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Abstract

Background and Objective The risk of thrombotic complications in critical patients with COVID-19 remains extremely high,
and multicenter trials failed to prove a survival benefit of escalated doses of low-molecular-weight heparins (nadroparin
calcium) in this group. The aim of this study was to develop a pharmacokinetic model of nadroparin according to different
stages of COVID-19 severity.

Methods Blood samples were obtained from 43 patients with COVID-19 who received nadroparin and were treated with
conventional oxygen therapy, mechanical ventilation, and extracorporeal membrane oxygenation. We recorded clinical,
biochemical, and hemodynamic variables during 72 h of treatment. The analyzed data comprised 782 serum nadroparin con-
centrations and 219 anti-Xa levels. We conducted population nonlinear mixed-effects modeling (NONMEM) and performed
Monte Carlo simulations of the probability of target attainment for reaching 0.2-0.5 IU/mL anti-Xa levels in study groups.
Results We successfully developed a one-compartment model to describe the population pharmacokinetics of nadroparin in
different stages of COVID-19. The absorption rate constant of nadroparin was 3.8 and 3.2 times lower, concentration clear-
ance was 2.22 and 2.93 times higher, and anti-Xa clearance was 0.87 and 1.1 times higher in mechanically ventilated patients
and the extracorporeal membrane oxygenation group compared with patients treated with conventional oxygen, respectively.
The newly developed model indicated that 5.900 IU of nadroparin given subcutaneously twice daily in the mechanically
ventilated patients led to a similar probability of target attainment of 90% as 5.900 IU of subcutaneous nadroparin given
once daily in the group supplemented with conventional oxygen.

Conclusions Different nadroparin dosing is required for patients undergoing mechanical ventilation and extracorporeal
membrane oxygenation to achieve the same targets as those for non-critically ill patients.

Clinical Trial Registration ClinicalTrials.gov identifier no. NCT05621915.

. 1 Introduction
Key Points

. L. The risk of thrombotic complications in critically ill
We developed a population pharmacokinetic model of . . . .
. patients with COVID-19 remains extremely high and
nadroparin in three stages of COVID-19.

reaches 35-49% in the cohort treated in the intensive care
The pharmacokinetics of nadroparin in patients with unit (ICU), despite thromboprophylaxis [1, 2]. The risks
COVID-19 differs depending on the disease stage. and scale of pulmonary embolism, deep vein thrombosis,
and cerebrovascular incidents increase proportionally to
the severity of the disease and duration of ICU treatment
[3, 4]. Addressing the aforementioned risks with accurate
dosing of antithrombotic prophylaxis is of vital impor-
tance to the clinical society and medical policymakers [5].

Thrombotic prophylaxis in the ICU is most commonly
exerted via subcutaneous (s.c.) administration of a fixed
D4 Pawet Wiczling dose of low-molecular-weight heparin (LMWH) [6]. Sev-

wiczling@gumed.cdu.pl eral randomized clinical trials aimed to determine the

The probability of target attainment analysis was
performed to find the dose required to achieve thrombo-
prophylaxis targets.
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benefit and risks of intermediate and therapeutic doses of
LMWH in critically ill patients with COVID-19 [7-9]. The
INSPIRATION Trial and REMAP-CAP investigators have
found an association between intermediate and therapeutic
dosing of LMWH and major bleeding complications in
critically ill patients [7, 9]. In contrast, in moderately ill
patients, a therapeutic dose of LMWH increased the prob-
ability of survival until hospital discharge at the cost of an
increased bleeding rate [10]. The presented findings need
urgent critical reappraisal [5]. Insight into the pharma-
cokinetics and pharmacodynamics of LMWH in different
stages of COVID-19 could guide clinicians’ decision mak-
ing at the bedside and enable precise and timely (once- or
twice-daily) dosing of LMWH thromboprophylaxis [11].

According to the guidelines, in challenging patients,
LMWH dosing may be monitored by the peak anti-Xa
factor levels with prophylactic level targets between 0.2
and 0.5 IU/mL [12]. However, in several observational
studies, the mean anti-Xa factor levels after a s.c. dose of
40 mg of enoxaparin in ICU patients with COVID-19 was
significantly lower than in general ward patients, and 95%
of ICU patients did not achieve the targeted anti-Xa factor
levels [13]. Several studies confirmed that unmonitored
fixed prophylactic doses of LMWH in the ICU may be
given in a sub-therapeutic regimen [14, 15].

Population pharmacokinetics studies are among the
methods used to identify and quantify sources of varia-
bility in drug concentrations, and are already extensively
used to guide antibiotic therapy in the critically ill [16,
17]. Associations found between patient characteristics
and differences in pharmacokinetics could facilitate point-
of-care LMWH pharmacotherapy.

