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WHAT IS ALREADY KNOWN ABOUT
THIS SUBJECT
• Enoxaparin is an effective anticoagulant

used to treat thromboembolic diseases.
• Dose individualization of enoxaparin based

on renal impairment and lean body weight
reduces bleeding and bruising end-points
for renally compromised and obese
subjects.

• Scant data exist that quantify the
dose–exposure–adverse event relationship
for enoxaparin, especially in subjects with
renal impairment and/or obesity.

WHAT THIS STUDY ADDS
• The occurrence and severity of a bleeding

or bruising event is described as a function
of both cumulative enoxaparin AUC and
subject age.

• When compared with conventional (product
label) dosing, dose individualization of
enoxaparin based on lean body weight and
renal function reduces the probability of a
bleeding or bruising event.

AIMS
To develop a population pharmacokinetic–pharmacodynamic model to
describe the occurrence and severity of bleeding or bruising as a
function of enoxaparin exposure.

METHODS
Data were obtained from a randomized controlled trial (n = 118) that
compared conventional dosing of enoxaparin (product label) with an
individualized dosing regimen. Anti-Xa concentrations were sampled
using a sparse design and the size, location and type of bruising and
bleeding event, during enoxaparin therapy, were collected daily. A
population pharmacokinetic–pharmacodynamic analysis was
performed using nonlinear mixed effects techniques. The final model
was used to explore how the probability of events in patients with
obesity and/or renal impairment varied under differing dosing
strategies.

RESULTS
Three hundred and forty-nine anti-Xa concentrations were available for
analysis. A two-compartment first-order absorption and elimination
model best fit the data, with lean body weight describing between-
subject variability in clearance and central volume of distribution. A
three-category proportional-odds model described the occurrence and
severity of events as a function of both cumulative enoxaparin AUC
(cAUC) and subject age. Simulations showed that individualized dosing
decreased the probability of a bleeding or major bruising event when
compared with conventional dosing, which was most noticeable in
subjects with obesity and renal impairment.

CONCLUSIONS
The occurrence and severity of a bleeding or major bruising event to
enoxaparin, administered for the treatment of a thromboembolic
disease, can be described as a function of both cAUC and subject age.
Individualized dosing of enoxaparin will reduce the probability of an
event.
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Introduction

Enoxaparin is a low-molecular-weight heparin that is
proven to be at least as effective as unfractionated heparin
(UFH) for the treatment of acute coronary syndromes (ACS)
[1–4] and other thromboembolic disorders [5, 6]. Enox-
aparin has linear pharmacokinetics and a purported
predictable dose–exposure–response relationship that
negates the need for therapeutic drug monitoring. The
cited dose in contemporary clinical guidelines [7–9] and
the approved product label is 1 mg kg-1 twice a day or
1.5 mg kg-1 once a day, based on total body weight (Wt),
with a dose reduction to 1 mg kg-1 once a day when
the subject’s estimated creatinine clearance (CLCR) is
<30 ml min-1 [10–12].

Despite strong data to support enoxaparin’s effective-
ness, little information exists that quantifies the risk of
bleeding events as a function of drug exposure. Observa-
tional data collected during the TIMI 11A study [13]
demonstrated that an increase in dose from 1 mg kg-1

twice a day to 1.25 mg kg-1 twice a day elevated major
bleeding events from 1.9% [95% confidence interval (CI)
0.80, 4.4] to 6.5% (95% CI 4.2, 10.0), respectively, with no
improvement in effectiveness. The median (range) trough
anti-Xa concentrations, before the third weight-adjusted
dose, were reported to be 0.5 IU ml-1 (0.3–0.7) and
0.6 IU ml-1 (0.3–1.0) for the 1 mg kg-1 vs. the 1.25 mg kg-1

dose, respectively, with the peak (3–5 h post dose) con-
centrations reported as 1.0 IU ml-1 (0.9–1.2) and
1.5 IU ml-1 (1.2–1.7), respectively. These trial data were
pivotal in supporting the dose label of 1 mg kg-1 based
on Wt.

The clearance (CL) of enoxaparin is described by a com-
posite of renal elimination and metabolism [14]. Both of
these processes have been shown to be proportional
to lean body weight (LBW) [14, 15]. Subjects with renal
impairment and/or obesity are therefore at risk of exces-
sive inhibition of factor-Xa and increased bleeding events
if doses are not adjusted accordingly [16]. Many clinicians
recognize the limitations of the product label and have
reduced doses in an effort to reduce the likelihood of an
adverse event [16]. This practice is of concern given that
subtherapeutic anti-Xa concentrations have been associ-
ated with an increase in mortality [17]. Despite these
empirical observations and the intuitive link between
enoxaparin exposure and bleeding, quantification of the
probability of a bleeding event has not been adequately
performed.

