1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Pedijatr Crit Care Med. Author manuscript; available in PMC 2018 July 01.

-, HHS Public Access
«

Published in final edited form as:
Pediatr Crit Care Med. 2017 July ; 18(7): e290-297. doi:10.1097/PCC.0000000000001198.

A Population Pharmacokinetic Analysis to Study the Effect of
Therapeutic Hypothermia on Vancomycin Disposition in
Children Resuscitated from Cardiac Arrest

Nicole R. Zane, PharmD, PhD?, Michael D. Reedy, PharmD?2, Marc R. Gastonguay, PhD3,
Adam S. Himebauch, MD14, Evan Z. Ramsey, PharmD?, Alexis A. Topjian, MD, MSCE#, and
Athena F. Zuppa, MD MSCE14

1Center for Clinical Pharmacology, The Children’s Hospital of Philadelphia, Philadelphia, PA

2Department of Pharmacy, Nemours Alfred |. DuPont Hospital for Children, Wilmington, DE
SMetrum Research Group, Tariffville, CT

4Department of Anesthesiology and Critical Care Medicine, The Children’s Hospital of
Philadelphia, Philadelphia, PA

Abstract

Objective—Limited data exist on the effects of therapeutic hypothermia (TH) on renal function
and pharmacokinetics in pediatric patients after cardiac arrest (CA). The objective was to describe
the differences in vancomycin disposition in pediatric patients following CA treated with either
TH or normothermia (NT) using population pharmacokinetic modeling.

Design—Single-center, retrospective cohort study
Setting—A tertiary care hospital pediatric and cardiac intensive care unit

Patients—Fifty-two pediatric patients (30 days to 17 years old) who experienced a CA, received
vancomycin, and were treated with TH (32-34°C) or NT (36.3-37.6°C) between January 15, 2010
and September 30™, 2014 were reviewed.

Interventions—None.

Measurements/Results—A two-compartment model with linear elimination, weight effects on
clearance (CL), inter-compartmental clearance (Q), central volume of distribution (V1), and
peripheral volume of distribution (V) adequately described the data despite high variability due to
the small sample size. The typical value of clearance in this study was 4.48 L/h (0.19 L/h/kg®7®)
for a normothermic patient weighing 70kg and a glomerular filtration rate (GFR) of 90 mL/min/
1.73m?2. Patients treated with normothermia, but with reduced or poor renal function (<90 mL/min/
1.73m2) had up to an 80% reduction in vancomycin clearance compared to those with normal

renal function (90-140 mL/min/1.73m2). Patients with normal renal function, but treated with TH
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versus NT experienced up to 25% reduction in vancomycin clearance. Patients treated with TH
and with poor renal function experienced up to an 84% reduction in vancomycin clearance.

Conclusion—~Patients receiving hypothermia and/or with decreased renal function had lower
vancomycin clearances based on a retrospectively fitted two compartment model in children who
experience cardiac arrest.
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Introduction

The incidence of out-of-hospital pediatric cardiac arrest (CA) is 20.1 per 100,000 children
and approximately 2—6% of pediatric intensive care unit (PICU) patients will experience an
in hospital CA annually (1, 2). Patients who survive a CA may experience brain injury,
myocardial dysfunction, systemic ischemia/reperfusion response, and persistent precipitating
pathology (3). Organ dysfunction resulting from CA, especially renal and hepatic
dysfunction, can affect the clearance of medications. Transient renal impairment is common
in adult patients resuscitated from CA and the incidence of renal failure is between 12-28%
(4-6).

Therapeutic hypothermia (TH) or normothermia (NT) may be used to treat adult and
pediatric patients following resuscitation from CA and neonatal hypoxic—ischemic
encephalopathy (HIE) with the goal of improving long term neurological outcomes (7-10).
TH is also used in the pediatric critical care environment for other indications, such as
refractory status epilepticus (11). Limited studies indicate that TH decreases organ perfusion
and slows the clearance of medications (12-14). TH decreases renal blood flow, results in an
increase in serum creatinine (SCr), yet conversely results in an increase in urine output (15).
The physiologic effect of TH on organ function, and subsequent impact on drug
pharmacokinetics (PK) and pharmacodynamics (PD), has yet to be fully elucidated.

