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Aims: Nadroparin is administered to COVID-19 intensive care unit (ICU) patients as
thromboprophylaxis. Despite existing population pharmacokinetic (PK) models for
nadroparin in literature, the population PK of nadroparin in COVID-19 ICU patients
is unknown. Moreover, optimal dosing regimens achieving anti-Xa target levels (0.3-
0.7 IU/mL) are unknown. Therefore, a population PK analysis was conducted to
investigate different dosing regimens of nadroparin in COVID-19 ICU patients.
Methods: Anti-Xa levels (n = 280) from COVID-19 ICU patients (n = 65) receiving
twice daily (BID) 5700 IU of subcutaneous nadroparin were collected to perform a
population PK analysis with NONMEM v7.4.1. Using Monte Carlo simulations
(n = 1000), predefined dosing regimens were evaluated.

Results: A 1-compartment model with an absorption compartment adequately
described the measured anti-Xa levels with interindividual variability estimated for
clearance (CL). Inflammation parameters C-reactive protein, D-dimer and estimated
glomerular filtration rate based on the Chronic Kidney Disease Epidemiology Collabo-
ration equation allowed to explain the interindividual variability of CL. Moreover, CL
was decreased in patients receiving corticosteroids (22.5%) and vasopressors
(25.1%). Monte Carlo simulations demonstrated that 5700 IU BID was the most opti-
mal dosing regimen of the simulated regimens for achieving prespecified steady-state
t = 4 h anti-Xa levels with 56.7% on target (0.3-0.7 IU/mL).

Conclusion: In our study, clearance of nadroparin is associated with an increase in
inflammation parameters, use of corticosteroids, vasopression and renal clearance in
critically ill patients. Furthermore, of the simulated regimens, targeted anti-Xa levels
were most adequately achieved with a dosing regimen of 5700 U BID. Future stud-
ies are needed to elucidate the underlying mechanisms of found covariate

relationships.
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1 | INTRODUCTION

In late 2019, coronavirus disease 2019 (COVID-19) resulted in a major
rise in patients requiring hospitalization and admission to the intensive
care unit (ICU). COVID-19 is characterized by (severe) respiratory
symptoms and other complications including a hypercoagulable state
characterized by high D-dimers, fibrinogen and von Willebrand factor
levels.) 3 Furthermore, an increased incidence of thrombo-embolic
events has been described in critically ill COVID-19 ICU patients.?4~”
Despite new treatment modalities (e.g., dexamethasone), the inci-
dence of thrombo-embolic events in hospitalized COVID-19 patients
remains high.2

In response, international guidelines by the International
Society for Thrombosis and Hemostasis have advised the adminis-
tration of parenteral anticoagulants.” However, adequate dosing of
low molecular weight heparins (LMWHs) in COVID-19 patients is
challenging. First, COVID-19-related coagulopathy is associated
with high levels of procoagulant factors, associated with thrombosis
and subsequent multiorgan injury.2®!? Second, disease pathophysi-
ology could influence the individual patient's pharmacokinetic
(PK) parameters, such as clearance (CL) and volume of distribution
(Vd):  Changes in renal function, microvascular failure
(by coagulopathy and endothelial dysfunction) and organ dysfunc-
tion have been reported in critically ill COVID-19 patients, which
are known to influence PK parameters in other infectious dis-
eases. B 11718 Moreover, vasopressor use has been associated with
lower levels of anti-Xa.'* In addition, the phenomenon of aug-
mented renal clearance also has been suggested in COVID-19
patients with high inflammation.*>~”

Despite multiple randomized controlled trials, optimal dose regi-
mens in order to achieve prespecified anti-Xa levels for prophylactic
treatment are unknown.'®'” However, no additional benefit was
obtained using therapeutic doses vs. prophylactic doses of nadroparin.
Moreover, to adequately interpret if prespecified anti-Xa target levels
are met, multiple guidelines advise anti-Xa sampling at 4 h (at peak
level) after LMWH administration.?%2? In clinical practice, especially in
ICU care, respecting specific sample timing can be challenging.

In population PK analyses, covariate relationships can be associ-
ated with PK parameters and their effect can be quantified.?? More-
over, such studies allow the evaluation of optimal dosing and
sampling strategies. Furthermore, a validated population PK model
can also be applied to perform dose individualization based on mea-
surements taken from clinical routine practice.?®

Previously, a population PK model describing anti-Xa levels after
administration of nadroparin was developed for morbidly obese bar-
iatric surgery patients and paediatric open heart surgery patients.?*25
As no population PK analyses have yet been conducted in COVID-19
ICU patients for nadroparin, the objective of this study was to assess
different nadroparin dosing regimens by constructing a population PK
model using anti-Xa levels obtained in critically ill ICU COVID-19

patients.