The primary aim of this study was to develop a popula-
tion pharmacokinetic model of LMWH (nadroparin cal-
cium) based on measured nadroparin concentrations and
anti-Xa levels in different stages of COVID-19 severity.
The secondary aims were to examine the relationship
between patient characteristics and individual pharmacoki-
netic parameters and to provide simulations of reaching
the anti-Xa target values after applying different dosing
regimens in the study groups.

2 Methods
2.1 Study Design

This prospective observational study was approved by the
local ethics committee (consent number KE 0254/23/2021)
and performed in accordance with the ethical standards
of the Helsinki Declaration. The study was registered
in ClinicalTrials.gov, study number NCT05621915. We
included 43 consecutive patients treated in the Department
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of Anesthesiology and Intensive Care and the Department
of Infectious Diseases of a tertiary academic hospital. All
analyzed patients had been confirmed to have severe acute
respiratory syndrome coronavirus 2 infection with a real-
time reverse transcription-polymerase chain reaction or an
antigen test. Oral consent was obtained from each conscious
patient. In the case of unconscious patients or mechani-
cally ventilated patients, the consent was waived by the
ethics committee. Because of the observational nature of
the study, no formal power calculation was performed. The
sample size was based upon a “convenience samples,” that
is, a reasonable number of subjects given the various con-
straints of the study, i.e., the inclusion/exclusion criteria,
the timeline for enrollment, and the budget for the study.
The first group (Group 1) consisted of 14 patients treated
with conventional oxygen therapy only in the infectious dis-
eases department. The second group (Group 2) consisted of
14 mechanically ventilated patients treated in the ICU, and
the third group (Group 3) was formed by 15 patients sup-
ported with extracorporeal membrane oxygenation (ECMO)
and mechanically ventilated in the ICU. We used surviving
sepsis campaign guidelines for COVID-19 for the escala-
tion of treatment in the study population [18]. Decisions to
implement particular therapies were made according to the
discretion of the physician.

2.2 Treatment Procedure

Thromboprophylaxis was exerted via s.c. injections of
nadroparin calcium (Fraxiparine®; GlaxoSmithKline,
Brentford, UK), usually in the lower abdominal area, in
different treatment schedules. Patients in the first group,
as well as in the second group, received a once-daily s.c.
dose of 5700 IU of nadroparin. Three subjects from the
second group received 5700 IU of nadroparin twice daily
because of an elevated thrombotic risk assessed by the level
of D-dimers and clots detected in an ultrasound examination
of deep veins in the lower limbs. Patients in the third group,
who were treated with ECMO and mechanically ventilated
in the ICU, received s.c. 5700 IU of nadroparin twice daily.
One patient in the ECMO group received s.c. 3800 IU of
nadroparin twice daily because of a low body weight (56 kg)
and the risk of postoperative bleeding.

2.3 Nadroparin Concentrations and Anti-Xa
Measurements

Blood samples were collected on average four times between
consecutive doses from each patient during 72 h of nadropa-
rin administration and centrifuged at 3000 rpm for 15 min.
The 29 patients receiving nadroparin twice daily were sam-
pled a maximum 8 times a day and 24 times during the study.
In the group that received nadroparin once daily, patients
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were sampled 4 times a day and 12 times during the whole
study period. However, because of constrictions regarding
the treatment regimen (surgery, diagnostic procedures, com-
puted tomography scans) and the enzyme-linked immuno-
sorbent assay (ELISA) concentration measurement method
that was applied, some samples could not be taken precisely
according to the study design or were excluded because of
pre-diagnostic reasons (blood in the supernatant). Thus, out
of 892 measurements that were planned, 782 nadroparin
concentration measurements were included in the study.
The supernatant plasma samples were then stored in plastic
tubes at —86 °C. The plasma LMWH concentrations were
then determined by ELISA using the commercially available
“human low molecular weight heparin ELISA kit” (MyBio-
Source, San Diego, CA, USA). Calculations were performed
with a curve-fitting statistical software package (MyAssay;
MyAssay Ltd, Brighton, UK). The nadroparin concentra-
tion in the activity units (9500 IU/1 mL) corresponds to
94.20 mg/mL in the mass concentration units. The conver-
sion ratio was analytically determined based on measure-
ments from five randomly selected vials.

Blood sampling for anti-Xa levels was performed twice
daily (3.2% sodium citrate tubes (S-Monovette®; Sarstedt,
Niimbrecht, Germany), with measurements taken at 4 h
after a nadroparin dose (peak anti-Xa) and before the next
nadroparin dose. Plasma anti-Xa levels were measured with
HemosIL Liquid Anti-Xa (Instrumentation Laboratory, Bed-
ford, MA, USA).

