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Dosing guidance for children with obesity is often unknown despite the fact that nearly 20% of US children are
classified as obese. Enoxaparin, a commonly prescribed low-molecular-weight heparin, is dosed based on body
weight irrespective of obesity status to achieve maximum concentration within a narrow therapeutic or prophylactic
target range. However, whether children with and without obesity experience equivalent enoxaparin exposure
remains unclear. To address this clinical question, 2,825 anti-activated factor X (anti-Xa) surrogate concentrations
were collected from the electronic health records of 596 children, including those with obesity. Using linear
mixed-effects regression models, we observed that 4-hour anti-Xa concentrations were statistically significantly
different in children with and without obesity, even for children with the same absolute dose (P = 0.004). To further
mechanistically explore obesity-associated differences in anti-Xa concentration, a pediatric physiologically-based
pharmacokinetic (PBPK) model was developed in adults, and then scaled to children with and without obesity. This
PBPK model incorporated binding of enoxaparin to antithrombin to form anti-Xa and elimination via heparinase-
mediated metabolism and glomerular filtration. Following scaling, the PBPK model predicted real-world pediatric
concentrations well, with an average fold error (standard deviation of the fold error) of 0.82 (0.23) and 0.87 (0.26)
in children with and without obesity, respectively. PBPK model simulations revealed that children with obesity have
at most 20% higher 4-hour anti-Xa concentrations under recommended, total body weight-based dosing compared
to children without obesity owing to reduced weight-normalized clearance. Enoxaparin exposure was better matched
across age groups and obesity status using fat-free mass weight-based dosing.

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE Physiologically-based pharmacokinetic model simulations show

TOPIC?

M Current clinical studies of enoxaparin pharmacokinetics
and dosing in children with vs. without obesity are unclear as
to whether dosing adjustments are needed for these children.
WHAT QUESTION DID THIS STUDY ADDRESS?

[ This study used a real-world data set of electronic health
record data to develop a physiologically-based pharmacokinetic
model that mechanistically evaluated the pharmacokinetics
and dosing requirements in children with vs. without obesity.
WHAT DOES THIS STUDY ADD TO OUR
KNOWLEDGE?

M This analysis of real-world data suggests that obe-
sity status significantly impacts anti-Xa concentrations.

that children with obesity have higher concentrations under
recommended dosing compared with children without obesity,
and suggest that age and obesity status should be considered in
enoxaparin dose selection for children.

HOW MIGHT THIS CHANGE CLINICAL PHARMA-
COLOGY OR TRANSLATIONAL SCIENCE?

[ This study sheds light on the dosing of enoxaparin, a drug
that is commonly prescribed in children with obesity. This
physiologically-based pharmacokinetic modeling approach
using real-world data can be applied to other drugs dosed in
children with obesity.

Received February 4, 2022; accepted April 13, 2022. do0i:10.1002/cpt.2618

CLINICAL PHARMACOLOGY & THERAPEUTICS | VOLUME 112 NUMBER 2 | August 2022 391


https://orcid.org/0000-0003-4679-4638
https://orcid.org/0000-0002-4921-5235
https://orcid.org/0000-0001-9442-4573
https://orcid.org/0000-0003-3595-5301
https://orcid.org/0000-0002-9014-1653
https://orcid.org/0000-0002-2110-3370
https://orcid.org/0000-0001-9196-6350
https://orcid.org/0000-0002-5715-1534
https://orcid.org/0000-0001-7056-8759
mailto:﻿
https://orcid.org/0000-0001-5522-5686

ARTICLE

Division of Pharmacotherapy and Experimental Therapeutics, University of North Carolina Eshelman School of Pharmacy, The University of North
Carolina at Chapel Hill, Chapel Hill, North Carolina, USA; 2School of Pharmacy, University of Waterloo, Waterloo, Ontario, Canada; 3Department of
Pediatrics, University of North Carolina School of Medicine, The University of North Carolina at Chapel Hill, Chapel Hill, North Carolina, USA; “Duke
Clinical Research Institute, Durham, North Carolina, USA; 5Department of Pediatrics, Duke University School of Medicine, Durham, North Carolina, USA;
SCentre for Medicine Use and Safety, Monash University, Melbourne, Victoria, Australia. *Correspondence: Daniel Gonzalez (daniel.gonzalez@unc.edu)

Please see Acknowledgments for full listing of committee members.

Enoxaparin is a low-molecular-weight (2,000-8,000 Da) heparin
that prevents the formation of activated factor X (Xa), a serine
protease that plays an essential role in the coagulation cascade.'
Despite the fact that the US Food and Drug Administration
(FDA) label states that “the safety and efficacy of [enoxaparin] in
children has not been established,” enoxaparin is commonly dosed
in children both with and without obesity." However, obesity-
induced pharmacokinetic (PK) changes and appropriate dosing
in children with obesity remains unclear. While not indicated
for pediatric populations, the FDA does recommend therapeutic
drug monitoring of enoxaparin via anti-Xa concentration in cer-
tain special populations, namely adults with renal impairment or
obesity," yet direct measurement of enoxaparin concentration in
plasma is challenging given that it is administered as a mixture of
polymeric molecules with varying chain length. Therefore, mea-
surement of anti-Xa concentration in plasma serves as a surrogate
for enoxaparin concentration, with the higher the anti-Xa concen-
tration, the higher the degree of anticoagulation.” Therapeutic
drug monitoring occurs by comparing maximum anti-Xa concen-
tration (at 4 hours post dosing) to target ranges of 0.6-1.0 IU/mL
for treatment of deep vein thrombosis with or without pulmonary
embolism or 0.1-0.3 IU/mL for prophylaxis of deep vein throm-
bosis or ischemic complications from non-Q-wave myocardial
infarction.">* Therapeutic drug monitoring and dose adjustment
to achieve these target ranges helps to mitigate the risk of subther-
apeutic or supratherapeutic concentrations (serious thromboem-
bolic events and risk of bleeding events, respectively).>*