What is already known about this subject

e Population pharmacokinetics (PK) of nadroparin has only
been described in morbidly obese bariatric surgery
patients and paediatric patients undergoing open heart
surgery and not in COVID-19 intensive care unit patients.

o Previous studies in COVID-19 intensive care unit patients
demonstrated that the clearance of other low molecular
weight heparins was mainly associated with serum creati-
nine or creatinine clearance and the volume of distribu-

tion to body weight.

What this study adds

e Using a population PK analysis, it was demonstrated that
increasing inflammation parameters are associated with
increased values for clearance.

e Using the constructed population PK model, the ade-
quacy of the 5700 IU twice daily dosing regimen to

achieve anti-Xa levels between 0.3 and 0.7 IU/mL was

demonstrated.
2 | METHODS
2.1 | Patient population and clinical data

A single-centre observational retrospective cohort study was per-
formed collecting data from ICU patients with at least 1 positive poly-
merase chain reaction test for SARS-CoV-2 during hospitalization.
Data were collected for the complete duration of ICU admission until
discharge to the ward or death between 1 March 2020 and 30 January
2021 in 2 phases. Patients from the first phase all served for the
modelling cohort, whereas patients in the second phase were admit-
ted after 1 September and randomly included for either the model
cohort or the validation cohort. Patients were excluded if therapeutic
doses of nadroparin were applied or if a thrombotic event had
occurred while being transferred to the ICU.

All patients were treated according to the local ICU protocol with
nadroparin 5700 IU twice daily (BID) subcutaneously, also in case of
renal replacement therapy. In case of dalteparin use prior to admis-
sion, measurements were excluded for at least 24 h after the last dal-
teparin administration. In case of estimated glomerular filtration rate
based on the Chronic Kidney Disease Epidemiology Collaboration
equation (CKD-EPI-eGFR) <30 mL/min, the nadroparin dosing fre-
quency was lowered in consultation with the critical care pharmacist.
The medical research ethics committee of the Erasmus University

Medical Center approved the study and waived informed consent
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requirement, given that all data acquired for this study were part of
usual care (MEC 2020-0381).

Vasopressor (including inodilators) use comprised application of
norepinephrine, epinephrine or enoximone. Renal replacement ther-
apy consisted of continuous venovenous haemofiltration dialysis or
filtration. For administration of corticosteroids, (methyl)prednis (ol)one
or dexamethasone were applied. CKD-EPI-eGFR was calculated using
serum creatinine, age and sex, according to the Dutch multidisciplin-

ary guideline for chronic kidney injury.2®

2.2 | Sampling and measurement of anti-Xa levels

ICU personnel were instructed to measure anti-Xa levels 4 h after
nadroparin administration, twice a week (prespecified target in ICU
protocol: 0.3-0.7 1U/mL). The anti-Xa levels were measured using a
Sysmex CS-5100 System™
Erlangen, Germany) which applied colour detection after an enzymatic

(Siemens Healthcare Diagnostics,
reaction according to the instructions of the manufacturer. This sys-
tem had a lower limit of quantification of 0.1 IU/mL and an upper limit
of quantification of 4.0 IU/mL.

2.3 | Population PK analysis

Nonlinear mixed effect modelling was applied in order to develop a
population PK model describing the measured anti-Xa levels vs. time
curves. Model development was conducted using NONMEM v7.4
(ICON Development Solutions, Ellicott City, MD, USA) and was guided
using Perl-speaks-NONMEM (PsN) v4.7.0, whereas Pirana v2.9.9 was

t.2” Because the method for optimal inclu-

used for model managemen
sion (M3-method?®) of the anti-Xa measurements below the limit of
quantification (BLQ < 0.1 IU/mL) was used, second-order conditional
estimation with the Laplace method was applied with epsilon-eta inter-
action.?? Data management and graphical model diagnostics were per-

formed using R v4.0.1 (R Core Team, 2020) and Xpose v4.7.0.3%31

24 | Model development
As a previously published population PK model was available in the lit-
erature established using data from 28 morbidly obese and 7 nonob-
ese patients receiving nadroparin for surgery, it was first evaluated if
this model allowed to describe the measured anti-Xa levels from the
present cohort.?> This model consisted of 2 disposition compart-
ments, a transit compartment and an absorption compartment. Con-
secutively, the population PK parameter values from the published
model were used as initial values for the start of the present model
construction. Furthermore, it was evaluated whether including 1 or
multiple transit compartments was of additional value.