2.4 Clinical and Laboratory Variables

The following clinical and laboratory variables were
recorded: partial pressure oxygen to fractional inspired oxy-
gen ratio, albumin level, plasma urea, creatinine, interna-
tional normalized ratio, prothrombin time, activated partial
thromboplastin time, D-dimer, platelet, bilirubin, procalci-
tonin, C-reactive protein, partial pressure of oxygen, partial
pressure of carbon dioxide, HCO;, lactate level, Sequential
Organ Failure Assessment score, the presence of multi-organ
failure, the Glasgow Coma Scale, the use of renal replace-
ment therapy, diuresis, dobutamine administration, norepi-
nephrine administration, cardiac index, Systemic Vascular
Resistance Index, and extravascular lung water index during
72 h of the therapy by transpulmonary dilution (PICCO Pul-
sion; Getinge, Gothenburg, Sweden).

2.5 Population Pharmacokinetic Modeling

Population nonlinear mixed-effects modeling was conducted
using NONMEM software (version 7.3; Icon Development
Solutions, Ellicott City, MD, USA), a Fortran compiler (ver-
sion 4.6.0), and Wings for NONMEM (version 741, http://

wfn.sourceforge.net). First-order conditional estimation
with the interaction method was employed throughout the
model-building procedure. Data generated by NONMEM
were processed and visualized using Matlab® (version 7.0;
MathWorks, Inc., Natick, MA, USA).

The minimum value of the NONMEM objective function,
typical goodness-of-fit diagnostic plots, and the evaluation
of the precision of pharmacokinetic parameters and vari-
ability estimates were used to discriminate between various
models during the model-building process. A one-compart-
ment disposition model with first-order absorption was used
to describe plasma nadroparin concentrations and anti-Xa
levels. The model is parametrized using apparent clearance,
apparent volume of distribution, absorption rate constant,
and proportionality constant between anti-factor Xa levels
and nadroparin concentrations. The model’s performance
was assessed by means of a visual predictive check. A non-
parametric bootstrap was performed to evaluate the uncer-
tainty of the final model’s parameters. The model building
process and detailed methodology are described in the Elec-
tronic Supplementary Material (ESM).

2.6 Monte Carlo Simulations

The final model was used to simulate pharmacokinetic
profiles expected for a subject for four dosing regimens
(3800 IU and 5700 IU, given once or twice daily). The
simulations were performed for the total duration of 4 days.
The Monte Carlo method was used to generate individual
pharmacokinetic parameters for n=1000 subjects, based
on the population pharmacokinetic parameters and random
inter-individual effects obtained from the final model. This
individual pharmacokinetic parameters were used to simu-
late the expected pharmacokinetic profiles. The outcomes
of these simulations were represented as 50th (median) and
(5-95th) percentiles.

The probability of target attainment (PTA) analysis was
performed to translate the simulation into a clinically useful
measure. The target was defined as an anti-Xa steady-state
level 4 h post-dose being higher than 0.2 or 0.5 TU/mL. The
probability representing the fraction of patients achieving
that target was plotted for the nadroparin dose with a range
from 2000 to 8000 IU.

3 Results

The analyzed data consisted of 782 nadroparin concentra-
tions and 219 anti-Xa levels obtained from 43 patients. The
raw concentration data of nadroparin and anti-Xa levels dur-
ing 72 h of treatment (Fig. 1) and a summary of the patients’
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characteristics in the three study groups are presented in
Table 1.

3.1 Pharmacokinetic Model

A model-based population analysis was applied to the avail-
able pharmacokinetic data to obtain an integrated assess-
ment of the pharmacokinetics of nadroparin after giving
multiple doses to patients, to characterize various sources
of variability observed in the data, and to explore the poten-
tial relationships between covariates and pharmacokinetic
parameters. Based on visual inspection of the data, a one-
compartment disposition model with first-order absorp-
tion was used to describe the available data. The anti-Xa
levels were assumed to be proportional to the mass con-
centrations. Between-subject variability was estimated for
apparent clearance, the absorption rate constant, and the

Fig. 1 Raw serum nadroparin
concentrations (left column) and

proportionality constant. The variance for apparent volume
of distribution was fixed to zero, as it tended to zero during
the model-building process. Table 2 shows the parameter
estimates of the final population’s pharmacokinetic model of
nadroparin, along with their bootstrap estimates. Most phar-
macokinetic parameters, between-subject variability (o?),
and residual error variances were estimated well, with the
relative standard error lower than 50% for most parameters.
The estimates of the model parameters fell very close to the
median estimates obtained from the bootstrap, which proves
the final model to be robust.

