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Abstract

Background and Objective Intravenous immunoglobulin (IVIg) at a standard dosage is the treatment of choice for Guil-
lain—Barré syndrome. The pharmacokinetics, however, is highly variable between patients, and a rapid clearance of IVIg is
associated with poor recovery. We aimed to develop a model to predict the pharmacokinetics of a standard 5-day IVIg course
(0.4 g/kg/day) in patients with Guillain—Barré syndrome.

Methods Non-linear mixed-effects modelling software (NONMEM®) was used to construct a pharmacokinetic model based
on a model-building cohort of 177 patients with Guillain—Barré syndrome, with a total of 589 sequential serum samples
tested for total immunoglobulin G (IgG) levels, and evaluated on an independent validation cohort that consisted of 177
patients with Guillain—Barré syndrome with 689 sequential serum samples.

Results The final two-compartment model accurately described the daily increment in serum IgG levels during a standard
IVIg course; the initial rapid fall and then a gradual decline to steady-state levels thereafter. The covariates that increased
IgG clearance were a more severe disease (as indicated by the Guillain—Barré syndrome disability score) and concomitant
methylprednisolone treatment. When the current dosing regimen was simulated, the percentage of patients who reached a
target AlgG > 7.3 g/L at 2 weeks decreased from 74% in mildly affected patients to only 33% in the most severely affected
and mechanically ventilated patients (Guillain—Barré syndrome disability score of 5).

Conclusions This is the first population-pharmacokinetic model for standard IVIg treatment in Guillain—Barré syndrome.
The model provides a new tool to predict the pharmacokinetics of alternative regimens of IVIg in Guillain—Barré syndrome
to design future trials and personalise treatment.
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This study details the first robust nonlinear mixed-effects
modelling (NONMEM®)-based model to predict the
pharmacokinetics of a standard dosage of intravenous
immunoglobulin in patients with Guillain—Barré syn-
drome.

Disease severity and additional treatment with meth-
ylprednisolone are important covariates increasing the
clearance of high-dose intravenous immunoglobulin.

This model provides a tool to explore intravenous
immunoglobulin trial designs and potentially optimise
the treatment of individual patients with Guillain—Barré
syndrome and/or other diseases treated with high-dose
intravenous immunoglobulin.

1 Introduction

Intravenous immunoglobulin (IVIg) is the mainstay of
treatment for Guillain—Barré syndrome (GBS), an acute
immune-mediated polyradiculoneuropathy, but the treatment
response is highly variable [1-3]. Guillain—Barré syndrome
has a monophasic disease course with a rapidly progres-
sive onset of weakness followed by slow recovery. Intra-
venous immunoglobulin and plasma exchange are equally
effective treatments for GBS [1, 4], but in most hospitals
IVIg is preferred as it is easier to administer, less likely to
be discontinued, and more widely available [4]. However,
despite treatment, about 25% of patients develop respira-
tory failure, 10-20% remain disabled, and the majority have
residual complaints [2, 3]. Since the early 1990s, combina-
tions of treatments with IVIg and plasma exchange or cor-
ticosteroids were tested in randomised controlled trials, but
no superior therapies were found, and neither the treatment
nor the prognosis of GBS has changed [2, 3, 5, 6]. The pre-
cise mechanism of action of IVIg in GBS is unknown and
may differ between variants of GBS [7-9]. Yet, most of the
proposed mechanisms of IVIg are dose dependent, which
implies that the therapeutic effect of IVIg depends on the
pharmacokinetics.

Previous studies have shown that the recommended high-
dose regimen for GBS of 0.4 g/kg/day for 5 consecutive
days may not be optimal for all patients [9-13]. First, 8-16%
of patients may show a secondary deterioration after ini-
tial improvement, and some of these patients improve again
after a second course of IVIg [9, 10, 14]. Second, the serum
immunoglobulin G (IgG) level after a standard dosage of

A\ Adis

IVIg is highly variable between patients with GBS, and a
more rapid IVIg clearance (CL) is associated with a more
severe clinical course and poor recovery [12]. These results
indicate that the variability in the pharmacokinetics of IVIg
between patients is clinically relevant in GBS. More specifi-
cally, patients who maintained an increase of their IgG level
of at least 7.3 g/L (AIgG) at 2 weeks from baseline after a
standard dosage of IVIg had a better clinical outcome [12].