Model construction was conducted using a stepwise procedure,
in which first a structural model was established and, subsequently,

the statistics were evaluated. For the statistical model, interindividual
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variability (IIV) was evaluated for the population parameters and
described using a log-normal distribution. Estimation of interoccasion
variability was not evaluated as the number of dosing occasions dif-
fered between patients. To estimate the residual unexplained variabil-
ity (RUV), an additive, proportional or a combined residual error model
was evaluated.

To evaluate the ability of 2 nested models to describe the mea-
sured anti-Xa levels, the difference in the objective function value
(dOFV) was applied. As the latter value is x? distributed, values >3.84
and 5.99 indicate a significant difference of P < .05 for 1 or 2 degrees
of freedom, respectively.

2.5 | Covariate analysis

After establishing the structural and statistical model, patient and path-
ophysiological characteristics were used to explain the IIV and RUV
using covariate relationships.3? Covariates were selected for evaluation
if their physiological or biological association with a specific parameter
was plausible, in case of earlier established effects on nadroparin or
LMWH clearance, including factors related to renal function (or failure)
in population PK models (ideal/lean body weight, length, BMI, creati-
nine, urea, sex, eGFR, vasopressin use, use of dialysis and arterial lac-
tate), possible covariates related to inflammation (C-reactive protein
[CRP], ferritin, leucocytes, lymphocytes, neutrophils, IL-6 and cortico-
steroid use) influencing augmented renal clearance and/or other organ
dysfunction, such as hepatic function (albumin, alanine transaminase
and bilirubin) and coagulopathy (thrombocytes, blood group, fibrinogen
and D-dimer). In case of a continuous covariate, the following relation-

ships (linear, power and exponential) were evaluated:

O1v = Opop * (1 +0coy * (COV — COVeq)),

CoV %
co Vmed

(Ocov#(COV—COVimeq)),

O1v = Opop * <

9TV :onp *xe

in which 07y is the typical value of the PK parameter, 65, is the popu-
lation PK parameter, 8¢, is the fraction of the population PK parame-
ter for the covariate value described by COV and its median (COV/eq).
For the evaluation of dichotomous relationships, the following equa-
tion was applied:

cov
Orv = 9Pop *Bcov ,

in which the value for COV is 1 if the relationship was present and
0 otherwise. The covariate analysis was conducted using a forward
inclusion and backwards elimination procedure by selecting covariate
relationships that resulted in a dOFV of >3.84 (P < .05, df = 1) and
>6.68 (P < .01, df = 1), respectively. The collinearity of all continuous
covariates was assessed using a correlation matrix to evaluate
whether such covariate relationships could be associated with the

same PK parameter.
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2.6 | Model evaluation

To verify whether the constructed population PK model sufficiently
described the measured anti-Xa levels, goodness-of-fit (GOF) plots
were obtained.>®> Model diagnostics were also performed using
prediction-corrected visual predictive checks (pdVPCs) applied by
Monte Carlo simulation of 2000 anti-Xa level vs. time curves using
the final model.®* Similarly, as a means of internal validation, a pdVPC
and a GOF plot were used to evaluate the ability of the final model to
describe the measured anti-Xa levels for the validation cohort. Fur-
thermore, the robustness of the parameter estimates from the final
model was verified using a nonparametric bootstrap analysis with
2000 replications.

2.7 | Dosing regimen simulations

To evaluate whether different nadroparin dosing regimens allow to
adequately achieve the prespecified anti-Xa target level ranges, maxi-
mum a posteriori Bayesian analysis using the final model was con-
ducted. With maximum a posteriori Bayesian analysis, empirical
Bayesian estimates can be obtained for the model parameters for
which IIV has been associated and can be used to calculate the indi-
vidual PK parameter values. Using these parameter values, the
steady-state anti-Xa levels at t =4 h were calculated for different
predefined dosing regimens for the modelling and the validation
cohort.

To inspect the influence of the covariate relationships from the
final model on the predefined nadroparin dosing regimens, Monte
Carlo simulations (n=1000) were conducted.>> Monte Carlo simula-
tions allow taking the covariate relationships into account when
values for the individual PK parameters are simulated. The values used
for covariate relationships were simulated uniformly between the cor-
responding minimal and maximal values from the total population.
Correlations between the covariate relationships were not taken into
account as such relationships cannot be associated with the same
model parameter. During Monte Carlo simulation, only values were
generated for the parameters that have been associated with 1IV. As a
result, individual PK parameters are obtained, which were used to cal-
culate the steady-state t = 4 h anti-Xa levels for different predefined
dosing regimens.

