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Abstract
Introduction The optimal nadroparin dose in patients undergoing hemodialysis is difficult to determine in clinical practice. 
Anti-Xa levels ≥ 0.4 IU/mL and < 2.0 IU/mL are suggested to prevent thrombus formation within the extracorporeal cir-
cuit whilst minimizing bleeding risk. We aimed to characterize the variability in the association between dose and anti-Xa 
levels, identify patient and dialysis characteristics that explained this variability, and optimize nadroparin dosing based on 
the identified characteristics.
Methods Anti-Xa samples were collected in patients who received intravenous nadroparin as thromboprophylaxis during 
routine dialysis sessions. A population pharmacodynamic model was developed using non-linear mixed-effects modelling. 
The percentage of patients ≥ 0.4 IU/mL (efficacy) and < 2.0 IU/mL (safety) was simulated for different doses, patient and 
dialysis characteristics.
Results Patients (n = 137) were predominantly receiving standard hemodialysis (84.7% vs. hemodiafiltration 15.3%) and 
had a mean bodyweight of 76.3 kg (± 16.9). Lean body mass (LBM), mode of dialysis, and dialyzer partially explained 
between-subject variability in anti-Xa levels. Patients on hemodiafiltration and those receiving hemodialysis with a high 
LBM (≥ 80 kg) had a low probability (< 29%) of anti-Xa levels ≥ 0.4 IU/mL during the entire dialysis session. All patients, 
except hemodialysis patients with a low LBM (< 50 kg), had a high probability (> 70%) of peak anti-Xa levels < 2.0 IU/mL.
Conclusion Mainly patients receiving hemodiafiltration and those receiving hemodialysis with a high LBM can benefit from 
a higher nadroparin dose than currently used in clinical practice, while having anti-Xa levels < 2.0 IU/mL.
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1 Introduction

Hemodialysis is used to remove toxic metabolites, electro-
lytes, and excessive fluid from the blood in order to prevent 
symptoms, such as fatigue, weakness, loss of appetite and 
nausea, in patients with end-stage kidney disease [1]. Hemo-
dialysis, however, involves contact between a patient’s blood 
and the extracorporeal circuit, including the membrane of 
an artificial kidney (i.e., dialyzer), which causes, among 
others, thrombocyte activation, thrombin generation, and, 
consequently, an increased risk of thrombus formation [2, 
3]. Thrombus formation within the extracorporeal circuit 

reduces dialyzer clearance and thereby limits the efficiency 
of dialysis [1, 2, 4, 5].

Nadroparin is a low molecular weight heparin (LMWH) 
that reduces the risk of thrombus formation by binding to 
antithrombin, which causes inhibition of factor Xa and, to 
a lesser extent, factor IIa [2, 6]. Nadroparin can thus be 
administered to prevent activation of the coagulation path-
way in patients during hemodialysis [3, 5]. The nadroparin 
dose in the first dialysis session is based on a patient’s body 
weight, but dose adjustments are often required in sub-
sequent sessions and are made on an empirical basis and 
for a variety of reasons, such as changes in the duration of 
hemodialysis, visible thrombus formation in the extracor-
poreal circuit, (a higher risk of) bleeding complications, or 
concomitant anticoagulant medication [5, 7]. This questions 
whether the current dosing advice (2850 IU and 3800 IU in 
patients weighing < 50 kg and ≥ 50 kg, respectively) for 
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Key Points 

Our population pharmacodynamic model is able to char-
acterize between-subject variability in the relationship 
between dose and anti-Xa levels after administration of 
nadroparin in the clinical hemodialysis setting.

Lean body mass, mode of dialysis, and dialyzer partially 
explained between-subject variability in anti-Xa levels 
during hemodialysis.

Mainly patients receiving hemodiafiltration and those 
receiving hemodialysis with a high lean body mass can 
benefit from a higher nadroparin dose than currently 
recommended in clinical guidelines to achieve anti-Xa 
levels ≥ 0.4 IU/mL.

written informed consent. The patient population, study 
design, and main results have been published previously 
[11].

2.1.2  Haga Hospital Dataset

The Haga dataset consisted of data collected during dialysis 
sessions in routine clinical practice. Data of patients, aged 
18 years or older, who were on hemodialysis and received 
nadroparin as thromboprophylaxis were included. Patients 
who objected to participating in scientific research were 
excluded.