At present, there is no model to predict the pharmacoki-
netics of IVIg to design more effective treatment regimens
for future trials or to optimise the treatment in individual
patients with GBS. The standard regimen of IVIg is copied
from other diseases, and the dosing on body weight alone
may not be adequate [15]. Moreover, all patients with GBS
are treated with the same standard course independent of
clinical severity or estimated prognosis. A recent compara-
tive study showed that a second course of IVIg in severely
affected patients with GBS compared to a single course does
not improve the outcome on a group level, indicating that
more personalised regimens are required [16]. Until now, it
is unknown which factors influence the CL of IVIg and how
such information could be used to individualise the treat-
ment in patients with GBS.

The current standard to predict the pharmacokinetics
of pharmaceutical therapy is the use of nonlinear mixed-
effects modelling (NONMEM®) software, which provides
a framework to quantify and explain variability in drug
exposure and response on a population level. Additionally,
simulations can be performed to assess new or alternative
treatment regimens, or to attain and maintain a sufficiently
high increase in drug concentrations associated with a better
clinical outcome. Ultimately, the goal is to define and use
a target concentration (e.g. biomarker or drug) that can be
used to guide individualised dosing based on pharmacologi-
cal principles [17].

The aim of this study was to describe the population
pharmacokinetics of high-dose IVIg treatment in patients
with GBS, and to identify covariates influencing the pharma-
cokinetics to explain the large variability observed between
patients. The population pharmacokinetic (PK) model of
IVIg in patients with GBS was externally validated and used
to simulate concentration—time profiles of alternative dos-
ing regimens to predict the exposure of IVIg in individual
patients with GBS.

2 Methods
2.1 Study Design and Population
Data for this study were obtained from previous trials con-

ducted by the Dutch GBS Study Group investigating the
clinical effect of IVIg in patients with GBS [5, 18]. First,
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a multicenter randomised controlled trial was conducted
to compare the effects of IVIg (0.4 g/kg/day for 5 days,
intermittent intravenous infusion) with plasma exchange
[5]. Later, a double-blind, placebo-controlled, multicenter,
randomised trial was performed to investigate the effect
of concomitant treatment with methylprednisolone (MP)
administered intravenously (500 mg over 5 days) or placebo
starting within 48 h of the first IVIg (0.4 g/kg/day for 5 days)
course [18]. All patients fulfilled the diagnostic criteria for
GBS, were unable to walk independently at study entry, and
received the same IVIg regimen of 0.4 g/kg/day for 5 con-
secutive days. Serum samples were obtained before the start
of treatment, if possible; and 2 weeks, 4 weeks, 16 weeks,
and 26 weeks after the start of treatment.

To define the pharmacokinetics of IVIg before the first
2-week follow-up visit, and to obtain more robust predic-
tions, we included previous results on serum IgG levels
from 15 patients with chronic inflammatory demyelinating
polyneuropathy (CIDP). All patients with CIDP had stable
disease and were treated with a fixed IVIg maintenance regi-
men [19].

For the evaluation cohort, we included patients from
the SID-GBS trial, in which patients with a poor progno-
sis were randomised for either a placebo or a second IVIg
course [16]. Patients with a good prognosis only received
a standard IVIg course (0.4 g/kg/day for 5 days) and were
not randomised, but their follow-up and assessment of out-
come parameters were equal to randomised patients. The
randomised patients were not included in this analysis.
Exclusion criteria are described in the SID-GBS study [16].
Additionally, patients were excluded when no serum sample
was available after treatment, when dose and weight were
missing, or when multiple IVIg courses were given (out-
side the study protocol). Out of 215 patients with a good
prognosis in the SID cohort, 177 patients with GBS met the
inclusion criteria for this study. All patients with GBS in
the model-building cohort received the same IVIg product
(Gammagard S/D®; Baxter, Vienna, Austria). The patients
with CIDP were predominantly treated with an IVIg prod-
uct from the same manufacturer (Kiovig/Gammagard liq-
uid; Baxter) except for three patients taking Privigen® (CSL
Behring, Marburg, Germany). The patients with GBS in the
validation cohort received the preferred brand of the partici-
pating hospital, mostly Nanogam® (Sanquin, Amsterdam,
the Netherlands), Privigen® or Kiovig®. This retrospective
study was exempted from the Medical Research Involving
Human Subjects Act (Dutch law, WMO) by the Institutional
Review Board of Erasmus University Medical Center Rot-
terdam (reference number: MEC-2016-173).