To assess the influence of the covariate values, 2 scenarios were
simulated. First, all covariate values were taken into account for calcu-
lating the steady-state anti-Xa levels for each dosing regimen. Second,
the simulated values for the covariate relationships were taken into
account for 1 covariate relationship at a time. In this situation, when a
single covariate relationship was evaluated, the other covariate values
were set to the median in case of the continuous covariates and to
zero in case of a dichotomous relationship.

Additionally, for assessing the influence of the continuous covari-
ate values, different scenarios were simulated to evaluate which
nadroparin dosing regimen would achieve a predicted anti-Xa level of

0.4 IU/mL for the corresponding covariate relationship.

3 | RESULTS

3.1 | Patient population

First, 65 critically ill ICU patients with COVID-19 were enrolled for
the model construction. A second cohort with another 25 patients
served as a validation cohort. Table 1 shows the collected patient and
pathophysiological characteristics as well as the number of doses and

times of anti-Xa level measurement.

3.2 | Population PK modelling

The ability of a previously published model to describe the measured
anti-Xa levels from the modelling cohort was evaluated. In Figure S1,
the GOF plots are shown. As the model was not able to describe the
obtained data adequately, model construction was initiated using a
2 disposition compartment model with an absorption compartment.
Addition of a transit compartment did not result in a better prediction
of the anti-Xa levels and was, therefore, omitted. Adding a baseline
parameter was not evaluated, as no physiological evidence was avail-
able for the investigated population.

Table 2 presents the parameter estimates from the structural
model. For all parameter estimates, the precision was high as the
values ranged from 7 to 12% except for the RUV (33%). For the struc-
tural model, the RUV was most adequately described by an additive
error solely. IV was obtained for CL only. Inclusion of additional com-
partments did not result in a better model (dOFV = 0.003; P = .96).
Moreover, shrinkage values for the IIV on CL (12%) and the RUV
(13%) were low, indicating that there were sufficient data to estimate
these parameters. Table 2 shows the final model with all remaining
covariate relationships after the backwards elimination procedure.
With rising values for CRP, D-dimer and CKD-EPI-eGFR, the CL also
increased. Furthermore, with corticosteroid or vasopressor use, CL
was decreased by 22.5% and 25.1%, respectively. Due to the addition
of covariate relationships in the final model, the population value of
CL increased from 1140 to 2230 mL/h.

After the final model was constructed, the RUV was re-evaluated
showing that the proportional error was of additional value
(dOFV = 29.1, P < .001). Therefore, the latter parameter was included
in the final model afterwards. Subsequently, the forward inclusion
backward elimination procedure was reiterated showing the same
covariate relationships. The correlation matrix demonstrated no collin-
earity between the covariate relationships of the final model
(Figure S2). The control stream for the final model was added to
Appendix SA.

3.3 | Model evaluation
In Figure 1, the GOF plots depict that the model was able to ade-
quately predict the anti-Xa levels for the modelling cohort. In

Figure 1A, the highest population predicted anti-Xa levels show a
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Patient characteristics

Total No. of patients

Age (years)

SOFA score at first anti-Xa sampling
Mechanical ventilation at first anti-Xa sampling
Receiving renal replacement therapy?®
Blood group OP

Height (m)

Bodyweight (kg)

Body mass index (kg/m?)

Lean body mass calculated (kg)
Albumin (g/L)

Alanine transaminase (U/L)

Bilirubin (umol/L)

Ferritin (ug/L)

Thrombocytes (107/L)

Leucocytes (10°/L)

Fibrinogen (10°/L)

D-dimer (mg/L)

Using vasopressors at start

Using corticosteroids at start
Absolute neutrophil count (10%/L)
Absolute lymphocyte count (10°/L)
IL-6 (pg/mL)

CRP (mg/L)

Arterial lactate (mmol/L)

eGFR based on CKD-EPI (mL/min)

Comorbidities/possible influencing factors

Diabetes mellitus type 2
Acute kidney failure
Liver cirrhosis
Hypertension

Asthma or COPD
Oncological

Miscellaneous?

Pharmacokinetic data

Total number of observations

No. of observations per individual
Number of BLQ samples

No. of observations Day 1 (>0-12 h)
No. of observations Day 2 (>12-36 h)
No. of observations Day 3 (>36-72 h)

TABLE 1 General characteristics of the study population

Total population
No. (%) or median [IQR]

90

63.0 [53.0-69.7]
6[4-7]

78 (87)

8(9)

21(23)
1.75[1.65-1.80
89.0[78.5-97.3
29.6 [27.5-32.3
60.7 [50.0-67.3
20.0[18.5-23.0]°
49.5[32.0-81.0]°
6.00 [4.00-7.25]°
913 [544-1314]°
345 [265-417]°
10.3 [8.80-12.3]°
6.00 [4.90-6.70]°
1.24[0.85-2.18]
77 (86)

