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Aim

 

To develop an appropriate dosing strategy for continuous intravenous infusions (CI I)
of enoxaparin by minimizing the percentage of steady-state anti-Xa concentration (

 

C

 

ss

 

)
outside the therapeutic range of 0.5–1.2 IU ml

 

−

 

1

 

.

 

Methods

 

A nonlinear mixed effects model was developed with NONMEM

 

®

 

 for 48 adult patients
who received CII of enoxaparin with infusion durations that ranged from 8 to 894 h
at rates between 100 and 1600 IU h

 

−

 

1

 

. Three hundred and sixty-three anti-Xa con-
centration measurements were available from patients who received CI I. These were
combined with 309 anti-Xa concentrations from 35 patients who received subcuta-
neous enoxaparin. The effects of age, body size, height, sex, creatinine clearance
(CrCL) and patient location [intensive care unit (ICU) or general medical unit] on
pharmacokinetic (PK) parameters were evaluated. Monte Carlo simulations were used
to (i) evaluate covariate effects on 

 

C

 

ss

 

 and (ii) compare the impact of different infusion
rates on predicted 

 

C

 

ss

 

. The best dose was selected based on the highest probability
that the 

 

C

 

ss

 

 achieved would lie within the therapeutic range.

 

Results

 

A two-compartment linear model with additive and proportional residual error for
general medical unit patients and only a proportional error for patients in ICU provided
the best description of the data. Both CrCL and weight were found to affect signifi -
cantly clearance and volume of distribution of the central compar tment, respectively.
Simulations suggested that the best doses for patients in the ICU setting were
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. These best doses were selected based on providing the
lowest equal probability of either being above or below the therapeutic range and
the highest probability that the 
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 achieved would lie within the therapeutic range.
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Conclusions

 

The dose of enoxaparin should be individualized to the patients’ renal function and
weight. There is some evidence to support slightly lower doses of CII enoxaparin in
patients in the ICU setting.

 

Introduction

 

Venous thromboembolism is a common cause of mor-
bidity and mortality. Low-molecular-weight heparins
(LMWHs) are as effective and safe as unfractionated
heparin (UFH) for the treatment of deep vein thrombosis
(DVT) and pulmonary embolism (PE) [1–4]. LMWHs
are also superior to and as safe as UFH for acute coro-
nary syndromes [5–7]. When compared with UFH,
LMWHs have superior bioavailability [8], a more pre-
dictable anticoagulation response and a lower incidence
of heparin-induced thrombocytopenia and osteoporosis
with long-term treatment [9].

Enoxaparin is one of the most widely used LMWHs
in Europe and the USA [10, 11], with anti-Xa activity
widely used as a marker of enoxaparin concentration
[12–14]. It is eliminated predominantly by the kidney
[15]. Studies suggest that renal dysfunction leads to
increased anti-Xa concentrations [12, 16, 17], which in
turn is associated with bleeding complications. There-
fore, dosage adjustment based on renal function is sug-
gested to decrease the risk of adverse bleeding events
[18–20].

Compared with general medical unit patients, criti-
cally ill patients have more medical complications due
to premorbid and surgical conditions, invasive treat-
ments and prolonged immobility [21]. Cook 

 

et al.

 

 [22]
found that intensive care unit (ICU) patients with mul-
tiple predisposing factors have a high risk of venous
thromboembolism and PE, which may result in a higher
risk of mortality. Moreover, a range of organ dysfunc-
tion in ICU patients may result in more variable expo-
sure to drugs and thus response [23]. Investigators at the
University of Buffalo [24] have observed substantial
variability in anti-Xa concentrations measured in multi-
ple trauma critically ill patients. Unreliable and exten-
sive variable anti-Xa concentrations were found in these
trauma critically ill patients when the standard recom-
mended dose and route of administration [subcutaneous
(s.c.)] of enoxaparin for the prevention of venous throm-
boembolism was applied. This has led the group to
examine alternative means of administration (intrave-
nous infusion) to attempt to reduce variability in the
observed anti-Xa concentrations after enoxaparin
administration in trauma critically ill populations.
Under the circumstance where patients were reported to
have substantial variability [24] (e.g. ICU patients) in

the observed anti-Xa concentrations with s.c. enox-
aparin, intravenous infusion/continuous intravenous
infusion (CII) could be utilized as a possible approach
to reducing the variability. Therefore, it is desirable to
attempt to understand these factors and attempt to con-
trol exposure to drug more closely.

The modelling and simulation work presented here
represents a pilot examination of enoxaparin adminis-
tered via CII and provides a first look at the nature of
the interindividual variability (including covariate
examination) for this method of administration.

Dosing strategy and extensive population pharmaco-
kinetic analysis for patients receiving enoxaparin by CII
has not been reported in the literature. The purpose of
this study was to describe the pharmacokinetics (PK) for
CII enoxaparin by developing a population PK model.
This model was then used to guide a dosing strategy for
CII enoxaparin.

