circuit is utilized, the components remain the same. [126] As with CRRT, one of the challenges
clinicians face in providing pharmacotherapy to those on ECMO support is the potential impact

of altered drug PK.

1.3.3.1 Pharmacokinetic Alterations in Patients Receiving Extracorporeal Membrane

Oxygenation

Drug PK may be altered in critically ill patients receiving ECMO by one of three possible
mechanisms: 1) drug extraction from the circuit, 2) changes in Vg4 and 3) changes in drug
clearance (CLota1). As in CRRT circuits, drug extraction or adsorption in an ECMO circuit is
dependent upon circuit materials and the physicochemical properties of the drug. In general
drugs that are highly lipophilic, and protein bound are most likely to adsorb to ECMO circuit
materials. [127,128] However, since adsorption may occur because of the hydrophobic
interactions between drug and circuit polymers, the physicochemical properties of the drug and
circuit composition should be assessed in tandem, rather than individually. [127,129,130] This
has been evident with the use of fentanyl, as drug extraction may differ significantly with

different circuit membranes [127] or membrane coatings. [131,132]

ECMO circuit use may alter the V4 of drugs through multiple mechanisms, including
drug adsorption, hemodilution and the physiological response of critical illness. [133,134] As
discussed above, drug adsorption to the circuit may initially decrease plasma drug

concentrations. [127,133,134] To compensate for the apparent increase in Vg, higher loading
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doses are often required. [133,134] However, the drug adsorption process may become saturated,
and the adsorptive potential may decrease over time. [133] Secondly, the effect of hemodilution
may be most influential to changes in drug V4. When initiating ECMO therapy, the
administration of priming solutions is often required. Furthermore, throughout the course of
ECMO treatment blood transfusions and fluid administration are typically needed to manage any
bleeding complications and maintain circuit flow, respectively. [133—135] This inherently
increases blood volume and may be most pronounced on the Vg4 of hydrophilic drugs and young
infants. [133,134] Additionally, the initiation of ECMO circuits may illicit an immediate and
complex inflammatory response, [133,134,136] similar to that associated with critical illness

(Section 1.2.2).

Changes in drug clearance during ECMO are a result of the direct physiologic response
on clearing organs. Renal dysfunction is common, occurring in approximately 30% of patients
receiving VV-ECMO and 50% of patients receiving VA-ECMO. [134,137,138] Reasoning for
high rates of kidney injury are not entirely clear however it is likely a result of hypoxia and/or
perfusion abnormalities that may be seen prior to ECMO initiation. [134] Due to the impact of
renal impairment, CLl of renally cleared drugs are altered. [128,133,134] As previously
discussed, reductions in blood flow may impact hepatic clearance in states of critical illness. Due
to perfusion fluctuations in patients on ECMO, similar reductions in hepatic blood flow may be
expected. [133,134,139] Furthermore, the inflammatory response either prior to, or in result of
ECMO initiation may impact hepatic enzyme activity through inhibition or downregulation.

[134,139,140]

1.4 Determining Drug Dosing on Extracorporeal Life-Support

Drug dosing recommendations may be derived by conducting traditional PK studies,
assessing the concentration vs. time profile, and analyzing the data using PK modelling
techniques. Such modelling strategies may include noncompartmental and compartmental PK
analyses, or population PK modelling (popPK). These methods apply mathematical concepts to
fit a model to drug concentration vs. time profiles from individuals included within the PK study.
The role of these methods for determining drug dosing in patients receiving extracorporeal life-

support (ECLS) may be beneficial in optimizing pharmacotherapy. For example, popPK
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modelling strategies enable assessments of covariates related to patient-specific or ECLS-
specific factors that may be influential in drug PK. [116,141-143] However, limitations are
present as these traditional approaches require more robust sampling strategies, may be limited in
extrapolations to different patient populations (i.e. adults to pediatrics) and may become obsolete
with advancements in circuit technology. [141,144] Strategies to overcome these limitations

include the use of physiologically-based pharmacokinetic (PBPK) modelling. [141,144]

1.4.1 Physiologically-Based Pharmacokinetic Modelling

Physiologically-based pharmacokinetic (PBPK) models incorporate three components
during model development such as: system-specific properties, drug properties and the structural
model. [145,146] The structural PBPK model, or anatomical arrangement, consists of 15 organ
compartments linked with two blood compartments. Drug disposition between each
compartment is mathematically described using ordinary differential equations. A representation
of the anatomical arrangement may be found in Figure 1-1. PBPK models have become well
recognized for dose extrapolation in predicting pediatric exposure and have become an integral
component of drug development. [145] As the model structure is mechanistically derived with
known parameters attributed to physiology and drug PK, extrapolations to special populations
(i.e. pediatrics, organ impairment) may be conducted by incorporating known physiological
information of the target population. This approach may serve to be superior to alternative
modelling strategies in children <2 years of age when maturational components of drug PK are

not fully developed. [147,148]
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Figure 1-1. Whole-body physiologically-based pharmacokinetic (PBPK) model adapted from
Edginton et al. [149] Each organ (15) is connected by two blood compartments to represent an
anatomical arrangement. The arrows between compartments mathematically described drug
disposition through ordinary differential equations.

Recently the use of PBPK modelling for guiding appropriate pharmacotherapy in patients
receiving extracorporeal has been shown. [144,150] By incorporating the physiological
alterations associated with critical illness with the results from ex-vivo extracorporeal analyses
into the PBPK model structure, Watt et al. demonstrated feasibility in providing successful
predictions of drug PK in critically ill children on ECMO. [144] These methods are adaptable to
new circuit technology and can be altered to different forms of extracorporeal therapy (i.e.
CRRT). In doing so, an ECLS compartment can be added to the whole-body PBPK structure to
account for any changes in drug PK. The ECLS compartment is mathematically constructed by
incorporating known volumes, circuit flows and manufacture specifications of circuit
components for the purpose of predicting drug concentrations in the target population. This
modelling approach may address some of the limitations of traditional PK studies in this
population as it can reduce the number of participants required for data analysis, improve clinical
trial efficiency and may be modifiable to new circuit technology, flow rates or target populations

(i.e. adults vs. pediatrics). Although the results from the analysis by Watt et a/.[144] demonstrate



success of this approach, further confirmation in different populations, different forms of ECLS

and different drugs are required for widespread adoption into clinical practice.

1.5 Aim, Objectives, and Hypothesis

This thesis aims to apply state-of-the-art mechanistic modelling strategies to advance
pharmacotherapy in critically ill adults and children on ECLS. Through applications in PBPK,
this thesis seeks to inform drug dosing in critically ill patients experiencing heterogenous
etiologies of illness. Different modelling techniques will incorporate disease associated

pathophysiological alterations to be applied to specific clinical scenarios.

1.5.1 Objective 1: Analyze the Pharmacokinetic Data in Critically I11 Children
Receiving Continuous Renal Replacement Therapy

Objective 1: To conduct a comprehensive systematic review for the purpose of summarizing the
PK literature of critically ill children receiving CRRT. This objective will entail a comparison of
PK between children on CRRT to critically ill children who are not, identify commonly used
drugs with limited pediatric-specific dosing guidance, and assess the reporting quality of current

studies.

Hypothesis 1: In critically ill children receiving CRRT, the PK of commonly used drugs will be

largely similar to critically ill children who are not receiving CRRT.

1.5.2 Objective 2: Evaluate the Continuous Renal Replacement Therapy Extraction
of Drugs Ex-vivo

Objective 2: Using established methods, the drug-CRRT circuit interaction will be investigated
for anakinra and cefazolin. Furthermore, this thesis seeks to demonstrate how large molecule

therapeutic proteins may be removed from plasma using modern CRRT circuit technology.

Hypothesis 2: Using modern CRRT circuit technology, both cefazolin and anakinra will be

extracted from plasma.
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1.5.3 Objective 3: Develop Physiologically-Based Pharmacokinetic Models to
Optimize Drug Dosing in The Critically Ill

Objective 3: Develop PBPK models that account for altered physiology associated with critical

illness for the purpose of optimizing pharmacotherapy.

Hypothesis 3: This approach to predicting drug concentrations in the critically ill will be

successful upon evaluation with observed data.
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Chapter 2: Pharmacokinetics of commonly used mediations in children
receiving continuous renal replacement therapy: a systematic review of
current literature

This chapter is reflective of an original manuscript published by the PhD candidate (Samuel
Dubinsky) in Clinical Pharmacokinetics. All pertinent dialogue in this chapter was written by the
PhD candidate.

Information regarding applicable letters of copyright permission is presented in the Letters of
Copyright Permission.
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2.1 Overview

Background:

The use of CRRT for renal support has increased substantially in critically ill children compared
to intermittent modalities due to its preferential effects on hemodynamic stability. With the
expanding role of CRRT, the quantification of extracorporeal clearance (CLrrT) and the effect
on primary pharmacokinetic parameters is of the utmost importance. Within this review we
aimed to summarize the current state of the literature and compare published pharmacokinetic

analyses of commonly used medications in children receiving CRRT to those who are not.

Methods:

A systematic search of the literature within electronic databases PubMed, EMBASE, Cochrane
Library and Web of Science was conducted. Published studies that were included contained
relevant information on use of commonly administered medications to children, from neonates to
adolescents, receiving CRRT. Pharmacokinetic parameters that were analyzed included Vg,
CLutotal, CLrrT, AUC and elimination half-life. Information regarding CRRT circuit, flow rates
and membrane components were analyzed to investigate differences in pharmacokinetics

between each modality.

Results:

45 studies met final inclusion within this systematic review, totaling 833 pediatric patients, with
586 receiving CRRT. Antimicrobials were the most common pharmacological class represented
within the literature, representing 81% (35/43) of studies analyzed. Children receiving CRRT
largely had similar V4 and CLtal to critically ill children not receiving CRRT, suggesting reno-
protective dose adjustments may lead to subtherapeutic dosing regimens in these patients.
Overall, there was a tendency for hydrophilic agents, with low protein binding to undergo
elevated CLuotal in these children. However, results should be interpreted with caution due to the
large variability amongst patient populations and heterogeneity with CRRT modalities, flow
rates and use of ECMO within studies. This review was able to identify that variation in solute
removal, or CRRT modalities, properties (i.e. flow rates) and membrane composition may have

differing effects on the pharmacokinetics of commonly administered medications.
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Conclusion:

The current state of the literature of medications administered to children receiving CRRT
largely focuses on antimicrobials. Significant gaps remain with other commonly used
medications such as sedatives and analgesics. Overall reporting of patient clinical characteristics,
CRRT settings and circuit composition was poor, with only 10% of articles including all relevant
information to assess the impact of CRRT on CLta. Changes in pharmacokinetics because of
CRRT often required higher than labelled doses, suggesting renally adjusted, or reno-protective
doses may lead to subtherapeutic dosing regimens. A thorough understanding of the interplay
between patient, drug and CRRT-circuit factors are required to ensure adequate delivery of

dosing regimens to this vulnerable population.

2.2 Introduction

The incidence of pediatric patients admitted to intensive care units continues to rise in
North America, with approximately 200,000 annual admissions within the US. [12,13]
Approximately 20% of critically ill children may experience various degrees of multiple organ
dysfunction. [12] Multiple organ dysfunction, or MODS, encompasses failure of organ systems
such as the respiratory, renal, neurological, hepatic and cardiovascular systems. [16] MODS is
largely associated with a severe inflammatory response that is commonly triggered by conditions
such as shock, infection, or trauma. [16,60] Of these, renal dysfunction has been shown to be one
of the most common and one of the strongest predictors of mortality within a pediatric intensive
care unit (PICU). [60]

Recent epidemiological data suggests that renal dysfunction amongst pediatric patients
may be as high as 30% and associated with a mortality rate of nearly 15% within a PICU.
[18,56,60,61] To prevent further complications and reduce mortality associated with renal
dysfunction, many of these children will require extracorporeal technologies such as continuous

renal replacement therapy (CRRT).
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Renal replacement therapy (RRT) was originally developed as a method of fluid and
solute removal in patients with chronic kidney disease. Due to preferential effects on
hemodynamics compared to intermittent modalities, CRRT has become the treatment of choice
for patients requiring renal support. [56] Multiple CRRT techniques have been used to aid in
fluid and solute removal, including continuous veno-venous hemofiltration (CVVH), continuous
veno-venous hemodialysis (CVVHD), and continuous veno-venous hemodiafiltration

(CVVHDF). Depending on the modality chosen, drugs will be cleared differently.

Clearance through a convective process, as seen with CVVH, is largely dependent upon
the ultrafiltration rate and independent of molecular size. [89,99] This differs from the diffusion
process seen within CVVVHD, as efficient clearance depends on molecular weight and the
utilization of a concentration gradient for molecules to move from blood to dialysate. [103,108]
Where as, CVVHDF combines both mechanisms (diffusion & ultrafiltration) to aid in solute
removal. [103,108] The efficiency of drug removal is expected to be
CVVHDF>CVVH>CVVHD. [56,89]

With the expanding data supporting the impact of CRRT on survival of critically ill
children, the quantification of extracorporeal clearance (CLrrT) has significant implications for
alteration in the pharmacokinetic behaviour of medications. [151] Differences in method of RRT,
circuit properties such as flow rates or membrane composition, in conjunction with patient
clinical status and the physicochemical properties of a drug, may lead to suboptimal
pharmacodynamic responses or toxicity based on alterations in volume of distribution (Vq) or
total clearance (CLuotar). [94,103,108] For example, the degree of CLrrr is of particular
importance for patients experiencing life-threatening infections as the consequences
of suboptimal dosing has been shown to negatively impact mortality and increase antimicrobial
resistance. [87,152,153] Current dosing recommendations are guided by a one-size-fits all
approach, lacking patient, and circuit specificity. [154] To date there are no systematic reviews
investigating the pharmacokinetic parameters for commonly used medications within pediatric
patients receiving CRRT. The goal of this systematic review is to summarize the

pharmacokinetic data and investigate the quality and validity, with the objective of providing a
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guide for clinicians to develop optimal dosing regimens for pediatric patients and to identify

knowledge gaps for future research.

2.2 Methods

The systematic review protocol has been previously registered on PROSPERO,
CRD42021250070. [155]

2.2.1 Search Strategy

A systematic search of the literature within electronic databases PubMed(MEDLINE),
Ovid EMBASE, Cochrane Library and Web of Science was conducted with assistance from an
information specialist (CC). The search strategy was developed using keywords:
pharmacokinetics, drug dosing, pediatrics, and renal replacement therapy within the pediatric
patient population from birth to 18 years. Further refining was done to include articles published
from 1990 to May 3, 2021. Researchers were alerted to additional results for the search after
May 2021 to September 15", 2021 by automatic email alerts. Articles during this period were
screened and selected in a similar manner to the original search. Limitation of publication date
was to ensure the search results only included pharmacokinetic analyses with widely used veno-
venous CRRT circuits. To maximize inclusion, references of selected publications were
reviewed, and all relevant articles were included. The full search strategy for

PubMed(MEDLINE) can be found in Appendix Al.

2.2.2 Study Selection

The final search results from each database were imported within the software Covidence
(Melbourne, Australia). [156] Two reviewers (SS + BA) independently screened each title and
abstract to assess eligibility for inclusion. The systematic review process was conducted in
accordance with the Cochrane Handbook for systematic reviews and interventions. [157] All
discrepancies between reviewers were resolved by a third independent reviewer (SD). Studies
were included if they met the following pre-defined inclusion criteria: 1) study population of
ages 18 years and below, including neonates (0-28 days), infants (29 days — 1 year of age),
children (>1-12 years) and adolescents (>12-18 years), 2) those receiving CRRT such as: CVVH,
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CVVHD, and CVVHDF, 3) studies reporting results of primary pharmacokinetic parameters
such as CL (CLtotal & CLRrrr), V4 or AUC in patients receiving CRRT. No restrictions on the use
of additional extracorporeal technologies such as ECMO were included within this review. Ex-
vivo studies investigating the drug-CRRT circuit interaction were included to illustrate the impact
on pharmacokinetics. All study designs, including case reports and case series were incorporated
within this review. Studies that were excluded were: 1) Non-English publications, 2) animal
studies and 3) studies including predominantly adult populations with no clear separation of

pediatrics.

2.2.3 Data Extraction

All extracted data was contained within a pre-populated data extraction sheet developed
using Microsoft Excel. Extracted data included study design, sample size, drug, dose,
administration route (i.e. enteral or intravenous), and patient demographics including age, body
weight (kg), and height (cm). Indicators of clinical status were also extracted if applicable,
including serum creatinine (SCr), albumin, bilirubin, liver enzymes and presence or absence of
residual renal function. As the study population included children receiving CRRT, all relevant
CRRT circuit components were recorded such as: CRRT machine, circuit filter/tubing, including
membrane porosity, flow rates (i.e. blood, dialysate, ultrafiltrate) and replacement fluid flow rate
(i.e. prefilter vs. post-filter replacement). Additionally, the sieving coefficient (Sc) or dialysate
saturation constant (Sp) was also extracted. This may simply be defined as the ratio between the
drug concentration in the effluent fluid to plasma for a CVVH and CVVHD circuit respectively.

The presence or absence of ECMO was also noted.

The pharmacokinetic parameters that were extracted included: CLow1, Vd, AUC, half-life
(t 2), elimination rate constant (k) and peak/trough concentrations (Cmax & Cmin).
Pharmacokinetic parameters were recorded as mean/median values as presented in each
respective study. Additionally, the method of pharmacokinetic analysis and model structure was
included within the extraction. For population pharmacokinetic (PopPK) models, covariates and

final model equations were documented if applicable.

Probability of target attainment (PTA) was also recorded. PTA included time above the
minimum inhibitory concentration (fT>MIC) for time-dependent antimicrobials, peak-

concentration to MIC ratio (Cmax/MIC) for concentration-dependent antimicrobials and
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AUC/MIC ratio for exposure-dependent antimicrobials. Pharmacodynamic targets for non-

antimicrobials were also investigated if reported.

2.2.4 Quality Assessment

One of the main objectives of this review was to assess the quality of the current
literature of pharmacokinetic analyses in children receiving CRRT. The ClinPK quality
assessment tool constructed by Kanji et al. was developed to aid clinicians’ ability to assess
validity and quality of reporting for pharmacokinetic studies. [158] This 24-item checklist
includes criteria such as study rationale, eligibility criteria, coadministration of study drugs,
validation of quantitative bioanalytical methods, use of pharmacokinetic software, transparency
of extracorporeal technology components and quality of reported results. [159] As a result, this

tool was incorporated within the review to allow for better assessment of clinical application.

3. Results

3.1 Characteristics of Included Studies and Study Population

The literature search strategy identified 1713 non-duplicate records. After title and
abstract screening, 129 were determined to be eligible for full-text review. Among these, 45
studies met inclusion criteria and included a total of 833 pediatric patients, with 586 receiving
CRRT. Only one patient included within the review received peritoneal dialysis. Retrieval
process of included studies is shown in Figure 2-1, in accordance with the PRISMA statement.

[159]

Of the 45 included studies, 16 (36%) were prospective, [160—-174] 6 (13%) were
retrospective, [175-180] 19 (42%) were case reports or case-series, [181-199] and 4 (9%) were
ex-vivo studies. [91,118,200-202] Of these 12 (27%) included a PopPK analysis.
[161,162,165,167,171-176,179,180] Data on 33 different medications were reported within this
analysis, including: 14 antibiotics (vancomycin, tobramycin, daptomycin, meropenem,
doripenem, ticarcillin-clavulanic acid, teicoplanin, amikacin, clindamycin, piperacillin-
tazobactam, cefepime, ceftriaxone, ceftolozane-tazobactam, linezolid), 4 antivirals (ribavirin,
acyclovir, oseltamivir, peramivir), 4 antifungals (voriconazole, fluconazole, liposomal
amphotericin B, caspofungin), 2 anticonvulsants (phenobarbital, phenytoin), 4 vasoactive agents

(vasopressin, milrinone, dobutamine, dopamine), and others (clonidine, digoxin, theophylline,
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midazolam, propafenone). Within this analysis, 20 out of 45 studies (44%) included children <1
year of age. [161,162,164,166—168,171-174,176—-182,184-186,192] The clinical and

methodological characteristics of included studies may be found in Table 2-1.

Identification of Studies via Databases
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Figure 2-1. Preferred Reporting Items for Systematic Review and Meta-Analyses (PRISMA)
diagram of included studies.
CRRT; continuous renal replacement therapy, PK; pharmacokinetics

The specific modality of CRRT used in the patient population was reported in 88% of
included studies. All three methods of CRRT (i.e. CVVH, CVVHD, CVVHDF) were
represented, with CVVH being the most common in 47% of studies. Information on specific
CRRT modality, flow rates and filter components may be found in Table 2-2. At least one patient
received ECMO in approximately half (53%) of the studies, with VA-ECMO being the most
common method. To fully assess the impact of CRRT on clearance (CLrrr), an understanding of
blood, replacement fluid, dialysate and/or ultrafiltrate fluid flow rates is required. Within the

studies incorporating CRRT, blood flow rate was reported in 24 (53%), replacement fluid was
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reported in 14 (31%), dialysate flow rate was reported in 19 (42%) and ultrafiltrate flow rate was
reported in 25 (56%) studies respectively. Only 18 (40%) studies reported all necessary
mechanistic properties of CRRT to assess impact on CLrrr. The specific filter used within the
CRRT machine was reported in 27 (60%) studies, with the AN 69 polyacrylonitrile filter being

the most common.

To assess certain confounding characteristics on the pharmacokinetic alterations within
this patient population, information on baseline laboratory values (i.e. creatinine, albumin, liver
enzymes), residual renal function and concurrent medications was analyzed. Baseline SCr,
albumin and liver enzymes were reported in 53%, 24%, and 29% of studies, respectively.
Reported information on residual renal function or urine output was included in 40% of the
studies. The inclusion of a comparator group, children not receiving CRRT, was included in 4
(9%) out 45 studies. [166,173,178,193] Therefore to assess comparison of pharmacokinetic
parameters in those studies that did not include a comparator, pharmacokinetic studies of age-

matched historical controls not receiving CRRT were investigated.
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Table 2-1. Overview of study characteristics that met inclusion criteria.

Reference Country Study Design  Drug Participants Sex Age+SD Weight Height  Organ
(Year of (n) (F/M) (n) (kg) (cm) Dysfunction
Publication) [range] [range] [range]
Antibiotics
Penicillins
Lindsay et al. USA Case-series Ticarcillin-clavulanic 3 F:1 92y+2.4 499 NR NR
[187] acid CRRT:3 M:2 [6-16y] +20.5
(1996) [22.1-
100]
Tanggirdwood ez USA Case Report Piperacillin/tazobactam 1 F 13y 42 NR Renal,
al. [193] (2020) CRRT:1 hepatic
Cephalosporins
Stitt et al. [177] USA Retrospective ~ Cefepime 4 F:2 1.8y 11.6 NR NR
(2019) CRRT:4 M:2 [0.5-5y] [5.4-25]
Butragueiio- Spain Population PK  Ceftolozane- 3 NR 12 m 8.5 NR Renal, CV
Laiseca et al. Tazobactam CRRT:1 [8-19 m] [5.8-11]
[173]
(2020)
Carbapenems
Cies et al. [184] USA Case Report Meropenem 1 F 10d 2.8 NR Renal,
(2016) CRRT:1 hepatic,
respiratory
Nehus et al. [171] USA Population PK ~ Meropenem 287 NR <ly: 52 Median:  Median: NR
(2014) CRRT:287 1-5y: 58 <ly:3.7 <ly:
5-12: 69 (IQR2.9- 528
12-18y: 79  5.8) (IQR
>18y: 29 48-58)
1-5y :14
(IQR 1-5y:
11.3- 86.5
16.5) (IQR
79-98)
5-12y:
31.6 5-12y:
(IQR 125
22.0- (IQR
37.8) 114-
138)
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Nehus et al. [163]

(2016)

Rapp et al. [172]

(2019)

Saito et al.
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ECLS ECLS:
GA:38.9 32405
w

+2.4
Anti-
arrhythmics
Seto et al. [191] Canada Case Report Propafenone 1 F 3y 11 NR Renal,
(1999) CRRT:1 hepatic

All data reported as mean [range] unless otherwise stated.

AKI; acute kidney injury, cm,; centimeters, CRRT: continuous renal replacement therapy, CV; cardiovascular, d; days, ECMO;
extracorporeal membrane oxygenation, F; female, GA; gestational age, IQR; interquartile range, kg, kilograms, M; male, m, months,
NR; not reported, PMA; postmenstrual age, PNA; postnatal age, PK; pharmacokinetics, RRT; renal replacement therapy, SD;
standard deviation, y, years.

a: ECMO no acute kidney injury (AKI)/RRT

b: AKI with or without RRT

c: ECMO with RRT without AKI

d: Non ECLS

e: CRRT

f: ECMO
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3.1.2 Quality Assessment

Of the 24-items within the ClinPK checklist, >50% provided an explanation of the study
rationale, objectives and hypotheses, eligibility criteria, drug preparation characteristics,
pharmacokinetic modelling techniques and formulas for calculating pharmacokinetic variables.
All detailed percentages of included studies within this review may be found in Appendix A-2.
Only 26 of the 45 included studies (58%) provided background information on pharmacokinetic
data of the drug used within each respective study. Additionally, 15 out of 45 studies (33%)
reported a description of concurrent medications used within study population, therefore limiting
the ability to assess for confounding drug-drug interactions. One of the main findings within this
review was the paucity of reporting of patient demographics that may account for inter- and
intra-patient pharmacokinetic variability. Of the 45 studies, only 16 (38%) described relevant
patient demographics within this review. As this review was focused on the pharmacokinetic
changes associated with CRRT, reporting of CRRT modality and settings were assessed.
Eighteen (40%) studies reported all necessary mechanistic properties of CRRT modality to assess
impact on CLgrrr and to allow for reproduction of methodology.

[91,118,163,166,171,176,177,184,186,189-191,194,195,197,200,201]

3.1.3 Alterations in Pharmacokinetic Parameters

3.1.3.1 Antibiotics
3.1.3.1.1 Penicillins

3.1.3.1.1.1 Tircacillin-Clavulanic Acid

One study within this review included a case-series (n=3) investigating the
pharmacokinetics of ticarcillin-clavulanic acid in pediatric patients receiving CRRT. [187] Study
investigators demonstrated ticarcillin-clavulanic acid pharmacokinetics with a one-compartment,
first order model. [187] Each patient received CVVH with an average ultrafiltration flow rate of
890 mL/h. [187] Two patients within this study received ECMO for a portion of study duration.
Mean weight normalized CLal Was determined to be 0.038 L/h/kg and 0.184 L/h/kg for
ticarcillin and clavulanic acid, respectively. [187] Weight normalized CLRRT for ticarcillin and

clavulanic acid was 0.022 L/h/kg and 0.049 L/h/kg. [187] The differences in CLRRT between the
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two molecules may be explained by the increased SC of clavulanic acid compared to ticarcillin

(1.69 vs. 0.83). [187]

Total weight normalized clearance for ticarcillin within this population was lower than
prior reports of critically ill premature infants (0.047-0.074 L/h/kg) [203—205] and full-term
infants and children (0.126-0.150 L/h/kg) not receiving CRRT. [206,207] The recorded Vg is
similar to what has been reported in the literature within pediatric patients not receiving CRRT
(0.22-0.48 L/kg). [203,205-207] No dosing recommendations were provided by study

investigators.

3.1.3.1.1.2 Piperacillin-Tazobactam

We identified one case-report analyzing the pharmacokinetics of piperacillin-tazobactam
in a 13-year-old pediatric patient receiving CRRT. [193] Due to pre-existing liver failure,
molecular adsorbent recirculating system (MARS) therapy was administered in conjunction with
CVVHD to aid in fluid and albumin filtration. [193,208] Piperacillin-tazobactam was
administered as an intermittent infusion over 30 minutes with a dose of 48 mg/kg/dose every 8
hours. [193] CLa of piperacillin-tazobactam was determined prior to MARS and CVVHD,
while on MARS/CVVHD and during CVVHD only. CLa was 0.13 L/h/kg, 0.39-0.45 L/h/kg
and 0.18 L/h/kg during each analytical period. [193] Interestingly, CLtotar during MARS/CVVHD
within this study was similar to prior analyses of critically ill patients with augmented renal
clearance (ARC) or burns (0.18-0.299 L/kg/h). [209,210] CLtotal of piperacillin-tazobactam in
this patient receiving MARS/CVVHD was also similar to healthy infants and children (0.198-
0.33 L/h/kg). [206] Investigators suggested that a piperacillin-tazobactam dose of 80 mg/kg/dose
every 6 hours would be required to ensure 50% fT> 4xMIC while receiving MARS/CVVHD and
100% fT> 4xMIC while receiving CVVHD alone for the treatment of Pseudomonas aeruginosa
(MIC 16 pg/mL). [193]

3.1.3.1.2 Cephalosporins
3.1.3.1.2.1 Cefepime

The investigation by Stitt ef al. was a retrospective study analyzing the pharmacokinetics
of cefepime in pediatric patients receiving CVVHDF. [177] Cefepime was administered as an
intermittent infusion with doses of 48-64 mg/kg/dose every 6-12 hours. [177] CVVHDF settings
may be found in Table 2-2. CL o within this study was determined to be 0.056 L/h/kg, with a
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Vg4 of 0.14 L/kg and an elimination t /2 of 1.93 h. [177] The weight normalized CL1otal in this
study was slightly reduced compared to previous investigations in neonates (0.07-0.20 L/h/kg),
[211-214] and critically ill infants and children not receiving CRRT (0.19 L/h/kg). [215] In
comparison, the V4 determined within this study was significantly lower than those recorded in
neonates (Vd 0.41-0.43 L/kg), [212,213] and infants and children (V4 0.33 L/kg). [215] Study
investigators suggested that doses > 50 mg/kg/dose every 12 hours are required to achieve a
pharmacodynamic target of 100% {fT> 1-4xMIC, assuming MIC of 8 pg/mL for Pseudomonas

aeruginosa. [177]

3.1.3.1.2.2 Ceftolozane-Tazobactam

Butraguefio-Laiseca et al. reported the results of a pharmacokinetic analysis of 3 pediatric
patients receiving ceftolozane-tazobactam. [173] Within this analysis, an intra-study comparison
was conducted between patients with sepsis and no AKI, sepsis with AKI and sepsis requiring
CVVHDF support. Ceftolozane-tazobactam was administered as an IV intermittent infusion of
40 mg/kg every 6 hours, 36 mg/kg every 8 hours and 30 mg/kg every 8 hours for each respective
patient. [173] CLRenat was 0.88 L/h, 0.27 L/h and 0.39 L/h in each patient. Vss was 2-fold higher
in the patient without renal dysfunction compared to CVVHDF (4.39 L vs. 1.91 L). [173]
Interestingly, elimination t /2 was consistent between the patient receiving CVVHDF and that
who didn’t. Ceftolozane-tazobactam was determined to have a SC of 1.06 within the CVVHDF

circuit.

Pharmacokinetic parameters reported in this study differed slightly than those
determined in a single IV dose pharmacokinetic study conducted by Bradley ef al. [216] Study
authors determined that doses of 35 mg/kg IV Q8H, 10 mg/kg IV Q8H and 30 mg/kg IV Q8H
would be sufficient to ensure 40% fT>MIC, assuming a MIC of 4 pg/mL for Pseudomonas
aeruginosa. [173] However, due to the small sample size included within this analysis, further

research is needed to confirm these findings.
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3.1.3.1.3 Carbapenems

3.1.3.1.3.1 Meropenem

Meropenem was the most studied drug identified within the literature, with 7 studies
included within this review. Within these 7 studies, 5 were prospective pharmacokinetic analyses
[163,165,166,171,172] and 2 were case reports. [184,190] A total of 363 patients were analyzed,
with sepsis being the most common reason for admission. CLtal of meropenem ranged from
0.09-0.474 L/kg/h within these patients across all CRRT modalities. In the studies that reported
Vg it was quite heterogenous, ranging from 0.194 to 0.59 L/kg. Cies et al. reported the
pharmacokinetics of meropenem administered as a 10 mg/kg continuous infusion to a 10-day old
neonate weighing 2.8 kg receiving CVVHDF. [184] The authors concluded that a loading dose of
40 mg/kg, followed by a continuous infusion of 10 mg/kg/h would provide 100% fT>MIC up to
the Pseudomonas aeruginosa breakpoint of 16 pg/mL. [184] The need for extended interval
administration of meropenem in patients receiving CRRT was also reported by Saito et al. [190]
The child within this report received CVVHD+ECMO with a blood flow rate of 50-80 mL/min,
and a dialysate flow rate of 820-1500 mL/h. [190] It was determined that meropenem 200-300
mg/kg/day every 8 hours as a 1-hour infusion or meropenem 200-300 mg/kg/day every 8 hours
as a 3-hour infusion would be necessary to achieve a pharmacodynamic target for Escherichia

coli (MIC= 1pg/mL).

A popPK model of meropenem was simulated for pediatric patients receiving CRRT and
then further validated by a prospective, pharmacokinetic analysis by Nehus ef al. [171] Within
this simulation, meropenem was administered as an intermittent infusion of 20 mg/kg/dose every
8-12 hours to patients <1-18 years of age. All modalities of CRRT were simulated, with 49%
receiving CVVHD, 27% receiving CVVH and 24% receiving CVVHDF. [171] A popPK, four-
compartment model was used in dosing simulations, final popPK model estimates may be found
in Table 2-2. To obtain the pharmacodynamic target, it was determined that children (<5kg)
receiving CRRT should receive meropenem 20 mg/kg every 8 hours and children (>5 kg) should

receive meropenem 20 mg/kg every 12 hours.

These results were further validated in a prospective pharmacokinetic study (n=7) with
participants receiving an average meropenem dose of 18.6 mg/kg/dose. [163] Two subjects

received CVVH, while the remaining received CVVHDF for renal dysfunction and fluid
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overload. [163] Administering a dose of meropenem 20 mg/kg every 12 hours achieved a
pharmacodynamic target of 100% fT>MIC in 5/7 patients for Pseudomonas aeruginosa (MIC= 4
pg/mL. [163]

Rapp et al. conducted a prospective, pharmacokinetic analysis of 40 critically ill pediatric
patients receiving meropenem. [172] A two compartment, first order elimination popPK model
was used to describe the pharmacokinetics. [172] In those who did not receive CRRT, more than
half were determined to have augmented renal clearance (ARC; eGFR >130 mL/min/1.73 m?).
[172,217] CRRT was determined to be an influential covariate for CLtta of meropenem in those
children receiving therapy. [172] Upon popPK simulations, the authors concluded that
intermittent infusions of meropenem 20 mg/kg/dose every 8 hours is adequate for treating
bacteria with a MIC <2 pg/mL. [172] However, for bacteria with an elevated MIC (>4 pg/mL),
meropenem should be administered as a continuous infusion of 60 mg/kg/day in pediatric

patients receiving CRRT. [172]

The fourth prospective, pharmacokinetic analysis of meropenem in pediatrics receiving
CRRT identified within this review was conducted by Tan et al. [165] A two-compartment model
was used to determine meropenem pharmacokinetics. [165] Meropenem was administered as an
intermittent infusion of 20-40 mg/kg/dose every 12 hours. Four children received CVVH, while 5
received CVVHDF. [165] Additionally, 4 children received concurrent ECMO during the study
period. [165] Mean CLRRT of 1.4 L/h was determined in these patients, which was similar to
that recorded by Nehus et al. (1.9 L/h). [163,165] The average SC of meropenem for CRRT was
0.96, demonstrating the ability for meropenem to pass across the CRRT circuit membrane. [165]
The authors concluded that meropenem 20 mg/kg/dose every 8 hours administered as a 4 hour
intermittent infusion or meropenem 40 mg/kg/dose every 8 hours as a 2 hour infusion would be
sufficient to attain pharmacodynamic target in these patients receiving CRRT with an

ultrafiltration rate of 1952 mL/1.73m?/h. [165]

Wang et al. analyzed 27 pediatric patients receiving meropenem 20 mg/kg/dose every 8
hours as a 1-hour intermittent infusion. [166] Analyses were conducted in patients receiving
CVVHDF, ECMO or neither. [166] CLtotal was similar between the 3 groups, 15.73 L/h in those
children receiving CVVHDF, 11.59 L/h in those children on ECMO, and 13.51 L/h with no
extracorporeal therapy. [166] Interestingly, Va4 was decreased in patients receiving CVVHDF
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(19.42 L) compared to those on ECMO (31.67 L) and those not receiving ECLS (34.41 L). [166]
Elimination t /2 of meropenem was similar between the 3 cohorts. The authors concluded that
meropenem 20 mg/kg/dose every 8 hours administered as a 1-hour infusion is appropriate for

critically ill children receiving CVVHDEF, ECMO or neither. [166]

Several pharmacokinetic analyses have been conducted with meropenem in critically ill
children not receiving CRRT. There is substantial heterogeneity within the literature in terms of
primary pharmacokinetic parameters. CLtl for meropenem in neonates has been shown to be
0.24 L/kg/h, [218] and 0.33-0.43 L/kg/h in critically ill children. [219-224] While Vd of
meropenem in neonates has been shown to be 0.55 L/kg, [218] and 0.20-0.78 L/kg in critically ill
children. [219-224] CLiowl and V4 of meropenem in critically ill children appear to be similar
regardless if CRRT is administered or not, suggesting higher than labelled doses may be required

to ensure pharmacodynamic target attainment.

3.1.3.1.3.2 Doripenem

The use of doripenem in an 11-year-old pediatric patient was investigated by Cies et al.
[199] Dorpienem was administered as a 2.5 mg/kg/h continuous infusion for the treatment of
pneumonia due to multi-drug resistant organisms. At the time of CVVH administration, this
patient maintained residual renal function with a urine output of 0.46 mL/min/kg. CLtota Of
doripenem was 10.5 mL/kg/min. [199] Administering doripenem as a 2.5 mg/kg/h continuous
infusion ensured 100% fT>MIC for bacteria with a MIC <4 mg/L. [199] CLtota of doripenem in
this patient was over 2-fold of what has been previously reported in pediatric patients not
receiving CRRT (4.4-4.8 mL/min/kg). [225] The results of this case report demonstrate that
CLtotal is substantially increased with CVVH and residual renal function, therefore alterations in
dosing administration may be needed to ensure pharmacodynamic target attainment. Further

studies are warranted to confirm these findings.

3.1.3.1.4 Aminoglycosides
3.1.3.1.4.1 Tobramycin

Despite the widespread use of tobramycin in neonates and infants, only one case-report
was included within this review analyzing the pharmacokinetics in a 4-month-old anuric infant.
[182] Tobramycin was administered as 1.8-2.5 mg/kg/dose, with the interval guided by

therapeutic drug monitoring. As a result of renal dysfunction, CVVH was started with a blood
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flow rate of 15 mL/min and an ultrafiltration flow rate of 20-30 mL/min. [182] CLRRT of
tobramycin was determined to be 0.32-0.91 mL/min, while elimination t /2 decreased from 40-44
hours to 20-23 hours during CVVH. [182] The authors determined that 48-66% of the
tobramycin dose was removed during a 24-hour CVVH study period. [182] Tobramycin
elimination t 2 in healthy pediatrics has been reported to be 2.37 h, [226] and 1.2-2.32 h in
adults. [226-230] Elimination t 2 of tobramycin has also been shown to be increased in critically

ill adults not receiving CRRT (2.9-5.4 h). [229,230]

3.1.3.1.5 Glycopeptides
3.1.3.1.5.1 Vancomycin

Four studies within this review analyzed the pharmacokinetics of vancomycin in
pediatrics receiving CRRT. These 4 studies included 179 patients, ranging from ages 4 months to
14.5 years. [176,178,182,186] Two studies were retrospective, [176,178] and two were case-
reports/case-series. [182,186] Only one study within this analysis included patients receiving
ECMO concurrently with CRRT. [178] Three studies included pharmacokinetic analyses,

[176,178,182] while one study results were based on data from trough concentrations. [186]

Armstrong ef al. conducted a pharmacokinetic analysis in a 4-month old neonate
receiving vancomycin 11-15 mg/kg/dose as an intermittent infusion. [182] Due to renal
dysfunction, CVVH was initiated with a blood flow rate of 15 mL/min and an ultrafiltration rate
of 20-30 mL/min. [182] CLrrt of vancomycin was determined to be 0.27-0.80 mL/min with an
elimination t %2 of 20-24 h. [182] The SC of vancomycin within the CVVH membrane filter was
0.86-1.55. [182] The authors determined that 35% of the vancomycin dose was removed by
CVVH. [182]

A novel vancomycin administration approach was investigated in a case-series of 11
pediatric patients by Cies et al. [186] Within this study, a 15-20 mg/kg loading dose followed by
the addition of vancomycin into the CRRT solution at a final concentration of 18-30 mg/L was
administered continuously. All three CRRT modalities were used within the analysis, with 4
patients receiving CVVH, 2 patients receiving CVVHD and 8 patients receiving CVVHDF.
[186] Average vancomycin concentration at the time of analysis was 22.3 (£3.3) pg/mL, with
8/11 patients meeting therapeutic target within 8 hours. [186] The authors concluded that the

application of administering vancomycin within the CRRT solution at a final concentration of
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18-30 mg/L may be safe and effective in pediatric patients receiving CRRT, however further

studies are needed to confirm these results. [186]

Moffet et al. conducted a retrospective, pharmacokinetic analysis of 138 patients
receiving vancomycin while on CVVHDF. [176] Within this analysis, the mean vancomycin
dose administered as a 1-hour intermittent infusion was 14.3 mg/kg/dose. A popPK, two
compartment model was used to describe vancomycin pharmacokinetics within this population.
[176] CLtota of vancomycin was 2.29 L/h, with V4 of central and peripheral compartments 81 L
and 550 L, respectively. [176] Dialysate and ultrafiltration rates were found to be significant
covariates for CLiotal upon popPK analysis. It was determined that vancomycin 40-50 mg/kg/day
every 8-12 hours dosed upon fat-free mass (FFM) would be necessary to achieve an AUC/MIC
ratio >400 and a vancomycin trough < 20 mg/L in pediatric patients receiving CVVHDF. [176]
Final popPK model and significant covariates for CL and V4 may be found in Table 2-2.

The final vancomycin pharmacokinetic study included within this review investigated 29
critically ill pediatric patients receiving extracorporeal therapy. [178] This analysis included a
comparison of 3 groups, those receiving ECMO with no AKI/CRRT (1), those with AKI
receiving ECMO + CRRT (2) and those receiving ECMO and CRRT without AKI (3). [178]
Vancomycin was administered as 40 mg/kg/day every 6 hours, 40 mg/kg/day every 8 hours and
40 mg/kg/day every 8 hours for the 3 respective groups. [178] CLttal of vancomycin was
determined to be 1.67 mL/min/kg, 0.83 mL/min/kg and 1.17 mL/min/kg in the 3 groups, while
Vawas 0.73 L/kg, 1.16 L/kg, 0.88 L/kg. [178] Final adjusted doses of vancomycin 40 mg/kg/day
every 6 hours, 20 mg/kg/day every 12 hours and 40 mg/kg/day every 6 hours for each respective
group to ensure an AUC/MIC >400. [178]

The pharmacokinetics of vancomycin in critically ill pediatric patients has been widely
studied due to its broad spectrum of activity against gram-positive bacterial infections. CLiotal in
critically ill pediatric patients has been shown to be quite heterogenous. With a CLyota1 0of 0.07-
0.117 L/kg/h in patients with septic shock, [43,231] 0.11-0.19 L/kg/h in patients with cardiogenic
shock and/or post-cardiac surgery, [232-234] 0.05-0.18 L/kg/h in children with malignancy,
[235,236] and 3.24 L/kg/h in critically ill patients with ARC. [237] V4 of vancomycin may also
change depending on patient population, as for critically ill pediatric patients the V4 may range

from 0.40-0.91 L/kg, [43,231-233,237] with a slightly higher V4 in critically ill oncology
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pediatric patients of 1.03-1.04 L/kg. [235,236] The identified studies within this analysis suggest
that CLtta and Vg4 of vancomycin may be similar among critically ill pediatric patients,
regardless of CRRT. Use of vancomycin should be guided by TDM to ensure efficacy and

minimize toxicity.

3.1.3.1.6 Lincosamides
3.1.3.1.6.1 Clindamycin

This review identified only one case-report analyzing the pharmacokinetics of
clindamycin administered to a 14-year-old pediatric patient receiving CRRT. [196] Within this
study, clindamycin, at an unrecorded dose, was administered to a patient with septic shock while
on concomitant CVVH and VV-ECMO. The pharmacokinetics were described with a one-
compartment model, with a CLtotal of 3.6-15.5 L/h. [196] The authors concluded that no dose
adjustments for clindamycin are necessary for pediatric patients receiving CVVH + ECMO.
[196] CLtota within this analysis is consistent to what has been shown in pediatric

pharmacokinetic studies of the same age not receiving extracorporeal therapy (4.17-14.25 L/h).

[238]

3.1.3.1.7 Oxazolidones
3.1.3.1.7.1 Linezolid

A recent popPK analysis by Yang et al. investigated the pharmacokinetics of IV linezolid
in pediatric patients with suspected or confirmed infection due to multi-drug resistant gram-
positive cocci. [174] 63 children were included, with 15 receiving CRRT and 2 on ECMO. No
information was reported on CRRT modality, flow rates, or filters used within this study. A dose
of 10 mg/kg three times per day was given to patients <12 years of age (n=57) and 600 mg twice
daily for children 12-18 years (n=6). The pharmacokinetics of linezolid were described with a
two-compartment, first order model, with weight and AST being significant covariates for CLyotal.
CRRT and ECMO were included within popPK model analysis, however, were shown to be
insignificant covariates on linezolid pharmacokinetics. The final popPK model may be found in
Table 2-2. CLi1 and V¢ were estimated to be 2.34 L/h and 5.22 L, respectively. [174] CLotal
and V. estimates within this study were increased compared to those reported by an alternative
popPK analysis in children of similar age. [239] Within this study, CLit and Vg were 1.31 L/h

and 4.24 L, respectively. [239] Characteristics of critical illness were not considered within this
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analysis, as such future studies are needed to determine the influence of critical illness, CRRT

and/or ECMO on the pharmacokinetic parameters of linezolid within pediatric patients.

3.1.3.2 Antivirals
3.1.3.2.1 Ribavarin

Two case-reports were identified within this review describing the pharmacokinetics of
ribavirin in pediatric patients receiving CRRT. [181,192] In each case, CVVH and ECMO were
administered to the patient for renal and respiratory support. [181,192] Ribavarin was
administered as 5 mg/kg/dose intermittent infusion every 6 hours to a 10 year old pediatric
patient within Aebi ef al. [181] CLrrr of CVVH was determined to be 0.046 L/kg/h with a Vg4 at
steady state of 1.37 L/kg. [181] As 39% of the ribavirin dose was eliminated by CVVH+ECMO,
the authors concluded that no dosing adjustments are necessary in patients receiving

extracorporeal therapy. [181]

Within the case-report conducted by Sargel et al., a higher dose of ribavirin was
administered to this 5-week-old patient. [192] CLtotal Within this analysis was 0.31-0.76 L/kg/h.
[192] CLgrT, V4 and elimination t %2> were calculated to be 0.12 L/kg/h, 2.92-5.1 L/kg, and 2.68-
10.7 h respectively. [192] The sieving coefficient of ribavirin was 1.17, slightly higher than the
value recorded by Aebi et al. [181,192]

There is a paucity of pharmacokinetic data within the literature analyzing ribavirin in
critically ill pediatric patients. CLtotal for ribavirin in pediatric patients being treated for viral
encephalitis and human immunodeficiency virus (HIV) infections were shown to be 0.29 L/kg/h
and 0.39 L/kg/h respectively. [240,241] V4 in patients receiving CRRT + ECMO in the analysis
by Sargel ef al. were consistent with children not receiving extracorporeal therapy (5.1 L/kg vs.
4.64-7.7 L/kg). [192,240,241] Elimination t %2 was also similar between the two groups (10.7 h
vs. 10.8-18.6 h). [192,240,241]

3.1.3.2.2 Acyclovir

One case-report investigated the pharmacokinetics of acyclovir in a critically ill pediatric
patient receiving CVVH/CVVHDF in addition to ECMO. [185] Acyclovir was initially started as
an intermittent infusion of 30 mg/kg/dose every 8 hours, then subsequently changed to be

administered continuously within the CRRT dialysate solution to a final concentration of 5.5
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pg/mL. [185] Plasma concentrations of acyclovir were determined to be 8.4 mg/L and 5.3 mg/L
at 24 h and 72 h respectively. [185] Administering acyclovir as a continuous infusion within the
dialysate solution may be safe and effective in pediatric patients receiving CRRT + ECMO,

however further studies are needed to confirm these findings. [185]

3.1.3.2.3 Oseltamivir

Two case-reports and one prospective, pharmacokinetic study were included within this
analysis. [169,188,198] Karsch et al. investigated the use of oral (75 mg twice daily) and
intravenous (100 mg twice daily) oseltamivir in a 9-year old patient receiving CVVHDF and
ECMO. [188] The ultrafiltration rate for CVVHDF administered to this patient was 1.2 L/m?/h.
[188] AUCo.12 was 1070 ng-h/mL for oseltamivir and 47,250 ng-h/mL for oseltamivir carboxylate
(OSC). [188] The average SC during the sampling period of oseltamivir was 1.39 and 1.44 for
OSC. [188] Despite target concentrations for oseltamivir not being well defined, the authors
concluded that oral doses of 75 mg twice daily and intravenous doses of 100 mg twice daily for
oseltamivir may be necessary to ensure antiviral activity in children receiving extracorporeal

support. [ 188]

A similar analysis was conducted by Eyler ef al. in a 6-year-old pediatric patient
receiving CVVHD and ECMO. [198] Oseltamivir was administered as an oral dose of 90 mg (4
mg/kg) twice daily. CVVHD was administered using the AN-69 filter membrane with a dialysate
flow rate of 1000 mL/h and a mean ultrafiltration rate of 304 mL/h. [198] Non-compartmental
methods were used to describe the pharmacokinetics of oseltamivir and OSC. CLotal of
oseltamivir and OSC was 0.33 L/kg/h and 0.23 L/kg/h respectively. [198] CLrrr was 0.07 L/kg/h
and 0.06 L/kg/h for oseltamivir and OSC. [198] AUCo.12 for oseltamivir was calculated to be
30.5 ng-h/mL, while OSC was 905 ng-h/mL, significantly lower than that analyzed by Karsch et
al. and Wildschut et al. [169,188,198] Oseltamivir and OSC saturation coefficients for CVVHD
were 0.99 and 0.85 respectively. [198] Based these results, it was recommended that oral
oseltamivir 90 mg twice daily should be given to pediatric patients receiving CVVHD and

ECMO. [198]

The pharmacokinetics of oseltamivir in patients receiving organ support identified within
this review mirror previous pediatric pharmacokinetic reports. An analysis conducted by Oo et

al. investigated the pharmacokinetics of oseltamivir suspension (2 mg/kg) administered to

50



children (1-12y) and adolescents (13-18y). [242] CLotal in this analysis was 0.63 L/kg/h for OSC
in children and 0.32 L/kg/h in adolescents, consistent with Eyler ez.al. [198,242] Elimination t /2
of OSC in pediatrics not receiving organ support are also similar to those that do, with an

elimination t%2 of 7.8 h in children and 8.1 h in adolescents. [242]

3.1.3.2.3 Peramivir

Dillon et al. reported the pharmacokinetics of peramivir in a 17-year old pediatric patient
receiving CVVHDEF. [195] Throughout hospital stay the patient experienced significant renal and
respiratory dysfunction due to septic shock associated with HIN1 influenza. [195] CLjotal in this
patient was 0.032 L/kg/h, with a V4 0.32 L/kg. [195] Elimination t 5 of peramivir was 11.6 h.
[195] The case series conducted by Cies ef al. analyzed the pharmacokinetics of peramivir in 11
patients admitted to the PICU. [243] Median CLiow1 was 0.31 L/kg/h, with a 0.58 L/kg V4 and a
1.7 h elimination t 2. [243] These results are slightly different than those determined by a popPK
analysis in infants and children by Sugaya et.al. [244] CLotal, and Vg from the final model were
0.516 L/kg/h and 0.194 L/kg, respectively, [244] suggesting CLotal of peramivir is significantly
lower in pediatric patients receiving CVVHDEF. Further studies are needed to confirm these

findings.