We aimed to develop a pharmacokinetic–
pharmacodynamic (PK–PD) model to describe the occur-
rence and severity of bleeding and bruising events as a
function of drug exposure, then use this model to explore
how the probability of events will vary in patients with
obesity and/or renal impairment under dosing strategies
that were used in a recent randomized controlled trial
(RCT). This trial demonstrated that dose individualization,

as a function of obesity and renal function, reduced the
relative risk of bleeding to 0.12 (P = 0.03) [16].

Methods

Study population
Details of the data used for this analysis have been exten-
sively described elsewhere [16]. Briefly, PK and PD data
were collected during a prospective RCT from subjects
treated for pulmonary embolism, deep vein thrombosis,
ACS or atrial fibrillation who were allocated to either a
dose-individualized or conventional dosing arm. Subjects
in the conventional arm received labelled dose regimens,
as recommended by the prescriber. Subjects in the
individualized arm were dosed according to either Wt or
LBW: subjects �100 kg (considered obese) using LBW
(1.5 mg kg-1 twice a day), subjects <100 kg using Wt
(1 mg kg-1 twice a day). Subjects with a CLCR < 50 ml min-1

were dose reduced at 48 h of therapy based on renal
function.

Subjects were not eligible for inclusion in the trial if
their liver enzymes (aspartate aminotransferase, alanine
aminotransferase, g-glutamyl transferase) were greater
than twice normal range; were pregnant; were <18 years
of age; had been administered warfarin or heparin therapy
in the past 7 days; had an international normalized
ratio >1.2; had an activated partial thromboplastin time
>60 s; had a CLCR < 10 ml min-1, calculated using the
Cockcroft–Gault (C-G) equation [18]; or were receiving
haemodialysis.

Data collection
Pharmacokinetic data A total of 118 subjects were avail-
able for analysis. Plasma samples were collected during
time windows determined using D-optimality to ensure PK
parameters could be estimated with good precision [19].
Four samples were collected: one predose and then one at
15–30, 60–120 and 180–300 min post dose. Venous blood
was collected in sodium-citrate tubes and the measure-
ment of anti-Xa activity performed using a validated chro-
mogenic assay by the Queensland Health Pathology
Service (STA-Rotachrom®; Diagnostica Stago, Asnieres,
France), with a lower limit of assay detection of 0.1 IU ml-1

and an interassay precision (% CV) of 5.9%.

Pharmacodynamic data Bleeding events were classified
using the following criteria: a decrease in haemoglobin
>30 g l-1 in the absence of overt bleeding, evidence of an
internal bleed as defined in Phase III studies [1, 2]; any overt
bleed such as haematemesis, epistaxis, haematuria, injec-
tion or a venepuncture site bleed. A major bruise was
described as a bruise that had a surface area �20 cm2, a
criterion matched to a post hoc analysis of the ESSENCE
study [20]. Minor bruises were described as those �1 cm2

and <20 cm2. Bruises <1 cm2 were considered uninforma-
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tive with the potential to be influenced by factors such as
injection technique and were therefore excluded.

Bleeding and bruising events were identified by a dedi-
cated research nurse who assessed the subject’s body
and medical notes. The subject was reviewed upon initial
recruitment and daily thereafter until enoxaparin therapy
was ceased. Only new events following enrolment (base-
line) were recorded. Additional drug therapy was not influ-
enced by the study investigators.

Population PK–PD modelling
The PK–PD analysis was carried out using the nonlinear
mixed-effect modelling program NONMEM (version V.1.1;
with a G77 FORTRAN compiler and Wings for NONMEM)
[21]. The PK analysis was undertaken using the first order
conditional estimation method with the interaction option
to estimate PK–PD parameters.

Pharmacokinetic model
Base heterogeneity and residual error model To identify
the best structural model, one-, two- and three-
compartmental models were evaluated together with a
variety of first and zero order input models. During model
development, PK parameters were assumed to vary
between individuals according to a log-normal distribu-
tion. Proportional, additive and combined error models
were evaluated to explain random unexplained variability.
Between-occasion variability was not considered in the
analysis as each subject provided only one profile of blood
samples.

Covariate model Model development and covariate selec-
tion were based on the hydrophilic properties of enox-
aparin, prior population PK studies (Table 1) and previous

research on body size descriptors by the authors [22–24].
For example, Green et al. conducted a meta-analysis of
studies to quantify the relationship between PK param-
eters and body size descriptors and found that CL of drugs
was best described by LBW [22]. This was confirmed by
Han et al., who demonstrated that CL of drugs is best
described as a function of LBW [24] and not Wt, especially
for subjects of varying body compositions and particularly
for the obese [23]. It should be noted that at the time of
the RCT, LBW was calculated according to the method
described in Green et al. [15]; however, the formula by Jan-
mahasatian has been shown to be superior at describing
the CL of enoxaparin at extremes of body compositions
[24].