 

Subjects and methods

 

Subjects

 

Anti-Xa concentrations were available from two studies.
Patient characteristics for the two studies are shown in
Table 1. The first study was conducted at the Cleveland
Clinic Foundation [25]. In the CII study, patients who
received enoxaparin from January 1997 to December
1998 were identified and a retrospective chart review
was completed subsequent to institutional review board
approval. The study provided 48 patients (23 male) with
363 anti-Xa concentrations with an average (mean 

 

±

 

SD) age and weight of 60.3 

 

±

 

 17.7 years, 73.9 

 

±

 

14.6 kg, respectively. Patients were located in both the
general medical unit (

 

n

 

 

 

=

 

 29) and ICU (

 

n

 

 

 

=

 

 19) and ini-
tially received enoxaparin 100 IU kg

 

−

 

1

 

 per 12 h (8.3 IU
kg

 

−

 

1

 

 h

 

−

 

1

 

) by CII. Routine monitoring of anti-Xa con-
centration was determined by chromogenic assay of
LMWHs [26].

The second study, reported by Green 

 

et al.

 

, provided
detailed subject information for the s.c. use of enox-
aparin [20]. The study included 35 patients with 309
anti-Xa concentrations. The patients’ age, weight and
creatinine clearance (CrCL) were (mean 

 

±

 

 SD):
75.1 

 

±

 

 10.5 years, 67.7 

 

±

 

 15.5 kg, 39.2 

 

±

 

 21.6 ml min

 

−

 

1

 

,
respectively.

The Brater equation [27] was used to calculate the
CrCL for individuals with unstable serum creatinine
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(SCr) in the CII study when two SCr concentrations
measured over 12 h apart were different by more than
0.2 mg dl

 

−

 

1

 

. CrCL for individuals with stable SCr con-
centrations was calculated using the Cockcroft and
Gault (CG) equation in the CII and s.c. study, using
ideal body weight (IBW) as a body size descriptor
[28].

 

Population PK analysis

 

The population PK analysis for the combined dataset
was performed by using NONMEM

 

®

 

 (version V;
GloboMax, Hanover, MD, USA) [29] with the subrou-
tine ADVAN4, TRANS4. The first order conditional
estimation with interaction (FOCEI) method was used
to estimate parameters.

The likelihood ratio test was used to discriminate
between alternative models. An objective function
decrease of 3.84 units was considered significant
(

 

χ

 

2

 

P

 

 

 

<

 

 0.05, d.f. 

 

=

 

 1). The covariates age, height, sex,
CrCL and body size [total body weight (weight), body
surface area (BSA), body mass index (BMI), IBW, lean
body weight (LBW), adjusted body weight (ABW) and
percent ideal body weight (%IBW) [13, 30] were intro-
duced into each parameter one by one. The continuous
covariate weight on clearance (CL) was incorporated
into the model in several ways. These are shown below:
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CL

 

)

TVCL is the typical value for the population and 

 

η

 

i is
the random effect representing the difference of the ith

patient from the population mean. The random effects
of between-subject variability were assumed to be log-
normally distributed, with a mean of zero and standard
deviation of ω. Weight is the total body weight in kg and
Medweight is the median total body weight. Weight and
other body size descriptors were included in the analysis
to help examine whether the departure from the normal
body size affected disposition.

CrCL (creatinine clearance in l h−1) was included in
CL as below:

TVCL = θ1 + (CrCL/4.8) × ηCrCL

CL = TVCL × exp(ηi CL)

The nonrenal component of clearance (θ1) was evalu-
ated in this model as a fixed parameter (0.229) reported
by Green et al. [20] as well as being directly estimated
by  NONMEM.  If  CrCL  was  missing,  then  TVCL =
θmissing was used. A sensitivity analysis was used to
evaluate the impact on the other parameter estimates if
θ1 was fixed. The reported parameter estimates for θ NR

(nonrenal clearance component) and θCrCL (renal com-
ponent clearance) were 0.229 and 0.681, respectively, in
the literature [20]. To assess how the previously pub-
lished parameters (see above) would impact on the anal-
ysis, θ NR was fixed to the published value of 0.229. The
fixed value for θ NR was then changed in 10% increments
over a range of ±50% to assess whether or not this
affected the other parameter estimates.

Table 1
Patient characteristics for the two studies

Demographics

S.c.
General
medical unit

CII
General
medical unit ICU Combined

Sample size 35 29 19 83
Age (years) 75.1 60.9 59.3 66.6

(44–86) (16–90) (23–77) (16–90)
Weight (kg) 67.7 74.1 73.3 71.0

(32–95) (46.5–108) (46.5–97.5) (32–108)
Height (cm) 164.0 168.7 166.2 166.0

(147–184) (152–182) (151–177) (147–184)
Gender (male/female) 17/18 16/13 7/12 40/43
CrCL (ml min−1) 39.2 63.5* 26.8 45.0

(14.9–95.7) (31.1–128.3) (7.6–49.6) (7.6–128.3)

S.c., Subcutaneous; CII, continuous intravenous infusion; CrCL, creatinine clearance. *Twenty-seven patients in the CII study did
not have a serum creatinine (SCr) concentration measurement.
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Residual variability was modelled using additive, pro-
portional and combined error structures.
Graphical assessment of Bayesian individual parameter
estimates vs. covariates was performed to help identify
possible covariate relationships. Covariates were
retained in the model if inclusion in the model decreased
the objective function value (OFV) by 3.84 (χ2P < 0.05,
d.f. = 1). The model improvement was assessed by the
OFV values and parameter estimates. In addition, the
significance of the covariates was assessed using a ran-
domization test with Wings for NONMEM [31, 32].
This approach provided a calibration for the changes in
OFV vs. P-value for determination of statistical signifi-
cance. In addition, graphics of goodness of fit were
utilized to assess model robustness [33].