3.1.3.3 Antifungals
3.1.3.3.1 Azoles
3.1.3.3.1.1 Voriconazole

Briiggeman et al. reported the pharmacokinetics of voriconazole in a 5-year old patient
receiving concurrent CVVH and VV-ECMO for an invasive aspergillus infection. [183]
Voriconazole (IV) 7 mg/kg twice daily was started and further increased to 14 mg/kg twice daily
based on TDM. [183] Information regarding CVVH prescription was not reported within this
analysis. Based on the plasma concentrations, a non-compartmental pharmacokinetic analysis of
voriconazole was conducted. CLiotal Was shown to be 0.22 L/h/kg, within an elimination t %2 of
4.7 h. [183] AUCO0-12 of voriconazole in this patient was 64 mg-h/L. [183] The authors
determined that pediatric patients receiving CRRT+ECMO should receive a voriconazole dose of
10-14 mg/kg twice daily to achieve target trough (Cmin) concentrations > Img/L. [183] TDM is

recommended to ensure efficacy and safety.
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Several PopPK models have been constructed to describe the pharmacokinetics in
pediatric patients, including critically ill and immunocompromised. [245-247] CLotal identified
within these analyses are quite heterogenous, ranging from 0.09-0.582 L/h/kg. [245-247]
Elimination t % closely resembled that determined by Briiggeman et al., with a range of 2.41-
2.45 hr for voriconazole. [245,246] As V4 was not reported by Briiggeman et al., no comparison
can be made, however due to the use of ECMO in this patient one would assume an increased Vg
due to the effects of ECMO on lipophilic drugs (logP voriconazole = 1.82). [127,248] Further
analyses in pediatric patients receiving organ support are needed to confirm if higher doses are

required to achieve pharmacodynamic targets.

3.1.3.3.1.2 Fluconazole

Fluconazole was the most studied antifungal agent in pediatric patients receiving CRRT
identified within this review. One case report, [189] and 2 prospective analyses, [167,168]
totaling 51 patients were analyzed. Oualha et al. reported the pharmacokinetics of a 17-year old
patient receiving fluconazole IV 600 mg once daily as a 30-minute intermittent infusion. [189]
As the patient developed anuric renal dysfunction, CVVHD was started with an ultrafiltration
rate of 90 mL/h. [189] CLota1 and CLgrr of fluconazole in this patient were 2.79 L/h and 1.64
L/h, respectively. [189] V4 at steady state was shown to be 30 L, with an elimination t 2 of 7.4 h.
[189] The authors concluded that a fluconazole loading dose of 900 mg 1V, followed by
maintenance doses of 600 mg IV twice daily would be required to achieve target attainment in

pediatric patients receiving CVVHD for Candida infections with an MIC >2 mg/L. [189]

The first prospective, pharmacokinetic analysis conducted by Watt et al., investigated
fluconazole use in infants (<120 post-natal days; median GA 37 w). [168] Fluconazole was
administered as a 25 mg/kg IV dose over 2-hours for prophylaxis and 12 mg/kg I'V once daily
over 1-hour for known or suspected fungal infection. [168] All patients were treated with ECMO,
while only 2 received CVVH and 1 received CVVHD. Median CLoal of fluconazole in those
who received one dose was 0.017 L/h/kg, and 0.022 L/h/kg in those were received multiple
doses. [168] V4 and elimination t 2 were similar between the two groups. [168] The
pharmacokinetics of fluconazole were described with a one-compartment model, with 7/9 infants

achieving 50% T>MIC for prophylaxis. [168] The authors concluded that fluconazole 25 mg/kg

52



IV weekly would be sufficient for pharmacodynamic target attainment in prevention of

fluconazole infections in patients receiving organ support. [168]

The second prospective, pharmacokinetic analysis conducted by Watt et al., utilized
prospective data from 3 open-label pharmacokinetic studies (n=40) in patients receiving ECMO
+ CRRT. [167] Fluconazole was administered as a 25 mg/kg IV dose for prophylaxis, and a 25
mg/kg loading dose, followed by a 12 mg/kg daily maintenance IV dose for treatment of
confirmed or suspected fungal infections. [167] Twenty-one patients received ECMO support,
while only 7 received CRRT. A one-compartment popPK model was used to describe fluconazole
pharmacokinetics within this population. [167] The final model may be found in Table 2-2.
CLtota (0.018 L/kg/h) was similar in children irrespective of ECMO use. [167] Patients who
received ECMO within this analysis had a slightly larger V4 compared to those who didn’t (1.3
L/kg vs. 0.93 L/kg). [167] The authors concluded that a loading dose of 35 mg/kg, followed by
maintenance doses of 12 mg/kg once daily would be required to achieve pharmacodynamic
target attainment within this population. [167] Caution should be made when extrapolating these
results to children receiving CRRT+ECMO due to the low number of children receiving CRRT
support.

Several analyses have reported the pharmacokinetics of fluconazole in neonates, infants
and children. CLiotl ranges from 0.011-0.0312 L/kg/h in neonates, [249] 0.015-0.0378 L/kg/h in
infants, [250-252] and 1.164-1.368 L/kg/h in children. [252] The V4 of fluconazole also ranges
depending on age, with 1.17-1.84 L/kg in neonates, [249,252] 0.95-1.05 L/kg in infants, [249—
252] and 0.70-0.95 L/kg in children. [249,252] Caution should be applied when interpreting
these comparisons due to the low number of children receiving CRRT identified within this

review.

3.1.3.4 Anticonvulsants

3.1.3.4.1 Phenobarbital

Phenobarbital was the only anticonvulsant identified within this review administered to
patients receiving CRRT. This review included 2 case-reports, [194,197] 2 retrospective
analyses, [179,180] and 1 prospective analysis, [162] including a total of 87 patients. CVVHDF
was the most common CRRT modality used, while 3 studies included patients receiving

concurrent ECMO. [162,179,180,194,197] Suzuki et al. presented the pharmacokinetics of a 9-
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year old patient receiving phenobarbital for acute encephalopathy. [197] CVVHDF was
administered to this patient for renal dysfunction with a blood flow rate of 60 mL/min,
replacement fluid flow rate of 240 mL/h, a dialysate flow rate of 1000 mL/h and an ultrafiltration
rate of 1300 mL/h. [197] CLotat and CLgrr in this patient were 1.11 L/h and 0.85 L/h,
respectively. [197] These results are similar to those determined by Rosenborg et al. in a patient
receiving CVVHD. [194] The Vg4 of phenobarbital was 0.95 L/kg, with an elimination t /2 of 14.8
h. [197] The authors recommended that a phenobarbital dose of 20 mg/kg/day was needed to

maintain therapeutic concentrations of 10-30 pg/mL in this patient receiving CVVHDF.

Thibault et al. conducted a retrospective, pharmacokinetic analysis of phenobarbital
administered to neonates and infants receiving ECMO=CRRT. [180] Thirty-five patients were
included, with a median PNA of 14 days and a median PMA of 40.4 weeks. [180] Only 5
patients received CVVHDF. Phenobarbital was administered with a loading dose of 10-60
mg/kg, followed by a maintenance dose of 3-8 mg/kg/day every 12 hours. [180] A one-
compartment, popPK model was constructed to describe the pharmacokinetics of phenobarbital.
[180] CLtotat was calculated to be 0.011 L/h/kg in patients receiving ECMO and 0.069 L/h/kg in
those receiving ECMO + CVVHDF. [180] V4 of phenobarbital in this population was 1.12 L/kg,
similar to neonates post-cardiac surgery receiving ECMO+CVVHDF (0.95L/kg). [179,180]
Based on popPK dosing simulations, to achieve a phenobarbital trough (Cmin) concentration of
20-40 mg/L, loading dose of 40 mg/kg, followed by a maintenance dose of 40 mg/kg/day divided
every 6 hours is required in patients receiving ECMO+CVVHDF. [180]

The only prospective analysis identified within this review was conducted by
Michalickova ef al. [162] Only one patient received CRRT, while all 13 received ECMO therapy.
[162] A one-compartment, popPK model was constructed to illustrate the pharmacokinetics of
phenobarbital within this population. [162] CLtotal showed a time-dependent increase in CLiotal,
ranging from 0.003-0.01 L/h/kg with a V4 of 0.85 L/kg for a typical neonate with median body
weight 3.21 kg and median PNA of 2 days while on ECMO. [162] A loading dose of 20 mg/kg
followed by a maintenance dose of 4 mg/kg/day divided twice daily, increasing by 0.25 mg/kg

every 12 hours was required to maintain phenobarbital concentrations of 15-40 mg/L. [162]

The pharmacokinetics of phenobarbital in pediatric patients receiving CRRTEECMO

demonstrate that CLot1 may increase in comparison to those who are not. CLtal in hospitalized
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pediatrics has been shown to be 0.02 L/h in neonates, [253,254] and 0.37-0.67 L/h in young
infants.[255,256] V4 of phenobarbital in infants not receiving organ support (0.64-0.98 L/kg) is
similar to pediatric patients within this analysis.[255,256] Caution should be applied when
interpreting these results due to the limited number of patients receiving CRRT. Dosing of
phenobarbital should be guided by TDM, however more frequent and higher dosing may be
needed in some cases to achieve therapeutic targets due to the impact of CRRTECMO on the

pharmacokinetics.

3.1.3.5 Vasoactive Agents
3.1.3.5.1 Vasopressin

Baird published the only study of vasopressin administered to pediatric patients receiving
CRRT. [160] Vasopressin was administered to these patients as a continuous infusion of 0.0003-
0.0008 iu/kg/min. [160] Three patients received CVVH, while the remaining received CVVHDF.
[160] The average effluent flow rate of CRRT used within this study was 30 mL/min. [160]
CLggrr for vasopressin was 48 mL/min, similar to the effluent flow rate administered to this study
cohort. [160] The SC of vasopressin was 1.1. [160] This analysis suggested vasopressin CLyotal
mimics that of the effluent flow rate delivered to pediatric patients receiving CRRT. Higher doses

may be required to elicit pharmacodynamic response based on increasing effluent flow rates.

3.1.3.5.2 Milrinone

The pharmacokinetics of milrinone were described in one retrospective analysis
conducted by Gist et al. [175] Eleven patients with AKI were included within this analysis,
however only 3 received CRRT. [175] Children within this cohort received a continuous
milrinone infusion of 0.25-0.75 pg/kg/min. [175] There were no significant differences of CLyotal
between those children receiving CRRT and those who did not (5.3+£3.4 L/h/70kg vs. 5.3+1.4
L/h/70kg; p=0.20). [175] CLtota Was significantly reduced compared to previously published
reports of critically ill children without AKI/CRRT (15.9-18.9 L/h/70kg), [257,258]

demonstrating the impact of renal dysfunction on milrinone CLotal.

3.1.3.5.3 Dopamine & Dobutamine

The study published by Freter ef al. investigated the pharmacokinetics of dopamine and
dobutamine in 3 critically ill pediatrics with renal dysfunction and cardiac instability. [170] Each

patient received CVVH, with an ultrafiltration flow rate of 10-100 mL/h. [170] Dopamine and
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dobutamine were administered as continuous infusions of 5.0-25.0 pg/kg/min. Mean CLiotal for
dopamine and dobutamine in this study was 25.30 mL/min/kg and 48.20 mL/min/kg
respectively. [170] While CLgrr for dopamine was 0.078 mL/min/kg and 0.036 mL/min/kg for
dobutamine. [170] Minimal drug was extracted by CVVH within this analysis (0.56% and
0.13%). [170] The SC within the CVVH system was 0.92 for dopamine and 0.59 for dobutamine.
[170]

CLtotat of dopamine within this study was significantly decreased to that observed by
Eldadah et al. [259] Within this study, CLital of dopamine in children admitted to a PICU ranged
from 151 mL/kg/min in those with renal and hepatic dysfunction to 949 mL/min/kg in those with
normal organ function. [259] CLtl of dobutamine identified by Freter ef al. was similar to what

has been reported in pediatric patients not receiving CRRT (40-130 mL/min/kg). [170,260]

3.1.3.6 a-Adrenergic Receptor Agonist
3.1.3.6.1 Clonidine

Kleiber et al. conducted a prospective, pharmacokinetic analysis of 22 pediatric patients
requiring clonidine for sedation within the PICU. [161] Clonidine was administered as a 1-2
pg/kg bolus, followed by a continuous infusion of 0.1-1.0 pg/kg/h. [161] All patients included
within this analysis received VV-ECMO, with 20/22 children receiving concurrent CRRT. [161]
CLtotat and Vg4 were determined to be 30 L/h/70 kg and 454 L/70kg respectively. [161] These
results suggest CLttal and Vg may be increased for clonidine in pediatric patients receiving organ
support compared to those who don’t, as previous literature has shown a CLyota of 14.6-15.2
L/h/70kg, [261,262] and a V4 of 391 L/70kg. [262] Dosing recommendations presented within
this study may be found in Table 2-2.

3.1.3.7 Benzodiazepines
3.1.3.7.1 Midazolam

Midazolam pharmacokinetics were described in one prospective analysis by Mulla et al.
[164] Within this study, 20 patients received a continuous infusion of midazolam 50-2200
ug/kg/h, with additional bolus doses of 50-100 png/kg as needed to target a sedation score of 4
defined by study authors. [164] All children received ECMO, with only 7 receiving concurrent
CVVH. CLota was 3.5 mL/min/kg [0.4-17.5] within these children. [164] CLi of midazolam in

healthy pediatric patients not receiving organ support or with hepatic dysfunction, have been
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shown to be 9.11-11.3 mL/min/kg in young infants, [263,264] and 9.33-10.0 mL/min/kg in
children. [264] de Wildt et al. demonstrated within a popPK study that CL¢ota of midazolam in
critically ill children, including those with hepatic dysfunction, was 5.0 mL/min/kg. [265] This
study demonstrates that CLta and Vg of midazolam are significantly altered in pediatric patients
receiving organ support within the first 24 hours. [164] Beyond 24 hours, there appears to be a
reduction in CLiotwa1 and/or a change in Vq4. [164] Higher doses of midazolam may be required

acutely (~24 h) upon the initiation of organ support to achieve sedation targets within these

children.

3.1.3.8 Anti-Arrhythmic Agents
3.1.3.8 Propafenone

Seto et al. presented a case-report of a 3-year-old patient receiving propafenone as a 1
mg/kg loading dose, followed by a maintenance continuous infusion of 2-4 pug/kg/min for
complex congenital heart disease. [191] CLotal in this child was 0.94-1.08 L/h/kg. [191]
Propafenone was undetectable within the ultrafiltration fluid, suggesting minimal clearance by
CVVH. [191] CLotal in this patient was similar to what has been previously reported in pediatric
patients not receiving CRRT, with 1.18 L/h/kg after oral propafenone and 1.21 L/h/kg after IV
propafenone. [266] The results of this report suggest propafenone CLotar is not significantly

affected by acute renal and hepatic impairment. [191]

3.1.4 Ex-vivo Studies

This review incorporated 4 studies of 14 different medications administered within an ex-
vivo CRRT circuit. All three methods of CRRT were identified within these analyses. The
purpose was to investigate the SC of medications and to determine the effects of flow rates and
membrane circuit components (i.e. filter membranes) on CLrrr. Purohit ef al. demonstrated that
increasing ultrafiltration rates lead to an increase in CLrrr and SC for hydrophilic molecules
with a high unbound fraction such as piperacillin and meropenem within a CVVHDF circuit.
[91] This finding was further replicated with vancomycin in the study by Kroh et al., [201]
illustrating a positive correlation with ke and increasing ultrafiltration rates. Shiraishi ef al.
concluded that drug-loss due to filter membrane adsorption differs based on membrane circuit
composition as polysulfone (PS) and polymethylmethacrylate (PMMA) resulted in higher
teicoplanin CLrrt compared to a polyacrylonitrile membrane (PAN). [118] Differing albumin
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concentrations were also shown to affect CLrrr of ceftriaxone, a highly protein bound antibiotic,
as CLrrr increased with lower albumin concentrations. [201,202] These results suggest that
differing albumin concentrations, often seen in critically ill patients, may impact CLrrr for
highly protein bound molecules. The pharmacokinetic results, along with CRRT settings of

included ex-vivo studies may be found in Table 2-3.
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Table 2-2 Pharmacokinetics of medications administered to pediatrics receiving CRRT.

Reference Drug Dose CRRT, Flow ECMO, PK Sieving PopPK PTA Suggested
(Year) Received Rates Received Parameters® Coefficient Model/Covariates Dose
CRRT/ no. ECMO/ [range] (Se)* /
participant no. Dialysate
S participan Saturation
ts Constant
(Sp)*
[range]
Antibiotics
Penicillins
Lindsay et Ticarcillin ~ NR CVVH: 3/3 Mean ECMO: 2/3  Ticarcillin: Ticarcillin: ~ NA NA Not given
al. [187] - Amicon Ultrafiltrat CLoa: 0.038 0.83+0.11
(1996) Clavulani D20 filter ion: 890 L/kg/h, | [0.61-1.06]
c Acid mL/h+31 CLggr: 0.022
L/kg/h Clavulanic
Va: 0.26 L/kg, Acid:
- 1.69+0.19
t%:4.6h,1 [1.44-1.97]
Clavulanic
Acid CL(ma[:
0.184 L/kg/h,
J
CLRRTl 0.049
L/kg/h
Vq: 0.69 L/kg,
1
tY%:2.45h, 1
Tang Piperacilli 48 mg/kg  CVVHD: Blood: No Prior to NR NA fT>4x 80 mg/kg
Girdwood et  n- IV Q8H 1/1 150 CRRT/MARS: MIC Q6H
al. [193] Tazobacta  over 30 in addition mL/min CLioa: 0.13
(2020) m minutes to MARS L/h/kg, |
Pre-filter:
150 mL/h CRRT/MARS:
0.39-0.45
L/h/kg, 1
CVVHD:
0.18 L/h/kg,
>
Cephalospor
ins
Stitt et al. Cefepime 48-64 CVVHDF: Blood: No CLir: 0.056 NR NA 100% Doses > 50
[177] mg/kg IV 4/4 75 L/h/kg [0.012- fT>1xMI  mg/kg Q12H
(2019) Q6-12H HF 1000 mL/min 0.08], | C:% may be
filter patients required

59



Butragueiio
-Laiseca et
al. [173]
(2020)

Ceftoloza
ne-
Tazobacta
m

No AKI: CVVHDEF:
40 mg/kg 1/3
IV Q6H Prismaflex

AKI:

36 mg/kg
IV Q8H
CVVHDF

30 mg/kg
IV Q8H

Pre-filter:
512.5
mL/h

Post-filter:
50 mL/h

Dialysate:
925 mL/h

Effluent:
4986
mL/1.73m

Replaceme
nt:
160 mL/h

Dialysate:
250 mL/h

Effluent:
470 mL/h

Vq: 0.14 L/kg
[0.04-0.23], |

t: 1.93 h [1-
29], &

CLchali 1.06
[0.99-1.14]

No AKI:

0.88 L/h, <

AKI:
027L/, |

CVVHDF:
0.39L/h, |

V!

No AKI:
439L,1

AKI:
24L, &

CVVHDF:
191L, &

tha:

No AKI:
3.51h, 1

AKI:
6.62h, 1

CVVHDF:
3.51h, 1

AUC:

No AKI:
397.73 mg-h/L

60

NR

100%
fT>4xMI
C: %
patients

40%
fT>MIC:

With
MIC of 4
png/mL

Sepsis no
AKI:

35 mg/kg IV
Q8H

AKI:
10 mg/kg IV
Q8H

CVVHDF:
30 mg/kg IV
Q8H



Carbapenem

s

Cies et al. Meropene
[184] m

(2016)

Nehus et al. Meropene
[171] m
(2014)

40 mg/kg
IV bolus,
followed
by 10
mg/kg/hr
CI

20 mg/kg
IV Q8-
12H

CVVHDEF:
11
AN 69 filter

CVVHD:
140/287
CVVH:
78/287
CVVHDF:
69/287

M100 0.9m?
and M60
0.6m>
polyacryloni
trile

AKI:
1481.48
mg-h/L

CVVHDF:
448.72 mg-h/L

Blood: ECMO: 1/1  CLiyar: NR
50 0.474 L/kg/h,
mL/min 1

Pre-filter: Css: 21 mg/L
250 mL/h

Post-
Filter:
50 mL/hr

Dialysate:
200 mL/hr

Ultrafiltrat

ion: 0-40

mL/hr

Blood: No NR NR
<ly:

40

mL/min

1-5y:
62.5
mL/min

5-12y:
100
mL/min

12-18y:
150
mL/min

>18y:
120
mL/min

Ultrafiltrat

ion:
<ly:

61

NA

CL=82-049 ()7

Vd:8.2-(

wT
75

.

0 FO
1+ E)

100%
fT>MIC

40%

fT>MIC
& 100%
fT>MIC

with MIC
of 4
png/mL

40 mg/kg
bolus,
followed by
10 mg/kg/hr
CI

>5y: 20
mg/kg Q12H

<Sy: 20
mg/kg Q8H



Nehus et al.
[163]
(2016)

Meropene
m

Mean:
18.6
mg/kg IV
QI2H

CVVH: 2/7
CVVHDEF:
5/7

AN 69 (0.6
or 0.9m?)
HF 1000
(1.1m?)

8.5
mL/kg/h

1-5y:
7.4
mL/kg/h

5-12:
4.7
mL/kg/h

12-18:
4.1
mL/kg/h

>18:
2.8
mL/kg/h

Total
effluent:
<ly:
107.6
mL/kg/h

1-5y:
57.4
mL/kg/h

5-12y:
433
mL/kg/h

12-18:
354
mL/kg/h

>18y:
24.4
mL/kg/h

CVVH:
Blood:
175
mL/min

Pre-filter:

1797
mL/min

ECMO: 1/7

CLuur: 3.7
L/h2.3, |

CLRRTZ 19
L/h£0.5
63.4%
removed

62

NR

NA

100%

fT>MIC:

5/7

93%

fT>MIC:

1/7

20 mg/kg
QI2H



Rapp et al.
[172]
(2019)

Tan et al.
[165]
(2021)

Meropene
m

Meropene
m

60
mg/kg/da
y IV Q8H
or CI

20-40
mg/kg IV
QI2H

CRRT:
11/40

Modality
NR

CVVH: 4/9
CVVHDF:
5/9

<10kg:
PAES
(0.2m?)

Post-filter:
185
mL/min

Ultrafiltrat
ion: 211
mL/min

CVVHDF

Blood:
164
mL/min

Pre-filter:
706
mL/min

Post-filter:
50
mL/min

Dialysate:
760
mL/min

Ultrafiltrat
ion: 526.6
mL/min
NR

Dialysate:
737.4
mL/1.73m
*/h

Ultrafiltrat
ion: 1952
mL/1.73m
2/h

Vss: 0.35

L/kg+0.085,
>
t ¥%: 4.3 h+1.8,
1
ECMO: NR
8/40
ECMO+C
RRT: 2/40
VV- CLiotar:
ECMO: 3/9 0.091
L/h/kg+0.032
VA- [0.04-0.157],
ECMO: 119 |
CLger:
1.4 L/h+0.93
[0.472-2.9]

63

NR

0.962+0.13
7
[0.737-1.1]

43%
fT>MIC:
1/7
with MIC
of 4
png/mL
CL; 50%
= BWi o5  €GFR; (.. fT>MIC
_6.82x(70) x(100)
CLicrrr = CLpop x 0.9
CLyop = 6.82 (L/h)
V1., (L)for 70kg BW
=40.6
V2pep (L)for 70kg BW = 9.2
CLi= (Bny) * (WT;i /70kg) 075  100%
fT>MIC
Vi= (0) * (WTi /70kg) ! with MIC
Qi = (03) * (WT; /70kg) °75 4 ng/L
for >
Vpi = (0@) * (WT; /70kg) ! 90% of
simulatio
0=4.1L/hr )

50% fT>MIC
(<2 pg/mL):
60 mg/kg/day
Q8H

50% fT>MIC
(>4 pg/mL):
60 mg/kg/day
CI

20 mg/kg
Q8H over 4-
hr infusion

OR
40 mg/kg

Q8H over 2-
hr infusion



Saito et al.
[190]
(2020)

Wang et al.
[166]
(2020)

Meropene
m

Meropene
m

300
mg/kg/da
y IV Q8H
asa3-h
infusion

20 mg/kg
IV Q8H
asa l-hr
infusion

11-30 kg:
AN69
(0.6m?)

>30kg:
ANG69
(0.9m?)

CVVHD:
1/1

UT filter
300S
(0.3m?)

CVVHDF:
6/27
AN 69 filter

Blood:
50-80
mL/min

Dialysate:
820-1500
mL/h

Blood:

4
mL/kg/mi
n

Pre-filter:
25
mL/kg/h

Dialysate:
20
mL/kg/h

Ultrafiltrat
ion: 2
mL/kg/h

VA-
ECMO: 1/1

VA-
ECMO:
6/27

Vci

0.194
L/kg+0.002
[0.193-0.2],

>

Vp:

0.211
L/kg+0.002
[0.209-0.214],

>

t Ya:
39h=+1.6
[2.1-7.5], 1
Median CLgw1:
0.132 L/kg/h,
!

Median Vg:
0.59 L/kg, «

Median CLiy
ECMO:

11.59 L/h, &
[5.92-20.19]

CRRT:
15.73 L/h, <
[2.11-39.29]

Non-ECLS:
13.51 L/h,
[3.71-20.80]

Median Vd:
ECMO:
31.67L
[20.95-81.54],

>

CRRT:
19.42 L[8.76-
108.8], |

Non-ECLS:
3441L

64

02)=13.6L
0@3)=9.0 L/hr
04=14.17L
NR NA 100%
fT>MIC
with MIC
of
lpg/mL
NR NA NR

200-300
mg/kg/day
Q8H as 1-hr
infusion

200-300
mg/kg/day as
3-hr infusion

20 mg/kg
Q8H as a I-hr
infusion



Cies et al.
[199]
(2017)

Aminoglyco
sides
Armstrong
et al. [182]
(1993)

Glycopeptid
es
Armstrong
et al. [182]
(1993)

Cies et
al.[186]
(2016)

Doripene
m

Tobramyc
in

Vancomyc
in

Vancomyc
in

2.5
mg/kg/hr
IV CI

1.8-2.5
mg/kg/do
se IV

11-15
mg/kg/do
se IV

15-20
mg/kg IV
loading
dose,
followed
by
addition

CVVH: 1/1
ANG69 filter

CVVH: 1/1
Amicon
dialfilter

CVVH: 1/1
Amicon
dialfilter

CVVH:
7/11*
CVVHD:
2/11%*
CVVHDF:
S/11*

Blood:
180
mL/min

Pre-filter:
900
mL/min

Post-filter:
100
mL/min

Blood:
15
mL/min

Ultrafiltrat
ion: 20-30
mL/min

Blood:
15
mL/min

Ultrafiltrat
ion: 20-30
mL/min
CVVH:

Blood:
215.39
mL/min

No

No

No

No

[9.57-113.5]

Mediant ' :
ECMO:
2.27h[1.76-
3.55], &

CRRT:
222h[1.77-
3.76], &

Non-ECLS:
2.25h[1.46-
3.06]

CLotal

10.5
mL/kg/min, 1

Doripenem
concentration:
4.01 mg/L

CLggr:
0.626 mL/min
[0.32-0.91]

t Va:
20-23 h, 1

CLggr:
0.586 mL/min
[0.27-0.80]

t %:20-24 h, 1
Cmin:

22.3
ug/mL+3.3
[12.9-28.7]

10/11 patients
achieved

65

NR NA 100%
fT>MIC
for MIC
<4 mg/L

1.13-1.42 NA NR

0.86-1.55 NA NR

NR NA NR

2.5 mg/kg/hr
IV CI

NR

NR

15-20 mg/kg
1V loading
dose,
followed by
addition into
CRRT
solution at a



Moffett et
al. [176]
(2019)

Vancomyc
in

into
CRRT
solution
at a final
concentra
tion of
18-30
mg/L

Average
dose: 14.3
mg/kg/do
se IV

ANG69 filter

*patients
received
multiple
methods of
CRRT

CVVHDF:
138/138

HF 1000
filter

Pre-filter:
773.08
mL/h
Post-filter:
159.01
mL/h

CVVHD:

Blood:
440
mL/min
Pre-filter:
100 mL/h
Post-filter:
50 mL/h
Dialysate:
1100 mL/h

CVVHDF

Blood:
218
mL/min
Pre-filter:
977.5
mL/h
Post-filter:
223.68
mL/h
Dialysate:
800 mL/h
Blood:
102
mL/min

Pre-filter:
464 mL/h

Post-filter:
48 mL/h

Dialysate:
598 mL/h

Ultrafiltrat
ion: 289
mL/h

No

target Cmin in
8h

CLotar: 2.29
L/h, &

V. 81L, 1
V,: 550 L

66

™ e AUC/MI
0.75 SCR

224x (37) " x 0.535:M(%) C=400

Cmin <

20 mg/L

X 0.92“%%)9{ 1,88(CR5R(;’;)UF)X 112

FFM

Vg 81.0 x (7)

final
concentration
of 18-30
mg/L

40-50
mg/kg/day
Q8-12H
based on
FFM



Zylbersztaj
n et al.[178]
(2018)

Vancomyc
in

ECMO no
AKI/RRT
140
mg/kg/da
y IV Q6H

ECMO
AKI with
or without
RRT: 40
mg/kg/d
IV Q8H

ECMO
with RRT
without
AKI: 40
mg/kg/d
IV Q8H

CRRT:
11/29

Modality
NR

NR

VV-
ECMO:
19/29*
VA-
ECMO:
20/29*

*Patients
may have
received
both
methods of
ECMO

Median CLy:  NR NA
ECMO

without AKI:

1.67

mL/min/kg

[IQR 1-1.67],

>

ECMO AKI
with or
without RRT:
0.83
mL/min/kg
[IQR 0.38-1],

>

RRT without
AKI: 1.17
mL/min/kg
[IQR 0.63-
1.55], &

Median Vg:
ECMO
without AKI:
0.73 L/kg
[IQR 0.7-0.9],

Rd

ECMO AKI
with or
without RRT:
1.16 L/kg
[IQR 0.68-
1.6], 1

RRT without
AKI: 0.88
L/kg

[IQR 0.68-
0.92], &

Mediant %5 :
ECMO
without AKI:
6.2h

[IQR 4.9-
8.06], 1

67

AUC/MI
C>400

Final adjusted
doses:

ECMO
without AKI:
40 mg/kg/day
Q6H

ECMO AKI
with or
without RRT:
20 mg/kg/day
QI2H

RRT without
AKI: 40
mg/kg/day
Q6H



Lincosamide

s

Poli et al. Clindamy
[196] cin
(2019)

Oxazolidino
nes

Yang et al.
[174]
(2021)

Linezolid

Antivirals
Aebi et al.
[181]
(1997)

Ribvarin

NR

<12y:
10 mg/kg
IV Q8H

12-18y:
600 mg
IV Q12H

5 mg/kg
IV Q6H

CVVH: 1/1

Cytosorb
cartridge

CRRT:
15/63

CVVH: 1/1

Amicon
minifilter

NR

NR

Ultrafiltrat

ion:

178.3
mL/h

VV/VA-
ECMO: 1/1

ECMO:
2/63

VA-

ECMO: 1/1

ECMO AKI
with or
without RRT:
23.6h

[IQR 16.2-31],
1

RRT without
AKI: 8.69 h

[IQR 5.05-
17.52], 1

CLlolal:
3.6-15.5 L/h,

>

CLlolal:
2.34L/h, 1

Ve 5221, 1

V,:28.79 L, 1

CLggr:
0.046 L/kg/h

68

NR NA
NR V, =522 e
CL
=234 (Wt
o 15
AST (-0.16)
'(45.9)

0.85[0.67- NA
1.04]

NR

>90%
PTA at an
AUC/MI
C value >
80

MIC:
0.125-32
mg/L

NR

No dose
adjustments
needed

<12y:

10 mg/kg IV
Q8H with
MIC<1
mg/L

12-18 y:
600 mg IV
Q12H with
MIC<1
mg/L

<12y with
AST >200
U/L: 10
mg/kg IV
QI2H with
MIC<1
mg/L

12-18y with
AST >200
U/L: 600 IV
Q48H with
MIC<1
mg/L

5 mg/kg IV
Q6H



Sargel et al.
[192]
(2018)

Cies et al.
[185]
(2015)

Karsch et
al. [188]
(2016)

Eyler et al.
[198]
(2012)

Ribavarin

Acyclovir

Oseltamiv
ir

Oseltamiv
ir

33 mg/kg
loading
dose, 16
mg/kg/do
se IV
Q6H for
16 doses,
then 8
mg/kg/do
se IV
Q8H for 9
doses

30
mg/kg/do
se [V
Q8H,
then
added to
dialysate
solution
for final
concentra
tion of 5.5
ug/mL

75 mg PO
BID

100 mg
IV BID

90 mg PO
QI12H

CVVH: 1/1 NR VV-
ECMO: 1/1

CRRT: 1/1 NR ECMO: 1/1

Modality

NR

CVVHDEF: Ultrafiltrat ECMO: 1/1

1/1 ion: 1.2
L/m%h
Fresenius
FX 60
CVVHD: Dialysate: ECMO: 1/1
1/1 1000 mL/h
AN 609 filter
Ultrafiltrat
ion: 340
mL/h

Vi 1.37 L/kg,
)

CLmla]:
0.31-0.76
Likg/h, <

CLggr:
0.12 L/kg/h

le
2.92-5.1 Likg,

>

t V5 2.68-10.7
h, &
Acyclovir
Concentration
s:

24 h: 8.8 mg/L
72 h: 5.3 mg/L

t Va:
0S:2.2h

AUCO-]asl:
08:1070
ng-h/mL
OSC: 45,490
ng-h/mL

AUCo_lz:
0OS: 1070
ng-h/mL
OSC: 47,250
ng-h/mL
CLiotal:
0S:0.33
L/kg/h

OSC: 0.23
L/kg/h, <

CLRRT:

69

1.17 [1.07-
1.37]

NR

OS:

1.39 [1.04-
2.09]
OSC:

1.44 [1.15-
2.12]

SD:
0OS: 0.99

OSC: 0.85

NA

NA

NA

NA

NR

>3 mg/L

NR

IC5()Z
0.186
ng/mL

NR

NR

75 mg PO
BID

OR

100 mg IV
BID

90 mg PO
QI2H



Wildschut
et al. [169]
(2010)

Dillon et al.
[195]

Antifungals
Azoles

Oseltamiv
ir

Peramivir

< 15kg:
60mg/day
PO QI2H

15-23 kg:
90
mg/day
PO QI2H
23-40 kg:
120
mg/day
PO QI2H

>40 kg:
150
mg/day
PO Q12H
600 mg
IVx1,
followed
by 200
mg IV
daily

CVVH: 3/3

CVVHDF:
1/1

M100 filter

NR

Blood:
250
mL/min

Pre-filter:
500 mL/h

Post-filter:
500 mL/h

Dialysate:
1000 mL/h

Ultrafiltrat
ion: 150
mL/h

ECMO: 3/3

0S: 0.07
L/kg/h
0SC: 0.06
L/kg/h

t Ya:
0OS: 25.9 hr
OSC: 8.21 h,

>

AUCo_lzi

0OS: 30.5
ng-h/mL

OSC: 905
ng-h/mL

OS:

AUCo_lzZ

115.1 pg-h/mL

OSC:
AUCo,lzi
4943.7
pg-h/mL

CLiotal:
0.032 L/kg/h,
b

Vg: 0.32 Likg,
)

t%: 11.6 h
AUC:

126,000
ng-h/mL

70

NR

NR

NA NR No dose
recommendati
on provided

NA NR No dose
recommendati

ons provided



Briiggeman
et al. [183]
(2008)

Oualha et
al. [189]
(2019)

Watt et al.
[168]
(2012)

Watt et al.
[167]
(2015)

Voriconaz
ole

Fluconazo
le

Fluconazo
le

Fluconazo
le

7 mg/kg
IV BID,
increased
to 14
mg/kg IV
BID

10
mg/kg/da
y IV

Prophylax
is: 25
mg/kg IV
Q7D

Treatment
112

mg/kg IV
once daily

Prophylax
is: 25

CVVH: 1/1

CVVHD:
1/1

CVVH:
2/10
CVVHD:
1/10

CVVH:
5/40

Blood:
150
mL/min

Dialysate:
4000 mL/h

Ultrafiltrat
ion: 90
mL/h

NR

NR

VV-
ECMO: 1/1

ECMO:
10/10

ECMO:
21/40

CLuart 0.22
L/h/kg, <

t%:4.7h,1
AUC(), 12:

64 mg-h/mL
CLiotar: 2.79
L/h, 1

CLRRT: 1.64
L/h

Vi 30L, o>
t¥: 74N, |

Prophylaxis:

Median CLg1:

0.017 L/kg/h,

>

Median Vg:
1.5 L/kg, <

Median t ¥a:
60 h, 1

Median AUC,.

24
322 mg-h/mL

Treatment:

Median CLgw1:

0.022 L/h/kg,

<«

Median Vg:
1.9 L/kg, &

Median t Y4:
56 h, 1

Median AUC,.

24.

352 mg-h/mL
CLuotar:
ECMO:

71

NR NA Cmin >
Img/L

NR NA fAUC/MI
C>100

Cmax:
16-32
mg/L

Cmin:

>10

mg/L
NR NA Prophyla

xis:

50%

T>MIC

Treatmen
t: AUC,.
24: >400
mg-h/mL

NR CL Prophyla
creatinine __ Xis:

= B xwtx ( i g28

10-14 mg/kg
IV BID

900 mg
loading dose,
followed by
600 mg IV
BID

Prophylaxis:
25 mg/kg
Q7D

Treatment:
Loading
doses of 30-
40 mg/kg
may be
required to
meet PD
target

Prophylaxis:
12 mg/kg IV
x 1 dose,



mg/kg IV
Q7D

Treatment
112

mg/kg IV
once daily

Anticonvuls

ants

Suzuki efal.  Phenobar  NR

[197] bital

(2019)

Rosenberg Phenobar 135 mg

et al.[194] bital PO per

(2014) day;
eventuall
y ..
transition
edto IV

Thibault et Phenobar  Loading

al. [179] bital dose: 10-

(2020) 60 mg/kg
v

CVVHD:
2/40
CVVHDEF: Blood: No
11 60
mL/min
PMMA
membrane Replaceme
nt: 240
mL/h
Dialysate:
1000 mL/h
Ultrafiltrat
ion: 1300
mL/h
CVVHD: Blood: No
1/1 60
mL/min
Dialysate:
1400 mL/h
CVVHDF: NR VA-
5/35 ECMO:
35/35

0.018 L/h/kg
[0.013-0.043],

>

No ECMO:
0.018 L/h/kg
[0.008-0.042]

Va:

ECMO:

1.3 L/kg
[0.81-1.8], <>

No ECMO:
0.93 L/kg
[0.55-1.4]

CLuwr: 111
L/h, 1

CLRRT: 0.85
L/h

Vg: 0.95 Likg,

<«
t: 14.8 hr, |

ke: 0.0467 h'!

CLuart 1.27
L/h, 1

CLRRT: 1.01
L/h

Vq: 0.95 L/kg,

<«

AUC().] 2.
1718
pmol-h/L
CLiotal:
ECMO:
0.011 L/h/kg,

>

72

50%
Vd = 8,x wt x 1.395¢M0 T>MIC
Treatmen
t: AUC,.
24. >400
mg-h/mL

NR NA Therapeu
tic range:
10-30

png/mL

Sp: 0.64 NA NR

Cmin:
AGE 20-40
[5.9 + AGE] mg/L

NR CL =
wt
0.75
0.038x (3.4) x (

vd = 383x 2~
Y

followed by 6
mg/kg daily
while on
ECMO

Treatment:
35 mg/kg
loading dose,
followed by
12 mg/kg
once daily

20 mg/kg/day
was needed to
maintain
therapeutic
range

Phenobarbital
900-1000
mg/day
needed to
achieve Cmin
of 100-120
umol/L

ECMO: LD:
30 mg/kg,
MD 6-7
mg/kg/day
QI2H



Thibault et
al. [180]
(2020)

Michali¢kov
a et al.[162]
(2020)

Vasoactive
Agents
Baird [160]
(2010)

Gist et al
[175]
(2015)

Freter et al.
[170]
(1998)

Phenobar
bital

Phenobar
bital

Vasopress
in

Milrinone

Dobutami
ne

Maintena
nce dose:
3-8
mg/kg/da
y1Vv
QI2H

Loading
dose:
15-20
mg/kg IV

Maintena
nce dose:
3-6
mg/kg/da
y1v
Median
LD:

7.5 mg/kg
IV (IQR:
8.5-16)

6.9
mg/kg/d
v
(IQR:4.5-
8.5)

0.0003-
0.0008
iw/kg/min
IV CI

0.25-0.75
png/kg/mi
nlVCI

5.0-25.0
png/kg/mi
n IV CI

CVVHDEF:
2/38
PD: 1/38

Included in
model:
2/38

CRRT: 1/13

Modality
NR

CVVH: 3/9
CVVHDEF:
6/9

AN 69
(0.9m?)

CRRT: 3/8

Modality
NR
CVVH: 3/3

NR ECMO:
13/38
Included in
model:
12/38

NR VV-
ECMO:
1/13
VA-
ECMO:
11/13
VV+VA-
ECMO:
1/13

Mean No

Dialysate:

30

mL/min

Mean

Ultrafiltrat

ion:

30

mL/min

NR No

Blood: No

15-17

mL/min

ECMO+CVV
HDF: 0.069
Lilvkg, <

Vg 1.13 L/kg,
1

CLtolal:
0.005 L/h/ke,

’

VdZ
0.95 L/kg, <

CLiotar!
0.003-0.01
L/h/kg, |

le
0.85 L/kg, <

CLgrr:
36 mL/min
[2-68]

CLuotar:
5.3 L/h/70 kg
+34,]

C Llolal .

73

NR

NR

1.1 [0.9-
1.7]

NR

0.59

= 144 x — x(

vd (mL)

wt
= 3050 x 32% 1.21 (if on ECD

L (5r) =
hr)
Clpx (1
+ 8bBWCL x [bBW
—2.59)) x

1

+ QAGE x [AGE — 4.50])x (1

TE
ECMO_on
+ 8TE x [ 10 9])

vd (L)

= Vpx(1+8BWV x [BW

—2.70])

NA

NR

NA

postnatal .

Cmin:
20-40
mg/dL

Cmin:
15-40
mg/L

NR

NR

NR

ECMO
+CRRT: LD:
40
mg/kg/dose,
MD 40
mg/kg/day
divided Q6H
LD: 20-30
mg/kg

MD: 4-5
mg/kg/day

LD: 20 mg/kg

MD: 4 mg/kg
BID,
increasing by
0.25 mg/kg
Q12H

No dose
recommendati
on provided

No dose
recommendati
on provided

No dose
adjustment
required



Freter et al.
[170]
(1998)

Dopamine

a_
Adrenergic
Receptor
Agonist
Kleiber et
al. [161]
(2017)

Clonidine

Benzodiaze

pine

Mulla et Midazola
al.[164] m

(2003)

5.0-25.0

ng/kg/mi
nlIVCI

1-2 pg/kg
IV bolus
then 0.1-
1.0
ng/kg/h
IV CI

50-2200

pg/kg/h
IV CI

Amicon
diafilter
(10,000 Da)

CVVH: 3/3

Amicon
diafilter
(10,000 Da)

CVVH:
20/22

AN 69 filter
(0.9m?)

CVVH:
7/20

Ultrafiltrat
ion:
10-100
mL/h

Blood:
15-17
mL/min

Ultrafiltrat
ion:
10-100
mL/h

Median
Ultrafiltrat
ion:

300
mL/min

NR

VV-
ECMO:
15/22

VA-
ECMO:
7/22

VV-
ECMO:
17/20

48.20
mL/min/kg
194, &

CLger:

0.036
mL/min/kg +
0.008

CLmla]:

253
mL/min/kg+1
Ll

CLRRT:

0.078
mL/min/kg+
0.06

CLlolal: 30
L/h/70 kg, 1

Vg 454 L/70
kg, 1

CLlola]:

35
mL/min/kg
149, &

74

0.92 NA NR
NR CL = NR
T\%7® PN
L — E—
CLpop ( 70 ) x (TSOpnam
Vd =
wT
Vpop(ﬁ) x (1+ Emax
tec®?

"T50ec® + tec‘”)

NR NA Cmin: >

1 png/mL

No dose
adjustment
required

3 day old
(3kg):
Bolus: 5
ng/kg x 3
followed by
0.12 pg/kg/h
infusion

1-month old
(4kg):

Bolus: 5
ng/kgx 3
followed by 2
ng/kg/h
infusion

12-year old
(35kg):
Bolus: 5
pngkgx 3
followed by 1
ng/kg/h
infusion

Higher doses
may be
needed within



VA- Target the first 24

ECMO: Plasma sedation hours
3/20 Concentration score =4
s:
24h: 1.4
pg/mL [0.08-
3.2]
48 h: 1.8
pg/mL [0.1-
4.9]
72 h: 2.6
pg/mL [0.2-
7.5]
Anti-
Arrhythmic
s
Seto et al. Propafeno  LD: 1 CVVH: 1/1 Blood: No CLotal: NR NA Guided No dosage
[191] ne mg/kg IV 50-80 1.0 L/h/kg by adjustments
(1999) Fresenius mL/min [0.94-1.08], clinical required
MD: 2-4 F40 filter — response
ng/kg/mi Pre-filter:
nIV CI 300-500 CLggt:
mL/h Undetectable
Ultrafiltrat
ion:
340-550
mL/h

% data reported as mean unless otherwise stated

AKI; acute kidney injury, ALB; albumin, AST; aspartate aminotransferase, AUC, area under the curve, bBW; birth body weight, BUN;
blood urea nitrogen, 8 bBW CL; increase in CL per kg of birthweight, 8 BWV ; increase in volume of distribution per kg actual body
weight,CL;; individual clearance, CLyop, median population clearance, CLiowi; total clearance, CLrrr, clearance as per CRRT circuit,
CLRenai, renal clearance, Cmax, maximum concentration, Cmin, minimum concentration, CRRT; continuous renal replacement
therapy, CVVH; continuous veno-venous hemofiltration, CVVHD, continuous veno-venous hemodialysis, CVVHDF, continuous veno-
venous hemodiafiltration, DIURETIC; refers to the use of diuretic, ECMO; extracorporeal membrane oxygenation, Emax; maximal
effect, FFM; fat-free mass, FO; fluid overload, IOR, interquartile range, ke, elimination rate constant, MARS,; molecular adsorbent
recirculating system, MIC,; minimum inhibitory concentration, NA; not applicable, NR; not reported, OS, oseltamivir, OSC;
oseltamivir carboxylate, PD; peritoneal dialysis, PK; pharmacokinetics, PNA; post-natal age;, PopPK; population PK; PTA;
probability of target attainment, Q; inter-compartment clearance, SCR; serum creatinine, t%,; elimination half-life, T50; time to half
maximal effect, tec, time on ECMO, 8TE, increase in CL per hr time after ECMO cannulation, VA-ECMO, venoarterial
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extracorporeal membrane oxygenation, Va; volume of distribution, V.; volume of distribution central compartment, V,; volume of
distribution in peripheral compartment, V1,op, median population central volume of distribution, V2., median population peripheral
volume of distribution, VV-ECMO, venovenous extracorporeal membrane oxygenation, WT: weight, 1, increased relative to non-
CRRT controls, |; decreased relative to non-CRRT controls, <>, equal to non-CRRT controls.
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Table 2-3. Pharmacokinetics of medications administered to an ex-vivo CRRT circuit.

Reference Drug Concentration CRRT Flow Rates PK Parameters® Sieving Coefficient Adsorption
#SDh) (Sc)*/ Dialysate Fraction® (£SD)
Saturation Constant
(Sp)* (+SD)
Antibiotics
Penicillins
Purohit et al. [91] Piperacillin 420 pg/mL CVVHDF Blood: CLRrr: Low: 0.78 £0.12 0.26+0.13
(2019) 50 mL/min Low: 2.61 mL/min
HF1000 (1.1m?) +0.4 High: 0.75 £0.11
membrane Post-filter:
Low: 100 mL/hr High: 4.97 mL/min
High: 200 mL/hr +0.76
Dialysate:
Low: 100 mL/hr
High: 200 mL/hr
Ultrafiltration:
Low: 200 mL/hr
High: 400 mL/hr
Cephalosporins
Harvey et al. [202] Ceftriaxone 80 mg/kg CVVH Blood: CLRrT: HF400 albumin: NR
(2014) 6 mL/kg/min HF400 albumin: 0.23
Infant: 6kg Infant: HF400 1.97 mL/min
Pediatric: 20kg (0.4m?) Pre-filter: 70% HF400 blood:
HF400 blood: 0.31
Pediatric: HF700 Ultrafiltration: 5.65 mL/min
(0.7 m?) 30 mL/kg/hr HF400 Hartmann’s:
HF400 Hartmann’s: 0.52
3.58 mL/min
HF700 albumin:
HF700 albumin: 0.64
10.55 mL/min
HF700 blood:
HF700 blood: 0.51
17.91 mL/min
HF700 Hartmann’s:
HF700 Hartmann’s: 0.49
12.23 mL/min
Kroh et al. [201] Ceftriaxone 200 mg CVVH Blood: ke: TUF SC: 1UF NR
(1998) (1) 50-20 mL/min
(2) 120 mL/min Va: JUF
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Carbapenems

Purohit et al. [91]
(2019)

Meropenem

Aminoglycosides
Kroh et al. [201]
(1998)

Amikacin

150 pg/mL

20 mg

FH77H
hydrophobic
polyamide matrix
(1.4m?)

Experiment 1:
TUF

Experiment 2:
T Albumin

Experiment 3:
Added FFP

CVVHDF

HF1000 (1.1m?)
membrane

CVVH

FH77H
hydrophobic
polyamide matrix
(1.4m?)