Covariates considered included Wt, ideal body weight
(IBW), LBW, age, sex and CLCR.CLCR was calculated according
to the C-G equation [18] and where Wt, IBW and LBW were
included separately into the equation. LBW was calculated
using the formula by Janmahasatian [24] where:

LBW male
Wt

BMI
( ) =

×
+ ×

9270

6680 216
(1.1)

LBW female
Wt

BMI
( ) =

×
+ ×

9270

8780 244
(1.2)

and BMI = body mass index.
Continuous variables were standardized to data-

derived median values and included in the model in a
proportional, combined renal and nonrenal, exponential
and allometrically scaled (exponent fixed to 0.75) design.

Data below the level of quantification As there were only
six samples (1.7%) below the level of quantification (LOQ),
they were excluded in the initial model building phase.

Table 1
Recent population pharmacokinetic (PK) and pharmacokinetic–pharmacodynamic studies of enoxaparin

Author N Year
Compartments
in PK model

Final body
size descriptor
on Vc

Final covariates
on CL

Body size
descriptor used
in CLCR calculation

BSV (% CV)
on CL (final
model)

BSV (% CV)
Vc (final
model)

RUV (IU ml-1‡
or % CV§)

Bruno [31] 448 2002 1 Nil Wt, CLCR Wt 26.9 56.1* 21.5%
Hulot [30] 60 2004 1 Wt* Wt, SCr gender N/A 23 54* 0.15

Hulot [40] 532 2005 1 Wt* Wt, SCr gender N/A 27 50* 0.14
Sanchez-Pena [42] 546 2005 1 Wt* Wt N/A 33 30* 0.09

Kane-Gill [43] 67 2005 1 Nil Wt N/A 70 57* N/P
Green [15] 96 2002 2 Wt LBW N/A 35.6 58 0.08

Green [14] 38 2004 2 Wt CLCR† IBW 32.7 34.4 0.05, 20%¶
Berges [44] 189 2007 2 Wt Wt, CLCR MDRD 26 15 30%

Feng [29] 48 2006 2 Wt CLCR† IBW 40.7 29.4 0.13, 12%¶**44%††
Barras 118 2009 2 LBW CLCR† LBW 37.8 35.6 0.09

Vc, central volume of distribution; CL, clearance; N, number of subjects in the study; BSV, between-subject variability; RUV, residual unexplained variability; CLCR, creatinine clearance
calculated using the Cockcroft–Gault equation [18]; Wt, total body weight; N/A, not applicable; SCr, serum creatinine concentration; LBW, lean body weight; IBW, ideal body weight;
MDRD, modification of diet in renal disease formula; N/P, not presented; Year, year of publication. *One-compartment model, therefore results represent total volume of distribution.
†Denotes combined renal and nonrenal clearance model. ‡Additive residual error model. §Proportional residual error model. ¶Combined additive and proportional residual error
model. **General medical subjects. ††Intensive care subjects.
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As per Beal [25], the data were added at 50% LOQ
(0.05 IU ml-1) after development of the final model to test
for any significant change in parameter estimates.

PK–PD model
Structural model The PK–PD analysis was conducted in
a sequential format by fixing individual PK parameters
as described by Zhang [26], with exposure variables of
interest computed from the individual empirical Bayes
estimates of the parameters. To quantify the exposure–
response relationship, a proportional-odds model was
constructed to predict the severity of an event.Three levels
of severity, S = 1, 2, and 3 (Table 2), were evaluated and the
probability (P) of an event less than or equal to an event of
grade S expressed as:

Logit S N x . . . . xn nP ≤[ ]( ) = +α β β1 1 (2)

where N is the level of severity, a and b are parameters
to be estimated in the model and ¥ the independent
variables.

Model building Random effects were not included in the
proportional odds model due to the small number of mul-
tiple events. If multiple events did occur, the event of great-
est severity throughout each subject’s course of treatment
was chosen for analysis. As treatment was ceased after
each bleeding event, modelling of repeated measures was
not considered.

