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Dose, exposure, and treatment 
regimen of intravenous 
immunoglobulin G in multifocal 
motor neuropathy
Zhaoyang Li 1*, Stefan Roepcke 2, Ryan Franke 3† and 
Leman Yel 4†

1 Global Clinical and Translational Sciences, Plasma-Derived Therapies, Takeda Development Center 
Americas, Inc., Cambridge, MA, United States, 2 Pharmacometrics, Simulations Plus, Inc., Buffalo, NY, 
United States, 3 Clinical Pharmacology, Cognigen Division of Simulations Plus, Inc., Buffalo, NY, United 
States, 4 Global Clinical Sciences, Takeda Development Center Americas, Inc., Cambridge, MA, United 
States

Introduction: Intravenous immunoglobulin (IVIG) is the only approved treatment 
for multifocal motor neuropathy (MMN), a rare, chronic, immune-mediated 
demyelinating neuropathy. There is a significant gap in understanding of the 
role of serum immunoglobulin G (IgG) levels in the efficacy of IVIG in affected 
patients. We aimed to characterize the interplay between dose and exposure of 
IVIG and the effects of patient factors on individual variabilities.

Methods: Serum IgG trough concentration data from a phase 3, randomized, 
double-blind, placebo-controlled, crossover trial of IVIG 10% in 44 patients 
with MMN (NCT00666263) were analyzed using fit-for-purpose population 
PK modeling. Patient factors were tested as covariates, and IgG PK profiles 
following various dosing regimens were simulated.

Results: Serum IgG levels, with significant inter-patient variability, correlated 
with dose and treatment interruptions at the individual patient level. Simulated 
data for various dosing regimens (0.4–2  g/kg once every 1–4  weeks [Q1–4W]) 
revealed that more frequent dosing provided more stable IgG levels than less 
frequent dosing, and dose splitting over multiple days had no significant effects 
on PK.

Discussion: In patients with MMN, stable dosing and consistent serum IgG 
levels are crucial to avoid negative responses owing to treatment interruptions. 
Dosing intervals more frequent than Q4W may alleviate periodic symptom 
deterioration. Dose splitting potentially offers flexibility for patients requiring 
large volumes of IVIG without negatively affecting serum IgG PK, while 
maintaining treatment efficacy. Variability in serum IgG levels between patients 
suggests that individualizing IVIG treatment regimens and target IgG levels may 
play a key role in managing MMN.
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Introduction

Multifocal motor neuropathy (MMN) is a chronic, immune-
mediated, demyelinating neuropathy that causes slowly progressive, 
asymmetric, distal limb weakness (most commonly of the arms) (1). 
MMN is a rare condition, with a study in the Netherlands estimating 
disease prevalence as 0.6 per 100,000 individuals (2, 3). Affected 
patients experience a gradual progression of symptoms, which, 
without remission, may lead to functional disability that compromises 
simple daily activities such as writing, washing, or dressing (4–6).

While there is currently no cure for MMN, symptoms can 
be  stabilized with early diagnosis and treatment (5, 7, 8). A 
characteristic hallmark of MMN is conduction block, defined as the 
inability of motor nerves to propagate action potentials in affected 
areas (9, 10). This is thought to be due to the production of antibodies 
against glycolipid GM1, causing functional disturbances and 
disruption of nerve conduction (9, 10). Immunoglobulin (Ig) G, 
administered intravenously (IVIG), is thought to interfere with 
antibody production by binding to B-cell receptors or inducing 
inhibitory receptors (9). IVIG is currently the only approved treatment 
in the USA and Europe for induction and maintenance therapy in 
adults with MMN, and has shown beneficial long-term effects on 
muscle strength and limb disability (11, 12). The recommended dose 
and treatment regimen for IVIG varies from patient to patient, based 
on body weight and their clinical status (11, 12). Current clinical 
research aims to identify optimal Ig maintenance dosing regimens, 
including for different routes of administration (e.g., facilitated 
subcutaneous Ig treatments containing hyaluronidase) and to assess 
the long-term effects of Ig treatment, but studies are limited in size 
owing to the rarity of the condition (typically n < 20) (8, 13–15).