Vancomycin is a glycopeptide antimicrobial used for the treatment of gram-positive
infections resistant to other agents. It is mainly renally excreted with only 10-20%
eliminated via extrarenal routes, and exhibits linear elimination that is dependent on
glomerular filtration rate (GFR) (16). Vancomycin requires therapeutic drug concentration
monitoring and dose adjustments with changes in renal function to ensure safety and
efficacy (16). Antibiotics may be required to treat infections following CA (17) and
vancomycin is often utilized for severe infections. It is important to achieve therapeutic
levels of vancomycin in changing post-cardiac arrest physiology so as to treat the infection
but to not worsen organ dysfunction. Transient renal impairment in patients who survive CA
and the proposed reduction in renal blood flow during TH may affect the renal clearance of
medications (4). There are no current guidelines for vancomycin dosing in pediatric patients
treated with TH after CA, and estimated GFR alone may not accurately predict vancomycin
trough concentrations (18). The purpose of this study was to evaluate the impact of renal
function, temperature, and weight on vancomycin disposition in post CA pediatric patients.
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Materials and Methods

This was a single-center, retrospective chart review of pediatric patients ages 30 days to 17
years who were treated at The Children’s Hospital of Philadelphia (CHOP). The study was
approved by the Institutional Review Board. Patients were included if they received TH or
NT after CA between January 1, 2010 and September 30, 2014, received at least one dose of
vancomycin, and had at least one vancomycin plasma concentration drawn within 10 days of
CA. All vancomycin concentrations were drawn per clinical care for therapeutic drug
monitoring. Patients were excluded if they had a preexisting diagnosis of chronic kidney
disease (CKD) or end stage renal disease prior to CA, if they received extracorporeal support
(extracorporeal membranous oxygenation, renal replacement therapy, or therapeutic plasma
exchange) surrounding the time of CA, had no available dosing information, or lacked a
documented height.

Data was collected from the time of return of spontaneous circulation (ROSC). Data
collected include patient demographics (age, weight, and height), duration of CPR, core
body temperatures, serum creatinine (mg/dL), vancomycin dose, and serum vancomycin
concentrations (ug/mL). For data summary purposes, children were categorized into the NT
group if they were normothermic, defined as a goal body temperature of 36.3°C to 37.6°C.
Children were categorized into the TH group if they were treated with therapeutic
hypothermia, defined as a goal body temperature of 32°C to 34°C for up to 12 hours,
followed by up to 10-12 hours of a rewarming period. Patients who had only one
temperature in the TH range were considered environmental exposure and not classified as
TH. Temperatures for the TH group included all temperatures while enrolled in the study,
including hypothermia, rewarming, and subsequent normothermia if those time points were
captured (Supplemental Table 1). Demographic and clinical differences between NT and TH
groups were calculated using a Wilcoxon rank-sum test.

The primary outcome of vancomycin clearance was estimated as part of a population
pharmacokinetic analysis (NONMEM software, version 7.2, ICON Gaithersburg, MD),
given the observational data. All models were run with the first-order conditional estimation
with interaction method. Goodness-of-fit diagnostics and graphical displays were generated
in R (www.r-project.org). The goodness of fit from each run was assessed by examining the
following criteria: visual inspection of diagnostic scatter plots, the precision of the parameter
estimates, successful minimization, relative changes in Akaike Information Criteria (AlIC)
and estimated magnitudes of interindividual and residual variability for the specified model.

Various compartmental disposition models were investigated. While previous studies have
shown vancomycin follows a two-compartment model, a one-compartment model was also
explored due to the sparse nature of the trough-driven sampling. Unexplained random
variability of parameters between individuals was described using an exponential variance
model. Additive, proportional, and combined (additive and proportional) residual error
models were considered during the model building process. The effect of weight on
clearance (CL) and intercompartmental clearance (Q) was investigated by allometric scaling:
TVP = 61yp * (WT /WT ) 0allometric \where TV/P is the typical value of the parameter, WT
is the weight of each subject 7and a reference weight which was set at 70kg. This reference
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weight was chosen for consistency with clinical pharmacology standards and allows
comparison across multiple studies. However, it is important to note that the reference
weight is a constant and the model is independent of the reference weight. The impact of
size is represented by B4jiometric: Which is a power parameter and is fixed at 0.75 for CL and
Q and 1 for volumes (19).