2.2  Dialysis Setting

In both datasets, patients receiving hemodialysis (with a 
session duration of 4 h) used low flux F8HPS or F6HPS 
dialyzers (Fresenius Medical Care, Bad Homburg, Ger-
many), with an ultrafiltration coefficient (KUF) of 18 and 
13 mL/h × mmHg and an effective surface area of 1.8 and 
1.3  m2, respectively. Dialysate flow rate for patients receiv-
ing hemodialysis (HD) was 500 mL/min. For hemodiafiltra-
tion (HDF), the FX800 (Fresenius Medical care) dialyzer 
with a KUF of 63 mL/h × mmHg and an effective surface 
area of 1.8  m2 was used. HDF patients were treated with 
post-dilution hemodiafiltration with a dialysate flow of 500 
mL/min. All HDF machines were equipped with AutoSub 
plus signal analysis software that automatically adapted the 
substitution fluid flow according to the blood flow, blood 
viscosity, and dialyzer characteristics. The target convection 
volume was ≥ 20 L/session.

2.3  Nadroparin Dosing

In both hospitals, nadroparin was administered by an intra-
venous bolus dose at the start of the dialysis session. Patients 
included in this study received nadroparin dosages as recom-
mended by the Guideline of the Dutch Federation of Neph-
rology [5]. According to this Guideline, 2850 IU nadroparin 
was administered in patients weighing < 50 kg and 3800 IU 
in patients weighing ≥ 50 kg. Higher dosages are advised in 
patients with previously observed thrombus formation and 
lower dosages in patients with an anticipated increased risk 
of bleeding events [5]. The actual administered dose was 
recorded at the time of the dialysis session.

2.4  Blood Sampling and Analysis

In patients from the Haga hospital, anti-Xa levels were deter-
mined in samples collected at t = 5, t = 30, and t = 240 min 
after nadroparin administration. In patients from the UMCG, 
anti-Xa levels were determined in samples collected at t = 0 
(immediately before nadroparin administration) and at 60, 

thromboprophylaxis with nadroparin is optimal for every 
patient receiving hemodialysis [5].

The degree of inhibition of factor Xa by nadroparin can 
be determined using an anti-factor (anti-) Xa assay [8]. Anti-
Xa levels ≥ 0.4 IU/mL during the entire dialysis session are 
suggested to provide adequate anticoagulation [9, 10]. Vari-
ability in the anti-Xa levels in patients undergoing hemo-
dialysis may explain the need for nadroparin dose adjust-
ments. Therefore, the aim of this study was to characterize 
the between-subject variability in the association between 
nadroparin dose and anti-Xa levels in patients during hemo-
dialysis by developing a population pharmacodynamic 
model. Furthermore, the influence of several patient and 
hemodialysis characteristics on the probability of achieving 
adequate anti-Xa levels during hemodialysis were explored, 
ultimately to improve and individualize dosing of nadroparin 
thromboprophylaxis in patients undergoing hemodialysis.

2  Methods

2.1  Patient Population and Study Design

This post hoc analysis was conducted with data obtained 
from two hospitals in the Netherlands: the University Medi-
cal Center Groningen (UMCG) in Groningen and the Haga 
hospital in The Hague. A waiver (METc 2021/429) was 
obtained from the medical ethics review committee.

2.1.1  University Medical Center Groningen (UMCG) Dataset

The UMCG dataset consisted of data collected previously 
in a prospective clinical trial, which was approved by the 
local medical ethics review committee. All patients provided 
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180, and 240 min after nadroparin administration. Devia-
tions from these sampling times were recorded.

Samples were collected in 3.2% buffered sodium citrate-
containing tubes (0.109 M, BD Vacutainer, Becton Dick-
inson, UK) and analyzed in the Clinical Chemical Labo-
ratories of the hospitals. Both laboratories are ISO15189 
certified. Anti-Xa levels were measured using a two-stage 
anti-Xa chromogenic assay (Hyphen BioMed, Neuville-
sur-Oise, France) and an automated anti-Xa chromogenic 
assay (Siemens, Marburg, Germany) in the Haga hospital 
and UMCG, respectively. All assays were subject to internal 
and external quality assessments.

2.5  Data Collection

All patient and dialysis characteristics were collected from 
 Diamant® (Diasoft, Leusden, the Netherlands), an electronic 
patient record system specifically developed for dialysis 
patients. Data on drug use that could potentially influence 
the required nadroparin dose, such as platelet inhibitors, oral 
anticoagulants and calcium antagonists, were also extracted 
from  Diamant® [9, 10, 12].

2.6  Development of the Population 
Pharmacodynamic Model

Pre- and post-processing of data were conducted using R (R 
version 4.0.3, R Foundation, Vienna, Austria). The popu-
lation pharmacodynamic model was developed using non-
linear mixed-effects modelling (NONMEM) software (ver-
sion 7.5, ICON Development Solutions, Ellicott City, MD, 
USA). Model parameters were obtained using the first-order 
conditional estimation with interaction method.