Serum IgG concentration has been demonstrated to be a valuable 
marker for treatment effectiveness of Ig therapies in primary 
immunodeficiency diseases (PIDs), where the relationship between 
dose, pharmacokinetics (PKs), and clinical outcomes is well 
understood (16). However, in neuroimmunological diseases, such as 
chronic inflammatory polyradiculoneuropathy (CIDP) and MMN, 
the understanding of this relationship is still lacking.

Pharmacokinetic and pharmacokinetic-pharmacodynamic 
(PK-PD) modeling and simulations have evolved into an integral part 
of drug development, allowing regulatory and therapeutic questions to 
be  addressed and informing development strategy and decision-
making (17, 18). In particular, PK and PK-PD modeling has been used 
as an effective tool to determine and optimize dosing regimens for 
phase 1 to phase 3 clinical trials, informing labeling and guiding 
therapy use in clinical settings (19). For IgG specifically, there have 
been multiple studies that have successfully employed PK modeling to 
simulate IgG levels following interventions in patients with PIDs, 
enabling the optimization of dosing regimens and the identification of 
intrinsic and extrinsic factors that may significantly affect IgG levels 
following treatment (20–24). However, to date, modeling studies have 
generally utilized more robust PK sampling (both dense and sparse at 
various time points) to develop models, and in most clinical settings, it 
is not feasible to collect these types of samples in patients with 
conditions such as MMN. No modeling studies have yet been published 
describing the interplay between IVIG dose and serum IgG 
concentration through PK modeling, with only sparse serum trough 
samples collected from patients with MMN. Modeling may not only 
provide a tool to predict individual patient IgG exposure profiles 

during therapy and help to optimize treatment in different patient 
populations, but more widely, to support dose selection and the design 
of future trials in this disease (25). We undertook both PK and PK-PD 
modeling to gain insights into the PK profiles of IgG in MMN 
(described herein) and the relationships between IVIG dose, serum IgG 
concentrations, and clinical efficacy (the latter described in a separate 
publication (26)). Both aspects are equally important in addressing the 
knowledge gaps regarding the treatment of MMN with Ig therapies.

The main aims of this analysis were to characterize the 
pharmacokinetics of serum total IgG following administration of IVIG 
containing 10% IgG (IVIG 10%) to patients with MMN, including the 
typical time course in serum total IgG concentration, variability 
between and within patients, and clinically important predictors of 
differences in exposure. To achieve this, a population PK (popPK) 
model was developed to describe serum total IgG PK following IVIG 
10% administration (describing both endogenous production and 
exogenous administration of IgG), and potential covariate effects on 
individual PK parameters variability were evaluated as a key part of 
the model development. Following modeling, simulations were 
performed for various IVIG dosing regimens of clinical relevance for 
patients with MMN and the associated serum total IgG PK profiles.

Materials and methods

Data sources and handling

Sparse serum trough concentration data were extracted from a 
phase 3, randomized, double-blind, placebo-controlled, crossover trial 
of IVIG 10% (GAMMAGARD LIQUID, Baxalta US Inc., a member of 
the Takeda group of companies, Cambridge, MA, USA; Kiovig, Takeda 
Manufacturing Austria AG, Vienna, Austria) in 44 adult patients with 
MMN (NCT00666263) (11, 12, 27). Full details of the methodology and 
clinical results have been previously published (27). In brief, patients 
included in the phase 3 trial had a diagnosis of definite or probable 
MMN and were on a stable IVIG 10% regimen of 0.4–2 g/kg body 
weight every 2–5 weeks (and had been for at least 3 months) at 
enrollment (27). After an initial 12-week clinical stabilization period on 
open-label IVIG 10%, patients were then randomized (1:1) to one of two 
treatment sequences of 12 weeks of IVIG 10% or placebo (first double-
blinded crossover period), followed by a second 12-week stabilization 
period of open-label IVIG 10% to avoid carryover effects (27). This was 
then followed by a second 12-week double-blinded crossover period of 
IVIG 10% or placebo, and a final 12-week stabilization period (open-
label IVIG 10%) (27). If patients experienced significant deterioration 
during crossover periods, they were permitted to move to the next IVIG 
10% stabilization period early (referred to as accelerated switch). The 
design of the phase 3 trial is summarized in Figure  1. During the 
60-week study, dosing regimens for IVIG 10% were in the range 0.4–2 g/
kg/infusion cycle, divided over 1–5 consecutive days, with a once every 
2-, 3-, or 4-weekly dosing cycle (27). Serum samples for PK analysis of 
total IgG concentration were collected at screening, prior to dose 
administration at the beginning of each stabilization or crossover period, 
at the end of the final stabilization period, and at the end of the study.

