Clinical Pharmacokinetics (2023) 62:297-305
https://doi.org/10.1007/5s40262-022-01202-6

ORIGINAL RESEARCH ARTICLE q

Check for
updates

Low and Highly Variable Exposure to Prophylactic LMWH Nadroparin
in Critically lll Patients: Back to the Drawing Board for Prophylactic
Dosing?

Jeroen Diepstraten’® . Anne van Rongen?® - Marianne P. Zijlstra® - Marieke J. H. A. Kruip*

Pim L. J. van der Heiden’ - Rob ter Heine®

Accepted: 12 December 2022 / Published online: 30 December 2022
© The Author(s), under exclusive licence to Springer Nature Switzerland AG 2022

Abstract

Background and Objective Low-molecular-weight heparins are routinely administered to patients in the intensive care unit
to prevent venous thromboembolisms. There is considerable evidence that low-molecular-weight heparin doses should be
personalised based on anti-Xa levels, but pharmacokinetic data in intensive care unit patients are lacking. This study aimed
to characterise the pharmacokinetics and associated variability of the low-molecular-weight heparin nadroparin in critically
ill patients.

Methods Critically ill adult patients who were admitted to the intensive care unit and received nadroparin for prophylaxis
of venous thromboembolism were included in a study. Population pharmacokinetic analysis was performed by means of
parametric non-linear mixed-effects modelling (NONMEM).

Results A total of 30 patients were enrolled with 12 patients undergoing continuous veno-venous hemodialysis and 18
patients not undergoing continuous veno-venous hemodialysis. Very high variability in pharmacokinetics was observed
with an inter-individual variability in the volume of distribution of 63.7% (95% confidence interval 46.5-90.6), clearance
of 166% (95% confidence interval 84.7-280) and relative bioavailability of 40.2% (95% confidence interval 29.5-52.6). We
found that standard doses of 2850 IE and 5700 IE of nadroparin resulted in sub-prophylactic exposure in critically ill patients.
Conclusions Low exposure and highly variable pharmacokinetics of nadroparin were observed in intensive care unit patients
treated with a prophylactic dose. It can be debated whether nadroparin is currently dosed optimally in intensive care unit
patients and our findings encourage the investigation of higher and tailored dosing of nadroparin in the critically ill.

1 Introduction

Critically ill patients show alterations in various physiologi-
cal functions that can influence the pharmacokinetics (PK)
of drugs and, thus, also influence the efficacy of drugs [1].
Because of the highly variable PK, intensive care unit (ICU)
patients are at risk for inadequate or toxic drug exposure.
Subcutaneously administered low-molecular-weight hep-
arins (LMWHs) are widely used for the prevention of venous
thromboembolism in critically ill patients [2-5]. However,
the appropriateness of the subcutaneous route and the rec-
ommended prophylactic dose of LMWH in these patients
are under debate [6-8].

Extended author information available on the last page of the article

The PK of LMWHs is measured indirectly by quantifica-
tion of anti-Xa activity, as LMWH concentrations cannot be
directly measured [9]. An anti-Xa target range for LMWH
prophylaxis of 0.2-0.5 IU/mL has been suggested [10].
However, large variability and low levels of anti-Xa in criti-
cally ill patients treated with LMWH enoxaparin have been
observed [11, 12] and individualised dosing seems indicated,
which is not reflected in current dosing protocols that, more
or less, advise fixed dosing [13].

A limited number of studies has been performed in ICU
patients studying prophylactic dosing individualisation
of LMWH, but these focused specifically on estimating
effects on the PK of continuous veno-venous hemodialysis
(CVVHD) [14], or were performed in a selected cohort of
patients with normal renal function [15]. A detailed under-
standing of the PK of LMWH is a prerequisite to enable phy-
sicians to ensure that individual patients receive the optimal
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There is considerable evidence that low-molecular-
weight heparin doses should be personalised based on
anti-Xa levels, but little is known on how this should be
performed in intensive care unit patients.

In this prospective pharmacokinetic clinical study,
anti-Xa levels of 30 critically ill adult patients with or
without continuous veno-venous hemodialysis receiving
low-molecular-weight heparin nadroparin prophylaxis
were analysed using non-linear mixed-effects modelling
(NONMEM).

Highly variable and low exposure was observed in our
population and simulations showed that higher doses
might be required.

It can be debated whether nadroparin is currently dosed
optimally in intensive care unit patients and our findings
encourage the investigation of higher and tailored dosing
of nadroparin in the critically ill.

dose [16]. Therefore, we aimed to characterise the PK and
associated variability of the LMWH nadroparin in criti-
cally ill patients being treated in the ICU as a step towards
evidence-based, individualised, prophylactic LMWH nadro-
parin dosing in these patients.