64 (71)
7.80[6.21-9.38]°
1.10[0.72-1.52]°

[
[
30.5[14.5-57.0]°
[
[
[

]
]
]
]
]
]

61.0 [32.5-101]
1.15 [1.00-1.40]°
93.2[76.0-109]

30 (33)
7(8)
2(2)
43 (48)
14 (16)

427
4[2-6]
33(7.7)
288 (67)
127 (30)
10(2)

Validation cohort
No. (%) or median [IQR]

25

63.0 [54.0-69.0]
5[3.5-6.5]
21(84)

2(8)

0(0)
1.75[1.67-1.80]
89.0 [81.0-96.0]
29.6[27.5-32.1]
63.8 [52.2-67.3]

1.06 [0.57-2.13]
19 (76)
22 (88)

55.0 [32.5-62.0]

91.5[75.9-108]

6 (24)
0(0)
0(0)
10 (40)
2(8)
1(4)
2(0)

147
5[2-9]
12(8.2)
115 (73)
30(22)
12

Modelling cohort
No. (%) or median [IQR]

65

62.0 [53.0-70.0]
6 [4-8.5]

57 (87)

6(9)

21(32)
1.75[1.65-1.80]
89.0 [78.0-100]
29.7 [27.5-32.3]
57.8[49.9-67.3]
200. [18.5-23.0]
49.5[32.0-81.0]
6.00 [4.00-7.25]
913 [544-1314]
345 [265-417]
10.3[8.80-12.3]
6.00 [4.90-6.70]
1.29[0.87-2.19]
58 (89)

42 (65)
7.80[6.21-9.38]
1.10[0.72-1.52]
30.5[14.5-57.0]
76.0 [35.5-124]
1.15 [1.00-1.40]
94.4[78.6-111]

24.(37)
7 (11)
2(3)
33(51)
12 (18)
5(8)
4(2)

280
4[2-5]
21(7.5)
173 (64)
97 (29)
9(2)

All continuous patient characteristics, except for age, height and sequential organ failure assessment (SOFA) score at first anti-Xa sampling, were calculated
using multiple values from each individual, which were used to calculate the median values to present in this table.

BLQ, below limit of quantification; CKD-EPI, Chronic Kidney Disease Epidemiology Collaboration equation; COPD, chronic obstructive pulmonary disease;
CRP, C-reactive protein; eGFR, estimated glomerular filtration rate; IL, interleukin.

?Peripheral haemodialysis, peritoneal dialysis or continuous venovenous haemodialysis.
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bBlood group was unknown for two patients.
“n = 65 (only collected for the modelling cohort).

dComprising sickle cell disease, pregnancy, inherited bleeding disorder, familial Mediterranean fever, rheumatoid disease and neurological disease.

TABLE 2

Estimated population PK parameters for the structural model, final model and bootstrap analysis

Structural model Final model Bootstrap analysis
Estimate RSE (%) Shr. (%) Estimate RSE (%) Shr. (%) Estimate 95% Cl

Structural model

Absorption rate (ka; h™?) 0.284 33 0.276 28 0.270 [0.070-0.483]

Clearance (CL; mL/h) 1140 7 2230 12 2235.9 [1686.1-2780.3]

Volume of central compartment (Vd; mL) 10 600 12 11 000 22 10 757.2 [7024.7-14 957]
Interindividual variability (%CV)

IV on CL 55.1 10 12 34.9 21 14 35.0 [12.6-48.9]
Residual variability

Additive residual error (IU/mL) 0.155 8 13 0.086 13 13 0.084 [0.062-0.110]

Proportional residual error (%CV) - 0.2 18 0.19 [0.14-0.26]
Covariate relations

CL-CRP - 0.182 21 0.183 [0.112-0.253]

CL-D-dimer - 0.117 56 0.122 [0.007-0.228]

CL-use of vasopressors - 0.749 8 0.757 [0.649-0.848]

GIEGEREE . 0368 33 0.370  [0.177-0.560]

CL-use of corticosteroids - 0.775 11 0.787 [0.635-0.916]
Model characteristics

Objective function value —524.9 —670.6 —689.5 [-849.5 - —491.7]

Condition number 18.3 207.1 -

The presented typical values are obtained for an ICU patient having a CRP level of 100, a D-dimer level of 10 and a GFR of 80 mL/h without receiving corticosteroids

Or vasopressors.

ka (h’1> —0.276,

0.182 . 0.117
€L (mL/h) = 2230 x <ﬂ°> « (W) y (

100 10

036
GFRckp—Eepi

.368
% ) % 0_749Vasopressors % 0_775C0rt1coster01ds % em-,

Vd (mL) = 11,000.