Individual patient data extracted for the popPK analysis data set 
included serum total IgG concentrations, dosing, treatment (IVIG 
10% or placebo) and PK sampling information, demographics, clinical 
laboratory values, and details of other clinical covariates.
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As this modeling study used preexisting, anonymized data from a 
previous study in which informed consent was obtained (27), no 
ethics approval or consent for publication was required.

Data analysis

Exploratory analysis of dose–serum IgG exposure 
correlation

A preliminary exploratory data analysis was performed to assess 
trends in the data. The correlation between IVIG 10% dose and 
changes in serum total IgG trough levels during the switch from stable 
IVIG treatment to placebo, or vice versa, was evaluated. Serum IgG 
trough levels were assessed at the beginning of each stabilization phase 
and crossover period, and at the end of the study. The changes in 
absolute values and percentage changes were calculated relative to 
baseline values at study entry and the prior visit.

Population PK modeling of serum IgG levels
Serum IgG trough concentration–time data were analyzed using 

a nonlinear mixed-effects modeling approach using NONMEM 
version 7.3.0 (ICON, Hanover, NH, USA) (28). All data analyses and 
presentations were performed using SAS version 9.4 (SAS Institute 
Inc. NC, USA) (29), R version 3.4.3 (R Foundation, Vienna, Austria) 
(30), and KIWI version 4 (Cognigen, a division of Simulations Plus, 
NY, USA) (31).

Patient demographic factors, including age, sex, body weight, 
body mass index (BMI), lean body mass (LBM), and creatinine 
clearance, were evaluated as potential covariates for inclusion. Baseline 
covariate values were used for the purposes of this modeling analysis 
because it was assumed that covariate values would remain essentially 
constant throughout the study period.

Simulations
Using the final model, simulations were performed to predict the 

serum total IgG concentration profiles under the following dosing 
regimens: 0.4, 0.8, and 1 g/kg every 2 weeks (Q2W); 1 and 2 g/kg every 
3 weeks (Q3W); 0.4, 0.8, 1, and 2 g/kg every 4 weeks (Q4W); and 2 g/
kg Q4W split into four daily infusions.

Results

Analysis data set and patient population

Following exclusion of any duplicate records and outliers, the full 
PK analysis data set included a total of 309 serum IgG concentration 
records from 44 patients. Baseline clinical covariates for these 44 
patients are summarized in Supplementary Table S1. In brief, patients 
had a mean (standard deviation [SD]) age of 51.7 (10.3) years and a 
BMI of 27.9 (4.1) kg/m2, and 72.7% of patients were male. The mean 
(SD) total IgG dose at baseline was 1 (0.5) g/kg, with 18.2% of patients 
receiving doses Q2W, 20.5% of patients receiving doses Q3W, and 
61.4% of patients receiving doses Q4W.