2 Materials and Methods
2.1 Patients

Adult ICU patients were included in this prospective clinical
study if they received a standard, subcutaneously adminis-
tered prophylactic dose of 2850 IE (= 0.3 mL) of nadropa-
rin once daily subcutaneously or 5700 IE (= 0.6 mL) for
body weights of 100 kg or higher following hospital pro-
tocol. Exclusion criteria included a therapeutic LMWH
dose, morbid obesity (body mass index [BMI] > 40 kg/m?)
and admission to the ICU for routine post-operative inten-
sive care monitoring. Patients included those undergoing
continuous veno-venous hemodialysis (CVVHD) using a
high-flux filter Ultraflux® AV1000S. The CVVHD settings
are based on bodyweight on the day of admission with a
dialysate flow of 2000 mL/h and a blood flow of 100 mL/h.
Regional citrate anticoagulation was used with an initial dos-
ing of 4 mmol/L blood. The study was carried out in The
Netherlands in accordance with the ethical standards and
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the Helsinki Declaration of 1975. The Institutional Review
Board (Commissie Mensgebonden Onderzoek, Arnhem-
Nijmegen) waived the need for informed consent because
of the observational nature and negligible burden associated
with this study (registration number 2019-5226).

2.2 Blood Sampling Scheme Justification

Blood samples for the determination of anti-Xa levels were
collected at t = 0, 0.5, 1, 3, 6, 12 and 24 h (just before the
second dose) after nadroparin dosing and at 0.5, 1, 3, 6, 12
and 24 h after the second nadroparin dose, based on the
D-optimal design theory [17] and previous pharmacokinetic
studies of other LMWHs [18, 19].

2.3 Blood Collection and Anti-Xa Determination

Blood samples were collected in 3.2% buffered sodium cit-
rate-containing tubes and were immediately stored on ice
until centrifugation. All samples were double centrifuged
at 20 °C within 1 h after collection to obtain plasma sam-
ples and stored at — 80 °C until analysis within 2 weeks
after collection. Plasma levels of anti-Xa activity were
measured with a CS2100 (Siemens Healthcare Diagnostic
Products, Marburg, Germany) using an anti-Xa clotting
assay (STA®-liquid ANTI-Xa; Diagnostica Stago, Asniéres,
France). The rate of chromophobe appearance at 405 nm was
measured. Calibration occurred with five concentrations of
nadroparin. The calibration curve was found to be linear
between 0.1 and 2.00 IU/mL.

2.4 Pharmacokinetic Analysis

The obtained pharmacokinetic data were analysed by means
of parametric non-linear mixed-effects modelling using the
software package NONMEM. In short, a linear pharmacoki-
netic model was fitted to the data, describing the absorp-
tion of nadroparin from the subcutaneous compartment to
the central compartment. After development of the base
model, the following covariates for the pharmacokinetics
of nadroparin were investigated based on their physiologi-
cal plausibility: the influence of estimated glomerular filtra-
tion (estimated glomerular filtration rate) and CVVHD on
clearance, the influence of vasopressor use on bioavailabil-
ity and clearance, and the fluid impact of fluid balance on
the volume of distribution. Anti-Xa observations that were
below the limit of quantitation, yet above the limit of detec-
tion were included in the pharmacokinetic analysis using
the “all data” approach, as previously proposed by Keizer
et al., as this is known to result in superior estimation of
pharmacokinetic parameters compared with censoring [20].
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The pharmacokinetic analysis is described in detail in the
Electronic Supplementary Material (ESM).

2.5 Dose Evaluations

Using the developed pharmacokinetic model, we simulated
concentration—time profiles for typical individuals of 70 kg
to illustrate the impact of covariates and different dosing
regimes on the PK of nadroparin on a population level. Fur-
thermore, we performed a Monte Carlo simulation exploring
the effect of different dosing regimes on steady-state peak
anti-Xa levels (4 h after administration) for nadroparin in
critically ill patients. We simulated dosing regimes of 2850
IE (0.3 mL), 5700 IE (0.6 mL) and 9500 IE (1 mL) of anti-
Xa nadroparin once daily. For each regime, we simulated
1000 virtual individuals, with a typical weight of 70 kg,
drawn from a log-normal distribution with an inter-individ-
ual variability of 20% and a typical glomerular filtration rate
of 90 mL/min, drawn from a log-normal distribution with an
inter-individual variability of 30%.