In the equation for CL, the n; represents the random effect for an individual patient, that is, the difference between the typical value for a PK parameter and the value
for an individual PK parameter. Moreover, the exponents Vasopressors and Corticosteroids are both dichotomous variables having a value of 1 if use occurred and O

otherwise. The bootstrap analysis was conducted using 2000 replicated datasets.

Cl, confidence interval as obtained using the 2.5th and 97.5th percentiles from the nonparametric distributions; CL, clearance; CRP, C-reactive protein; CV,
coefficient of variation; GFR, glomerular filtration rate based on the Chronic Kidney Disease Epidemiology Collaboration equation; IV, interindividual variability; PK,

pharmacokinetic; RSE, relative standard error; Shr., shrinkage.

slight deviation, which is corrected when the IV and covariate rela-
tionships on CL are taken into account, as shown in Figure 1B. For the
targeted anti-Xa levels, the predicted anti-Xa levels were symmetri-
cally distributed around the line of identity (y = x). Furthermore, there
was no significant bias shown for the RUV of the final model, as the
predicted values were symmetrically around the line y = 0 and values
for the conditional weighted residuals were almost completely
between —2 and 2 (Figure 1C,D).

The ability of the model able to adequately describe the anti-Xa
levels is demonstrated in the pdVPC from Figure 2, as the 2.5th, 50th

and 97.5th percentile (solid red and blue lines, respectively) of the mea-
sured anti-Xa levels were contained within the corresponding red and
blue shaded areas, which were obtained by Monte Carlo simulation.
However, the 2.5th percentile showed a small deviation, as the value
for the second bin was lower than the values obtained for the 5th per-
centile using simulation. The latter was due to the measured anti-Xa
levels of the 2.5th percentile being BLQ at each time point for that bin.
Using a bootstrap analysis with 2000 iterations, the robustness of
the final model was evaluated (Table 2). All medians for the parameter

estimates were similar to the parameter estimates obtained for the
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final model. Moreover, the obtained nonparametric confidence inter-
vals showed that all model parameters were adequately estimated.
For the validation cohort, GOF plots (Figure S3) and a pdVPC
(Figure 3) showed that the population PK parameters slightly under-
predicted the measured anti-Xa levels for the validation cohort
(Figure S3A). However, the latter was corrected using IV on CL, as
the measured anti-Xa levels vs. the individual predicted anti-Xa levels
were symmetrically distributed surrounding the line of identity (y = x;
Figure S3B). The pdVPC (Figure 3) for the validation cohort also
showed the adequacy of the current model to predict the anti-Xa

12 2 36 48
Time after dose (h)

levels for the validation cohort. Although, a slight underprediction was
also seen for the 50th percentile of the data, as the solid grey line

(data) was slightly above the red-shaded areas (model simulations).

3.4 | Predictive performance
When performing Bayesian forecasting and Monte Carlo simulations,
individual PK parameter values were obtained for CL solely since only

for this parameter IIV was estimated. For the other model parameters,
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only the population PK parameter value was taken into account for
calculation of the steady-state t = 4 h anti-Xa levels.
Using the individual PK parameter values obtained by Bayesian

forecasting with the final model, the achieved t =4 h anti-Xa levels

Anti-Xa level (IUmL™")

0 2 2 % P
Time after dose (h)

FIGURE 3 Prediction-corrected visual predictive check for the
validation cohort using the final model

for the total cohort were calculated and depicted in Figure 4. It was
demonstrated that, with a dose of 5700 IU BID, 55.4% of patients
from the modelling and 60% of the patients from the validation cohort
were within the desired anti-Xa level range. For the validation cohort,
most patients (64%) were within the range with 5700 IU once daily.
However, a dosing regimen with 5700 IU BID resulted in the highest
number of patients (56.7%) within the targeted anti-Xa level range for
the total cohort (Figure S4).

In Figure 5, the Monte Carlo simulation of the steady-statet =4 h
anti-Xa levels for the different dosing strategies is depicted. For each
dosing strategy, it was shown that when all covariate relationships were
taken into account, a dosing regimen of 5700 IU BID resulted in the
most anti-Xa levels within the anti-Xa target levels range (0.3-
0.7 IU/mL). However, for each simulated covariate relationship, the
anti-Xa levels were in general above the upper target anti-Xa level
(0.7 IU/mL) for the lowest covariate values. The latter was especially
the case for the 7600 IU BID dosing regimen, as shown in Figure 5.
Similarly, the evaluation of the dichotomous covariate relationships
(Figure 6) demonstrated that a dosing regimen of 5700 IU BID and