Exploratory analysis of dose-serum IgG 
exposure correlation

In the exploratory dose–exposure correlation analysis, serum 
trough IgG levels were highly variable among patients with MMN and 
were observed to significantly decrease following a switch from IVIG 
10% to placebo in both treatment sequences (p < 0.01; Figure 2). The 
majority of patients (67.4%) had an accelerated switch back to IVIG 
10% (i.e., a shorter placebo period than defined in the study protocol; 

FIGURE 1

Study design of the phase 3, randomized, double-blind, placebo-controlled, crossover trial of IVIG 10% in 44 patients with multifocal motor 
neuropathy (NCT00666263) used as the data source for serum trough concentration in the current analysis. Patients included in the study had a 
diagnosis of definite or probable MMN and were on a stable IVIG 10% regimen of 0.4–2  g/kg body weight every 2–5  weeks (and had been for at least 
3  months) at enrolment. During the 60-week study, dosing regimens for IVIG 10% were in the range 0.4–2  g/kg/infusion cycle, divided over 1–5 
consecutive days, with a once every 2-, 3-, or 4-weekly dosing cycle. IgGtrough, immunoglobulin G trough concentration; IVIG 10%, intravenous 
immunoglobulin containing 10% IgG; R, randomization.
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Figure 3). Among those accelerated switchers, monthly IVIG 10% dose 
received during the scheduled blinded placebo period increased 
compared with the previous stable IVIG 10% dose (mean increases of 
42.2 and 47.4% for sequence 1 [IVIG then placebo] and sequence 2 
[placebo then IVIG], respectively). As expected, in these patients, 
median trough IgG levels were slightly higher than in those who 
completed placebo treatment. Across the whole study, median (range) 
serum trough IgG levels were 16.4 (9.9–41.0) g/L for stable IVIG 
periods and 12.4 (7.0–18.1) g/L for placebo periods. A significant 
correlation was observed between the total administered dose of IVIG 
10% and serum trough IgG levels (p < 0.01) for both treatment sequences.

Population PK modeling of serum IgG levels

Serum total IgG concentration-time profiles following IVIG 10% 
administration were adequately described using the final popPK 
model (Table 1; Supplementary results).

Model-based simulations

Summary profiles of simulated IgG concentrations for Q2W, 
Q3W, and Q4W dosing scenarios, assuming typical values of model 
parameters and median values of body weight and LBM, are presented 
in Figure  4. Simulated trough IgG concentrations at steady-state 
(during dosing intervals) for each scenario are presented in Table 2 
and Figure 5. Overall, steady-state trough serum IgG levels appeared 
to increase proportionally with dose across all regimens (Q2W, Q3W, 
and Q4W). There was some degree of accumulation with Q2W and 

FIGURE 2

Percent change in serum trough IgG level at study visits, relative to baseline or the prior visit levela, and stratified by treatment sequence (exploratory 
dose–serum IgG exposure analysis). aPercent change in serum trough IgG level was calculated relative to either the value at study entry or at the prior 
visit (middle and right panels, respectively). Dotted lines indicate point of treatment switch. IgG, immunoglobulin G; IgGtrough, trough immunoglobulin 
G; IVIG 10%, intravenous immunoglobulin containing 10% IgG.

FIGURE 3

Summary of accelerated switchersa (exploratory analysis). 
aAccelerated switchers were patients who were permitted to move 
to the next IVIG 10% stabilization period early if they experienced 
deterioration of their condition. One patient (2.4%) switched from 
blinded to open-label IVIG 10%, but did not switch during placebo 
treatment. IgG, immunoglobulin G; IVIG 10%, intravenous 
immunoglobulin containing 10% IgG.

TABLE 1 Parameter estimates for the final popPK model of IVIG 10%.

Parameter Final parameter 
estimate

Magnitude of 
variability

Population 
mean

%RSE Final 
estimate 

(%CV)