2.2 Laboratory Analysis and Clinical Outcomes

Serum samples were aliquoted and stored at — 80 °C until
use. Total IgG levels were determined by routine diagnostic
turbidimetry, as described earlier [5, 12, 16]. All samples in
the model-building cohort and the validation cohort were
tested for IgG on the same platform in 2009 and between
2018 and 2019, respectively. Polymerase chain reaction was
used in a subset of patients with GBS (n = 71) to determine
the Fc Fragment of IgG Receptor and Transporter (FCGRT
) variable number of tandem repeats (VNTR) for the IgG
recycling neonatal Fc-Receptor (FcRn) [12, 20].

As clinical outcome measures, the Medical Research
Council sum score (MRC-SS) and GBS disability score
(GBS-DS) were assessed at every visit. The MRC-SS is a
measure for limb weakness and ranges from zero (quadriple-
gic) to 60 (regular strength) [21]. The GBS-DS is the most
frequently used outcome measure for GBS and ranges from
zero (no disability) to 6 (death) [22].

2.3 PK Analyses

The PK model was developed using nonlinear mixed-effects
modelling (NONMEM version 7.4.0; ICON Development
Solutions, Ellicott City, MD, USA) and PsN version 4.2.0
[23, 24]. Models were fitted using first-order conditional
estimation with interaction. Tools used for visual inspection
and evaluation of the model were Pirana version 3.0.0 (Cer-
tara, Princeton, NJ, USA), R version 4.0.5 (R Foundation
for Statistical Computing, Vienna, Austria), Rstudio version
1.4.1106, Xpose version 0.4.13 and Xpose4 version 4.7.1
[25, 26].

2.3.1 Base-Model Development

One-compartment and two-compartment distribution mod-
els were considered. To obtain estimates of the total IgG
level, which is the sum of endogenous IgG and IVIg-derived
IgG, we incorporated the endogenous IgG production as a
baseline concentration (CBAS) in the model. Patients with
CIDP have a higher steady-state baseline IgG level because
of prolonged maintenance treatment. The typical value for
CBAS and the effect of disease type were included in the
base model according to the following equation:

TVCBAS = Ocgg X 071 FF,

where g, 1s the population parameter estimate for CBAS
and 6 is the population parameter estimate for disease type
(TYPE = 1 for GBS, and TYPE = 0 for CIDP). Typical
values for CL, inter-compartmental CL (Q), and volume of
distribution were estimated. Inter-individual variability (IIV)
was evaluated for each PK parameter using an exponential
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model. Residual variability was evaluated according to an
additive and/or proportional error model. To account for the
effect of variable body weight across size-dependent param-
eters, allometric scaling was used [27, 28]. Model selection
was based on the objective function value (OFV) and signifi-
cant models were checked for realistic parameter estimates,
shrinkage values (< 20%), conditional number (< 1000), and
visual improvement of goodness-of-fit plots [29].

2.3.2 Covariate Model

Available covariates were selected based on known or theo-
retical interactions with the pharmacokinetics of IVIg. The
following covariates were evaluated: GBS-DS, MRC-SS,
MP, dose, preceding diarrhea, sex, age, mechanical ventila-
tion and VNTR (if available). Continuous variables were
centred on the median and described using an exponential
function. Categorical variables were described using a pro-
portional function. The relationship between covariates
and IV was explored graphically, followed by a univariate
analysis of covariates that were visually correlated with PK
parameters. Significant covariates in the univariate analysis
(» <0.05, AOFV > 3.84) were analysed in a forward inclu-
sion (p < 0.05, AOFV > 3.84), followed by a backward
elimination procedure (p < 0.01, AOFV > 6.64) [30].