Multiple exposure measures of enoxaparin were evalu-
ated in the model and included area under the
concentration–time curve in the first 24 h (AUC0–24), cumu-
lative under the concentration–time curve (cAUC) from
first dose to the time of the event, maximum concentration
(Cmax) and minimum concentration (Cmin). The values for
Cmax and Cmin were calculated from individual PK model-
predicted anti-Xa concentrations using individual PK esti-
mates. The values for AUC0–24 and cAUC were calculated
using NONMEM [21], where AUC was allowed to accumu-
late over time in a hypothetical compartment. The
maximum values of Cmax and Cmin during dosing that pre-
ceded the event were used in the analysis. Demographic
variables such as age, sex, estimated CLCR (using the C-G
equation), Wt, IBW and LBW [24] were evaluated.

Model discrimination and evaluation A series of diagnos-
tics was used to discriminate between competing models.
The likelihood ratio test was used with a decrease in the
objective function (OF) value (minus twice the log-
likelihood of the data) �6.61 points (c2 distribution with
one degree of freedom for P < 0.01) required for a nested
model to be preferred. Preferred models also had to have a
reduction in between-subject variability (BSV). During the
covariate analysis, in the event that multiple covariates
were included in the model, backward elimination was
conducted where a covariate was removed from the
model if the increase in OF was <10.83 points (P < 0.001).
Goodness of fit plots were used to aid model develop-
ment, including population-predicted vs. observed con-
centrations, weighted residual, and unexplained variability
in the parameter estimates (ETA) plots [27]. The propor-
tional odds assumption was tested using a score test.

The final PK and PK–PD models were evaluated using a
nonparametric bootstrap to quantify uncertainty in the
parameter estimates [28]. The median parameter values
and nonparametric 95% CI were derived from 1000 boot-
straps and compared with the final parameter estimates
and asymptotic 95% CI. The final model-based probabili-
ties of a bleeding or major bruising event were compared
with the empirical probabilities determined from the
observed data.

Visual predictive checks (VPCs) were performed to
explore the predictive capability of the final PK model.
As the confirmatory RCT [16] investigated subjects
with obesity (Wt � 100 kg) and renal impairment
(CLCR < 50 ml min-1), these subject groups were examined
in separate VPCs. For all VPCs, 500 datasets that mirrored
the demographics of subjects recruited in the clinical trial
were simulated using the final model parameter estimates.
The 10th,50th and 90th prediction intervals from the simu-
lated concentrations were plotted against time post first
dose, with the observed data superimposed.

Demonstration of the inference of the PK–PD model To
apply the final PK–PD model, deterministic PD simulations
were performed to compare the individualized and con-
ventional dose strategies from the RCT.The probability of a
bleed or major bruising event over time was simulated
using the final PK parameter estimates linked to the PD
model parameter estimates in three hypothetical subjects,
each of whom was dosed using the individualized or
conventional dosing strategy: a subject with a
CLCR = 30 ml min-1 (at median Wt); a subject with a
Wt = 150 kg (at median CLCR); and a subject with both
demographic characteristics. A CLCR of 30 ml min-1 was
chosen as this matches the CLCR at which a dose reduction
occurs in the product label and a Wt of 150 kg was an
arbitrary selection to represent an extremely obese
subject. As standard duration of enoxaparin therapy is 72 h
for ACS [7] and 96 h for other embolic events [9], the prob-
abilities of an event at these times were compared.

Table 2
Event severity categories for the proportional-odds model

Category Event description N (103)

S1 No event (no bruise or a bruise with a surface
area <1 cm2)

36

S2 Minor bruising event (a bruise with a surface area
1 cm2 � bruise size <20 cm2)

40

S3 Bleed or major bruising event (a bleed or bruise with a
surface area �20 cm2)

27

Adverse event model for enoxaparin
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Results

PK analysis
Model building The demographics of subjects recruited
are shown in Table 3. Subjects had a median (range) Wt of
77 kg (43–120) and median (range) CLCR of 85 ml min-1 (15–
244). A total of 349 anti-Xa concentrations was collected
during the study with a mean (range) of three (one to four)
samples per subject [16], with sampling primarily occur-
ring in the first 48 h of therapy (93% of concentrations). A
two-compartment model with first-order input and linear
elimination was the best structural model to fit the data.
BSV was included on CL, central volume of distribution (Vc)
and absorption rate (Ka) with Vc and CL allowed to co-vary.
Residual variability was described by an additive error
model. The base model parameter estimates are shown in
Table 4.