Simulation of steady-state anti-Xa concentration
Two types of simulation were performed; the first was
a deterministic simulation which assessed the impact of
covariate effects on predicted Css. Anti-Xa concentra-
tions were simulated using mean model parameters
obtained from the final covariate model with random
effects fixed to zero. This was done to evaluate more
clearly the covariate effect on Css. The calculation of Css

is shown below:

(1)

The second simulation set used a Monte Carlo approach
[34–36] to identify an appropriate dose for CII enox-
aparin. The final covariate model was used as the input–
output model to predict concentrations. The final model
and parameter estimates obtained from the final model
were used for the Monte Carlo simulations. The distri-
bution of PK parameters was set to a log-normal distri-
bution. Simulations were conducted to compare the
percentage of the predicted Css values that were outside
of the therapeutic range for the general medical unit and
ICU patients receiving enoxaparin at infusion rates of
8.3, 5.8, 5.0 and 4.2 IU kg−1 h−1. The lowest infusion rate
(4.2 IU kg−1 h−1) was selected based on the best dose
suggested by Green et al. [20] for renal dysfunction
patients receiving s.c. enoxaparin. The highest infusion
rate (8.3 IU kg−1 h−1) is the current dosing strategy of
enoxaparin administrated by s.c. administration. A
unique covariate distribution model was developed for
general medical unit and ICU patients. The model con-
stituted a joint distribution of weight and CrCL based
on the ICU and the general medical unit patients in CII
study. The correlation of weight and CrCL in the cova-
riate distribution model was 0.33 for general medical
unit patients and 0.30 for ICU patients in the CII study

Css
R

CL
= 0

[25]. One thousand general medical unit patients and
1000 ICU patients were simulated from the joint distri-
bution model. Two hundred simulations of 2000 patients
were performed for each infusion rate using NON-
MEM®. For twice-daily s.c. administration, the thera-
peutic range of anti-Xa is 0.5–1.2 IU ml−1 [26, 37–41].
This therapeutic range was applied as the target range
for dose selection in simulation study for CII. The per-
centage of predicted Css which was >1.2 IU ml−1 or
which was <0.5 IU ml−1 was calculated for each simu-
lation using code written by the researchers in True-
BASIC® (developed in 1965 by J. Kemeny & T. E.
Kurtz). The mean, 5th and 95th percentiles [90% pre-
dicted interval (PI)] were calculated from 200 simula-
tions for the percent of predicted Css falling out of
therapeutic range at each infusion rate. The patients
were  classified  into  three  categories  (CrCL  <30 ml
min−1; CrCL 30–50 ml min−1; CrCL >50 ml min−1) prior
to the simulation study, which was based on the severity
of kidney impairment. These probabilities were then
calculated for patients with varying degrees of renal
function (CrCL <30 ml min−1; CrCL 30–50 ml min−1;
CrCL >50 ml min−1) and the percentile of the mean, 5th
and 95th (90% PI) is represented graphically. The best
dosing regimens were selected based on the highest
probability that the achieved concentrations would fall
within the desired therapeutic range.

Results
Patient characteristics
Eight patients in the CII study had unstable SCr; three
of them were general medical unit patients and five were
ICU patients. The CrCL for 27 patients in the CII study
was unavailable. The duration of infusion for the 48
patients ranged from 8 to 894 h (138 ± 158 h) and infu-
sion rates ranged from 100 to 1600 IU h−1

(500 ± 210 IU h−1).

Population PK modelling
A two-compartment linear model with exponential
interindividual variability on CL and volume of distri-
bution of central compartment (V2) adequately described
the data. The basic PK parameters of CL, V2 and volume
of distribution of peripheral compartment (V3), absolute
bioavailability (F1) and absorption rate constant Ka (for
the s.c. study) are shown in Table 2. The residual error
model accounted for differences in the residual error
variance between the general medical unit and ICU
patients. The residual error model was a combined addi-
tive and proportional model for general medical unit
patients and proportional only for ICU patients. Allow-
ing the residual error variance to partition based on
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location of the patient improved the OFV by 62.6 units
(P < 0.005).

The best residual error was described by the equations

For general medical unit patients: 
Yij = IPREDij × (1 + εij1) + εij2

For ICU patients: Yij = IPREDij × (1 + εij3)

where IPREDij represents the jth predicted concentra-
tion for the ith individual, Yij is the observed anti-Xa
concentration, and ε are the independent and identically
distributed normal distribution random effects with nor-
mal distribution with a mean zero and SD σ. ε1 and ε3
are the proportional component and ε2 is the additive
component.