Experiment 1:
TUF

Experiment 2:
1 Albumin

Experiment 3:
Added FFP

(3) 120 mL/min

Ultrafiltration:
(1) 10-50 mL/min
(2) 30 mL/min
(3) 30 mL/min

Post-filter replacement
fluids: NR

Blood:
50 mL/min

Post-filter:
Low: 100 mL/hr
High: 200 mL/hr

Dialysate:
Low: 100 mL/hr
High: 200 mL/hr

Ultrafiltration:
Low: 200 mL/hr
High: 400 mL/hr

Blood:

(1) 50-20 mL/min
(2) 120 mL/min
(3) 120 mL/min

Ultrafiltration:
(1) 10-50 mL/min
(2) 30 mL/min
(3) 30 mL/min

Post-filter replacement
fluids: NR
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CLRrr: Low: 0.74 £0.17

Low: 2.48 mL/min
+0.55

High: 1.15 +0.16

High:7.66 mL/min
+1.1

ke: TUF NC

0.15 +0.08

NR



Glycopeptides
Kroh et al. [201]
(1998)

Shiraishi et al. [118]
(2012)

Kroh et al. [201]
(1998)

Vancomycin

Teicoplanin

Teicoplanin

30 mg

50 pg/mL

30 mg

CVVH

FH77H
hydrophobic
polyamide matrix
(1.4m?)

Experiment 1:
TUF

Experiment 2:
T Albumin

Experiment 3:
Added FFP
CVVHDF

Membranes:
PAN, PS, PMMA

CVVH

FH77H
hydrophobic
polyamide matrix
(1.4m?)

Experiment 1:
TUF

Experiment 2:

Blood:

(1) 50-20 mL/min
(2) 120 mL/min
(3) 120 mL/min

Ultrafiltration:
(1) 10-50 mL/min
(2) 30 mL/min
(3) 30 mL/min

Post-filter replacement
fluids: NR

Blood:
100 mL/min

Post- filter replacement:
500 mL/hr

Dialysate:
500 mL/hr

Ultrafiltration:
500 mL/hr

Blood:

(1) 50-20 mL/min
(2) 120 mL/min
(3) 120 mL/min

Ultrafiltration:
(1) 10-50 mL/min
(2) 30 mL/min
(3) 30 mL/min
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ke: TUF NC
CLRrr: NR
No Albumin

PAN: 12.6 mL/min
+1.0

PS: 50.6 mL/min +2.6

PMMA: 60.8 mL/min
+4.7

Albumin:
PAN: 6.7 mL/min +0.9

PS: 27.8 mL/min +0.7
PMMA: 26.7 mL/min

+1.0
ke: TUF NC

NR

No Albumin:

PAN: 0.004
+0.003

PS: 0.698 £ 0.009

PMMA: 0.894
+0.024

Albumin:
PAN: 0.037
+0.023

PS: 0.614 +£0.048
PMMA: 0.756

+0.019
NR



Lipopeptide
Churchwell et al.
[200]

(2006)

Antifungals
Azoles

Purohit ez al. [91]
(2019)

Echinocandins

Purohit et al. [91]
(2019)

Daptomycin

Voriconazole

Caspofungin

4 mg/kg to
achieve 50 mg/L

5 pg/mL

25 pg/mL

T Albumin

Experiment 3:
Added FFP

CVVH, CVVHD
F-160NR
Polysulfone
(1.5m?)

AN 69 (M-100)
(0.9m?)

CVVHDF

HF1000 (1.1m?)
membrane

CVVHDF

HF1000 (1.1m?)
membrane

Post-filter replacement

fluids: NR

CVVH
Blood:
200-400 mL/min

Ultrafiltration:
1-6 L/hr

CVVHD
Blood:
200-350 mL/min

Dialysate:
1-6 L/hr

Blood:
50 mL/min

Post-filter:
Low: 100 mL/hr
High: 200 mL/hr

Dialysate:
Low: 100 mL/hr
High: 200 mL/hr

Ultrafiltration:
Low: 200 mL/hr
High: 400 mL/hr

Blood:
50 mL/min

Post-filter:
Low: 100 mL/hr
High: 200 mL/hr

Dialysate:
Low: 100 mL/hr
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CLcvvn:
Polysulfone:
2.84-19.0 mL/min

ANG69:
2.59-14.0 mL/min

CLcvvub:
Polysulfone:

2.59-14.86 mL/min

ANG69:
2.0-5.15 mL/min

CLRrr:

Low: 1.53 mL/min
+0.43

High: 2.67 mL/min
+0.70

CLRRT:

Low: 0.40 mL/min
+0.16

High: 0.40 mL/min
+0.16

CVVH:
Polysulfone:
0.16-0.20

ANG69:
0.14-0.16

CVVHD:
Polysulfone:
Sp: 0.15

ANG69:
Sp: 0.052-0.13

Low: 0.46 £0.13

High: 0.40 +0.11

Low: 0.12 £0.05

High: 0.06 +0.02

NR

0.27 +0.05

0.22 +0.04



Polyenes

Purohit et al. [91]

(2019)

Anticonvulsants

Kroh et al. [201]
(1998)

Kroh et al. [201]
(1998)

Liposomal
amphotericin B

Phenobarbital

Phenytoin

120 pg/mL

40 mg

20 mg

CVVHDF

HF1000 (1.1m?)
membrane

CVVH

FH77H
hydrophobic
polyamide matrix
(1.4m?)

Experiment 1:
TUF

Experiment 2:
1 Albumin

Experiment 3:
Added FFP
CVVH

FH77H
hydrophobic
polyamide matrix
(1.4m?)

High: 200 mL/hr

Ultrafiltration:
Low: 200 mL/hr
High: 400 mL/hr

Blood:
50 mL/min

Post-filter:
Low: 100 mL/hr
High: 200 mL/hr

Dialysate:
Low: 100 mL/hr
High: 200 mL/hr

Ultrafiltration:
Low: 200 mL/hr
High: 400 mL/hr

Blood:

(1) 50-20 mL/min
(2) 120 mL/min
(3) 120 mL/min

Ultrafiltration:
(1) 10-50 mL/min
(2) 30 mL/min
(3) 30 mL/min

Post-filter replacement

fluids: NR

Blood:

(1) 50-20 mL/min
(2) 120 mL/min
(3) 120 mL/min

Ultrafiltration:

(1) 10-50 mL/min
(2) 30 mL/min
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CLRrr: Low: 0.007 £0.02

Low: 0.025 mL/min
+0.05

High: 0.004 +0.01

High: 0.025 mL/min
+0.05

ke: TUF SC: |Alb
Va: JUF

Ae: |Alb

ke: JUF NC

0.13 +£0.08

NR

NR



Cardiac Glycosides
Kroh et al. [201]
(1998)

Phosphodiesterase
Inhibitor

Kroh et al. [201]
(1998)

Digoxin

Theophylline

2pg

20 mg

Experiment 1:
TUF

Experiment 2:
1 Albumin

Experiment 3:
Added FFP

CVVH

FH77H
hydrophobic
polyamide matrix
(1.4m?)

Experiment 1:
TUF

Experiment 2:
T Albumin

Experiment 3:
Added FFP

CVVH

FH77H
hydrophobic
polyamide matrix
(1.4m?)

Experiment 1:
TUF

Experiment 2:
1 Albumin

Experiment 3:
Added FFP

(3) 30 mL/min

Post-filter replacement
fluids: NR

Blood: ke: TUF NC
(1) 50-20 mL/min

(2) 120 mL/min Va: TAlb

(3) 120 mL/min

Ultrafiltration:
(1) 10-50 mL/min
(2) 30 mL/min
(3) 30 mL/min

Post-filter replacement
fluids: NR

Blood: ke: TUF SC: |Alb
(1) 50-20 mL/min

(2) 120 mL/min

(3) 120 mL/min

Ultrafiltration:
(1) 10-50 mL/min
(2) 30 mL/min
(3) 30 mL/min

Post-filter replacement
fluids: NR

NR

NR

Ae; eliminated amount of drug, Alb; albumin, CLrrr; clearance as per CRRT circuit, CRRT; continuous renal replacement therapy,
CVVH, continuous veno-venous hemofiltration, CVVHD; continuous veno-venous hemodialysis; CVVHDEF, continuous veno-venous
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hemodialfiltration; FFP; fresh frozen plasma, k.; elimination rate constant, NC; no correlation, NR, not reported, PK;
pharmacokinetics, SC, sieving coefficient, Sp, dialysate saturation constant, SD; standard deviation, UF’; ultrafiltration, Va, volume of
distribution, 1, indicates a positive correlation (p < 0.05, |, indicates a negative correlation (p < 0.05).

aAll data reported as mean unless otherwise stated.
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2.3 Discussion

To our knowledge, this is the first systematic review focusing on drugs of all therapeutic
classes administered to children across the age spectrum, from neonates to adolescents, receiving
CRRT. A previous review conducted by Veltri et al. [154] provided an overview of medications
administered to this population, however dose recommendations were largely based on adult
extrapolations. Using a comprehensive search strategy, this review identified 45 studies
evaluating 33 different medications. The current state of the literature largely focuses on the use
of antibiotics, as 14 out of 45 studies analyzed the pharmacokinetics of antibiotics administered
to pediatric patients receiving CRRT.

Most studies identified that Vg and CLota may be similar in critically ill pediatric patients
receiving CRRT compared to critically ill pediatric patients who did not. This suggests renally
adjusted doses may lead to subtherapeutic dosing regimens. In the studies that included a
comparator, CLtal Was increased in those receiving CRRT compared to those who did not,
especially in the presence of residual renal function. [166,178,193] These results were
demonstrated with antibiotics (meropenem, piperacillin, vancomycin) where CLtota IS largely
dependent on renal clearance. [267—-269] The SC of such medications approximated 1.0,
suggesting free passage across the CRRT circuit membrane from blood to ultrafiltrate/dialysate
fluid. [166,178,193,270] Meropenem, piperacillin and vancomycin all demonstrate similar
physicochemical properties as they are hydrophilic agents with a relatively high unbound
fraction (~50-98%). [267—-269] Drugs with similar physicochemical properties result in high Sc
within CRRT circuits, therefore being subjected to increased CLRRT. [271] Higher Sc and
CLrrT Were also recorded for these molecules within the included ex-vivo analyses. [91,201]
However, further studies with comparator arms would be needed to confirm the relationship
between hydrophilicity and fraction unbound with CLta in patients on and off CRRT.
Furthermore, often higher doses were needed within these studies to achieve adequate

pharmacodynamic target attainment. [166,178,193]

One of the objectives of this review was to investigate the pharmacokinetics of molecules

administered to pediatric patients receiving CRRT and how these may differ between circuits.
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Only one such comparison was made due to the paucity of studies and poor quality of reporting.
CLtota Of meropenem was greatest with CVVHDF (0.13 mL/kg/hr) and lowest with CVVHD
(0.037 mL/hr/kg) when similar blood flow rates (50 mL/min) and membrane filters were used
(AN 69). [184,190] Although these results do support greatest CLrrT With CVVHDF within
pediatrics, there may be high variability between compounds based on pharmacokinetic

behaviour and physicochemical properties.

CRRT membrane composition have been shown to impact CLta 0f medications due to
the differences in adsorptive potential and surface area. [272,273] Commonly used semi-
synthetic membranes such as PS, PAN, and PMMA contain different degrees of charge which
affect adsorptive capacity based on the charge of molecule. [272,273] This concept was shown in
the analysis by Shiraishi et al., indicating a higher adsorption potential of the PAN filter, leading
to a reduction in CLrrT for teicoplanin. [118] The effects of membrane potential may differ
based on the physicochemical properties of a drug as indicated by Lindsay et al. [118] Within
this study, CLita and CLrrT Was significantly greater for clavulanic acid, a negatively charged
molecule, compared to piperacillin. [118] Increases in membrane porosity have the potential to
increase CLrrr Of certain molecules as demonstrated by Harvey et al. [202] The surface area of
the membrane filter is of particular importance when designing drug dosing regimens for
pediatric patients receiving CRRT due to the smaller total blood volume seen in children. A
thorough understanding of the physicochemical properties of both circuit membranes and

molecules is needed to ensure adequate dosing regimens for pediatrics receiving CRRT.

This review had several limitations, first there was substantial heterogeneity in the patient
populations identified. This heterogeneity may explain the large variability in primary
pharmacokinetic parameters identified and may limit the ability to draw significant conclusions.
CLtotar Of medications administered to patients receiving CRRT may also depend on non-renal
CL mechanisms. Non-renal clearance may also be affected by critical illness due to
inflammatory responses downregulating CYP-mediated enzymes, hepatic dysfunction, drug-drug
interactions and AKI-mediated uremic toxins affecting metabolic enzymes and drug transporters.
[274] Reporting of relevant clinical variables associated with renal and hepatic function was poor

within the identified studies, therefore minimal conclusions can be drawn as to how acute illness
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may affect non-renal CL in pediatrics. Secondly, nearly half (42%) of the studies identified were
case-reports or case-series. Due to the high variability in pharmacokinetic parameters within
critically ill children, the small sample sizes limit the generalizability of the results and should be
interpreted with caution. Thirdly, >40% of studies included children <1-year of age. Age-related
changes in metabolism and excretion of pharmacokinetics affecting V4 and CLtotal has been well
established. [275,276] Changes in body water composition in neonates and young infants results
in higher percentages of total body water, affecting Vq. [275,276] Additionally, due to
maturation in kidney size and metabolic enzymes, CLita may be decreased in young infants
compared to more mature children or adolescents. [275,276] As a result, more robust studies are
warranted to describe the pharmacokinetics in pediatrics receiving CRRT across the age
spectrum. Finally, 53% of studies included children receiving ECMO, accounting for 24%
(197/833) of the total number of children included within this review. As previously mentioned,
ECMO may induce alterations in pharmacokinetic parameters of certain medications, therefore a

patient specific approach should be utilized when applying these results.

One of the primary objectives of this review was to assess the quality of reporting of
pharmacokinetic research within this patient population. To fully assess the validity of such
results, completeness and transparency in reporting is of the utmost importance. Overall,
reporting of necessary information was generally poor as described by the ClinPK statement.
[158] Significant under reporting was seen with the use of concurrent medications and patient
demographics that may explain intra- and inter-patient pharmacokinetic variability. Although no
formal validated tool has been developed to assess the quality of reporting of pharmacokinetic
studies incorporating CRRT, Choi et al. illustrate suggestions for a complete data set that would
allow clinicians to incorporate CRRT properties to bedside dosing recommendations. [103]
Within this review approximately 10% of studies contained all necessary data required to
describe mechanistic effects of CRRT, in conjunction with patient clinical characteristics on the
pharmacokinetics of administered drugs. It is imperative that future pharmacokinetic studies in
pediatrics receiving CRRT include specific details such as modality, flow rates and filters used,

in addition to clinical patient characteristic to further enhance the applicability of such results.
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Pediatric pharmacokinetic studies present significant challenges due to logistical and
ethical considerations. Often challenges arise with obtaining informed consent, withdrawing
blood and urine samples, and recruiting participants within studies. [277,278] Predictive
simulations through the use of physiologically-based pharmacokinetic modelling (PBPK) may
address these limitations with compartmental modelling by translating CRRT ex-vivo
experiments into bedside dosing recommendations. Modelling of drug exposure in pediatrics on
CRRT may occur through linking a CRRT “organ” within the PBPK model and parameterized
with data from ex-vivo studies. [144] With the incorporation of volume, blood flow, and drug
clearance of the CRRT circuit, the impact of CRRT on drug pharmacokinetics can be predicted
in-vivo and the CRRT-PBPK model may be used to determine optimal dosing regimens within

this patient population.

2.4 Conclusion

With the use of a comprehensive search strategy, this review was able to identify that
primary pharmacokinetics in pediatric patients receiving CRRT are largely similar to critically ill
children who are not. Over 50% of studies provided a dosing recommendation based on patient
specific pharmacokinetics, however due to the substantial amount of heterogeneity within the
patient populations, drugs analyzed, and doses administered, these results should be interpretated
with caution. Renally adjusted or reno-protective doses often led to subtherapeutic dosing
regimens within these patients, illustrating the impact of CRRT on primary pharmacokinetic
parameters. However, upon future well designed, pharmacokinetic studies within this population,
the use of TDM to guide prescribing practices, when applicable, will optimize PTA and

minimize adverse events.

This review identified several ex-vivo CRRT analyses that provide mechanistic insight as
to how extracorporeal clearance may be affected by variation in circuit settings (i.e. flow rates,
membrane composition). Utilization of these analyses may provide a glance of the
pharmacokinetics of certain medications administered to patients receiving CRRT. As such,
further well-designed ex-vivo analyses incorporating commonly used CRRT circuit
characteristics are required as a starting point to understand the pharmacokinetics within this

population. However, a thorough understanding of the interplay between CRRT circuit
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components, patient clinical status and drug physicochemical properties are required when
designing safe and effective dosing regimens. Significant gaps remain within the literature, as a
large majority of medications studied were antimicrobials. Minimal studies have been conducted
on the use of analgesics or sedatives within this population despite widespread use within a
PICU. This review highlights the urgent need for well-designed pharmacokinetic studies in
children receiving CRRT and the incorporation of ex-vivo analyses in conjunction with PBPK
modelling to provide a complete mechanistic understanding of the interplay between drug,

circuit, and patient interactions.
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Chapter 3: Determining the Effects of Chronic Kidney Disease on Organic
Anion Transporter 1/3 Activity Through Physiologically-Based
Pharmacokinetic Modelling

This chapter is reflective of an original manuscript published by the PhD candidate (Samuel
Dubinsky) in the journal of Clinical Pharmacokinetics. All pertinent dialogue in this chapter was
written by the PhD candidate.

Information regarding applicable letters of copyright permission is presented in the Letters of
Copyright Permission.
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3.1 Overview

Background:

The renal excretion of drugs via organic anion transporters (OAT1/3) is significantly
decreased in patients with renal impairment. This study uses physiologically-based
pharmacokinetic models to quantify the reduction in OAT 1/3-mediated secretion of drugs

throughout varying stages of chronic kidney disease.
Methods:

Physiologically based pharmacokinetic models were constructed for four OAT1/3
substrates in healthy individuals: acyclovir, meropenem, furosemide, and ciprofloxacin.
Observed data from drug-drug interaction studies with probenecid, a potent OAT1/3 inhibitor,
were used to parameterize the contribution of OAT1/3 to the renal elimination of each drug. The
models were then translated to patients with chronic kidney disease by accounting for changes in
glomerular filtration rate, kidney volume, renal blood flow, plasma protein binding and
hematocrit. Additionally, a relationship was derived between the estimated glomerular filtration
rate and the reduction in OAT1/3-mediated secretion of drugs based on the renal extraction ratios
of p-aminohippuric acid in patients with varying degrees of renal impairment. The relationship
was evaluated in silico by evaluating the predictive performance of each final model in

describing the pharmacokinetics (PK) of drugs across stages of chronic kidney disease.
Results:

OAT1/3-mediated renal excretion of drugs was found to be decreased by 27-49%, 50-
68% and 70-96% in stage 3, stage 4, and stage 5 of CKD, respectively. In support of the
parameterization, physiologically based pharmacokinetic models of four OAT1/3 substrates were
able to adequately characterize the PK in patients with different degrees of renal impairment.
Total exposure after intravenous administration was predicted within 1.5-fold error and 85% of
the observed data points fell within 1.5-fold prediction error. The models modestly under-
predicted plasma concentrations in patients with end-stage renal disease receiving intermittent

hemodialysis. However, results should be interpreted with caution due to the limited number of
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molecules analyzed and the sparse sampling in observed chronic kidney disease pharmacokinetic

studies.
Conclusion:

A quantitative understanding of the reduction in OAT1/3-mediated excretion of drugs in
varying stages of renal impairment will contribute to better predictive accuracy for PBPK models
in drug development, assisting with clinical trial planning and potentially sparing this population

from unnecessary toxic exposures.

3.2 Introduction

Chronic kidney disease (CKD) affects nearly 10% of the global population. [279]
Chronic kidney disease is defined by a reduction in kidney function as approximated by the
glomerular filtration rate (GFR) below 60 mL/min/1.73m2 for 3 months or more. [64] Several
equations to approximate GFR are used in clinical practice such as the Cockcroft-Gault,
Modification of Diet in Renal Disease or the CKD Epidemiology Collaboration equations. [64]
Stages of CKD are classified by the degree of renal impairment, with stage 3, stage 4 and stage 5
defined by estimated GFR values of 59 to 30, 29 to 15 and <15 mL/min/1.73m2, respectively.
[64]

Patients with CKD may take more than twelve different prescription drugs per day to
reduce morbidity and mortality associated with the disease. [280] It is a clinical challenge to
ensure safe and effective dosing for each of these medications in patients with renal impairment
because CKD affects many aspects of pharmacokinetics (PK) and drug disposition. Most
intuitively, renal elimination pathways are compromised. About one-third of the most prescribed
drugs in the US undergo renal elimination and 90% of these are actively secreted by the kidney.
[281] While passive filtration of drugs into urine declines directly in proportion to the GFR, the

progressive decline in secretory function in each stage of CKD remains poorly understood.

There are two common groups of transporters by which drugs can be actively secreted
from the interstitial space of the nephron across the renal epithelium and into the urine. Cations
may be taken up by organic cation transporters (OCT) and secreted into urine by P-glycoprotein
(P-gp) and/or the multidrug and toxin extrusion transporters (MATE1, MATE2K). [282] Anions
may be taken up by organic anion transporters (OAT1, OAT3) and secreted into the urine by the
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multidrug resistance proteins (MRP1-4). [282] A recent review summarizes evidence that the
activities of apical efflux transporters are largely preserved in CKD. [282] The renal clearances
of drugs that are substrates for OCT tend to decline in parallel with GFR, suggesting that the
activity of renal OCT transporters may not be significantly compromised by uremia. [283,284]
However, there is convincing evidence that the activities or expression of renal OAT transporters
may be significantly compromised in renal impairment, with this inhibition driven by high
concentrations of circulating uremic toxins. [282,285,286] The progressive decline in renal

clearance for most OAT1/3 substrates is more severe than the decline in GFR. [287,288]

In this work, a parameterization for the relative activity of OAT1/3 transporters across
various stages of renal impairment is developed and evaluated using a mechanism-based
modeling approach. Physiologically-based pharmacokinetic (PBPK) models represent drug
absorption, distribution, metabolism, and excretion (ADME) within virtual individuals according
to the actual mechanisms responsible, as far as can be feasibly identified. This exercise leverages
recent advancements in PBPK modeling in patients with CKD that quantify the systemic impact
of the disease on parameters related to renal, hemodynamic and gastrointestinal physiology.
[284] Building on this foundation, we developed PBPK models for four drugs that are OAT
substrates (acyclovir, meropenem, furosemide, ciprofloxacin) with the overall objective of using
a physiological model to understand how OAT1/3 activity may be compromised in patients with
varying degrees of renal impairment and evaluated their predictive accuracy when the

parameterization for OAT activity is applied.

3.3 Methods

3.3.1 Software

All PBPK modeling was carried out using PK-Sim v9.1 as part of the Open Systems
Pharmacology suite (www.open-systems-pharmacology.org). Parameter sets for healthy adults
and aged persons in European and white American populations have been described previously.
[289,290] Scientific data to inform the individual and population-level parameter changes in
CKD were applied using MATLAB R2021a (Mathworks, Natick, Massachusetts) as published
previously. [284] Noncompartmental analysis of observed PK datasets was conducted with the

PKNCA package in R where necessary.
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3.3.2 PBPK Models for Healthy Adults

Physiologically based pharmacokinetic models were constructed to mechanistically

represent the pharmacokinetics of four drugs that are substrates of OAT1/3 in healthy adults. A

detailed report of model development and verification for each molecule in healthy adults is

available in Appendix B, Section 1-3. The final parameters for each molecule are presented in

Table 3-1.

Table 3-1. PBPK model parameters.

Parameter Ciprofloxacin Furosemide Meropenem  Acyclovir

Fraction unbound in  0.67 [291] 0.022 [292] 0.98 0.85 [294]

plasma (fu) [268,293]

Lipophilicity (logP) 0.95 [291] -0.24 -1.21# -0.69?
[-1.21--1.21]  [-0.69 - -0.69]

Molecular weight 331.30[291]  330.74 383.46 225.21 [294]

(g/mol) [293,295]

Effective molecular 314.30 330.74 383.46 225.21

weight (g/mol)

accounting for

halogens

Fraction excreted in  61.2+7.2 74£7 [292] 79£2 [297] 86.2+11.4 [298]

urine (fe; %) [296]

Contribution of TS of 73 98 96 74

CLRr® (%)

Partition coefficient PK-Sim Schmitt Rodgers and ~ Rodgers and

algorithm Standard Rowland Rowland

Cell permeability PK-Sim Charge- Charge- Charge-dependent

algorithm Standard dependent dependent Schmitt

Schmitt Schmitt

GFR fraction 1.0 1.0 1.0 1.0

OATP? concentration  0.0917[292]  0.0917[292] 0.0917[292]  0.0917 [292]

(uM)

OAT Vmax (uM/min)* 596 (M/min)  754.40 [292] 1262.57 25.75 (mM/min)

[5.60-6.30] [1248.49- [25.70-26.19]

1268.14]

OAT Km (uM) 70 [299] 21.50[292] 847 [300] 342.30 [299]

Apical transporter TS* MRP4 [292] TS° MATE [301]

type

Apical transporter® 1.0 0.02 1.0 1.0

concentration (uM) [302,303]

Apical transporter® 58.39% 163.09% [292] 116.11 0.99* (mM/min)

Vmax (WM/min) [55.45-61.62] [115.67- [0.98-0.99]
117.16]
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Apical transporter® 1000 27.96 [292] 770 [304] 3480 [299]
Km (uM)

Metabolizing enzyme CYP 1A2° UGT 1A9® Renal DHP-1°* CMMG!
[292] [21]

Metabolizing enzyme 1.8 0.197 [292] 1.0 1.0

concentration (uM)

Metabolizing enzyme 0.027 187.53 [292] 89.21 0.031

specific clearance? [0.027-0.027] [88.99-89.90] [0.031-0.031]

(L/nmol/min)

 Parameters optimized from their literature values

b Relative expression in human organs extracted from the PK-Sim Gene Database for Humans
¢ TS; generic apical transporter on the apical side of kidney cells

4 CMMG; assumed first order metabolism within the liver

¢ Percentage of tubular secretion of renal clearance was calculated as (CLr — fu*GFR)/CLr

Briefly, each model in healthy adults was developed by collecting and appraising the
physiochemical properties of each molecule from literature. Organ specific partition coefficients
were calculated with the PK-Sim standard, Schmitt, or the Rodgers and Rowland algorithms.
[305-307] Information regarding expression and localization of renal transporters was extracted
from Ivanyuk ef al. and previously published PBPK-models. [292,301] It was assumed that
basolateral uptake into renal epithelium by OAT1 and OAT3 occurs via one generic OAT

transporter within the models since the processes are not uniquely identifiable.

Previous PBPK models for drugs with active tubular secretion often simplified the two
processes of basolateral influx and apical efflux with ‘global’ renal drug transporters to represent
the net flux into urine. Such assumptions were largely due to the absence of in vitro and in vivo
data to parameterize each process separately. [284,288,308] In this work, uptake via OAT
transport was mathematically identified by optimizing against a DDI study with one arm where
OAT activity was strongly inhibited by probenecid and one control arm. The PBPK model for
probenecid was downloaded from the Open Systems Pharmacology repository and can be found

at: https://github.com/Open-Systems-Pharmacology/Probenecid-Model. [292] Probenecid is a

competitive inhibitor of OAT with an inhibition constant (Ki) of 5.41 uM; previous validation of
this inhibition constant for prediction of the furosemide-probenecid DDI has been published.
[292] In the DDI simulation of probenecid and the OAT substrates, the apparent Michaelis-
Menten constant for OAT transport (Km,app) Was calculated as (Eq. 3-1):
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I
KMy, = Km x (1 + E)

Eq. 3-1
where I represents the concentration of the competitive inhibitor, probenecid. [292]

Incorporating empirical data derived from probenecid-DDI PK studies follows a “middle-
out” approach, which implements in vitro understanding of the PK (bottom-up) with observed
clinical data (top-down). [309-311] Although this model development strategy differs slightly
from “traditional” PBPK model development, it provides the most mechanistically accurate

approach in the absence of a proper method to scale in vitro data for OAT transport to in vivo.

For uncertain parameters, numerical optimization was performed using the parameter
identification tool in PK-Sim. A Monte Carlo method was used to search the parameter space for
the optimal solution that minimized the sum of squared error on the simulated versus observed
drug concentrations and fractions excreted to urine. Multiple optimization runs (6 to 10) were

performed to confirm identifiability of a unique solution.

The models that were optimized using mean individuals were then expanded to simulate
the PK in virtual populations for model verification. Datasets for model verification are
presented in Appendix B, Section 1-3 for each molecule. One hundred individuals were
generated for each virtual population. Patient demographics were set according to those reported
in each observed study population being simulated. User-defined variability was assigned to the
renal transporter concentrations with a normal distribution and a coefficient of variation of 20%.
[284,312] Verification was assessed using the average fold error (AFE) (Eq. 3-2) and absolute
average fold (AAFE) error (Eq. 3-3) for each simulation. Acceptance was confirmed if AFE
<30% (0.7-1.3) and AAFE <2. For data sets including individual patient samples, inter-individual
variability in the population simulation was accepted if 85 to 95% of observed concentrations fell

within the 90 prediction interval.

1 1 (predictedi)
AFE = 10N21 08 observed;

Eq. 3-2
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predictedi)
log (observedi

1g
AAFE = 10N *
Eq. 3-3

Where predicted; and observed; correspond to predicted and observed plasma concentrations

respectively.

3.3.3 PBPK Models for Chronic Kidney Disease

Final population models for healthy adults were carried forward for evaluation in CKD
with modifications to account for the systemic changes in whole-body anatomy and physiology
that occur throughout the course of the disease such as GFR, kidney volume, renal perfusion,
hematocrit, and plasma protein concentrations. The methodology and evaluation of this modeling
strategy has been published previously. [284] Additionally, nonrenal clearance (CLnr) was scaled
for various stages of CKD to account for inhibition or downregulation of liver enzymes due to
chronic uremia throughout disease progression as outlined in the corresponding section. [311]
Utilizing the CKD-PBPK modeling approach, we produced several PBPK models across stages
3-5 of CKD to evaluate the proposed parameterization for OAT activity in CKD.

Predictive accuracy for the extrapolation to CKD was assessed by a limit of 1.5-fold error
(0.67-1.5) when comparing simulated exposures to observed data from literature. Exposure was
quantified as the area under the curve extrapolated to infinity (AUCw). If AUC» was not reported
within the study, AUC. was calculated by noncompartmental analysis. Additionally, predicted
vs. observed half-lives were compared. The limit of 1.5-fold error for each PK parameter was
used as the threshold for acceptable performance when extrapolating to vulnerable and diverse

populations based on previous criteria used in recent years. [288,313]

Additionally, model performance against the conventional AUC scaling method was also

explored. Scaling AUC. from healthy individuals was conducted using equation 4 (Eq. 3-4):
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BWckD

GFR
AUCexp = - AUCheateny +| fe - Gomet (1~ fe)

BWHealt:hy GFRHealthy

Eq. 3-4

where AUC is area under the curve extrapolated to infinity for CKD and healthy individuals
respectively, BW is body weight, GFR is glomerular filtration rate, and fe is the fraction excreted
to urine unchanged after intravenous dose. Within this assessment patients on dialysis were

assumed to have a GFR of 5 mL/min/1.73m?.

3.3.4 Organic Anion Transporter Parameterization

The utility of p-aminohippuric acid (PAH) as a diagnostic indicator of renal plasma flow
and tubular excretion was first discovered in the 1940’s by Homer-Smith et al. [314] Based on its
physicochemical properties, PAH has since become recognized as a prototypical OAT substrate
and has helped to define the OAT pathway of several drugs. [315-317] Numerous publications
have since quantified the activity of OAT excretion in various stages of CKD by comparing the
renal extraction ratio of PAH (EPAH%) to eGFR. [318-323] Individual patient data was
extracted, and several exploratory analyses were conducted to describe the relationship between
EPAH and eGFR, including the logarithmic of EPAH, LASSO regression and polynomial
function. Ultimately, a Weibull function utilizing Poisson weighting and setting the intercept
equivalent to zero was used to convey this relationship. Weighting of observed EPAH values was
conducted to characterize the EPAH in patients with severe renal impairment. The resulting

EPAH% vs. eGFR relationship is presented in Figure 3-1.

The final function of EPAH (y) and eGFR (x) was given by (Eq. 3-5):
(_(ﬂ) )
EPAH (%) =(1—e\ ‘%39 x 100%

Eq. 3-5

This parameterization describes how OAT mediated secretory function declines through
various stages of CKD due to a combination of transporter down regulation and competitive

OAT inhibition from uremic solutes. [282,285,286]
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Figure 3-1. Parameterization of organic anion transporter land 3 functionality across varying
stages of chronic kidney disease. Data investigating the relationship between p-aminohippuric
acid extraction ratio (EPAH) and estimated GFR (eGFR) was extracted from several studies
(black dots). [318-323] A Weibull function (blue-line) was determined to be the best
representation of the relationship between EPAH and eGFR.

3.3.5 Non-Renal Clearance in CKD
Evolving data suggests that CKD reduces CLNR through various mechanisms. [324-326]

Work conducted by Sayama et al. quantified the reduction in CLNR for several metabolic
pathways. [311] The mean relative percentage (RP%) of CLnr was 69% for moderate CKD
(eGFR: 30-59 mL/min/1.73m?) and 64% for severe CKD (eGFR: 15-29 mL/min/1.73m?)
compared to healthy individuals. [311] The mean RP was used to scale CLnr in our PBPK
simulations across the stages of CKD. It was assumed that mean RP of CLxr for stage 5 CKD

(GFR <15 mL/min/1.73m?) was consistent with severe CKD (RP = 64%).

3.3.6 Sensitivity Analysis

A local sensitivity analysis was performed to test the importance of OAT activity for DDI
potential in healthy adults and each stage of CKD. Simulations were built for mean male
individuals at stage 3, 4, 5 (ESRD) and healthy conditions. All virtual subjects received a
standard therapeutic dose of each drug (i.e., 400 mg IV for ciprofloxacin, 40 mg I'V for
furosemide, etc.). Organic anion transporter activity in each scenario was varied by 10% and the
relative changes in AUC., were reported as sensitivity coefficients. The sensitivity coefficient
(SP) for the effect of the parameter (p) on the PK output (PK) was calculated as the average of
(Eq. 3-6):
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_|PK( + 0.1 x p) — PK(p)| _ 100%

SP X
PK (p) 10%

Eq. 3-6

Therefore, a sensitivity coefficient of 1 means that a 10% change in the parameter value
caused a +10% change in the PK output, and a sensitivity coefficient of 0.1 means that a 10%

change in the parameter value caused a 1% change in the PK output.

3.4 Results

3.4.1 PBPK Models for Healthy Adults

Population PBPK models for four OAT substrate drugs were developed and verified to
describe the mechanistic disposition in healthy adults with explicit contribution of OAT
characterized using DDI modeling with probenecid. Detailed reports of model development and
verification of meropenem, acyclovir and ciprofloxacin may be found in Appendix B, Section 1-
3. Furosemide model development and verification was included from previous work by another
group. [292] Figure 3-2 shows the fitted concentration vs. time profiles for the DDI with

probenecid for each drug.

Active tubular secretion mediated by OAT transport contributes to a significant
percentage of renal clearance (CLR) (60-98%) for each investigative drug. This DDI-PBPK
modeling strategy enabled us to identify a unique solution for this process. Upon model
simulation, all individual and population model simulations fell within the predefined acceptance

criteria for model fit.
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Figure 3-2. Simulated physiologically-based pharmacokinetic drug-drug interaction plasma
concentration-time profiles after optimization compared to observed data for (A) furosemide, (B)
ciprofloxacin, (C) acyclovir, and (D) meropenem. Observed data presented as mean (circles)
with standard error of the mean (error bars) for each respective study. [296,297,327,328] The
blue line represents the same dose of investigative drug administered after completion of
probenecid dosing protocols. Details on dosing regimen and study populations may be found in
each respective Appendix file (B1-3).

1V; intravenous, PO; by mouth, sd; single dose, sol; solution.

3.4.2 PBPK Models for Chronic Kidney Disease

Parameters for virtual individuals in the healthy populations were then modified to
simulate the PK of OAT substrate drugs in various stages of CKD. Parameterization for CKD
included a novel quantification of OAT activity, reduction in CLngr, and foundational CKD
physiological scaling. [284] To assess the accuracy of this approach and success of the OAT
parameterization, predictions for exposure and half-life were compared to observed data from 8

clinical trials across CKD stages 3—5 (Table 3-2).
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Table 3-2. Exposure predictions of drugs undergoing active tubular secretion via OAT in chronic

kidney disease.

Study Drug Dose GFR Observed  Predicted  Scaled Observed Predicted
(mg) (mL/min) AUC AUC AUC t% (h) t% (h)
[range] (mg-h/L) (mg-h/L) (mg-h/L)
Stage 3
Drusano Ciprofloxacin  200mg  39.84 12.36 12.36 10.98 7.70£1.22 8.57
etal. v [13.33-56.67]
[329]
Shah et Ciprofloxacin 400 mg  44.8 215 23.22 11.59 5.72 9.77
al. [330] IV every [31.3-59.9]
12 hours
Chimata Meropenem 500mg  34.13 74.61£29 88.26 Healthy 3.36£1.02 2.31
et al. v [32-37.3] comparator
[331] not
available
Christenss  Meropenem 500 mg 34+11.8 89.8£17.9  89.86 82.60 2.34 2.84
on et al. v
[332]
Leroy et Meropenem 500 mg  50.3%16.7 88+33.9 66.35 65.81 1.93+0.81 2.61
al. [333] v [30-80]
Stage 4
Gladziwa  Furosemide 120 mg 16.7£5.5 47.2+156  60.05 Healthy 4.6£3.0 2.81
et al. v [7-27] comparator
[334] not
available
Christenss  Meropenem 500 mg 1718 156+63.8 128.88 99.89 3.82 5.24
on etal. v
[332]
Stage 5
Drusano Ciprofloxacin 200 mg IHD 15.06 20.35 17.56 8.55+3.27 10.82
etal. v
[329]
Shah et Ciprofloxacin 300 mg 145 30.1 25.86 19.18 8.33 11.75
al. [330] IV every [4.8-24.1]
12 hours
Rane et Furosemide 80 mg 11+1 27.79 39.84 26.89 2.60 2.66
al. [335] v
Chimata Meropenem 500mg  12.08 186.8+68.5 157.25 Healthy 5.00£1.05 3.61
etal .[ v [4.3-21.5] comparator
331] not
available
Christenss  Meropenem 500 mg IHD 393+83.8 207.21 91.04 6.81 6.0
onetal. v
[332]
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Leroy et Meropenem
al. [333]

Leroy et Meropenem
al. [333]

Laskinet  Acyclovir
al. [336]

500 mg
v

500 mg
v

2.5
mg/kg
[\

12.7+6.6
[2-30]

IHD

IHD

179+64.1

360+108

354.512
(umol-h/L)

136.38 110.34 5.22+1.58
204.33 118.71 9.73+3.03
265.772 102.50 19.545.9
(umol-h/L)

7.79

9.15

11.40

Data presented as mean +=SD (range)
Shaded region indicates failed predictions
2AUC calculated until last sampling time due to initiation of dialysis

AUC; area under the curve, GFR,; glomerular filtration rate, h; hours, IHD; intermittent

hemodialysis, 1V; intravenous, t %2; half-life.

Mean AUC, was predicted within 1.5-fold error across all observed data sets except for

two involving patients with ESRD undergoing intermittent hemodialysis (IHD) receiving

meropenem (Figure 3-6). Within these data sets, predicted AUC. was within two-fold error of

observed values. The meropenem-CKD model was able to accurately capture clearance

processes in ESRD however significantly underpredicted maximum concentration (Cmax) (Figure

3-6). Of note, AUC predictions were suitable for CKD stages 3 and 4 within the same trials.

Similarly, Cimax was underpredicted within our acyclovir-CKD model which may have

contributed to underpredictions in AUC.
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Figure 3-3. Simulated chronic kidney disease physiologically-based pharmacokinetic (CKD-
PBPK) plasma concentration-time profiles compared to observed data for CKD stage 3.
Observed data presented as mean (circles) with standard error of the mean (error bars) for each
respective study. [329-333] The red line represents the simulated mean concentration-time
profile facilitated by the population CKD-PBPK models in PK-Sim, while the shaded region
indicates the corresponding standard deviation. Details on dosing regimen and study populations
may be found in the Appendix B4.

1V, intravenous, sd; single dose, SD, standard deviation
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Figure 3-4. Simulated chronic kidney disease physiologically-based pharmacokinetic (CKD-
PBPK) plasma concentration-time profiles compared to observed data for CKD stage 4.
Observed data presented as mean (circles) with standard error of the mean (error bars) for each
respective study. [332,334] The red line represents the simulated mean concentration-time profile
facilitated by the population CKD-PBPK models in PK-Sim, while the shaded region indicates
the corresponding standard deviation. Details on dosing regimen and study populations may be
found in the Appendix B4.

1V; intravenous, sd; single dose, SD, standard deviation
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Figure 3-5. Simulated chronic kidney disease physiologically-based pharmacokinetic (CKD-
PBPK) plasma concentration-time profiles compared to observed data for CKD stage 5 without
administration of intermittent hemodialysis. Observed data presented as mean (circles) with
standard error of the mean (error bars) for each respective study. [329,331,333,334] The red line
represents the simulated mean concentration-time profile facilitated by the population CKD-
PBPK models in PK-Sim, while the shaded region indicates the corresponding standard
deviation. Details on dosing regimen and study populations may be found in the Appendix B4.
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1V, intravenous, sd; single dose, SD; standard deviation
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Figure 3-6. Simulated chronic kidney disease physiologically-based pharmacokinetic (CKD-
PBPK) plasma concentration-time profiles compared to observed data for end stage renal disease
on intermittent hemodialysis. Observed data presented as mean (circles) with standard error of
the mean (error bars) for each respective study. [329,332,333,336] The red line represents the
simulated mean concentration-time profile facilitated by the population CKD-PBPK models in
PK-Sim, while the shaded region indicates the corresponding standard deviation. Details on
dosing regimen and study populations may be found in the Appendix B4.

1V, intravenous, sd; single dose, SD, standard deviation

Of the remaining CKD-PBPK simulations, predicted AUC. fell within 1.5-fold error of
observed values across all stages of CKD. Additionally, seven of the 15 predictive AUC., values
were within a more rigorous 1.25-fold error (Figure 3-7A.). Predicted elimination half-life
within the CKD-PBPK simulations fell within 1.5-fold error for 11 of the 15 simulations.
Predictive accuracy for elimination half-life resulted in an equal number of over and under-

predictions.
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Figure 3-7 Predicted vs. observed area under the concentration-time curve extrapolated to
infinity (AUCx) of included simulations using chronic kidney disease physiologically-based
pharmacokinetic (CKD-PBPK) simulations (A) in comparison to conventional scaling methods
(B). Dashed line represented 1.25-fold error, while the dotted line represents 1.5-fold error.
AUCy, area under the concentration-time curve extrapolated to infinity, ESRD, end stage renal

disease.
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Overall, AUC. tended to be modestly underpredicted in 8 of the 15 simulations over the
course of CKD progression. This trend was most notably witnessed with meropenem and
acyclovir, both of which undergo large contributions of OAT mediated clearance. This error is
largely driven by an inability to accurately capture Cmax in these simulations, but the contribution

of reduced apical transporter activity is plausible.

The conventional scaling method for predicting AUC failed to meet the 1.5-fold criteria
in 7 of 12 empirical calculations (58%). Most notably, scaling predictions were unsuccessful in
CKD stages 4 and 5. Comparisons of the conventional scaling method to observed values may be

found in Figure 3-7B.

Representative PK profiles with interindividual variability may be found in Figures 3-3 to
3-6. Overall, 85% of the simulated mean drug concentrations for CKD stages 3-5 fell within 1.5-
fold of the corresponding observed drug concentrations used for model verification. Including
simulations with ESRD between dialysis sessions, approximately 80% of simulated mean drug

concentrations met acceptance criteria (Appendix B5.).

3.4.3 Sensitivity Analysis

Local sensitivity analyses for the four investigative drugs reveals the importance of OAT
activity related to exposure in both healthy individuals and those across the stages of CKD
(Figure 3-8). Organic anion transporter Km and Vmax appear to be less influential on AUC.,
throughout CKD progression. Based upon this analysis, patients with CKD may be less
vulnerable to OAT-mediated DDIs compared to healthy adults. A recent in vivo analysis
determined that PAH clearance was reduced by nearly 50% in the subtotal nephrectomy rats
compared to the healthy rat model in the presence of probenecid OAT mediated inhibition. [337]
Due to OAT transporter downregulation and/or inhibition from uremic toxin accumulation, it is
plausible that there are fewer available binding sites for inhibitors to occupy as CKD progresses.
However, to our knowledge there is no clinical data in humans to support this theory and further

research is needed to investigate this hypothesis.
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Figure 3-8. Local sensitivity analysis for organic anion transporter 1/3 drug-drug interaction
potential in healthy individuals compared to chronic kidney disease for each investigative drug.
OAT transporter Km and Vmax was varied by +£10% to analyze the relative change in area under
the concentration-time curve extrapolated to infinity (AUCx).

ESRD; end stage renal disease on intermittent hemodialysis, Km; Michaelis-Menten constant,
Vimax; maximum rate of reaction.

3.4. Discussion

In this work, we demonstrated that PBPK models for CKD populations that additionally
incorporated a new parameterization for impairment of OAT transporter secretory activity
adequately described the PK of four renally cleared OAT substrates (feurine > 0.5) with a high
contribution of active tubular secretion (> 60% to CLR) in patients across various stages of CKD
but struggled to capture PK in patients on IHD between dialysis sessions. Recent efforts have
addressed the complexity of renal handling of drugs within CKD by incorporating physiological
changes, as well as the competitive inhibition of uremic toxins and downregulation of metabolic
enzymes and transporters. [288,338—341] The work conducted within this analysis builds upon
this foundation and a previously validated CKD parameterization that has incorporated these
physiological changes. [284] Successful predictions of exposure for the investigative drugs from
real-world clinical trials supports the use of this PBPK modeling approach for OAT1/3

substrates.
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Estimations of renal drug clearance approximated through creatinine clearance
(Cockcroft-Gault) are based on the “intact nephron hypothesis™. This theory suggests that the
renal elimination processes, glomerular filtration, tubular secretion, and active reabsorption,
decline proportionally with progression of CKD. [342—344] In other words, the theory suggests
that the decline in CLr of a drug that undergoes active tubular secretion is similar to one that
does not. A recent analysis by Chapron et al. challenged this hypothesis by demonstrating that
the method of scaling by GFR was unable to predict CLr in CKD for half of the investigative
drugs that were eliminated by tubular secretion, [344] most notably as CKD progressed. Our
results confirmed this approach as 58% of CKD simulations failed to meet successful predictions
of AUC using the conventional scaling method, a result that has been demonstrated previously.
[284] The conventional scaling method provided reasonable predictions in early stages of CKD,
however failed to meet acceptance criteria in more advanced stages (stage 4 & 5). Such a
discrepancy was most notably witnessed with meropenem and acyclovir, two molecules with a
large contribution of CLk to total CL (>75%) and a large percentage of active tubular secretion
accounting for CLr (>75%). Therefore, caution should be warranted when incorporating the
conventional scaling method to predict PK parameters of molecules with such characteristics in
patients with advanced CKD. The results of this analysis highlight that characterization of active
tubular secretion by parameterizing the effects of functional changes on OAT within CKD is of

the upmost importance for accurately describing the PK within this population.

P-Aminohippuric acid CLr may be used as an estimator of renal plasma flow due to its
high extraction ratio in a healthy kidney, ability for free filtration from plasma, low protein
binding and negligible tubular reabsorption. [315,345-347] In vitro, OAT1 has been identified as
an efficient transporter for PAH. [348-350] Although, additional work has recorded limited and
variable affinity of PAH for the OAT3 transporter, it is generally assumed that PAH has a greater
affinity for the OAT1 transporter. [350,351] As such, utilizing PAH as a surrogate for OAT1/3
mediated renal secretion within our unique parameterization across the stages of CKD offers
mechanistic and physiologic relevance. It should be noted, all data sets included within the OAT
parameterization determined EPAH at steady state concentrations upon continuous infusion of
PAH. This methodology ensures saturation of renal tubules and provides an accurate
representation of PAH CLk. [348,352] Through investigation of the relationship between EPAH
and GFR, we determined that OAT mediated excretion was reduced by 27-49%, 50-69% and 70-
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96% across CKD stages 3-5, respectively. Previous reports by Hsueh ef al. from an analysis of
18 OAT substrates within CKD determined a median reduction of secretory clearance of 27%
and 59% in moderate and severe staged CKD. [287] Our results coincide with these reported

values.

Conclusions in this analysis are in accordance with previous work suggesting that
reductions in OAT clearance should occur in addition to impairment of GFR and CLxr processes
in PBPK models of severe CKD. [287] However, the work presented here offers several key
differences. First, this analysis uniquely incorporated DDI-PBPK modeling using probenecid
within our base model construction following a “middle-out” approach to address the knowledge
gaps in OAT transporter expression in the kidneys of patients with CKD. [281,311,341] DDI-
PBPK modeling has served as a valuable tool in drug development to provide mechanistic
insight into clinically relevant DDIs. [353-356] Incorporation of probenecid DDI-PBPK model
simulations enabled identification of a unique solution for the contribution of OAT mediated
renal excretion in total CL for each compound. Secondly, development of an OAT
parametrization across stages of CKD through EPAH confirms that reducing CLr in proportion
to GFR is not sufficient to describe the PK of OAT substrates across all stages of CKD. Utilizing
this approach increases generalizability as the OAT mediated renal excretion may be manipulated
to further reflect the degree of renal impairment of the population of interest. Further research is
essential to expand upon this analysis for alternative OAT substrates with varying contributions

of tubular secretion on total CL.

The chronic state of inflammation and uremia throughout CKD has been cited as a
contributing factor for the inhibition or downregulation of CLnr processes within this
population. [338,339,357,358] Increasing efforts have sought to quantify the decreases in CLnr
throughout CKD progression, however the degree of effect amongst pathways may be quite
variable. [311,338,339] The four investigative drugs within this analysis undergo different
mechanisms of CLngr, however, all are predominantly renally cleared (fewine > 0.5). As a result,
the effects of reduced CLnr on simulated AUC., appears to be minimal. Utilization of these
scaling factors enabled accurate predictions of AUC. with the investigative drugs across all

stages of CKD, however further analyses are required to determine the validity in drugs that
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undergo predominant CLngr. Information on enzyme-specific pathways is preferred where

applicable. [338,339]

The analysis is not without limitations. Using EPAH vs. eGFR for OAT parameterization
allowed us to successfully predict the decline in OAT mediated secretion throughout CKD.
However, as depicted in Figure 3-1, there is a paucity of data investigating this relationship in
severe CKD. This may have over predicted the contribution of OAT secretion in stage 5 CKD for
patients on IHD between dialysis sessions and could explain the trend to underpredict AUC., for
meropenem and acyclovir. Future studies investigating EPAH in severe CKD may enhance the

accuracy of model predictions.