LBW, calculated using the formula by Janmahasatian
[24], was the most significant body size descriptor to
describe BSV in both CL and Vc, reducing the OF by
21 and 11 points from the base model, respectively
(P < 0.001). As enoxaparin is extensively renally eliminated,
the influence of CLCR, where LBW was used in the C-G
equation, on CL was also investigated, which resulted in
a further reduction in OF of 31 points. To reflect nonrenal
elimination pathways [14], total CL was parame-
terized as a composite of nonrenal and renal CL incorpo-
rating LBW into both pathways. This resulted in a
reduction in OF of 50 points and was the best covariate
model to fit the data. Other covariate models including
allometrically scaled covariates were of no additional

Table 3
Characteristics of pharmacokinetic (PK) and pharmacodynamic (PD)
study population*

Characteristics
PK model PD model
n = 118 n = 103

Demographic variables

Age, years 61 (23–91) 61 (23–91)

Sex, no. (%)

Female 45 (38) 36 (35)

Male 73 (62) 67 (65)

Body size descriptor, kg

Wt 77 (43–120) 77 (43–120)

LBW† 55 (30–86) 57 (34–80)

IBW 64 (39–83) 66 (46–84)

CLCR (Wt), ml min-1 85 (15–244) 95 (18–244).

CLCR (LBW)‡, ml min-1 70 (10–170) 73 (17–166)

Admission biochemistry

Platelets, ¥109 l-1 236 (113–498) 234 (121–498)

Haemoglobin, g l-1 141 (92–186) 141 (85–186)

Co-administration of warfarin, no. (%) 37 (31) 35 (34)

Co-administration of antiplatelet
drugs§, no. (%)

50 (42) 44 (43)

Exposure variables
Cmin, IU ml-1 – 0.45 (0.1–1.33)
Cmax, IU ml-1 – 0.91 (0.46–3.38)
cAUC, h IU-1 ml-1 – 23 (4–120)
AUC0–24, h IU-1 ml-1 – 13.9 (6.9–25.3)

CLCR, creatinine clearance; Wt, total body weight; SCr, serum creatinine; Cmin,
minimum concentration; Cmax, maximum concentration; cAUC, cumulative area
under the concentration–time curve; AUC0–24, area under the concentration–time
curve in the first 24 h. *Data presented as median (range) or number (%). †LBW
formulae as used by Janmahasatian [24]. ‡CLCR is calculated using the Cockcroft–
Gault equation [18] and substituting LBW as the body size descriptor. LBW formula
as used by Janmahasatian [24]. §Antiplatelet drugs include aspirin and clopidogrel.

Table 4
Parameter estimates for pharmacokinetic (PK) and pharmacodynamic (PD) population parameters, corresponding bootstrap and relative percentage (%)
standard errors (SE) of the estimates of the final model

Parameter estimate
Base model
(95% CI) Covariate model (95% CI)* Bootstrap (95% CI)†

Relative % SE of the
parameter estimate‡

PK model
CL (l h-1) 0.69 0.3 renal (0.14, 0.45) 0.29 (0.13, 0.46) 27.4

0.42 non-renal (0.24, 0.61) 0.42 (0.25, 0.60) 22.3
Vc (l) 3.46 3.43 (2.20, 4.66) 3.42 (2.07, 5.17) 18.3
Ka (h) 0.25 0.26 (0.17, 0.35) 0.26 (0.16, 0.40) 18.3
Vp (l) 6.14 5.77 (0.75, 10.8) 6.42 (3.0, 17.8) 44.3
Q (l h-1) 0.3 0.31 (0.15, 0.47) 0.28 (0.1, 0.44) 27.0
wCL (% CV) 48.0 37.8 (22.3, 48.0) 37.4 (28.3, 50.9) 32.2
wVc (% CV) 42.5 35.6 (7, 51.0) 34.6 (5.4, 52.9) 52.9
wKa (CV%) 32.7 30.3 (5.3, 42.5) 29.8 (1.7, 49.8) 49.6
e (IU ml-1) 0.1 0.09 (0.086, 0.1) 0.09 (0.083, 0.1) 14.5
OF -859.9 -909.16 – –
Proportional-odds model (PD)
q1 2.83 2.83 (1.26, 4.40) 2.87 (1.26, 4.69) 28.3
q2*Age/61 -2.75 -2.75 (-4.31, -1.19) -2.8 (-4.51, -1.13) 29.0
q3*cAUC/23 -0.54 -0.54 (-0.84, -0.24) -0.54 (-0.86, -0.21) 28.7
q4 2.05 2.05 (1.47, 2.63) 2.1 (1.55, 2.80) 14.4

CL, clearance; Vc, central volume of distribution; Ka, absorption rate constant; Vp, peripheral volume of distribution; Q, intercompartmental clearance; w, between-subject
variability; e, additive residual error; OF, objective function; cAUC, cumulative area under the concentration–time curve; Age (years). *Confidence intervals (CI) presented as
mean � standard error ¥1.96. †Denotes 95% bootstrapped CI (2.5 and 97.5 %ile values). ‡Calculated as standard error divided by the mean (¥100).
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benefit. Addition of data below the LOQ at half the LOQ
did not affect the parameter estimates, which are shown
in Table 4. BSV on CL, Vc and Ka in the final covariate model
decreased by 21.3%, 16.3% and 7.4%, respectively, from
the base model. Plots of the unexplained variability (ETA)
of CL and Vc vs. LBW and CLCR between the base and final

model show the reduction in variability after these cova-
riates were added to the model (Figure 1).