Visual inspection of individual empirical Bayes esti-
mates of clearance showed a systematic change with
CrCL. Thus CrCL was chosen for inclusion in the
model, as below:

CL = θNR + (CrCL/4.8) × θCrCL × exp(ηi CL)

The θNR and θCrCL are nonrenal and renal clearance com-
ponents, respectively [20]. The reported parameter
estimates for θNR and θCrCL were 0.229 and 0.681,
respectively, in the literature [20]. From the sensitivity
analysis, the CV% of all other parameter estimates,
including mean parameter estimates (CV% 0.4–2.5%),

interindividual [CV% 3.4% (ωcl); 3.0% (ωv2)] and
intraindividual variability [CV% 0.1% (σ1); 0.2% (σ2);
1.2% (σ3)], was <10% as a result of changing the value
of θNR with one exception. θCrCL, which is correlated with
the θNR value, had a larger change in value (CV% 19%)
than all the other parameters in the analysis. However,
the CV% of total CL estimates was <10%, which may
explain the compensatory change of θCrCL with θNR

value. Therefore, fixing θNR to 0.229 did not affect the
estimation of other parameters (mean parameter esti-
mates, inter- and intraindividual variability), based on
the sensitivity analysis. We left this value fixed at 0.229
as it was estimated under a much more robust experi-
mental design and thus more likely to be an accurate
reflection of nonrenal clearance [20].

CrCL was the most significant covariate on CL
(∆OFV = −10.1; P < 0.005). Weight was the most sig-
nificant covariate on V2 (∆OFV = −11.8; P < 0.005).
After incorporating the effect of CrCL on CL, weight
was  the  most  significant  covariate  on  V2  (∆OFV =
−21.56; P < 0.005). The final model included CrCL on
CL and weight on V2. The critical values of the ∆OFV,
according to the randomization test, to accept CrCL and
weight were 2.6 and 2.3, respectively. The final model
for CL and V2 was therefore:

CL = 0.229 + (CrCL/4.8) × θCrCL × exp(ηiCL)

Table 2
Pharmacokinetic parameter estimates for the two-compartment model

Parameters Base model SE% Parameters Final model SE%

CL (l h−1) 0.693 9.5 CLmissing (l h−1) 0.972 10.5
θNR N/A N/A θNR (l h−1) 0.229 N/A
θCrCL N/A N/A θCrCL (1/4.8 CrCL) 0.744 18.7
V2 (l) 7.07 22.5 V2 (l per 70 kg weight) 6.78 19.2
V3 (l) 5.99 25.4 V3 (l) 6.19 24.9
Q (l h−1) 0.494 27.9 Q (l h−1) 0.429 24.7
Ka (h−1) 0.428 29.0 Ka (h−1) 0.476 27.3
F1 1 1.1 F1 0.94 9.7
ωcl% 65.5 44.1 ωcl% 40.7 23.8
ωv2% 61.9 31.3 ωv2% 29.4 82.2
σ1% 22.6 28.4 σ1% 12.1 100
σ2 (IU l−1) 75.4 36.6 σ2 (IU l−1) 132 44.7
σ3% 43.1 26.0 σ3% 44.0 26.3

CL, Clearance; CrCL, creatinine clearance; IU, international units; SE, standard error; weight, total body weight; V2, volume of
distribution of central compartment; V3, volume of distribution of peripheral compartment; ω, coefficient of variation of
interindividual variability; σ1, proportional coefficient of variation of residual error for general medical unit patients; σ2, additive
coefficient of variation of residual error for general medical unit patients; σ3, proportional coefficient of variation of residual
error for ICU patients; N/A, not available; θNR, 0.229 (fixed); unit of weight = kg, unit of CrCL = l h−1; F1, absolute bioavailability.
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V2 = θ2 × (weight/70) × exp(ηi V2)

where θ denotes the fixed effects, η denotes random
effects with log normal distribution with zero mean and
SD ω, 0.229 (l h−1) is the fixed value for nonrenal clear-
ance component, 80 ml min−1 (4.8 l h−1) is considered as
the cut-off value for normal renal clearance [42, 43].

The final PK parameter estimates are shown in
Table 2. Observed vs. population predicted anti-Xa con-
centrations are shown in Figure 1. ICU patients had an
approximately twofold higher proportional residual
variability than those general medical unit patients.
Interindividual variability of CL and V2 decreased by
38% and 53%, respectively, in the covariate model com-
pared with the base model.

Upon inspection, ICU patients had a lower CL
(0.79 ± 0.40 l h−1) than general medical unit patients
(0.99 ± 0.39 l h−1) receiving CII enoxaparin. This is con-
sistent with our previous results [25, 44]. The individual
dosage adjustment was calculated using individual
estimates from NONMEM®. To achieve a target of
0.5 IU ml−1 anti-Xa concentration, the infusion rates for
typical ICU and general medical unit patients with
weight of 70 kg were 5.6 ± 2.7 IU kg−1 h−1 and 7.0 ±
2.7 IU kg−1 h−1, respectively.