Before the analysis, the anti-Xa levels were log-trans-
formed to improve model stability. Anti-Xa levels below 
the limit of quantification (Haga hospital: < 0.01 IU/mL; 
UMCG < 0.08 IU/mL) were excluded. For the structural 
model, one- and two-compartmental models with first-order 
elimination were evaluated. Subsequently, for the stochas-
tic model, between-subject variability was explored on all 
model parameters by including random effects that assumed 
a log-normal distribution. Covariance between these random 
effects was also evaluated. Residual or within-subject vari-
ability was modelled using a log additive error. Finally, the 
influence of covariates on model parameters was explored 
using a forward selection approach.

The following covariate effects on clearance and volume 
of distribution parameters were evaluated: age, sex, total 
body weight (TBW), body mass index (BMI), lean body 
mass (LBM), residual kidney function (RKF), use of co-
medication (i.e., platelet inhibitors, oral anticoagulation, 
and calcium antagonists), type of dialyzer, mode of dialysis 
(HD or HDF), total ultrafiltration volume and dialysis center. 

RKF was defined as diuresis > 200 mL/24 h. LBM was cal-
culated as follows [13]:

LBM and TBW were normalized to 65 kg and 70 kg, 
respectively, and evaluated using allometric theory with 
fixed scaling exponents, i.e., 0.75 for clearance parameters 
and 1.0 for volume of distribution parameters [14]. Categori-
cal covariates were modelled proportionally and continuous 
covariates were modelled median-normalized using a power 
model.

Model selection and evaluation were conducted numeri-
cally by comparison of the objective function value (OFV) 
[15]. A significance level of p < 0.05, corresponding to a 
decrease of 3.84 in OFV, was considered a statistically sig-
nificant improvement in overall model fit. Furthermore, the 
relative standard error of the model parameters, shrinkage, 
and the condition number were evaluated [15, 16]. Visually, 
model performance was evaluated, using standard goodness-
of-fit plots, distribution of the random effects, and individual 
observed and predicted anti-Xa level versus time curves. 
Prediction-corrected visual predictive checks were con-
structed for the final model using 1000 simulations [17].

2.7  Simulations

Model simulations were performed using the RxODE pack-
age (version 1.0.9) using R. Per timepoint 10,000 subjects 
were simulated.

The therapeutic window used in this study was defined 
as anti-Xa levels of 0.4-2.0 IU/mL during the entire dialy-
sis session. An anti-Xa level ≥ 0.4 IU/mL has been sug-
gested to provide adequate anticoagulation and was therefore 
selected as the efficacy reference value [9, 10]. The per-
centage of patients above the efficacy reference value at the 
end of hemodialysis (i.e., 240 min after nadroparin bolus) 
was simulated for different doses and patient and dialysis 
characteristics that significantly influenced anti-Xa levels. 
Simulations for efficacy were also conducted using anti-Xa 
levels of 0.2, 0.3, 0.5, 0.7, and 1.0 IU/mL to provide a com-
prehensive overview.

In patients with subcutaneously administered therapeu-
tically dosed LMWHs, peak anti-Xa levels ≥ 2.0 IU/mL 
and ≥ 1.0 IU/mL with a once- and twice-daily dosing regi-
men, respectively, have been associated with a significantly 
increased bleeding risk [18–20]. As nadroparin is adminis-
tered once before hemodialysis, we considered a peak anti-
Xa level (i.e., 5 min after nadroparin bolus) of  2.0 IU/mL as 

Male ∶ LBM (kg) =
9270 × TBW

6680 + 216 × BMI

Female ∶ LBM (kg) =
9270 × TBW

8780 + 244 × BMI
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the safety reference value. Simulations for safety were also 
conducted using peak anti-Xa levels of 1.0, 1.2, 1.4, 1.6, 1.8, 
and 2.0 IU/mL.

3  Results

3.1  Demographics

A total of 137 dialysis patients were included in this analysis 
(Table 1). The mean (± standard deviation (SD)]) age was 
67.5 years (± 14.2) and the majority of patients were male 
(65.0%). Most patients were on HD (84.7%) with the F8HPS 
dialyzer (78.1%). TBW ranged from 48.4 to 126.3 kg and 
LBM ranged from 45.0 to 89.0 kg.

There were no major differences in patient characteristics 
between the UMCG (n = 60) and Haga hospital (n = 77). 
With respect to anticoagulant use, 13.3% of patients from the 
Haga hospital used oral anticoagulants compared to 29.9% in 
the UMCG. Moreover, all of the included patients from the 
UMCG were treated with HD with a F8HPS dialyzer, while 
this applied to 72.7% of patients in the Haga hospital. More-
over, in both hospitals, the most frequently used nadroparin 
dose was 2,850 IU (overall dose range: 1430–8550 IU).