Second, the four investigative drugs chosen within this analysis were all administered
intravenously. While the findings for renal OAT are generalizable, there are additional uncertain
factors that may need to be accounted for when simulating the oral PK of an OAT substrate drug
in CKD. Chronic uremia throughout CKD progression may disrupt gastrointestinal physiology,
leading to reductions in gastric emptying time, small and large intestinal transit times. [359,360]
Additionally, many OAT substrates such as cephalexin, methotrexate, ciprofloxacin and
rosuvastatin have been documented to also be substrates of the organic anion transporting
polypeptide (OATP) family — transporters responsible for the absorption of relevant compounds
from the intestinal lumen.[345,361] Reductions in the uptake of OATP substrates into
hepatocytes have been documented in CKD, however the impact on oral bioavailability remains
largely undefined. [339,362-364] Future research is needed to accurately describe any potential
PK changes of orally administered OAT/OATP substrates in patients with CKD.

Third, in the analyses including patients with ESRD receiving IHD there was a tendency
to over-predict CLg resulting in an inability to meet acceptance criteria for two simulations
(Figure 3-6.). It was assumed that apical transporter function on the renal tubule remains largely
intact due to the inability to identify the specific transporter for each molecule and limited data
supporting the functionality across CKD. [282] However, several in vivo animal studies suggest
that apical transporters may be susceptible to uremic toxin inhibition and/or down-regulation as
CKD progresses. [364-367] Contributions of such physiologic changes cannot be discounted
within this population and further work is required to provide a more accurate representation of

the renal drug handling of OAT substrates in the most severe stages of CKD.
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Previous work has identified genetic polymorphisms amongst differing ethnicities which
may have the potential to affect OAT activity by reducing the capacity for tubular secretion.
[368-370] However, the results of such polymorphisms appear to have a negligible effect on
CLr and tubular secretion in healthy individuals. [371] The observed clinical PK studies in
healthy and CKD patients to which PBPK models were constructed and validated did not report
ethnicities of study participants. As a result, differences in physiology and PK based on
ethnicities were not considered in the model. Further research is needed to confirm any potential

contribution of genetic polymorphisms of OAT activity in those with CKD.

Finally, challenges in model verification were limited due to the lack of available
individual subject data within CKD studies. All but one study by Laskin ef al. included mean
subject PK data used for model comparison (Appendix BS.). [336] However, when comparing
range of exposures within individual-level data, the predicted mean exposure fell within the
upper and lower limits (234— 498 umol-h/L). Future work including individual PK data will
allow for further assessment of model accuracy. Additionally, the model may be refined upon
availability of clinical data to expand with additional compounds, incorporation of OAT

polymorphisms, [372] or age differences to predict changes in PK for pediatric patients.

Dedicated PK studies in subjects with renal impairment offer many challenges due to the
potential for toxic exposures and difficulties in recruitment. There is clear application for this
work in drug development — assessing the PK of investigational drugs that are OAT substrates in
patients with CKD ahead of clinical trials to assist with dose selection and clinical trial planning.
When CKD effects on drug disposition are well characterized, CKD-PBPK models can be used
to estimate drug-drug interactions in patients with CKD, or even estimate PK parameters across
the disease spectrum in different ages, sexes and body weights that were not tested. There is also
potential to supplement the clinical data collected from renal impairment trials so that the results
are confirmatory, rather than exploratory. Fewer of these vulnerable subjects will be required to

be enrolled in the studies.

3.5 Conclusion

Use of PBPK modeling within organ impairment to inform dose selection has not been

supported with an adequate level of confidence from regulatory agencies such as the FDA and
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EMA, especially in more advanced stages. [324,373] This work builds more evidence toward
this end. Utilizing a unique PBPK-DDI model development approach and parameterizing OAT
mediated excretion through EPAH, we were accurately able to predict exposure of four OAT
substrates across the stages of CKD. However, the results should be interpreted with caution due
to the limited number of drugs investigated, small sample sizes of included studies and similar
PK characteristics between molecules (i.e. OAT substrates with a high contribution of active

tubular secretion).

Although further refinement and verification may be needed for oral OAT substrates, the
proposed workflow provides building block towards quantifying the effects of CKD disease
progression on CLg, and more specifically the contribution of OAT mediated tubular secretion to
the elimination of major substrate drugs. The work herein adequately predicts the intravenous PK
and renal handling of OAT substrates in patients with CKD but may under-predict concentrations
in patients on IHD between dialysis sessions. A quantitative understanding of the reduction in
OAT1/3-mediated excretion of drugs in varying stages of renal impairment will contribute to
better predictive accuracy for PBPK models in drug development, assisting with clinical trial

planning and potentially sparing this population from unnecessary toxic exposures.
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Chapter 4: Anakinra Removal by Continuous Renal Replacement Therapy:
An Ex-vivo Analysis

This chapter is reflective of an original manuscript published by the PhD candidate (Samuel
Dubinsky) in Critical Care Explorations. All pertinent dialogue in this chapter was written by the
PhD candidate, apart from section 4.3.6, which includes writing contributions from collaborators
at the University of Utah.

Information regarding applicable letters of copyright permission is presented in the Letters of
Copyright Permission.
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4.1 Overview

Objectives: Patients with sepsis are at significant risk for multiorgan dysfunction, including the
lungs and kidneys. To manage the morbidity associated with kidney impairment, continuous
renal replacement therapy (CRRT) may be required. The extent of anakinra pharmacokinetics in
CRRT remains unknown. The objectives of this study were to investigate the anakinra-circuit

interaction and quantify the rate of removal from plasma.

Design: The anakinra-circuit interaction was evaluated using a closed loop ex-vivo CRRT
circuit. CRRT was performed in three phases based upon method of solute removal: 1)
hemofiltration, 2) hemodialysis, 3) hemodiafiltration. Standard control samples of anakinra were

included to assess drug degradation.
Setting: University research laboratory.
Patients: None.

Interventions: Anakinra was administered to the CRRT circuit and serial pre-filter blood
samples were collected along with time matched control and hemofiltrate samples. Each circuit
was run in triplicate to assess inter-run variability. Concentrations of anakinra in each reference
fluid were measured by enzyme-linked immunosorbent assay. Transmembrane filter clearance
was estimated by the product of the sieving coefficient/dialysate saturation constant and circuit

flow rates.

Measurements and Main Results: Removal of anakinra from plasma occurred within minutes
for each CRRT modality. Average drug remaining (%) in plasma following anakinra
administration was lowest with hemodiafiltration (34.9%). The average sieving coefficient was
0.34,0.37 and 0.41 for hemodiafiltration, hemofiltration and hemodialysis respectively.
Transmembrane clearance was fairly consistent across each modality with the highest during
hemodialysis (5.53 mL/min), followed by hemodiafiltration (4.99 mL/min), and hemofiltration
(3.94 mL/min). Percent drug remaining within the control samples (93.1%) remained consistent

across each experiment, indicating negligible degradation within the blood.

Conclusions: The results of this analysis are the first to demonstrate that large molecule

therapeutic proteins such as anakinra, are removed from plasma with modern CRRT technology.
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Current dosing recommendations for patients with severe renal impairment may result in

subtherapeutic anakinra concentrations in those receiving CRRT.

4.2 Introduction

Continuous renal replacement therapy has become the method of choice for renal support
in critically ill patients due to its preferential effects on hemodynamic stability. [56,87] Solute
removal occurs differently depending on the modality of CRRT which includes: continuous
veno-venous hemofiltration (CVVH), continuous veno-venous hemodialysis (CVVHD) and
continuous veno-venous hemodiafiltration (CVVHDF). The most important variables affecting
drug pharmacokinetics during CRRT include volume of distribution (Vd), protein binding and
molecular weight. [102—104] Intuitively, small molecules with a low Vd and high unbound
fraction may be more susceptible to drug removal from systemic circulation when a CRRT
circuit is utilized. [102—104] In addition to drug removal via filtration, adsorption of drug to
circuit materials can be a mechanism of drug removal. Physicochemical properties that may pre-
dispose drugs to adsorption include lipophilicity (expressed as logP), protein binding and
molecular charge. [102,103,117,127] However, predicting the pharmacokinetics of medications
administered to this population is challenging as it requires a thorough understanding of the

interplay between drug, circuit-specific properties and disease related factors. [103,374]

Anakinra, a recombinant human IL-1 receptor antagonist (IL-1 RA) received marketing
approval by the US Food and Drug Administration for indications of rheumatoid arthritis and
neonatal-onset multisystem inflammatory disease. [375,376] Interleukin-1 (IL-1), an endogenous
pro-inflammatory cytokine, serves as a key contributor in the pathophysiology of
hyperinflammatory conditions such as rheumatoid arthritis. [377] In addition to its role in
chronic inflammatory conditions, IL-1 is implicated in the cytokine cascade and contributes to
the pathophysiology of cytokine release syndromes (CRS) such as hemophagocytic
lympohistiocytosis (HLH). [378,379] Although used off-label, anakinra has been recommended
as a first line agent for the management of HLH [380-382] or CRS due to secondary HLH
syndromes. [383-385]

Anakinra a large molecule (17 kDa), therapeutic protein has a small volume of

distribution in healthy adults (3.324+0.62 L). [386] For chronic rheumatological conditions, doses

116



are administered subcutaneously however, intravenous administration is becoming more
common to offset any potential impacts on absorption due to the presence of edema in patients
with acute, hyperinflammatory conditions. [379] The apparent half-life of elimination is longer
with subcutaneous dosing, than intravenous, with comparable clearance. [386,387] Renal
elimination accounts for a large percentage of anakinra plasma clearance. [386—388] As a result,
renal impairment has a significant impact on total clearance and adjustments of maintenance

dosing regimens are recommended. [386]

Prior to receiving approval for use in chronic inflammatory diseases, anakinra was
studied as an intriguing treatment alternative for acute, hyperinflammatory conditions including
sepsis. [389-392] Release of inflammatory cytokines, such as IL-1 in response to circulating
microbial toxins may result in sepsis induced organ dysfunction, including the lungs and
kidneys. [72,74] Acute kidney injury (AKI) due to sepsis complications is one of the most
common causes of AKI in critically ill patients, occurring in up to 50% of adults and 20% of
children admitted to an intensive care unit. [69—71] Of these, a significant portion may require

renal replacement therapy (RRT) to manage the morbidity associated with AKI. [56,87]

The extent of anakinra removal by different modalities of CRRT remains largely
unknown. As anakinra remains a potential treatment alternative for patients with sepsis
demonstrating hyperinflammatory phenotypes, [389—393] many of whom may require RRT,
information regarding the anakinra-CRRT circuit interaction is of the utmost importance for
designing safe and effective dosing regimens. Due to the physicochemical properties of anakinra
(Table 4-1.) it is possible that with modern CRRT technology, significant removal from plasma

may occur.

Table 4-1. Anakinra physicochemical properties and clearance mechanisms.

Drug Compound Type Molecular Weight  Protein Binding Clearance
(kDa) (%) Pathways
Anakinra Protein 17.3 [394] 0 Renal & Non-

renal [386-388]
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kDa; kilodaltons.

We conducted this ex-vivo study to characterize the drug-circuit interaction of anakinra.
We hypothesized that with the use of modernized hemofilters, and differing methods of solute
removal (convection vs. diffusion), anakinra would be sufficiently removed from plasma across

each CRRT modality.

4.2 Materials Methods

4.2.1 Institutional Review Board

As this study did not involve human subjects, institutional review board approval was not
required.

4.2.2 Circuit Configuration

CRRT circuits were completed with the PRISMAX System (Baxter Healthcare) and
HF1000 filter set (Baxter Healthcare) connected with a 500 mL EXACTAMIX EVA bag (Baxter
Healthcare) (Table 4-2.) Each circuit configuration (Figure 4-1.) was run in triplicate to assess
inter-run variability in anakinra concentrations. Upon each subsequent run, new hemofilters were
used in addition to repriming the CRRT circuit with new blood volume to reduce any risk of

hemofilter clotting.

Table 4-2. Continuous renal replacement therapy circuit components.

Component Manufacturer Model Material
CRRT System Baxter PrisMax with NA
TherMax heater
Hemofilter Baxter HF1000 PolyarylEtherSulfone
SA: 1.1m? hollow fibers,
plasticized polyvinyl
chloride tubing
Reservoir Baxter EXACTAMIX EVA, Ethylene vinyl
500 mL acetate

CRRT; continuous renal replacement therapy, m*; meters squared, mL; milliliters, NA; not
applicable.
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Figure 4-1. Illustration of the closed-loop ex-vivo continuous renal replacement (CRRT) circuit.
Anakinra removal from plasma was determined with each modality of CRRT: A) continuous
veno-venous hemofiltration (CVVH), B) continuous veno-venous hemodialysis (CVVHD), C)
continuous veno-venous hemodiafiltration (CVVHDF). Standard control samples were analyzed
with time matched plasma and hemofiltrate samples.

Os; blood flow (mL/min), Op; dialysate flow rate (mL/h), Qep; effluent flow rate (mL/h), Qrep;
replacement flow rate (mL/h).
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4.3.3 Continuous Renal Replacement Therapy Circuit Setup

Each circuit was primed with a solution of 1 unit of human red blood cells (adenine saline
added leukocytes reduced [~300 mL]), approximately 0.4 units of thawed human plasma frozen
within 24 hours after phlebotomy (125 mL), Plasma-Lyte A crystalloid (150 mL), heparin sulfate
(350 units), tomethamine (1.6 g), sodium bicarbonate (7 mEq), and human serum albumin (6.25
g). Albumin concentrations throughout experiments were targeted to achieve those similar to
critically ill children (20-30 g/L). Maintenance of a physiologic pH (7.4; range: 7.08 — 7.63) was
achieved with additional tromethamine. PrismaSate 4/2.5 dialysis solution (Baxter Healthcare)
was used for pre-blood pump, dialysis, and replacement fluids for each circuit. Target volume of
primed solution within each circuit was 500 mL. A description of the target concentrations of

circuit solution components may be found in Table 1 of Appendix C.

CRRT circuit prescriptions were as follows: 1)CVVH: blood flow rate (Qg) 80 mL/min,

pre-filter replacement fluid rate (Qpre) 600 mL/h, post-filter replacement fluid rate (Qpost) 200
mL/h and total effluent rate (Qer) 800 mL/h; 2) CVVHD: Qg 80 mL/min, dialysate fluid rate
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(Qp) 800 mL/h; 3)CVVHDF: Qg 80 mL/min, Qpre 300 mL/h, Qpost 100 mL/h, Qefr 800 mL/h and
Qp 400 mL/h. Flow rates incorporated within the experiment were determined based upon a
hypothetical child of approximately 10 kg as per consultation from Nephrologists within our
institution. CRRT prescriptions for each modality are presented in Table 4-2. Setting the patient
fluid removal rate (Qprr) to 0 L/h for each circuit ensured a consistent volume of recirculating
blood was maintained over the course of the experiment. Blood was maintained at 37°C with the

use of heating pads.

4.3.4 Control Setup

Six standard control samples of anakinra were included to determine drug degradation
throughout the experiment. A total of 50 mL of primed blood solution was drawn from the
primed CRRT circuit after approximately 5 minutes of circulation and before administration of
the anakinra. The control sample was transferred into a PVC plastic tube and placed in a water

bath maintained at 37°C.

4.3.5 Drug Administration and Sample Collection

Anakinra (Kineret) was administered (time = 0) in each CRRT circuit via an arterial port
(Figure 4-1.). The circuit was dosed to achieve a therapeutic concentration of approximately 25
pg/mL. [386] A diluted anakinra solution was administered to the control tubes at time = -5
minutes to mimic circuit concentrations and placed within a rotator to mix for 5 minutes. The
control sample was returned to the water bath for the duration of the experiment, except for

sampling. Controls were inverted gently 5 times prior to sampling.

Samples were collected at the following time points: 1, 5, 15 and 30 minutes, 1, 2, 3, and
4 hours. Hemofiltrate samples were collected at each time point from the tubing prior to entering
the effluent bag (Figure 4-1.). Physiologic pH of circuit blood was analyzed prior to anakinra
administration and each subsequent hour with an i-STAT 1 Analyzer (Flextronics Manufacturing,
Singapore) and EG6+ cartridge (Abbot, Abbot Park, IL) and adjusted as needed to maintain
physiologic pH. Circuit blood and control samples were centrifuged (3000 rpm for 10 minutes at
4°C) immediately after collection. Plasma was pipetted and stored at -80°C. Hemofiltrate

samples were stored at -80°C immediately following collection.
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4.3.6 Drug Analysis

Anakinra concentrations were determined using a pre-validated ELISA kit for measuring
IL-1 RA (Catalog# KAC1181; ThermoFisher Scientific, San Jose, CA). Calibrators were
prepared in standard diluent buffer and analyzed in duplicate with every batch. The calibration
curve ranged from 31.25 to 2000 pg/mL and was fit with a four-parameter sigmoidal curve. A
two-step dilution process (first into phosphate-buffered saline, then into standard diluent) was
used for the samples to bring them into the working range of the ELISA kit according to the
expected concentration for the sample, with dilutions ranging from 12,500 to 37,500-fold.
Samples were analyzed in duplicate wells, with sample data reflecting an average of those
replicates if the % coefficient of variation (%CV) between the two wells was <20%. Samples

were repeated in a subsequent analysis if the %CV>20%.

Percent of anakinra remaining in plasma was calculated at each time point using the following
equation:

Ce

1
Cix 00

anakinra remaining (%) =

Eq. 4-1
Where C; is the concentration at time t and C;j is the concentration at time = 5 minutes for CRRT
plasma and control samples. Additionally, passage of anakinra across the hemofilter in each
respective CRRT system was calculated using the sieving coefficient (Sc) for CVVH and the
dialysate saturation constant (Sp) for CVVHD and CVVHDF. Drug passage was determined

from paired hemofiltrate/dialysate and plasma samples at each time point using the following

equations:

Eq. 4-2

Cy

Sc = —

=T,
Eq. 4-3

Cp

S = =
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Where Cu and Cp are concentrations in hemofiltrate and dialysate respectively, while Cp

represents anakinra concentration in plasma.

Transmembrane clearance of anakinra was estimated for each modality using the following

equations: [3,4]

Eq. 44

CLCVVH = Qf XSC X CF

Qplasma
CF = ( )
Qplasma + Qpre
Qf = (Qpre + onst) + Qprr
Eq. 4-5
CLcyvup = Qp X Sp

Eq. 4-6

CLcyvupr = Qprr X Sp

QEff = (Qpre + onst) + Qprr + Qp

Where Qrrepresents the ultrafiltration rate. To account for pre-filter replacement fluid dilution a
correction factor (CF) was applied when estimating the transmembrane clearance via convection
(CLcvvn). [102,103] In this equation Qplasma represents the circuit plasma flow as determined by
Qv x 1-hematocrit. Flow rates incorporated in the transmembrane clearance equations (Eq.3-5)

are presented in Table 4-3.
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Table 4-3. Continuous renal replacement therapy circuit setup.

CRRT Blood Flow Patient Fluid  Replacement Dialysis Total

Modality (mL/min) Removal Rate Fluid Rate Fluid Rate  Effluent
(mL/h) (mL/h) (mL/h) Rate

(mL/h)
CVVH 80 0 Pre-filter: 600 NA 800
Post-filter: 200
CVVHD 80 0 NA 800 800
CVVHDF 80 0 Pre-filter: 300 400 800

Post-filter: 100

CRRT; continuous renal replacement therapy, CVVH, continuous veno-venous hemofiltration, CVVHD;
continuous veno-venous hemodialysis, CVVHDF’; continuous veno-venous hemodiafiltration, h, hours,
mL; milliliters, min, minutes, NA, not applicable.

4.3.7 Statistical Analysis

An unpaired ¢ test was used to analyze the effect of CRRT on recovery of anakinra in
plasma. Percent recovery of anakinra in plasma for each circuit at time = 4 hours was compared
to the recovery in the standard control experiments at the matching time point. Data is presented

as the mean with the corresponding standard deviation.

4.3 Results

A total of 144 samples were taken for measurement of anakinra concentrations in plasma
and hemofiltrate. Due to incomplete mixing of the CRRT circuits, anakinra concentrations at
time = 1 minute were dropped from the analysis and Ci was calculated based on the 5-minute
sample. For CVVH circuits, one replicate indicated a potentially longer delay in mixing than
subsequent runs. Consequently, the percentage of drug remaining was calculated based on the
15-minute sample (C; = concentration at time = 15 minutes) for CVVH circuits. Pharmacokinetic
variable estimates, such as sieving coefficient and transmembrane clearance, for each CRRT

circuit run are reported in Table 2 & 3 of Appendix C.

4.3.1 CVVH Circuit

The average drug remaining (SD) was 79.7% (8.5) at 15 minutes and 5.86% (2.25) at 4
hours. Anakinra percent remaining in plasma was significantly different compared to the
standard control at the completion of the experiment (p = <0.001). A graphical representation of
the percent drug remaining in plasma and standard control is presented in Figure 4-2. The

average sieving coefficient of anakinra over the course of the CVVH circuit analysis was 0.37
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(0.12). The determined sieving coefficient was used to estimate a mean transmembrane clearance

of 3.94 (0.86) mL/min (Figure 4-3.).

4.3.2 CVVHD Circuit

At time = 5 minutes the average percent of anakinra remaining was 71.2% (11.6) and
1.6% (0.6) at 4 hours. Similarly, the percent of drug remaining in plasma was significantly
different compared to the standard control at 4 hours (p = <0.001). The determined dialysate
saturation constant for anakinra was 0.41 (0.12), resulting in an estimated transmembrane

clearance of 5.53 (1.67) mL/min (Figure 4-3.).

4.3.3 CVVHDF Circuit

Loss of anakinra occurred within minutes with hemodiafiltration, resulting in an average
percent remaining in plasma at 5 minutes of 34.9% (8.8) and 1.2% (1.1) at 4 hours. The percent
of anakinra remaining in plasma was significantly different compared to the standard control at
the end of the experiment (p = <0.001). The average sieving coefficient was 0.34 (0.14),

corresponding to an estimated transmembrane clearance of 4.99 (1.58) mL/min (Figure 4-3.).
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Figure 4-2. Percent anakinra remaining in plasma and standard control with standard deviation
shown as error bars. Due to incomplete mixing of the circuit, anakinra percent remaining in
plasma was determined at t= 15 minutes for A) hemofiltration (CVVH). Percent remaining in
plasma was analyzed at time = 5 minutes for B) hemodialysis (CVVHD) and C)
hemodiafiltration (CVVHDF).
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Figure 4-3. Graphical representation of the determined anakinra sieving coefficient / dialysate
saturation constant (A) and estimated transmembrane clearance (B). All data presented as mean
with error bars representing the standard deviation.

CVVH, continuous veno-venous hemofiltration, CVVHD; continuous veno-venous
hemodiafiltration; CVVHDF; continuous veno-venous hemodiafiltration.

4.4 Discussion

The impact of CRRT on altering the drug disposition of small molecular weight drugs has
been studied extensively, [89,102,103,105-107,374,395] however the effects on large molecular
compounds, such as anakinra remains mostly unknown. We studied the pharmacokinetics of
anakinra in a closed-loop CRRT circuit. Incorporating an ex-vivo study design enabled an
independent assessment of the drug-circuit interaction from many of the additional factors that
may impact drug pharmacokinetics in critically ill individuals such as hepatic dysfunction,

circulatory function, drug-interactions, and fluid shifts. [19,23,31]

Ex-vivo CRRT analyses provide important information for the prediction of drug
clearance. Such study designs allow for testing various permutations of CRRT flow rates,
membranes, and methods of solute removal that may be used in clinical practice. Additionally,
the ability to include multiple sampling times, drug redosing, and analyze drug clearance without
potential risks associated with in-vivo studies highlight many of the advantages of ex-vivo
studies. [396] Increasingly, clearance determined by ex-vivo CRRT circuits has been shown to
have strong correlation with observed clinical data. [396-398] Therefore, valuable information
on drug clearance can be obtained in the absence of clinical data to assist in designing dosing

regimens for those requiring CRRT.
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The drug-CRRT circuit interaction may alter the pharmacokinetics in one of two ways: 1)
drug clearance by the circuit, either through convection, diffusion, or a combination of each or 2)
drug adsorption to circuit components. Significant loss of anakinra occurred with each modality
of CRRT, with concentrations of anakinra within hemofiltrate remaining consistent throughout
(Appendix C, Figure 2.). The average sieving coefficient of anakinra was 0.37, 0.41 and 0.34
for CVVH, CVVHD, CVVHDF, respectively. Transmembrane clearance was similar across each
modality (Table 4-2.), indicating that molecular weight has become a less influential parameter

on estimating CRRT circuit removal with modernized “high-flux”” membranes.

In this experiment it is important to understand that the percent of anakinra remaining in
each circuit is dependent on the total volume of the blood pool. This experiment incorporated a
CRRT prescription that was based upon a hypothetical 10 kg child. Children of this weight/age
range typically have a total blood volume of approximately 80 mL/kg. As the age/weight of the
patient increases, the CRRT prescription flow rates applied will also increase. Such increases in
flow rates will affect the estimated transmembrane clearance values. Therefore, when applying
the results of the percent anakinra remaining in plasma in vivo, it is imperative that one is

familiar with the CRRT prescription and total volume of blood of the patient.

It is worth noting that transmembrane clearance was determined using the mean Sc and
Sp over the course of the experiment multiplied by the corresponding flow rates. This equation
may be considered less accurate compared to clearance determined by area under the curve via
noncompartmental analyses, [399] as it suggests that transmembrane clearance is directly
proportional to the CRRT flow rates and that Sc/Sp is static over time. However, the purpose of
quantifying transmembrane clearance in this study was to compare across each CRRT modality
and the values reported in Table 4-2. should be considered as an estimate, regardless of the

method of quantification.

Although no adsorption analysis was conducted in the study, the consistently high
concentrations within hemofiltrate and limited loss of drug in the standard controls indicate that
removal of anakinra from plasma occurs significantly by filtration. Furthermore, adsorption was
not expected to occur throughout the experiment due to the physicochemical properties of

anakinra and the use of non-adsorptive membranes (PAES) throughout the experiment. [117]
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Pharmacokinetic data on the use of anakinra in patients receiving RRT is sparse. The
pharmacokinetic study by Yang et al was the first to describe the removal of anakinra by any
modality of RRT. [386] In this study, patients receiving conventional intermittent hemodialysis
(IHD) or peritoneal dialysis were included. Removal of anakinra by dialysis was less than 2.5%
of the administered dose, indicating that anakinra plasma concentrations will not be altered by
dialysis. [386] It was concluded that extending the dosing interval in patients with severe renal

impairment or end-stage renal disease may be required to minimize anakinra toxicity.[386]

The results of this experiment differ from Yang et al. [386] We sought to investigate the
rate of anakinra removal through each method of solute removal, hemofiltration, hemodialysis,
and a combination of each. The removal of solutes via convection is molecular weight
independent, as it utilizes a pressure gradient to remove molecules from plasma. [103,105,396]
However, the extent of anakinra removal within this study utilizing a diffusion-based modality

(CVVHD) does indicate that dialysis removes anakinra from plasma to a significant degree.

The differences in results between this study and that by Yang et al may be explained by
different flow settings, duration of dialysis and most notably the use of modernized hemofilters.
The molecular weight cut-off of modern CRRT circuit membranes is significantly larger than
previous dialyzer membranes used in older IHD circuits. Modern “high-flux” membranes, as
incorporated within the experiment are characterized by high porosity and have molecular weight
cut-offs around 20-40 kDa. [102,104,400] Use of “high-flux” hemofilters may negate the
expected difference in drug removal based upon method of solute removal, as they can deliver
more effective hemodialysis. [396] Therefore, caution should be applied when interpreting the
results of the study by Yang ef al. when administering anakinra to patients receiving CRRT with
modern synthetic hemofilters. Adjusting dosing regimens by decreasing the dose or increasing
the dosing interval may result in subtherapeutic dosing regimens, however future studies

evaluating the pharmacokinetics of anakinra in patients receiving CRRT are warranted.

Prior to market approval, anakinra was investigated as a treatment alternative for sepsis
management due to targeting the IL-1 inflammatory cascade. [389-392] Although early studies
provided equivocal results, more recent studies such as the PROVIDE trial will revisit the utility
of anakinra as a efficacious agent in sepsis management. [393] It is important to note that dosing

in this population has yet to be defined, as several protocols were trialed including continuous
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infusions and intermittent bolus dosing. [389-391,393] However, it has been generally assumed
that for severe AKI or those receiving RRT, anakinra doses should be reduced due to altered drug
clearance and poor removal from RRT circuits. [386] Although not confirmatory based upon the
ex-vivo study design, the results presented suggest that clearance of anakinra via CRRT does
occur. Coupled with the fact that high dose anakinra is well tolerated, with limited side effects
[389-391,401-404], dose reducing based on altered renal function in those receiving RRT may

result in subtherapeutic concentrations. Further studies in-vivo are warranted to confirm.

In addition to potential uses for sepsis management, use of anakinra for managing CRS
due to primary or secondary HLH and CAR-T cell complications continues to be explored. [379—
385] Due to the inflammatory response triggered by cytokine release, incidence rates of AKI are
high and a significant portion may require RRT. [405,406] Therefore, as anakinra continues to be
investigated as a therapeutic alternative for managing complications of CRS, these results may

become even more generalizable.

This study has limitations. Although incorporating different modalities of CRRT may be
seen as a strength, fixed flow rates were utilized throughout the entirety of this experiment.
Increasing flow rates may lead to greater reductions of drug from plasma for small molecules,
[90,400] however the relationship between increasing flow rates and clearance of large
molecules remains unknown. Therefore, future studies applying increasing flow rates are
warranted. Secondly, the analysis was conducted using the HF1000 (PAES) hemofilter in each
circuit run. Compared to alternative synthetic hemofilters, PAES hemofilters have reduced
adsorptive capacity. [117,273] Although it was hypothesized that the adsorptive potential of
anakinra would be low, this study does not rule out the possibility of adsorption when differing
hemofilters are applied. Careful consideration of the composition of hemofilters is required when
applying these results. Thirdly, a single intermittent bolus dose of anakinra was administered to
the CRRT circuits. The current state of the literature has investigated several dosing strategies for
both management of sepsis and CRS, including continuous infusions or intermittent bolus dosing
twice to three times per day. Therefore, if alternative dosing strategies such as continuous
infusions are to be applied, the risk of drug accumulation may exceed that of excess drug
removal. Future ex-vivo study designs investigating transmembrane clearance of continuous

infusion or multiple intermittent bolus dosing may be required. Finally, due to the discordance
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between sample concentrations and the ELISA kit concentration range, significant dilutions of
samples were required. Any slight error in analysis may be magnified, increasing the variability
in concentrations observed within the study. This may explain the approximately 2-3 fold higher
anakinra concentrations obtained within the plasma of the CVVHDF circuit. However, the
percent recovery in plasma, SC and estimated transmembrane clearance remained consistent

between each modality, unaffecting the results.

In vitro -in-vivo extrapolation (IVIVE) incorporates techniques to predict the
pharmacokinetics related to absorption, distribution, metabolism, and elimination in vitro and
quantifies the corresponding processes in vivo. [407,408] Information obtained from IVIVE
predictive models allows for an assessment of drug pharmacokinetics and may serve as a
valuable tool for clinical trial design. Similarly, quantification of drug clearance from an ex-vivo
CRRT circuit may allow for extrapolation to clinical practice. Recently, the use of ex-vivo to in-
vivo extrapolation through physiologically-based pharmacokinetic (PBPK) modeling with
extracorporeal circuits has been informative in prospective prediction of drug pharmacokinetics
in untested clinical scenarios. [144,150] Data from ex-vivo studies, such as those determined
within this study, can be incorporated within a PBPK model to be used to predict the drug

disposition in vivo and determine optimal dosing regimens for this vulnerable population.

4.5 Conclusion

In conclusion, this study is unique in that it is the first to investigate the pharmacokinetics
of anakinra in a CRRT circuit. By incorporating a closed-loop ex-vivo study design, assessment
of the anakinra-CRRT circuit interaction was conducted independent of many of the variables
known to affect drug pharmacokinetics in the critically ill population. Throughout each CRRT
modality, anakinra was significantly removed from plasma by filtration, with negligible
adsorption to circuit components or degradation within the blood. The degree of loss of anakinra
in the CRRT circuits suggests that administering renal dose adjustments may result in
subtherapeutic concentrations when CRRT is applied. Incorporating the results into PBPK
models may allow for optimal dose regimen design or aid in dose selection for future clinical

trials.
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Chapter 5: Cefazolin Removal via Pediatric Continuous Renal Replacement
Therapy: An Ex-vivo Analysis

This chapter is reflective of an original manuscript in preparation by the PhD candidate (Samuel
Dubinsky) for peer-reviewed journal publication. All pertinent dialogue in this chapter was
written by the PhD candidate, except for Section 5.3.5. That included writing contributions from
collaborators at the University of Utah.
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5.1 Overview

Children with acute kidney injury requiring renal replacement therapy are at increased
risk of nosocomial infections. As gram-positive bacteria are likely causal of these infections,
antibiotics targeted against these organisms, such as cefazolin, are frequently administered to this
population. Despite the high frequency of use, the extent of cefazolin pharmacokinetics in
continuous renal replacement therapy (CRRT) remains unknown. Using a closed-loop
continuous veno-venous hemodiafiltration (CVVHDF) circuit, the cefazolin-CRRT circuit
interaction was evaluated. Serial pre-filter blood samples were collected, along with time
matched control and hemofiltrate samples. The dialysate saturation constant was calculated and
used to estimate cefazolin transmembrane clearance over the experiment. Upon completion of
the experiment (t= 4 hours), approximately 90% of administered dose was removed from plasma.
The average dialysate saturation constant was 0.31, corresponding to a transmembrane clearance
of 4.08 mL/min. Cefazolin percent remaining within the control samples (93.90%), remained
consistent across the experiment, indicating negligible degradation within the blood. The extent
of loss of cefazolin within a closed-loop CVVHDF circuit highlights the importance of adapting

dosing regimens to ensure adequate pharmacodynamic activity while limiting toxicity.

5.2 Introduction

Infections due to gram-positive bacteria continue to remain highly prevalent amongst
critically ill individuals admitted to an intensive care unit. [409,410] Furthermore those with
acute kidney injury (AKI) receiving renal replacement therapy (RRT) are at increased risk of
nosocomial infections due to prolonged length of stay, exposure to invasive therapies or
catheters, and exposure to frequent manipulation of vascular access catheters. [411,412] Thus,
antibiotics with pharmacodynamic activity against gram-positive bacteria remain some of the

most widely used antibiotics in these individuals.[413,414]

Cefazolin, a first-generation cephalosporin, exhibits high pharmacodynamic activity
against gram positive organisms such as methicillin-susceptible Staphylococcus aureus (MSSA)
and Streptococcal species. Cefazolin is hydrophilic, with a small molecular weight (476.50

g/mol) and high percentage bound to serum albumin. [415—417] It undergoes predominantly

132



renal clearance through both glomerular filtration and active tubular secretion, [418,419]
therefore in those with AKI receiving RRT, careful consideration of dose adjustments is required

to minimize the risk of therapeutic failure or adverse effects.

Continuous renal replacement therapy (CRRT) is widely used in the management of AKI
in critically ill individuals due to its preferential effects on hemodynamic stability. [56,87] Drug
removal may occur through the CRRT circuit or through adsorption onto circuit materials. [102—
104,117] Drug clearance is variable and may be significantly altered, [103,374] increasing the
risk of suboptimal exposure when standard dosing regimens are utilized. Estimating drug
clearance by CRRT is complex due to the numerous permutations of circuit materials, modalities
of solute removal and flow rates. Ex-vivo study designs allow for testing such permutations in

circuit settings and the resulting clearance may be used to estimate that in-vivo. [90,396,398]

Despite being one of the most frequently prescribed antibiotics in children within an
intensive care unit, [414] dosing recommendations for cefazolin in those receiving CRRT are
largely based on expert opinion or adult extrapolation. Beyond the physiological and
pharmacokinetic (PK) differences between adults and children, extrapolating adult drug dosing
recommendations to pediatrics presents additional challenges due to the differences in blood
flow, filtration and circuit settings that may affect drug clearance. The first step to informing
dosing recommendations in this population is to obtain knowledge of the drug-circuit interaction.
Therefore, the purpose of this study is to analyze the pharmacokinetics of cefazolin during a

simulated pediatric CRRT circuit.
5.3 Materials and Methods

5.3.1 Circuit Configuration

Continuous veno-venous hemodiafiltration (CVVHDF) was applied within the ex-vivo
analysis as it is the most commonly applied method of CRRT within a pediatric intensive care
unit (PICU). [98] The CVVHDF circuit (Figure 5-1.) incorporated the PRISMAX System
(Baxter Healthcare) and HF1000 filter set (Baxter Healthcare) connected with a 500 mL
EXACTAMIX EVA bag (Baxter Healthcare). Three circuits were completed to assess inter-run
variability in cefazolin concentrations. Upon each subsequent run, hemofilters were changed and

the circuit was reprimed with new blood to reduce the risk of filter clotting.
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Figure 5-1. Illustration of the closed-loop ex-vivo CRRT circuit. Cefazolin removal from plasma
was determined for continuous veno-venous hemodiafiltration (CVVHDF). Standard control
samples were analyzed with time matched plasma and hemofiltrate samples.

Os; blood flow (mL/min), Op; dialysate flow rate (mL/h), Qep; effluent flow rate (mL/h), Qrep;

replacement flow rate (mL/h).

5.3.2 Continuous Renal Replacement Therapy Circuit Setup

Each CVVHDF circuit was primed with a solution of 1 unit of human red blood cells
(adenine saline added leukocytes reduced [~300 mL]), ~ 0.4 units thawed human plasma frozen
within 24 hours after phlebotomy (125 mL), Plasma-Lyte A crystalloid (~150 mL), heparin
sulfate (350 units), tomethamine (1.6 g), sodium bicarbonate (7 mEq), human serum albumin
(6.25 g). Albumin concentrations in the circuit solution was targeted to achieve those seen in
critically ill children (20-30 g/L). Target volume of primed solution within each circuit was 500
mL. A description of the target concentrations of circuit solution components may be found in

Table 1. of Appendix D.

Maintenance of physiologic pH (7.4; 7.22-7.65) was achieved with the addition of
tromethamine. PrismaSATE 4/2.5 dialysis solution (Baxter Healthcare) was used for pre-blood
pump, dialysis and replacement fluids. The CVVHDF prescription was as follows: blood flow
rate (Qg) 80 mL/min, dialysis fluid rate (Qp) 400 mL/h, pre-blood pump replacement fluid rate
(Qpre) 300 mL/h, replacement fluid 100 mL/h delivered post filter (Qpost) and total effluent flow
rate (Qefr) of 800 mL/h. Patient fluid removal (Qprr) was set to 0 mL/h to ensure a consistent

volume of recirculating blood over the course of the experiment. The flow rates utilized over the
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experiment were determined based upon a hypothetical child of approximately 10 kg, as per
consultation from Nephrologists at our institution. CVVHDF prescription used throughout the
entirety of this experiment is presented in Table 5-2. Blood was maintained at 37°C with the use

of heating pads.

Table 5-2. Continuous renal replacement therapy circuit setup.

CRRT Blood Flow Patient Fluid Replacement Dialysis Total
Modality (mL/min) Removal Fluid Rate Fluid Effluent
Rate (mL/h)  (mL/h) Rate Rate
(mL/h) (mL/h)
CVVHDF 80 0 Pre-filter: 300 400 800

Post-filter: 100

CRRT; continuous renal replacement therapy, CVVHDEF, continuous veno-venous
hemodiafiltration, h; hours, mL; milliliters, min, minutes.

5.3.3 Control Setup

Three standard control samples of cefazolin were included to determine drug degradation
throughout the experiment. A total of 50 mL of primed blood solution was drawn from the
CVVHDF circuit after approximately 5 minutes of circulation and before the administration of
cefazolin. The control sample was transferred into a PVC plastic tube (229,426, CELLTREAT,
Pepperell, MA) and placed within a water bath maintained at 37°C.

5.3.4 Drug Administration and Sample Collection

Cefazolin was administered at time = 0 via an arterial port downstream of the sampling
port of the CVVHDF circuit (Figure 5-1.). Cefazolin was dosed to achieve a therapeutic
concentration of approximately 250 mg/L. [415,419,420] Simultaneously, cefazolin was
administered to the control tubes at time = -5 minutes and placed within a rotator to mix for 5
minutes. The control sample was returned to the water bath for the duration of the experiment,

except for sampling. Controls were gently inverted five times prior to sampling.

Samples were collected at the following time points: 1, 5, 15, and 30 minutes, 1, 2, 3, and
4 hours. A hemofiltrate sample was collected at each time point from the tubing prior to entering
the effluent bag (Figure 5-1.). Physiologic pH of circuit blood was analyzed each hour with an i-
STAT 1 Analyzer (Flextronics Manufacturing, Singapore) and EG6+ cartridge (Abbot, Abbot
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Park, IL) and adjusted if needed as described above. Blood samples were centrifuged (3000 rpm
for 10 minutes at 4°C) immediately after collection. Plasma was pipetted and stored at -80°C.

Hemofiltrate samples were stored at -80°C immediately following collection.

5.3.5 Drug Analysis

Sample analysis for cefazolin in human plasma, and hemofiltrate (HF), utilized a simple,
two-step dilution procedure followed by ultra-high-performance liquid chromatography
(UHPLC) - electrospray ionization (ESI) - tandem mass spectrometry (UHPLC-ESI-MS/MS.
Cefazolin->C2!°N was used as the internal standard. All reference materials were obtained from
Toronto Research Chemicals (Toronto, Canada). The samples were first diluted 50-fold with
mobile phase A (20 pL of sample plus 980 pL of aqueous mobile A). Then, 50 pL of the
standards, QCs, blanks, and 50-fold diluted samples was aliquoted, followed by the addition of
50 pL of internal standard solution (5 pg/mL) plus 500 uL of mobile phase A. After mixing, 200
uL was transferred to autosampler vials, and 20 pL. was injected for analysis by UHPLC-ESI-
MS/MS. The LC system was a Waters Acquity UPLC® autosampler and pumping system
interfaced with a Waters Quattro Premier XE™ triple quadrupole mass spectrometer.
Chromatographic separation was performed on a Phenomenex (Torrance, CA) Kinetex EVO C18
column (2.1 x 50 mm, 1.7 um particle size) using gradient elution flowing at 0.3 mL/min. The
mobile phases were (A) 10 mM ammonium bicarbonate, pH 8, and (B) methanol, and initially
equilibrated and held at 1% B for the first 1.5 minute of the gradient. The mobile phase
composition was then linearly increased to 100% B at 2.0 minutes, where it was held for 2
minutes before being immediately returned to and equilibrated at initial conditions. The MS/MS
was operated in the Selected Reaction Monitoring (SRM) mode under positive ionization
conditions. For cefazolin and cefazolin-'>C>!°N, the SRM transitions were mass/charge (collision
energy) 455.0 to 323.1 (10 eV) and 458.0 to 326.1 (10 eV), respectively. The concentrations of
cefazolin in the samples were determined from the ratio of the peak area of the analyte to the
peak area of the internal standard, and comparison of this ratio with the calibration curve that
was generated from the analysis of 2% human plasma in 10 mM ammonium bicarbonate, pH 8§,
to match the diluted study samples, fortified with known concentrations of the analyte and the

internal standard.
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Calibrators were prepared for each analytical run in 2% human plasma in 10 mM
ammonium bicarbonate, pH 8, at nominal concentrations for cefazolin of 0.05, 0.1, 0.2, 0.5, 1, 2,
4,6, 8, and 10 ng/mL. A double blank (matrix without internal standard) and zero sample (matrix
with internal standard) were prepared for each run in the same matrix used for the calibrators.
Quality Control samples (QCs) were also prepared in 2% human plasma in 10 mM ammonium
bicarbonate, pH 8, at nominal concentrations of 0.15, 1.5, and 7.5 pg/mL and analysed in
duplicate with each analytical run of study samples. The lower limit of quantitation (LLOQ) was
0.05 pg/mL which corresponds to a value of 2.5 pg/mL for the 50-fold diluted study samples.
The upper limit of quantitation (ULOQ) was 10 ug/mL (500 ug/mL for the 50-fold diluted study

samples).

Percent cefazolin remaining was calculated at each time point using the following

equation:

C
Cefazolin Remaining (%) = ?t x 100
i

Eq. 5-1
Where C; is the concentration at time t and C; is the concentration at time = 5 minutes for
CVVHDF plasma and control samples. The dialysate saturation constant (Sp) was calculated to
quantify the ability of cefazolin to cross the hemofilter. Drug passage was determined from
paired hemofiltrate/dialysate and plasma samples at each time point using the following
equation:
C
Sp = C—z
Eq. 5-2

Where Cp and Cp represent the cefazolin concentrations in dialysate and plasma,

respectively.

Clearance of cefazolin across the circuit filter membrane was estimated by:

CLcyvupr = Qppr X Sp
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QEff = (Qpre + onst) + Qprr + Qp
Eq. 5-3
Where Qgfr represents the effluent rate, Qpre represents the pre-filter replacement fluid rate, Qpost

represents the post-filter replacement fluid rate, Qprr represents the patient fluid removal rate

and Qp dialysate flow. [102,103]

5.3.6 Statistical Analysis

An unpaired ¢ test was used to analyze the effect of CRRT on recovery of cefazolin in
plasma. Percent recovery for each circuit a time = 4 hours was compared to the recovery in the
standard control at the matching time point. Data is presented as the mean with corresponding

standard deviation.

5.4 Results

A total of 48 samples of cefazolin in plasma and dialysate were analyzed. Concentrations
at time = 1 minute were dropped from the analysis as they were below the LLOQ. Average
percent of cefazolin remaining (standard deviation) in plasma at time = 15 minutes was 63.12%
(12) and 10.35% (2.6) at 4 hours. Graphical representation of the percent of cefazolin remaining

over time may be found in Figure 5-2.
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Figure 5-2. Percent cefazolin remaining in plasma and standard control with standard deviation
shown as error bars. Percent remaining was analyzed at time = 5 minutes.
CVVHDF; continuous veno-venous hemodiafiltration.

The percent of cefazolin remaining in plasma was significantly different compared to the
standard control at the completion of the experiment (»p = <0.001). The average dialysate
saturation constant over the course of the experiment was 0.31 (0.11), resulting in an estimated
transmembrane clearance of 4.08 (1.41) mL/min. A visual representation of the average Sp over

the course of the experiment may be found in Figure 5-3., with a numerical representation

reported in Table 5-3.
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Figure 5-3. Graphical representation of the average (+ standard deviation) cefazolin dialysate
saturation constant over time.

Table 5-3. Cefazolin pharmacokinetic variables determined within a CVVHDF circuit. Data
presented as mean, standard deviation and range.

Pharmacokinetic Mean Standard Deviation = Range
Variable

Saturation coefficient 0.31 0.11 0.17-0.50
Transmembrane 4.08 1.41 2.25-6.69

Clearance (mL/min)

5.5 Discussion
As advancements within pediatric critical care medicine continue to occur, the use of

extracorporeal therapy such as CRRT is likely to have a significant role. Antibiotics are some of
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the most frequently prescribed medications to critically ill children on CRRT, [154,395] therefore
a thorough understanding of the drug-circuit interaction is of the utmost importance to ensuring
optimal pharmacodynamic activity while minimizing toxicity. The objective of this study was
two-fold. This study is the first to analyze the cefazolin-CRRT circuit interaction. Secondly, as
CVVHDEF is the most common method of CRRT applied within a PICU, [98] we sought to

provide results that are generalizable and informative for clinicians.

In addition to CVVHDF, CRRT may also be employed with continuous veno-venous
hemodialysis (CVVHD) or continuous veno-venous hemofiltration (CVVH). Solute removal
occurs differently depending on the modality chosen, [56,102—104] however CVVHDF may be
seen as a hybrid as it concurrently administers the dialysate flow of CVVHD with the
ultrafiltration and use of replacement fluids in CVVH. Drug clearance is largely influenced by
circuit characteristics (i.e. flow rates, membrane porosity) and drug physicochemical properties
such as molecular weight, protein binding and lipophilicity. [89,105] It is worth noting that
modern high-flux membranes, as incorporated within this study, may negate the effects of

molecular weight on RRT clearance.[154]

The impact of CRRT on altering the PK of small molecular weight drugs has been studied
extensively in both adults [89,102,103,105-107,374] and children [154,395]. The degree to
which drugs are removed from the system are largely dependent upon the physicochemical
properties. Drugs with low molecular weights, a high unbound fraction in plasma and those that
undergo predominant renal clearance are most likely to have altered PK in individuals receiving
CRRT. [89,105,395,421] As cefazolin shares many of these properties, drug clearance may be
affected when CRRT is applied. Unexpectedly, the results from the ex-vivo analysis demonstrate
that approximately 90% of the administered dose was removed upon the completion of the

experiment (t = 4 hours).

The dialysate saturation constant (Sp) or sieving coefficient (Sc) allows for assessment of
the ability for a molecule to pass across the hemofilter membrane. Molecules with a Sp or Sc
approximating 1.0 suggest free passage across the circuit hemofilter. Although, the average
cefazolin Sp was 0.31 within this experiment, substantial loss from plasma was noted.
Interestingly, a range of SD was observed throughout the experiment (Figure 5-3.), indicating

both between circuit and within circuit variability. This variability may be due to the unique
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saturable protein binding of cefazolin to serum albumin. [415] Increases in the unbound fraction
has been observed in both adults [415—417] and neonates [422,423] with the use of standard
therapeutic doses. Compounded with the impact of critical illness on albumin concentrations,
[21,23,424] interindividual variability in unbound concentrations and CRRT circuit clearance
may be expected in this population. Therapeutic drug monitoring in vivo may allow for

monitoring any potential variability and ensuring optimal pharmacodynamic activity. [425-427]

Therapeutic drug monitoring for antimicrobials can be used to maximize drug efficacy
and minimize toxicity in an individual patient. This practice has been common for
aminoglycosides and glycopeptides, however -lactam therapeutic drug monitoring has yet to
adopted as a routine intervention. [428—430] Due to the unequivocal results on patient outcomes
and logistical challenges, the utility of B-lactam therapeutic drug monitoring in the intensive care
unit has been debated. [431,432] However, amongst opposing views there does appear to be
consensus that those receiving CRRT may be a population to benefit from therapeutic drug
monitoring. [431-434] As this is largely reflective of the adult population, limited data in
pediatrics demonstrate that B-lactam therapeutic drug monitoring in the PICU may be beneficial.
[435] Although a limited number of children receiving CRRT were represented, one may suspect
that this population would benefit from such approaches. However, further studies confirming its

utility are important for widespread adoption amongst the clinical community.