2.3.3 Internal Model Evaluation

The final model was internally evaluated using two proce-
dures. First, a bootstrap method was applied, in which the
dataset was resampled 1000 times [31]. The stability and
performance of the final model were evaluated by comparing
the estimates from the original dataset with the parameter
estimates derived from the bootstrap. Second, the model was
graphically evaluated with a visual predictive check (VPC)
with 1000 simulated datasets and stratified on disease type.

2.3.4 External Model Evaluation

External evaluation of the final PK model was performed on
an independent dataset containing 177 patients with GBS
(SID-GBS) [16]. The simulated predictions obtained from
the fixed model parameter estimates using the design of the
validation dataset were compared with the observations in
the validation cohort, and visualised with a VPC (n = 1000).
Predictive performance of the model was evaluated by com-
puting the prediction error and the root mean square error
[32]. Predictive performance of the model was further evalu-
ated using a normalised prediction distribution error (npde)
analysis. This analysis was performed using 1000 iterations
with the npde package (version 3.1) in R [33].
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2.3.5 Simulations

The impacts of covariates and alternative treatment regimens
on the IVIg concentrations were evaluated using simula-
tions. Monte Carlo simulations (n = 1000) were performed
using PK parameters obtained from the final model. The
effect of significant covariates was visualised using the
standard dosing regimen of 0.4 g/kg/day for 5 days and a
bodyweight of 75 kg. Dosing regimens of 0.4 g/kg/day for
3 versus 6 days [34], and 1 g/kg/day for 2 days [35] were
assessed for target attainment (AIgG > 7.3 g/L).

3 Results
3.1 Study Population

The final model-building cohort consisted of 589 serum IgG
levels from 177 patients with GBS and 222 serum IgG levels
from 15 patients with CIDP [5, 18]. The final validation
cohort consisted of an independent set of 689 serum sam-
ples from 177 patients with GBS. Patient characteristics are
presented in Table 1. The median number of samples per
patient was three (range 2—7) in the model-building cohort
and four (range 1-6) in the validation cohort. The GBS-DS
at the nadir (most severe disease state) was higher in the
model-building cohort compared with the validation cohort
(Table 1). Similarly, the MRC-SS at the nadir was lower
in the model-building cohort, indicating more severe limb
muscle weakness, and more patients required mechanical
ventilation, indicating that the disease activity in the model-
building cohort was higher than in the validation cohort
(Table 1).

3.1.1 Base Model

The data were best described using a two-compartment
model with first-order elimination. The baseline endogenous
IgG concentration (CBAS) was estimated at 10.3 g/L for
patients with GBS. Patients with CIDP had an estimated
baseline of 15.9 g/L. The patients with CIDP received IVIg
maintenance treatment and therefore attained a steady state
level with a higher IgG serum concentration. Allometric
scaling with fixed exponents (0.75 for CL and inter-com-
partmental CL, and 1 for central volume of distribution and
peripheral volume of distribution) significantly improved the
model (p < 0.01). The model was further improved with
IIV on CL and CBAS. The residual error model was best
described with a proportional function. Parameter estimates
for the base model are presented in Table 2.
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Table 1 Demographics and
clinical characteristics of the
model-building and validation

Demographics

Model-building cohort Model validation cohort

cohorts

n=177 n=177
Age, years (range) 53 (5-89) 55 (18-86)
Weight, kg (range) 72 (18-122) 79 (52.6-118)
Male:female ratio (% male) 1.31 (57%) 1.72 (63%)
Clinical characteristics
Preceding diarrhoea 42 (24%) 38 21%)
MRC sum score at study entry 40.4 (11.4) 49.2 (6.3)
GBS disability score at study entry 3.8 (0.6) 3.2(0.8)
MRC sum score at nadir 33.4(16.8) 47.4 (6.6)
GBS disability score at nadir 4.1 (0.7) 3.5(0.8)
Mechanical ventilation needed 44 (25%) 17 (10%)
GBS disability score of > 2 at 6 months 30 (17%) 13 (7%)
Treatment characteristics
Daily IVIg dose in grams 29.3 (6.8) 32.1(6.0)
Cumulative dose of IVIg in grams 146.4 (33.9) 160.1 (30.6)
Methylprednisolone 61 (34%) 31 (18%)