3.2  Observed Anti‑Xa Levels

A total of 475 samples were collected from 137 patients, 
of which 69 samples were excluded due to an anti-Xa level 
lower than the limit of quantification (n = 60 samples imme-
diately before the administration of nadroparin and n = 9 at 
later time-points). In total, this resulted in the inclusion of 
137 patients with 406 anti-Xa levels ranging from 0.01 to 
1.54 IU/mL (Fig. 1). The mean (± SD) observed anti-Xa 
level was 0.9 (± 0.3), 0.8 (± 0.3), 0.7 (± 0.3), 0.5 (± 0.2) 
and 0.4 (± 0.2) IU/mL at 5, 30, 60, 180, and 240 min after 
nadroparin bolus, respectively. The observed anti-Xa level 
at the end of hemodialysis was ≥ 0.4 IU/mL, the reference 
value for efficacy, in 38.4% of the patients. The observed 
peak anti-Xa level was < 2.0 IU/mL, the reference value for 
safety, in 100.0% of the patients.

3.3  Development of Population Pharmacodynamic 
Model

For the structural model, a two-compartment model demon-
strated a reduction in OFV of 14.7 points (p < 0.05) and was 
thus deemed superior to a one-compartment model. For the 
stochastic model, between-subject variability could be iden-
tified on the model parameter representing clearance (CL) 
and volume of distribution (V1). Also, covariance between 
these parameters was identified.

Allometric scaling of LBM with fixed exponents signifi-
cantly improved the overall model fit (− 38.1 points in OFV 
and − 17.3 points compared to TBW). Mode of dialysis on 
clearance and intercompartmental clearance, mode of dialy-
sis on volume of distribution, and type of dialyzer on clear-
ance also improved the model significantly (− 32.1, − 5.6, 
− 7.6, and − 10.5 points in OFV). The covariates LBM, 
mode of dialysis, and type of dialyzer reduced between-sub-
ject variability on CL from 105.9 to 87.4%, between-subject 
variability on V1 from 37.7 to 28.2%, but slightly increased 
the within-subject variability from 42.0 to 42.3%. The 
covariates age, sex, TBW, BMI, RKF, use of co-medication 
(i.e., platelet inhibitors, oral anticoagulation, and calcium 
antagonists), total ultrafiltration volume, and dialysis center 
did not significantly improve the model after inclusion of 
LBM, mode of dialysis, and type of dialyzer.

Model parameters were estimated with adequate preci-
sion (Table 2). Pharmacokinetic parameters of subgroups by 
type of dialysis and dialyzer are included in the Online Sup-
plementary Material (OSM), Appendix 1. Goodness-of-fit 
plots demonstrated good accordance between observed and 
population predicted and individual predicted anti-Xa lev-
els (OSM, Appendix 2). The conditional weighted residuals 
(CWRes) over time and the CWRes for population predicted 
and individual predicted anti-Xa levels did not indicate sig-
nificant bias (OSM, Appendix 2). No deviation from normal-
ity was observed in the distribution of the random effects 
(OSM, Appendix 3). The results from the prediction-cor-
rected visual predictive check (pcVPC) indicated adequate 
predictive performance of the population pharmacodynamic 
model (Fig. 2).

3.4  Simulations

The effects of nadroparin dose, LBM, mode of dialysis, and 
dialyzer were further explored by estimating the probability 
of reaching the efficacy or safety anti-Xa reference values 
using model simulations. Table 3 demonstrates the prob-
ability of reaching anti-Xa levels ≥ 0.4 IU/mL at the end of 
dialysis and < 2.0 IU/mL at peak level. A full overview of 
efficacy and safety simulations with anti-Xa levels 0.2–1.0 
IU/mL and 1.0–2.0 IU/mL, respectively, is included in OSM, 
Appendix 4. Simulation of the anti-Xa levels versus time 
profile for a typical individual with an LBM of 65 kg, a 
nadroparin dose of 3800 IU receiving hemodialysis, and 
hemodiafiltration are shown in Fig. 3.

3.4.1  Effect of LBM

In patients with an LBM of 50 kg, using a nadroparin dose 
of 3800 IU and on HD with a F8HPS dialyzer, 66.4% of 
patients had an anti-Xa level ≥ 0.4 IU/mL during the entire 
hemodialysis session (efficacy) and 95.3% of patients had a 
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peak anti-Xa level < 2.0 IU/mL (safety). In patients with an 
LBM of 40 kg and 90 kg with the same dialysis character-
istics, these percentages were 77.2% and 15.4% for efficacy, 
and 82.5% and 100.0% for safety, respectively.

3.4.2  Effect of Mode of Dialysis

In patients with an LBM of 50 kg, using a nadroparin dose 
of 3800 IU, 0.0% of patients receiving hemodiafiltration with 
a FX800 dialyzer compared to 66.4% of patients receiving 
hemodialysis with a F8HPS dialyzer had an anti-Xa level 

≥ 0.4 IU/mL. Additionally, 99.9% of patients undergoing 
hemodiafiltration with a FX800 dialyzer compared to 95.3% 
of patients receiving hemodialysis with a F8HPS dialyzer 
had a peak anti-Xa level < 2.0 IU/mL.