The typical values of the pharmacokinetic parameters
were a priori assumed to be different for each group. Indi-
vidual pharmacokinetic parameters stratified by study group
are presented in Table 2 and the ESM. The inter-individ-
ual variability was low for apparent clearance in Group 1
(10.7%), high in Groups 2 and 3 (48.2%), intermediate for
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Table 1 Patient characteristics of the studied population at inclusion

Variables (units)

Conventional oxygen therapy (n=14)

Mechanical ventilation (n=14)

Mechanical ventila-

tion and ECMO
(n=15)
Female sex 2(14) 4 (28) 7 (47)
RRT 0 1(7) 1(6.7)
Weight (kg) 87.5 [83.0-98.0] 96.5 [90.0-109.5] 100.0 [82.5-120.0]
BMI 28.35 [25.50-31.60] 32.00 [31.17-36.00] 33.24 [28.99-37.06]
Age (years) 62.5 [52.0-66.0] 57.0 [45.0-64.0] 40.0 [32.3-55.5]
SOFA score 1.0 [1.0-2.0] 7.0 [6.0-9.0] 9.0 [8.0-10.0]
Albumin (g/L) 3.5[3.1-3.6] 2.8 [2.5-3.0] 2.7[2.3-3.0]
PLT (10%/uL) 281 [232-305] 185 [166-314] 256 [181-320]
aPTT (s) 29.3 [25.6-33.8] 27.7[26.6-31.5] 32.2[29.0-34.5]
PT (s) 12.5[12.1-12.8] 12.3 [12.0-13.8] 14.1[12.7-14.4]
Temperature (°C) 36.6 [36.6-36.6] 37.0 [36.3-37.0] 36.6 [36.4-37.0]
Creatinine(mg/dL) 0.72 [0.67-0.86] 0.88 [0.69-1.33] 0.80 [0.63-1.08]
Bilirubin (mg/dL) 0.36 [0.21-0.48] 0.65 [0.40-0.93] 1.40 [0.50-2.15]
Urea (mg/dL) 31.50 [22.80—43.50] 61.15 [40.60-106.10] 48.70 [37.05-79.45]
CRP (mg/L) 4.5[1.9-18.3] 32.8 [11.9-97.6] 125 [61.9-207.5]

Procalcitonin (ng/ml)
D-dimers (ng/mL)
Noradrenaline (ug/kg/h)

Pa0,/FiO,

ELWI (mL/kg)

SVRI (dyn*s/cm’*m?)
CCI (L/min/m?)
HCO; (mmol/L)
Lactate (mmol/L)
pC0, (mmHg)

p0, (mmHg)

Diuresis (mL/kg/h)
Dobutamine (ug/kg/h)

0.06 [0.04-0.09]

798 [669-1444]

DAY 1: N.A.

DAY 2: N.A.

DAY 3: N.A.

DAY 1:319.0 [285.0-339.8]
DAY 2:312.0 [305.0-340.0]
DAY 3:306.0 [300.0-340.0]
N.A.

N.A.

N.A.

25.75 [24.70-27.20]

1.6 [1.1-2.1]

38.95 [36.20-40.10]
97.1[75.2-117]

N.A.

N.A.

0.17 [0.09-0.27]
4111.5 [1790-19,909]
0.63 [0.00-9.30]
0.77 [0.00-8.47]
0.77 [0.00-8.51]
151.9 [121.7-230.0]
157.0 [126.7-214.3]
166.1 [118.2-212.2]
18.40 [16.45-21.60]
2026 [158-2650]
3.08 [2.55-3.88]
31.70 [27.00-35.00]
1.4 [1.1-2.0]

50.40 [45.00-67.40]
93.5[73.0-115]
0.52 [0.39-0.93]
0.0 (0.0) [0.0-84.8]

0.43 [0.30-0.56]
3604 [2355.0-6171]
2.83[1.24-5.32]
2.50 [0.82-6.85]
2.74 [0.00-4.28]
N.A.

N.A.

N.A.

19.26 [13.90-27.56]
2018 [1817-2713]
2.86 [2.67-3.69]
29.70 [27.40-31.22]
1.1[0.85-1.7]
42.30 [38.55-48.58]
87.0 [69.0-113]
0.76 [0.55-1.42]
0.0 (0.0) [0.0-0.0]

Data are presented as median [25th—75th percentile] or n (%)

aPTT activated partial thromboplastin time, BMI body mass index, CCI Continuous Cardiac Index, CRP C-reactive protein, ECMO extracor-
poreal membrane oxygenation, ELWI Extravascular Lung Water Index, N.A. not applicable, PLT platelet count, PT prothrombin time, RRT renal

replacement therapy, SOFA Sequential Organ Failure Assessment, SVRI Systemic Vascular Resistance Index

the apparent absorption rate constant (22.5%), and high for
the proportionality constant (49.7%).