A pre-specified covariate model was constructed based on previous vancomycin PK models
and covariates of clinical interest, with the specific goal of making inferences about the
effects of hypothermia and renal function on vancomycin disposition. Compared to a
stepwise covariate selection method, the pre-specified covariate model allows for the
estimation of covariate effects without the problem of selection bias that particularly
troublesome with small datasets (20). A backwards elimination step was implemented to
illustrate the impact of renal function and temperature covariates on goodness-of-fit.

Renal function was incorporated into the model using GFR as a continuous variable
calculated using the bedside Schwartz formula based on height and serum creatinine (21).
The GFR at the time at or closest to the time the vancomycin concentration was obtained
was utilized in the modeling approach and allows for determination if renal function
changed during the study period. The effect of GFR on vancomycin clearance was estimated
as shown: TVCL = 01ycL * (GFR/GFR¢f)?CFR where 6gpr represents the power
estimation of effect on the typical value of clearance (TVCL) and GFR is the glomerular
filtration of the /individual in regards to the reference clearance 90 mL/min/1.73m2, the
lower limit of normal GFR (22). The impact of renal impairment on vancomycin clearance
was of clinical interest so the effect was quantified on a continuous basis for GFR less than
140 mL/min/1.73m2, based on the upper limit of the normal GFR range for children (23—
24). In the event that renal clearance exceeded this limit, renal function was assumed to be
normal and capped at 140 mL/min/1.73m2.

Although the aforementioned binary (yes/no) categorization of temperature was used for a
tabular display of demographics, the model was structured to estimate vancomycin clearance
as a continuous function of repeated time-dependent measures of temperature throughout the
study. This approach was utilized because subjects are rewarmed slowly over a 10 to 12 hour
period after TH discontinuation and the time to reach normothermia was not identical across
all subjects. The temperature of the child at the time the concentration was obtained was
utilized in the modeling approach. The effect of temperature on clearance was estimated as
shown: TVCL = 67ycL * (TEMP/TEMP ¢f)®TeMP: where O1epy, represents the power
estimation of effect on TVCL and TEMP is the temperature of the /individual in regards to
the reference temperature of 37°C. The maximum temperature was limited to 37°C, so all
temperatures above this were truncated at and assumed to be 37°C so only the effect of
temperatures below the reference were estimated.

The effects of covariates on vancomycin trough concentrations were illustrated via
simulation (1000 iterations of 24 unique scenarios). The sensitivity of vancomycin
clearance, and therefore trough concentrations, given variations in the effect of weight, renal
function, and temperature was explored. The 5, 50t 75t and 95t quartile for the cohort’s
weight (e.g., 5kg, 12kg, 28kg, and 72kg, respectively) were used for simulations to generate
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a wide variability in weight as seen in the dataset. The 5, 25t and 50t quartile for GFR
were used since these values represented poor (<30 mL/min/1.73m?), reduced (31-89
mL/min/1.73m2), and normal renal function (90-140 mL/min/1.73m?), which was the
maximum GFR allowed for in the model. Temperature was simulated for normothermia and
hypothermia, defined as 37°C and 34°C, respectively. Simulated doses were based on a
generalized dosing scheme of 10 mg/kg every 6 hours in order to be comparable across
institutions. These doses were not altered based on renal function as would normally be done
clinically in order so as to facilitate comparisons between the magnitudes of effect of each of
the tested covariates. Simulations incorporated the uncertainty in model parameter estimates,
resulting in a probability distribution for the expected trough concentration in each scenario.
Vancomycin trough concentration was calculated using the final model by randomly
sampling Btemp, OGFR, and B¢ from the 95% confidence intervals for a total of 24000
simulations. Vancomycin clearance was then graphed based on each of the 24 scenarios.

During the study period, 70 patients met the inclusion criteria, however, of those, 18 were
excluded from analysis (Figure 1). To summarize demographics between the two groups, 11
patients were classified as TH and 41 patients were classified as NT. Baseline characteristics
of the two groups were similar with the exception of temperature and GFR as expected
(Table 1).