GBS Guillain—Barré syndrome, /VIg intravenous immunoglobulin, MRC Medical Research Council

Data are presented as mean (standard deviation) or number (percentage) of patients unless otherwise indi-
cated. All patients were treated with the same standard regimen of IVIg (2 g/kg over 5 consecutive days)

3.1.2 Covariate Model

The base model was used as a reference for the covariate
analysis. In the univariate analysis, a significant association
was observed between GBS-DS, mechanical ventilation,
MRC-SS and MP on CL; and preceding diarrhoea on CBAS.
Sex, age and VNTR were not significantly correlated with
any of the PK parameters. After forward inclusion and back-
ward elimination, the final model entailed two significant
covariates. First, additional treatment with MP increased
IgG CL by 31% compared with patients only treated with
IVIg. Second, a higher GBS-DS was correlated with a higher
CL. To describe this effect, the score could be reduced to
three categories: GBS-DS of 0, 1 or 2 were combined and
used as a reference; GBS-DS of 3 and 4 were combined, and
a GBS-DS of 5 (mechanical ventilation) as the last category.
The estimated increase in CL for patients with a GBS-DS
of 4 was 22%, and 83% for patients with a GBS-DS of 5. A
GBS-DS of 6 was disregarded as this marks mortality. The
following equation described the final model for estimation
of the typical value for CL:

WGHT )0.75
70
X 1.31(if methylprednisolone)

x 1.22(if GBS-DS = 3 or4) x 1.83(if GBS-DS = 5).

TVCL = 0.28 x (

3.1.3 Evaluation of the Final Model

An overview of the PK parameters, covariates and II'V of
the final model is shown in Table 2. Intravenous immuno-
globulin had a relatively small volume of distribution in the
central compartment and a CL of 0.28 L/day/70 kg. The CL
was considerably higher in patients with a more severe form
of disease as reflected by a higher GBS-DS (Fig. 1).

Goodness-of-fit plots showed an even distribution around
the unity line for population-predicted and individual-pre-
dicted concentrations, and the residuals were evenly distrib-
uted over time (Fig. 2A). Shrinkage was below 20% for all
estimates. Visual predictive checks of the model-building
dataset stratified for disease type showed that the median
and variability of the observations generally fell within the
model-predicted boundaries (Fig. 3A, Fig. S1 of the Elec-
tronic Supplementary Material [ESM]). Bootstrap analysis
(convergence 88%) underlined the stability of the model and
denoted acceptable lower and upper limits of the 95% confi-
dence interval (Table 2).

Next, we evaluated the robustness of the model in the
validation cohort. Population and individual predictions dis-
tributed evenly around the unity line; however, we observed
a minor bias around the 2-week visit (336 h) in the condi-
tional weighted residuals (Fig. 2B). Similarly, the median
and variability were adequately described in the VPC, except
for minor deviations around that same timepoint (Fig. 3B).
Evaluation of the npde analysis on the validation cohort
generally showed good agreement, where the majority of
the npde fell within the — 1.96 to 1.96 interval, the mean
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npde did not significantly differ from O (p = 0.295), and the
npde followed a normal distribution (p = 0.084) [Fig. S2 of
the ESM]. However, the variance was significantly different
from 1 (p < 0.001). The root mean square error of the model
was 19.39% and the prediction error was — 0.25, indicat-
ing that there was no bias in the predictions. This indicates
that the final model overestimates the variability observed
in the validation cohort, but the predictive performance of
the model seems adequate.

3.2 Simulations in Relation to Pharmacodynamic
Outcomes

After identification of the main factors that determine the
variation in the pharmacokinetics of IVIg, the extent of these
effects could be simulated using several scenarios (Fig. 4).
This figure can serve as a starting point to predict a better
dosing regimen knowing the patient characteristics.