The apparent concentration clearance was considerably
higher in the group of mechanically ventilated patients and
patients supported with ECMO (2.55 L/h, and 3.37 L/h,
respectively) in comparison to the group supplemented with
conventional oxygen (1.15 L/h) (Table 2). Interestingly, the
corresponding apparent anti-Xa clearance was more similar
across the groups (1.36 L/h, 1.18 L/h, 1.50 L/h). We also
observed a three-fold slower absorption rate of nadroparin
in the critically ill COVID-19 population compared with

patients with COVID-19 treated in regular wards with con-
ventional oxygen therapy (Table 2).

3.2 Model Evaluation and Monte Carlo Simulations

Basic goodness-of-fit plots of the final model are presented
in Fig. 2. Individual and population predictions versus
observed concentrations are relatively symmetrically dis-
tributed around the line of identity. The conditional weighted
residuals versus time and versus individual predicted con-
centrations do not show any trend and are relatively evenly
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Table 2 Population pharmacokinetic model parameter estimates

Parameter, units Estimate (unit) RSE (%) Shrinkage (%) Bootstrap median Bootstrap (90% CI)
Typical pharmacokinetic population parameters
Apparent volume of distribution in group 1, L 6.62 9.6 - 6.62 5.38-7.67
Apparent volume of distribution in group 2, L 4.49 14.7 - 4.53 3.59-6.14
Apparent volume of distribution in group 3, L 3.57 71.9 - 3.70 0.036-7.84
Apparent clearance in group 1, L/h 1.15 4.2 - 1.14 1.08-1.24
Apparent clearance in group 2, L/h 2.55 14.0 - 2.49 2.01-3.10
Apparent clearance in group 3, L/h 3.37 13.6 - 3.38 2.69-4.24
Absorption rate constant in group 1, 1/h 0.319 10.5 - 0.325 0.25-0.37
Absorption rate constant in group 2, 1/h 0.0832 11.8 - 0.0831 0.069-0.1
Absorption rate constant in group 3, 1/h 0.0999 26.6 - 0.100 0.065-0.13
Proportionality constant in group 1, L.U./ug 0.0851 16.8 - 0.0835 0.065-0.11
Proportionality constant in group 2, L.U./ug 0.217 19.5 - 0.224 0.163-0.31
Proportionality constant in group 3, L.U./ug 0.226 14.6 - 0.229 0.178-0.29
Ratio of standard deviations (6,), none 4.51 37.0 - 4.71 2.99-12.8
Inter-individual variability (w?)
%y %CV 0 FIX - 100 0 FIX -
@*cyp %CV 10.7 34.3 4.4 9.75 3.70-14.9
%, %BCV 49.7 9.9 6.6 46.9 37.9-55.8
%y %CV 22.5 28.6 23.7 21.1 9.95-32.9
Residual error model (¢%)
e, %CV 39.9 5.6 2.9 39.6 36.1-43.2
P antixa BCV 41.0 10.3 0.0 40.5 34.0-47.0

Final model parameter estimates with 90% CI of the parameter estimate are derived from a nonparametric bootstrap analysis (n= 1000, unsuc-
cessful =0). Study group 1 was treated with conventional oxygen therapy; Study group 2 was treated with mechanical ventilation; Study group 3

was treated with mechanical ventilation and extracorporeal membrane oxygenation

o

anti-xq Tesidual error for anti-Xa level model, ozc residual error for nadroparin concentration model, 8, ratio of standard deviations describes

between-subject variability in CL; for GROUP3 and 2 and GROUP 1, @ inter-individual variability of apparent clearance, @, inter-individ-
ual variability of proportionality constant, w?,, inter-individual variability of apparent absorption rate constant, w? - inter-individual variability

of apparent volume of distribution, CI confidence interval, %CV coefficient of variation, RSE relative standard error

distributed around zero. There is only some small miscali-
bration for low anti-Xa levels that can be attributed to the
presence of unaccounted below-quantification measurements
and difficulty in building a more complex model owing to
the limited number of anti-Xa level measurements. The vis-
ual predictive check plot indicates that both the central ten-
dency of the data and the variability at a particular sampling
time were captured well (ESM). The individual predicted
concentration versus time profiles were very close to the
experimental data as presented in the ESM.

The relationship between the covariates and pharmacoki-
netic parameters was evaluated based on the ETA plots. The
relationships for the selected covariates are shown in the
ESM. The lack of any trend in these data indicates that these
individual covariates do not account for the remaining unex-
plained between-subject variability of the pharmacokinetic
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parameters. It also indicates that we could not show the
importance of these covariates for dose corrections.