3.4.3  Effect of Dialyzer

In HD patients with an LBM of 50 kg, using a nadroparin 
dose of 3800 IU, 91.7% of patients using an F6HPS dia-
lyzer compared to 66.4% of patients using an F8HPS dia-
lyzer had an anti-Xa level ≥ 0.4 IU/mL. Additionally, 95.2% 

Table 1  Patient and dialysis 
 characteristicsa

BMI body mass index, IQR Interquartile range, IU International Units, LBM lean body Mass, RKF residual 
kidney function, SD standard deviation, TBW total body weight, UMCG University Medical Center Gron-
ingen
a Continuous patient and dialysis characteristics are expressed as mean ± standard deviation or median 
[interquartile range]. Categorical patient and dialysis characteristics are expressed as number (percentage)

Variable Total study popula-
tion (n = 137)

UMCG (n = 60) Haga hospital (n = 77)

Sex
 Male 89 (65.0) 44 (73.3) 45 (58.4)
 Female 48 (35.0) 16 (26.7) 32 (41.6)

Age (years) 67.5 ±14.2 64.5 ±15.3 69.8 ±12.9
TBW (kg) 76.3 ±16.9 78.1 ±15.4 74.8 ±17.9
Height (cm) 171.7 ±12 176.3 ±11.5 168.1 ±11.2
BMI (kg/m2) 25.8 ±4.9 25.0 ±3.8 26.4 ±5.5
LBM (kg) 64.9 ±11.7 68.0 ±11.1 62.5 ±11.7
RKF (mL/min) 0 [0–4] 0 [0–3] 0 [0–4]
Ultrafiltration volume (mL) 2419 ±858 2590 ±746 2287 ±919
Blood flow rate (mL/min) 313 ±40 321 ±44 307 ±35
Dialysate flow rate (mL/min) 533 ±76 572 ±99 503 ±23
Mode of dialysis
 Hemodialysis 116 (84.7) 60 (100.0) 56 (72.7)
 Hemodiafiltraltion 21 (15.3) 0 (0.0) 21 (27.3)

Dialyzer
 F8HPS 107 (78.1) 60 (100.0) 47 (61.0)
 F6HPS 9 (6.6) 0 (0.0) 9 (11.7)
 FX800 21 (15.3) 0 (0.0) 21 (27.3)

Medication in use
 Oral anticoagulants 31 (22.6) 8 (13.3) 23 (29.9)
 Platelet inhibitors 64 (46.7) 32 (53.3) 32 (41.6)
 Calcium antagonists 23 (16.8) 8 (13.3) 15 (19.5)

Nadroparin dose
 1430 IU 1 (0.7) 0 (0.0) 1 (1.3)
 1900 IU 1 (0.7) 0 (0.0) 1 (1.3)
 2850 IU 71 (51.8) 25 (41.7) 46 (59.7)
 3800 IU 48 (35.0) 26 (43.3) 22 (28.6)
 4750 IU 1 (0.7) 0 (0.0) 1 (1.3)
 5700 IU 11 (8.0) 7 (11.7) 4 (5.2)
 7600 IU 2 (1.5) 2 (3.3) 0 (0.0)
 8550 IU 2 (1.5) 0 (0.0) 2 (2.6)
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of patients using an F6HPS dialyzer compared to 95.3% of 
patients using an F8HPS dialyzer had a peak anti-Xa level 
< 2.0 IU/mL (Table 3).

4  Discussion

A two-compartment population pharmacodynamic model, 
with first-order elimination and between-subject variabil-
ity on nadroparin clearance and volume of distribution, 
adequately characterized the variability in the association 
between dose and anti-Xa levels. LBM, mode of dialysis, 
and dialyzer were incorporated in the model as these char-
acteristics partially explained between-subject variability in 

nadroparin clearance and volume of distribution. An anti-
Xa therapeutic window of 0.4–2.0 IU/mL during the entire 
hemodialysis session has previously been suggested, which 
allowed us to estimate the probability of achieving adequate 
anti-Xa levels for different dosages, patient and dialysis 
characteristics [9, 10, 18–20]. Only 38.4% of patients had 
observed anti-Xa levels within this therapeutic window 
during the entire dialysis session. All patients outside the 
therapeutic window had at least one anti-Xa level < 0.4 IU/
mL during dialysis. As demonstrated by the model simula-
tions, mainly patients on HDF and HD patients with an LBM 
above 80 kg had a low probability of achieving adequate 
anti-Xa levels.