The base model was developed using 154 samples from 52 patients based on clinically-
driven decisions. A two-compartment model with linear elimination, weight effects on Cl, Q,
V1, and V5 resulted in improved goodness-of-fit based on all criteria, relative to a one-
compartment model. The backwards elimination step (Supplemental Table 2) resulted in an
increase in AIC when covariates were eliminated from the pre-specified model. A
proportional error model was used to describe the random residual variability. The
quantitative effects of each covariate on PK parameters in the final model is described in
Table 2, which includes temperature and renal function effects on vancomycin CL. Using the
model structure (shown in the legend of Table 2), the clearance can be estimated by
incorporating weight, GFR, and temperature as well as the point estimates for the covariates
(Table 2). Final estimates for population model typical value and variability parameters,
along with the asymptotic normal 95% confidence intervals, are shown in Table 2. The
model estimated a typical value of allometrically scaled clearance of 4.48 L/h/70 kg (0.19
L/h/kg®-7®) for a normothermic patient and a GFR of 90 mL/min/1.73m2. The median
weight of the patients in the study was 13kg, which corresponds to a clearance of 1.27 L/h.

As expected, the alterations in renal function demonstrated the greatest effect on
vancomycin. In patients with renal impairment, the model predicted a decrease in
vancomycin clearance with a decrease in GFR described as:

: Individual GFR 1.01
effect= 90 mL/min /1.73m? . For example, at estimated GFR values of 20 (severe

dysfunction), 40 (moderate dysfunction), and 90 (normal) mL/min/1.73m2, vancomycin
clearance is reduced by 80%, 56%, and 0%, respectively. The model predicted a decrease in
vancomycin clearance with a decrease in temperature described as:
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Individual Temperature 1.96
effect= 2750 . For example, at temperatures of 32°C, 35°C and

37°C, vancomycin CL is reduced by 25%, 10%, and 0%, respectively. While this effect is
small, the population studied is considered a vulnerable population and so increased
vancomycin trough monitoring during hypothermia could be warranted.

In order to qualitatively evaluate the quality of a model fit to observed data, it is useful to
examine visual predictive checks that demonstrate the concordance of model-predicted
values with the observed data points. For a population model, two types of model-based
predictions are of interest; the first is a prediction for the typical individual in the population,
given observed dosing history, covariates, and the median PK parameter estimates for the
study population (population prediction), while the second is a prediction based on
individual-specific PK parameter estimates and the same dosing and covariates (individual
prediction). This evaluation is presented in Figure 2 and Supplemental Figure 1. Observed
concentration vs. time data (points) are presented for each individual subject (one subject for
each panel) with the /individual (dotted line) and population (solid line) predictions
superimposed (Supplemental Figure 1). The gray shaded area is a model-based population
prediction interval, representing the expected population variability for individuals with a
given dosing history and covariate set. In Figure 2, the overall concordance of observed and
predicted data is illustrated, with a reference line of identity (e.g. perfect model fit) included.
In the left panel, the population prediction is generally consistent with the observed data,
with no systematic bias around the line of identity. It is clear however that a large degree of
unexplained variability remains in this relationship. The individual predictions (right panel),
are also unbiased (accurate) but the magnitude of unexplained variability is decreased, as
would be expected with individual-specific parameter estimation. Taken together, these
diagnostics support the conclusion that the proposed model provides an accurate description
of the observed data, with considerable variability still left to be explained.

Covariate effects, illustrated by simulation, are shown in Figure 3. The model structure was
utilized in simulations that incorporated uncertainty in parameter estimates. These
simulations demonstrate the effect of each individual covariate and a combination of
covariates have on vancomycin trough concentrations. By including the uncertainty of each
parameter in the model, the 95% confidence intervals were established for each simulation
and visually depicts how precise each simulated concentration is based on the model. These
simulations show the predicted vancomycin trough concentrations for a 5, 12, 28, and 72 kg
child with normal, reduced, or poor renal function receiving TH or NT.