Patients with obesity may be at greater risk of supratherapeutic an-
ti-Xa exposure and, therefore, additional bleeding risk, due to weight-
based dosing coupled with obesity-induced physiological changes
that can impact enoxaparin’s PK. Recommended enoxaparin dosing
from the American College of Chest Physicians (ACCP) is weight-
based (ie., 1.0 mg/kg twice-daily for treatment and 0.5 mg/kg
twice-daily for prophylaxis) for both children and adules.”” This
means that patients with obesity receive higher absolute doses (i.c.,
in milligrams) than their counterparts without obesity, which could
place patients with obesity at greater risk of major bleeding events.
Enoxaparin exhibits significant renal elimination (with ~ 40% of the
dose excreted unchanged in urine in adults), and renal clearance is
often altered with obesity due to increases in kidney size and function
with obesity."®” This increase in clearance does not increase propor-
tionally with overall increases in total body size and absolute dose,
leading to potentially higher anti-Xa exposure.®™" Additionally,
enoxaparin’s volume of distribution is approximately equal to 4 L in
adults, indicating that its distribution is restricted to the vasculature.!
Consequently, higher absolute doses in patients with obesity may se-
quester in the blood and lead to elevated concentrations.

Enoxaparin PK studies in children with and without obesity are
limited, most likely due to many ethical and logistical challenges to
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studying children with obesity. A stigma of obesity can further lower
pediatric enrollment rates, making it challenging to include the full
age and body size range of children required to characterize drug
disposition. Additionally, indirect measurement of enoxaparin con-
centration in plasma via anti-Xa imposes further challenges to char-
acterizing changes to its PK with obesity. Also, many prior studies of
enoxaparin rely only on concentrations taken 4 hours post dosing in-
stead of full concentration-vs.-time profiles, more typical of PK stud-
ies. As a result, the objective of this study was to use real-world data
(RWD) from a multicenter electronic health record (EHR)-derived
data repository developed by the Pediatric Trials Network (PTN) to
evaluate differences in enoxaparin drug dosing and disposition in chil-
dren with obesity using linear mixed-effects regression models and
physiologically-based pharmacokinetic (PBPK) modeling,

METHODS

RWD source

RWD were curated from the PTN data repository, a deidentified EHR-
derived data warchouse that captures clinical information for more than
350,000 encounters in ~ 265,000 children across nine US hospitals from
January 2013 to June 2017."> The inclusion criteria for this study included
all patients 2-17 years of age receiving enoxaparin for any indication.
Exclusion criteria included children with evidence of severe renal dysfunc-
tion (i.c., serum creatinine > 4 mg/dL) or hepatobiliary disease or hemoly-
sis (i.e., bilirubin levels > 6 mg/dL); children on a ventricular assist device,
extracorporeal membrane oxygenation, or dialysis; and children who were
pregnant, diagnosed with a neoplasm, or whose height or anti-Xa concen-
tration records were missing. Additional exclusions included children with
only a baseline, predose anti-Xa concentration recorded (2 = 13), children
with anti-Xa concentrations recorded >80 hours after the last recorded
dose (7 = 18), and children with implausible height or body mass index
(BMI) records attributed to recording errors (z = 45) (Table SI).
Creatinine clearance (CL__, . ) for observed participants in the RWD
was estimated using the Bedside Schwartz equation as shown in Eq. 1:

cL _ 0.41 = height 0

creatinine . >
serum creatinine

where height and serum creatinine are measured in centimeters and mil-
ligrams per deciliter, respectively.13 Dosing < 0.6 mg/kg was considered
to be for a prophylaxis indication and >0.6 mg/kg for a treatment indi-
cation. The final data set used for analysis included 596 children with
1,099 encounters and 2,825 anti-Xa concentrations. Full demographic
and baseline data can be found in Table 1 and Tables S2 and S$3. This
study was approved by the Duke University Institutional Review Board
(Duke University as the coordinating center) and all participating sites

. . . : 12
with a waiver oflnformed consent requirements.

Baseline comparisons in children with and without obesity

Bascline demographics, reported laboratory measures, concomitant
medications, International Classification of Diseases, Tenth Revision
(ICD-10) diagnosis codes for clotting or bleeding events, enoxaparin dos-
ing, and anti-Xa 4-hour concentration were compared between children
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Table 1 Comparison of participant demographics, enoxaparin dosing, and anti-Xa 4-hour concentration