We used an anti-Xa level of 0.2-0.5 IU/mL as the target
value in the simulations provided in the present study to
facilitate point-of-care nadroparin thromboprophylaxis in
patients with COVID-19. In response to discussions of the
urgent need to establish a treatment regimen for LMWH
in critically ill patients, we calculated the PTA for differ-
ent doses and administration frequencies in the three study
groups (Fig. 3) [5, 11]. Moreover, based on our pharma-
cokinetic model, we included simulated anti-Xa levels for
72 h after a s.c. dose of 3800 or 5700 IU of nadroparin
administered once or twice daily in three different stages of
COVID-19 severity and related it to defined thrombopro-
phylactic levels (Fig. 4).
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4 Discussion

To the best of our knowledge, this is the first study on
the population pharmacokinetics of nadroparin in differ-
ent stages of COVID-19 severity. In comparison to the
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studies published to date, the model was built based on
both sequential ELISA measurements of concentra-
tions of nadroparin and anti-Xa levels in the three stages
of COVID-19 severity (Fig. 1) [35-37]. Moreover,
the presented study is the first to establish population
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Fig.3 Probability of achieving
anti-Xa steady-state levels 4 h 1r
after a subcutaneous dose of

once daily

nadroparin higher than 0.2 U/
mL (broken lines) or higher
than 0.5 TU/mL (continuous
lines) for different doses given
once or twice daily in the three
study groups. The horizontal
line represents the probability of
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pharmacokinetics of nadroparin in the population treated
with ECMO.

4.1 Population Pharmacokinetic Model

We used a one-compartment disposition model with
first-order absorption to describe the population phar-
macokinetics of nadroparin in the studied cohort, which
corresponds to the previously published studies on the
LMWH pharmacokinetics in the population of critically ill
patients with COVID-19 [19-21]. In the literature, a one-
compartment model was also used to describe nadroparin
pharmacokinetics in children [22] and for rivaroxaban
in patients with acute coronary syndrome [23]. In addi-
tion, a more complex two-compartment model was used
to describe nadroparin in morbidly obese and non-obese
patients [24], enoxaparin in infants, children, and adoles-
cents during secondary thromboembolic prophylaxis [25],
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and unfractionated heparin pharmacokinetics during a car-
diopulmonary bypass [26]. Nevertheless, the two-compart-
ment model was not supported by our data. Nadroparin
concentrations and anti-Xa levels were related, assum-
ing a proportional relationship. This is a very simplistic
assumption. However, a more complex model for anti-Xa
was difficult to propose based on the data. In addition,
between-subject variability for the proportionality con-
stant was required to describe the data suggesting patients’
specific differences between concentrations and anti-Xa
levels. This might be explained by the fact that the pro-
portionality constant mostly reflects the fraction unbound
of nadroparin (and also the lack of activity for some pro-
portion of heparin molecules), as an anti-Xa assay meas-
ures unbound concentrations (enzymatic activity) and an
ELISA measures total concentrations. Our observation
regarding large inter-individual variation in the anti-Xa
levels after nadroparin thromboprophylaxis in critically
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Fig.4 Simulated anti-Xa levels
after different dosing regimens
of subcutaneous nadroparin.
Figures depict the simulated 1t
anti-Xa levels for different
groups of patients after receiv-
ing subcutaneous (s.c.) nadropa-
rin at a dose of 3800 or 5700 IU
once or twice daily. The lines
denote the mean and areas cover
the 5-95th percentiles. The

s.c. nadroparin, 3800 IU, twice daily
s.c. nadroparin, 5700 IU, twice daily 1t

Conventional oxygen supplementation Conventional oxygen supplementation
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ill patients with COVID-19 confirmed earlier reports by
Zijjeden et al. on dalteparin [20]. The authors attributed
the presented finding to variations in both absorption and
elimination.

According to the manufacturer, the bioavailability of
nadroparin after a s.c. injection reaches 96%, and the esti-
mated mean volume of distribution is 3.59 L. The mean
elimination half-life ranges between 3.5 and 11.2 h, ensuring
anti-Xa levels for 18 h after injection [27]. Worth noting for
LMWHps, all pharmacokinetic parameters contribute to the
maximum anti-Xa level attained 3—5 h after administration,
for which a prophylactic range has been defined [28]. The
elimination of nadroparin is mainly renal [27]. A small frac-
tion of nadroparin is metabolized in the liver via desulfation
and depolymerization.