Discussion

The results of this analysis are clinically important since few studies have estimated the
effect of renal function, temperature, and weight on vancomycin disposition. The study
found that the estimated population PK model using two-compartment disposition and
allometrically scaled weight, referenced to 70kg, fit the data well. Although CL in L/h is
larger in a 72kg child (4.58 L/h) as compared to 5 kg child (0.62 L/h), the allometric scaling
of body weight on CL in the model results in an inverse relationship between weight-
normalized clearance and body weight in L/h/kg as demonstrated by a CL of 0.12 L/h/kg in
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a 5kg child compared to 0.064 L/h/kg in a 72kg child. The nonlinear relationship between
body weight and clearance is important to consider when prescribing vancomycin on a
mg/kg basis, as different mg/kg doses across the pediatric weight range will be required to
achieve similar plasma concentrations. For example, this phenomenon drives current CHOP
dosing recommendations of 10-15 mg/kg per dose for children less than 50 kg, and 1 gram
per dose for children thereafter.

The main objective of the population PK analysis was to determine the overall effect of renal
function, temperature, and weight on vancomycin clearance during post-cardiac arrest
physiology and management in pediatric patients. Our study showed that a reduction in renal
function can reduce vancomycin clearance up to 80%. Furthermore, TH can reduce
vancomycin clearance up to 25%. Vancomycin clearance is reduced up to 84% when a
patient is being treated with TH and has poor renal function, which is shown visually in the
simulations presented in Figure 3. Although hypothermia is associated with a decrease in
vancomycin clearance, this effect is masked in the setting of poor or reduced renal function,
which has a larger impact on vancomycin clearance. Therefore, increased vancomycin
trough monitoring during hypothermia could be warranted.

While there is no pediatric data to directly compare our results, there are conflicting data in
the literature in neonatal HIE patients with respect to effects of TH on medication clearance
(25-26). Our results clearly demonstrated that a decline in renal function and a lower body
temperature decreased vancomycin clearance, thereby increasing vancomycin trough
concentrations. Since vancomycin is almost exclusively cleared via glomerular filtration, a
reduction in GFR was expected to reduce overall vancomycin clearance. However, to our
best knowledge, these results represent the first to quantify the effect of changes in renal
function combined with changes in temperature on vancomycin trough concentrations. In
summary, traditional dosing may result in overdosing with subsequent risk for additional
renal injury for post-cardiac arrest patients if these clinical parameters are not considered
when prescribing vancomycin.

One limitation of this study and population PK analysis is the small sample size. Volumes
and inter-compartmental clearance (Q) were estimated with less precision than CL. These
limitations reduce the model’s ability to precisely predict vancomycin concentrations in
future populations. A model based on more informative PK sampling, beyond the trough
sampling performed under clinical care in this study, could potentially be used to predict
vancomycin disposition in patients undergoing hypothermia after cardiac arrest. In addition,
temperature was capped at 37°C so the impact of fever on vancomycin PK cannot be
determined from this analysis. Despite these limitations for prospective prediction, the main
objective of this analysis was to characterize the effects of weight, temperature, and renal
function on vancomycin clearance in this patient population with limited sampling.
Although individual covariate significance testing was not performed, the addition renal
function, temperature, and weight as model covariates did improve overall predictive
performance and reduce variability in the final model. Ultimately, this model was able to
determine vancomyecin clearance and assess the effect of covariates due to the high degree of
precision around the point estimate and interindividual variability of clearance. So while the
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external generalizability of this analysis might be limited, it does provide evidence that all
the covariates were significant in explaining differences in vancomycin clearance.

Another limitation of this research is the retrospective design. All vancomycin samples were
taken for clinical purposes and were not research-driven. Therefore, timing and the number
of samples limited analysis. However, in a vulnerable population, such as children who
survive cardiac arrest, a prospective clinical trial is challenging in design and subject
enrollment. The design of this study reduces stress on families and is cost effective. In effect,
the weakness of this study is also a strength by providing an initial estimate of the
interaction of hypothermia, renal function, and weight on vancomycin clearance.
Additionally, estimated GFR using the bedside Schwartz equation may overestimate GFR by
approximately 20% in patients with a GFR over 103 mL/min/1.73 m2 (27). However, this
equation is the current standard of care renally dosing medications in non-CKD pediatric
patients.