Enoxaparin dosing for treatment

Children without obesity

(n = 415) Children with obesity (n = 104) P value®
Demographics
Age (years) 9.8 (5.0) 10.0 (5.2) 0.73
Age group
> 2 and < 6 years 126 (30.4%) 35 (33.7%) 0.26
> 6 and < 12 years 117 (28.2%) 21 (20.2%)
> 12 years 172 (41.4%) 48 (46.2%)
Weight (kg) 34.8 (19.5) 58.4 (39.8) < 0.001*
Height (cm) 132.4 (30.4) 133.5 (34.7) 0.77
BMI (kg/m?) 18.0 (3.2) 28.1(9.1) < 0.001*
BMI percentile (%)° 50.8 (29.2) 98.0 (1.5) < 0.001*
Extended BMI (%) 79.6 (10.3) 120.1 (24.6) < 0.001*
Sex
Male 226 (54.5%) 60 (57.7%) 0.63
Female 189 (45.5%) 44 (42.3%)
Race
White 232 (55.9%) 48 (46.2%) 0.04*
Black or African American 102 (24.6%) 24 (23.1%)
Other® 81 (19.5%) 32 (30.8%)
Ethnicity
Hispanic/Latino 79 (19.0%) 28 (26.9%) 0.10
Not Hispanic/Latino® 336 (80.9%) 76 (73.1%)
Serum creatinine (mg/dL) 0.49 (0.36) (10.4%) 0.51 (0.28) (13.5%) 0.38
Enoxaparin dose
Weight-based dose (mg/kg) 1.08 (0.25) 1.13 (0.37) < 0.001*
Total dose (mg) 31.3 (17.4) 34.3 (25.6) < 0.001*
Anti-Xa concentration
Concentration (IlU/mL) 0.67 (0.28) 0.78 (0.29) < 0.001*
Dose-normalized concentration (IU/mL) 0.027 (0.019) 0.031 (0.023) < 0.001*
Enoxaparin dosing for prophylaxis
Children without obesity (n = 78) Children with obesity (n = 41) P value®
Demographics
Age (years) 11.0 (4.7) 12.6 (4.2) 0.06
Age group
> 2 and < 6 years 17 (21.8%) 5 (12.2%) 0.35
> 6 and < 12 years 19 (24.4%) 9 (22.0%)
> 12 years 42 (53.8%) 27 (65.9%)
Weight (kg) 38.8 (19.0) 82.8 (47.2) < 0.001*
Height (cm) 137.5 (29.1) 150.5 (29.7) < 0.03*
BMI (kg/m?) 19.0 (3.0) 33.2(12.4) < 0.001*
BMI percentile (%) 60.3 (26.9) 98.1 (1.6) < 0.001*
Extended BMI (%) 80.6 (10.5) 130.6 (40.0) < 0.001*
Sex
Male 42 (53.8%) 20 (48.8%) 0.74
Female 36 (46.2%) 21 (51.2%)
(Continued)
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Table 1 (Continued)

Enoxaparin dosing for prophylaxis

Children without obesity (n = 78) Children with obesity (n = 41) P value®
Race
White 37 (47.4%) 16 (39.0%) 0.25
Black or African American 22 (28.2%) 9 (22.0%)
Other® 19 (24.4%) 16 (39.0%)
Ethnicity
Hispanic/Latino 8 (10.3%) 14 (34.1%) 0.003*
Not Hispanic/Latino® 70 (89.7%) 27 (65.9%)
Serum creatinine (mg/dL) 0.51 (0.41) (6.4%) 0.72 (0.51) (7.3%) < 0.01*
Enoxaparin dose
Weight-based dose (mg/kg) 0.57 (0.26) 0.49 (0.25) < 0.001*
Total dose (mg) 22.2 (12.9) 29.3 (19.6) < 0.001*
Anti-Xa concentration
Concentration (IlU/mL) 0.43 (0.25) 0.48 (0.30) 0.15
Dose-normalized concentration 0.022 (0.015) 0.022 (0.021) 0.95

(Iu/mL)

Comparison of participant demographics, enoxaparin dosing, and anti-Xa 4-hour concentration for children with vs. without obesity receiving enoxaparin for
treatment and prophylaxis. Summary statistics are reported as mean (standard deviation) (% missing) for continuous variables and as count (%) for categorical
variables. Demographics at the time of first record during the first encounter were used to calculate descriptive statistics. Laboratory measure summary
statistics were calculated using each participant’s average value across all encounters.

BMI, body mass index; CDC, US Center for Disease Control and Prevention; IQR, interquartile range; IU, international unit; LMS, lambda-mu-sigma.

@Continuous variables were compared using Welch'’s t tests, while categorical variables were compared using Pearson’s X2 tests. A P value < 0.05 is considered
statistically significant. The results were similar when using Mann-Whitney U/Wilcoxon rank sum tests, after testing for normality using Shapiro-Wilk, Kolmogorov-
Smirnov, and Levene’s tests (results not shown). PBMI percentile was calculated using the CDC growth charts and LMS methodology. Note that BMI percentiles

> 99% extrapolated from the CDC growth curves can misrepresent participants at the upper extreme of body size, in which case extended BMI is a more
representative metric. There were 41 and 18 children with obesity receiving enoxaparin for treatment and prophylaxis, respectively, who had BMI percentiles

> 99%. °For treatment dosing, this includes 16 Asian children (9 without and 7 with obesity), 1 American Indian/Alaska Native child without obesity, 2 Native
Hawaiian/Pacific Islander children without obesity, 8 children of multiple races without obesity, and 86 children (61 without and 25 with obesity) of unknown or
unreported race. For prophylaxis dosing, this includes 8 Asian children (5 without and 3 with obesity), 1 American Indian/Alaska Native child without obesity, 1
Native Hawaiian/Pacific Islander child without obesity, 5 children (4 without and 1 with obesity) of multiple races, and 20 children (8 without and 12 with obesity)
of unknown or unreported race. 9For treatment dosing, this includes 12 children (10 without and 2 with obesity) whose ethnicity was unknown or not reported. For
prophylaxis dosing, this includes 3 children (2 without and 1 with obesity) whose ethnicity was unknown or not reported. *Statistically significant at the a = 0.05

level.

with and without obesity receiving enoxaparin for treatment and pro-
phylaxis. Extended BMIs were used as a measure of the extent of obesity,
calculated as the participant’s BMI divided by the 95" BMI percentile
for a participant’s age and sex, where children with an extended BMI
> 100% are considered obese. This 957 BMI percentile was obtained
from the standard US Centers for Disease Control and Prevention
(CDC) growth charts developed from reference data from children in
the 1970s, and this definition of pediatric obesity is consistent with the
one used by the American Academy for Pediatrics."* Continuous vari-
ables were compared using Welch’s 7 tests, as well as Mann—Whitney U/
Wilcoxon rank sum tests after testing for non-normality using Shapiro-
Wilk, Kolmogorov-Smirnov, and Levene’s tests. Categorical variables
were compared using Pearson’s x” tests. A P value < 0.05 was considered
statistically significant.