The final covariate model was described as: CL
(l h-1) = 0.3 ¥ CLCR/70 (ml min-1) + 0.42 ¥ LBW/55 (kg)

Vc l LBW kg( ) = × ( )3 43 55. (3)
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Figure 1
Plots of unexplained variability of clearance (ETA1) and central volume of distribution (ETA2) vs. lean body weight (LBW) and creatinine clearance (CLCR) for
the base model and the final covariate model. (a) ETA1 vs. LBW (base model). (b) ETA1 vs. LBW (final covariate model). (c) ETA2 vs. LBW (base model). (d) ETA2
vs. LBW (final covariate model). (e) ETA1 vs. CLCR (base model). (f ) ETA1 vs. CLCR (final covariate model)
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where CLCR is calculated using LBW [24] in the C-G
equation.

Model evaluation Of the 1000 bootstrap datasets, 873
runs successfully minimized, which were used to compute
the median PK parameter estimates and nonparametric
CIs shown in Table 4.These results were comparable to the
final model, indicating good precision and little bias in the
parameter estimates. Figure 2 shows the VPCs for the three
populations investigated. All plots indicate the model was
suitably predictive with approximately 18% of the data
lying outside the 10th and 90th percentile in all subjects
(Figure 2a), 23% in subjects with renal impairment
(Figure 2b) and 19% in obese subjects (Figure 2c).

PK–PD analysis
A total of 103 subjects had a bleeding and bruising assess-
ment beyond baseline and were used to develop the PD
model. Relevant subject characteristics are detailed in
Table 3. The 15 subjects who did not receive a bruising
assessment beyond baseline were either transferred to
UFH or the initial diagnosis was rejected after a subse-
quent radiological scan that resulted in enoxaparin cessa-

tion.Of the 103 subjects included in the PD analysis, 27 had
a major event (S = 3), 40 had a minor event (S = 2) and 36
had no event (S = 1), as shown in Table 2.

Model building A summary of physiological variables
tested during model building is shown in Table 3. During
the univariate analysis, both minimum concentration (Cmin)
and CLCR (where LBW was included in the C-G equation)
were significant covariates (reduction in OF > 6.61 points),
although the best single physiological and exposure mea-
sures to describe events were subject age and cumulative
AUC (cAUC), which reduced the OF by 14.9 and 15.2 points,
respectively. Other variables such as AUC0–24, Cmax and
descriptors of body size did not significantly reduce the OF.
During the multivariate analysis subject age and cAUC,
when combined in a linear model, resulted in a further
reduction of the OF by 28.3 points. The addition of
further covariates, the use of a maximal effect (Emax) model
or a power model did not improve the fit of the model to
the data. Colinearity between the two variables was negli-
gible (variance inflation factor = 1.01). The test of propor-
tionality of odds across the response categories (score test)
was not significant; c2 = 0.49, P = 0.78. The final parameter
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Figure 2
Visual predictive checks for the pharmacokinetic model.The 10th, 50th and 90th prediction intervals from the simulated concentrations are plotted against
time post first dose, with the observed data superimposed. (a) All subjects. (b) Subjects with a CLCR < 50 ml min-1 [considered to have renal impairment in the
randomized controlled trial (RCT)].Note that subjects in the individualized arm of the RCT that had a CLCR < 50 ml min-1 were dose reduced at 48 h of therapy
based on renal function. (c) Subjects with a Wt � 100 kg (considered obese in the RCT)
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values for the covariate model are shown in Table 4 with
the final proportional-odds model represented as:

Logit S 1 Age
cAUC

Logit S 2 Lo

P

P

=[ ]( ) = − × −
×

=[ ]( ) =

2 83 2 75 61 0 536
23

. . .

ggit S 1P =[ ]( ) + 2 05.

(4)

Model evaluation Figure 3 shows the model-predicted
probability of a bleed or major bruise, which increases with
cAUC and age. The model-predicted and observed empiri-
cal probabilities were closely aligned, suggesting good
agreement between the estimated and observed fre-
quency of events, for all severity levels. The difference
between the model-predicted and observed probability
at higher values of cAUC (120–160 bin) can be partly
explained by the small number of subjects in this bin
(n = 3). All parameter values and their corresponding non-
parametric bootstrap values were comparable (Table 4).