Simulation of steady-state anti-Xa concentrations

Assessing  significant  covariates  that  affect  anti-Xa 
concentrations Since weight and CrCL were significant

covariates for PK parameters, simulations were applied
to evaluate their impact on target anti-Xa concentration
at steady state with weights varying from 30 to 120 kg
and CrCL varying from 10 to 120 ml min−1. Steady-state
anti-Xa concentrations were simulated using a two-
compartment model with parameters fixed to the final
parameters under the covariate model and all random
effects defined to zero.

The anti-Xa concentration at steady state was calcu-
lated using Equation 1. The effect of weight and CrCL
on Css when administering enoxaparin at a rate of
100 IU kg−1 per 12 h by CII is shown in Figure 2. Clear-
ance increased from 0.6 to 0.9 l h−1 when CrCL
increased from 30 to 80 ml min−1. As CrCL decreased
and weight increased, predicted Css increased. This was
particularly pronounced when CrCL was <30 ml min−1.

Comparing  the  percent  of  predicted Css outside of
therapeutic range at infusion rates of 8.3, 5.8, 5.0 and
4.2 IU kg−1 h−1 CrCL was simulated using the covariate
distribution model. The distribution of the covariates in
patients with simulated values was comparable to that
of general medical unit and ICU patients in the CII
study. The final PK model with covariates was used as
the input–output model. The percent for a predicted Css

>1.2 IU ml−1 or <0.5 IU ml−1 was calculated for each
simulation when general medical unit and ICU patients
received infusions at rates of 8.3, 5.8, 5.0 and 4.2 IU kg−1

h−1, respectively.
The percentage of predicted Css outside of the thera-

peutic range (mean, 5th and 95th percentiles) at each
infusion rate for general medical unit and ICU patients

Figure 1 
Observed vs. population predicted anti-Xa concentrations for the two-

compartment model with CrCL and weight covariates in the model. 
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is shown in Table 3. The percentage of predicted Css

outside of the therapeutic range at each infusion rate for
these subjects with different renal function is shown in
Table 4. For both general medical unit and ICU patients,
when the infusion rate decreased, the percentages of the
predicted Css that were >1.2 IU ml−1 decreased and the
percentages of the predicted Css that were <0.5 IU ml−1

increased (Figures 3a,b and 4a,b). General medical unit
patients achieved the lowest total percentage (with an
equal probability of being either above or below the
therapeutic range) of the predicted Css falling outside of

therapeutic range at an infusion rate of 8.3 IU kg−1 h−1,
while ICU patients achieved the lowest total percent at
4.2 IU kg−1 h−1.

Figures 3 and 4 and Table 4 illustrate the percentage
of patients’ predicted Css falling out of therapeutic range
for ICU and general medical unit patients. These figures
reflect that, given optimization of dosage to give an
equal probability of being above or below the therapeu-
tic range, general ward unit subjects achieved the lowest
total percentage of Css falling outside of therapeutic
range at infusion rates of 5.0 IU kg−1 h−1 if CrCL was

Table 3
Percent of predicted anti-Xa Css >1.2 IU ml−1 or percent of predicted anti-Xa Css <0.5 IU ml−1 when general medical unit and ICU 
patients receive enoxaparin at different infusion rates of 8.3, 5.8, 5.0 and 4.2 IU kg−1 h−1

Infusion rate
(IU kg−1 h−1)

General medical unit patients ICU patients
Percent of
Css < 0.5 IU ml−1

Percent of
Css >1.2 IU ml−1

Percent of
Css < 0.5 IU ml−1

Percent of
Css >1.2 IU ml−1

Mean 90% PI Mean 90% PI Mean 90% PI Mean 90% PI

8.3 18.1 16.7–20.7 33.9 31.3–36.1 5.8 4.5–6.8 61.1 59.4–63.9
5.8 35.8 33.8–38.2 17.0 15.0–19.0 13.8 12.5–15.1 41.4 40.4–43.5
5.0 44.9 42.5–47.1 11.9 10.3–13.5 20.5 19.2–22.2 31.0 30.3–33.3
4.2 55.2 52.5–57.5 7.50 6.40–8.70 28.3 26.5–29.8 22.7 21.2–24.4

ICU, Intensive care unit; Css, steady-state anti-Xa concentration; PI, predicted interval.