60 80

Time, h

4.2 Absorption

Only a few studies have assessed the s.c. absorption rate
of LMWH in the population of patients treated with cat-
echolamines or in the ICU. The absorption rate constant for
nadroparin in the population of critically ill patients with
COVID-19 (0.284 h™") observed by Romano et al., and for
enoxaparin (0.48 h™!) in the study published by Zufferey
et al. corresponded to our results from the group treated with
conventional oxygen [19, 20]. Our results may confirm ear-
lier findings from the non-COVID-19 ICU population [29,
30]. In a previously published trial, the authors observed a
decrease in anti-Xa levels after s.c. administration of fixed-
dose nadroparin in patients supported with vasopressors
[29]. Cihlar et al. found that norepinephrine dose and the
peripheral blood perfusion evaluated by capillary refill time
at the time of nadroparin application negatively correlated
with peak levels of anti-Xa [30]. In contrast, van der Heijden
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et al. reported that huge variations in the absorption rate of
dalteparin in critically ill patients with COVID-19 did not
correlate with edema scores, capillary refill, or vasopres-
sor use [21]. In the present study, we monitored the use of
catecholamines, hemodynamic variables, and lactate levels
in patients treated in the ICU (Table 2). However, we were
not able to find a correlation between the pharmacokinetic
variables of nadroparin and the latter.

Edema can also influence the uptake of LMWH. We
have monitored the extent of edematic fluid in the body
with the use of thermodilution in the group treated in the
ICU. In 23 of 29 (79,04%) ICU patients, the extravascular
lung water index was elevated above 14 mL/kg, which is
the cut-off value for edema located in the pulmonary tis-
sue. Moreover, two out of 29 ICU patients were treated
with renal replacement therapy and ultrafiltration. Because
other edema assessment methods, for example, bio-electrical
impedance, are still not validated for the ICU population,
we could not draw firm conclusions on the relationship of
peripheral edema to nadroparin pharmacokinetics. The cause
of the decreased absorption rate in critically ill patients with
COVID-19 still merits further explanation (ESM).

4.3 Volume of Distribution

In the present study, the apparent volume of distribution of
the central compartment in the group supplemented with
conventional oxygen was higher than that reported by the
manufacturer. Diepstraten et al. reported similar results (7 L)
in a pharmacokinetic study of nadroparin in bariatric surgery
in a group of non-obese patients [24]. In the studies on the
critically ill COVID-19 population, Romano et al. observed
that the volume of distribution of nadroparin was higher
(11 L). Interestingly, in our study, in the group of ventilated
patients and patients supported with ECMO, the volumes
of distribution were much lower and close to the plasma
volume (Table 2). Apparent volume of distribution was not
related to actual body weight or any other variable. Based
on mechanistic reasoning, one would expect an increased
volume of distribution in the most critically ill patient group
and in the ECMO group owing to potentially elevated capil-
lary permeability and the extracorporeal circuit [31]. Nev-
ertheless, our understanding of the relationship between
volume of distribution and physiology is limited because
the volume of distribution estimates are apparent and dif-
ficult to estimate precisely without nadroparin concentration
data obtained after intravenous administration and a better
understanding of absorption profiles.
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4.4 Clearance

The apparent clearance of nadroparin in our study was
slightly lower than the value estimated by Romano et al.
in the population of critically ill patients with COVID-
19 (2.23 L/h) [20]. In contrast, nadroparin clearance val-
ues observed in the non-COVID-19 aging population
(0.60-0.8 L/h) presented by Mismetti et al. were much
lower than those reported in patients with COVID-19 [32].
According to Romano et al. clearance of nadroparin in the
critically ill patients was associated with an increase in
inflammation parameters, while vasopressor and corticoster-
oid use significantly decreased nadroparin clearance by 25.1
and 22.5% [20]. According to Zufferey et al., enoxaparin
clearance in mechanically ventilated patients with COVID-
19 may result from augmented renal clearance, which is
related to increased cardiac output and lower systemic vas-
cular resistance [21]. We have monitored systemic vascu-
lar resistance, cardiac output, and catecholamine use in the
cohort treated in the ICU and found no correlations between
the latter (Table 1, ESM) [24, 32]. As only two patients from
the ICU were supported with renal replacement therapy and
kidney function was preserved in most patients, we cannot
draw conclusions on the influence of impaired renal function
on nadroparin clearance.

Interestingly, the differences in pharmacokinetic param-
eters (clearance and proportionality constant) suggest that
different dosing strategies are required to achieve the same
average concentrations or anti-Xa levels across the groups.
It can be concluded that to achieve the same average nadro-
parin concentrations at a steady state, a typical ventilated
patient (Groups 2 and 3) should receive about 2.2-fold and
2.9-fold higher doses than a typical patient from Group 1.
However, to achieve the same average anti-Xa levels after
nadroparin administration, a typical ventilated patient from
Groups 2 and 3 should receive about 0.87-fold lower and
1.1-fold higher doses than typical patients from Group 1
(Table 2). Based on this reasoning, it seems that no adjust-
ment is needed for the target defined by the average anti-Xa
levels. Nevertheless, the target usually used (anti-Xa level
4 h post-dose) depends on all pharmacokinetic parameters of
the model. More careful consideration is required to deter-
mine the dose leading to target attainment, for example, in
the form of simulations or a PTA analysis.