The pharmacokinetics of drugs administered to critically ill children receiving CRRT
have been previously described. [154,395] Unexpectedly, within these reviews no publications
were identified investigating the use of cefazolin. Despite the high frequency of use, a large gap
remains regarding published literature to guide clinicians in using safe and effective dosing
regimens. [414] Available data describing clearance via RRT is limited to intermittent
hemodialysis (IHD). Maynor et al. identified that approximately 60% of cefazolin was removed
from plasma after four hours of IHD. [436] These results have been replicated in additional in
vitro and in vivo studies in adults. [437-439] Several methodological and mechanistic differences
preclude any comparison between our results and the previously published work, however, the
reports herein suggest that cefazolin is adequately cleared by RRT, regardless of modality or

circuit characteristics.
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Although the results presented are the first to analyze cefazolin clearance from a pediatric
CRRT circuit, they are not without limitations. First, a single modality with fixed flow rates was
utilized over the course of the experiment. The use of modernized hemofilters has negated
potential differences in circuit clearance between modalities when similar flow rates are applied.
However, increasing flow rates may lead to increased clearance of small molecular weight drugs.
[90,400] Future studies are warranted to assess the impact of increasing flow rates on cefazolin
clearance. Second, the experimental design was conducted using the HF1000 (PAES) hemofilter
within each circuit. Comparatively, PAES hemofilters have reduced adsorptive capacity to
alternative synthetic hemofilters. [117,273] It was hypothesized that cefazolin would not undergo
significant adsorption to circuit materials based upon its physicochemical properties. The results
confirmed our hypothesis, as high concentrations of cefazolin were quantified in the
hemofiltrate. As only one filter set was trialed within this experiment, extrapolating to filter sets
with different compositions should be done cautiously. Third, a single intermittent bolus dose of
cefazolin was administered to the CRRT circuits, the results may not be applied to alternative
dosing strategies such as continuous or extended-interval infusions. As the use of continuous or
extended-interval infusions for B-lactams becomes more prominent due to the potential for
improved patient outcomes, [440—442] future studies will be required to quantify the risk of drug
accumulation. Finally, despite evidence suggesting ex-vivo drug clearance may approximate that
in-vivo, [90,398] the results in isolation should not be used to inform drug dosing
recommendations. Due to the closed-circuit nature no metabolism is present and there is an
inability to capture the physiological complexity of a critically ill individual. By incorporating
the results of this experiment into a physiologically-based pharmacokinetic (PBPK) model, one
may integrate the physiological changes associated with critical illness in addition to the PK of

cefazolin to optimize drug dosing in this population more accurately.

5.6 Conclusion

In conclusion, this study quantifies the removal of cefazolin from a pediatric CRRT
circuit. By incorporating a closed-loop ex-vivo study design, the cefazolin-CRRT circuit
interaction was assessed independent of many of the variables known to affect drug PK in the
critically ill population. Clearance of cefazolin was primarily attributed to hemodiafiltration with

negligible amounts adsorbed to circuit components or degraded within the blood, suggesting
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renally adjusted doses may result in subtherapeutic concentrations. Clearance of small molecules
determined via closed-loop CRRT circuits may provide reasonable approximations to in vivo

values.

Therefore, the results of this study provide the foundation to ensure optimal dosing
regimens of cefazolin are utilized in this population. Incorporating ex-vivo results within a PBPK

model will help guide clinicians to safe and effective use of cefazolin in this population.
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Chapter 6: Physiologically-Based Pharmacokinetic Modelling in Critically 11l
Children Receiving Anakinra While on Extracorporeal Life Support

This chapter is reflective of an original manuscript in preparation by the PhD candidate (Samuel
Dubinsky) for peer-reviewed journal publication. All pertinent dialogue in this chapter was
written by the PhD candidate.
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6.1 Overview

Background and Objective:

Due to the pathophysiological changes associated with critical illness and the use of
extracorporeal life-support (ECLS) such as continuous renal replacement therapy (CRRT) and
extracorporeal membrane oxygenation (ECMO), the pharmacokinetics of drugs are often altered.
The objective of this study was to develop a physiologically-based pharmacokinetic (PBPK)
model for anakinra in children that accounts for the physiological changes associated with

critical illness and ECLS technology to guide appropriate pharmacotherapy.
Methods:

A PBPK model for anakinra was first developed in healthy individuals prior to
extrapolating to critically ill children receiving ECLS. To account for the impact of anakinra
clearance by the dialysis circuit, a CRRT compartment was added to the pediatric PBPK model
and parameterized using data from a previously published ex-vivo study. Additionally, an ECMO
compartment was added to the whole-body structure to create the final anakinra ECLS-PBPK
model. The final model structure was validated by comparing predicted concentrations with
observed patient data. Due to limited information in guiding anakinra dosing in this population,

in-silico dose simulations were conducted to provide baseline recommendations.
Results:

By accounting for changes in physiology and the addition of ECLS compartments, the
final ECLS-PBPK model predicted the observed plasma concentrations in an adolescent
receiving subcutaneous anakinra. Furthermore, dosing simulations suggest that anakinra

exposure in adolescents receiving ECLS is similar to healthy counterparts.
Conclusion:

The anakinra ECLS-PBPK model developed in this study is the first to predict plasma
concentrations in a population receiving simultaneous CRRT and ECMO. Dosing simulations
provided may be used to inform anakinra use in critically ill children and guide future clinical

trial planning.
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6.2 Introduction

Sepsis may be defined as a life-threatening condition caused by a dysregulated host response
to infection. [38] In children, sepsis is one of the leading causes of mortality and healthcare
resource consumption across the world. [443—446] The high mortality risk can be attributed to
refractory shock and/or multiple organ dysfunction syndrome (MODS), that includes failure of
vital organs such as the lungs, kidneys and heart. [16,85,86,443]

Despite initiatives focused on early recognition and prompt pharmacotherapy, mortality rates
remain high. Recent strategies have focused on distinguishing the heterogeneity in phenotypes of
sepsis through classification of immune dysregulation. [392,393,447,448] These phenotypes may
present as a state of immunoparalysis or hyperinflammation. In those with features of
pronounced inflammation, pharmacologic agents targeted to mitigate the downstream effects of
the cytokine storm may be beneficial in preventing or improving MODS and are the recent focus

of ongoing clinical trials. [393,449]

As a result of the complications to vital organs, initiation of extracorporeal life support
(ECLYS) such as continuous renal replacement therapy (CRRT) and extracorporeal membrane
oxygenation (ECMO) may be required. CRRT is a form of continuous dialysis that is often
applied to critically ill individuals due to its preferential effects on hemodynamic stability.
[56,87] In cases of respiratory or cardiac failure, ECMO is often needed for cardiopulmonary
support. One of the many challenges associated with treating patients on ECLS is understanding
the alterations in pharmacokinetics (PK) that may occur upon extracorporeal circuit initiation.
Simplistically, drug PK may be altered through adsorption to circuit materials, and clearance via

the ECLS circuits.

Anakinra, a recombinant human interleukin-1 receptor antagonist (IL-1 RA) is currently
approved for use in patients with rheumatoid arthritis and neonatal onset multisystem
inflammatory disease. [375,376] In addition to its role in chronic inflammatory conditions, IL-1
has been implicated in the cytokine storm cascade that contributes to the pathophysiology of
acute cytokine release syndromes such as secondary hemophagocytic lymphohistiocytosis

(sHLH) or macrophage activation syndrome (MAS). [383—385] Prior to receiving marketing
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approval for use in chronic inflammatory diseases, anakinra was studied as an adjunct therapy
for acute, hyperinflammatory conditions such as sepsis. [389—391] Despite the equivocal results
in the early trials, Shakoory ef al. revisited the hypothesis that anakinra may serve as a valuable
treatment option in patients with sepsis experiencing hyperinflammatory features. [392] As
anakinra continues to be investigated in this population, understanding the effect of ECLS on the

PK will be essential to defining appropriate drug dosing regimens.

Physiologically-based pharmacokinetic (PBPK) modelling is a valuable tool that is
uniquely positioned to predict drug PK in children receiving ECLS. [144,150] PBPK models are
mechanistic and developed using drug physicochemical properties and known physiology.
Therefore, extrapolations to different age-groups (adult to pediatric) or disease states (healthy to
critically ill) can be made by accounting for age related processes or alterations in physiology
known to affect drug PK. By mathematically describing the movement of drugs through each
“organ” compartment, predicting drug exposure in patients on ECLS can be conducted by
linking an ECLS compartment to the whole body structure. [144,150] This approach may allow
for extrapolation to different age groups, new ECLS technology or circuit settings and provide

meaningful dosing simulations in otherwise untested scenarios.

The purpose of this study was to create an ECLS-PBPK model of anakinra in critically ill
children and assess model predictions to guide appropriate anakinra therapy. We leveraged our
prior work describing anakinra-circuit interaction in isolated CRRT circuits [450] to build an
ECLS-PBPK model to be evaluated with observed data from a prospective PK study.
Additionally, dosing simulations across the pediatric age spectrum were conducted to investigate

optimal dosing in children on ECLS and provide guidance for future clinical trial planning.

6.3 Methods

6.3.1 Software

All PBPK modelling was carried out using PK-Sim version 11.0 as part of the Open

Systems Pharmacology suite (www.open-systems-pharmacology.org) using the base model for

large molecules and therapeutic proteins. [451] Parameter sets for healthy virtual individuals and
populations were incorporated as described previously. [289,290] Alterations to the whole body

PBPK model structure to incorporate modelling of subcutaneous (SC) dose administration
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[2.2.2] and the addition of the ECLS compartments [2.4] were completed in MoBi version 11.0.
Clinical data were digitized using WebPlot Digitizer version 4.7

(https://automeris.io/WebPlotDigitzer). Graphic illustrations were completed using GraphPad

Prism version 10.1.2 (Boston, Massachusetts, USA) and R programming language version 4.1.1

(R Foundation for Statistical Computing, Vienna, Austria, 2019).

6.3.2 Model Building Workflow

The anakinra PBPK model was built using an established workflow for large molecules
[144,277], while incorporating the base model for large molecules and therapeutic proteins. [451]
First, an anakinra model was constructed in adults to gain confidence in the model structure prior
to scaling to children. Models reflecting both intravenous (IV) and SC anakinra administration
were created. Upon the adult model meeting acceptance criteria, age dependencies associated

with anakinra PK were scaled to children.

Furthermore, as the pediatric PBPK model was evaluated using clinical PK data in
children not on ECLS, the CRRT and ECMO compartments were added to the pediatric PBPK
model to develop the final ECLS-PBPK model. The CRRT compartment was parameterized
using data from our previously published ex-vivo study, [450] while the ECMO compartment
was incorporated as reported by Watt ef al.[144] Anakinra ECLS-PBPK model predictions were
evaluated from data that were prospectively collected from the ongoing Opportunistic PK Study
of Commonly Used Drugs in Children on ECLS (University of Utah Institutional Review Board
Number: 00138310). A visual illustration of the anakinra PBPK model building process and

structure used in this study may be found in Figure 6-1.
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Figure 6-1. A visual illustration of the workflow and model structure for predicting anakinra
pharmacokinetics in children receiving extracorporeal therapy using physiologically-based
pharmacokinetic (PBPK) modelling. In this workflow, an adult PBPK model was constructed
and validated (Step 1), prior to scaling to children (Step 2). Upon evaluation of the pediatric
PBPK model, ex-vivo parameters were incorporated to the whole-body structure for verification
of the final pediatric anakinra ECLS-PBPK model (Step 3).
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*Adult population PBPK model simulations were evaluated in healthy individuals, and those
with chronic kidney disease.

¥Scaling of clearance consisted of age-related changes in glomerular filtration rate, while
proteolysis was held constant from the adult model.

6.3.3 Adult PBPK Model

6.3.3.1 Adult Intravenous PBPK Model

In brief, the adult IV PBPK model was developed by collecting and appraising the
physicochemical properties and PK characteristics of anakinra from the literature. The base
model for large molecules and therapeutic proteins represents two-pore extravasation,
endocytosis into vascular endothelium, binding to neonatal Fc receptor (FcRn) and lymph
recirculation. [451] Due to what is currently known about anakinra PK, target-mediated drug
disposition and binding to FcRn was not applicable. A detailed report of the model development
and verification in healthy adults is available in the electronic supplementary material

(Appendix E, Section 1), with the final model parameters presented in Table 6-1.

Table 6-1. Drug specific parameters and ADME of anakinra for PBPK model development.

Used in naive model Used in optimized model
[range of optimized values]

Drug Specific Parameters

Molecule Weight (kDa) 17.3 17.3
Hydrodynamic Radius (nm) 2.16 [452,453] 2.16 [452,453]
Compound Type Protein Protein
Bioavailability (F) 0.8 0.8

Half-life of drug release 0 212.07

(min) [212.04 —212.11]
ADME

GFR Fraction 1 0.45

Proteolysis (CLp; 1/min) 0 52.66

[29.65 — 68.45]

kDa; kilodaltons, nm; nanometres, min; minutes.

To account for the potential clearance pathways, non-specific proteolysis (CLp) was

incorporated within the liver and kidney, in addition to glomerular filtration, a method that has
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been applied previously. [454] Adult model validation datasets may be found in Appendix E,
Section 1.2.4.

6.3.3.2 Adult Subcutaneous PBPK Model

Anakinra IV administration is considered off-label, therefore a SC PBPK model was
constructed in both adults and pediatrics. PBPK models for SC dosing of large molecules have
been done with varying levels of complexity. [452,454—456] To represent the SC route of
administration, a semi-mechanistic SC model was constructed by delivering the bioavailable
dose (dose x F) as a bolus to the interstitial compartment of the skin. Validation of the SC PBPK
model was carried forth prior to scaling to pediatrics. A full description of the anakinra SC model

may be found in Appendix E, Section 2.

Yang et al. [386] demonstrated that across mild, moderate and severe stages of chronic
kidney disease (CKD), anakinra total clearance upon administration of a SC dose was reduced by
16%, 50% and 70-75% respectively. Additionally, absolute bioavailability (Faps) in those with
end-stage renal disease (ESRD) receiving SC anakinra was determined to be 0.5. Although the
pathophysiology differs between CKD and acute kidney injury (AKI), we incorporated a middle-
out approach to quantify the reductions in total clearance across each CKD stage. Population
simulations using the CKD-PBPK model structure developed by Malik et al.[284] were carried
forward for evaluation of the observed data by Yang ef al. [386] We assumed that the impact of
severe CKD on total clearance would be similar to critically ill individuals with acute renal
failure requiring CRRT. Additionally, both critical illness [34,35,457] and CKD [458,459] may
impact the bioavailability of drugs administrated subcutaneously, therefore the absolute
bioavailability determined in Yang ef al. was applied within our ECLS-PBPK Model. A full
description of the anakinra CKD-PBPK model development may be found in Appendix E,

Section 3.

6.3.4 Pediatric PBPK Model

6.3.4.1 Pediatric Subcutaneous PBPK Model

Recent investigations by Malik et al. [460] have characterized the ontogeny of several
physiological components that affect both volume of distribution at steady state (Vss) and

clearance of large molecules in children. In this work, ontogeny profiles were incorporated for
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capillary surface area and lymph flow rates to reflect the SC route of administration. With respect
to clearance, the ontogeny of anakinra proteolysis has yet to be fully elucidated in young
children. It has been suggested that the proteolytic pathway of endogenous IL-1 RA remains
intact and does not undergo any age-related alterations. [461,462] Due to the chemical structural
similarities between endogenous IL-1RA and anakinra, it was assumed in the pediatric PBPK
model that the CLP mechanism was consistent between adults and children. All additional
parameters remained constant except those dependent on age (i.e. physiological parameters).
Virtual populations reflecting the PK studies by Urien et al.,[463] and Ilowite et al.,[464] were

created and used for evaluation purposes (Table 6-2.).

Table 6-2. Pharmacokinetic datasets for the pediatric subcutaneous anakinra model evaluation.

Reference Ethnicity Dose and N Age Weight Height
Administration (male/female) (years) (kg) (cm)
Urien et  European 2-10 mg/kg 87 7.6 21 NR
al. [463] daily® (52/32)° [2.26- [10-83]°
16.8]°
8 21
[0.73-21]¢  [4.3-60]
Ilowite et American 1 mg/kg daily® 24 10 36 NR
al. [464] (8/17) [3-17]° [12-98]°

cm; centimetres, kg; kilograms; mg; milligram, NR; not reported, SC; subcutaneous

4 Maximum dose of 100 mg

® Individuals included within pharmacokinetic analysis

¢ Data presented as median with [range] of patients with systemic-onset juvenile idiopathic
arthritis included in final pharmacokinetic analysis

4 Data presented as median with [range] of patients with cryopyrin-associated periodic
syndromes included in the final pharmacokinetic analysis

¢ Data presented as mean with [range]

6.3.5 ECLS-PBPK Model

A CRRT model was implemented into MoBi for the purpose of simulating the removal of
anakinra from the blood. The model was calibrated using the anakinra concentration
measurements from our previously published ex-vivo experiments. [450] The CRRT
compartment mathematically represents an “organ” compartment composed of a filter blood

compartment, a dialysate compartment, and a reservoir compartment. Literature derived
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parameter values for anakinra and manufacture specifications for the HF1000 filter set (Baxter
Healthcare) were incorporated into the model. Uncertain parameters pertaining to anakinra
degradation (8) and the membrane diffusion coefficient (D) were optimized. Each modality of
CRRT (CVVH, CVVD, CVVHDF) was simulated and the corresponding parameters were
incorporated to be attached to the whole-body structure. An opportunistic PK study enrolling
children on ECLS was conducted at Primary Children’s Hospital (PCH), Salt Lake City, UT
(University of Utah Institutional Review Board Number: 00138310). This study enrolled
pediatric patients prescribed anakinra per standard of care and supported by ECMO and/or

CRRT. Plasma samples were collected at times of routine lab draws.

As the observed data to which the model will be evaluated contained plasma
concentrations from a patient on simultaneous ECMO, an additional compartment reflecting the
ECMO circuit was integrated to the whole body PBPK model structure. Blood flow into and out
of the ECMO compartment was assigned by partitioning pulmonary blood, with 80% allocated to
the ECMO compartment and 20% allocated to the lungs. As no adsorption occurred within the
ex-vivo CRRT study [450], it was assumed that no adsorption was present in the ECMO
compartment. To account for potential edema and capillary leak syndrome that may occur in
patients on ECMO, an edema factor of 30% was incorporated by increasing the total body weight
by 30% and adding the increase in volume to the interstitial compartment of each organ.
[144,465-467] Additionally, the interstitial:plasma protein ratio was increased to 1 to account for
equalization of proteins due to capillary leak. [144,468] Population pediatric ECLS-PBPK model
simulations were performed to be evaluated against the observed plasma concentrations collected
from a 17 year old individual receiving anakinra 100 mg SC every 12 hours while on CVVHDF
+ ECMO. Details regarding CRRT prescription incorporated in final model may be found in
Appendix E, Section 4.

6.3.6 Dosing Simulations

Variability in anakinra dosing may be seen for both chronic and acute conditions in adults
[379,389-391,469] and pediatrics.[463,464,470-472] In pediatrics, Urien et al. suggest that
average concentrations at steady state (Css) greater than 0.4 mg/L provides maximal effect on

reducing the inflammatory marker C-reactive protein (CRP). [463] However, as this was
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analytically derived in children with chronic inflammatory conditions, no such target has been
identified in acute conditions. With respect to anakinra safety profiles, Css of 25.2+13.2 mg/L
have been well tolerated in adults with inflammatory phenotypes of sepsis. [389] Therefore, we
investigated the CSS of anakinra by simulating dosing protocols that have been trialed in
pediatrics to compare to the aforementioned Css targets. Doses of 5 to 10 mg/kg/d divided every
12, 8 and 6 hours were simulated across the pediatric age spectrum. Weight-based doses were
capped to a maximum of 100 mg per dose. For adolescents, fixed doses of 100 mg were
simulated. CRRT settings in the model were adjusted for age as to what would be applied in the
clinical setting. Details regarding CRRT prescriptions for each age group may be found in

Appendix E, Section 4.

Product-label dose recommendations indicate that adjustments are required in those with
renal impairment. [473] From the results of the ex-vivo study, we hypothesized that renal dose
adjustments may not be necessary in those receiving CRRT due to the impact of the circuit on
anakinra clearance. To investigate this further, predicted area under the curve (AUC) in
adolescents receiving ECLS was compared to predictions in healthy individuals. Restrictions to

adolescents were chosen due to data availability for evaluation purposes.

6.3.7 PBPK Model Acceptance Criteria

Verification of model accuracy was conducted using the average fold error (AFE; bias)
and absolute average fold error (AAFE; precision) for each anakinra IV and SC simulation.
Observed data was aggregated to mean or median concentrations. Acceptance was granted if
AFE <30% (0.7-1.3) and AFFE <2 for simulated drug concentrations. Additionally, a comparison
of relevant PK parameters between predicted vs. observed was conducted by calculating the fold

error (Eq. 6-1). A fold-error of 2 (0.5-2) ensured successful model performance.

PrediCtedPKparameter

Fold Error =
Observedpyparameter

Eq. 6-1
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For data sets including individual patient samples, inter-individual variability was
assessed by generating a prediction interval (51-95™) and quantifying the number of observed

concentrations that fell outside the prediction interval.

To assess the ECLS-PBPK model performance, a virtual population of 1000 adolescents
was created to capture the demographics of the study participant. The number of observed

concentrations was evaluated within the generated prediction interval.

6.4 Results

6.4.1 Adult IV PBPK Model

Optimal values determined for clearance, both renal (CLr) and CLp, were optimized in
the adult IV PBPK model (Table 6-1.) using data from Yang et al. (Appendix E, Section 1.2.2).
[386,387] Confidence in the adult model was established upon evaluation of the dose-escalation
study by Granowitz et al. [474] Visual predictive checks of each dose reveal accurate predictions
upon the observed concentration time profile (Fig 6-2.). Each dose except for the 3 mg/kg met

our predefined criteria for AFE and AAFE. (Appendix E, Section 1.2.4)
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Figure 6-2. Anakinra IV PBPK model evaluation to observed concentrations from individuals in
the study by Granowitz et al. [474] The solid line represents the average concentration vs. time
profile of the virtual population while the observed data is presented as mean (circles) with
standard deviation (error bars).

6.4.2 Adult Subcutaneous PBPK Model

The anakinra healthy adult SC PBPK model was developed using data from the PK study
by Yang et al. (Appendix E, Section 1.2.2). [387] Successful evaluation was completed upon
comparison from an independent data set from the PK study by Yang et al. (Appendix E,
Section 1.2.3). [386] Furthermore, AFE and AAFE fell within the predefined acceptance criteria
and predicted maximum concentrations (Cmax) and area under the concentration time curve
extrapolated to infinity (AUC) were within a 2-fold error compared to observed. (Appendix E,
Section 1.2.4)

Virtual populations were constructed and evaluated for each stage of CKD (Appendix E,
Section 3.2.2). Upon visual inspection (Appendix E, Section 3.2.4) CKD-PBPK model
simulations accurately represent the observed concentration time profile across each stage,

however, Cmax was slightly overpredicted within the mild and moderate CKD simulations. Yet,
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simulated Cmax, time to maximum concentration (tmax) and area under the concentration time-
curve extrapolated to infinity (AUC) were within a 2-fold error of the average PK parameters
from study participants (Appendix E, Section 3.2.4) The resulting impact of CLp determined
within the severe CKD stage was then carried forth to the final anakinra ECLS-PBPK model.

6.4.3 Pediatric Subcutaneous PBPK Model

The final adult anakinra SC PBPK model was scaled to pediatrics upon accounting for
changes in age-related physiological parameters, ontogeny to capillary density and lymph flow
rate. [460] Information pertaining to study design and demographics of the PK studies used for
model evaluation may be found in Table 6-2. Age stratification and dosing details were not
reported within these studies therefore ranges of the dosing protocols were applied to each
simulation. Pediatric simulations showed good agreement between predicted vs observed
concentrations as 70% and 75% of observed concentrations fell within the 5th-95th prediction
interval from the study by Urien ef al.,[463] and Ilowite et al.,[464] respectively. Visual
representations of the pediatric population PBPK simulations may be found in Figure 6-3. and

Figure 6-4.
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Figure 6-3. Predicted and observed plasma concentrations from the pediatric anakinra SC PBPK
model. A virtual population (n=1000) individuals was created to correspond with the patient
demographics in the pharmacokinetic study by Urien et al. [463] Individuals within this study
received anakinra doses between 2-10 mg/kg daily, to a maximum of 100 mg. To simulate this,
the 5M-95™ prediction interval (shaded region) was simulated for the corresponding doses.
Observed individual plasma concentrations is represented by the circles.
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Figure 6-4. Predicted and observed plasma concentrations from the pediatric anakinra SC PBPK
model. A virtual population (n=1000) individuals was created to correspond with the patient
demographics in the pharmacokinetic study by Ilowite et al. [464] Individuals within this study
received anakinra a dose of 1 mg/kg daily, to a maximum of 100 mg. To simulate this, the 5%-
95" prediction interval (shaded region) was created for the corresponding dose. Observed
individual plasma concentrations is represented by the circles.

6.4.4 ECLS-PBPK Model

The final pediatric SC ECLS-PBPK model was carried forth for evaluation upon fixing
drug-specific parameters outlined in the adult model, accounting for the impact of renal
impairment on clearance and applying the CRRT and ECMO compartments to the whole-body
structure. The CRRT compartment was parameterized to the ex-vivo anakinra data previously
reported (Appendix E, Section 4.). [450] As the observed concentrations were obtained from an
individual receiving CVVHDF, this modality of CRRT was simulated while accounting for
manufacture specifics in membrane surface area, thickness, filter fiber diameter and flow rates

applied within the clinical setting. As outlined in Figure 6-5., the addition of the CRRT
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compartment to the whole-body structure improved model performance. Furthermore,
accounting for the application of ECMO and potential associated edema led to successful

predictions of the anakinra concentrations in-vivo.
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Figure 6-5. Predicted versus observed anakinra plasma concentrations of the final ECLS-PBPK
model. Observed concentrations (red circles) were prospectively collected from the ongoing
Opportunistic PK Study of Commonly Used Drugs in Children on ECLS for an adolescent
receiving anakinra subcutaneous 100 mg every 12 hours, while be treated with simultaneous
continuous renal replacement therapy (CRRT) and extracorporeal membrane oxygenation
(ECMO). A virtual population (n=1000) was created, and a prediction interval (shaded region)
was generated to predict the anakinra plasma concentrations. For visual representation,
simulations were conducted with no extracorporeal life support (blue), with the addition of
CRRT (orange) and with the addition of CRRT and ECMO (pink).

CRRT; continuous renal replacement therapy, ECLS; extracorporeal life-support, ECMO;
extracorporeal membrane oxygenation, h; hours, ug/mL, microgram per mililitre.
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6.4.5 Dosing Simulations

Dosing simulations were conducted for each age group, from neonates to adolescents.
The in-silico simulations suggest that in neonates, divided doses of 10 mg/kg/d would be
required to meet the Css for reduction in CRP (Fig 6-6., A). From infants to adolescents, each
dose simulated met the suggested pharmacodynamic target. As illustrated in Figure 6-6., cach
dosing protocol across each age bin fell well below the Css 25.2 mg/L safety threshold for
anakinra. [389]

For comparison in adolescents, predicted AUC in those on ECLS was comparable to
healthy individuals (Fig 6-7.). The in-silico simulations further supports our hypothesis that renal

dose adjustments may not be required due to the impact of CRRT on anakinra clearance.
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Figure 6-6. Anakinra ECLS-PBPK model dosing simulations to compare the area under the
concentration time curve (AUC) at steady state in virtual adolescents receiving extracorporeal
life-support (ECLS) to healthy adolescents. Virtual populations (n=1000) of adolescents (age:12-
17) were created to simulate anakinra subcutaneous doses of 100 mg every 6-12 hours. The AUC
at steady state was determined for those individuals receiving continuous renal replacement
therapy (red), concurrent ECLS (continuous renal replacement therapy and extracorporeal
membrane oxygenation; blue) and compared to a virtual population of healthy adolescents
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(orange). The solid line represents the median, box represents the interquartile range, and the
whiskers represent the 90" prediction interval.

AUC; area under the concentration time curve, ECLS; extracorporeal life-support, mg-h/L;
milligram per hour per litre, Q6H, every 6 hours, Q8H, every 8 hours, Q12H; every 12 hours.
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Figure 6-7. Anakinra ECLS-PBPK model dosing simulations to compare the area under the
concentration time curve (AUC) at steady state in virtual adolescents receiving extracorporeal
life-support (ECLS) to those who are not. Virtual populations (n=1000) of adolescents (age:12-
17) were created to simulate anakinra subcutaneous doses of 100 mg every 6-12 hours. The AUC
at steady state was determined for those individuals receiving continuous renal replacement
therapy (red), concurrent ECLS (continuous renal replacement therapy and extracorporeal
membrane oxygenation; red) and compared to a virtual population of adolescents who were not
(blue). The solid line represents the median, box represents the interquartile range, and the
whiskers represent the 90" prediction interval.
AUC; area under the concentration time curve, ECLS; extracorporeal life-support, mg-h/L;
milligram per hour per litre, Q6H, every 6 hours, Q8H; every 8 hours, Q12H; every 12 hours.
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6.5 Discussion

Appropriateness of drug dosing limits adverse events and ensures therapeutic success in
the critical care setting. Due to the pathophysiological changes associated with critical illness and
application of ECLS technologies, complex changes in drug PK may occur. The resulting
alterations contribute to wide inter and intra-patient variability in drug PK and present challenges
for clinicians in achieving appropriate pharmacotherapy. PK trials in pediatric patients receiving
ECLS are pivotal to ensure safety and efficacy of dosing recommendations. However, in the
current state of the literature [128,395], several limitations are presented. First, alterations in PK
are drug and ECLS circuit specific as differences may arise in drug clearance via different
modalities of CRRT. [102-106,395] Such differences require full PK studies to assess the impact
of ECLS on the PK of each drug of interest. Secondly, ECLS technology is constantly advancing,
therefore new dedicated PK studies are required upon the application of new technology. Within
this approach, we sought out to address these limitations and improve generalizability amongst

PK studies by integrating PBPK modelling.

The anakinra PBPK model was successfully validated upon IV and SC administration in
adults prior to scaling to non-critically ill children. In the process of scaling to children, drug-
specific parameters determined within the adult model were held constant, while system-specific
model inputs were adjusted to the corresponding population of interest. The pediatric PBPK
model successfully described the observed data from two independent data sets, upon application
of different dosing strategies. [463,464] As the mechanism of proteolysis, in the kidney and
potentially in the liver, remained constant between the adult and pediatric model further supports
that this catabolic process may not endure any age-related changes. [461,462] Success in model
performance in this population gave confidence in model structure prior to adding ECLS-specific

compartments and modifications for disease states (i.e. renal impairment, edema).

The final pediatric ECLS-PBPK model was successful in capturing the observed anakinra
concentrations obtained from the opportunistic PK study after the administration of a 100 mg SC
dose every 12 hours, as 100% of the observed data fell within the 5M-95™ prediction interval. A

mechanistic description of anakinra clearance attributed to the CRRT circuit was conducted by
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constructing a “CRRT organ” compartment attached to the whole-body structure.
Parameterization of this compartment occurred by representing the movement of drug across the
hemofilter using manufacture specifications in filter components. By defining the volume, flow
rates and clearance attributed to the CVVHDF circuit, anakinra PK was predicted in-vivo. This
modelling approach enables one to adjust CRRT circuit properties to manufacturer
specifications, circuit flow rates or modality of solute removal and can be replicated upon the
application of new technologies. As such, generalizability amongst populations is increased

compared to traditional PK trials, providing a feasible solution to some of the current limitations.

Although ECLS-based PBPK modelling has been conducted previously, [144,150] the
use of PBPK modelling to predict drug concentrations upon simultaneous CRRT and ECMO
utilization in critically ill patients has yet to be established. Complications associated with sepsis
increase the risk of MODS, with failure to vital organs such as the lungs and kidney being most
common. [16,85,86,443] Therefore the resulting organ failure may require the need for
simultaneous ECLS circuit administration. Additionally, ECMO use may contribute to
exacerbating or the development of new renal impairment in these patients. [475-477] To offset
these complications, the application of simultaneous CRRT-ECMO circuits in pediatric critical
care settings is becoming more common. [478] Here within this approach, we successfully
constructed the first ECLS-PBPK model to account for simultaneous CRRT and ECMO
treatment. The addition of the ECMO compartment and edema disease state improved model
performance as outlined in Figure 6-5. Although the addition of edema to the model structure is
a simplistic representation of the true physiological response in critical illness, model
performance was improved. Further characterizing the impact of ECMO use and fluid

resuscitation on edema is critical for mechanistically describing drug PK in this population.

Drug dosing of anakinra for the management of acute inflammatory conditions has yet to
be defined, as reported doses for adults [379,389-391,469] and pediatrics [463,464,470-472] are
variable. Furthermore, the use of anakinra in pediatrics receiving ECLS is limited to small
studies or case reports. [479—483] Upon successful predictions of anakinra concentrations in this
population, we sought to investigate various dosing protocols to provide baseline
recommendations that may be integrated into clinical practice. As illustrated in Figure 6-6., each

dose sustained Css well above the suggested 0.4 mg/L target necessary to maximize the
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reductions in CRP for infants to adolescents. Interestingly, neonates required higher divided
doses of 10 mg/kg/d to meet the Css threshold. The potential for overestimation of clearance
attributed to CRRT for the in-silico simulations in this age group may explain these results,
however the need for higher weight-based dosing in young children to prevent subtherapeutic
exposure has been established for large molecules. [484-486] More specifically, the need for
higher weight normalized doses of anakinra in children with lower age and body weight have
been shown to maintain efficacy in those with systemic-onset juvenile idiopathic arthritis.
[463,487] Further studies are warranted for confirmation, however the results presented suggest

higher weight normalized doses of anakinra are required for effectiveness in younger aged

children.

Extrapolation of the proposed dosing guidance in those with chronic illness, to patients
with acute illness is limited by the absence of a therapeutic target in the acute setting. However,
each simulated Css fell well below that reported by Fischer et al. [389], supporting the safety of
the in-silico dose predictions. The need for anakinra dose titration to offset the inflammatory
response is often required in the treatment of sSHLH/MAS. [379,471,472] Therefore, starting with
higher doses and tapering down based upon control of inflammation has been a common
approach in practice. [379] The results of our in-silico dosing simulations suggest that this

approach may be safely done in critically ill children experiencing MODS while on ECLS.

Current dosing recommendations for anakinra in those with severe renal impairment or
those receiving renal replacement therapy suggest that total dose reduction via increasing the
dosing interval is required. [386,473] As the result of our ex-vivo study demonstrated that
anakinra is efficiently removed from plasma upon CRRT initiation, we hypothesized that renal
dose adjustments may not be necessary for patients receiving CRRT. [450] To convey this,
simulated doses in virtual adolescents receiving ECLS were compared to healthy adolescents
with normal renal function (Fig 6-7.). The resulting simulations suggest that anakinra AUC
would be similar between critically ill children with organ impairment on ECLS compared to
adolescents with normal renal function. These simulations support the hypothesis that dose
reductions in adolescents receiving ECLS are not required for treating acute inflammatory
conditions. Further PK and clinical data in this population is necessary for confirming this

hypothesis.
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Despite being considered off-label, IV anakinra administration is being used to offset any
potential variability in drug PK upon SC administration. Alterations in the PK of large molecules
upon SC administration in critically ill patients is largely attributed to the redistribution of blood
flow from peripheral tissues and edema. [31,34,36] Comparison of anakinra PK in healthy
adults after the administration of a 100 mg IV or SC dose suggest that IV administration results
in a significantly higher Cmax and lower tmax, with similar AUC. As this was determined in
healthy adults, extrapolating the similarities to the critically ill population is difficult. Our ECLS-
PBPK model was evaluated upon data from an individual receiving SC anakinra, therefore no
assessments of IV doses were available. However, to offset the potential variability in anakinra
PK in this population, use of IV anakinra may become standard of care and further model

evaluation will be essential.

Although successful predictions in anakinra PK were made, this study is not without
limitations. First, the final ECLS-PBPK model was evaluated upon limited data. PBPK models
are mechanistically constructed and can provide accurate predictions of drug PK when sampling
is sparse. As anakinra drug concentrations were obtained from one individual, further validation
of the in-silico dosing simulations across the age spectrum, different modalities of CRRT and
flow rates are needed for complete model evaluation. In the absence of further data, confidence
can be obtained in model accuracy due to the rigorous evaluation in healthy adults and pediatrics
prior to extrapolating to critical illness. Secondly, a middle-out approach was applied to quantify
the impact of renal dysfunction on anakinra clearance. Such approximations in those with severe
CKD were carried forth to be used within the critically ill ECLS-PBPK model to simulate acute
renal failure. The etiology and pathophysiology of acute vs chronic renal failure may differ
substantially, however similarities in renal vasculature injury, tubular dysfunction and reductions
in glomerular filtration may present similar reductions in the renal handling of drugs in the most
severe stages of each. [488,489] Although this modelling approach provided a mechanistic
representation to the impact of critical illness and organ failure on anakinra clearance, further
information on the impact of different degrees of AKI on anakinra PK is necessary. Finally, the
absolute bioavailability determined in severe CKD was applied in the critically ill population
within these simulations. Both critical illness and CKD may impact the PK of drugs administered
subcutaneously as a result of fluid accumulation and redistribution of blood flow from the

peripheral tissues. [31,490-492] Although the model was evaluated with limited data, this
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approximation appears to hold true. As more data is collected in acutely ill patients receiving SC

anakinra, further evaluation on the bioavailability will be made.

6.6 Conclusion

In conclusion, the anakinra ECLS-PBPK model constructed in this study provides an
approach to determining drug dosing in critically ill children experiencing MODS. By
incorporating ex-vivo anakinra results and physiological alterations associated with critical
illness, successful predictions of observed concentrations were made. Although the dosing
regimen of anakinra in this population has yet to be determined, by accounting for the impact of
drug clearance by the ECLS circuits, the dosing simulations presented within the study suggest

that renally adjusted dosing regimens may not be required.

Incorporating ECLS-based compartments to the whole-body PBPK structure has been
done previously, therefore this study gives confidence to the methodological approach and
demonstrates the generalizability to different drugs and ECLS circuits. Additionally, this
approach is the first to simultaneously incorporate both CRRT and ECMO compartments within
a PBPK model. As the clinical application of concurrent ECLS circuits in the critical care setting
becomes more common, this modelling approach provides a feasible solution in determining
accurate dose predictions to guide bed-side dosing recommendations or assist with clinical trial

planning by reducing the number of children enrolled in clinical trials.
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Chapter 7: Defining safe and effective cefazolin dosing regimens for MSSA
infections in the CNS: leveraging sparse real-world data and PBPK modeling

This chapter is reflective of an original manuscript in preparation by the PhD candidate (Samuel
Dubinsky) for peer-reviewed journal publication. All pertinent dialogue in this chapter was
written by the PhD candidate.
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7.1 Overview

Infections in the central nervous system (CNS) are serious and carry a significant risk of
mortality and morbidity. Use of cefazolin as a treatment alternative for CNS infections due to
methicillin-susceptible Staphylococcus aureus (MSSA) has been debated due to the perceived
inability of adequate concentrations at the site of infection. To leverage sparse observed cefazolin
concentrations in the cerebrospinal fluid (CSF) and derive an understanding of the dose-
exposure-response profile for MSSA infections in the CNS, physiologically-based
pharmacokinetic (PBPK) modelling was used. The cefazolin CSF-PBPK model was successfully
validated such that observed maximum and minimum CSF concentrations were accurately
predicted. Additionally, the median predicted cefazolin CSF:plasma ratio was 4.51% compared
to an observed value of 4.3%. In-silico simulations demonstrate that a continuous infusion of 10
g/day may be required to ensure 90% probability of target attainment (PTA) for an MIC < 2
mg/L. Predicted plasma and CSF concentrations were well below concentrations associated with
neurotoxicity. This study is the first to use sparse observed CNS data to develop an evaluated
mechanistic model to describe the pharmacokinetics of cefazolin in the CSF. This work provides
evidence in the safety and efficacy of cefazolin for the treatment of CNS infections attributed to

MSSA with an evaluated model for use in future clinical trial planning.
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7.2 Introduction

The penetration of antistaphylococcal B-lactams into the cerebrospinal fluid (CSF) and
brain tissue has remained an area of interest for several years. Due to the perception of a more
favourable physicochemical profile to improve penetration, [*>#°*] antistaphylococcal
penicillin’s such as intravenous oxacillin, nafcillin or cloxacillin are recommended for treatment
of meningitis or ventriculitis due to methicillin susceptible Staphylococcus aureus (MSSA) by
the Infectious Disease Society of America (IDSA). [495,496] Despite evidence indicating similar
efficacy, and improved tolerability of cefazolin compared to antistaphylococcal penicillin’s in the
management of non-CSF infections, [497,498] guideline recommendations do not support
cefazolin as an alternative for central nervous system (CNS) infections. [495] Therefore, in cases
of an inability to administer antistaphylococcal penicillin’s due to toxicity or anaphylaxis, one
may be left to utilize non B-lactam alternatives such as vancomycin. Use of vancomycin in the
treatment of MSSA in other clinical scenarios has been shown to be inferior. [499] Therefore
revisitation of the use of cefazolin as a viable treatment option is imperative to ensure clinical

success in this population.

Drug penetration in the CNS is dependent on several physicochemical properties such as
molecular size, the degree of protein binding, lipophilicity and affinity for efflux drug
transporters at the blood brain barrier. [500,501] The presumed inability of cefazolin to achieve
therapeutic concentrations in the CSF is thought in part to be due to the relatively high protein
binding (90%), low lipophilicity (logP=-0.24 to 0.3) and affinity for brain efflux pumps.
[307,502—-504] However, first generation cephalosporins, such as cefazolin, share many of the

same physicochemical properties as recommended antistaphylococcal penicillin’s.

Evidence supporting adequate cefazolin CNS penetration is largely limited to animal
models and poorly sampled human studies. Recently, a case report and case series determined
that administration of a cefazolin continuous infusion, guided by therapeutic drug monitoring, is
both safe and efficacious in treating CNS infections. [494,505] Additionally, a pharmacokinetic
(PK) study by Novak et al. [506] determined that the cohort-extrapolated median CSF to serum
ratio was 8.4% in patients with external ventricular draining devices (EVD) receiving common
infectious prophylactic doses. It was concluded that CSF concentrations may be adequate to meet

pharmacodynamic endpoints with administration of standard therapeutic doses.
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Challenges in conducting dedicated pharmacokinetic (PK) studies in this population are
multifactorial due to the relatively low incidence rates of infections and invasive nature of
lumbar puncture procedures. [495,496,507] This has resulted in limited data to support the use of
cefazolin as a treatment alternative for active CNS infections. To leverage sparse observed
cefazolin CSF concentrations and derive understanding of the dose-exposure-response profile for
MSSA infections in the CNS, physiologically-based pharmacokinetic (PBPK) modelling can be
used. These models characterize the PK of drugs based on mechanistic principles and known
drug specific properties, with model structures defined by physiological compartments relevant
to drug disposition, such as the CNS. [508] Because these models are not built on PK data, which
in this case may be sparse, they can be developed with underlying mechanistic knowledge and
subsequently validated with limited observed data. Validated models are often used for dose

regimen design taking into account efficacy and safety. [145,509]

The primary objective of this study is to develop a PBPK model of cefazolin in adults
that accurately predicts CSF concentrations. Such predictions will be then used to inform optimal
dosing strategies based on known efficacy and safety thresholds for the treatment of meningitis
or ventriculitis caused by MSSA. Impact of this modeling strategy will improve confidence in
the use of cefazolin in this patient population and provide the framework for future clinical trial

planning and/or product-label indications.

7.3 Methods

7.3.1 Software

The cefazolin adult intravenous (IV) PBPK model was constructed using PK-Sim version

11.1 as part of the Open Systems Pharmacology suite (www.open-systems-pharmacology.org).

Parameter sets for healthy adults and aged persons in European and American populations have

been described previously. [289,290] Clinical data was digitized using WebPlot Digitizer v4.6

(https://automeris.io/WebPlotDigitizer). Graphic illustrations were completed using R
programming language version 4.1.1. (R Foundation for Statistical Computing, Vienna, Austria)

and GraphPad Prism version 10.0.0 (Boston, Massachusetts, USA).
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7.3.2 Healthy Adult Cefazolin PBPK Model Development

A PBPK model for IV cefazolin was constructed to mechanistically represent the PK in
healthy adults. Briefly, the cefazolin model was developed by collecting and appraising the
physicochemical properties and PK characteristics associated with distribution and clearance

from the literature.

Clearance of cefazolin is predominantly attributed to renal clearance as most of the drug
is excreted in urine unchanged (75-93%). [415,510] Renal tubular secretion dominates, as renal
clearance far exceeds the glomerular filtration rate (GFR). [419,510] Organic anion transporters
(OAT) are responsible for uptake into renal tubular epithelium and multi-drug resistance protein
(MRP) transporters facilitate the efflux of cefazolin into tubular filtrate. [504,511] Information
regarding expression and localization of renal transporters was extracted from Ivanyuk et al.,

[301] and Ci et al. [511]

A detailed report including input parameters and characteristics of the in-vivo PK studies
used for model development may be found in Appendix F, Section 1. The cefazolin model
constructed in this study was built upon the previously developed model by Dallmann ef al.,
[504] while incorporating active tubular secretion and saturable protein binding. Additionally, an
alternative cefazolin PBPK model constructed by Szeto et al. [512], which includes a slightly

different interpretation of the data deserves reading.

7.3.3 Healthy Adult Cefazolin PBPK Model Evaluation

Verification of model accuracy was conducted using the average fold error (AFE; bias)
and absolute average fold error (AAFE; precision). Acceptance was confirmed if AFE <30%
(0.7-1.3) and AAFE <2 for simulated mean drug concentrations (Appendix F, Section 1.2.1.4).
For data sets including individual patient samples, the predictions were considered acceptable if
85-95% of observed concentrations fell within the 90™ prediction interval of a relevant

population (Appendix F, Section 1.2.1.4).

7.3.4 Adult Cefazolin CSF-PBPK Model Development

In the PBPK model structure, the brain compartment is represented using the following
four default subcompartments: blood, plasma, interstitial fluid, and intracellular compartments.

With each compartment being linked to the whole-body structure through arterial and venous
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blood. [513] The interstitial fluid compartment will be used as a surrogate for CSF cefazolin
concentrations, a modeling strategy that has been done previously. [508,514,515] Drug
permeability into the brain will be determined by Eq 7-1.

_ MWepp+ 10° 0 10%00F

-5
366 * 10

Eq 7-1.
Where P is the specific organ permeability, MWe. is the effective molecular weight, and logP is
lipophilicity. [513] Due to limited data informing permeability into the brain, cefazolin
permeability was optimized using the observed data from Grégoire et al. [505] (Appendix F,
Section 2.)

Multiple drug transporters are located at the blood-brain barrier as a method of drug
efflux back to systemic circulation. [501] Proteomic data indicates that both OAT and MRP4 are
expressed at the blood-brain barrier. [S16-518] Due to limited data on specific quantification of
transporter expression, localization of OAT and MRP4 at the blood-brain barrier were
incorporated within the model from the reverse transcriptase polymerase chain reaction (RT-
PCR) dataset implemented within PK-Sim. [519] It was assumed that the maximum rate of
transport (Vmax) for OAT and MRP4 was consistent with the value quantified in the renal

proximal tubule.

A local sensitivity analysis was performed to determine model parameters that influence
the CSF AUC dosing interval at steady state upon doses of cefazolin IV 2000 mg every eight hours.

Detailed methods describing the sensitivity analysis may be found in Appendix F, Section 2.

7.3.5 Adult Cefazolin CSF-PBPK Model Evaluation

The cefazolin adult CSF-PBPK model was evaluated using observed CSF concentrations
from adults receiving cefazolin for the treatment of meningitis due to methicillin-susceptible
Staphylococcus or prophylaxis. [494,506] Comparison of the directly measured maximum (Cimax)
and minimum (Cmin), along with a 4 hour post-dose measurement of cefazolin CNS

concentrations was completed. [506] Additionally, predicted CSF:plasma ratios (%) were
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compared to observed data by Le Turnier et al. [494] A fold-error of 1.5 (0.67-1.5) (Eq. 7-2) was

deemed acceptable.

Predicted
Fold — Error = PKparameter

ObservedPKparameter
Eq. 7-2

Demographics of the study participants used for cefazolin CSF model evaluation are presented in
Table 7-1.

Table 7-1. Summary of pharmacokinetic studies used to evaluate the cefazolin-CSF PBPK
model.

Novak et al. [506]

Observed Data Simulated Data
Administration Intravenous Intravenous
Dose (mg) 2000 mg Q8H (n= 13/15) 2000 mg Q8H
n 15 1000
Age (y) 56 [51-60]° 51-60°
Height (cm) 167.6 [163.9-172.7]* 163.9-172.7°
Weight (kg) 71.7 [65-897° 65-89°
Sex (% female) 80 80
Le Turnier et al. [494]
Observed Data Simulated Data
Administration Intravenous Intravenous
Daily Dose (mg/day) 8000 CI[7.88-8]*¢ 8000 CI
n 8 1000
Age (y) 58.4 [50.3-74] 50.3-74°
BMI (kg/m?) 25.9 [24.2-26.9] 24.2-26.9°
Sex (% female) 25 25

BMI; body mass index, CI; continuous infusion, cm; centimetres, kg, kilograms, mg, milligrams,
Q8H; every 8 hours, y, years.

# data presented as median [IQR]

® data presented as range

°All study participants in cefazolin cohort received dose as a continuous infusion

7.3.6 Dose-Exposure Assessment
Cephalosporins are classified as time-dependent antibiotics with several in vitro and
animal studies determining that the amount of time the free drug concentration exceeds the

minimum inhibitory concentration (MIC) in plasma (fT>MIC) is the best predictor of bacterial
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killing and response. [425—427] Although these targets may differ slightly for drug-bacteria
combinations, it is generally assumed that for cephalosporins a fT>MIC of 35-40% and a
JT>MIC of 60-70% provides bacteriostatic and near-maximal bactericidal effects, respectively.
[425—427] Additionally, higher pharmacodynamic targets (f/T>MIC 100%) have been suggested
to improve patient outcomes in those with severe infections. [520] Data on pharmacodynamic

targets at the site of infection are unavailable and, as a result, plasma targets were used.

The Clinical and Laboratory Standards Institute (CLSI) and the European Committee on
Antimicrobial Susceptibility Testing (EUCAST) have eliminated cefazolin MIC breakpoints for
Staphylococcus aureus, however, utilize oxacillin as a surrogate. [521] EUCAST MICso90 for
MSSA are 0.5 mg/L and 1 mg/L, respectively, with an epidemiological cut off of 2 mg/L. [522]
Therefore, MIC distributions of 0.0625-2 mg/L were examined within the pharmacodynamic
assessments. A probability of target attainment (PTA) of 90% towards a 100% fT>MIC was

deemed acceptable within the dosing simulations.

7.3.7 Safety Assessment

Cefazolin at product-labeled doses is generally well-tolerated, however in cases of
excessive dosing or accumulation due to altered clearance, concern for neurotoxicity remains.
Small case-reports imply that plasma trough concentrations >300 mg/L and CSF trough
concentrations >30 mg/L were associated with neurotoxicity such as seizures. [523—-525] The
safety of the simulated dosing protocols were assessed by comparing concentrations that define
safety with population based trough concentrations. The 90™ percentile of steady state trough
concentrations in plasma and CSF below safety limits will ensure that 90% of the virtual

population will have cefazolin concentrations below the toxic threshold in each reference fluid.