Mixed-effects regression model development

Variables in the data set with statistically significant differences between
children with and without obesity receiving enoxaparin were included in
linear mixed-effects regression models to understand which variables (in-
cluding the extent of obesity) significantly account for variability in ob-
served anti-Xa 4-hour concentration. Two models were developed for
anti-Xa concentrations following enoxaparin treatment and prophylaxis
dosing. Regression model development was performed using R (version
4.0.3, Vienna, Austria) and RStudio (version 1.2.1335, Boston, MA)
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along with the “Ime4,” “mice,” and “broom.mixed” packages. Since many
participants had multiple anti-Xa concentrations recorded and data was
collected from multiple sites, random intercepts for each participant and
site were included in the models. Approximately 4% of CL__ . . values
were missing, so we used multiple imputation and combined the esti-
mated regression parameters across ten imputed data sets using Rubin’s
Rules.® The final mixed-effects models were evaluated by residual,
quantile-quantile, and predicted vs. observed concentration plots as well
as root mean square error (RMSE) as shown in Eq. 2:

> (obscrvcdi — predicted, ) : )
RMSE = i=lton )

n

where i represents an individual sample and 7 is the total number of sam-
ples across all participants.

PBPK model development

To further understand mechanistic drivers of anti-Xa exposure in chil-
dren with and without obesity, a PBPK model was developed and eval-
uated in adults, then scaled to children to predict the RWD of children
with and without obesity. The PBPK model was developed in PK-Sim
and MoBi (version 8 and 9.1, respectively, Open Systems Pharmacology
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Suite, Open Systems Pharmacology, www.open-systems-pharmacolo
gy.com) using a whole-body model. A conversion factor of 100 IU/mL
anti-Xa to 1 mg enoxaparin dose was used.' Subcutaneous dosing was
modeled by optimizing a first-order absorption rate constant across
multiple studies of adults receiving both single and multiple doses of
enoxaparin subcutancously.'®*! Data from these studies were digitized
using Graph Grabber (version 2.0, Quintessa, Warrington, UK, https://
www.quintessa.org/). Elimination via heparinase in plasma and renal
elimination via glomerular filtration were accounted for in the model by
fixin% the fraction eliminated in urine to 40%, as reported in the FDA
label.

To account for the binding of enoxaparin to its target, enoxaparin bind-
ing to antithrombin to form anti-Xa was modeled assuming an equilib-
rium dissociation constant (K7,) and antithrombin concentration in excess
of enoxaparin’s therapeutic concentration range, and the rate of unbind-
ing was optimized using anti-Xa concentrations di§itizcd from studies of
adults receiving intravenous enoxaparin dosing.”’2

Following adult model evaluation (see next section), the adult enoxapa-
rin PBPK model was scaled to pediatric populations 2-18 years of age.
Renal clearance for simulated participants was scaled as shown in Eq. 3:

GFRyg  fuchid
CLppp iy = ———child  Jechild o L , ©)
GFR,child GFRadu[t f;,adult GFR,adult

where CLpp 4 18 the child’s clearance as a function of glomerular fil-
tration rate (GFR), GFR ;. is the child’s estimated GFR, GFR dule s the
typical adule GFR (110 mL/minute), £, ., is the enoxaparin fraction un-
boundin children,f; ;. is the fraction unbound in adults, and CLpp .
is the adult clearance as a function of GFR. Furthermore, GFR ;4 Was
adjusted to reflect renal maturation across the population age range using
a sigmoidal postmenstrual age (PMA, the summation of gestational age
(GA) and postnatal age (PNA)) model using Eq. 4 (see ref. 23):

0.74 %+ PMA?
(44.4° + PMAP?)

GFR g = GFR g, * < + 0-26>- 4)

Unlike GFR, maturation of antithrombin and heparinase was not consid-
ered during scaling, as the literature suggests that antithrombin concentrations
approach adult values in the first few months following birth, and ontogeny
information for heparinase was not available. > PK-Sim pediatric virtual pop-
ulations with and without obesity include relevant physiological parameters,
including changes from adults in body weight, height, organ volumes, blood
flows, and tissue composition. Virtual populations including children with
obesity had increased overall body weight as determined by updated BMI-for-
age growth curves and increased lean body weight, organ volume, blood flow,
and corresponding effects on clearance processes as previously described.”

PBPK model evaluation

For each reported adult study, virtual populations of 500 virtual partici-
pants were generated based on patient demographics from the respective
study to evaluate the adult model. The number of observed concentra-
tions falling within the 90% model prediction interval was calculated, as
well as the average fold error (AFE) of the median simulated concentra-
tion for all observations using Eq. 5:

AFE = 10 Z0(555) 5

where 7 is the total number of samples for a particular participant (or
digitized study). Because of the heterogeneous nature of EHR data, in-
cluding wide variability in dose amount, frequency, and route as well
as sampling time, virtual “individualized” populations were used for
pediatric model simulations to predict the pediatric RWD concentra-
tions. These virtual “individualized” populations included 500 virtual
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participants with demographics matched to cach particular observed
participant’s demographics and dosing regimen. A separate virtual “in-
dividualized” population was used for each observed child in the RWD.

Dosing simulations

Once evaluated and deemed suitable to describe both adult and pediat-
ric patients receiving enoxaparin, the pediatric PBPK model was used to
simulate various dosing schemes to hypothesize appropriate dosing for
children with and without obesity. First, to evaluate how absolute and
weight-normalized clearance and volume of distribution change with in-
creasing extent of obesity, the currently recommended enoxaparin treat-
ment dose of 1 mg/kg total body weight administered twice-daily was
evaluated using simulated populations (z = 1,000) of children with and
without obesity stratified by ages 2 to < 6 years, 6 to < 12 years, and 12—
18 years (Table $4).” Next, a range of enoxaparin dosing for prophylaxis
(0.2-0.6 mg/kg) and for treatment (0.7-1.5 mg/kg) administered sub-
cutancously twice-daily was simulated for each group using total body

weight and fat-free mass as calculated by Egs. (6a) and (6b):

- 9270 % Weight
FEM,,,;, = | 088 + | — =088 [ cig (62)
1+ (&)_ 7 11] 6680 + (216 * BMI)
134
_ 9270 % Weight
FFM g, = | 111 4+ | ——1 [ 8 (6b)
l+<%>7 : 8780 + (244 * BMI)
7.1
here FEM_ . and FFM, _ are the estimated fat-free mass for males

and females, respectively.” Therefore, the weight-based descriptor that
leads to matched exposure between patient subgroups can be identified.