t=4 hours

t=4hours
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1.5

0.7 2
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FIGURE 4
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Estimated anti-Xa level at 4 and 12 h after dose administration for different dosing regimens
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Influence of all the continuous covariate relationships taken into account from the final model using Monte Carlo simulations for
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7600 1U achieved the highest number of anti-Xa levels within the pre-
specified anti-Xa target level range. In the scenarios where only a single
covariate relationship was allowed to differ, the highest number of
steady-state t = 4 h anti-Xa levels within the prespecified anti-Xa tar-
get level range was obtained with 7600 IU BID (Figure S5). Moreover,
for each of the dosing strategies the calculated anti-Xa levels were
lower as compared with the scenario in which all covariate relationships
contributed to the calculation of the individual PK parameter CL. This is
due to both dichotomous covariate relationships not being taken into
account in the latter scenario. This is exemplified in Figure Sé, as the

anti-Xa levels obtained when the dichotomous covariate relationships

Withluse Withoxut use Withxuse Witholut use Withl use Witho‘ut use

are taken into account were lower than the anti-Xa levels obtained
when all covariate relationships are taken into account. However, the
latter lead to higher numbers of anti-Xa levels within the prespecified
anti-Xa target level range. Furthermore, the highest number of anti-Xa
levels within the prespecified anti-Xa target level range was obtained
for the 5700 IU BID and 7600 IU BID dosing regimens. For the assess-
ment of the influence of the covariate relationships on the nadroparin
dosing regimen (Figure S7), only CKD-EPI-eGFR demonstrated to be of
influence: patients in which a high renal clearance was estimated, a
higher dose of nadroparin was necessary in order to achieve an esti-
mated anti-Xa level of 0.4 1U/mL.
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4 | DISCUSSION

In this study, a population PK model was constructed using data from
critically ill ICU COVID-19 patients receiving thromboprophylactic
treatment using nadroparin BID with 1IV obtained only for CL. In the
covariate analysis, a significant improvement of the model describing
the measured anti-Xa levels was obtained by adding inflammation and
thrombosis-related parameters, namely, CRP, use of corticosteroids and
D-dimer. Furthermore, vasopressor and corticosteroid use significantly
decreased CL by 25.1 and 22.5%, respectively. In addition, the most
adequate dosing regimen for achieving a target anti-Xa level (0.3-
0.7 IU/mL) was evaluated by Bayesian forecasting and Monte Carlo
simulation. Using both methods, 5700 IU BID was demonstrated to be
the most adequate dosing regimen for the assessed scenarios.

In an earlier population PK analysis, total body weight and lean
body weight were covariate relationships associated to CL.2° In addi-
tion, their estimate for CL (1380 mL/h/70 kg) was different from CL
estimated in the current study (2230 mL/h). As stated earlier, the
study included more morbidly obese (BMI > 40 kg/m?) patients
(n = 28) in comparison with the current cohort (n = 5). Moreover, as
inflammation-related parameters increase CL, the difference between
the estimates could be obtained due to patients having an infection as
in our cohort. To our knowledge, other population PK analyses with
anti-Xa levels in critically ill patients afflicted by non-COVID-19 infec-
tious disease receiving LMWHSs are not available.

Use of CKD-EPI-eGFR as an estimator of renal clearance for ICU
patients showed a significant improvement in the constructed model
but is known to have limitations.3® It was hypothesized that an impor-
tant part of nadroparin clearance is not accounted for by association of
CKD-EPI-eGFR to CL, specifically in the case of augmented renal clear-
ance associated with COVID-19 induced inflammation.’” However, the
latter was taken into account by the addition of CRP and D-dimer as
covariate relationships associated with CL in the constructed model.
Moreover, in the covariate analysis, first an exponential relationship
between CKD-EPI-eGFR and CL was obtained. However, the associa-
tion between CKD-EPI-eGFR and CL was more appropriately described
by applying a power function, which allowed a better description of the
measured anti-Xa levels from the validation cohort. Therefore, CKD-
EPI-eGFR was included as a power relationship instead, also taking into
account the physiological renal clearance of nadroparin.

In the constructed model, vasopressor use allowed to decrease
CL by 25.1%. In an earlier study in critically ill ICU patients using
LMWHs, the vasopressor use was associated with a lower concentra-
tion of measured anti-Xa levels.!* This finding is contradictory to the
results from the current study, as a decreased clearance was found to
result in higher anti-Xa levels. However, only low doses of vasopres-
sors were applied in the current study, usually not exceeding more
than approximately 0.1 pug/kg/min. Another explanation could be that
vasopressor use is associated with a shock state, resulting in renal
hypoperfusion and, thus, necessitating the administration of vasopres-
sors in COVID-19 patients.