3 Results
3.1 Patients and Data

Demographic characteristics are listed in Table 1. A total
of 30 patients were enrolled in this study with 12 CVVHD
patients and 18 non-CVVHD patients. Figure 1 shows the
total number of anti-Xa level samples included versus time

(192), showing most of the concentrations were below the
lower bound of the prophylactic range (0.2 IU/mL) at the
peak concentrations 4 h after the dose. From visual inspec-
tion, no accumulation of nadroparin was observed during
the study period. Although a BMI > 40 was an exclusion
criterion, one person with a BMI of 41 was included because
of a rounding error in the initial calculation of the BMI. The
majority (89%) of the doses administered were 2850 IU anti-
Xa. The average dose administered was 38 IU per kilogram
bodyweight with a relative standard deviation of 24%.

3.2 Pharmacokinetic Analysis

The proposed linear pharmacokinetic model, describing
first-order absorption from a subcutaneous compartment
and first-order elimination from the central compartment,
described the data well using allometric scaling. Renal
function and the use of CVVHD were covariates for clear-
ance of nadroparin (p < 0.05). Furthermore, the volume
of distribution of nadroparin increased with an increasing
fluid balance (p < 0.05). The parameter estimates for the
final model are shown in Table 2. The results of the phar-
macokinetic analysis are described in detail in the ESM,
together with the model evaluation through goodness-of-fit
plots. Notably, in the final model including covariates, a very
high variability in PK was observed with an inter-individual
variability in the volume of distribution of 63.7% (95% con-
fidence interval 46.5-90.6), inter-individual variability in
clearance of 166% (95% confidence interval 84.7-280) and

Table 1 Patient characteristics of 30 ICU patients receiving a prophylactic dose of nadroparin

Total ICU patients (n = 30)

CVVHD (n = 12) Non-CVVHD (n = 18)

Weight (kg) 84 (51-128)
BMI (kg/m?) 27 (18-41)
LBW (kg) [27] 61 (33-81)
Age (years) 63 (28-83)
Sex (M/F) n=21/n=9
Creatinine day 1 (umol/L) 148 (34-1647)
eGFR CKD-EPI (mL/min) 42 (2-129)
Urea day 1 (mmol/L) 11.7 (1.0-43)
CRP day 1 (mg/L) 121 (0-399)

Fluid balance day 1 (mL)

Apache IV score 81 (28-147)
Noradrenalin use day 1 n=17
Maximum noradrenaline day 1 (mcg/kg/min) 0.07 (0.00-0.60)

0.00 (0.00-0.47)
0.00 (0.00-0.54)

Maximum noradrenaline day 2 (mcg/kg/min)

Maximum noradrenaline day 3 (mcg/kg/min)

885 (—3946 to 10,123)

95 (62-128) 76 (51-128)
33 (19-37) 26 (18-41)
65 (46-81) 58 (33-72)
66 (28-82) 61 (34-83)
n=10mn=2 n=11/n=17
232 (34-904) 92 (50-1647)
24 (5-129) 77 (2-102)

16 (1.0-43) 10 (2.4-38)
125 (6-336) 116 (0.5-399)
284 (—2592 to 10,123) 1524 (—3946 to 5863)
102 (62-124) 78 (28 — 147)
n=10 n=17

0.08 (0.00-0.47)
0.01 (0.00-0.33)
0.02 (0.00-0.16)

0.01 (0.00-0.60)
0.00 (0.00-0.47)
0.00 (0.00-0.54)

Values are expressed as median (range) unless specified otherwise

BMI body mass index, CRP C-reactive protein, CVVHD continuous veno-venous hemodialysis, eGFR estimated glomerular filtration rate, F'

female, /CU intensive care unit, LBW lean body weight, M male
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Fig. 1 Observed anti-Xa levels versus time in 30 intensive care unit patients

an intra-individual variability in relative bioavailability of
40.2% (95% confidence interval 29.5-52.6).