RESULTS

Baseline comparisons and regression model development
As expected, weight, BMI, BMI percentile, and extended BMI
were significantly higher among children with vs. without
obesity receiving enoxaparin for either treatment or prophy-
laxis (Table 1). Race significantly differed between children
with and without obesity receiving enoxaparin for treatment,
whereas ethnicity significantly differed across groups in chil-
dren receiving enoxaparin for prophylaxis. Estimated creatinine
clearance via the Bedside Schwartz equation was significantly
lower in children with obesity receiving enoxaparin for both
treatment and prophylaxis.

There was substantial variability in concentration across dose and
time in the RWD (Figure 1; Figure S1). Children with obesity had
statistically significantly higher absolute doses and anti-Xa 4-hour
concentrations compared to those without obesity (Table 1). For
treatment dosing, this observation was maintained even when dose-
normalizing the concentrations, indicating that the statistically
significantly higher concentration is attributable to factors beyond
only dosing differences between children with and without obesity.

The linear mixed-effects regression model indicated that ab-
solute dose, extended BMI, and the interaction between the two
were significantly associated with anti-Xa 4-hour concentrations
for participants receiving enoxaparin for treatment (Table 2;
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Figure 1 Box plots of (a, ¢) observed anti-Xa concentrations and (b, d) dose-normalized 4-hour anti-Xa concentrations for children with vs.
without obesity receiving enoxaparin for (a, b) treatment and (¢, d) prophylaxis. Dashed lines represent the target anti-Xa concentration range
for treatment and prophylaxis. The P values for comparing the median concentration in children with vs. without obesity are (a) < 0.001, (b)

0.004, () 0.12, and (d) 0.12. Conc, concentration.

Figure S2) and prophylaxis (Table S5; Figure $3). The negative
interaction term between dose and extended BMI suggested that
if we compared one participant with a higher extended BMI and
one with a lower extended BMI who both received the same dose,
the participant with a higher extended BMI had a lower expected
4-hour concentration. Age was statistically significant in the model
for participants receiving enoxaparin for prophylaxis. Race, ethnic-
ity, and estimated creatinine clearance were not statistically signif-
icant in either model.

PBPK model development and evaluation

Final enoxaparin PBPK model parameters can be found in
Table 3. The PBPK model was able to capture the digitized adult
literature data, with an overall AFE of 0.59 (range: 0.30-1.11)
across two intravenous and eight subcutaneous single-dose and
multidose studies of enoxaparin (Table S6; Figure S4).16_22 The
PK across the range of dosing in these studies (20-120 mg) was
linear, with predicted clearance and volume of distribution similar
to reported values (Table S7).

For children without obesity in the darta set, the AFE (stan-
dard deviation of the fold error) was 0.87 (0.26), with 75.2% of
concentrations falling within the 90% model prediction interval
(20.6% above, 4.2% below). The results for children with obesity
were similar, with an AFE (standard deviation of the fold error) of
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0.82 (0.23) and 77.2% of concentrations falling within the 90%
model prediction interval (20.5% above, 2.4% below). In a sub-
group analysis, children with overweight (BMI percentile > 85% to
< 95%) and severe obesity (BMI percentile > 99%) had an AFE of
0.79 and 0.72, respectively. There were no obvious trends in AFE

Table 2 Linear mixed-effects regression model parameters
for enoxaparin treatment dosing

Parameter Estimate® 95% CI
Intercept (IU/mL) 0.64 (0.57, 0.72)*
Absolute dose (mg) 0.08 (0.06, 0.10)*
Extended BMI (%) 0.06 (0.03, 0.07)*
Race — White American -0.01 (-0.05, 0.03)
Race — Other Classification -0.01 (=0.06, 0.04)
Clyreatinne (ML/Minute/1.73 m?) -0.01 (-0.03, 0.004)
Absolute dose * Extended BMI -0.02 (-0.03, -0.01)*

Parameters for a linear mixed-effects regression model regressing anti-Xa
4-hour concentration onto key variables for children receiving enoxaparin for
treatment.

BMI, body mass index; Cl, confidence interval; CL_ . .i.iner Cr€atinine clearance.
2Variables were centered on the median value and scaled by the standard
deviation. A random slope was fitted for each participant and site. Missing

CL_ eatinine Values were imputed using a predictive mean matching multiple
imputation method. *Statistically significant at the a = 0.05 level.
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Table 3 Parameters used in enoxaparin PBPK model development

Parameter Enoxaparin Source
Physicochemical properties
Units of anti-Xa per 1 mg enoxaparin (IlU/mL) 100 FDA label*
Molecular weight (g/mol) 4,500 FDA label*
pKa value 3.00 Wang et al.*®
Lipophilicity -10.0 Drug Bank
Solubility (mg/mL) 200 Drug Bank
Blood to plasma ratio 0.85 Calculated value®
Binding
Antithrombin plasma concentration (uM)° 25 Wajima et al.**
Kp (1M)P 2.5 Wajima et al.**
Ko (1/hour) 2 Optimized
Distribution
Partition coefficients PK-Sim Standard Willmann et al.*®%°
Cellular permeabilities PK-Sim Standard Willmann et al.*®:%°
k, (1/hour) 0.60 Optimized
Metabolism
Heparinase
CLSpec (1/minute)® 0.096 Optimized
Excretion
GFR fraction® 1.00 FDA label"
o urine 40% FDA label*
CL specific clearance; FDA, US Food and Drug Administration; f, fraction of dose excreted in urine; k,, absorption rate constant; GFR, glomerular

spec’ e,urine’

filtration rate; 1U, international unit; K, equilibrium dissociation constant; k , rate of unbinding; PBPK, physiologically-based pharmacokinetic; pKa, negative log

of the acid dissociation constant.
4 logP
[(fwater,bC + pridsm * 10 ¢ + fproteinsmc