Table 4
Percent of predicted anti-Xa Css >1.2 IU ml−1 or percent of predicted anti-Xa Css <0.5 IU ml−1 when general medical unit and ICU 
patients receive enoxaparin at different infusion rates of 8.3, 5.8, 5.0 and 4.2 IU kg−1 h−1 for subjects in each renal function group

Infusion rate
(IU kg−1 h−1)

CrCL
(ml min−1)

General medical unit patients ICU patients
Mean % of Css

< 0.5 IU ml−1

Mean % of Css

> 1.2 IU ml−1

Mean % of Css

< 0.5 IU ml−1

Mean % of Css

> 1.2 IU ml−1

8.3 < 30 6.74 54.4 4.1 65.8
 30–50 11.9 42.7 7.4 55.5

> 50 22.4 28 13.3 44
5.8 < 30 16.6 32.3 10.97 46.1

 30–50 28.2 21.6 16.8 36.2
> 50 43.8 11.6 25.8 22.9

5.0 < 30 23.7 24.3 16.8 35.1
 30–50 36.8 15.3 24.2 26.4

> 50 53.3 7.59 36.8 14.5
4.2 < 30 32.8 16.3 24.1 26.4

 30–50 47.4 9.93 32.4 18.4
> 50 63.8 4.47 48.0 9.13

ICU, Intensive care unit; Css, steady-state anti-Xa concentration.
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Figure 3 
The percentage of predicted Css falling out of therapeutic range at different 

infusion rates (8.3, 5.8, 5.0, 4.2 IU kg−1 h−1) for intensive care unit patients 

with different renal function (1, CrCL <30 ml min−1; 2, CrCL 30–

50 ml min−1; 3, CrCL >50 ml min−1). Dashed lines represent the 5th and 

95th percentiles (90% PI). (a) Percentage of predicted Css which is 

<0.5 IU ml−1. �, 4.2 IU/kg/h; �, 5.0 IU/kg/h; �, 5.8 IU/kg/h; �, 8.3 IU/

kh/h. (b) Percentage of predicted Css which is >1.2 IU ml−1. �, 4.2 IU

kg−1 h−1; �, 5.0 IU kg−1 h−1; �, 5.8 IU kg−1 h−1; �, 8.3 IU kg−1 h−1. (c) 

Percentage of predicted Css falling out of therapeutic range (0.5–1.2 IU

ml−1) when patients with CrCL <30 ml min−1 received enoxaparin at 

4.2 IU kg−1 h−1 infusion rate, with CrCL between 30 and 50 ml min−1 

received enoxaparin at 5.0 IU kg−1 h−1 infusion rate and with CrCL 

>50 ml min−1 received enoxaparin at 5.8 IU kg−1 h−1 infusion rate. �, 

>1.2 IU ml−1; �, <0.5 IU ml−1
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Figure 4 
The percentage of predicted Css falling out of therapeutic range at different 

infusion rates (8.3, 5.8, 5.0, 4.20 IU kg−1 h−1) for general medical unit 

patients with different renal function (1, CrCL <30 ml min−1; 2, CrCL 30–

50 ml min−1; 3, CrCL >50 ml min−1). Dashed lines represent the 5th and 

95th percentiles (90% PI). (a) Percentage of predicted Css which is 

<0.5 IU ml−1. �, 4.2 IU/kg/h; �, 5.0 IU/kg/h; �, 5.8 IU/kg/h; �, 8.3 IU/

kh/h. (b) Percentage of predicted Css which is >1.2 IU ml−1. �, 4.2 IU

kg−1 h−1; �, 5.0 IU kg−1 h−1; �, 5.8 IU kg−1 h−1; �, 8.3 IU kg−1 h−1. (c) 

Percentage of predicted Css falling out of therapeutic range (0.5–1.2 IU

ml−1) when patients with CrCL <30 ml min−1 received enoxaparin at 5.0 IU

kg−1 h−1 infusion rate, with CrCL between 30 and 50 ml min−1 received 

enoxaparin at 5.8 IU kg−1 h−1 infusion rate and with CrCL >50 ml min−1 

received enoxaparin at 8.3 IU kg−1 h−1 infusion rate. �, >1.2 IU ml−1; �, 

<0.5 IU ml−1
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<30 ml min−1, 5.8 IU kg−1 h−1 if CrCL was 30–50 ml
min−1 and 8.3 IU kg−1 h−1 if CrCL was >80 ml min−1,
while ICU subjects achieved the lowest total percentage
of Css falling outside of therapeutic range at infusion
rates of 4.2 IU kg−1 h−1 if CrCL was <30 ml min−1,
5.0 IU kg−1 h−1 if CrCL was 30–50 ml min−1 and 5.8 IU
kg−1 h−1 if CrCL was >80 ml min−1. The difference
between different dosing strategies is shown graphically
in Figures 3a,b and 4a,b. If the current dosing guideline
(100 IU kg−1 twice a day) of enoxaparin administrated
subcutaneously was used for patients with CrCL
<30 ml min−1 receiving CII, 64.6–68.1% of ICU
patients and 52.1–60.9% of general medical unit
patients would have an anti-Xa concentration of >1.2 IU
ml−1 (Figures 3b and 4b). This can be reduced to 24.1–
29.2% for ICU patients when dosing is decreased to
4.2 IU kg−1 h−1 and to 21.4–28.3% for general medical
unit patients when the dosing is decreased to 5.0 IU kg−1

h−1. When using the revised dosing strategy, simulated
ICU and general medical unit patients with a CrCL
<30 ml min−1 experienced a 28% and 22% (Table 4)
decrease in the percentage of the total predicted Css

falling out of therapeutic range, respectively, when com-
pared with the patients receiving 8.3 IU kg−1 h−1 of
enoxaparin.