%RSE

V1, mL 6,590 8.42

18.0 48.7
Exponent of 

LBM 

(LBM/56.54) for 

V1

2.23 15.7

CBASE, mg/mL 11.1 3.21 18.2 20.1

KEL, L/h 0.00241 7.51 NE NA

Residual 

variability

0.00905 17.1 9.51 NA

Minimum OFV = 711.896

%CV, percentage coefficient of variation; %RSE, relative standard error; CBASE, latent 
model-derived parameter for IgG concentration in the absence of treatment; IgG, 
immunoglobulin G; IVIG 10%, intravenous immunoglobulin containing 10% IgG; KEL, 
elimination rate constant; LBM, lean body mass; NA, not applicable; NE, not estimated; OFV, 
objective function value; popPK, population pharmacokinetic; V1, volume of distribution.
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Q3W dosing, with steady-state reached after approximately four doses 
and three doses, respectively. With the Q4W dosing regimen, there 
was almost no observable accumulation, and trough levels almost 
reached estimated baseline pretreatment levels for all but the 2 g/kg 
dose. At higher doses, splitting of the dose into four daily infusions 
did not markedly impact the PK concentration–time profiles for 
IVIG 10%.

Discussion

MMN is a rare condition, with an estimated prevalence of 0.6 per 
100,000 individuals (2, 3); and unlike in some other disease areas, the 
understanding of the mechanism of action of IVIG in MMN and the 

role of IgG levels in IVIG treatment efficacy are yet to be elucidated. 
In addition, information on the associated dose-exposure (PK) and 
dose-exposure-response (PK-PD) relationships in this population 
remains hugely limited. In this study, we aimed to characterize the 
dose-exposure relationship of IVIG.

To characterize the systemic exposure and PK of IgG in serum and 
understand the relationship between IVIG 10% dose and IgG serum 
concentrations, an exploratory dose–serum IgG exposure correlation 
analysis was conducted, followed by a popPK modeling analysis based 
on serum trough levels of total IgG in patients with MMN. The 
exploratory analysis of the phase 3 study data showed that IVIG 10% 
dosing and serum IgG levels were significantly correlated. Patients 
often responded negatively to treatment interruption and required a 
higher IVIG 10% dose after resuming therapy, highlighting the 

FIGURE 4

Simulated profiles of serum IgG concentrations in a typical patient with multifocal motor neuropathy during 6  months of IVIG 10% treatment with 
(A) Q2W dosing, (B) Q3W dosing, (C) Q4W dosing, and (D) 2  g/kg Q4W split into four daily infusions. IgG, immunoglobulin G; IVIG 10%, intravenous 
immunoglobulin containing 10% IgG; Q2W, every 2  weeks; Q3W, every 3  weeks; Q4W, every 4  weeks.
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importance of maintaining stable IVIG 10% treatment in patients with 
MMN. In addition, serum IgG trough levels were highly variable 
between patients, indicating that individualizing IVIG treatment 
regimens and target IgG levels may play a key role in the management 
of this condition.

The analysis in this study is the first of its type to describe the 
systemic exposure and PK of IgG following IVIG 10% administration 
in patients with MMN, and was established based on sparse serum 
trough concentrations of total IgG from a randomized phase 3 study 
(27). The analysis also accounted for endogenous IgG production in 
the model, an advantage over previously reported analyses for IgG in 
wider disease areas, such as PIDs (20, 32). In the current study, LBM 
was shown to have a significant impact on the volume of distribution 
parameter V1, which was expected, because it is a function of body 
weight that corrects for body space poorly accessible to IgG, and may 
be  used to describe increases in clearance with body size while 
accounting for body composition and scaling principles (33). 
However, while LBM was also correlated with sex and body weight, 
there was no significant relationship between body size and any 
exposure metric. This may be  due to multiple factors, including 
protocol-permitted flexibility in dose and administration frequency, 
body weight-based dosing, and the sparse PK data available from the 
phase 3 study. Inclusion of additional data in the model would likely 
improve the precision of estimation of body-size effects and should 
be considered for future trial designs.