# KProt) « 1, « HCT| — HCT + 1; where f

fractional volume content of lipid in blood cells, logP is the lipophilicity measure

water_rbc

* "proteins_rbc

is the fractional volume content of water in blood cells, f, is the

lipids_rbc
is the fractional volume content of protein in blood cells, KProt is

partition coefficient of water to protein, f, is the fraction unbound, and HCT is the hematocrit.*®%° PA sensitivity analysis found that of all the PBPK model
parameters, antithrombin concentration and K had the largest impact on anti-Xa 4-hour concentration. However, neither of these parameters resulted in a > 10%

increase or decrease in 4-hour concentration when increased by 10%, indicating that the PBPK model is not overly sensitive to them. °CL

software-specific term that is calculated by Clgpee = 5 where CL,
cell

is a PK-Sim

spec

is the scaled intrinsic clearance (mL/minute), V is the volume of the liver, and f_, is the

fraction intracellular in the liver. %GFR fraction is a PK-Sim software-specific term that describes what fraction of the virtual participant’s GFR contributes to renal
clearance. A GFR fraction of 1.0 indicates no tubular secretion or reabsorption is included.

with obesity status, indication, age, sex, or race (Figure SS). The
coefficient of variation in simulated 4-hour dose-normalized con-
centration was 173.9%, slightly more than the variation of 137.6%
observed for 4-hour concentration in the RWD.

Dosing simulations

Simulated children with obesity demonstrated higher median ab-
solute clearance (13.9%, 18.5%, and 14.3% for children 2 to < 6,
6 to < 12, and 12-18 years, respectively) and volume of distribu-
tion (19.7%, 23.7%, and 24.4% for children 2 to < 6, 6 to < 12,
and 12-18 years, respectively) as compared to children with-
out obesity (Figure 2). Conversely, median weight-normalized
clearance and volume of distribution was lower with obesity by
a similar magnitude. Increases in absolute clearance attributable
to increased kidney volume (and consequently GFR) in children
with obesity did not increase to the same degree as body weight;
therefore, weight-normalized clearance decreased, as previously
suggested.7’26
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For total body weight—based dosing, there were observable dif-
ferences in the simulated 4-hour concentration, particularly be-
tween simulated children with and without obesity (Table 4). We
observed that simulated children 1218 years of age demonstrated
the highest anti-Xa 4-hour concentration increase with obesity,
with median 4-hour concentrations ~ 20% higher in children with
vs. without obesity using reccommended treatment dosing (1.0 mg/
kg). To further explore possible dosing regimens for this age group
(12-18 years) using total body weight as the body composition
metric, a full range of prophylactic and treatment dosing was sim-
ulated (Figure 3). From these simulations, simulated children with
obesity in this age group required 0.3 mg/kg less dose (adminis-
tered twice-daily) than children without obesity to achieve target
therapeutic concentrations. Across all dosing regimens, younger
children demonstrated lower simulated 4-hour concentrations
compared with older age groups (Figure 3; Figures S6 and S7).
In contrast, using fat-free mass rather than total body weight for
calculating treatment and prophylaxis doses resulted in simulated

397



ARTICLE

(a) Absolute CL

E= Children without Obesity
B Children with Obesity

| o

£ (4] [«2]
o o o

Absolute CL (mL/min)
w
o

(b) Absolute V4

Absolute Vg (L)
* o

N

= ++ ++

6-12y 12218y

Age Group
(c) Weight-Normalized CL

2-6y

2

<

£ 1.01

£

-

£ 08

-

o

< 0.6

()

N

@ 4

€04 l

o

Z 02

<

2

%’ 0.0

2-6y 6-12y 12-18y
Age Group

6-12y 12-18y

Age Group

2.6y

(d) Weight-Normalized V4

s

6-12y
Age Group

© °
S o
=) o

Weight — Normalized V4 (L/kg)
5

I
o
s}

26y 12218y

Figure 2 Changes in simulated enoxaparin absolute and weight-normalized (a, ¢) CL and (b, d) V, with obesity status for children ages
2 to < 6 years, 6 to < 12 years, and 12-18 years with and without obesity. Simulated children (n = 1,000 per group) received 1 mg/kg
subcutaneous doses twice-daily of enoxaparin. Boxes represent the median and IQR, and whiskers extend to 1.5 x IQR. CL, clearance; IQR,

interquartile range; V,, volume of distribution.

anti-Xa 4-hour concentration ranges that were very similar across
obesity status and age subgroups of simulated children.

DISCUSSION
This study used RWD from children with and without obesity
receiving enoxaparin and found that obesity status was a signifi-
cant predictor of anti-Xa 4-hour concentration. To better charac-
terize this effect mechanistically, we developed a novel enoxaparin
PBPK model in adults, scaled and evaluated the model in children,
and then used the model to simulate appropriate dosing in chil-
dren with and without obesity. While the impact of obesity on
enoxaparin PK and dosing has been evaluated in adults, there have
been limited studies to date in children, and none with data this
extensive in the full pediatric age range in children both with and
without obcsity.8’9’21’27_3 ® To date, this is the first PBPK model of
enoxaparin, and, to our knowledge, the first PBPK model evalu-
ated using EHR data from a national multicenter data repository,
which could enable a new data source for this vital modeling tool.
Previous studies evaluating the potentially increased risk of su-
pratherapeutic exposure in patients with obesity are conflicting
for both adults and children. Some studies in adults support the
recommended weight-based dosing, suggesting that a minority of
adults with obesity receive reduced healthcare provider-adjusted
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dosing, and that there is no significant difference in peak con-
centration or bleeding events in patients with vs. without obesi-
ty.*1?93 Conversely, other studies support conservative dosing
in adults with obesity, showing that reduced, lean body weight, and
fat-free mass dosing achieved more concentrations within the tar-
get range with reduced incidence of bleecling.g’lo’27’3 4-36 Although
there have been limited studies in children with obesity, the re-
sults to date are similarly conflicting. One study in 30 adolescents
with obesity and overweight found that reduced (< 0.9 mg/kg)
and recommended (1.0 mg/kg) dosing achieved equivalent con-
centrations with no adverse outcomes.”® Conversely, a study of 60
children 2-18 years of age found that the mean enoxaparin dose
following routine therapeutic drug monitoring was 26% lower and
concentrations were 21% higher in children with obesity, suggest-
ing a reduced dose is more appropriate for children with obesity.”’
The results presented herein support the previous findings from
the latter pediatric study.