In some situations, the best dose selected based on
the total percentage of Css outside of the therapeutic
range was found to be indistinguishable from other
doses (change of total percentage Css outside of the
therapeutic range <10%). For example, if ICU patients
with CrCL <30 ml min−1 received enoxaparin at an infu-
sion rate of 5.0 IU kg−1 h−1, the total percent Css outside
of therapeutic range was reduced by 3% compared with
the situation when the best dose of 4.2 IU kg−1 h−1 was
applied. This is also true for general medical unit
patients with CrCL <30 ml min−1; the total percentage
of Css falling outside of therapeutic range at an infusion
rate of 5.0 IU kg−1 h−1 was 48% and became 49% at the
rate of 5.8 IU kg−1 h−1. However, in the ‘best dose’ situ-
ations, patients have a similar probability of being either
above or below the therapeutic range (Figures 3c and
4c). If the change of the total percentage Css outside of
the therapeutic range was <10% when a dose other than
best dose was applied, the dose was considered to be
indistinguishable from the best doses suggested above.
Thus, the range of dosages at each of the patient types
were indicated, where the total probability of being out-
side the therapeutic range was indistinguishable: for
general medical patients 4.2–5.8 IU kg−1 h−1 if CrCL
was <30 ml min−1, 5.0–8.33 IU kg−1 h−1 if CrCL was
30–50 ml min−1 and 5.8–8.33 IU kg−1 h−1 if CrCL was
>50 ml min−1; for ICU patients 4.2–5.0 IU kg−1 h−1 if

CrCL was <30 ml min−1, 4.2–5.8 IU kg−1 h−1 if CrCL
was 30–50 ml min−1 and 5.0–5.8 IU kg−1 h−1 if CrCL
was >50 ml min−1. However, the clinician will have to
consider the relative probability of above or below the
range when tailoring the actual dose administered to the
patient.

Discussion
Dosing strategies developed by many s.c. enoxaparin
studies have been based on weight and renal function,
which may help to reduce bleeding complications [14,
16, 17, 37] and these changes are amplified in compli-
cated patient populations that are present in critically ill
multiple trauma patients [24]. Highly variable and unre-
liable anti-Xa concentrations were observed when the
standard dose of enoxaparin for prevention of venous
thromboembolism was applied. In this study, the bio-
availability estimation for general medical unit patients
in the s.c. study was 0.94. Whether the extensive vari-
ability of anti-Xa concentrations in critically ill patients
from the Haas et al. [24] study was due to the variable
bioavailability for s.c. enoxaparin is unknown. Applying
CII enoxaparin is one approach to evaluate this issue and
may reduce the variability observed after s.c. adminis-
tration in critically ill patients. This has led some inves-
tigators to begin examining the i.v. administration as
continuous infusion of enoxaparin. Despite this, no
extensive population pharmacokinetic analysis or dos-
ing adjustment suggestions have been reported for enox-
aparin given by CII. This is the first study to evaluate
factors affecting anti-Xa concentrations following CII
administration of enoxaparin. This information is used
to develop a dosing guideline based on the percentage
of the predicted steady-state anti-Xa concentrations fall-
ing out of the therapeutic range with CII using Monte
Carlo simulations.

In previous population data analyses, combined
datasets were used to help stabilize estimations [45]. In
our study, combining additional data from the s.c. study
with the CII data allowed us to better describe and
characterize the PK parameters for CII. Compared with
the CII data analysis alone, there was a 50% decrease
of standard error of estimation for CL and V2 in the
combined data analysis. Moreover, the interindividual
variability of CL and V2 decreased 37% and 47%,
respectively, compared with the CII data analysis alone
[25].

Approximately half of the subjects in the CII study
were from the ICU. This may contribute to additive PK
complexity, as those patients were prone to have fluid
shifts, organ dysfunction and drug binding alteration
[21, 46]. Different PK parameters (CL) were found in
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ICU and general medical unit patients in this study and
our previous report [25]. The different clearance
between ICU and general medical unit patients has also
been found by Priglinger et al. [23], where they demon-
strated that s.c. administration of LMWH may not work
well in critically ill patients due to different PK behav-
iour compared with general medical unit patients.
Simulations suggest that infusion rates of 5.6 ± 2.7 IU
kg−1 h−1 for ICU patients and of 7.0 ± 2.7 IU kg−1 h−1 for
general medical unit patients were needed to achieve
lower limit of therapeutic range of 0.5 IU ml−1 anti-Xa
concentration. The model for ICU patients showed a
higher proportional residual error than that from general
medical unit patients. This may be a function of model
misspecification in the highly dynamic ICU population
compared with the more stable general medical unit
patients.