First, a “typical” patient with GBS of 75 kg with a GBS-
DS of 4 (chair or bedbound) administered 0.4 g/kg of IVIg in
2 hours for 5 subsequent days was simulated (Fig. 3A). The
concentration was highest immediately after the fifth dose,
and subsequently, levels slowly decreased to baseline after
4 weeks. Second, the effect of several factors influencing the
pharmacokinetics of IVIg on this standard dose of 5 days at
0.4 g/kg was simulated (all other variables remained equal).

Baseline 1gG
IVig Central CcL
E Compartment (V1) >

Q
Vv

Peripheral
Compartment (V2)

Fig. 1 Schematic of the final model. Intravenous immunoglobulin
(IVIg) enters the central (vascular) compartment (V1, central vol-
ume of distribution) directly. In this compartment, there is already an
immunoglobulin G (IgG) concentration at baseline (CBAS) owing to
the endogenous production. There is an exchange gradient (Q, inter-
compartmental clearance) from V1 to the peripheral compartment
(V2, peripheral volume of distribution). Clearance (CL) of IgG takes
place from the central compartment. The influence of covariates are
represented in grey, with a downward-pointing or upward-pointing
arrow denoting a decrease or an increase of the respective parame-
ter. CIDP chronic inflammatory demyelinating polyneuropathy, GBS
Guillain—Barré syndrome
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In Fig. 4B, the effect of disease severity represented by the
GBS-DS is shown. More severely affected patients based
on their GBS-DS had a significantly higher CL of IVIg and
were therefore more prone to have a AIgG under the cut-off
of 7.3 g/L. compared with less severely affected patients. The
percentage of patients reaching the target AlgG of > 7.3 g/L
at 2 weeks decreased from 74% of patients with a GBS-DS
of 0-2, to 63% of patients with a GBS-DS of 3—4 (wheel-
chair bound), to only 33% of the patients with a GBS-DS of
5 (mechanical ventilation). Figure 4C represents the effect of
the co-treatment with MP. Adding this corticosteroid pulse
treatment increased the CL, resulting in lower IgG levels 2
weeks after [VIg treatment. This co-treatment reduced the
percentage of patients reaching the target AIgG of > 7.3 g/LL
from 63 to 43%. Finally, the effect of different IVIg dose
regimens was simulated in the “typical” patient with GBS
as described above. Dose regimens of 0.4 g/kg/day for 6
consecutive days result in higher concentrations at 2 weeks
after the start of the treatment, compared with 0.4 g/kg/
day during 3 consecutive days (Fig. 4D). The percentage of
patients reaching the target AIgG of > 7.3 g/L at 2 weeks
decreased from 74% of patients on the 6-day regimen to 12%
for patients on the 3-day regimen. With the 2-day regimen,
54% of the patients were estimated to reach the target AIgG
concentration.

4 Discussion

In this study, the pharmacokinetics of the standard 5-day
course of (in total) 2 g/kg body weight of IVIg in patients
with GBS was modelled. Our results showed that the phar-
macokinetics of IVIg was best described using a two-com-
partment model with linear elimination, allometric scaling,
an endogenous IgG baseline, and IIV on CL and CBAS.
Importantly, we demonstrated that the severity of the disease
expressed as the GBS-DS and concomitant treatment with
MP significantly influenced the CL of IVIg. The robustness
of the model was confirmed in an independent cohort of
patients with GBS. The final model was used to determine
the effect of alternative dosing regimens of IVIg on the PK
profile in patients with GBS. These results are a first step
to personalise the IVIg treatment regimen for patients with
GBS.

Previously, our group showed a high variability in serum
IgG levels in patients with GBS after a standard course with
IVIg, as well as an association with the clinical course and
outcome [12]. In the current study, a more severe form of
GBS was related to higher CL of IgG. A possible explanation
for this might be that the consumption rate was increased
because of more severe inflammation [36, 37]. Moreover,
the poor clinical condition could have resulted in a general
catabolic state. Methylprednisolone also had a significant
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«Fig. 3 Visual predictive checks using the final model parameter esti-
mates for the A model-building cohort and B validation cohort (n =
1000 simulations). In B, 12 observations after 3000 h were omitted.
The bold red line in the middle denotes the 50th percentile of the
observations and the lower and upper lines represent the lower Sth
percentile and upper 95th percentile of the observed data. The border-
ing shaded areas represent the 95% confidence interval of the respec-
tive percentiles of the predicted data. /gG immunoglobulin G