7.4 Results

7.4.1 Healthy Adult Cefazolin PBPK Model Evaluation

The cefazolin population PBPK model was validated using observed plasma
concentrations from the PK studies by Smyth et a/.,[415] and Philipson et al.[526] (Appendix F,
Section 1). The developed model accurately captured the observed data, with the population
simulations meeting AFE and AAFE criteria, (Appendix F, Section 1.2.1.4) when compared to
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observed data by Smyth et al. [415] Additionally, 90% of the observed data from the study by
Philipson et al. [526] fell within the 90th prediction interval of the population PBPK model.

7.4.2 Adult Cefazolin CSF-PBPK Model Evaluation

The final healthy adult cefazolin IV population PBPK model was carried forward to
evaluate the CSF concentrations from two PK studies. First, a virtual population (n=1000) of
adults was created to represent the study demographics in Novak et al. [5S06] (Table 7-1.).
Participants received cefazolin IV 2000 mg every eight hours for prophylaxis due to insertion of
an EVD. CSF samples were drawn at a median of 2.5 days after the administered dose. The
cefazolin CSF-PBPK model successfully captured the directly measured maximum (11.5 mg/L)
and minimum (0.78 mg/L) CSF concentrations. The median predicted CSF concentration 4-hour
post dose concentration was 1.83 mg/L compared to the observed value of 1.87 mg/L, equating
to a fold-error of 0.98 (Figure 7-1.). Model predicted median cefazolin CSF AUC gosing interval Of
20.93 mg-h/L was within a 1.25 fold-error compared to cohort extrapolated median observed
value of 18.19 mg-h/L. Additionally, the cefazolin PBPK model successfully captured the
observed plasma AUC, with a predicted AUCosing interval 0f 446.22 mg-h/L compared to an
observed value of 302.40 mg-h/L. [506]
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Figure 7-1. Population verification of the observed cefazolin cerebrospinal fluid (CSF)
concentrations from individuals within the study by Novak et al. [506] CSF concentrations of
cefazolin were obtained at a median of 2.5 days after the first administered dose from a dosing
protocol of intravenous cefazolin administered every 8 hours. Predicted cefazolin maximum,
minimum and 4-hour post dose cefazolin concentrations were compared to the observed values
(circles). The solid line represents the median CSF concentrations with the shaded region
representing the 5™-95™ percentile of the virtual population.

To further evaluate the accuracy of the cefazolin CSF-PBPK model, a second comparison
was made using CSF concentrations from participants in the case series by Le Turnier ef al.
[494] In this study, cefazolin was administered as a continuous infusion of 8 g/day for the
treatment of proven meningitis with positive CSF cultures for Staphylococcal species. [494]
Median observed CSF:plasma ratio was 4.3 %, while median model predicted CSF:plasma ratio
of cefazolin was 4.51 %; a fold-error of 1.05. A visual representation of model predicted CSF

concentrations compared to observed values is shown in Figure 7-2.
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Figure 7-2. Population verification of the observed cefazolin cerebrospinal fluid (CSF)
concentrations from individuals within the study by Le Turnier et al. [494] CSF concentrations
of cefazolin (red dots) were obtained 24 hours after initiating a continuous infusion of 8 g/day.
Data presented as a function of the EUCAST epidemiological cutoff (ECOFF) of 2 mg/L for
methicillin-susceptible Staphylococcus aureus. The solid line represents the median, box
represents the interquartile range, and the whiskers represent the 90" prediction interval.

Based on a local sensitivity analysis the most influential parameters on CSF exposure
were brain permeability, transporter concentration expressed at the proximal tubule and blood
brain barrier, fraction unbound and GFR. Results of the sensitivity analysis are presented in

Appendix F, Section 2.4.

7.4.3 Dose-Exposure Assessment

To analyze the probability of target attainment (PTA) of cefazolin for CNS infections
attributed to MSSA, several dosing protocols were simulated in a virtual populations with
demographics as in Le Turnier ef al. [494] A dosing protocol of 10g/day continuous infusion
achieved 90% PTA for 100% fT>MIC to a MIC < 2 mg/L. However, when evaluating the PTA
using more conservative pharmacodynamic targets of 35-70% fT>MIC, [425-427] model
predicted 90% PTA was achieved with standard infusion times (i.e. 30 minutes) of cefazolin IV

2000 mg every 8 hours for MICso90 0of 0.5 mg/L and 1.0 mg/L, respectively (Appendix F,
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Section 3) . Visual illustrations of the PTA for the simulated cefazolin dosing protocols within
each population are presented in Figure 7-3., while the PTA to achieve 100% fT>MIC of each

dose is presented in Table 7-2.

100+
-o- 6g/day
75 & 8g/day
- -4+ 10g/day
X . :
Z 504 ¥ 2g Q6H 30 min infusion
e - 2g Q6H 3h infusion
25- ©- 2g Q8H 30 min infusion
B 29 Q8H 4h infusion
0_
] 1 1 1 I 1
0.0625 0.125 0.25 0.5 1 2

MIC (mg/L)

Figure 7-3. Target attainment of several cefazolin dosing protocols to reach 100% fT>MIC in
the cerebrospinal fluid for the virtual population of participants from the study by Le Turnier et
al. [494] A range of cefazolin MIC values for methicillin-susceptible Staphylococcus aureus
(MSSA) were tested as per CLSI and EUCAST breakpoints. An epidemiological cutoff of 2.0
mg/L was incorporated. A probability of target attainment of 90% was deemed appropriate.
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Table 7-2. Pharmacodynamic target attainment of simulated cefazolin dosing protocols for
methicillin-susceptible Staphylococcus aureus. Data presented as the probability of target
attainment in which the unbound cefazolin concentrations are 100% above the minimum
inhibitory concentration (% fT>MIC) in the cerebrospinal fluid.

MIC 6g/day 8g/day 10g/day 2gQ6H 2gQ6H 2gQ8H 2g Q8H

(mg/L) CIl CI CI 3h 30 min 4h 30 min
infusion infusion infusion infusion

0.0625 100 100 100 100 100 100 100

0.125 100 100 100 100 97 97 84

0.25 100 100 100 97 88 87 67

0.5 100 100 100 86 70 68 42

1.0 93.4 98 100 66.7 43 40 23

2.0 67 81.1 100 36 23 18 11

A Probability of target attainment of >90% to a 100% fT>MIC is represented in bold.
CI; continuous infusion, g; grams, h, hours, min; minutes, MIC; minimum inhibitory
concentration, Q6H; every 6 hours, Q8H; every 8 hours.

7.4.4 Safety Assessment

Predicted trough concentrations in CSF and plasma from each dosing protocol fell well
below the safety thresholds (Table 7-4.). Potentially neurotoxic cefazolin CSF concentrations
were not predicted in 90% of the virtual population for each simulated dose. A safety assessment

using cefazolin IV 2000 mg every 6 hours with a 3-hour infusion time is presented in Figure 7-4.
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Table 7-3. Cefazolin safety assessment. Data presented as trough concentrations of the 90"
percentile within the virtual population for cerebrospinal fluid and plasma.

. . CSF Concentration (mg/L) Plasma Concentration
Dosing Regimen

(mg/L)
6g/day CI 6.65 106.82
8g/ day CI 9.62 148.81
10g/day CI 13.05 194.90
2g Q6H 3h infusion 5.58 91.68
2g Q6H 30 min infusion 3.93 67.24
2g Q8H 4h infusion 3.25 55.24
2g Q8H 30 min infusion 2.08 35.81

ClI; continuous infusion, CSF; cerebrospinal fluid, g; grams, h, hours, min; minutes, Q6H; every
6 hours, Q8H, every 8 hours.
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Figure 7-3. Visual illustration of cefazolin safety assessment. A simulated dose of cefazolin IV
every 6 hours after a 3-hour infusion time was conducted for illustration purposes. The simulated
trough in plasma (A) and cerebrospinal fluid (B) was evaluated to neurotoxicity threshold
suggested to increase the likelihood of cefazolin induced neurotoxicity (dotted red line). The
simulated range of plasma concentrations may be shown in the shaded region, with the solid
black line representative of the 90" percentile in each reference fluid.
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7.5 Discussion

CNS infections are serious and carry a significant risk of mortality and morbidity. [527]
Adequate treatment requires timely administration of antimicrobials tailored against likely
organisms. In addition to prompt initiation, sufficient antimicrobial concentration at the site of
infection is critical. Penetration of drug from plasma to the CSF is dependant on several
physicochemical properties such as molecular weight, lipophilicity, plasma protein binding, or
whether the drug is a substrate of efflux transporters at the blood brain barrier. [501] Concerns
for use of cefazolin as a treatment alternative for CNS infections is thought in part to be due to
less favourable physicochemical characteristics compared to antistaphylococcal penicillin’s.
However, cefazolin and antistaphylococcal penicillin’s are largely similar in their lipophilicity,
degree of protein binding, [528] and are both substrates of drug-efflux transporters located at the
blood-brain barrier. [301,516-518]

Despite these similarities, minimal CSF concentration comparisons have been reported.
The first study to analyze potential differences in brain tissue concentrations was conducted by
Frame et al. Average brain tissue concentrations of cefazolin (10.6 pg/g) were noticeably higher
than nafcillin (2.7 pg/g) and methicillin (2.0 pg/g) after administration of a single I'V dose in
patients undergoing a craniotomy. [529] Furthermore, Le Turnier et al. noted a higher
CSF:plasma ratio for cefazolin compared to cloxacillin in their study population. [494] With the
resemblances in physicochemical properties in addition to the higher concentrations of cefazolin
in the CSF [494] and brain tissue [529] than antistaphylococcal penicillin’s, the longstanding

dogma of inadequate cefazolin concentrations in the CNS should be refuted.

Drug associated characteristics play a significant role in determining penetration across
the blood brain barrier into the CSF. In addition, the disposition of drug into the CNS may also
be defined by host related physiological changes. Disruption of the blood brain barrier is an
important component of the pathophysiology of CNS infections, resulting in increased
permeability. Pathogens may affect the barrier integrity by direct toxic affects or triggering
increased expression of inflammatory cytokines in response to infection. [530—-532] Furthermore,
increased cytokine production may inhibit several efflux pumps known to remove B-lactams out

of the CSF. [533,534] Implications of this host-response results in higher drug concentrations due

184



inflammation compared to an intact blood-brain-barrier. [535,536] The presence of meningeal
inflammation renders the drug-specific properties less important in governing drug entry into the
CNS. [501] As incorporated in the model, cefazolin is a substrate for the OAT and MRP active
transport systems.[504,511] both of which have been shown to be localized at the blood-brain
barrier. [516—518] This physiological response was accounted for in model development through
optimization due to limited in-vitro and in-vivo data to quantify to impact of inflammation on
achieving cefazolin concentrations in the CNS. More information gained may allow for
“infection-related” factors to scale the brain permeability constants within the model. Future
research on the impact of infection on initial cefazolin CSF concentrations, and over the course
of treatment is critical for further model refinement and design of dosing regimens in this

population.

Limited clinical data on the use of cefazolin for CNS infections due to MSSA is
available. An initial case report of a patient with MSSA (MIC = 0.5 mg/L) ventriculitis was
successfully treated with an initial cefazolin dose of 10 g/day as a continuous infusion, followed
by 8 g/day. [505] Median CSF concentrations were 11.9 mg/L and 6.1 mg/L, respectively.
Despite the administration of high dose cefazolin, no adverse effects in this patient were
reported. Furthermore, a case-series by Le Turnier et.al investigated the use of a cefazolin
continuous infusion (8g/day) to patients with CSF-culture confirmed Staphylococcal meningitis.
[494] All patients in the cefazolin cohort were successfully treated, with no recurrence of
infection. The elevated CSF concentrations reported by Le Turnier ef al.[494] were higher than
what was reported by Novak et al, [506] suggesting a relationship between administered dose
and/or brain permeability to CSF concentrations. This hypothesis was further confirmed within
our sensitivity analysis, as both administered dose and brain permeability were highly influential
on the CSF AUC dosing interval (Appendix F, Section 2.4.) Despite differences in dosing strategies
and cefazolin concentrations, each study suggested pharmacodynamic targets for MSSA would

be achieved.

One of the objectives of this study was to provide a pharmacodynamic analysis to
investigate doses that would achieve adequate concentrations in the CSF. Using a predetermined
pharmacodynamic target of 100% fT>MIC for a MIC < 2.0 mg/L, a continuous infusion of
cefazolin 10g/day was required to ensure a 90% PTA in the virtual population (Table 7-2.).

185



However, the in-silico simulations imply that more conservative pharmacodynamic targets (35-
70% fT>MIC) may be achievable with standard cefazolin doses to a MIC < 1.0 mg/L.
Recommendations from a recent narrative review suggest doses of cefazolin IV 2 g every 6 hours
or as a continuous infusion of 8-10 g/day may be required to effectively treat CNS infections due
to MSSA. [528] Our results support these recommendations to a MIC < 1.0 mg/L, however to
ensure >90% PTA of 100% fT>MIC to an MIC < 2.0 mg/L a continuous infusion of 10 g/day
would be recommended. (Table 7-2.). As infections in the CNS are serious, we encourage
targeting more aggressive pharmacodynamic endpoints to ensure clinical success. Therefore,
knowledge of the MIC is prudent to ensuring successful pharmacotherapy with cefazolin in this

patient population.

The extrapolation of pharmacodynamic targets from plasma to tissue-specific sites in this
analysis are worth mentioning, and further research is required to ensure that this holds true.
[537-539] In an experimental rabbit meningitis model, B-lactams maintained their time-
dependent activity in the CSF similar to that in plasma. [540] Optimization of fT>MIC for -
lactams in plasma can occur with the use of continuous infusions. [440—442] Although
comparisons of continuous infusions to standard bolus doses for increasing pharmacodynamic
targets in the CNS are limited, Huang ef al. demonstrated that the AUCcsp/AUCplasma ratio of
cefepime was increased with a continuous infusion compared to intermittent dosing. [541] Until
further data supports alternative pharmacodynamic targets in specific sites of infection,
extrapolating PTA from plasma is reasonable and optimizing fT>MIC with continuous infusion

appears to be superior.

Safe use of cefazolin as a therapeutic alternative for CNS infections has been in question
for decades due to concern for neurotoxicity at elevated doses. High concentrations of
cephalosporins within the CNS lowers the seizure threshold through competitive antagonism of
the GABAA receptors in a dose-dependant manner. [542,543] Cefazolin is believed to be the
most likely of the class to induce seizure activity, however case-reports include intraventricular
administration [544] or excess dose in those with altered renal clearance. [523-525] Predicted
trough concentrations were all well below reported CSF and plasma concentrations in those
experiencing neurotoxicity (Table 7-3.). [523-525] Further, GFR significantly impacted

cefazolin exposure in both plasma and CSF upon the sensitivity analysis (Appendix F, Section
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2.4.), therefore caution is to be applied in patients with altered renal clearance. Investigations in

patients with renal impairment is critical to ensure safety in this population.

Limitations to the cefazolin-PBPK model included few CNS PK studies for development
and evaluation. Ideally, multiple observed data sets of cefazolin CNS concentrations would be
available. This however highlights the advantages of a PBPK approach as sparse observed data is
used to confirm model predictions, making use of various data sources to further understanding.
Secondly, permeability of the blood brain barrier is highly variable and presence of meningeal
inflammation due to infection is a significant determinant of drug penetration. [501,545] Brain
permeability was an important parameter defining CNS exposure and further refinement in
different populations will be needed. Finally, the model assumed that cefazolin active transport
for OAT and MRP4 at the blood brain barrier was equated to that in the renal proximal tubule.

Until further in vitro or in vivo data is available, these assumptions are reasonable.

7.6 Conclusion

Previous PBPK models have been able to predict the PK of cefazolin in different
populations. [504,512] Although successful in describing concentrations in plasma, absence of a
mechanistic quantification of cefazolin-transporter activity and saturable protein binding limit
the generalizability of these models in describing the disposition of drug into different
physiological compartments, such as the CNS. By incorporating and evaluating these unique
properties throughout model development, the cefazolin-CSF PBPK model within this study
provides a mechanistic representation of penetration into the CSF, resulting in accurate

predictions of drug concentrations. [494,506]

In conclusion, this study provides the first cefazolin PBPK model to predict drug
concentrations in the CSF compartment for adults. Additionally, pharmacodynamic and safety
assessments were implemented across several different dosing regimens to optimize the fT>MIC
in the treatment of MSSA associated CNS infections. PBPK modeling offers several advantages
in this population as it can provide accurate assessments with limited samples due to a
mechanistic understanding of drug PK. The results presented should be seen as a call for future
research. Uncertainty remains in several aspects of the model and the potential for variability in

cefazolin concentrations warrants more data to confirm safe and effective use. As the PBPK
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model provides a mechanistic understanding of drug transport into, and out of the CNS, the
model may be adapted to different populations including those with organ impairment or the

pediatric population.
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Chapter 8: Discussion, Conclusions, and Future Directions

8.1 Discussion

This thesis aims to advance knowledge of PK for medications in the critically ill
population and apply principles in PBPK to improve dose optimization and support clinical trial
planning. Critical illness is heterogeneous in nature, and by extension the impact on PK can be
variable. Therefore, each chapter of this thesis describes the efforts towards improving our
understanding of pathophysiology and PK associated with critical illness to support the

improvement of pharmacotherapy.

As outlined in Chapter 1, the pathophysiological response may have varying impacts on
drug PK. Not only does this result in wide interindividual variability in PK, but due to the
unstable nature of critically ill patients, one may also expect a significant degree of
intraindividual variability. [432,433,520,546] This poses extreme challenges to the clinical and
research community in ensuring success in pharmacotherapy, while minimizing adverse effects.
Large initiatives have been put forward to advance our understanding of the variability in PK
amongst critically ill adults, [107,520,547] however significant gaps in children remain. The
work here in this thesis builds upon these initiatives and presents a methodological approach to

support bedside dosing recommendations or future clinical trial planning.

In Chapter 2, an extensive systematic review was conducted to analyze the literature of
PK in critically ill children receiving CRRT. The objective of this chapter was multifactorial.
First, it serves as a reference for clinicians to incorporate in their daily practice. Using a
comprehensive search strategy, this review identified 45 studies, totaling approximately 600
children receiving CRRT and 33 different medications. This collection of all relevant studies
resulted in the largest undertaking of a comprehensive review in critically ill children receiving
CRRT currently published. All pertinent information on patient physiology and CRRT
specifications were reported alongside PK parameters and suggested dosing guidance. Collating
the data in this way ensures a patient-specific approach can be taken when applying the results.
Prior to this publication, dosing guidance for children receiving CRRT were on the basis of adult
extrapolation or lacked individualization to circuit specific properties (i.e. flow rates, modality

etc.). [154] Furthermore, when assessing commonly used dosing references (i.e. Lexi-Comp),
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only a minority of drugs have recommendations based on pediatric specific-CRRT studies. [414]
Second, conclusions were drawn to assess potential differences in V4 and CL between critically
ill children receiving CRRT and those who were not. Unexpectedly, Vq and CL were largely
similar between the populations. This finding was most pronounced with small, hydrophilic
molecules that undergo predominant renal clearance. [166,178,193,267—270] This review
highlights that drugs with the aforementioned physicochemical and PK characteristics are most
likely to have altered PK in this population. Knowledge of these characteristics is prudent to
ensure appropriate pharmacotherapy. Finally, the quality of reporting of each study was assessed
through the ClinPK tool. Overall, the reporting was generally poor and crucial information

pertaining to PK variability was often absent.

Children receiving extracorporeal therapy represent an extremely vulnerable, and under-
researched population. As Chapter 2 conveys, more work is required amongst the research
community to fulfill this unmet, public health need. Contributions such as these enable synthesis
of current literature and enable an amplification of the gaps in research. Additionally, the results
of the quality of reporting should be seen as a call to the community that a higher standard must

be met when conducting and reporting the results of such studies to our peers.

Furthermore, the contributions of this work were highlighted at the Pediatric
Paracorporeal and Extracorporeal Therapies Summit in 2022. [548] Disseminating the results at
large clinical congresses begins the conversation towards addressing the current state of research
in this population. It is of great importance that the next phase of this work focuses on addressing
these unmet needs and incorporating unique methods to improve our efficiency in how we
conduct these studies to incentivize researchers to expand upon their efforts to improve patient

carc.

In Chapter 3, PBPK modelling was used to advance knowledge in how renal drug
transporters may be altered over the course of CKD. Equations used to approximate GFR in
guiding renal dose adjustments are based upon the “intact nephron hypothesis”, suggesting that
the processes that govern renal clearance decline in parallel to GFR. [340,342,343] However,
recent efforts have refuted this hypothesis suggesting that the decline in renal transporter activity
is disproportionate to the decline in GFR in the most severe stages of CKD. [287] The results
presented in Chapter 3 support these recent findings and highlight how the pathophysiology of
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CKD may impact renal clearance processes differently. By parameterizing OAT transport
function through the PAH extraction ratio, successful predictions of drug PK for OAT substrates
were made across each stage of CKD. This mathematically derived relationship determined that
the OAT functionality was reduced by 27-49%, 50-69% and 70-96% across CKD stages 3, 4, and

5, respectively.

There is a clear application of PBPK in patients with CKD for the purpose of clinical trial
planning of new investigational compounds. Using this modelling approach provides insight into
the corresponding impact of drug PK due to pathophysiology. Utilizing these methods expands
upon population-based approaches as they give mechanistic insight to the processes that govern
drug PK. Additionally, this approach enables assessments of potential drug-drug interactions in
patients with CKD, currently an underrepresented area of study. This derivation of OAT decline
can be transferable to new compounds to guide clinical trial planning or supplement clinical data

so that the results are confirmatory, rather than exploratory.

Although Chapter 3 furthers our understanding of the impact of CKD on OAT activity,
more work is needed. As outlined in Figure 3-1, there was a paucity of data to inform the PAH
extraction ratio in the most severe stages of CKD. As this subset of the population is of the most
interest, uncertainty does remain in the model structure. Inherently, studies in populations with
advanced disease are difficult to conduct. Therefore, leveraging further in-vitro and animal
studies to gain insight into how OAT transporters may be impaired in the most advanced stages
of CKD could supplement this work. Although, these translational approaches will require
further model evaluation. Additionally, as this methodologically approach was evaluated on OAT
substrates that undergo a large contribution of tubular secretion to renal clearance it cannot be
stated that this relationship holds true in weak OAT substrates. Further confirmation will be

necessary.

The entirety of this thesis focuses on advancing pharmacotherapy in critical illness by
applying PBPK strategies. Although the focus of Chapter 3 is on CKD, several parallels can be
drawn. Kidney disease, whether acute or chronic, can have direct effects on renal OAT function
by reductions in expression, function, localization or through inhibition. [282,285,286,549-551]
In the critical care setting, AKI is complex and the etiology is often multifactorial due to poor

perfusion to the kidneys or direct insult from drugs and/or endotoxins. [67,552] Rat models
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simulating perfusion associated or drug-induced (i.e. gentamicin) AKI, reveal that OAT protein
expression is significantly reduced. [550,551,553] Similar reductions in protein expression were
also shown in animal models simulating chronic renal failure. [364,549,554,555] The degree of
impact on OAT expression between the two forms of kidney injury (acute vs. chronic) has yet to
be compared, however it does appear that the physiological response may have a similar impact
at the cellular level. As the reductions in OAT activity were mechanistically derived from PAH
extraction ratios in varying degrees of renal impairment, applying this parameterization into
PBPK models of OAT substrates in patients with AKI seems physiologically relevant. This
Chapter highlights the advantages of PBPK, as not only a resource to predict drug PK in
otherwise untested scenarios, but as a methodological approach to understanding the implications

of disease on pharmacology and PK.

The overall workflow presented in this thesis for applying PBPK to optimize
pharmacotherapy in critically ill patients receiving ECLS follows a similar approach as presented
by Watt et al. [144] This approach has three phases: 1) analysis of the drug-circuit via closed-
loop ECLS circuit studies (ex-vivo), 2) development of a PBPK model of the drug of interest in
the target population (adult vs. pediatric), 3) attaching an “ECLS” organ compartment to the
whole-body PBPK structure. Chapters 4 and 5, focus on phase one, through the investigation of

the CRRT circuit interaction of anakinra and cefazolin, respectively.

Chapter 4 provides a description of an ex-vivo analysis of anakinra, while incorporating
each modality of CRRT. As outlined in Chapter 1, small, hydrophilic molecules with high
unbound fractions in plasma are generally subjected to significant clearance via the CRRT
circuit. However, the drug-circuit interaction for therapeutic proteins is largely unknown. This
Chapter is the first to demonstrate that modern CRRT circuit technology can remove anakinra
from plasma to a certain degree. Upon completion of the 4-hour experiment, approximately 5%
of anakinra remained in plasma. The Sc and Sp ranged from 0.34 to 0.41, indicating an ability for
anakinra to pass across the semipermeable membrane. Although, the methods presented do not
enable full conclusions on the adsorption potential of anakinra, the consistently high drug
concentrations in hemofiltrate indicate clearance by the circuit is the driving mechanism of drug
removal from plasma (Appendix C; Figure 2.). While clearance determined via ex-vivo studies

do not fully enable a direct extrapolation to CLtotal in-vivo due to the absence of metabolism or
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CLnr, several conclusions from this analysis can be drawn. First, as modern CRRT technology
incorporates “high-flux” hemofilters, the ability for drug removal of compounds approaching a
molecular weight of 40 kDa is apparent. [102,104,400] As anakinra has a molecular weight of 17
kDa, the degree of removal found in this study is not unexpected. Second, currently approved
dose recommendations for anakinra in those with renal impairment, including those receiving
RRT, advise dose adjustments are required to avoid unnecessary exposure. These
recommendations are solely based off data from Yang et al., [386] which found negligible
removal of anakinra by IHD. The results in Chapter 4 highlight how the mechanistic and circuit
component differences of modern CRRT circuit technology forgo any direct extrapolation of
these recommendations. Although in isolation, guidance on anakinra dosing in those receiving
CRRT cannot be made from this study, the results do support that renal dose adjustments may not

be necessary.

Chapter 5 provides another ex-vivo CRRT analysis where cefazolin was selected as the
drug of interest. Infection amongst patients in the ICU are highly prevalent, with approximately
70% requiring antibiotics. [409,556] Upwards of 50% of infections are attributed to gram-
positive bacteria. [413,414] Therefore, it is unsurprising that antibiotics with pharmacodynamic
activity against gram-positive bacteria are some of the most prescribed to this population.
[409,556] Despite its high frequency of use, limited data to guide dosing is available for adults,
[374] while being nonexistent in children. In a collaboration with the Children’s Hospital of
Philadelphia, cefazolin was one of the most frequently prescribed antibiotics to children
receiving CRRT that had no pediatric-specific CRRT dosing recommendations in the literature.
[414] To support evidence-based dosing guidance, Chapter 5 provides the first pediatric-specific
CRRT ex-vivo study of cefazolin. Unexpectedly, 90% of the administered dose was removed
within 4 hours. The variability of Sp was an interesting finding from this study, as it ranged from
0.17-0.5. This variability may be attributed to the uniqueness of cefazolin’s saturable protein
binding to albumin. [415-417,422,423] Concentrations expected to be achieved in plasma after
standard therapeutic doses may enable saturation to albumin binding sites, increasing the
unbound fraction over the course of the dosing interval. The impact of this phenomenon may
result in wide inter- and intra-patient variability in CLrrr. Furthermore, these results highlight

the importance of sampling time when analyzing the Sc or Sp of a particular compound. [557] It
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is imperative that study results are transparent and that readers critically examine the sampling

time when comparing differences in Sc and/or Sp.

A novel contribution of this thesis was including ECLS (i.e. CRRT & ECMO)
compartments to the whole-body PBPK model. Chapter 6 outlines this methodological approach,
integrating the results of the anakinra ex-vivo experiment (Chapter 4) to a PBPK model in
critically ill children. Model development for anakinra was robust, and several factors were
considered. First, a PBPK model for adults was successfully established prior to scaling to
children. Developing PBPK models in adults furthers our understanding of drug PK as there is
often more robust data to work with, and all potential clearance processes have undergone full
maturation. For anakinra, mass-balance studies suggest a non-specific proteolysis that occurs in
the kidney and liver. [386,388]. The pediatric model accounted for developmental differences in
physiology, however, proteolysis was consistent with adults based on our current understanding.
[461,462] Characterizing the proteolytic pathway for the purpose of defining the maturational
component is prudent and will be subjected to future work when younger children are

considered.

Second, knowledge gained from methods in CKD-PBPK modelling (Chapter 2) were
applied to define the impact of kidney failure on the non-renal proteolytic pathways of anakinra.
The impact of renal impairment on drug clearance is evident beyond the kidney. Chronic states
of inflammation or endotoxin accumulation may induce downregulation and/or inhibition of
metabolizing pathways in the liver. [338,339,357,358] By developing a CKD-PBPK model for
anakinra, the impact of renal impairment on the proteolysis was quantified. This “middle-out”
approach enabled new insight into anakinra PK and was incorporated into the full ECLS-PBPK
model. This strategy generates the hypothesis as to whether scaling factors of CLxr from CKD
can be incorporated into future critical illness PBPK models. Finally, When the CRRT
compartment was informed by the ex-vivo study, the model was able to mechanistically describe

anakinra disposition in each modality of CRRT.

The anakinra ECLS-PBPK model was successfully validated with prospective data from
critically ill children receiving simultaneous ECMO and CRRT. With the confidence gained in
model predictions, in-silico dosing simulations were performed to provide guidance for baseline

dosing recommendations in children receiving anakinra while on ECLS. As the
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pharmacodynamic endpoint for anakinra in the management of inflammatory phenotypes has yet
to be determined, the model simulations suggest that currently recommended doses of 5-10
mg/kg/d divided every 6-12 hours are adequate. Furthermore, anakinra AUC in the virtual
population receiving ECLS was largely similar to those who were not. This in-silico approach
suggests that anakinra may be safely administered to children receiving ECLS at current standard
doses. It is the intention that the work herein will be used in guiding clinical trial design in

children receiving anakinra.

The final Chapter of this thesis moves beyond the critically ill individual receiving ECLS
and describes PBPK modelling efforts to predict drug concentrations in different organ
compartments. Chapter 7 provides a mechanistic representation of cefazolin drug concentrations
in the CNS. Use of cefazolin as a viable treatment option in patients with CNS infections
attributed to MSSA has been controversial due to the presumed inability of adequate
concentrations at the site of infection. However, recent PK and clinical data has refuted this
historical concept. [494,505,506] Upon successful evaluations, a pharmacodynamic assessment
was performed to suggest doses that would be effective against MSSA (MIC < 2.0 mg/L) and
safe based upon suspected neurotoxicity threshold. The in-silico dosing recommendations
coincide with recent clinical data, [494,505] and those recommendations from a comprehensive
narrative review on this subject matter. [528] This Chapter outlines the benefit of PBPK when

data is sparse and provides another application of its use in the critical care setting.

Proteomic data on protein expression was incorporated for drug-efflux transporters OAT3
and MRP4 during model development. As cefazolin is a substrate of each transporter, the degree
of CNS penetration may be influenced by the amount of expression at the site of the blood-brain-
barrier. This concept was further supported by our sensitivity analysis, suggesting that the
expression of each transporter contributes to the AUCcsr of cefazolin. Such concepts may be
further confirmed from an animal study conducted by Dacey et al., investigating the impact of
meningeal inflammation and probenecid administration on the CSF penetration of several OAT
substrate antibiotics (i.e. penicillin’s, cephalosporins). [533] In this study, both meningeal
inflammation and OAT inhibition via probenecid increased the CSF concentrations of penicillin
compared to control. Furthermore, the influence of probenecid OAT inhibition was more

pronounced in the rabbit meningitis models, suggesting that OAT mediated drug-efflux is more
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important to CNS penetration in the presence of infection. Although, variability in this effect
should be noted as active infection may also contribute to reductions in drug-efflux activity.
[533,534] Studies with cefazolin involving meningitis animal models in the presence of
probenecid are required to ensure that this holds true as differences in transporter affinity may be

seen between cephalosporins and penicillins. [558,559]

8.2 Conclusion

This thesis seeks to advance the existing knowledge of PK in critically ill individuals by
leveraging different collaborators and incorporating heterogeneous patient populations. Each
Chapter reflects efforts towards improving pharmacotherapy in this clinical setting. Beginning
with identifying underrepresented patient populations (i.e. critically ill children receiving
CRRT), and commences with how methods in PBPK can efficiently support these research gaps.
Each Chapter of this thesis is dedicated to advancing an understanding of drug PK in critically ill
patients and proposes a translatable approach that can be applied to different drugs, patients, and

new ECLS technology.

PK studies are vital to informing drug dosing in vulnerable patient populations. Several
components are included, and an appropriate study design is essential to ensure validity of the
results. Barriers are presented when designing PK studies in critically ill patients, including
sufficient sample size, blood sampling strategies and PK analysis. Furthermore, variability in
institutional protocols for ECLS implementation may result in multiple drug-circuit permutations
and limit the generalizability of traditional PK trials. Blood sample collection may also present
barriers, as obtaining robust samples across a dosing interval in a highly unstable patient is often
impractical, and not advised. [560] This concern is most pronounced in critically ill neonates or
young children, where blood volume is reduced compared to adult counterparts. [561] By
incorporating PBPK strategies as presented in this thesis, many of these limitations can be
overcome. As PBPK models incorporate a mechanistic understanding of drug PK in healthy
individuals, applying “disease” related physiological alterations makes extrapolations to special
populations possible. The mechanistic nature, or “bottom-up” approach enables valid model
predictions when observed data is sparse. As such, a limited number of patients, with a limited
number of samples can be incorporated into PBPK modelling studies to assess population-level

variability in drug PK and support drug dosing or clinical trial planning.
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Globally, several initiatives are ongoing to advance knowledge of drug PK in critically ill
patients. Initiatives such as the Sampling Antibiotics in Renal Replacement Therapy (SMARRT)
study collaborators and the Antibiotic, Sedative and Analgesic Pharmacokinetics during
Extracorporeal Membrane Oxygenation (ASAP-ECMO) study group in adults focuses on
optimizing drug delivery of antimicrobials to critically ill adults receiving ECLS. [547,562]
Modelling and simulation is integral to these initiatives, and although PBPK has yet to be widely
used across these studies, the methods herein may fill a vital role. Initiatives such as the Pediatric
Trials Network (PTN) and the Collaborative Pediatric Critical Care Research Network
(CPCCRN), have dedicated research to improving critical care practices in children. PBPK is an
extremely resourceful tool to supplement these initiatives, as it can facilitate optimal trial design
by improving efficiency in sample time and reducing the number of children required for
successful model predictions. Secondly, PBPK enables extrapolation between populations. This
is pivotal for the pediatric population and may provide first-in-dose predictions to inform future
studies. Utilization of PBPK for improving drug delivery in critical care is at its early stages,
however as outlined in this thesis, its potential will ensure a more refined approach to advancing

pharmacotherapy in this population.

8.3 Future Directions

Interest in the PK alterations associated with critical illness has been growing over the
past two decades. Dedicated research in this patient population has seen a shift from traditional
PK studies to integrating methods of pharmacometrics to support drug dosing. Publications
incorporating PopPK have seen a significant uptake in recent years. This was evident in our
search strategy focused on children in Chapter 1, as 27% of studies included a PopPK analysis
published after 2010. Regulatory agencies, such as the FDA and EMA, acknowledge the
potential of pharmacometrics in supporting regulatory approval for drug development. [373,563—
565] Several advantages are noted, which have been articulated throughout this thesis. These
advantages are directly translatable to the clinical setting and may improve drug utilization for
critically ill patients. Several advancements were made towards this fact, however future

research will be directed to support our understanding of key components within this thesis.

In Chapter 1, despite the comprehensive review of what is currently known for drug PK

in children receiving CRRT, several gaps remain. Specifically, reporting consistencies from PK
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trials were generally poor. Initiatives such as the ClinPK tool and the Grading and Assessment of
Pharmacokinetic-Pharmacodynamic Studies (GAPPS) tool have been proposed to ensure
transparency in clinical PK trials and to grade the strength of evidence to support clinical
decision-making. [158,566] An area of continual need will be to further incentivize researchers
conducting PK trials in those receiving ECLS to report specifications (i.e. flow rates, circuit
components etc.) to improve generalizability and ensure direct translation to the readers
population of interest. Although the ClinPK tool assesses reporting for studies involving ECLS,
more specific assessment tools may be required. [103] As the role of pharmacometrics has
increased in drug development, regulatory bodies have proposed guidance in reporting for
PopPK, [567-569] and PBPK studies. [570,571] These methods have become more apparent in
the clinical setting to support bed-side dose recommendations, therefore ongoing knowledge
translation is of the utmost importance to ensure appropriate assessments of available evidence.
Therefore, tools to evaluate and weigh available evidence are prudent to ensure end-users are
applying such models correctly and to promote high-quality decision making in support of

patient care.

Although Chapter 2 focuses on using PBPK to inform drug dosing in chronic diseases,
key components are applicable to the critical care setting. First, this Chapter incorporates a
statistical description of how the excretion of the exogenous biomarker, PAH, may be impacted
over the course of CKD. Biomarkers are at the forefront of personalized medicine, and
advancements in analytical methods have enabled real-time monitoring achievable. In addition to
use as a clinical-monitoring tool, the use of endogenous biomarkers (beyond SCr), as covariates
in PopPK modelling is increasing. [572,573] Due to the mechanistic nature of PBPK models, the
use of endogenous biomarkers to inform DDI potential, disease-related impairments in PK, or
maturational components are plausible. Recently, Tan et al. described a PBPK model
incorporating 4-pyridoxic acid (PDA), an endogenous substrate of OAT, for the purpose of
assessing DDI-potential in CKD. [574] Real-time monitoring of PDA and characterizing its
trajectory over the course of critical illness may enable a more mechanistic description of the
renal handling of OAT substrates in this populations. Second, the chronic state of inflammation
and accumulation of uremic toxins impacts CLxr in CKD. As previously stated, similarities may
be seen in the physiological response to critical illness in cases of hyperinflammatory phenotypes

and/or acute renal failure. Future work dedicated towards PBPK modelling of drugs that are
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predominantly cleared via non-renal pathways will be needed to confirm if scaling factors
applied in the CKD-PBPK holds true. Based on what is currently known, this assumption has

physiologic relevance.

In collaboration with the Children’s Hospital of Philadelphia, several drugs were
identified with little to no pediatric-specific CRRT dosing guidance for antimicrobials. [414]
This finding was mirrored in Chapter 2, indicating significant work is required amongst the
research community to bridge the knowledge gap. Chapters 4 through 7, present a feasible
solution to advancing our understanding of drugs with little to no PK data. Future work can
target drugs that are commonly used with limited dosing guidance, as this will be most impactful
to clinicians in their practice setting. Furthermore, although Chapter 6 provides a robust anakinra
ECLS-PBPK model in critically ill children, the results should be seen as a starting point to
inform future clinical trial planning. Limited data was available for model evaluation, therefore
on-going prospective PK collection across the age spectrum is essential to gain confidence in
predictions. As discussed in the Chapter, administration of SC anakinra may become obsolete
due to the impact of edema and inflammation on absorption. IV administration may become the
standard of care for this indication, therefore further refinement in the final model will be

necessary upon data collection in those receiving IV anakinra.

Finally, Chapter 7 moves away from drug alterations in patients receiving ECLS and
applied concepts in PBPK to assist dose optimization for those with severe CNS infections.
Recent publications have supported the notion that cefazolin achieves adequate concentrations at
the site of infection. [494,505,506] Chapter 7, further supports these findings and provides a
pharmacodynamic analysis to investigate dose. It is worth mentioning that the model is evaluated
from limited data, and further evaluations are essential. Furthermore, due to variability in
inflammation affecting blood-brain barrier permeability, more work is needed to further
characterize how this response to infection not only affects cefazolin penetration but affects the
penetration of additional antimicrobials. /n-vitro studies utilizing MDCKII-MDRI cell lines or
animal models may be used to quantify the impact of inflammation on blood-brain barrier
permeability or the activity of drug-efflux transporters that can be incorporated into PBPK
models. [575-578] As drug penetration is highly dependent on drug physicochemical properties

and physiology, specific “meningitis” PBPK models are possible with future in-vitro and in-vivo
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studies. The work herein has led to an ongoing collaboration with the University Health
Network. It is a privilege to be a part of these ongoing efforts to advance knowledge of drug PK

in those with CNS infections.
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1. Search Strategy

Appendix A

Supplementary Material for Chapter 2

Table 1.0. Overview of final search strategy with included databases and syntax.

Database

Search Syntax

PubMed

(pharmacokinetics[mesh] OR pharmacokinetic*[tw] OR “drug

kinetic*”[tw] OR ADME[tw] OR “biological availability”[tw] OR “area under
curve”[tw] OR biotransformation[tw] OR "drug clearance"[tw] OR “metabolic
clearance rate”[tw] OR “drug absorption”[tw] OR “tissue distribution”[tw] OR
"volume of distribution"[tw] OR “drug elimination”[tw] OR “drug
liberation”’[tw] OR “drug metabolism”[tw] OR "drug

dose"[tw] OR “therapeutic

equivalency”’[tw]) AND (infant, newborn[mesh] OR child[mesh] OR pediatric
s[mesh] OR neonat*[tw] OR infant*[tw] OR newborn*[tw] OR

pediatric*[tw] OR paediatric*[tw] OR child*[tw]) AND (renal replacement
therapy[mesh] OR hemodialys*[tw] OR “peritoneal

dialysis”[tw] OR “extracorporeal dialysis”’[tw] OR hemodiafiltration[tw] OR
hemofiltration[tw] OR "renal replacement therapy"[tw] OR “kidney
replacement therapy”’[tw] OR "continuous renal replacement therapy"[tw] OR
"continuous veno-venous hemodialysis”[tw] OR "continuous veno-venous
hemofiltration"[tw] OR "continuous veno-venous hemodiafiltration”’[tw] OR
“intensive care”’[mesh] OR “critical care”’[tw] OR “ICU”’[tw] OR “PICU”[tw]
OR “NICU”[tw])

EMBASE

exp pharmacokinetics/

exp bioavailability/

exp area under the curve/

(pharmacokinetic* or drug kinetic* or ADME or biological availability or area
under curve or biotransformation or drug clearance or metabolic clearance
rate or drug absorption or tissue distribution or volume of distribution or
drug elimination or drug liberation or drug metabolism or drug dose or
therapeutic equivalency).tw.

5. lor2or3or4
6. exp newborn/
7. exp child/
8

9

PwnNPE

(neonat* or infant* or newborn* or pediatric* or paediatric* or child*).tw.
. 6bor7o0r8
10. exp renal replacement therapy/
11. (hemodialys* or peritoneal dialysis or extracorporeal dialysis
or hemodiafiltration or hemofiltration or renal replacement therapy or
kidney replacement therapy or continuous renal replacement therapy or
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continuous veno venous hemodialysis or continuous veno venous
hemofiltration or continuous veno venous hemodiafiltration).tw.
12. 100r 11
13. 5and9and 12
14. limit 13 to english language

Cochrane Library (pharmacokinetic* OR “drug kinetic*” OR ADME OR “biological availability” OR “area
under curve” OR biotransformation OR "drug clearance" OR “metabolic clearance
rate” OR “drug absorption” OR “tissue distribution” OR "volume of distribution" OR
“drug elimination” OR “drug liberation” OR “drug metabolism” OR "drug dose" OR
“therapeutic equivalency”):ti,ab,kw (neonat* OR infant* OR newborn*

OR pediatric* OR paediatric* OR child*):ti,ab,kw (hemodialys* OR "peritoneal
dialysis" OR "extracorporeal dialysis" OR hemodiafiltration OR hemofiltration OR
"renal replacement therapy" OR "kidney replacement therapy" OR "continuous renal
replacement therapy" OR "continuous veno venous hemodialysis" OR

"continuous veno venous hemofiltration" OR

"continuous veno venous hemodiafiltration"):ti,ab,kw

2. ClinPK Checklist
Table A-2. ClinPK checklist of included studies.

Checklist Item

Title/Abstract
1 The title identifies the drug(s) and patient 40/45 (89%)
population(s) studies [91,118,160-187,189,190,192,195-201]
2 The abstract minimally includes the name of 40/45 (89%)

the drugs studied, the route of administration, | [91,118,160-182,184-186,188-201]
the population in whom it was studied and the
results of the primary objective and major
clinical pharmacokinetic findings.

Background
3 Pharmacokinetic data (i.e., absorption, 26/45 (58%)
distribution, metabolism, excretion) that is [91,118,161-168,171-175,178—
known and relevant to the drugs being studied | 180,184,186,190,193,194,200,202]
is described
4 An explanation of the study rationale is 44/45 (98%)
provided [91,118,160-182,184-202]
5 Specific objectives or hypothesis is provided 44/45 (98%)
[91,118,160-182,184-202]
Methods
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6 Eligibility criteria of study participants are 29/45 (64%)
described [160-168,170,172-180,184—
188,190,192,193,197,200]
7 Co-administration (or lack thereof) of study 15/45 (33%)
drug(s) with other potentially interacting drugs | [118,161,162,165,178—
or food within this study is described. 180,183,184,190,192,193,196,199,200]
8 Drug preparation and administration 33/45 (73%)
characteristics including dose, route, [91,118,160-167,169—
formulation, infusion duration (if applicable) 174,176,178,181,183,184,186,188—
and frequency are described. 193,195,198-201]
9 Body fluid or tissue sampling (timing, 38/45 (84%)
frequency and storage) for quantitative drug [91,118,160-170,172—
measurement is described. 176,178,180,181,183—
193,195,198,199,201,202]
10 Validation of quantitative bioanalytical 40/45 (89%)
methods used in the study are referenced or [91,118,160-165,167-170,172—
describe if applicable. 176,178,180-195,198-202]
11 Pharmacokinetic modelling methods and 26/45 (58%)
software used are described, including [91,160-165,167,168,171—
assumptions made regarding the number of 176,180,180,183,187—
compartments and order of kinetics (zero, first | 189,193,196,198,201,202]
or mixed).
12 For population pharmacokinetic studies, 11/45 (24%)
covariates incorporated into pharmacokinetic [161,162,165,167,171-174,176,179,180]
models are identified and described.
13 Formulas for calculated variables (such as 27/45 (60%)
creatinine clearance, body surface area, AUC, | [160-163,165,166,168,171,173,174,176—
and adjusted body weight) are provided or 184,186,188,191,192,197-199,202]
referenced.
14 The specific body weight used in drug dosing | 24/45 (53%)
and pharmacokinetic calculations are reported | [160-163,165-167,171-174,176—
(i.e., ideal body weight vs. actual body weight | 182,184,186,188,197-199]
vs. adjusted body weight).
15 Statistical methods including software used are | 20/45 (44%)
described. [91,160-168,171—
174,176,179,180,186,200,201]
Results
16 Study withdrawals or subjects lost to follow-up | 9/45 (20%)

(or lack thereof) are reported.

[160,163,165-168,176,179,180]
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17 Quantification of missing or excluded data is 9/45 (20%)
provided if applicable. [91,163,164,166,176,179,180,191]

18 All relevant variables that may explain inter- 17/45 (38%)
and intra-patient pharmacokinetic variability [161-163,165-167,171,172,174,176—
(including: age, sex, end-organ function, 180,182,183,186]
ethnicity, weight or BMI, health status or
severity of illness, and pertinent co-
morbidities) are provided with appropriate
measures of variance.

19 Results of pharmacokinetic analyses are 17/45 (38%) [91,118,162,163,165—
reported with appropriate measures of 168,176,177,180,182,183,186,189,198,200]
precision (such as range or 95% confidence
interval)

20 Studies in patients receiving extracorporeal 18/45 (40%)
drug removal (i.e., dialysis) should report the [91,118,163,166,171,176,177,184,186,189—
mode of drug removal, type of filters used, 191,194,195,197,200-202]
duration of therapy and relevant flow rates.

21 In studies of drug bioavailability comparing 1/45 (2%) [182]
two formulations of the same drug, F
(bioavailability), AUC, Cmax (maximal
concentration) and Tmax (time to maximal
concentration) should be reported.

Discussion/Conclusion

22 Study limitations describing potential sources | 39/45 (87%)
of bias and imprecision where relevant should | [118,161-169,171-180,182-189,191—
be described. 200,202]

23 The relevance of study findings (applicability, | 41/45 (91%)
external validity) is described [91,160-180,182-184,186-202]

Other Information
24 Funding sources and conflicts of interest for 35/45 (78%)

the authors are disclosed.

[91,118,160-169,171-180,184,188,190—
193,195-197,199-202]
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Appendix B

Supplementary Material for Chapter 3

1. Building a Physiologically-Based Pharmacokinetic Model for
Meropenem in Healthy Adults

1.1 Introduction

Meropenem, a small molecule antibiotic, was first approved by the Food and Drug
Administration (FDA) in 1996 for use in skin and soft tissue infections, intra-abdominal
infections, and bacterial meningitis. [293] A key contributor to the antibacterial effect of
carbapenems is the ability to bind to, and inhibit multiple penicillin-binding proteins, essential
proteins in bacterial cell wall synthesis. [579] The pharmacokinetics (PK) of meropenem are
similar to other members of the B-lactam family. Meropenem exhibits very low protein binding,
approximately 2% and has a volume of distribution (Vd) at steady state of 21L in healthy adults
(~0.23-0.35 L/kg), occupying the interstitial space. [268,580,581] The metabolism and excretion
of meropenem largely occurs within the renal system. PK studies have shown that 60-80% of the
parent compound is found within the urine unchanged, with the remaining portion being
converted to an inactive metabolite (ICI 213, 689). [331,582,583] The metabolism of
meropenem has yet to be fully elucidated however it has been shown to under inactivation via
renal dehydropeptidase-1 (DHP-1), with potential contribution of hydrolysis within the plasma.
[331,583,584] Several of the pre-clinical studies have demonstrated that renal clearance via
active tubular secretion through basolateral organic anion transport 1,3 (OAT) largely contributes
to total renal clearance. [331,332] The apical transporter responsible for efflux of meropenem
within the renal tubule to the filtrate still remains unknown however it has been theorized to be a
substrate for sodium-dependent phosphate transporter type- 1. [304]

In this report, the building and verification of a PBPK model for intravenous meropenem in
healthy adults is presented.

1.2 Methods and Results
1.2.1 Modelling Strategy

PBPK modelling and simulation were performed using PK-Sim version 9.1. Fifteen organs and
two blood organs (17 compartments) were included in the standard model to represent a virtual
adult.
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1.2.2 Intravenous model construction

The process for creating the PBPK model for a healthy adult is described here. Table 1. presents
the drug-specific parameters of meropenem and the values used for the naive model.