4.5 Anti-Xa Guided Therapy

The LMWH prophylactic targets described in the literature
range between 0.2 and 0.5 IU/mL [12]. However, anti-Xa
levels assays do not correlate well with the drug’s effect, for
example, activated clotting time, and may describe a drug’s
pharmacokinetics rather than pharmacodynamics [33, 34].
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Moreover, there are limited data on the relationship
between the anti-Xa level and the effectiveness of throm-
boembolic prophylaxis. The prophylactic target range is not
well validated in the literature [12]. Levine et al. observed a
considerably higher incidence of thromboembolic events in
patients where the anti-Xa levels 12 h after the s.c. admin-
istration of enoxaparin failed to reach the level of 0.1 TU/
mL [35]. However, data provided in Levine et al.’s study
after elective surgery may be incomparable to critically ill
populations. According to Malinoski et al., failure to achieve
an anti-Xa level of 0.1 IU/mL increased the risk for deep
vein thrombosis in critically ill trauma patients, yet a pre-
cise prophylactic range was undefined [36]. Additionally,
Droege et al. confirmed the correlation between the point-
of-care prophylaxis and a decreased number of thromboem-
bolic events. In the aforementioned study, administration of
dalteparin was increased to twice daily if the anti-Xa level
12 h after s.c. administration of dalteparin was below 0.1 TU/
mL, which resulted in a significant decrease in deep vein
thrombosis incidence [37].

4.6 Dose Adjustment of Nadroparin

Based on the simulations provided in our study, it can be
concluded that a single dose of 5990 IU of nadroparin in the
group supplemented with passive oxygen led to a PTA of
90%, assuming the 0.2-1U/mL target (Fig. 3). For the group
of mechanically ventilated patients, much higher doses are
required to achieve the same target. For the twice-daily dos-
ing regimen, a dose of 4770 or 5700, leads to a PTA of 90%
for the 0.2 TU/mL target. The higher target of 0.5 IU/mL is
achieved for about 25-30% of subjects in the case of the sin-
gle daily regimen and 44-49% in the case of the twice-daily
dosing regimen. There are conflicting data in the literature
on the influence of doses of LMWHs on the peak anti-Xa
level. van der Heijden et al. report that prophylactic daltepa-
rin dosing per protocol would result in suboptimal dosing in
6% and supra-optimal dosing in 22% of critically ill patients
with COVID-19 [21]. According to Zufferey et al., after
s.c. 40 mg of enoxaparin, 64% of the patients would have
peak concentrations within the defined prophylactic range,
and 75% had 12-h concentrations above 0.1 TU/mL [19].
The authors suggest that 60 mg of enoxaparin daily could
be optimal for thromboprophylaxis in ICU patients with
COVID-19. In contrast, Romano et al. state that 5700 IU
twice daily may be the most optimal dosing regimen, where
56.7% of patients may reach the predefined prophylactic
target [36]. However, in the aforementioned study, different
anti-Xa levels were defined as target values (0.3—0.7 IU/mL)
[20]. Thus, in order to elucidate the issue of anti-Xa guided
thromboprophylaxis, robust data on the relationship between
clinical endpoints and prophylactic anti-Xa level, especially
in critically ill patients, are urgently needed.

4.7 Limitations of the Study

The limitations of the study include a limited sample size.
Because of the observational nature of the study, inclusion in
the study group based on surviving sepsis campaign COVID-
19 guidelines, and the discretion of the intensivist in patients’
dose adjustment, selection bias cannot be excluded. The dura-
tion of screening for nadroparin concentrations and anti-Xa
levels was limited to only the first 72 h. We found discrepan-
cies in the nadroparin concentrations and anti-Xa levels in the
study groups, which merit further explanation. Anti-Xa levels
were measured infrequently but according to the manufactur-
er’s recommendations. This is the first study using nadroparin
concentrations and anti-Xa levels for the pharmacokinetic
model-building process and thus needs validation in further
studies. The influence of fluid and nutritional therapy could
play a role in nadroparin pharmacokinetics.

5 Conclusions

Different nadroparin dosing strategies are required for
patients undergoing mechanical ventilation and ECMO to
achieve the same concentrations and anti-Xa levels as those
of non-critically ill patients. Simulations provided with the
use of population pharmacokinetic modeling could aid the
decision-making process of clinicians at the bedside.
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