Fig. 1  Observed anti-Xa levels 
(IU/mL) versus time (minutes) 
stratified by mode of dialysis. 
The solid points represent indi-
vidual observations, solid line 
represents the geometric mean 
of the observations, blue shaded 
areas display the safety and 
efficacy reference range

Table 2  Parameter estimates of the final population pharmacodynamic model

Model parameters are displayed assuming a patient with a lean body mass of 65 kg
CV coefficient of variation [estimated as sqrt(exp(estimate) − 1) for exponential between-subject and within-subject variability], r correlation 
coefficient, RSE relative standard error

Structural model Abbreviation Parameter estimate RSE (%)

Apparent clearance from central compartment (mL/min) CL 7.4 15.9
Apparent volume of distribution for central compartment (mL) V1 3864.2 0.3
Apparent intercompartmental clearance (mL/min) Q 7.1 16.4
Apparent volume of distribution for peripheral compartment (mL) V2 34,554.7 18.1

Covariate effects Structure Parameter estimate (% change) RSE (%)

Mode of dialysis on CL and Q (hemodiafiltration) Proportional 1.42 (142%) 15.9
Mode of dialysis on V1 (hemodiafiltration) Proportional 0.31 (31%) 39.0
Type of dialyzer on CL (F6HPS) Proportional − 0.54 (− 54%) 42.9

Stochastic model Structure Estimate (CV%) RSE (%) Shrinkage (%)

Between-subject variability on CL Exponential 0.57 (87.4) 46.8 11.8
Between-subject variability on V1 Exponential 0.07 (28.2) 29.4 12.5
Covariance between CL and V1 0.10 (r = 0.5) 35.5
Within-subject or residual variability Additive (Log) 0.16 (42.2) 27.1 27.4
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To our knowledge, only two population pharmacody-
namic models of nadroparin, one in obese patients and one 
in pediatric patients, have been published previously, but 
none concerned patients receiving hemodialysis nor admin-
istration of nadroparin intravenously [21, 22]. Distribution 
of nadroparin in our population pharmacodynamic model 
was best described using a two-compartment model, which 
is similar to the model of Diepstraten et al. in obese patients 

[21]. In contrast, Laporte et al. used a one-compartment 
model to describe anti-Xa levels in children, but did not 
evaluate two-compartment distribution behavior [22]. Large 
between-subject variability on clearance and volume of dis-
tribution was identified in our model, but was also observed 
in the development of the population pharmacodynamic 
models in obese and pediatric patients. We could explain 
part of this variability by introducing several patient and 
dialysis characteristics into the model.

Introduction of LBM on model parameters for clearance 
and volume of distribution provided a significantly better 
description of the observed anti-Xa levels as compared to 
TBW. This is in contrast to the model of Laporte et al., who 
used TBW to scale both the apparent clearance and vol-
ume of distribution of nadroparin, and also in contrast to 
the model of Diepstraten et al., who used TBW to scale the 
apparent clearance of nadroparin [21, 22]. This finding can 
potentially be explained by the difference in study popu-
lations. In the pediatric study population of Laporte et al., 
introduction of TBW in the model is assumed to represent 
maturation processes, due to the strong correlation between 
TBW and maturation in the pharmacokinetics of nadropa-
rin, which are not expected to be present in our adult study 
population [22]. In the obese study population of Diepstraten 
et al., introduction of TBW in the model seems to be data 
driven. This could be explained by differences in the absorp-
tion profile of subcutaneously administered nadroparin 
between obese and non-obese patients (e.g., reduced blood 
flow in adipose tissue) that can be expected to scale with 
TBW instead of LBM [21]. Nadroparin is expected to mainly 

Fig. 2  Prediction-corrected visual predictive check (pcVPC). Solid 
and dashed lines represent the prediction-corrected observed 5th, 
50th, and 95th percentiles for all observations. The 95% confidence 
interval for the 5th, 50th, and 95th percentiles of the model predic-
tions are shown in blue, red, and blue-coloured shaded areas, respec-
tively

Table 3  Simulation of the nadroparin dose on anti-Xa levels

An�-Xa ≥0.4 IU/mL at end of dialysis 
(efficacy)

Peak an�-Xa <2.0 IU/mL (safety)

Dose  
LBM 40 50 60 70 80 90 40 50 60 70 80 90

Hemodialysis (F8HPS dialyzer)
2850IU 56.5 35.9 20.2 9.8 3.1 0.6 96.8 99.9 99.9 100.0 100.0 100.0
3800IU 77.2 66.4 55.1 38.6 24.9 15.4 82.5 95.3 99.1 99.9 99.9 100.0
5700IU 89.8 86.8 83.6 76.8 69.9 63.6 28.1 60.9 82.4 93.2 96.7 99.1

Hemodialysis (F6HPS dialyzer) 
2850IU 87.0 72.8 50.5 25.9 11.2 4.0 96.7 99.9 99.9 100.0 100.0 100.0
3800IU 96.9 91.7 84.7 73.6 58.7 40.2 82.3 95.2 99.1 99.9 99.9 100.0
5700IU 99.3 98.6 98.0 96.1 92.9 88.8 27.1 60.5 82.3 93.1 96.6 99.1