Table 1. Physicochemical properties and ADME of meropenem for IV model construction

Used in naive model

Used in optimized model
[range of optimized values]

Physicochemical Properties
Octanol:water coefficient

(logP)

Fraction unbound in
plasma (fu)

Molecular weight (MW)
pKa (acid)

pKa (base)

Water solubility
ADME

Partition coefficient
Cell permeability
Renal DHP-1 enzyme
concentration

Renal DHP-1 Km
Renal DHP-1 specific
clearance

GFR fraction

OAT3 concentration
OAT3 Km

OAT3 Vmax

Apical Transporter
concentration

Apical Transporter Km
Apical Transporter Vmax

-0.69 log units [295]
-3.132 log units [585]
0.98 [268,293]
383.463 g/mol [295]
2.9 [°%6]

7.4 [°%]

5.63 mg/mL [295]
Rodgers and Rowland

Charge dependent Schmitt
1.0 uM (fixed)

2 mM [300]
0 pmol/L/min

1.0

0.0917 uM [292]
847 uM [300]

0 pmol/L/min

1.0 pM (fixed)

770 uM [304]
0 pmol/L/min

-1.21 log units

[-1.21--1.21]

0.98

383.463 g/mol

2.9

7.4

Rodgers and Rowland

Charge dependent Schmitt
1.0 uM

2000 uM

89.21 pmol/L/min
[88.99-89.90]

1.0

0.0917 uM

847 uM

1262.57 pmol/L/min
[1248.49-1268.14]
1.0 uM

770 uM
116.11 pmol/L/min
[115.67-117.16]

The Rodgers and Rowland method for predicting partition coefficients and the Charge-dependent
Schmitt method for calculating cellular permeability were selected based on visual model

performance for curve shape.

Since metabolism of meropenem occurs through non-specific hydrolysis of f-lactam ring in
plasma and renal metabolism via DHP-1, DHP-1 metabolism was assumed to be sole contributor.
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The in vitro Michaelis-Menten constant (Ky) for DHP-1 was determined through the analysis by
Shibayama et.al. [300] This value (2 mM) was fixed within the final model, while the maximum
rate of metabolism (Vmax) was optimized.

The GFR fraction for a healthy individual was set to 1.0 allowing passive filtration to occur at
the maximal filtration rate (GFR x f,).

Active tubular secretion was parameterized by adding an OAT3 transporter on the basolateral
side of the kidney cells and adding a generic transporter (TS) on the apical side of the kidney
cells. Meropenem efflux via apical transport through kidney cells remains undefined, therefore
assumptions were made in the final model building process. Farapenem, another carbapenem
antibiotic, incorporates a similar renal clearance process as meropenem. It has been shown that
farapenem is a substrate for the apical sodium-dependent phosphate transporter type 1, which is
responsible for the efflux of farapenem from the renal tubule cells into the filtrate. [304]
Hypotheses suggest that meropenem follows as similar efflux process. As such, the Michaelis-
Menten constant for farapenem (770 pM) was utilized within the final model, while optimizing
Vmax.

Transport by OAT3 was identified by optimizing against a drug-drug interaction (DDI) study
measuring intravenous meropenem administered an hour after completion of an oral probenecid
(strong OAT3 inhibitor) administration schedule. [297] The model for probenecid was
downloaded from the Open Systems Pharmacology repository and can be found at:
https://github.com/Open-Systems-Pharmacology/Probenecid-Model. It has been previously
validated for predicting OAT1/3-mediated DDIs using furosemide as a model substrate. [292]
Probenecid is a competitive inhibitor of OAT3 with an in vitro inhibition constant (Ky) of 5.41
uM. [292] In the competitive inhibition framework, the inhibitor binds reversibly and competes
with substrate for free transporter. Inhibition constant (Kj) represents the dissociation constant
for the transporter-inhibitor complex. In the DDI simulation of probenecid and meropenem, the
apparent Michaelis-Menten constant for OAT3 transport (Kwm,app) Was calculated as:

I
Kvapp = K X (1 + ?)
1

where [ represents the concentration of the inhibitor, probenecid.

Multiple data sets were used within the IV model building process, containing data with
meropenem administered alone and in combination with oral probenecid. Meropenem
lipophilicity (logP), renal DHP-1 specific clearance, the maximum rate of OAT3 mediated
transport and the maximum rate of apical transport were optimized using the parameter
identification tool. The optimization was conducted using a Monte-Carlo approach to explore the
parameter space. Upon completion of Monte-Carlo optimization, a Levenberg-Marquardt
optimization strategy was conducted on ten randomized starting values to assess identifiability of
a unique solution. There was minimal variability in optimized parameter values across the final
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10 solutions as presented in Table 1, which suggests strong identifiability of a unique solution. A
comparison of the fitted IV simulation to the observed data from Bax et. al [297] and Ljungberg
et.al [587] is presented in Figure 1.

Table 2. Pharmacokinetic datasets of meropenem IV model construction

Reference Ethnicity Dose and N Age Weight (kg)* Height (cm)?
Administration (years)?
Bax et. al  White 500mgIVx1l 6 26[19-45] 74[68-87] 179 [170-184]
[297] European  dose
Males
1000 mg IV x 1
dose
Baxet. al  White Probenacid PO 6 26[19-45] 74 [68-87] 179 [170-184]
[297] European 500 mg at
Males 9AM, 6PM,
11PM the day
before and
9AM the day of
the study.
Meropenem IV
1000 mg IVx 1
dose 1hr after
probenecid
protocol
Ljungberg White 500mgIvVx1l 8 28.52 68.6 NR
et. al [S87] European dose [20-34]
Males

aData reported as mean [range], NR; not reported, IV; intravenous, PO; by mouth

1.2.3 Intravenous Model Verification

The optimized IV model was verified against additional data not used within the model building
process (Table 3). The differences in patient demographics were incorporated within the IV

model verification. As shown in Figure 2 and 3, the IV model provides a good representation of
the pharmacokinetics of meropenem.
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Table 3. Pharmacokinetic datasets for meropenem IV model verification

Reference  Ethnicity Dose and N Age (years)* Weight (kg)? Height
Administration (cm)?

Wise et. al  White 1000mgIVx1l 6 23.6[23-31] 69.9[63-80] 180

[588] European dose [169-187]
Males

Kelly et. al White 500mglIvVx1l 5 28.8[18-39] 82.1 177

[589] European dose [72.9-87.8] [165-185]
Males

#Data reported as mean [range]

1.2.4 Population Verification

A population PBPK simulation was performed to verify that the model can approximate both the
mean and inter-individual variability in healthy individuals. Within this simulation, 1000 virtual
individuals were generated, with each individual representing one full body parameter set for
input within the PBPK model. The simulated profiles are presented in aggregate form with
geometric mean and standard deviation to be compared against geometric mean and standard
deviation measured within a pharmacokinetic study. The observed data from 16 individuals was
extracted from Krueger et.al (Table 4). [590]

Table 4. Pharmacokinetic data set for meropenem IV model population verification

Reference Ethnicity Dose and N Age Weight (kg)* Height
Administration (years)® (cm)?
Krueger = White 500 mg IV tid 8 21[18-27] 67.1[53-92] NR
et.al [590] European
Males/Females
1000 mgIVtid 8 24.4][19- 66.1 [42.5-80.1]
29]

aData reported as mean [range], NR; not reported

A virtual population of healthy adults (50% male, 50% female) was created within PK-Sim
according to the demographics within Krueger et.al. [590] Inter-individual variability of the
renal DHP-1 enzyme reference concentration was assigned to the rough average of metabolic
enzymes within the PK-Sim database (lognormal distribution, 20% coefficient of variation). A
log normal distribution with a geometric standard deviation of 1.53 was applied to OAT3
reference concentration. [303] Due to the lack of information describing the apical transport of
meropenem, reference concentration of the generic transporter was assumed to have moderate
variability of 35% coefficient of variation. Similar assumptions were applied to unknown
parameters in previous published PBPK models of OAT3 substrates. [292]
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Table 5.1. Demographic parameters for the virtual population receiving meropenem IV 1000 mg

Parameter Value

Population European (ICRP)

Number of Males 100

Number of Females 100
Minimum Maximum

Age 19 years 29 years

Weight 42.50 kg 80.10 kg

Table 5.2. Demographic parameters for the virtual population receiving meropenem IV 500 mg

Parameter Value

Population European (ICRP)

Number of Males 100

Number of Females 100
Minimum Maximum

Age 18 years 27 years

Weight 53 kg 92 kg

Figures 4 & 5 illustrate the population PBPK simulations for the final IV meropenem model after
administration of 500 mg and 1000 mg doses. Visual inspections reveal that each model slightly
underpredicts variability in volume of distribution and over-estimates variability clearance within

the terminal phase.

1.3 Discussion and Conclusion

The final meropenem PBPK model adequately describes the pharmacokinetics of meropenem in
a virtual population of healthy adults. The healthy model will be scaled to predict the
pharmacokinetics in patients with renal impairment.
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1.4 Figures
Bax et al, 1989 (Meropenem IV 1000 mg DDI with Probenacid)
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Figure 1. Simulation after optimization. Observed data reported as mean (circles) with standard
error of the mean (error bars) from the study conducted by Bax et.al. [297] The solid blue line
represents the simulated plasma concentration of meropenem 1000 mg administered by IV
infusion over 30-minutes. The red line represents the simulated plasma concentration of the same
dose of meropenem when administered 1-hour after completion of the probenecid administration
protocol. Dashed lines represent the fraction of the IV dose excreted to urine respectively.
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Ljungberg et.al, 1992 (Meropenem [V 500 mg)
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Figure 2. Simulation after optimization. Observed data reported as mean (circles) with standard
error of the mean (error bars) from the study conducted by Ljunberg et.al. [S87] The solid red
line represents the simulated plasma concentration of meropenem 500 mg administered by IV
infusion over 30-minutes. Dashed lines represent the fraction of the IV dose excreted to urine.
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Wise et al, 1990 (Meropenem |V 1000 mg)
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Figure 3. Simulation for independent verification of optimized model. Observed data reported as
mean (circles) with standard error of the mean (error bars) from the study conducted by Wise
et.al. [588] The solid red line represents the simulated plasma concentration of meropenem 500

mg administered by IV infusion over 5-minutes. Dashed lines represent the fraction of the IV
dose excreted to urine.
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Kelly et al, 1995 (Meropenem |V 500 mg)
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Figure 4. Simulation for independent verification of optimized model. Observed data reported as
mean (circles) with standard error of the mean (error bars) from the study conducted by Kelly
et.al. [589] The solid red line represents the simulated plasma concentration of meropenem 500
mg administered by IV infusion over 30-minutes. Dashed lines represent the fraction of the IV
dose excreted to urine.
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Krueger et al., 2005 (Meropenem IV 1000 mg every 8 hours)
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Figure 5. Population verification against the observed meropenem concentrations from
individuals in the study by Krueger et.al [S90] The solid line represents the simulated geometric
mean and the shaded region represents the simulated geometric standard deviation of the virtual

population. The observed data is presented as mean (circles) with arithmetic standard deviation
(error bars).
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Krueger et al., 2005 (Meropenem IV 500 mg every 8 hours)
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Figure 6. Population verification against the observed meropenem concentrations from
individuals in the study by Krueger et.al [590] The solid line represents the simulated geometric
mean and the shaded region represents the simulated geometric standard deviation of the virtual

population. The observed data is presented as mean (circles) with arithmetic standard deviation
(error bars).
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2. Building a Physiologically-Based Pharmacokinetic Model for
Acyclovir in Healthy Adults

2.1 Introduction

Acyclovir is a synthetic nucleoside analogue that is used as an antiviral medication. After
intravenous administration, plasma concentrations of acyclovir decline in a biphasic manner.
[294] The compound has low cellular permeability and low water solubility. Acyclovir is about
15% bound to plasma proteins. [591] The plasma half-life of acyclovir is 2 — 3.5 hours in healthy
adults. [294,327] Most of the drug is excreted unchanged in the urine (62 — 91%). [298] Renal
tubular secretion dominates, as renal clearance far exceeds the glomerular filtration rate. Organic
anion transporters (OAT3) are responsible for uptake into renal tubular epithelium and MATE
transporters are responsible for efflux into tubular filtrate. [301] The remainder of circulating
acyclovir undergoes non-saturable metabolism with possible contributions from aldehyde
dehydrogenase 2, presumed to occur in the liver. [591,592] One metabolite has been identified in
urine, noted as CMMG, which accounts for 8.5 — 14.1% of an intravenous dose. [591] Less than
2% of an intravenous dose is excreted in feces as unchanged drug or metabolites. [298]

In this report, the building and verification of a PBPK model for intravenous acyclovir in healthy
adults is presented. A recent PBPK model for acyclovir was released by Liu et al. with a slightly
different interpretation of the data, which deserves reading. [592]

2.2 Methods and Results
2.2.1 Modelling Strategy

PBPK modelling and simulation were performed using PK-Sim version 9.1. Fifteen organs and
two blood organs (= 17 compartments) were included in the standard model to represent a virtual
adult.

2.2.2 Intravenous Model Construction

The process for creating the PBPK model for a healthy adult is described here. Table 1 presents
the drug-specific parameters of acyclovir and the values used for the naive model.
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Table 1. Physicochemical properties and ADME of acyclovir for IV model construction

Used in naive model Used in optimized model
[range of optimized values]

Physicochemical properties

Octanol:water coefficient -1.57 Log Units [294] -0.69 Log Units

(logP) [-0.69 —-0.69]

Fraction unbound in 0.85[294] 0.85

plasma (fu)

Molecular weight (MW) 225.21 g/mol [294] 225.21

pKa (acid) 9.25 [294] 9.25

pKa (base) 2.27 [294] 2.27

Water solubility 2.5 mg/mL [294] 2.5 mg/mL

ADME

Partition coefficient Rodgers and Rowland Rodgers and Rowland

Cell permeability Charge-dependent Schmitt Charge-dependent Schmitt

CMMG enzyme 1.0 uM (fixed) 1.0 uyM

concentration

CMMBG specific clearance 0 L/min/umol 0.031 L/min/pmol
[0.031 —0.031]

GFR fraction 1.0 1.0

OAT3 concentration 0.0917 uM [292] 0.0917 uM

OAT3 Km 342.3 uM [299] 342.3 uM

OAT3 Vmax 0 mM/min 25.75 mM/min
[25.70 — 26.19]

MATE concentration 1 uM (fixed) 1 uM

MATE Km 3480 uM [299] 3480 uM

MATE Vmax 0 mM/min 0.99 mM/min
[0.98 —0.99]

The Rodgers and Rowland method for predicting partition coefficients and the Charge-dependent
Schmitt method for calculating cellular permeability were selected based on visual model
performance for curve shape.

First order metabolism was assumed to occur in the liver and was accomplished by adding a
dummy enzyme termed ‘CMMG’ (after the major metabolite) in the intracellular space. The
reference concentration was fixed to 1 uM and the specific clearance (L/min/umol) was
optimized using the parameter identification tool.

The GFR fraction for a healthy individual was set to 1.0 allowing passive filtration to occur at
the maximal filtration rate (GFR x f,).

Active tubular secretion was parameterized by adding an OAT3 transporter on the basolateral
side of the kidney cells and adding a generic MATE transporter (representing MATE1, MATE2
and MATE2-K) on the apical side of the kidney cells. The in vitro Michaelis-Menten constants
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(Kwm) were available for both transporters from a review by Momper et al. [299] The maximum
rates of transport for each transporter (Vmax) were optimized.

Transport by OAT3 was identified by optimizing against a drug-drug interaction (DDI) study
measuring intravenous acyclovir administered an hour after 1 gram of oral probenecid, a potent
OAT3 inhibitor. The model for probenecid was downloaded from the Open Systems
Pharmacology repository and can be found at: https://github.com/Open-Systems-
Pharmacology/Probenecid-Model. It has been previously validated for predicting OAT1/3-
mediated DDIs using furosemide as a model substrate. [292] Probenecid is a competitive
inhibitor of OAT3 with an in vitro inhibition constant (Ky) of 5.41 pM. [292] In the competitive
inhibition framework, the inhibitor binds reversibly and competes with substrate for free
transporter. Inhibition constant (K) represents the dissociation constant for the transporter-
inhibitor complex. In the DDI simulation of probenecid and acyclovir, the apparent Michaelis-
Menten constant for OAT3 transport (Km,app) Was calculated as:

I
KM,app =Ky X (1+ ?)
1

where I represents the concentration of the inhibitor, probenecid.

Table 2 presents the acyclovir datasets used for building the IV model, both alone and in
combination with oral probenecid. The lipophilicity (logP), specific clearance of CMMG, the
maximum rate of OAT3-mediated transport and the maximum rate of MATE-mediated transport
were optimized using the parameter identification tool in PK-Sim. The optimization was carried
out using a Levenberg-Marquardt approach for exploring the parameter space. Ten optimizations
were run from randomized start values to assess identifiability of a unique solution. All ten runs
converged to a unique solution. The run with the lowest error was selected as the final solution,
and those values are presented in Table 1. The range of parameter values among the solutions is
also reported to assess error, which was minimal. A comparison of the fitted IV simulation to the
observed data from Laskin et al. is presented in Figure 1. [327]
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Table 2. Pharmacokinetic datasets for acyclovir IV model construction

Study Dose and Cohort N Age (years)* Weight

administration (kg)*
Laskin et al. 500 mg IV Patients with 3 47.3 [24 — 79.1 [68 —
[327] infusion over malignancy and 67] 100]

60 min GFR ~90

mL/min/1.73m?

Laskin et al. 500 mg IV Patients with 3 47.3 [24 — 79.1 [68 —
[327] infusion over malignancy and 67] 100]

60 min GFR ~89

administered 1
h after
probenecid 1 g
by mouth

mL/min/1.73m?

#Data reported as mean [range]

2.2.3 Intravenous Model Verification

The optimized IV model was verified against additional data not used in the model building

process (Table 3). This data from another study by Laskin et al. was significantly heterogeneous
from the model building datasets as it featured a dose escalation. [593] These subjects were more
senior and had modestly lower renal function, which was accounted for by adjusting the GFR in
the virtual individuals used for the simulation. Figure 2 shows a good fit for describing the
pharmacokinetics of acyclovir over increasing doses in these subjects.

Table 3. Pharmacokinetic datasets for acyclovir IV model verification

Study Dose and Cohort N Age (years)* Weight
administration (kg)?
Laskin et al. 2.5 mg/kg IV Patients with 3 69+ 10 86.2 £32.1
[593] infusion over malignancy and
60 min GFR ~55.6
mL/min/1.73m?
Laskin et al. 5 mg/kgIV Patients with 3 64 +£7 73.3+£16.5
[593] infusion over malignancy and
60 min GFR ~56.9
mL/min/1.73m?
Laskin et al. 10 mg/kg IV Patients with 4 66+9 63.7+18.5
[593] infusion over malignancy and
60 min GFR ~67.6
mL/min/1.73m?
Laskin et al. 15 mg/kg IV Patients with 3 40+ 14 65.2+3.8
[593] infusion over malignancy and
60 min GFR ~114.1

mL/min/1.73m?

aData reported as mean + SD
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2.2.4 Population Verification

A population PBPK simulation was performed to verify that the model can approximate both the
mean and the inter-individual variability in healthy individuals. In this workflow, 100 virtual
individuals are generated, and each individual represents one full body parameter set for iterative
input into the PBPK model. The resulting simulated profiles are presented in aggregate form
with arithmetic mean and standard deviation to be compared against the arithmetic mean and
standard deviation measured in a clinical trial. The observed data from 24 individuals was
extracted from Vergin et al. (Table 4). [594]

Table 4. Pharmacokinetic dataset for acyclovir IV model population verification

Study Dose and Cohort N Age (years)® Weight
administration (kg)?
Vergin et al. 250 mg IV Healthy Male 24 NR NR
[594] infusion over Volunteers
10 min

aData reported as mean [range], NR = not reported

A virtual population of 100 healthy adults was created in PK-Sim to represent the study
population from the dataset by Vergin et al. (Table 5). [289,594] Inter-individual variability in
the ‘CMMG’ enzyme reference concentration was assigned to the rough average of metabolic
enzymes in the PK-Sim database (lognormal distribution, 20% coefficient of variation). A log
normal distribution with a geometric standard deviation of 1.53 was applied to OAT3 reference
concentration. [303] Similarly the inter-individual variability in MATE reference concentration
also extracted from the proteomic data by Cheung et al. (lognormal distribution, geometric SD,
1.48). [595,596]

Table 5. Demographic parameters for the virtual population

Parameter Value
Population European (ICRP)
Number of Males 100
Number of Females 0

Minimum Maximum
Age 18 years 45 years
BMI 18 kg-m? 30 kg'm?

Figure 3 presents the simulated concentration-time profiles for the population as compared to the
observed concentrations across 24 subjects from the study by Vergin et al. [594] Visual
inspection reveals that variability is under-estimated in the first hour after administration and
over-estimated in the terminal phase.
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2.3 Discussion and Conclusion

The final acyclovir PBPK model adequately describes the pharmacokinetics of acyclovir in
virtual populations of healthy adults. The healthy model will be extrapolated to predict
pharmacokinetics in patients with renal impairment.

2.4 Figures
Acyclovir - Probenecid DDI
® ACV Alone, Plasma Concentration
100 ® ACV with Probenecid, Plasma Concentration

® ACV Alone, Fraction Excreted in Urine

10
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Figure 1. Simulation after optimization. Observed data reported as mean (circles) with standard
error of the mean (error bars) from the study by Laskin et al. [327] The solid red line represents
the simulated plasma concentration of acyclovir 500 mg administered by IV infusion over 60
minutes. The blue line represents the simulated plasma concentration of the same dose of
acyclovir when administered 1 hour after probenecid 1 g PO. The dashed red line represents the
simulated fraction of the IV dose excreted unchanged in urine (associate with the right axis).
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Acyclovir Model Verification
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Figure 2. Simulation for independent verification of the optimized IV model. Observed data
reported as mean (circles) with standard deviation (error bars) from the study by Laskin et al.
[593] The solid coloured lines represent the simulated plasma concentration at increasing doses
from 2.5 mg/kg IV to 15 mg/kg IV by infusion over 60 min.
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Vergin et al., 1995
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Figure 3. Population verification against the observed acyclovir concentrations from individuals
in the study by Vergin et al. [594] The solid line represents the simulated arithmetic mean and the
shaded region represents the simulated arithmetic standard deviation of the virtual population.
The observed data is presented as mean (circles) with arithmetic standard deviation (error bars).
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3. Building a Physiologically-Based Pharmacokinetic Model for
Ciprofloxacin in Healthy Adults

3.1 Introduction

Ciprofloxacin is a widely used fluoroquinolone antibiotic. The compound is classified as a
borderline BCS II/IV drug with moderate cellular permeability and low water solubility. The
drug achieves some penetration into peripheral tissues. After intravenous administration, plasma
concentrations decline in a biphasic manner. Ciprofloxacin is 60 — 80% unbound in plasma. The
plasma half-life is 4 — 6 hours in healthy adults. Most of the drug is excreted unchanged in the
urine (up to 70%). Net tubular secretion dominates since renal clearance exceeds the glomerular
filtration rate. Organic anion transporters (OAT3) are responsible for uptake into renal tubular
epithelium. An unknown combination of MATE-1, P-gp and BCRP transporters are likely
responsible for efflux into tubular filtrate from the apical side of the tubular epithelium.
Metabolism by CYP1A2 contributes to approximately 20% of total clearance. After intravenous
administration, 12% of a ciprofloxacin dose can be recovered unchanged in feces, suggesting an
important role of biliary excretion by presumably P-gp or BCRP transporters.

In this report, the building and verification of a PBPK model for intravenous ciprofloxacin in
healthy adults is presented. Much of the work is based on a previous PBPK model for
ciprofloxacin by Schlender et al. in 2018. [291]

3.2 Methods and Results
3.2.1 Modelling Strategy

PBPK modelling and simulation were performed using PK-Sim version 9.1. Fifteen organs and
two blood organs (= 17 compartments) were included in the standard model to represent a virtual
adult.

3.2.2 Intravenous Model Construction

The process for creating the PBPK model for a healthy adult is described here. Table 1 presents
the drug-specific parameters of ciprofloxacin and the values used for the naive model.
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Table 1. Physicochemical properties and ADME of ciprofloxacin for IV model construction

Used in naive model

Used in optimized model
[range of optimized values]

Physicochemical properties
Octanol:water coefficient
(logP)

Fraction unbound in
plasma (fu)

Molecular weight (MW)
pKa (acid)

pKa (base)

Water solubility

ADME

Partition coefficient

Cell permeability

CYP1A2 enzyme
concentration

CYP1A2 specific clearance

GFR fraction

OAT3 concentration
OAT3 Km

OAT3 Vmax

APICAL concentration
APICAL Km
APICAL Vmax

BILE concentration
BILE Km
BILE Vmax

0.95 Log Units [291]
0.67 [291]

331.30 g/mol [291]
6.09 [291]

8.62 [291]

38.4 mg/mL [291]

PK-Sim Standard [291]
PK-Sim Standard [291]
1.8 uM

0 L/min/pmol

1.0

0.0917 uM [292]
70 uM [299]

0 M/min

1 uM (fixed)
1000 uM
0 uM/min

1 uM (fixed)
1000 uM
0 uM/min

0.95 Log Units
0.67

331.30 g/mol
6.09

8.62

38.4 mg/mL

PK-Sim Standard
PK-Sim Standard
1.8 uM

0.027 L/min/pmol
[0.027 — 0.027]
1.0

0.0917 uM

70 uM

5.96 M/min
[5.60 —6.30]

1 uM

1000 uM
58.39 nM/min
[55.45 - 61.62]
1 uM

1000 uM
49.61 pM/min
[49.16 — 50.00]

Each individual was set to express intracellular CYP1A2 in liver and minimally in gonads,
kidney and lungs according to the RT-PCR data from the PK-Sim Gene Expression Database. A
first order rate of metabolism was estimated using the parameter identification tool.

The GFR fraction for a healthy individual was set to 1.0 allowing passive filtration to occur at
the maximal filtration rate (GFR x f,).

Active tubular secretion was parameterized by adding an OAT3 transporter on the basolateral
side of the kidney cells and adding a generic APICAL transporter (representing MATE1, P-gp
and BCRP) on the apical side of the kidney cells. The in vitro Michaelis-Menten constant (Km)
was available for OAT3 from a review by Momper et al. [299] The Michaelis-Menten constant
for the generic APICAL transporter (Km) was fixed to a high value of 1000 uM to enable first
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order secretion in the absence of any other data. The maximum rates of transport for each
transporter (Vmax) were optimized.

Transport by OAT3 was identified by optimizing against a drug-drug interaction (DDI) study
measuring intravenous ciprofloxacin administered with and without multiple oral administration
of probenecid, a potent OAT3 inhibitor. The model for probenecid was downloaded from the
Open Systems Pharmacology repository and can be found at: https://github.com/Open-Systems-
Pharmacology/Probenecid-Model. It has been previously validated for predicting OAT1/3-
mediated DDIs using furosemide as a model substrate. [292] Probenecid is a competitive
inhibitor of OAT3 with an in vitro inhibition constant (Kjy) of 5.41 pM. [292] In the competitive
inhibition framework, the inhibitor binds reversibly and competes with substrate for free
transporter. Inhibition constant (K) represents the dissociation constant for the transporter-
inhibitor complex. In the DDI simulation of probenecid and ciprofloxacin, the apparent
Michaelis-Menten constant for OAT3 transport (Kwm,app) Was calculated as:

I
KM,app =Ky X (1+ ?)
1

where I represents the concentration of the inhibitor, probenecid.

Biliary excretion of unchanged ciprofloxacin into feces was accomplished by adding a generic
BILE transporter on the apical side of the liver cells. This generic transporter represents the
effects of P-gp and/or BCRP. In the same way as for the generic renal transporter, the Michaelis-
Menten constant for the generic BILE transporter (Km) was fixed to a high value of 1000 uM to
enable first order secretion and the maximum rate of transport (Vmax) was optimized.
Enterohepatic recirculation was assumed not to occur.

Table 2 presents the ciprofloxacin datasets used for building the IV model, both alone and in
combination with oral probenecid. Distribution related parameter were fixed based on the work
done by Schlender et al. [291] The CYP1A2 specific clearance, the maximum rate of OAT3-
mediated transport, the maximum rate of renal APICAL transport and the maximum rate of BILE
transport were optimized using the parameter identification tool in PK-Sim. The optimization
was carried out using a Levenberg-Marquardt approach for exploring the parameter space. Ten
optimizations were run from randomized start values to assess identifiability of a unique
solution. All ten runs converged to a unique solution. The run with the lowest error was selected
as the final solution, and those values are presented in Table 1. The range of parameter values
among the solutions is also reported to assess error, which was minimal. A comparison of the
fitted IV simulation to the observed data from Jachde et al. is presented in Figure 1. [296]
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Table 2. Pharmacokinetic datasets for ciprofloxacin IV model construction

Study Dose and Cohort N Age (years)* Weight

administration (kg)*
Jaehde etal. 200 mgIV Healthy male 12 293+5.7 67.1 £11.6
[296] infusion over and female [21 —38]

30 min subjects
Jaehdeetal. 200 mglV Healthy male 12 293+£5.7 67.1 £11.6
[296] infusion over and female [21 —38]

30 min with subjects

multiple oral

administration

of probenecid

#Data reported as mean + SD [range]

3.2.3 Intravenous Model Verification

The optimized IV model was verified against additional data not used in the model building
process (Table 3). This data from Shah et al. was significantly heterogeneous from the model
building datasets as it featured multiple dose administration of ciprofloxacin at 400 mg. [330]
Figure 2 shows a good fit for describing the pharmacokinetics of ciprofloxacin after multiple
dose administration.

Table 3. Pharmacokinetic dataset for ciprofloxacin IV model verification

Study Dose and Cohort N Age Weight
administration (years)? (kg)?
Shah et al. 400 mg IV Healthy males 10 39.1[32 - 8765 —99]
[330] infusion over with normal 46]
60 min every 8 renal function
hours (GFR >90

mL/min/1.73m?)

#Data reported as mean [range]

3.2.4 Population Verification

A population PBPK simulation was performed to verify that the model can approximate both the
mean and the inter-individual variability in healthy individuals. In this workflow, 100 virtual
individuals are generated, and each individual represents one full body parameter set for iterative
input into the PBPK model. The resulting simulated profiles are presented in aggregate form
with geometric mean and 5™ — 95% prediction interval to be compared against the spread of
individual concentration-time data measured in a clinical trial. The observed data from six
individuals was extracted from Wise et al. (Table 4). [597]
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Table 4. Pharmacokinetic dataset for ciprofloxacin IV model population verification

Study Dose and Cohort N Age (years)* Weight

administration (kg)*
Wise et al. 100 mg IV Healthy male 6 29.2 23 - 78.5 [65 —
[597] injection subjects 42] 85]

#Data reported as mean [range]

A virtual population of 100 healthy adults was created in PK-Sim to represent the study
population from the dataset by Wise et al. (Table 5). [289,597] Inter-individual variability in
CYPI1A2 is defined by default in PK-Sim (‘Ontogeny/Variability like CYP1A2’). Inter-
individual variability in OAT3 reference concentration was extracted from transporter proteomic
data by Basit et al. (normal distribution, 20% coefficient of variation). [312] The APICAL and
BILE transporters were assumed to follow the inter-individual variability of P-gp/MDRI, also
extracted from the data by Basit et al. (normal distribution, 20% coefficient of variation). [312]

Table 5. Demographic parameters for the virtual population

Parameter Value
Population European (ICRP)
Number of Males 100
Number of Females 0

Minimum Maximum
Age 23 years 42 years
Height 169 cm 186 cm
Weight 65 kg 85 kg

Figure 3 presents the simulated concentration-time profiles for the population as compared to the
observed concentration for six individuals from the study by Wise et al. [597] Visual inspection
reveals that variability is under-estimated in the first hour after administration, but well-captured
thereafter.

3.3 Discussion and Conclusion

The final ciprofloxacin PBPK model adequately describes the pharmacokinetics of ciprofloxacin
in virtual populations of healthy adults receiving single and multiple intravenous doses by
injection or infusion. The healthy model will be extrapolated to predict pharmacokinetics in
patients with renal impairment.
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3.4 Figures

Ciprofloxacin - Probenecid DDI
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Figure 1. Simulation after optimization. Observed data reported as mean (circles) with standard
deviation (error bars). The solid red line represents the simulated plasma concentration of
ciprofloxacin 200 mg administered by IV infusion over 30 minutes. The solid blue line
represents the simulated plasma concentration of the same dose of ciprofloxacin when given
together with multiple oral administration of probenecid. The dashed lines represent the
simulated fraction of the IV dose excreted unchanged in urine (associate with the right axis).
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Shah et al., 1996
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Figure 2. Simulation for independent verification of the optimized IV model. Observed data

reported as mean (circles). The solid red line represents the simulated plasma concentration after
multiple dose administration of ciprofloxacin 400 mg IV.
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Figure 3. Population verification against the observed ciprofloxacin concentrations from
individuals in the study by Wise et al. [597] The solid line represents the simulated geometric
mean and the shaded region represents the simulated 5™ and 95" percentile range of the virtual
population. The observed data from individuals is presented as coloured circles.
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4. Clinical Studies Incorporated in the CKD-PBPK Model Validation

4.1 Ciprofloxacin
Table 1. Ciprofloxacin pharmacokinetic studies in CKD used for CKD-PBPK model validation.

Study Dose Route N Age(y) Weight Female GFR Ethnicity
[range] (kg) [%e] (mL/min)
[range] [range]
Drusano 200mg IV 11 43.6 75.9 9 39.84 NR
et al. [329] [24-62] [51.3- [13.33-
97.7] 56.67]
Drusano 200mg IV 8§ 455 68.9 0 IHD NR
et al. [329] [33-55] [59.6-
85.5]
Shahetal. 400mg IV 11 63 81.1 55 44.8 NR
[330] every [32-64] [61- [31.3-
12 119] 59.9]
hours
Shah etal. 300mg IV 10 51.7 76.9 60 14.5 NR
[330] every [32-64] [56-98] [4.8-24.1]
12
hours

Data presented as mean [range]
GFR; glomerular filtration rate, 1V, intravenous, IHD, intermittent hemodialysis, kg; kilograms,
mL; millilitres, min, minutes, NR; not reported, y, years.

4.2 Acyclovir
Table 2. Acyclovir pharmacokinetic studies in CKD used for CKD-PBPK model validation.
Study Dose Route N Age = SD Weight Female GFR Ethnicity
) [range] [%] (mL/min)
[range]
Laskiner 2.5 v 6 46 57.5 33 IHD NR
al. [336] mg/kg [30-72] [48-74]

Data presented as mean+SD [range]
GFR; glomerular filtration rate, 1V, intravenous, IHD, intermittent hemodialysis, kg; kilograms,
mL,; millilitres, min, minutes, SD, standard deviation, y, years.
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4.3 Meropenem
Table 3. Meropenem pharmacokinetic studies in CKD used for CKD-PBPK model validation.

Study Dose Route N Age+SD Weight+ Female GFR Ethnicity
) SD [%e] SD
[range] (kg) (mL/min)
[range] [range]
Chimata et al. [331] 500 v 4 5425 64.75 25 34.13 NR
mg [48-61] [43-85] [32-37.3]
Chimata et al. [331] 500 v 5 64.60 54 60 12.08 NR
mg [46-76] [50-58] [4.3-21.5]
Christensson et al. 500 v 5 47£19.1 84+9.3 0 34+£11.8 NR
[332] mg [18-68]
Christensson et al. 500 v 7 53£11.2 76+12.4 29 17+8 NR
[332] mg [35-66]
Christensson et al. 500 v 5 37+5.3 67+18.7 60 IHD NR
[332] mg [32-45]
Leroy et al. [333] 500 v 10 52.2+13.3 67+8.0 NR 50.3x16.7 NR
mg [30-80]
Leroy et al. [333] 500 v 10 513143 64.4+8.5 NR 12.7£6.6 NR
mg [2-30]
Leroy et al. [333] 500 v 6 59.2+5.1 58.7£8.0 NR IHD NR
mg

Data presented as mean+SD [range]
GFR; glomerular filtration rate, 1V, intravenous, IHD, intermittent hemodialysis, kg; kilograms,
mL,; millilitres, min, minutes, NR; not reported, SD; standard deviation, y; years.

4.4 Furosemide
Table 4. Furosemide pharmacokinetic studies in CKD used for CKD-PBPK model validation.

Study Dose Route N Age (y) Weight Female GFR = SD Ethnicity
[range] (kg) [%o] (mL/min)
[range] [range]
Gladziwa 120mg IV 10 54.8 69.7 20 16.7+£5.5 NR
et al. [334] [31-69] [55-82] [7-27]
Rane etal. 80 mg v 6 [40-55] 81.6+6.4 NR 11+£1 NR
[335]

Data presented as mean+SD [range]
GFR; glomerular filtration rate, 1V, intravenous, kg, kilograms, NR; not reported, mL,
millilitres, min, minutes, SD, standard deviation, y, years.
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5. Chapter 3 Appendix Figures
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Figure 1. Predicted vs. observed plasma concentrations for all chronic kidney disease
physiologically-based pharmacokinetic (CKD-PBPK) simulations. Dashed line represents 1.5-
fold error.

ESRD:; end stage renal disease.
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Figure 2. Simulated chronic kidney disease physiologically-based pharmacokinetic (CKD-
PBPK) plasma concentration-time profiles of acyclovir compared to observed data for end stage
renal disease on intermittent hemodialysis. Individual data presented as circles corresponding to
each respective individual included within Laskin ef al. [336] The red line represents the
simulated mean concentration-time profile facilitated by the population CKD-PBPK model in
PK-Sim * the 90" prediction interval (shaded region). Details on dosing regimen and study
population may be found in the Appendix B4.2.

h; hours, uM; micromolar.
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Appendix C

Supplementary Material for Chapter 4

1. Supplementary Figures
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Figure 1. Percent anakinra remaining in plasma and standard control for each circuit run via
A)hemofiltration (CVVH), B)hemodialysis (CVVHD) and C)hemodiafiltration (CVVHDF). Due to
incomplete mixing of circuit #1 for CVVH, percent recovery of anakinra in plasma was determined at t =
15 minutes. Percent recovery in plasma was analyzed at t = 5 minutes for subsequent modalities of CRRT
(CVVHD, CVVHDF).
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Figure 2. Average concentration of anakinra in plasma and hemofiltrate/dialysate over time. Standard
deviation shown as error bars. Anakinra concentrations are presented for each CRRT modality: A) CVVH,
B) CVVHD, C) CVVHDF. Graphical illustration transformed to logarithmic scale to aid in visual
inspection.
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2. Supplementary Tables

Table 1. Concentrations of key components within the CRRT circuit solution.

CVVHDF
Sample pH pCO2 pO2 HCO3 Na K Hgb HCT
[7.35- (mmHg) (mmHg) (mmol/L) (mEqg/L) (mEqg/L) (g/L) [0.31-
7.45] [30-40] [80-100] [18-26] [135-145] [3.5-5] [113-141] 0.41]
0 7.3240.05 34.13+4.16  44.33+£2.31 17.57£2.14 134.33+1.15 9 96.33+£16.26  0.28+0.05
5 7.37+0.07 50.1+10.05 84.67+£22.59  28.63£1.25 139.674£0.58 4.63+0.16 108.67+24.68 0.32+0.07
6 7.43£0.15 48.6£12.76 124.33+16.19 30.4+0.75  140.33£0.58 3.97+£0.06 107.33+£27.65 0.32+0.08
7 7.45+£0.14 46.23+15.10 149.67+£7.23  30.83+£0.06 139.67+£0.58 3.87+0.12 105.33+26.63 0.31+0.08
8 7.49+0.13  42.57+£12.97 150.6749.07  31.27+0.45 140+1.0 3.7740.12  1034+28.62 0.30+0.08
CVVH
0 7.21£0.11 37.17£13.36  38.67+2.08 144246  132.33£1.53 9 110£11.53 0.33+0.04
5 7.26£0.07 61.47+12.76 71+36.04 27.4+1.87 138+1.73 5.27+£0.29 108.67+£9.07 0.32+0.03
6 7.28+0.16 66.27+24.57 94.67+48.95  29.6+1.82  138.67+1.15 4.1£0.10  110+5.57 0.32+0.02
7 7.36+£0.22 59.87£27.98 115.33+53.15 31+£2.10 139+1.73 3.87£0.06  109+7 0.32+0.02
8 7.33£0.11  62.9£16.18 135.33432.47  32.7340.59 138.33+£0.58 3.8 106.67+10.78  0.32+0.03
CVVHD
0 7.30+£0.11  37.6+£9.35 53+23.89 18.443.33  137+2.65 8.2+0.98  85+12.12 0.25+0.04
5 7.25£0.12  69.53+£19.62  109.33+£52.84 29.47+1.02 139+1 4.47+0.32 86+8.5 0.25+0.03
6 7.26+0.1 71.53+17.09 122+51.16 31.5%1.15 138.33+0.58 3.97+0.06 86+7.21 0.24+0.03
7 7.18+£0.17 85.67429.76  133.33+40.82 30.63+£0.46 138 3.8 8.73+5.1 0.26+0.02
8 7.23£0.13  77.9+£22.87 144+23.64 31.93+1.10 138.33+0.58 3.8 86+7.21 0.25+0.03

Data presented as mean =+ standard deviation.
Normal reference range values inserted within brackets.

CVVH; continuous veno-venous hemofiltration, CVVHD; continuous veno-venous hemodialysis,

CVVHDF; continuous veno-venous hemodiafiltration, HCT; hematocrit, HCO3, bicarbonate, Hgb,
hemoglobin, K; potassium, mEq/L,; milliequivalent per litre, mm/Kg; millimetres of mercury, mmol/L;
millimoles per litre; Na; sodium, pCO2; partial pressure of carbon dioxide, PO2; partial pressure of

oxygen.

Table 2. Anakinra sieving coefficient/dialysate saturation constant determined through each CRRT
modality. Data presented as mean, standard deviation and range.

CRRT Modality Sieving/Saturation Standard Deviation Range
Coefficient

CVVH 0.37 0.12 0.21-0.79

CVVHD 0.41 0.12 0.1-0.63

CVVHDF 0.34 0.14 0.06 —0.72

CVVH; continuous veno-venous hemofiltration, CVVHD, continuous veno-venous hemodialysis,

CVVHDF; continuous veno-venous hemodiafiltration.
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Table 3. Estimated anakinra transmembrane clearance for each CRRT modality. Data presented as mean,
standard deviation and range.

CRRT Modality Transmembrane Standard Deviation Range
Clearance (mL/min) (mL/min) (mL/min)
CVVH 3.94 0.86 2.46 —5.96
CVVHD 5.53 1.67 1.34-8.34
CVVHDF 4.99 1.58 2.39-9.54

CVVH; continuous veno-venous hemofiltration, CVVHD; continuous veno-venous hemodialysis,
CVVHDEF; continuous veno-venous hemodiafiltration, mL,; millilitres, min, minutes.

Table 4. Anakinra concentrations obtained within the ex-vivo CRRT analysis.

Time Mean Plasma Mean Hemofiltrate Mean Control
Concentration + SD Concentration = SD Concentration + SD
(ng/mL) (pg/mL) (ng/mL)
CVVHDF
1 min 0.039+0.03 0.094+0.06 58.81+30.87
5 min 144.95+134.29 12.87+5.51 59.66+29.17
15 min 43.01+29.63 18.69+9.01 63.154+32.44
30 min 27.72+13.78 11.90+5.52 64.40+37.51
1h 12.37+5.74 5.04+2.06 58.73428.88
2h 4.07+0.82 1.37+0.13 57.84427.94
3h 1.66+0.17 0.48+0.09 59.634+30.69
4h 0.93+0.12 0.23+0.06 57.43429.83
Time CVVH
1 min 0.07+0.03 0.102+0.05 53.9+15.25
5 min 31.23+£14.91 12.34+2.05 51.3£12.90
15 min 29.78+10.89 11.83+£3.16 49.84+10.16
30 min 21.93+6.54 8.32+2.24 50.2+£10.94
1h 12.19+£2.26 4.84+1.11 45.54+12.10
2h 5.13+0.87 1.79+0.23 51.8+13.57
3h 2.72+0.28 0.75+0.15 44.84+12.20
4h 1.49+0.14 0.37+0.07 46.84+13.58
Time CVVHD
1 min 0.003+0.006 0.02+0.03 34.92
5 min 30.66+9.22 12.42+3.77 40.22
15 min 21.38+4.70 12.43+3.76 37.12
30 min 14.76+2.06 7.40+£1.53 34.62
1h 8.94+1.83 4.15+0.94 38.22
2h 2.79+0.58 1.17+0.26 31.82
3h 1.05+0.30 0.325+0.12 27.7°
4h 0.47+0.13 0.12+0.07 27.42

*Due to negligible drug degradation, analysis of control anakinra concentrations for circuit 2 and 3 of
CVVHD were not conducted.

CVVH; continuous veno-venous hemofiltration, CVVHD; continuous veno-venous hemodialysis,
CVVHDEF; continuous veno-venous hemodiafiltration, h; hours, min, minutes, SD; standard deviation,
ug/mL; microgram per mililitre.
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Appendix D

Supplementary Material for Chapter 5

1. Supplementary Figures
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Figure 1. Percent cefazolin remaining in plasma and standard control for each circuit run within
a closed-loop CVVHDF ex-vivo circuit. Percent cefazolin remaining in plasma and control was
analyzed at time = 5 minutes.
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Figure 2. Average concentration of cefazolin in plasma and hemofiltrate over time within a
closed-loop CVVHDF ex-vivo circuit. Standard deviation shown as error bars.
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2. Supplementary Tables

Table 1.0 Concentrations of key components within the CRRT circuit solution.

Sample pH pCO2 p0O2 HCO3 Na K Hgb HCT
[7.35- (mmHg) (mmHg) (mmol/L) (mEq/L) (mEq/L) (g/L) [0.31-
7.45] [30-40] [80-100] [18-26] [135-145] [3.5-5] [113-141] 0.41]

0 7.38+ 35274843 52.33+£34.36 20.743.59 137.67£1.5 9 90.33+4.04 0.27+0.0
0.08 3 1

5 741+ 47.13£15.2 93.67+48.01 28.77+2.4 140+1.0 4.77£0.1 100.67+£5.1  0.30+0.0
0.11 1 9 5 3 2

6 742+  48.53420.5 115.33£35.4 30.741.76  140+1.0 3.97£0.0 99.67+4.04 0.29+0.0
0.17 2 7 6 1

7 7.46+ 47342348 134.67+19.1 30.67+0.1 140+1.0 3.8 98.67£3.51  0.29+0.0
0.20 4 5 1

8 747+ 48.43+26.3 147.67+10.7 32.47+1.0 138.33£2.1 3.8 99 0.29
0.22 0 9

Data presented as mean =+ standard deviation.
Normal reference range values inserted within the brackets.
HCT; hematocrit, HCO3, bicarbonate, Hgb, hemoglobin, K; potassium, mEq/L; milliequivalent
per litre, mm/Kg,; millimetres of mercury, mmol/L; millimoles per litre; Na; sodium, pCO2;

partial pressure of carbon dioxide, PO2; partial pressure of oxygen.

Table 2.0 Cefazolin concentrations obtained within the ex-vivo CRRT analysis.

Time Mean Plasma Mean Hemofiltrate = Mean Control
Concentration £ SD Concentration = SD  Concentration £ SD
(ug/mL) (ng/mL) (ng/mL)
CVVHDF

1 min <LLOQ 29.5+17.03 314.33+36.67

5 min 280+46.81 112.83+46.26 327.334+55.52

15 min 173+7.55 72.53+4.45 309.67+28.29

30 min 130.33+22.51 52.83+2.20 3154+41.21

1h 110.33+£5.77 32.33+0.81 298+40.95

2h 66.27+5.96 15.23+0.73 312+37.72

3h 44.12+5.05 8.8340.60 300+36.50

4h 28.20+3.38 5.31+0.20 299.67+34.12

CVVHDF; continuous veno-venous hemodiafiltration, LLOQ, lower limit of quantification h;
hours, min, minutes, SD; standard deviation, ug/mL,; microgram per millilitre.
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Appendix E

Supplementary Material for Chapter 6

1. Building a PBPK Model for Intravenous Anakinra in Healthy Adults

1.1 Introduction

Anakinra is a recombinant, non-glycosylated version of the human interleukin-1 (IL-1)
receptor antagonist that competitively inhibits the binding of IL-1.[377] Anakinra has been
approved for use for indications of rheumatoid arthritis and neonatal-onset multisystem
inflammatory disease. [375,376] Additionally, anakinra has been used off-label for management
of cytokine release syndrome secondary to hemophagocytic lymphohistiocytosis (HLH) or
chimeric antigen receptor (CAR) T-cell therapy, [380—385] sepsis [389—392] and subarachnoid
hemorrhage. [401,402]

Due to the molecular size (17.3 kDa), it can be filtered at the glomerulus and the kidney
is responsible for approximately 80% of total clearance. [386,388] Furthermore, pharmacokinetic
(PK) studies support the impact of renal clearance on total clearance. [386] Based upon the
investigations by Yang et al. [386] in subjects with chronic kidney disease (CKD), it was
demonstrated that in the absence of glomerular filtration (CrCL = 0) a non-renal clearance was
present. Although a mechanism for non-renal clearance has yet to be defined, it has been
suggested in mass-balance rat studies that the liver may be another clearing organ. [388] Due to
the negligible amount of unchanged drug found in urine, [388] it has been suggested that
anakinra may be subsequently reabsorbed from the proximal tubule after glomerular filtration

and undergo proteolysis. [386,598-601]

In this report, the building and verification of a PBPK model for intravenous anakinra in
healthy adults is presented. The anakinra model incorporated the large, molecule two-pore model
structure implemented in PK-Sim. [451] An alternate anakinra PBPK model was constructed by
Pan et al., [454] which included a slightly different interpretation of the data that deserves

reading.
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1.2. Methods and Results

1.2.1 Modelling Strategy

PBPK modelling and simulation were performed using PK-Sim version 11.0. Fifteen
organs and two blood compartments were included in the large molecule, two-pore model

structure to represent a virtual adult. [451]

1.2.2 Intravenous Model Construction

The process for developing the anakinra PBPK model in healthy adults is described here.

Table 1.0 presents the drug-specific parameters for anakinra used within the final model.

Table 1.0. Drug specific parameters and ADME of anakinra for [V model development.

Used in naive model Used in optimized model
[range of optimized values]

Drug Specific Parameters

Molecule Weight (kDa) 17.3 17.3
Hydrodynamic Radius (nm) 2.16 [452,453] 2.16 [452,453]
Compound Type Protein Protein
ADME

GFR Fraction 1 0.45
Non-renal clearance (1/min) 0 52.66

[29.65 — 68.45]

kDa; kilodaltons, nm; naometres, min; minutes.

For the purpose of the anakinra PBPK model, Organ-specific partition coefficients were
calculated with the PK-Sim standard, Schmitt, or the Rodgers and Rowland algorithms. [305—
307] To account for possible reabsorption within the proximal tubule, an input for the fraction of

tubular reabsorption is required. PK-Sim calculates the glomerular filtration fraction as follows

(Eq.1):
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Eq.1

] ) ] Empiric Renal Clearance
Glomerular Filtration Fraction =

Expected Renal Clearance
Where empiric renal clearance equals the renal plasma clearance in the literature and the
expected renal clearance is the clearance expected in the absence of any reabsorption. As limited

data was available to assess renal plasma clearance in humans, the glomerular filtration fraction

was optimized.

To account for the potential non-renal clearance pathways, non-specific metabolism (non-renal
clearance; CLnr) was incorporated within the liver and kidney, a method that has been applied
previously. [454] Both CLNR and glomerular filtration fraction were optimized based upon
observed data using the Monte-Carlo method to search the parameter space. The optimized
model was then used to generate population predictions of concentration vs. time profiles of
virtual populations (n=1000) to be evaluated within independent data sets not used in the model

building process. Table 2.0 presents the data sets incorporated for model development.