3.3 Dose Evaluations

The results of the dose evaluation simulations are presented
in Figs. 2 and 3. Figure 2A shows the impact of different
dosing regimens of nadroparin (2850 IE, 5700 IE and 9500
IE of nadroparin once daily) on population anti-Xa levels.
This figure shows that standard doses of 2850 IE and 5700
IE of nadroparin result in sub-prophylactic exposure in a
typical individual of 70 kg in the ICU. Only a dose of 9500
IE of nadroparin results in anti-Xa levels within the prophy-
lactic range. Figure 2B shows the impact of renal function
and the use of CVVHD on anti-Xa levels after a nadroparin
dose of 2850 IE. It can be observed that anti-Xa levels are
higher in ICU patients with a low renal function and the use
of CVVHD. Last, Fig. 2C shows the impact of fluid balance
(4000 mL vs 0 mL) on anti-Xa levels after a nadroparin dose
given at a dose of 2850 IE once daily. From this figure, it can
be observed that the population-predicted changes in peak
levels of anti-Xa are small. Figure 3 shows the predicted
anti-Xa peak levels (4 h after administration) when dosing
nadroparin to 1000 virtual critically ill patients with differ-
ent dosing regimes of 2850 IE, 5700 IE and 9500 IE. As
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observed, predicted exposure is highly variable and does not
result in anti-Xa peak levels within the prophylactic range at
standard doses of 2850 IE and 5700 IE.

4 Discussion and Conclusions

To our knowledge, this is the first study that describes the
PK of nadroparin in ICU patients including patients under-
going CVVHD. We found that the majority of anti-Xa levels
measured were sub-prophylactic with the standard recom-
mended dose of 2850 IE and 5700 IE. Consequently, higher
doses of approximately 9500 IE per dose are needed in order
to achieve anti-Xa target peak levels in the LMWH pro-
phylactic range of 0.2—0.5 IU/mL [10]. Furthermore, large
inter-individual variability in pharmacokinetic parameters
was observed in bioavailability, volume of distribution and
clearance, which could not fully be explained by the covari-
ates in the final model.

We found that renal function and the use of CVVHD were
significant covariates for the clearance of nadroparin, which
also has been described in the literature for other LMWHs
[9, 14, 21-23]. Furthermore, we found that fluid balance
was a covariate for the volume of distribution of nadroparin.
This effect can probably be explained by the hydrophilic
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Table 2 Population pharmacokinetic parameter estimates of the base and final pharmacokinetic model for nadroparin in 30 ICU patients

Parameter

Base model (no covariates) Final model (with covariates)
Estimate (relative standard

error of estimate)

Estimate (relative standard
error of estimate)

Absorption rate (min~")
Volume of distribution (mL)?

Increase in volume of distribution due to fluid balance (mL per mL)

Base clearance in patients [not undergoing CVVHD in final model] (mL/min)*

Increase in clearance due to eGFR in patients not undergoing CVVHD (mL/min -

per mL/min) in final model
Clearance in patients undergoing CVVHD (mL/min) in final model
Inter-individual variability in volume of distribution (%)

Inter-individual variability in clearance in patients not undergoing CVVHD (%)

Intra-individual variability in relative bioavailability (%)
Residual variability (%)
Objective function

Condition number

0.00483 (30%) 0.00345 (37.7%)

17,900 (29.5%) 11,300 (38.1%)
- 2.03 (60.6%)
44.7 (12%) 26.7 (41.2%)

0.328 (77.7%)

- 49.5 (18.9%)
65.5 (51.7%) 63.7 (30.5%)

34.5 (97.5%) 166 (45.6%)
48.1 (32.2%) 40.2 (18.1%)
49.3 (13.5%) 46.4 (14.5%)
- 1053 -1078
23.19 61.9

CVVHD continuous veno-venous hemodialysis, eGFR estimated glomerular filtration rate, /CU intensive care unit

*Estimated pharmacokinetic parameters should be interpreted as values for a typical individual of 70 kg because of allometric scaling

properties of LMWHs and the large range of fluid balances
observed in our study and this effect has not been described
before. In our study, both apparent volume of distribution
and apparent clearance were lower than previously found for
nadroparin, indicating that the fraction of nadroparin reach-
ing the systemic circulation (bioavailability) is decreased
[24]. This decreased bioavailability may also explain the
exceptionally low anti-Xa activities observed in our popula-
tion. Reduced bioavailability of LMWHSs has been described
before in ICU patients probably owing to the use of vaso-
pressors [7]. Cihlar et al. suggested to use intravenous
LMWH in ICU patients in order to achieve higher and more
predictable anti-Xa levels [8]. In addition, in ICU patients
with coronavirus disease 2019, higher doses of LMWH were
suggested in order to achieve prophylactic anti-Xa levels
[25, 26].