Hemodiafiltra�on (FX800 dialyzer) 
2850IU 0.0 0.0 0.0 0.0 0.0 0.0 99.9 100.0 100.0 100.0 100.0 100.0
3800IU 2.6 0.0 0.0 0.0 0.0 0.0 96.6 99.9 99.9 100.0 100.0 100.0
5700IU 28.8 17.7 7.7 2.5 0.3 0.0 70.1 89.5 96.6 99.4 99.9 99.9

Simulations of the effects of LBM, hemodialysis versus hemodiafiltration and F8HPS versus F6HPS on the probability of reaching adequate 
anti-Xa levels during dialysis after different nadroparin dosages. Anti-Xa reference values were 0.4–2.0 IU/mL during the entire dialysis session. 
Green, orange and red cells represent a high (70–100%), moderate (30–69%), and low (0–29%) probability of reaching the referenced anti-Xa 
value, respectively
IU international units, LBM lean body mass
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distribute in the blood compartment, which is assumed to 
scale better with LBM than TBW [23]. We therefore con-
sidered implementation of LBM in our population pharma-
codynamic model of intravenously administered nadroparin 
biologically plausible.

Nadroparin is mainly eliminated from the body by renal 
excretion and, to a lesser extent, by metabolism in the liver 
[6, 24]. This is confirmed by the reduction in nadroparin 
clearance in patients with a reduced kidney function [25, 
26]. The RKF in the hemodialysis population is most likely 
too limited to play a significant role in the elimination of 
nadroparin. Loss of kidney function was expected to result 
in accumulation of nadroparin in patients receiving hemodi-
alysis, but this and previous studies demonstrated that nadro-
parin in thromboprophylactic doses does not accumulate in 
hemodialysis, which could be explained by the remaining 
hepatic metabolism [3, 8]. This was also confirmed in our 
study as all patients, where a baseline sample was collected, 
had anti-Xa levels below the limit of quantification.

In addition to patient characteristics, the type of dialyzer 
and mode of dialysis also influenced anti-Xa levels. The 
F6HPS dialyzer decreased nadroparin clearance by 54% as 
compared to the F8HPS dialyzer, which can be explained by 
the lower KUF and the smaller effective surface area of the 
F6HPS compared to the F8HPS dialyzer [27]. HDF with an 
FX800 dialyzer increased nadroparin clearance and volume 
of distribution by 142% and 31%, respectively, compared 
to HD with F8HPS dialyzer. It is, however, unclear if the 
difference in clearance is due to the mode of dialysis or the 
dialyzer, since all HDF patients were treated with an FX800 
dialyzer. The FX800 dialyzer is a high-flux dialyzer, while 
the F6HPS and F8HPS dialyzers are low-flux dialyzers. 

High-flux dialyzers have larger pores and therefore may 
enhance the clearance of larger molecules such as nadro-
parin (MW 4.5 kD) [28, 29]. Moreover, HDF as compared 
to HD removes larger molecules to a greater extent due to 
use of convection as compared to diffusion, which may also 
explain the difference in nadroparin clearance between these 
types of hemodialysis [6, 30, 31]. Some studies reported a 
significantly lower anti-Xa level in HDF versus high-flux 
hemodialysis (HF-HD), indicating a higher nadroparin clear-
ance in HDF versus HF-HD [32, 33]. However, Sridharan 
et al. reported no difference in required LMWH dose to 
achieve adequate anti-Xa levels between HDF and HF-HD, 
suggesting no effect of dialysis mode on nadroparin clear-
ance [34]. A possible explanation for the increase in volume 
of distribution is a greater adsorption of nadroparin to the 
HDF dialyzer, resulting in a greater loss of nadroparin and 
therefore an apparent larger volume of distribution.

The therapeutic window used in this study was based 
on two studies in HD patients who received an intrave-
nous administration of the LMWH dalteparin before the 
start of HD. The studies showed that dalteparin prevented 
thrombus formation in patients with anti-Xa levels ≥ 0.4 
IU/mL throughout the HD session [9, 10]. It should, how-
ever, be acknowledged that both studies had a small sample 
size, which warrants prospective validation of this refer-
ence value. Whether the therapeutic window is different in 
patients with a high thrombotic or bleeding risk is unknown. 
It is also unknown whether the anti-Xa level should be ≥ 0.4 
IU/mL in patients on HDF as well, as this reference value 
was not achieved by any of the included patients on HDF 
in our study throughout the entire dialysis session. From 
a safety perspective, an anti-Xa level ≥ 2.0 IU/mL was 

Fig. 3  Simulation of the pharmacodynamic profile. Typical individ-
ual used for simulations had a lean body mass of 65 kg, received a 
dose of 3800 IU/mL and was on standard hemodialysis with a F8HPS 

dialyzer (left) vs. hemodiafiltration (right). The solid lines represent 
the median simulated anti-Xa level, the dashed lines represent the 5th 
and 95th percentiles of the simulated anti-Xa level
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associated with increased bleeding risk in patients with 
once-daily administered LMWHs [18–20]. This safety limit 
has never been validated for hemodialysis patients and the 
results should thus be interpreted with caution. Using our 
population pharmacodynamic model, other reference values 
can be simulated in case future studies identify more suitable 
reference values.