Similar to previous reports of s.c. administration of
enoxaparin [17, 20], this study has shown that enox-
aparin CL increased with increasing CrCL. One study
in 96 obese patients reported by Green et al. [13] dem-
onstrated that LBW is a significant covariate on CL and
weight on V2. After including CrCL on CL and weight
on V2, no body size descriptor other than weight was
found as a significant covariate on PK parameters.
Green et al. [20] reported a series of recommended dos-
ing regimens based on the glomerular filtration rate
(GFR) estimated using CG equation, where a dose of
0.4 mg kg−1 per 12 h was suggested to subjects with
GFR <30 ml min−1. A simulation study for CII admin-
istration found that CrCL had a higher impact on Css in
patients with renal dysfunction (CrCL <30 ml min−1)
than in patients with moderate renal impairment and
normal renal function patients. Results from 200 simu-
lations at  each  infusion  rate  (8.3,  5.8,  5.0,  4.2 IU
kg−1  h−1) demonstrated that general medical unit
patients achieved the lowest total percent of predicted
Css outside of the therapeutic range at 8.3 IU kg−1 h−1

(90%  PI  48.0–56.8%),  while  ICU  patients  achieved
the  lowest  total  percent  at  4.2 IU kg−1 h−1  (90%  PI
47.7–54.2%) (Table 3). Furthermore, if CrCL was
<30 ml min−1 (renal dysfunction), the best doses for
patients in the ICU and general medical unit were
4.2 IU kg−1 h−1 and 5.0 IU kg−1 h−1, respectively; 5.0 IU
kg−1 h−1 and 5.8 IU kg−1 h−1, respectively, if CrCL was
between 30 and 50 ml min−1 (moderate renal impair-
ment). For ICU and general medical unit patients with
CrCL >50 ml min−1, the best dose was 5.8 IU kg−1 h−1

and 8.3 IU kg−1 h−1, respectively (Table 4). Based on
these results, most patients will achieve expected
steady-state anti-Xa concentrations of between
0.5 IU ml−1 and 1.2 IU ml−1, if (i) ICU patients with

CrCL  >50 ml min−1  receive  enoxaparin  at  5.8 IU kg−1

h−1 and general medical unit patients with CrCL
>50 ml min−1 receive enoxaparin at 8.3 IU kg−1 h−1 infu-
sion rate; (ii) ICU patients with CrCL between 30 and
50 ml min−1 receive enoxaparin at 5.0 IU kg−1 h−1 and
general medical unit patients with CrCL between 30
and 50 ml min−1 receive enoxaparin at 5.8 IU kg−1 h−1;
and (iii) ICU patients with CrCL <30 ml min−1  receive
enoxaparin at 4.2 IU kg−1  h−1 and medical unit patients
with CrCL <30 ml min−1 receive enoxaparin at
5.0 IU kg−1 h−1. These best doses also represented the
optimal solution where the probability of being above
the therapeutic range is not different from that of being
below the range (Figures 3c and 4c). Given different
therapeutic risks in the clinic, it was felt that this would
provide a starting point. The additional information on
the total risk of being outside the therapeutic range can
then be considered in concert with this information,
tailoring to the patient with respect to whether or not it
is worse for that patient to be above or below the range.
Given the equal total probabilities of being outside the
range for multiple dosage levels, we have provided a
range of dosages where that total probability is indistin-
guishable across groups. This can be read from Table 4.
However, the clinician will have to consider the relative
probability of above or below the range when tailoring
the actual dose administered to the patient.

CII administration of enoxaparin had been used in the
treatment of acute PE [47, 48]. Patients with acute PE
received an i.v. bolus of 0.5 mg kg−1 enoxaparin fol-
lowed by an initial dosage of 2–3 mg kg−1 day−1 CII
enoxaparin. Anti-Xa concentrations were measured
daily. The dosage was adjusted to maintain the anti-Xa
concentration between 0.2 and 0.6 IU ml−1 [47, 48]. No
deleterious haemorrhagic side-effects were found dur-
ing the treatment of acute PE [48]. This might be due to
the dosage adjustment by daily measurements of anti-
Xa and anti-IIa concentrations, which lead to more con-
stant levels of anticoagulation. The dosing adjustment
recommended in this study can be applied when CII is
used in clinical practice to patients with varying renal
function, which is not yet available in the literature.

Unfortunately, the limitations of a retrospective study
are the availability of documented data in a medical unit
record review. Even with the electronic laboratory infor-
mation, SCr concentrations were unavailable in 27
patients in the CII study. The need to evaluate SCr was
at the discretion of the physician since this was an obser-
vational evaluation. We acknowledge the small sample
size of patients with available SCr in the CII study and
accounted for this by combining data in the PK analysis
with additional patients from a second study. This
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approach has been discussed previously [45]. Combin-
ing datasets assisted in identifying CrCL as a significant
covariate of CL [25].

Conclusion
This study has evaluated the pharmacokinetic profile
and defined a dosage strategy for administering enox-
aparin by continuous i.v. infusion in patients with vary-
ing renal function. CrCL was identified as a significant
covariate on CL and total body weight on V2.

This work was financially supported by National Insti-
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meeting. The authors would like to acknowledge Dr
Curtis E. Haas for sharing his paper and Dr Alan For-
rest for helpful advice on the manuscript.
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