Although there was a wide variability in anti-Xa lev-
els between these patients, the increased dose of LMWH
resulted mostly in anti-Xa levels within the prophylactic
range [25, 26]. The proposed prophylactic range for anti-
Xa peak levels of 0.2-0.5 IU/mL is based on retrospective
data in non-ICU patients receiving a prophylactic dose of
LMWH [10]. Furthermore, for this pharmacokinetic analy-
sis, the surrogate endpoint anti-Xa level was used instead
of the relationship between deep vein thrombosis (DVT)
and anti-Xa. However, nadroparin at the usual prophylac-
tic dose has been found to reduce the incidence of DVT in
ICU patients [27], it remains unknown whether this dose
is optimal. Research also suggests that in addition to peak
anti-Xa levels, the cumulative exposure of anti-Xa during a
dosing interval (area under the concentration—time curve)

may be a better surrogate efficacy endpoint, especially in
ICU patients, to predict the clinical effect [8].

Our cross-sectional pharmacokinetic study of nadro-
parin reflected a real-world ICU population, which can be
considered as a strong point of our study, but may partly
also explain the high variability in the observed PK. The
high diversity in underlying disease and comorbidities
of our critically ill population obscures the findings of
our pharmacokinetic study by a high level of variabil-
ity. Although one may argue that the current study in 30
patients was in a relatively limited population. Nonethe-
less, this was the largest study thus far studying the PK of
nadroparin in critically ill patients. Moreover, the prospec-
tive character of our study and the sampling on two sepa-
rate dosing occasions further strengthened our analysis.
Extrapolation of our conclusions to other LMWHs should
be done with caution as PK may differ [28]. More accurate
measurements would have increased our understanding of
renal involvement and body compensation of nadroparin
PK, but would not have changed our conclusions on the
low and highly variable exposure of nadroparin in ICU
patients.

Furthermore, we did not collect data on peripheral
oedema and did not test oedema as a covariate for the bio-
availability of nadroparin. This may be considered a limita-
tion of our study, yet as nadroparin was administered in the
abdomen per hospital protocol to limit the effect of oedema
on subcutaneous drug absorption, this may only play a minor
role. Additionally, it can be discussed that the used algo-
rithm to estimate renal function based on serum creatinine
is optimal in an unstable and critically ill population. For
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Fig.2 A Impact of different
nadroparin doses (2850 IE,

5700 IE and 9500 IE once Panel A — Impact of different doses
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estimation of renal function in this population, exogenous
markers such as iohexol or chromium-51-labeled EDTA
may be the best choices [29]. However, our objective was
not to investigate the best renal function marker to predict
nadroparin clearance, but to investigate potential covariates
that are available in route clinical practice. Last, it is known
that in rare cases (e.g. rare genetic variants or liver failure)
antithrombin III may impact anti-Xa measurements [30].
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This may partially explain some variability in our analysis,
but we did not have these data available.

Notably, in our study we did not find an effect of vaso-
pressor use on the bioavailability of nadroparin. Although
our study was not designed to detect this effect, our find-
ings contrast with early study results [31], but in line with
recent results in patients with coronavirus disease 2019
[26]. Whether this is owing to the fact that the landscape
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Fig.3 Predicted peak anti-Xa
levels at 4 h with different 06
dosing regimens of nadroparin
(2850 IE, 5700 IE and 9500 IE)
to 1000 virtual intensive care
unit patients. The boxplots show
the minimum, first quartile,
median, third quartile and maxi-
mum predicted peak anti-Xa
level. The dotted lines represent
the prophylactic range of anti-
Xa (lower and upper bound)

o
i

Predicted peak anti-Xa (IE/mL)
o
o

0.0

2850 IE

of vasopressor use in the ICU has changed [32] (e.g. a shift
towards the use of vasopressin instead of norepinephrine
since 2002,) or the fact that perhaps the effect is not as pro-
found as thought earlier, remains speculative.

Based on our findings, it can be debated whether nadro-
parin using a fixed dose of 2850 IE or 5700 IE is optimal
as exposure is low and highly variable. We postulate that
higher doses, leading to peak levels in the prophylactic
range, might be of benefit for critically ill patients and
could prevent more DVTs. Furthermore, considering the
high pharmacokinetic variability of nadroparin in ICU
patients, it may be argued that nadroparin dose individu-
alisation based on anti-Xa monitoring may further aid the
prevention of DVT or bleedings as a result of extremely
low or high nadroparin exposure at an increased prophy-
lactic dose. A well-designed randomised study is war-
ranted to investigate the superiority in efficacy of high-
dose individualised nadroparin versus standard of care,
with DVTs and bleedings as primary clinical endpoints.
Furthermore, such a study may serve as validation of the
prophylactic range of anti-Xa levels in the critically ill
population.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s40262-022-01202-6.
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