The probability vs. time plots, at median, 10th and 90th
percentiles for age, from the deterministic PD simulations
are shown in Figure 4a–c.The model-predicted probability
of a bleed or major bruising event increases in both dosing
groups over time but there is a clear divergence between
groups for all three populations tested and it is most pro-
nounced in subjects who are obese and have renal impair-
ment (Figure 4c). In subjects with both renal impairment
and obesity, the divergence begins within the first 24 h of
therapy and is particularly evident at 72 h, where the
median probability of an event is 0.41 in the conventional
group compared with 0.25 in the individualized group
(39% decrease), and at 96 h, where the probability is 0.58
and 0.30, respectively (48% decrease). It should be noted

that the probability of an event for a patient with renal
impairment is the same in both dosing groups for the first
48 h (Figure 4a), as the dose strategies are identical during
this time [16]. It is only after 48 h that the dose is individu-
alized and the difference in probability between dosing
groups becomes evident. The simulations demonstrate
that the probability of an event increases as a function of
drug exposure and that dose individualization reduces the
probability of an event over time when compared with
conventional dosing.

To assess the PD model performance, the PD dataset
was bootstrapped 500 times using each variable, age and
cAUC, independently in the model. For each bootstrap, the
observed data were divided into four bins, each with the
same number of subjects per bin.The empirical probability
for each bin was computed and plotted against the mid-
point of each bin, which was overlaid with the 10th, 50th
and 90th predicted probabilities for each unique value
of age and cAUC. Figure 5 shows these plots for age
(Figure 5a) and cAUC (Figure 5b) and, as seen, the central
tendency is generally captured in both plots,as the median
model-predicted probability dissects the empirical boot-
strapped observations. These graphs, while separately
validating the two variables as predictors of an event, show
that age is a better predictor of an event than cAUC.

Discussion

Enoxaparin significantly reduces major ischaemic events
when compared with UFH in the treatment of thromboem-
bolic diseases [1, 2, 5, 6]. However, limited information is
available that quantifies the probability of bleeding events
as a function of drug exposure, especially for patients who
are obese and/or have renal impairment.

Pharmacokinetics
The PK of enoxaparin in this study was best described by a
two-compartment model with first-order input and linear
elimination and was comparable to previously published
PK models [14, 15, 29]. One-compartment models have
also been used to describe the disposition of enoxaparin
(Table 1), although the inability to estimate a two-
compartment system may in part be explained by non-
optimal sparse sampling or use of observational clinical
data that were not intended to be used for PK model devel-
opment [30, 31].

Enoxaparin is a hydrophilic molecule that is distributed
in plasma and lean tissue and predominantly renally elimi-
nated. It was of no surprise that the two most influential
covariates on CL were LBW and CLCR, which is comparable
to previously published models for enoxaparin where CL
was described by a combined renal and nonrenal model
[14, 29]. Both these prior and current models used mea-
sures of ‘lean mass’ as a substitute for Wt in the C-G equa-
tion to calculate CLCR, with LBW [24] preferred in the model
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Figure 3
Plot of empirical (right column) and model-predicted (left column) prob-
ability (P) of event severity vs. cumulative area under the concentration–
time curve (cAUC) at median age. N, number of subjects in each bin; white
segment, category S1; grey segment, category S2; black segment,
category S3
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presented in this study.This finding complements a recent
report that demonstrated LBW was the descriptor of
choice when estimating CLCR [32]. This nuance is of minor
importance for subjects of normal weight, but becomes
extremely important when estimating CLCR in the obese.
Creatinine is a by-product of muscle metabolism, and the
excess body mass seen in the obese is mostly adipose
tissue as opposed to muscle. Therefore, when no adjust-
ment is made for the increase in body mass such as stan-
dardization with LBW, CLCR will be routinely overestimated,
which can equate to significant clinical ramifications on
enoxaparin dose selection.

Prior data suggest approximately 30% of enoxaparin CL
is nonrenal [14], with the model presented in this paper
also incorporating a nonrenal component of CL. The
nonrenal component in our model was represented as a
function of LBW, which has recently been supported in a
commentary by Han et al. [23]. It is not surprising that the
nonrenal estimate of CL for the model presented in this
study was significantly greater than the 30% previously
published [14]. We propose that this result occurred as
a function of the experimental design as subjects with
severe renal impairment (CLCR < 30 ml min-1) represented

only 7% of the study population and contributed only 5%
of all anti-Xa concentrations. This hypothesis was sup-
ported by Kim et al., who demonstrated that the most reli-
able estimate of the renal effect on the CL of enoxaparin
was gained if subjects were recruited into groups stratified
on renal function: normal (CLCR � 80 ml min-1); mild
(70–79.9 ml min-1); moderate (30–49.9 ml min-1); severe
(<30 ml min-1) [33]. Unfortunately, recruitment of subjects
with severe renal impairment was limited in the study hos-
pital, as clinicians often declined to allow their patients to
participate in the trial and preferred to use UFH due to the
perceived risk of bleeding with enoxaparin in this popula-
tion. The publication by Green et al. [14] provides a better
model with which to explain the CL of enoxaparin in sub-
jects with renal impairment.