Ultimately, this study demonstrates that TH may influence overall vancomycin clearance.
The temperature effect in the model did not take into account whether the period before the
sample was during hypothermia or normothermia. Therefore, the analysis limits the ability
to determine the time-dependent effects of hypothermia on vancomycin clearance, and
whether the impact of hypothermia lingers upon and after rewarming. Furthermore, this
analysis only utilized information previously collected, so other covariates, such as
concomitant medications, protein binding, and medical history, could not be assessed.
Therefore, while this study provides valuable information about the overall effect, a
prospective larger clinical trial should be conducted in order to increase sample size to
conclusively measure the impact of hypothermia, time on hypothermia, and other covariates
on vancomycin clearance.

Conclusion

This small retrospective study supports previous knowledge that a reduction in renal
clearance reduces vancomycin clearance. This study also indicates that treatment with TH
following pediatric CA is associated with lower vancomycin clearance. Pediatric intensive
care clinicians should be aware of the potential impact TH has on the elimination of
medications as this may impact dosing and require increased intensity of therapeutic drug
monitoring.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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70 Patients
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Treated at CHOP between 1/1/2010—9/30/2014
Received at least 1 dose of vancomycin
At least 1 serum level of vancomycin drawn

52 Patients

18 Patie ntS 12 patients on ECMO

1 patient missing dosing

EXCI u d e d 5 patients missing height

11 Patients
Hypothermia

41 Patients

Normothermia

Figurel.

Study inclusion and exclusion schematic.
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Individual and population observed versus predicted concentrations are depicted with a line
of unity. The scatter around the line represents how well the model accounts for the

vancomycin variability.
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Figure 3.
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Vancomycin Trough Concentration (ug/mL)
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Simulated vancomycin trough concentrations were generated for 5kg, 12kg, 28kg, and 72kg
children based on a dose of 10 mg/kg every 6 hours dosing scheme. Each simulation shows
normal, reduced, and poor renal function during either normothermia or hypothermia. The
black vertical line represents a trough goal of 15 ug/mL and is surrounded by a grey box that

represents 10-20ug/mL, which is the standard goal range for vancomycin troughs.
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Baseline char acteristics

Table 1

Values expressed as median (range) unless otherwise noted

Hypothermia group

Normother mia group

Demographic n=11 n=a1 p-value
Age (months) 43 23 0.51
(4-211) (1.75 - 210)
Weight (kg) 16.4 12 0.09
(7-88.3) (3.8-77.5)
Height (cm) 102.4 87.0 0.14
(66 —191) (50 — 183.6)
First Dose (mg/kg) 10 10 0.45
(5-20) (10-20)
Serum Creatinine (mg/dL) 0.2 0.4 0.09
(0.1-2.0) (0.1-3.9)
GFR 140 89.5 0.002
(38 —140) (7.8 - 140)
Temperature 34.8 36.6 <0.001
(27.6 - 38.4) (33.1-38.8)
Duration of chest compressions (min) 10 12 0.59
(2-60) (2-53)

Abbreviations: n=number, kg = kilograms, cm = centimeters, min = minutes
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Table 2
Parameter Estimates from the Full Covariate Vancomycin Population PK M odel

Interindividual and residual variability are presented as percent coefficient of variation calculated by the
square root of the variance x 100. Interindividual random effects were independent (e.g. no covariance).
Pharmacokinetic parameters are reported for a reference weight of 70kg.

PARAMETER POINT ESTIMATE 95% CI
FIXED
CL (L/h) 4.48 (4.08 - 4.89)
Impact of GFR on CL (8grr) 1.01 (0.85-1.7)
Impact of Temperature on CL (B1emy) 1.96 (1.31-2.61)
Vi (L) 12.7 (8.05-17.35)
Q (L/h) 8.49 (6.93 - 10.05)
V, (L) 355 (29.11 - 41.89)
INTERINDIVIDUAL VARIABILITY %CV
cL 49.7% (21-78.4)
2 136% (17.3-254.7)
Q 71% (11.8 - 130.2)
Vs, 32.6% (8.9-56.3)
RESIDUAL VARIABILITY
Proportional 20.9%

Model Structure:

cL=6cL x (WT/70)0-75 x (GFR/90)1-01 x (Temp/37)1.96
V1=6y1 x (WT/70)1
Q=6Q x WT/70)0-75

V2 =0yo x (WT/70) 1
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