impact on IgG CL, which is in line with earlier studies show-
ing an effect of short-term corticosteroid therapy on serum
IgG levels [38, 39]. Corticosteroids were previously found
to reduce the expression of the IgG recycling FcRn, which
may partly explain the lower total serum IgG level after
IVIg treatment [40, 41]. In addition, the pleiotropic effects
of corticosteroids on the immune system can lead to dimin-
ished endogenous IgG synthesis, but the precise mechanisms
underlying this immune modulation remain to be elucidated
[42]. The effect of corticosteroids on serum IgG levels may
underlie the lack of a therapeutic effect of concomitant MP
on long-term recovery in GBS [18]. Other factors, including
age, sex, preceding symptoms of infections and VNTR poly-
morphisms of FcRn did not significantly influence the phar-
macokinetics. Polymorphisms in FCGRT correspond with
different expression and protein levels of FcRn [43]. Previ-
ously, a retrospective study in patients with GBS showed no
relationship between these polymorphisms and IgG levels or
clinical outcome [20]. Moreover, VNTRs did not affect the

pharmacokinetics of IVIG in a population PK study based
on a small cohort of patients with primary antibody defi-
ciency [44]. In the current study, the VNTR genotype was
only available in a subset of patients and the role of these
polymorphisms can not be excluded.

We were unable to discriminate between IgG from endog-
enous production and therapeutic IVIg; therefore, the study
was restricted to total serum IgG levels. Despite this limita-
tion, there are several strategies available to take endogenous
IgG production into account in a PK model [45]. Here, a
baseline variable was used, estimated from individual pre-
IVIg IgG levels; a method successfully utilised before,
regarding similar endogenous production issues [46]. Even
so, the precise effect of endogenous IgG on total IgG CL
could not be assessed. Currently, assays are being developed
to discriminate between total IgG and therapeutic IgG [47].

The robustness of the model was demonstrated internally
by a good agreement in the goodness-of-fit plots, VPC and
bootstrap. The shrinkage was small for the residual error and
IV, which ensures a reliable evaluation of diagnostic tools.
For the validation cohort, the final model generally provided
an adequate description of the data. However, a minor mis-
specification of the model was detected around the 2-week
timepoint. Patients in the validation cohort had a less severe
disease course and better clinical outcome compared with
the model-building cohort, which may have contributed to
the observed discrepancies.

Table 2 Pharmacokinetic parameter estimates for the base and final models including the bootstrap (876/1000 runs successful) analysis for the

final model
Parameter Base-model estimate Final model estimate Bootstrap median Bootstrap 95% CI
(RSE%) (RSE%)
CL (L/day/70 kg) 0.38 (6) 0.28 (9) 0.28 0.24-0.34
Methylprednisolone - 1.31 (9) 1.33 1.11-1.59
GBS disability score of 0-2 - 1 (fixed) 1 (fixed) 1 (fixed)
GBS disability score of 3—4 - 1.22 (10) 1.22 0.99-1.49
GBS disability score of 5 - 1.83 (15) 1.85 1.36-2.55
V1@L) 2.83(7) 2.87(7) 2.87 2.54-3.34
Q (L/day) 0.26 (17) 0.25(17) 0.25 0.16-0.36
V2 (L) 2.85(11) 2.65(13) 2.65 2.05-3.39
CBAS (g/L) 15.40 (6) 15.90 (8) 15.81 13.96-17.76
Disease type (if GBS) 0.67 (7) 0.65(9) 0.66 0.57-0.75

Interindividual variability

Estimate (%RSE) [shrink-
age]

Estimate (%RSE) [shrink-
age]

Bootstrap median

Bootstrap 95% CI

CL (%)
CBAS (%)

58.8(9) [17]
23.2(8) [7]

49.9 (10) [19]
23.1(8) [7]

49.0%
23.0%

38.5-61.2
19.6-26.8

Residual error

Base model estimate

Final model estimate

Bootstrap median

Bootstrap 95% CI

Proportional

0.12 [20]