PK–PD
As little data are available to describe the dose–exposure–
event relationship of enoxaparin, it is challenging to iden-
tify the impact that differing drug doses might have on
bleeding events. We therefore linked the population PK
model to a proportional-odds model to describe event
occurrence and severity. The only other PK–PD study of
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enoxaparin that has quantified an adverse event as a func-
tion of drug exposure (excluding dose) used logistic
regression to describe the presence of a bruise and incor-
porated subject age and maximum concentration (Cmax) as
predictive variables of the event [15]. However, the severity
of bruise was not investigated, as an event was defined as
‘multiple bruises of any magnitude’.

Bleeding has been previously modelled using a
proportional-odds approach by Mould et al., who
described the time course of bleeding events to the anti-
platelet drug lotrafiban [34]. In this study the severity of an
event was described as a function of increasing lotrafiban
AUC, which enabled the identification of a toxic lotrafiban
exposure and the subsequent design of a dosing strategy
with a reduced risk of bleeding.

Our study has demonstrated that increasing cAUC and
subject age best describe the occurrence and severity of
bleeding and bruising events. It is not unexpected that age

is a strong determinant of bleeding, as the risk of bleeding
increases with age in both the presence and absence of an
anticoagulant such as enoxaparin [35, 36]. Age has also
been found to be predictive of bruising [15].These findings
are supported by our analysis when, after adjusting for
exposure, age remains an independent predictor for
bleeding.

It is expected that some metric of drug exposure such
as Cmax increases the risk of bleeding and it has been pre-
viously linked to bleeding [13] and bruising [15]. The iden-
tification that cAUC was predictive of bleeding events over
Cmax has not been previously reported for enoxaparin.
cAUC incorporates time as an explanatory variable, and
although this analysis cannot delineate between length of
treatment and exposure, we believe it is likely to be a func-
tion of both. We recognize that treatment doses of enox-
aparin are more likely to result in a bleeding event than
prophylactic doses; however, other exposure variables
such as Cmax may not fully describe the underlying physi-
ological processes that result in an adverse event. It is of
interest that the incidence of bleeding events following
prophylactic dosing of enoxaparin (40 mg once daily) has
been reported at 11.5% (28–35 days of therapy) in surgical
subjects [37] and 12.6% in medical subjects (6–14 days of
therapy) [38]. However, it should be noted that our study
data were obtained from subjects administered treatment
doses for a mean � SD duration of therapy of 3.5 � 2.3
days, therefore the current model can be used only in cir-
cumstances that are similar to the study.

There are limitations to this study. First, traditional
binary data analyses require extensive data and a total of
63 events may be considered small. However, we are
limited to a data from a RCT that cannot be enriched. To
assess confidence in the results we have bootstrapped the
PD data and added 90% CIs to the model predictions. The
corresponding plots (Figure 5) show that both cAUC and
age are good predictors of bleeding, albeit age being
stronger that cAUC. Second, independent data would be
necessary to evaluate this model, but unfortunately these
are not available at this time.Third, therapeutic failure such
as re-infarction was not modelled and therefore has not
been included in our discussion; however, there was no
significant increase in therapeutic failure in the RCT.

There is now compelling evidence to dose-
individualize enoxaparin. Unfortunately, the current drug
label [12] fails to consider body composition in its dose
recommendations, and dichotomizes renal function that
should be considered as a continuous variable. There is no
sound physiological rationale to make this assumption
and few data support this approach [39]. Other PK studies
have recommended more flexible dosing strategies based
on renal function, but the strategies have not been tested
in confirmatory studies [30, 40]. It is of interest that the
drug label for another hydrophilic anticoagulant, lepirudin
[41], provides a detailed dose-adjustment strategy for sub-
jects with varying renal function.
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The occurrence and severity of bleeding and bruising
events following administration of enoxaparin is best
described as a function of cAUC and subject age.A descrip-
tion of the exposure–event relationship of enoxaparin has
enabled the comparison of the probability of an event
between an individualized and a conventional (product
label) dosing strategy. This study has demonstrated that
individualized dosing of enoxaparin based upon LBW and
renal function reduces the risk of a major bruising or bleed-
ing events.
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