Linear mixed-effects regression modeling highlighted the im-
portance of both dose and obesity status (measured by extended
BMI) as significant predictors of anti-Xa 4-hour concentration.
The observed interaction between dose and obesity status suggests
that absolute doses at higher extended BMIs are associated with an
increase in the anti-Xa concentration of a lower magnitude than at
lower extended BMIs. This finding makes sense within the context
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Table 4 Summary of PBPK model-simulated anti-Xa concentrations

Simulated 4-hour anti-Xa concentration (IlU/mL) following recommended dosing for treatment (1.0 mg/kg twice-daily)5

2 to < 6 years

6 to < 12 years 12-18 years

TBW-based dosing

Children without obesity 0.52 (0.39, 0.65)

0.59 (0.46, 0.76) 0.71 (0.55, 0.88)

Children with obesity 0.60 (0.47, 0.75)

0.70 (0.54, 0.88) 0.86 (0.66, 1.08)

FFM-based dosing

Children without Obesity 0.41 (0.31, 0.52)

0.46 (0.36, 0.58) 0.50 (0.37, 0.62)

Children with obesity 0.40 (0.31, 0.61)

0.48 (0.37, 0.61) 0.56 (0.42, 0.72)

Simulated 4-hour anti-Xa concentration (IU/mL) following recommended dosing for prophylaxis (0.5 mg/kg twice-daily)5

2 to < 6 years

6 < 12 years 12-18 years

TBW-based dosing

Children without obesity 0.27 (0.20, 0.33)

0.30 (0.24, 0.39) 0.36 (0.28, 0.45)

Children with obesity 0.30 (0.24, 0.45)

0.36 (0.28, 0.45) 0.44 (0.34, 0.56)

FFM-based dosing

Children without obesity 0.21 (0.16, 0.26)

0.23 (0.18, 0.30) 0.27 (0.20, 0.33)

Children with obesity 0.21 (0.16, 0.27)

0.24 (0.19, 0.31) 0.28 (0.21, 0.37)

Summary of PBPK model-simulated anti-Xa concentrations following twice-daily recommended dosing for enoxaparin for treatment and prophylaxis. Values shown

as median (IQR).

FFM, fat-free mass; IQR, interquartile range; U, international unit; PBPK, physiologically-based pharmacokinetic modeling; TBW, total body weight.

of known PK changes with obesity. Participants with obesity have
increased kidney size and increased absolute clearance, meaning
they are better able to eliminate enoxaparin renally.7 The observed
absolute creatinine clearance in the data set was ~ 10% higher for
children with vs. without obesity (87.4 vs. 76.7 mL/minute for
those receiving enoxaparin for treatment). However, because this
increase in enoxaparin absolute clearance does not increase pro-
portionally with body size and absolute dose, children with obesity
receive higher enoxaparin doses and have higher anti-Xa concen-
trations. The regression models demonstrated reduced predictive
performance at the upper and lower end of observed anti-Xa con-
centrations. This reduced predictive performance occurred at least
partially because there were no observed samples from children
without obesity at the upper end of the dose range (i.c., > 110 mg)
and no children with obesity at the lower end of the absolute dose
range (ie., < 5 mg). These scenarios were not unexpected, since
enoxaparin is dosed by total body weight. Therefore, these mixed-
effects model results likely only hold for the middle ~ 80% of the
observed data. Other analyses, such as PBPK modeling, are needed
to enable an understanding of the interaction between dosing, en-
vironmental, and demographic factors, and to extrapolate beyond
this range. While a previous mixed-effects regression analysis has
not yet been conducted in children, two analyses of adults with
obesity also found that body size (measured as total body weight)
was a statistically significant, independent predictor of anti-Xa 4-
hour concentration.””

In developing the novel enoxaparin PBPK model, enoxaparin
binding to antithrombin to form the anti-Xa complex was key to
evaluating the model, since enoxaparin is measured via its surrogate
anti-Xa concentration. Limited studies available in the literature
reported a Ky of 0.64-177 nM, with studies varying considerably

CLINICAL PHARMACOLOGY & THERAPEUTICS | VOLUME 112 NUMBER 2 | August 2022

in the molecular weight and affinity of heparin used for analy-
sis. > This is well below enoxaparin concentrations in plasma
at therapeutic doses. However, enoxaparin is widely used clini-
cally because it is known to have dose-linear PK, so this binding
process was forced within the linear binding range by using a K
value of 2.5 pM, just above enoxaparin’s therapeutic concentration
range. Plasma antithrombin concentration was assumed in excess
of this therapeutic concentration to allow for adequate enoxaparin
bindin§, as previously assumed in a coagulation cascade systems
model.* Additionally, no differences in the absorption rate con-
stant were implemented with obesity. While increased fat mass
may decrease the rate at which a subcutaneously dosed drug can
reach the bloodstream, no differences in absorption rate were ob-
served when attempting to optimize this parameter in children
without vs. with obesity.