The literature concerning the clearance of nadroparin in critically

il COVID-19 patients is scarce. In the present study, it is

demonstrated that COVID-19-related inflammation led to a significant
change in CL, resulting in the need for a different thromboprophylac-
tic dosing regimen than in non-COVID-19 ICU patients. The latter is
exemplified by a study in which anti-Xa sampling in 16 COVID-19 ICU
patients at t =4 h twice weekly was performed, 2 weeks after the
start of 5700 IU BID of nadroparin (or 7600 IU BID if total body
weight >120 kg).*” In these patients, median (interquartile range)
t = 4 h anti-Xa levels of 0.38 IU/mL (0.38-0.58) were measured. Fur-
thermore, peak anti-Xa levels were not associated with body weight
in this study and 6 patients received CVVH during their ICU stay and
mortality nor VTE was reported. Similarly to the current study,t =4 h
anti-Xa levels were obtained within the prespecified t = 4 h target
level range (0.3-0.7 IU/mL) from the current study. Therefore, the
dosing regimen proposed in the current study (5700 IU BID) resulted
in adequate anti-Xa levels for other studies as well.

The optimal anti-Xa target level range for LMWHSs as thrombo-
prophylaxis in critically ill COVID-19 patients has yet to be deter-
mined, with current literature assessing different but comparable
target ranges. In a first study, the effects of 2 nadroparin dose regi-
mens in combination with imaging for deep venous thrombosis were
assessed in a study with critically ill COVID-19 patients. In the stan-
dard procedure group, 46 patients received 2850 IU once daily of
nadroparin without anti-Xa monitoring.38 In the intervention group,
26 patients received twice-weekly ultrasonography screening and
anti-Xa level (t = 4 h) tailored administration of nadroparin starting at
3800 IU BID. Significant decreases in 1-month mortality (from 30.4 to
3.85%), use of continuous renal replacement therapy (from 30.4 to
3.85%) and incidence of venous thrombo-embolism (from 41.3 to
15.4%) were demonstrated. However, other factors such as the effect
of change in management (i.e., difference in application of ventilation
or dexamethasone) of these patients also could have influenced the
outcomes in these patients. In a second study, anti-Xa levels were
measured twice weekly at t = 4 h.%? Clinical outcome was assessed in
56 sub-ICU patients receiving LMWHSs with anti-Xa target level range
set to 0.3-0.7 IU/mL. Immediately adjusting LMWH dose according
to anti-Xa level after correction for mortality-associated factors
(e.g., age, use of corticosteroids) lead to a significantly lower risk of
COVID-19-related death (adjusted odds ratio 0.04 [95% confidence
interval 0.002-0.9; P = .043]). Both studies suggest that an anti-Xa
target level range, in which the constructed model performs ade-
quately, lowers morbidity and mortality in critically ill COVID-19
patients. However, these studies were not randomized controlled tri-
als and more research is required to determine the relation between
anti-Xa levels and clinical outcomes (e.g., mortality, thrombo-embolic
and bleeding events).

This study has limitations. Although the parameters of the final
model could be accurately estimated, the model was constructed on
data from a rather small number of patients. Moreover, no IIV could
be quantified for the absorption rate and volume of distribution
parameters. Therefore, no covariate relationships could be assessed
for these PK parameters. The latter may have decreased the precision
for the estimation of the measured anti-Xa levels by the constructed

population PK model, as vasopressor use might influence the
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microvasculature at the site of absorption. This is exemplified by a
study in which a negative correlation (r = —.68) between area under
the curve was obtained for subcutaneous nadroparin administration
and norepinephrine use.*® However, other population PK analyses of
LMHWs in literature also did not obtain an estimate of IV for these
parameters.****? Furthermore, the model was constructed based on
limited sampling data. The latter may have influenced the estimation
of the model parameter.

Next to a modelling cohort, also a validation cohort of patients
was used to demonstrate the validity of the constructed model. As
anti-Xa levels measured in critically ill COVID-19 patients can be ade-
quately described by the established model, this model could be used
for dose individualization. To perform dose individualization, anti-Xa
levels can be obtained from routine clinical practice. Using Bayesian
forecasting, individual PK parameter estimates can then be obtained
to calculate the dose needed to achieve a prespecified anti-Xa target
level. Of course, when values for the covariate relationships from the
established model are taken into account during Bayesian forecasting,
further individualization of the calculated dose can be achieved.
Although a validation cohort has been applied to verify whether the
model performed adequately, the feasibility of dose individualization
in clinical practice should be verified using external validation. In addi-
tion, the underlying mechanisms of the obtained covariate relation-
ships should be further investigated in future studies.
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