Current guidelines recommend dosing nadroparin based 
on the patient’s body weight [5, 6]. However, it has been 
stated before that higher nadroparin doses are needed in 
patients treated with HDF and that the type of dialyzer 
affects the required nadroparin dose [3, 5, 29, 32–34]. This 
has also been confirmed by our modelling analyses and 
model simulations, which demonstrated that the majority 
of patients on HDF had a zero probability of achieving the 
efficacy reference value throughout the entire HDF session. 
For patients with an LBM of 40 kg, on HD with an F8HPS 
dialyzer and a 2850 IU nadroparin dose, the probability of 
achieving the efficacy reference value throughout HD was 
estimated to be 56.5%, but this percentage was significantly 
lower in patients with a higher LBM. Thus, this dose should 
be considered as relatively low from an efficacy perspective. 
From a safety perspective, only patients with an LBM < 50 
kg and a 5700 IU dose were estimated to have a high prob-
ability of anti-Xa levels ≥ 2.0 IU/mL. Based on our model, 
higher doses should be considered for nadroparin thrombo-
prophylaxis in clinical practice.

Continuous intravenous infusion of nadroparin or a sec-
ond bolus dose halfway through a dialysis session could 
result in a longer attainment of the anti-Xa reference value. 
However, in daily practice this might be less convenient than 
a single bolus. Another way to improve nadroparin dosing in 
hemodialysis patients is by implementation of our popula-
tion pharmacodynamic model in clinical practice. A dosage 
with adequate anti-Xa levels throughout dialysis can then be 
predicted. Not all variability in anti-Xa levels could, how-
ever, be explained by the factors in our model. To further 
increase the predictive performance of our model and aid 
clinical practitioners in dosing decisions, Bayesian forecast-
ing, which individualizes model parameters using observed 
anti-Xa levels of previous dialysis sessions, could be used. 
Future research, prospectively validating this approach, is, 
however, required.

This study has several strengths and limitations. We 
used a relatively large dataset of 406 anti-Xa levels in 137 
patients. Moreover, no strict in- and exclusion criteria were 
applied in this study, resulting in a diverse patient popula-
tion with a wide range of TBW and LBM, different dialyzers 
and concomitant medication, adequately resembling clinical 
practice. However, due to the study design, the data have 
been collected retrospectively, which may have introduced 
some bias. Sampling times were mainly recorded rounded 
to the nearest planned sampling time, which may have led to 

errors in the exact time between nadroparin dosing and time 
of sampling, and thus may have contributed to the observed 
large variability in anti-Xa levels. Moreover, data on throm-
botic or bleeding complications were not monitored, which 
hampered evaluation of the association between anti-Xa lev-
els and these outcomes. Another limitation is that our anti-
Xa level samples date from 2009–2010. Minimal influence 
can be expected from a bioanalytical perspective, as samples 
were also analyzed during this period (Haga hospital) or 
were stored at – 80 °C and analyzed within the long-term 
stability ranges (UMCG), but changes may have been made 
in the composition of the dialyzers since then. Furthermore, 
low-flux dialyzers were used, while an increasing number 
of HD patients worldwide are currently treated with high-
flux instead of low-flux dialyzers. As previously described, 
high-flux dialyzers can increase nadroparin clearance and 
thus influence the optimal nadroparin dose. Also, routine 
clinical care (e.g., differences in co-medication) might have 
changed, implying that an external validation of the popula-
tion pharmacodynamic model would be required to further 
support our conclusions.

5  Conclusion

In this study, we developed a population pharmacody-
namic model for nadroparin based on anti-Xa levels that 
were collected during hemodialysis in a patient popula-
tion that closely resembles clinical practice. LBM, mode 
of dialysis (hemodialysis vs. hemodiafiltration), and type 
of dialyzer (F8HPS vs. F6HPS) affected anti-Xa levels and 
thus the required nadroparin dose. Mainly patients receiv-
ing hemodiafiltration and patients with an LBM ≥ 80 kg 
had a low probability of achieving anti-Xa levels ≥ 0.4 IU/
mL (efficacy reference value). These patients can benefit 
from a higher nadroparin dose than currently used in clinical 
practice, while staying below the peak anti-Xa level of 2.0 
IU/mL (safety reference value).
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