Table 2.0 Pharmacokinetic datasets of intravenous anakinra for model construction.

Reference Ethnicity Dose and N Age (years) Weight Height
Administration (male/female) (kg) (cm)
Yang et al American 1 mgkglIVas 12 27 82 177
[386] a 1-minute (12/0) [19-347]° [62-921°  [169-
infusion® 1831°
Yang et al American 1 mg/kglIVas 8 48.4+12.3 66.3£13.2 161.4+£8.9
[387] a 1-minute (2/6)
infusion®

cm; centimetres, I'V; intravenous, kg; kilograms
# Administered as a single dose

b Data presented as median [range]

¢ Data presented as mean =+ standard deviation

A comparison of the fitted IV simulation to the observed data is presented in Figure 1.0.

1.2.3 Intravenous Model Evaluation

Verification of model accuracy was conducted using the average fold error (AFE; bias)
and absolute average fold error (AAFE; precision) for the anakinra simulations. Acceptance was
confirmed if AFE <30% (0.7-1.3) and AAFE <2 for simulated drug concentrations.
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12-1 (predictedi)
AFE = 10N~ 08 observed;

Eq. 3

predictedi)

1
n2i|log ( observed;

AAFE =10

Where predicted; and observed; correspond to predicted and observed plasma concentrations
respectively. For data sets including individual patient samples, inter-individual variability in the
population simulation was accepted if > 80% of observed concentrations fall within the

generated prediction interval (5" to 95™).

1.2.4 Intravenous Model Verification

The optimized IV model was validated against independent data not used within the
model building process (Table 3.0). This data was obtained from the study by Granowitz ef al.
[474] which include a dose escalation and multiple dose analysis. Figure 2.0 illustrates good
model performance on the visual predictive check over each dose escalation. All simulations met
the predefined model acceptance criteria of AFE and AAFE, expect for those virtual individuals

receiving anakinra IV 3 mg/kg as the AFE was slightly greater (Table 4.0).
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Table 3.0 Pharmacokinetic datasets of intravenous anakinra for model verification.

Reference  Ethnicity Dose and N Age Weight  Height
Administration (male/female) (years) (kg) (cm)
(N)? [range] [range] [range]

Granowitz American 1 mgkgIV(3) 29 [18-30] NR® NR®

et al. [474] 2 mg/kg IV (6) (29/0)

3 mg/kg IV (4)
5 mg/kg IV (4)
7 mg/kg IV (4)
10 mg/kg IV (4)

cm; centimetres, ['V; intravenous, kg; kilograms; NR, not reported

# Anakinra administered as a 3-hour intravenous infusion

® Data not reported by study authors therefore population means as produced by PK-Sim were
incorporated

Table 4.0. Anakinra IV PBPK Model Evaluation

Reference Dose Average Fold Error  Absolute Average
Fold Error

1 mg/kg IV 0.97 1.19

2 mg/kg IV 1.28 1.38

Granowitz et al. 3 mg/kg IV 1.54 1.67
[474] 5 mg/kg IV 1.06 1.22

7 mg/kg IV 1.04 1.32

10 mg/kg IV 1.14 1.28

1.2.5 Population Verification

A population PBPK simulation was performed to ensure that the model can approximate
the mean and inter-individual variability in healthy individuals. In this workflow, 1000 virtual
individuals were generated. Each individual represents one full body parameter set for iterative
input into the PBPK model. Data sets used for population PBPK model evaluation may be found
in Table 5.0.
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Table 5.0. Pharmacokinetic datasets for intravenous anakinra model population verification.

Reference Ethnicity Dose and N Age Weight Height
Administration (male/female) (years) (kg) (cm)
[range]

Galea et al European 1) 100 mg IV 25 (17/28) 53¢ 732 NR
[402] bolus followed [37-76] [58-110]

by 4 mg/kg/h

infusion

2) 200 mg IV
bolus followed
by 2 mg/kg/h
infusion

3) 300 mg IV
bolus followed
by 2 mg/kg/h
infusion

4) 400 mg IV
bolus followed
by 6 mg/kg/h
infusion

5) 500 mg IV
bolus followed
by 10 mg/kg/h

Gueorguieva European 100 mgIV 8 512 70% NR
et al [401] bolus followed  (6/2) [39-69] [64-150]

by 2 mg/kg/h

infusion

cm; centimetres, ['V; intravenous, kg; kilograms; NR, not reported
 Data reported as mean [range]

Figure 3.0 and Figure 4.0 present the simulated concentration time profiles for the populations
as compared to the observed concentrations from the studies by Galea et al. [402] and
Gueorguieva et al., [401] respectively. Each simulation fell outside model acceptance criteria, as
68% and 70% of observed concentrations fell within the 5th to 95th prediction interval,
respectively. As these patients received anakinra in the acute care setting after experiencing
subarachnoid hemorrhage, over prediction in drug clearance may have limited successful
predictions. No information pertaining to patient clinical status was reported. Therefore, despite

not predicting >80% of observed concentrations, the population PBPK model was able to predict
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a majority of the observed values upon different dosing strategies in a highly complex patient

population.
1.3. Figures
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Figure 1.0. Simulation after optimization. Observed data reported as mean (circles) with
standard error of the mean (error bars) from the studies conducted by Yang et al. [386] (A) and
Yang et al. [387] (B). The solid red and blue lines represent the simulated plasma concentrations
of anakinra IV 100 mg in a virtual individual representing the average demographics of study
participants.

h; hour, ng/ml; nanogram per mililitre.
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Figure 2.0. Anakinra IV PBPK model verification to observed concentrations from individuals
in the study by Granowitz et al. [474] The solid line represents the average concentration vs.
time profile of the virtual population while the observed data is presented as mean (circles) with
standard deviation (error bars).
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Figure 3.0. Population verification against the observed anakinra concentrations from
individuals within the study by Galea ef al. [402] The solid line represents the simulated
arithmetic mean and the shaded region represents the simulated 5™ to 95™ prediction interval.
Observed concentrations are presented as circles. Within this study five dosing regimens were
administered: A) 100 mg IV bolus followed by 4 mg/kg/h infusion, B) 200 mg I'V bolus followed
by 2 mg/kg/h infusion, C) 300 mg IV bolus followed by 2 mg/kg/h infusion, D) 400 mg IV bolus
followed by 6 mg/kg/h infusion, E) 500 mg IV bolus followed by a 10 mg/kg/h infusion.

h; hour, ng/mL; nanogram per mililitre.
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Figure 4.0. Population verification of the observed anakinra concentrations from individuals
within the study by Gueorguieva et al. [401] The solid line represents the simulated arithmetic
mean and the shaded region represents the simulated 5™ to 95" prediction interval of the virtual
population. The observed data from study individuals is presented as circles.
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2. Building a PBPK Model for Subcutaneous Anakinra in Healthy Adults

2.1 Introduction

As anakinra is approved for us as a subcutaneous (SC) dose, a semi-mechanistic SC-
PBPK model was developed. PBPK models representing SC dose administration have been
previously constructed, [452,454-456,460] that include different levels of complexity. The
purpose of developing a semi-mechanistic SC-PBPK model for anakinra was to carry forth this

dosing strategy to be incorporated within the full ECLS-PBPK model.

2.2 Methods and Results

2.2.1 Modelling Strategy
PBPK modelling and simulation was performed using PK-Sim version 11.0. To account

for SC dosing, the bioavailable dose (Dose x F) was applied as an IV administration to the
interstitial compartment of the skin. This semi-mechanistic strategy enables anakinra to move to
the lymph and blood by convection and diffusion. A similar modelling approach has been applied
previously [454,460]. Variability in bioavailability (F) has been shown for anakinra in healthy
adults, ranging from approximately 70-95%.[386,387] As such, bioavailability of anakinra was
set to 0.8, while the half-life (t }2) of drug release was optimized based upon the data by Yang et
al.[387] Parameters previously determined in the IV adult PBPK model remained fixed (Table
1.0)

2.2.2 Subcutaneous Model Construction
Data used to construct the anakinra SC-PBPK model was obtained from Yang et al. [387]

A virtual individual corresponding to mean demographics of study participants was constructed
for model development. Demographics corresponding to study participants may be found in
Table 2.0. Half-life of drug release within the interstitial compartment of the skin was optimized
upon the observed data set. The optimization incorporated the Monte-Carlo approach to explore
the parameter space. Multiple optimization runs (6 to 10) were performed to confirm
identifiability of an unique solution. The run with the lowest error was selected as the final

solution as presented in Table 1.0. The optimized SC-PBPK model may be found in Figure 1.0.
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Table 1.0. Drug specific parameters and ADME of anakinra for subcutaneous model
development.

Used in naive model Used in optimized model
[range of optimized values]

Drug Specific Parameters

Molecule Weight (kDa) 17.3 17.3
Hydrodynamic Radius (nm) 2.16 [452,453] 2.16 [452,453]
Compound Type Protein Protein
Bioavailability (F) 0.8 0.8

Half-life of drug release 0 212.07

(min) [212.04-212.11]
ADME

GFR Fraction 1 0.45

Non-renal clearance (1/min) 0 52.66

[29.65 — 68.45]

kDa; kilodaltons, nm; nanometres, min; minutes.

Table 2.0 Pharmacokinetic datasets of subcutaneous anakinra for model construction.

Reference Ethnicity Dose and N Age Weight  Height
Administration (male/female) (years) (kg) (cm)

Yang et al American 100 mg SC? 8 48.4 66.3 161.4

[387] (2/6) [12.31° [13.2]° [8.9]°

cm; centimetres, kg; kilograms; SC; subcutaneous
# Administered as a single dose
® Data presented as mean [standard deviation]

2.2.3 Subcutaneous Model Evaluation
Verification of model accuracy was conducted using the average fold error (AFE; bias) and

absolute average fold error (AAFE; precision) for the anakinra simulations. Acceptance was

confirmed if AFE <30% (0.7-1.3) and AAFE <2 for simulated drug concentrations.

Eq. 1

1 1 (predictedi)
AFE = 10N21 08 observed;

Eq. 2
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predictedi)
log (observedi

R
AAFE = 10V*

Where predicted; and observed; correspond to predicted and observed plasma concentrations
respectively. As Yang et al. [386] report relevant PK parameters, model predicted maximum
concentrations (Cmax), time to maximum concentration (tmax) and area-under the concentration
time curve extrapolated to infinity (AUC.) were compared. A fold-error of <2 (Eq.3) was

considered reasonable predictions.

Eq.3

Predicted
Fold — Error = PKparameter

ObservedPKparameter

2.2.4 Subcutaneous Model Verification

The semi-mechanistic SC anakinra PBPK model was validated against independent data
not used within the model building process. (Table 3.0.) A virtual population (n=1000)
individuals was created with corresponding demographics of study participants in the study by
Yang et al. [386] Each individual represents one full body parameter set for iterative input into
the PBPK model. Figure 2.0 illustrates reasonable model performance based upon the visual
predictive check upon administration of a single SC anakinra dose of 100 mg. The constructed
PBPK model overpredicted Cmax in the study participants from Yang et al. [386], which is likely
contributed to variability seen in bioavailability and absorption. This is evident in vastly different
mean average Cmax values between the two studies (1326 ng/mL vs. 773 ng/mL). However,
despite the over prediction in both Cyax and AUC., each PK parameter fell within a two-fold
error (Table 4.0). The final anakinra SC-PBPK model was then carried forth for predictions in

the pediatric population.
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Table 3.0 Pharmacokinetic datasets of subcutaneous anakinra for model construction.

Reference Ethnicity Dose and N Age Weight  Height
Administration (male/female) (years) (kg) (cm)
Yang et al American 100 mg SC? 6 46 72 166
[386] (3/3) [36-54]>  [64-84]° [163-
181]°

cm; centimetres, kg; kilograms; SC; subcutaneous
# Administered as a single dose
b Data presented as median [range]

Table 4.0 Anakinra SC PBPK Model Evaluation

Reference Dose Average Fold Error  Absolute Average
Fold Error
Yang et al. [386] 100 mg 1.30 1.62

Table 5.0 Anakinra SC PBPK Model Predictions of Pharmacokinetic Parameters

Reference Predicted Observed Predicted Observed Predicted Observed

Cmax Cmax tmax tmax AUCOO AUCOO

(ng/mL) (ng/mL)? (h) (h)? (ng-h/mL) (ng-h/mL)
Yang etal. 1491.89 773 (121) 2.5 5.24 (0.45) 13052.32 10200
[386] (2080)

 Data presented as mean (standard deviation)
Bolded regions indicated failed predictions
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2.3 Figures
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Figure 1.0 Simulation after optimization. Observed data reported as mean (circles) from study
participants from Yang et al. [**’] The solid blue line represents the simulated plasma
concentrations of anakinra SC 100 mg in a virtual individual representing the average
demographics of study participants.

h; hour, ng/ml; nanogram per mililitre.
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Figure 2.0 Population verification against the observed anakinra concentrations upon
administration of a single 100 mg subcutaneous dose in individuals within the study by Yang et
al. [386] The solid line represents the simulated arithmetic mean and the shaded region
represents the simulated standard deviation. Observed concentrations are presented as circles
(mean) with standard deviation (error bars).

h; hour, ng/mL,; nanogram per mililitre.
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3. Building a PBPK Model for Anakinra in Adults with Chronic Kidney
Disease

3.1 Introduction

Anakinra is currently approved for subcutaneous (SC) administration and requires dosing
adjustments based upon renal dysfunction. [386] In the pharmacokinetic study by Yang et al. it
was concluded that in patients with a creatinine clearance (CrCL) less than 30 mL/min that doses
should be administered every other day. The purpose of this semi-mechanistic PBPK modelling
approach of subcutaneous anakinra in those with chronic kidney disease was to gain information
regarding the impact of renal function on both renal clearance (CLr) and non-renal clearance
(CLxr). These results were carried forth within the dosing strategies of the full ECLS-PBPK

model.

3.2 Methods and Results

3.2.1 Modelling Strategy

PBPK modelling and simulation was performed using PK-Sim version 11.0. Similar to ESM
2, to account for SC dosing of anakinra, the bioavailable dose (Dose x F) was applied as an
intravenous administration to the interstitial compartment of the skin. Renal clearance is
estimated to account for approximately 80% of total clearance. Therefore, to assess the impact of
kidney impairment on anakinra PK, PBPK simulations were conducted in each stage of chronic
kidney disease (CKD). Parameters previously determined in the healthy adult IV and SC
anakinra PBPK remained fixed (Table 1.0).

3.2.2 CKD PBPK Model Construction

Population CKD PBPK models were carried forth with modifications to account for systemic
changes in whole-body anatomy and physiology such as glomerular filtration (GFR), kidney
volume, renal perfusion, and hematocrit. The previously validated CKD-PBPK population by

Malik et al. [284] was used for anakinra model assessments. It has been hypothesized that the
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renal proteolysis of therapeutic proteins decreases in parallel to GFR. [®?] However, recent
efforts have tried to quantify this relationship and indicate a potential non-linear decline in
clearance of therapeutic proteins in end-stage renal disease. Further complicating this matter,
animal studies have identified the liver as a possible clearing organ. [388] It is currently
unknown how the impacts of disease progression in CKD impacts proteolytic degradation of
anakinra in other organ sites. To account for such decline in proteolysis, a middle-out approach
was applied to match observed clearance (CL/F) across each stage of CKD in participants in the

pharmacokinetic study by Yang et al. [386]

The bioavailability upon SC administration of large molecule compounds in advanced stages
of CKD has been shown to be significantly reduced. [458,459] Furthermore, the absolute
bioavailability determined in the study by Yang ef al. for anakinra in patients with ESRD was
0.5. [386] No further assessments of absolute bioavailability could be made for CKD stages mild
to moderate. Therefore, in the CKD simulations it was assumed the absolute bioavailability for
CKD stages mild and moderate was consistent with healthy individuals (F=0.8), while an
absolute bioavailability of 0.5 was applied to severe CKD dosing simulations. Demographics of

study participants used for model construction may be found in Table 2.0.

328



Table 1.0. Drug specific parameters and ADME of anakinra for subcutaneous model
development.

Used in healthy model Used in chronic kidney
disease model

Drug Specific Parameters

Molecule Weight (kDa) 17.3 17.3
Hydrodynamic Radius (nm) 2.16 [452,453] 2.16 [452,453]
Compound Type Protein Protein
Bioavailability (F) 0.8 0.8%
0.5
Half-life of drug release 0 212.07
(min)
ADME
GFR Fraction 0.45 0.45
Non-renal clearance (1/min) 52.66 Mild: 0.11
Moderate: 0.04
Severe: 0.01

# absolute bioavailability applied to mild and moderate chronic kidney disease
b absolute bioavailability applied to severe chronic kidney disease
kDa; kilodaltons, nm; naometres, min; minutes.

Table 2.0 Pharmacokinetic datasets for the chronic kidney disease anakinra model construction.

Reference CKD Dose and N Age Weight  Height
Stage Administration (male/female) (years) (kg) (cm)
Mild 100 mg SC? 6 49 87 180
(5/1) [41-68]° [54-1001° [174-
1857°
Yang et af Moderate 100 mg SC? 6 68 92 171
[386] (3/3) [51-79]° [73-105]° [160-
1781°
Severe 100 mg SC? 6 66 81 173
(4/2) [45-76]°  [60-105]° [159-
1751°

CKD; chronic kidney disease, cm; centimetres, kg; kilograms; SC; subcutaneous
# Administered as a single dose
® Data presented as mean [standard deviation]
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3.2.3 CKD PBPK Model Evaluation

Verification of model accuracy was conducted using the average fold error (AFE; bias) and
absolute average fold error (AAFE; precision) for the anakinra simulations. Acceptance was

confirmed if AFE <30% (0.7-1.3) and AAFE <2 for simulated drug concentrations.

Eq. 1

lz-l (predictedi)
AFE = 10N~ 08 observed;

Eq. 2

1
N i

predictedi)
log (observedi

AAFE =10

Where predicted; and observed; correspond to predicted and observed plasma concentrations
respectively. As Yang et al. [386] report relevant PK parameters, model predicted maximum
concentrations (Cmax), time to maximum concentration (tmax) and area-under the concentration
time curve extrapolated to infinity (AUC.) were compared. A fold-error of <2 (Eq.3) was

considered reasonable predictions.

Eq.3

Predicted
Fold — Error = PKparameter

ObservedPKparameter

3.2.4 CKD PBPK Model Verification

The middle-out approach applied to the anakinra CKD-PBPK model was verified against
observed data and pharmacokinetic parameters from the study by Yang ef al. [386] A virtual
population (n=1000) of individuals was created to correspond the demographics of those with

each stage of CKD (Table 2.0). Figure 1.0-3.0 indicate reasonable model performance based
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upon the visual predictive check upon administration of a single SC anakinra 100 mg dose. The

anakinra CKD PBPK model consistently overpredicted the maximum concentration (Cmax) in

CKD stages mild and moderate, however each predicted pharmacokinetic parameter still fell

within a two-fold error compared to observed. As the absolute bioavailability was not known in

CKD stages mild and moderate, it is hypothesized that the overprediction of Cmax and

underprediction of time to maximum concentration (tmax) Was the result of mischaracterizing

bioavailability in these stages. The final parameters used to assess the reduction in CLnr will be

carried forward in the final CRRT-PBPK model simulations.

Table 3.0 Anakinra CKD PBPK Model Evaluation.

Reference CKD Stage Average Fold Error  Absolute Average
Fold Error
Mild 1.51 1.55
Yang et al. [386] Moderate 1.45 1.49
Severe 1.10 1.26

Bolded regions indicated failed predictions.

Table 4.0 Anakinra SC PBPK Model Predictions of Pharmacokinetic Parameters.

CKD Predicted Observed Predicted Observed Predicted Observed
Stage Cmax Cmax tmax tmax AUC AUC»
(ng/mL) (ng/mL)? (h) (h)? (ng-h/mL) (ng-h/mL)
Mild 1837.89 984 (246) 3 4.48 (1.27) 18730.28 13000
(3940)
Moderate 2194.17 1320 (480) 3.50 5.24 (1.02) 27942.22 21100
(5900)
Severe 1837.82 1670 (434) 5 7.15(1.73) 32532.47 33100
(5270)

 Data presented as mean (standard deviation)
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3.3 Figures
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Figure 1.0 Population verification against the observed anakinra concentrations upon
administration of a single 100 mg subcutaneous dose to individuals with mild chronic kidney
disease within the study by Yang et al. [386] The solid line represents the simulated arithmetic
mean and the shaded region represents the simulated standard deviation. Observed
concentrations are presented as circles (mean) with standard deviation (error bars).

h; hour, ng/mL,; nanogram per mililitre.
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Figure 2.0 Population verification against the observed anakinra concentrations upon
administration of a single 100 mg subcutaneous dose to individuals with moderate chronic
kidney disease within the study by Yang ef al. [386] The solid line represents the simulated
arithmetic mean and the shaded region represents the simulated standard deviation. Observed
concentrations are presented as circles (mean) with standard deviation (error bars).

h; hour, ng/mL; nanogram per mililitre.
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Figure 3.0 Population verification against the observed anakinra concentrations upon
administration of a single 100 mg subcutaneous dose to individuals with severe chronic kidney
disease within the study by Yang et al. [386] The solid line represents the simulated arithmetic
mean and the shaded region represents the simulated standard deviation. Observed
concentrations are presented as circles (mean) with standard deviation (error bars).

h; hour, ng/mL,; nanogram per mililitre.
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4. CRRT-PBPK Model Parameterization

4.1 Experimental Setup

Methods and data used to inform the CRRT-PBPK may be found in our previous ex-vivo study.
[450] Information regarding CRRT circuit components and flow rates used throughout the ex-
vivo study may be found in Table 1 and Table 2, respectively.

Table 1. Continuous renal replacement therapy circuit components.

Component Manufacturer Model Material
CRRT System Baxter PrisMax with NA
TherMax heater
Hemofilter Baxter HF1000 PolyarylEtherSulfone
SA: 1.1m? hollow fibers,
plasticized polyvinyl
chloride tubing
Reservoir Baxter EXACTAMIX EVA, | Ethylene vinyl
500 mL acetate

CRRT; continuous renal replacement therapy, m?; meters squared, mL; milliliters, NA; not

applicable.

Table 2. Continuous renal replacement therapy circuit setup.

CRRT Blood Flow Patient Fluid | Replacement Dialysis Total
Modality (mL/min) Removal Rate | Fluid Rate Fluid Rate | Effluent
(mL/h) (mL/h) (mL/h) Rate
(mL/h)

CVVH 80 0 Pre-filter: 600 NA 800
Post-filter: 200

CVVHD 80 0 NA 800 800

CVVHDF 80 0 Pre-filter: 300 | 400 800
Post-filter: 100

CRRT; continuous renal replacement therapy, CVVH; continuous veno-venous hemofiltration,
CVVHD:; continuous veno-venous hemodialysis, CVVHDF; continuous veno-venous
hemodiafiltration, h; hours, mL; milliliters, min; minutes, NA; not applicable.
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4.2 CRRT PBPK Model

A CRRT model was implemented in MoBi to simulate the removal of anakinra from plasma. The
model was parameterized using the anakinra concentrations determined via a previously
conducted ex-vivo study. [450] The CRRT system is mathematically represented by a model
composed of three compartments: a filter blood compartment, a filter dialysate compartment and
a reservoir compartment (Figure 1). Model parameters incorporated within the CRRT model
development may be found in Table 3, with flow rates of each modality as detailed in Table 2.
Parameters related to CRRT circuit components were included as per manufacturer (Baxter
PrisMax HF 1000) specifications. Unknown parameters pertaining to anakinra degradation (9)
and membrane specific diffusion coefficients (D) were optimized upon the observed data. The
results of each CRRT modality simulations after model parameterization are illustrated in Figure

2.
/ Reservoir \

Plasma .

4 CRRT ™
( Plasma .

/

Dialysate @~ ——> Dialysate
\ \ Bag / /

Figure 1. Continuous Renal Replacement Therapy (CRRT) circuit system utilized for
physiologically-based pharmacokinetic model simulations.
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Table 3. Parameters incorporated in the CRRT model development.

Parameter Used in Optimized CRRT Model
Membrane Surface Area 1.1 m? (PrisMax HF1000)
Membrane Thickness 50 pum (PrisMax HF1000)
Filter Fiber Diameter 215 pum (PrisMax HF1000)
Membrane Diffusion Coefficient (D) 8.39 cm?/min (optimized)
Anakinra degradation in blood (3) 3.70E-10 1/min (optimized)
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Figure 2. The continuous renal replacement therapy (CRRT) physiologically-based
pharmacokinetic (PBPK) model development. The PBPK model was parameterized for each
modality of CRRT, continuous veno-venous hemofiltration (CVVH; A), continuous veno-venous
hemodialysis (CVVHD; B) and continuous veno-venous hemodiafiltration (CVVHDF; C) based
upon the results from our previously published ex-vivo study. [450] Predicted plasma (red line)
anakinra concentrations were compared to the observed values (circles), with the corresponding
amount of anakinra flowing into the dialysate bag (blue dotted line). The final CRRT-PBPK ex-
vivo model was then incorporated into the full pediatric PBPK model structure.

4.3 CRRT Circuit Settings for ECLS-PBPK Model Evaluation

Data from a 17-year-old individual receiving anakinra SC 100 mg every 12 hours was used for
ECLS-PBPK model evaluation. This individual was simultaneously receiving CVVHDF and
ECMO, the CRRT circuit settings applied were incorporated into the PBPK model. Details
regarding circuit settings are shown in Table 4.

Table 4. Continuous renal replacement therapy circuit settings.

CRRT Blood Flow Patient Fluid | Replacement Dialysis Total
Modality (mL/min) Removal Rate | Fluid Rate Fluid Rate | Effluent
(mL/h) (mL/h) (mL/h) Rate
(mL/h)
CVVHDF 150 300 Pre-filter: O 2000 2615*
Post-filter: 100

CRRT; continuous renal replacement therapy, CVVHDF; continuous veno-venous
hemodiafiltration, h; hours, mL; milliliters, min; minutes.
“Effluent dose of 50 mg/kg/hr was administered.
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4.3 Pediatric ECLS-PBPK Model Dosing Simulations

To provide assessments of anakinra concentrations at steady state (Css) in children receiving
CRRT several in-silico simulations were conducted. Predictions of Css at doses of 5-10
mg/kg/day divided were performed across the age spectrum. CRRT circuit settings used for each
simulation may be found in Table 5.

Table 5. Representative CRRT prescriptions for each dosing age group incorporated within the
anakinra ECLS-PBPK model simulations.

Age Group BFR DIA PBP REP UFR
(mL/min) (mL/hr) (mL/hr) (mL/hr) (mL/hr)
Neonates 20 900 0 0 120
Infants 30 500 68 100 55
Child 90 800 170 100 200
School Age 120 1300 270 100 270
Adolescents 150 2000 310 100 250

BFR; blood flow rate, DIA; dialysate flow rate, PBP; pre-blood pump flow rate, REP;
replacement fluid flow rate, UFR; ultrafiltration flow rate.
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Appendix F

Supplementary Material for Chapter 7

1. Building a PBPK Model for Cefazolin in Healthy Adults

1.1  Introduction

Cefazolin is a first-generation cephalosporin antibiotic used to treat infections caused by
gram-positive bacteria, most notably those attributed to methicillin-susceptible Staphylococcus
aureus. [603] The plasma protein binding of cefazolin is approximately 90%, however is unique
in that it undergoes saturable protein binding at therapeutic doses. [415-417] The plasma
elimination half-life of cefazolin is approximately 2 hours in healthy adults. [415,526] Most of
the drug is excreted in urine unchanged (75-93%). [415,510] Renal tubular secretion dominates,
as renal clearance far exceeds the glomerular filtration rate. [419,510] Organic anion transporters
(OAT) are responsible for uptake into renal tubular epithelium and multi-drug resistance protein

(MRP) transporters facilitate efflux into tubular filtrate. [511]

In this report, the building and verification of a PBPK model for intravenous cefazolin in
healthy adults is presented. This cefazolin model was built upon a previously constructed model
by Dallmann et al., while incorporating saturable protein binding and active tubular secretion.
[504] An alternative cefazolin PBPK model was constructed by Szeto et al., which included a

slightly different interpretation of the data that deserves reading. [512]

1.2 Methods and Results
1.2.1.1 Modelling Strategy

PBPK modelling and simulation were performed using PK-Sim version 11.0. Fifteen

organs and two blood organs (= 17 compartments) were included in the standard model to

represent a virtual adult.
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1.2.1.2 Intravenous Model Construction

The process for creating the PBPK model for a healthy adult is described here. Table 1

and Table 2 present the drug-specific and system-dependent parameters for cefazolin values used

within the naive model.

Table 1.0. Physicochemical properties and ADME of cefazolin for IV model development

Used in naive model

Used in optimized model
[range of optimized values]

Physicochemical Properties
Octanol:water coefficient
(logP)

Fraction unbound in
plasma (fu)

Molecular weight (MW)
pKa (acid)

pKa (base)

Water solubility
ADME

Partition coefficient
Cell permeability
GFR fraction

OAT3 Concentration
OAT3 Km

OAT3 Vmax

MRP4 Concentration
MRP4 Km
MRP4 Vmax

Albumin Concentration
Albumin dissociation
constant (Kd)

Albumin dissociation rate
constant

-0.24 [502]
0.11 [503]

455 g/mol [504,604]
2.1[292]

NA
0.350 mg/mL [504,604]

Rodgers and Rowland
PK-Sim Standard

1.0

0.0917 uM [292]

117 uM [512,605]

0 pmol/L/min

0.02 uM [302,303]
81 uM [511]
0 pmol/L/min

0.65 mmol/L [606]
55.82 umol/L [415]

0 1/min

-0.24
0.11

455 g/mol
2.1

NA
0.350 mg/mL

Rodgers and Rowland
PK-Sim Standard
1.0

0.0917 uM

117 uM

158.98 pmol/L/min
[138.85to 161.72]
0.02 uM

81 uM

194.57 pmol/L/min
[191.57 to 207.91]
0.65 mmol/L

55.82 pmol/L

0.02 1/min
[0.02 to 0.02]
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Table 2.0 System-dependent parameters used for cefazolin IV model development.

Transporter Reference Reference Relative Localization Direction Half- Half-life
Concentration Concentration Expression life Intestine
(Mean) (GeoSD) Liver (h)
(h)
OAT3 0.0917 [292] 1.53 [303] RT-PCR Basolateral Influx at 36 23
[519] renal
tubules,
efflux at
blood
brain
barrier
MRP4 0.02[302,303] 1.89[303] RT-PCR Apical at Efflux 36 23
[519] renal
tubules;
basolateral at
blood brain
barrier

MRP4,; multidrug resistance protein 4, OAT3, organic anion transporter 3, RI-PCR; reverse
transcriptase polymerase chain reaction

The Rodgers and Rowland method for predicting partition coefficients and the PK-Sim
Standard method for calculating cellular permeability were selected based on visual model
performance and curve shape. The GFR fraction for a healthy individual was set to 1.0 allowing

passive filtration to occur at the maximal filtration rate (GFR x fu).

Active tubular secretion was parameterized by adding an OAT3 transporter on the
basolateral side of the kidney cells and adding a MRP4 transporter on the apical side. The in vitro
Michaelis-Menten constant (Ky) for MRP4 was extracted from the analysis by Ci et al. [511] To
date, experiment Ky values for cefazolin on the OAT transporter are not available therefore it
was approximated by the experimental inhibition constant (K;) from in vitro measurements of
3H-estrone sulfate uptake inhibition by cefazolin in HEK-292 cells. [605] Similar assumptions of
OAT3 mediated uptake into renal tubule cells was conducted in the cefazolin PBPK model by

Szeto et al. [512] The maximum rates of transport for each transporter (Vmax) were optimized.

Active tubular secretion of cefazolin was identified by optimizing against a drug-drug
interaction (DDI) study measuring intravenous cefazolin administered one hour after completion
of an oral probenecid (strong OAT3 & MRP4 inhibitor) administration schedule. [419] The

model for probenecid was downloaded for the Open Systems Pharmacology repository and can
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be found at: https://github.com/Open-Systems-Pharmacology/Probenecid-Model. This model has

been previously validated for predicting OAT 1/3-mediated DDIs using furosemide as a model
substrate. [292] Probenecid is a competitive inhibitor of OAT3 with an in vitro inhibition
constant (Ki) of 5.41 uM. [292] In The DDI simulation of probenecid and cefazolin, the apparent
Michaelis-Menten constant for OAT3 transport (Kwm,app; Eq. 1) was calculated as:

I
KM,app = KM X (1 + E)

Eq. 1
Where [ represents the concentration of the inhibitor, probenecid.

As previously mentioned, cefazolin is unique in that it undergoes saturable protein
binding at plasma concentrations obtained at standard therapeutic doses. [415—417] To account
for such processes, albumin was added as a protein binding partner within the healthy adult
model with a reference concentration equal to 0.65 mmol/L and 100% expression in plasma
(Table 1.). [5%] A visual representation of the protein binding saturation regression adapted from
Smyth ef al. [415] may be found in Figure 1. The cefazolin dissociation constant from albumin
(Kp) was obtained from Smyth ef al., while the dissociation rate constant was optimized. Final

parameters implemented within the healthy adult model may be found in Table 1.

Percentage Bound (%)
()

0 50 100 150 200 250 300 350

Plasma Concentration (uM)

Figure 1. Plasma protein binding of cefazolin as adapted from Smyth et al. [415]
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https://github.com/Open-Systems-Pharmacology/Probenecid-Model

Table 3. presents the cefazolin datasets used for building the IV model. The maximum rate of
OAT3-mediated transport and the maximum rate of MRP4-mediated transport were optimized
using the parameter identification tool in PK-Sim. The optimization was performed using the
Monte-Carlo method to search the parameter space for the optimal solution that minimized the
sum of squared error on the simulated versus observed drug concentrations and fraction excreted
to urine. Multiple Optimization runs (6 to 10) were performed to confirm identifiability of
unique solution. The run with the lowest error was selected as the final solution, and those are
presented in Table 1. The range of parameter values among the solutions is also reported to
assess error, which was minimal. A comparison of the fitted IV simulation to the observed data

from Brown ef al. [419] is presented in Figure 2.

Table 3.0 Pharmacokinetic datasets of intravenous cefazolin for model construction

Reference Ethnicity Dose and N Age Weight Height
Administration (years) (kg) (cm)
[range] [range] [range]
Brown et  North 2000 mg IV 6 NR NR NR
al. [419] American200 infusion over 10
min®
Brown ez  Notreported 2000 mg IV 6 NR NR NR
al. [419] infusion over 10
min?
Probenecid PO
1000 mg

administered 10
minutes prior to

cefazolin
Smyth et  White 2000 mg IV 7 [21-35] 67+10° NR
al.| 415] American infusion over 30
Males min®

?Administered as sodium salt
®Data reported as mean =+ standard deviation.

344



1.2.1.3 Intravenous Model Evaluation

Verification of model accuracy will be conducted using the average fold error (AFE; bias)
(Eq 2.) and absolute average fold error (AAFE; precision) (Eq 3.) for each cefazolin simulation.
Acceptance will be confirmed if AFE <30% (0.7-1.3) and AAFE <2 for simulated drug

concentrations.

1 1 (predictedi)
AFE = 10N21 08 \'observed;

Eq. 2

predictedi)
log ( observed;

Ly
AAFE = 10N™
Eq.3

Where predicted; and observed; correspond to predicted and observed plasma concentrations
respectively. For data sets including individual patient samples, inter-individual variability in the
population simulation will be accepted if 85-95% of observed concentrations fall within the 90™

prediction interval.

Additionally, predictive accuracy of each simulation will be assessed by a limit of 1.5
fold error (0.67-1.5) when comparing simulated exposure to observed data from literature.
Exposure will be quantified as the area under the concentration-time curve extrapolated to

infinity (AUC.).

1.2.14 Intravenous Model Verification

The optimized IV model was verified against additional data not used in the model

building process (Table 4). This data was obtained from the study by Smyth ef al. [415] which
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included a dose escalation, and multiple dose analysis. Figure 2 illustrates a good fit for

describing the pharmacokinetics of cefazolin over increasing doses in these subjects. The

predicted AUC. fell within a 1.25 fold-error to observed values across each cefazolin dose

(Table 6).

Table 4.0 Pharmacokinetic datasets of intravenous cefazolin for model verification.

Reference Ethnicity Dose and N Age Weight Height
Administration (years) (kg) (cm)
[range] [range] [range]
Smyth et  White 2000 mg IV 7 [21-35] 67+10P NR
al.| 415] American  infusion over 30
Males min®
Smyth et  White 3000 mg IV 7 [21-35] 67+10° NR
al.| 415] American  infusion over 30
Males min?
Smyth et  White 4000 mg IV 7 [21-35] 67+10P NR
al.| 415] American  infusion over 30
Males min®
#Administered as sodium salt
®Data reported as mean =+ standard deviation.
Table 5.0 Cefazolin IV Model Evaluation
Study Dose Average Fold Error  Absolute Average
Fold Error
2000 mg IV 0.95 1.15
Smyth ez al. [415] 3000 mg IV 1.14 1.15
4000 mg IV 1.22 1.22
Table 6.0 Exposure predictions of cefazolin IV model within healthy adults
Study Dose Predicted AUC  Observed AUC Fold-Error
Smyth et al. 2000 mg IV 472.09 509+75 0.93
[415]
Smyth et al. 3000 mg IV 757.97 679+123 1.12
[415]
Smyth et al. 4000 mg IV 1072.86 878+146 1.22
[415]
Philipson et al. 500 mg IV 116.72 110£20.7 1.06
[526]
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1.2.1.5 Population Verification

A population PBPK simulation was performed to verify that the model can approximate
both the mean and inter-individual variability in healthy individuals. In this workflow, 1000
virtual individuals are generated, and each individual represents one full body parameter set for
iterative input into the PBPK model. The resulting simulated profiles are presented in aggregate
form with geometric mean and standard deviation to be compared with geometric mean and
standard deviation measured in the clinical trial conducted by Smyth ez al. [415] Additionally, a
population PBPK simulation was constructed to verify that the model can approximate the
pharmacokinetics in post-partum individuals within the study by Philipson et al. [526] The
observed data used for population verification may be found in Table 7. A virtual population of
1000 healthy individuals were created in PK-Sim to represent the study population from Smyth
et al. and Philipson et al. (Table 8 & Table 9). [289,415,526] Inter-individual variability in
OAT3 and MRP4 reference concentration (Table 2.) was extracted from transporter proteomic

data by Prasad et al. [303]

Table 7.0 Pharmacokinetic datasets for cefazolin intravenous model population verification

Reference Ethnicity Dose and N Age Weight Height
Administration (years) (kg) (cm)
[range] [range] [range]
Smyth et  White 4000 mg IV 7 [21-35] 67+10° NR
al.[415] American  every 12 hours
Males administered as
a 30 min
infusion®
Philipson  European 500 mg IV 7 NR 62.3+6.3 NR
et al.[526] Females infusion over 2 [53.4-
min? 72.7]

*Administered as sodium salt
®Data reported as mean =+ standard deviation.

347



Table 8.0 Demographic parameters for the virtual population representing Smyth et al. [415]

Parameter Value
Population European (ICRP)
Number of Males 1000
Number of Females 0

Minimum Maximum
Age 21 years 35 years
Weight 57 kg 77 kg

Table 9.0 Demographic parameters for the virtual population representing Philipson et al. [526]

Parameter Value

Population European (ICRP)

Number of Males 0

Number of Females 1000
Minimum Maximum

Age 20 years 40 years

Weight 53.4 kg 72.7 kg

Figure 4 and Figure S present the simulated concentration-time profiles for the population as
compared to the observed concentrations from the studies by Smyth ef al. and Philipson et al.,
respectively. [414,474] Visual inspection reveals that the population variability of cefazolin is
captured by the healthy adult model.
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1.3 Figures

Brown et al; 1993 Cefazolin IV 2000 mg DDI with
Probenecid

e Cefazolin Alone
e Cefazolin with Probenecid
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3
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1

o 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Time [h]

Figure 2. Simulation after optimization. Observed data reported as mean (circles) with standard
error of the mean (error bars) from the study conducted by Brown et al. [419] The solid red ling
represents the simulated plasma concentration of cefazolin IV 2000 mg infused over 10 minutes,
while the blue line represents the same dose of cefazolin administered 1-hour after completion of
the probenecid administration protocol.
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Smyth et al., 1979 Cefazolin Dose Escalation

e Cefazolin IV 2000 mg
1000 e Cefazolin IV 3000 mg
e Cefazolin IV 4000 mg
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Figure 3. Cefazolin PBPK model verification against observed concentrations from individuals
in the study by Smyth et al. [415] The solid line represents the concentration vs. time profile of
the average individual while the observed data is presented as mean (circles) with standard
deviation (error bars).
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Smyth et al., 1979 Cefazolin IV 4000 mg every 12

hours
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Figure 4. Population verification against the observed cefazolin concentrations from individuals
within the study by Smyth ez al. [415] The solid line represents the simulated geometric mean and
the shaded region represents the simulated geometric standard deviations of the virtual population.
The observed data is presented as mean (circles) with standard deviation (error bars).
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Philipson et al., 1987 Cefazolin IV 1000 mg
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Figure 5. Population verification against the observed cefazolin concentrations from individuals
within the study by Philipson ef al. [526] The solid line represents the simulated geometric mean
and the shaded region represents the simulated 5™ to 95™ percentile of the virtual population. The
observed data is presented as mean (circles) values from study individuals.
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2. Building a PBPK Model for Cefazolin Cerebrospinal Fluid
Concentrations

2.1 Introduction
In this report, the parameterization of cefazolin cerebrospinal fluid (CSF) concentrations
in adults is presented. The healthy adult cefazolin PBPK model (Appendix F Section 1.) was

adapted with the purpose of determining the free-drug concentrations within the CSF.

2.2 Methods and Results

2.2.1 Modelling Strategy
PBPK modelling and simulation was performed using PK-Sim version 11.0. Fifteen

organs and two blood organs (= 17 compartments) were included in the standard model to

represent a virtual adult.

2.2.2 Cefazolin Cerebrospinal Fluid Model Construction
Within the healthy adult PBPK model, the brain will be subdivided into the four default

compartments: blood, plasma, interstitial fluid, and intracellular compartments. The interstitial
fluid compartment will be used as a surrogate to represent the CSF, a strategy that has been done

previously. [508,514,515] Drug permeability into the brain was determined by Eq 1.

_ MWess 10° ,  10%9°

-5
366 g+ 10

Eq 1.
Where P is the specific organ permeability, MWe.sr is the effective molecular weight, and logP is
lipophilicity.[513] A virtual population of 1000 individuals will be constructed based upon the
patient demographics within the cefazolin CSF pharmacokinetic studies. To obtain the
permeability of cefazolin across the blood-brain barrier into the interstitial space a global
optimization was performed using the parameter identification tool in PK-Sim with the observed
data from Grégoire et al [505]. All model parameters determined in the healthy IV model were

fixed during CSF model optimization.

As performed within the healthy adult cefazolin model, the optimization utilized the Monte-

Carlo method to search the parameter space for the optimal solution that minimized the sum of
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squatted error on the simulated versus observed drug concentrations within the CSF. Multiple
Optimization runs (6 to 10) were performed to confirm identifiability of unique solution. The run
with the lowest error was selected as the final solution. Data used in the construction of the

cefazolin CSF model may be found in Table 1.

Cefazolin is a substrate for both OAT and MRP4 drug transporters. Multiple drug
transporters are located at the blood-brain barrier as a method of drug efflux back to systemic
circulation. [501] Proteomic data indicates that both OAT and MRP4 are localized at the blood-
brain barrier. [S16—518] Due to limited data on specific quantification of transporter expression,
localization of OAT and MRP4 at the blood-brain barrier were incorporated within the model
from the reverse transcriptase polymerase chain reaction dataset implemented within PK-Sim.
[519] It was assumed that the maximum rate of transport (Vmax) for OAT and MRP4 was

consistent with the optimized value in the renal proximal tubule.

Table 1.0 Pharmacokinetic datasets of intravenous cefazolin for model construction

Reference Ethnicity Dose and N Age Weight Height
Administration (years) (kg) (cm)
[range] [range] [range]
Grégoire  European  Cefazolin CI 1 42 67 NR
et al [S05] 10g/day for 6
days, then
cefazolin CI
8g/day

CI; continuous infusion, cm, centimetres, g; grams, kg, kilograms, NR; not reported.

2.2.3 Sensitivity Analysis

A local sensitivity analysis was performed to test influential parameters on cefazolin CSF
concentrations. Parameters of interest included exposure between dosing intervals at steady state
AUC osing interval at steady state. Each parameter of interest included dose, brain permeability, drug
transporter concentration (OAT & MRP4), lipophilicity (LogP), fraction unbound and glomerular
filtration rate (GFR). Each parameter was varied by 10% and the relative changes in PK
parameter of interest were reported as sensitivity coefficients. The sensitivity coefficient (S”) for

the effect of the parameter (p) on the PK output (PK) was calculates as the average of Eq 1.:
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_|PK( + 0.1 x p) — PK(p)| _ 100%

SP X
PK (p) 10%

Eq.1

Therefore, a sensitivity coefficient of 1 means that a 10% change in the parameter value
caused a +10% change in the PK output, and a sensitivity coefficient of 0.1 means that a 10%
change in the parameter value caused a +1% change in the PK output. Simulations were built
using a mean individual receiving a dose of cefazolin IV 2000 mg every 8 hours as reported by

the study from Novak et al. [506]

2.3 Results and Discussion

Optimization of brain permeability with total and free concentrations of cefazolin from
the study by Grégoire et al. yielded a unique solution of 2.71E-3 cm/min [2.71 to 2.72 E-3
cm/min] compared to the PK-Sim default value of 9.33E-7 cm/min. Additionally, the model was
able to capture the plasma concentrations (Figure 1.) from the observed data. Although the
model slightly over predicted total cefazolin concentrations and underpredicted free
concentrations within the CSF, the optimization processes yielded a unique solution. Variability
to blood brain barrier is to be expected and the identified parameter was incorporated into further

model evaluations.

Local sensitivity analysis of the cefazolin CSF simulation revealed several parameters
that highly influence drug concentrations within the CSF. Most notably, administered dose, brain
permeability, fraction unbound, transporter concentration in the renal tubule and GFR impacted

cefazolin CSF concentrations (Figure 2.).

Proteomic quantification of OAT and MRP4 at the human blood brain barrier indicates
relatively low expression, raising the hypothesis that the efflux potential for cefazolin may be
low. [516,607] The sensitivity analysis conducted within the cefazolin-CSF simulations supports
this hypothesis for OAT, as the influence of the fraction expressed at the blood-brain barrier
marginally impacted CSF concentrations. Further studies examining protein quantification and

binding affinity for cefazolin to transporters at the blood brain barrier are warranted.
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Brain permeability within the model was shown to be highly influential on cefazolin
exposure within the CSF. In cases of infection, the blood brain barrier may become leaky due to
an opening in the intercellular tight junctions. [501,545] Therefore, the presence of infection may
result in increases in drug exposure compared to an intact blood brain barrier. Additionally, the
functionality of drug-efflux transport systems may also be affected by infection. In an
experimental model, the presence of meningeal inflammation due to meningitis weakened the
influence of probenecid inhibition on drug-efflux transporters when penicillin G was
administered by intracisternal injection. [533] As the fraction expressed of MRP4 at the blood-
brain barrier influences cefazolin exposure within the CSF, there is potential for decreased
functionality of drug transport out of the CSF in the presence of infection. Further in vitro and in

vivo studies are warranted.
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2.4 Figures

Gregoire et al., 2019 Cefazolin IV Continuous
Infusion
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Figure 1. Simulation after optimization. Observed data reported as mean (circles) from the case
report by Grégoire et al. [505] The solid red line represents the cefazolin plasma concentration
from a continuous infusion of 10 g/day. After 6 days of therapy, the dose was reduced to a
cefazolin continuous infusion of 8 g/day. The orange solid line represents the total cefazolin
concentration in cerebrospinal fluid, while the blue solid line represents the free cefazolin
concentration.
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Figure 2. Local sensitivity analysis for cefazolin cerebrospinal fluid exposure was represented
by the area under the curve between dosing intervals (AUCuosing interval). All model parameters
with varied by £10% to analyze the relative changes in cefazolin AUCldosing interval.
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3. Additional Figures
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Figure 1.0 Target attainment of several cefazolin dosing protocols to reach 35% fT>MIC in the
cerebrospinal fluid for the virtual population of participants from the study by Le Turnier et al.

[2] A range of cefazolin MIC values for methicillin-susceptible Staphylococcus aureus (MSSA)
were tested as per CLSI and EUCAST breakpoints. An epidemiological cutoff of 2.0 mg/L was
incorporated. A probability of target attainment of 90% was deemed appropriate.

Table 1. Pharmacodynamic target attainment of simulated cefazolin dosing protocols for
methicillin-susceptible Staphylococcus aureus. Data presented as the probability of target
attainment in which the unbound cefazolin concentrations are 35% above the minimum

inhibitory concentration (% fT>MIC) in the cerebrospinal fluid.

MIC 6g/day 8g/day
(mg/L) CI CI
0.0625 100 100
0.125 100 100
0.25 100 100
0.5 100 100
1.0 93.4 98

2.0 67 81.1

10g/day
CI

100
100
100
100
100
100

2g Q6H
3h
infusion
100

100

100

100

99

90

2g Q6H
30 min
infusion

100
100
100
100
98
83

2g Q8H
4h
infusion
100

100

100

100

98

80

2g Q8H
30 min
infusion
100

100

100

98

91

68

A Probability of target attainment of >90% to a 35% fT>MIC is represented in bold.
CI; continuous infusion, g; grams, h, hours, min; minutes, MIC; minimum inhibitory

concentration, Q6H; every 6 hours, Q8H; every 8 hours.
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Figure 2.0 Target attainment of several cefazolin dosing protocols to reach 70% fT>MIC in the
cerebrospinal fluid for the virtual population of participants from the study by Le Turnier et al.

[2] A range of cefazolin MIC values for methicillin-susceptible Staphylococcus aureus (MSSA)
were tested as per CLSI and EUCAST breakpoints. An epidemiological cutoff of 2.0 mg/L was
incorporated. A probability of target attainment of 90% was deemed appropriate.

Table 2. Pharmacodynamic target attainment of simulated cefazolin dosing protocols for
methicillin-susceptible Staphylococcus aureus. Data presented as the probability of target
attainment in which the unbound cefazolin concentrations are 70% above the minimum

inhibitory concentration (% fT>MIC) in the cerebrospinal fluid.

MIC 6g/day 8g/day 10g/day  2g Q6H

(mg/L) CI CI CI 3h
infusion

0.0625 100 100 100 100

0.125 100 100 100 100

0.25 100 100 100 100

0.5 100 100 100 98

1.0 93.4 98 100 90

2.0 67 81.1 100 64

2g Q6H
30 min
infusion
100

100

98

91

70

41.1

2g Q8H 2g Q8H
4h 30 min
infusion  infusion
100 100

100 98

100 90

95 72

75 45

40 22

A Probability of target attainment of >90% to a 70% fT>MIC is represented in bold.
CI; continuous infusion, g; grams, h, hours, min; minutes, MIC; minimum inhibitory

concentration, Q6H; every 6 hours, Q8H; every 8 hours.
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