0.12 (7) [19]

0.12

0.10-0.13

CBAS baseline immunoglobulin level, CI confidence interval, CL clearance, CV coefficient of variation, GBS Guillain—Barré syndrome, Q inter-

compartmental clearance, RSE relative standard error, VI central volume of distribution, V2 peripheral volume of distribution
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Fig.4 Simulating dosing regimens. A Simulation of 1000 “typical”
patients with Guillain-Barré syndrome from our cohort (all variables
set on the group median) receiving the standard dose of 0.4 g/kg/day
for 5 days. Data represent the median (predicted) immunoglobulin G
(IgG) values over time with the shaded area denoting the 90% confi-
dence interval. The other sub-charts show simulations with alterna-
tive conditions as follows: B the impact of disease severity (Guillain—

The standard dosage of 2 g/kg body weight in 5 days for
GBS is copied from the regimen used in paediatric patients
with immune thrombocytopenia [48]. Dose-finding studies
with IVIg have been sparsely conducted in GBS and it is
unknown if the standard regimen is optimal for this disor-
der [15, 49]. Whether a higher peak concentration and/or
a larger area under the concentration—time curve has clini-
cal significance remains to be unravelled. The correlation
between variable treatment response and the pharmacokinet-
ics of IgG infers that the current dosing regimen based on
actual body weight may not be optimal. This could pave the
way for alternative dosing on adjusted or ideal body weight,
which is the focus of ongoing studies and already standard
procedure in some regions [50-52]. Interestingly, paediatric
patients with GBS treated with the full dosage of IVIg in
2 days more frequently had relapses than those receiving
the same dosage in 5 days, also suggesting a suboptimal
more rapid CL [35]. In addition, 8—16% of adult patients
may develop a secondary deterioration requiring a second
standard course of IVIg, indicating that the current treat-
ment dosage was insufficient. Without knowledge of IgG

A\ Adis

Time (hours)

Barré syndrome disability score [GBS-DS]); C additional treatment
with intravenous methylprednisolone (MP) [500 mg for 5 days]; and
D 3 versus 6-day regimen of 0.4 g/kg/day, and 2.0 g/kg in 2 days. The
horizontal dashed line B-D represents an increase of 7.3 g/L of IgG
compared with baseline (AIgG); the vertical dashed line denotes the
2-week timepoint after the start of treatment.

levels, a 6-day course has been studied in the past, where
these patients tended to have a better clinical outcome [34].
Combining our PK findings with these clinical observations
suggest that a rapid high initial spike with IVIg may not be
the most beneficial for patients with GBS; instead, a longer
exposure of sufficiently high IVIg levels during the active
stage of disease might be more advantageous.

This study has several limitations. Data shortly after
IVIg administration were obtained from patients with CIDP,
allowing the model to estimate the pharmacokinetics more
precisely. Although this disease is clinically similar to GBS,
these particular patients were not treatment naive. They had
been receiving IVIg maintenance therapy, which saturated
them with higher IgG serum levels reflected by and taken
into account in our model through the higher IgG baseline
level. Otherwise, the IVIg is pharmacokinetically expected
to behave similar in these immune-competent patients. This
is supported by our data, where the VPC stratified for disease
type showed a good agreement between the observations and
the model prediction in the patients with CIDP. In addition,
the models’ estimated PK parameters are comparable to a
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similar model recently developed for patients with CIDP
based on both intravenous, as well as subcutaneous immu-
noglobulin administration [53]. The authors of this study
incorporated the treatment response in their model (based
on a trough level AlgG), underlining the potential of PK/
pharmacodynamic modelling to aid clinicians in personalis-
ing the dosing of immunoglobulin therapy.

5 Conclusions

This study reports the first population-PK model for high-
dose IVIg in patients with GBS. Utilising the model, we
identified the major demographic and clinical covariates that
explain variations between subjects and evaluated several
alternative dosing regimens. Moreover, we evaluated the
robustness of the model and the parameter estimates in an
independent validation cohort. This model provides a tool
to explore IVIg trial designs and to optimise the high-dose
IVIg treatment of individual patients with GBS and other
diseases.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s40262-022-01136-z.
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