Under these assumptions, the enoxaparin PBPK model
captured observed adult data and observed pediatric concen-
trations, with a bias toward underestimation. However, the ma-
jority of this underestimation occurred in samples taken after
the last dose, as 74.9% of observed pediatric concentrations
that were sampled at ~ 4 hours had an AFE of 0.94, with 79.8%
of observed concentrations within the 90% model prediction
interval. Adult simulated intravenous clearance (~ 24 mL/
minute; Table S§7) was similar to the FDA label-reported
adult clearance following an intravenous dose (26 mL/min-
ute).' Because enoxaparin’s bioavailability in the PBPK model
was nearly 100% as reported by adult studies, the simulated
subcutaneous adult clearance was ~ 24 mL/minute as well,
though this overestimates the FDA label-reported subcutane-

1,17,22

ous clearance of 15 mL/minute. No reports of pediatric

subcutancous clearance were identified. The pediatric volume
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Figure 3 PBPK model-simulated anti-Xa 4-hour concentrations following twice-daily subcutaneous dosing of 0.2-1.5 mg/kg using (a, b) TBW

or (¢, d) FFM for children ages 12-18 years (a, ¢) without and (b, d) with

obesity (n = 1,000 children per group). A full range of dosing was

simulated to assess both treatment and prophylaxis target therapeutic concentration ranges. Boxes represent the median and IQR, and
whiskers extend to 1.5 x IQR. Red and black dashed lines represent the target ranges for treatment (0.6-1.0 IU/mL) and prophylaxis (0.1-
0.3 IU/mL) dosing, respectively.3'4 Similar plots for children 2 to < 6 and 6 to < 12 years are presented in Figures S6 and S7. FFM, fat-free
mass; IQR, interquartile range; IU, international unit; PBPK, physiologically-based pharmacokinetic; TBW, total body weight.

of distribution (median 2.8 L) approximated simulated pedi-
atric participants’ plasma volume given age as expected from
enoxaparin’s binding and mechanism of action.' Peak simulated
anti-Xa concentrations were similar to a previous report in chil-
dren 12-18 years (median 0.77 vs. 0.7 IU/mL) and children
~ 6-18 years (median 0.71 vs. 0.67 [U/mL) with obesity under
equivalent dosing.zg‘29

PBPK-model simulated lower anti-Xa 4-hour concentrations
for younger children is in line with prior population PK analyses
in children without obesity, noting a trend of decreased weight-
normalized clearance with increasing age, with allometrically

4536 This makes sense, as

scaled weight as a significant covariate.
younger children have higher weight-normalized clearance com-
pared with older children. Using total body weight—based dosing,
model simulations show ~ 20% higher anti-Xa exposure for older
children with obesity ages 12-18 years, potentially necessitating
reduced total body weight-based dosing in older children with
obesity as has been previously suggested for treatment and prophy-
lactic dosing.ZM7 These results suggest that to effectively select an
initial total body weight—based enoxaparin dose for children, both
the child’s age and body size should be considered. Alternatively,
fat-free mass-simulated dosing resulted in similar anti-Xa 4-hour
concentrations across all age and obesity status subgroups. Since
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fat-free mass already incorporates age and body size, a fat-free mass
dosing strategy could offer a simplistic and more precise method of
dose selection for physicians, provided the fat-free mass metric can
be calculated.

While this study uses extensive EHR data to address a key clinical
question in children with obesity, some limitations exist. EHR data
served as a valuable, extensive data source, but inherently had a large
amount of variability that translated to wide variability in model
simulations (due to variability in data recording, assay variability
between sites, etc.). There were missing and incomplete data pres-
ent within the EHR. ICD-10 codes were used to extract diagnoses,
and information on organ dysfunction may be biased, as these codes
are intended primarily for billing vs. research purposes. These codes
are inconsistently recorded and might be incomplete or inaccurate.
Additionally, measurement techniques and accuracy of equipment
for measuring weight and height cannot be standardized. The ICD-
10 codes cannot delineate with certainty which participants re-
ceived enoxaparin for treatment vs. prophylaxis, so this was assumed
based on initial dosing. Note that there could be other reasons for
a participant to receive a low initial dose of enoxaparin apart from
prophylaxis (e.g., high bleeding risk). While the data are extensive,
in many cases there was only one anti-Xa sample available per dose.
EHR data collection aimed to exclude children who were critically
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ARTICLE

ill to avoid confounding factors on PK comparison (e.g,, children on
dialysis or with severe renal and hepatic dysfunction), but observed
concentrations were obtained from hospitalized children who may
have other disease state factors not accounted for within the PBPK
model. The observed concentrations were mostly (74.9%) within
3-5 hours post dosing, and PBPK model predictions may slightly
underestimate observed concentrations. Nevertheless, this study
sheds further light on the appropriate dosing of enoxaparin, a com-
monly used drug, in an underserved patient population of children
with obesity. This study also demonstrates the utility of EHR data
for PBPK model analysis, provided the sample size is large enough
to overcome inherent data noise.

In conclusion, extensive RWD were used to demonstrate that
obesity is a significant predictor of anti-Xa 4-hour concentration in
children. A novel PBPK model of enoxaparin was developed to fur-
ther mechanistically explore the role of obesity on anti-Xa exposure
in children. The model was able to capture observed anti-Xa con-
centrations from children with and without obesity. PBPK model
simulations suggest higher absolute clearance and volume of distri-
bution in children with vs. without obesity, leading to ~ 20% higher
anti-Xa exposure in children with obesity aged 12—18 years com-
pared with those without obesity using recommended weight-based
dosing. However, using fat-free mass instead of total body weight
under recommended weight-based dosing resulted in more compa-
rable 4-hour anti-Xa exposure across all ages and obesity classes.

SUPPORTING INFORMATION
Supplementary information accompanies this paper on the Clinical
Pharmacology & Therapeutics website (www.cpt-journal.com).
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