Dosing frequency represents a critical consideration in 
maintaining IgG concentrations in MMN because patients likely have 
their own protective thresholds for serum IgG, as in other conditions 
such as PIDs. The IgG level necessary for disease control and symptom 
management requires careful and individually tailored consideration 
during the treatment optimization process for MMN (34). Our model-
based simulations for the various clinical dosing scenarios showed 
some degree of accumulation in serum IgG levels, and that steady-
state IgG concentrations were achieved within 3–4 doses for the Q2W 
and Q3W dosing regimens, which was expected based on the half-life 
of IgG. In contrast, there was almost no accumulation with a Q4W 
dosing regimen, and pre-dose trough levels almost reached, or 
returned to, baseline concentrations for all but 2 g/kg dose levels. This 

indicates that, while Q4W dosing might be  more convenient, the 
lower pre-dose trough IgG levels and larger fluctuation of IgG levels, 
as compared with shorter treatment intervals, may manifest in 
symptom worsening toward the end of dosing intervals when IgG 
levels are at their lowest. In clinical practice, the doses and treatment 
frequencies are often determined empirically owing to a paucity of 
dose–exposure–response data and ‘wearing-off,’ i.e., the cyclic or 
periodic occurrence of clinical deterioration before the next dose is 
due (35–38).

TABLE 2 Simulated trough serum IgG concentrations during IVIG 10% 
dosing intervals at steady-state for different dosing scenarios.

Doseb

0.4  g/kg 0.8  g/kg 1  g/kg 2  g/kg

Ctrough,ss 

(g/L)a, dosing 

Q2W

15.6 (14.8) 20.0 (15.3) 21.9 (14.9) –

Ctrough,ss 

(g/L)a, dosing 

Q3W

– – 17 (15.2) 22.8 (15.8)

Ctrough,ss 

(g/L)a, dosing 

Q4W

12.4 (16.7) 13.9 (15.6) 14.6 (15.4) 17.8 (14.6)

aGeometric mean (%CV) values. bMonthly doses will vary across dosing scenarios, e.g., 1 g/
kg corresponds to a monthly dose of 2 g/kg with Q2W dosing, 1.33 g/kg with Q3W dosing, 
and 1 g/kg with Q4W dosing. %CV, coefficient of variation expressed as a percentage; 
Ctrough,ss, trough immunoglobulin G concentration at steady-state; IgG, immunoglobulin G; 
IVIG 10%, intravenous immunoglobulin containing 10% IgG; Q2W, every 2 weeks; Q3W, 
every 3 weeks; Q4W, every 4 weeks.

FIGURE 5

Simulated trough serum IgG concentrations at steady-state for 
different IVIG 10% dosing scenariosa: (A) Q2W dosing, (B) Q3W 
dosing, and (C) Q4W dosing. aMonthly doses varied across dosing 
scenarios, e.g., 1  g/kg corresponds to a monthly dose of 2  g/kg with 
Q2W dosing, 1.33  g/kg with Q3W dosing, and 1  g/kg with Q4W 
dosing. Ctrough,ss, trough IgG concentration at steady-state; IgG, 
immunoglobulin G; IVIG, intravenous immunoglobulin G; Q2W, 
every 2  weeks; Q3W, every 3  weeks; Q4W, every 4  weeks.
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Relatively high doses of IVIG (e.g., 2 g/kg/month) are common 
in patients with MMN, necessitating large dose volumes and long 
infusion durations (11, 12). At high doses (e.g., 2 g/kg), when a 
large dose volume is required, splitting the dose over multiple days 
can be considered in clinical settings. Our analysis has shown that, 
in one dosing course, splitting doses over multiple days did not 
markedly affect PK concentration–time profiles and would not 
be expected to have a significant or clinically meaningful impact 
on patient symptoms, potentially offering flexibility for 
patient dosing.

While there is a paucity of dose–exposure–response studies in the 
literature regarding IgG in patients with MMN, a small study (n = 23) 
has previously evaluated the relationship between total IgG levels and 
response to treatment after 5 days in IVIG-naive individuals with 
MMN receiving their first dose of 2 g/kg of IVIG (39). The 
pretreatment IgG levels observed (13.6 g/L; %CV: 35%) were 
consistent with the CBASE values reported here (11.1 g/L; %CV: 
18.2%) (39). The authors also confirmed that IVIG PK varies in 
patients with MMN, which may be associated with clinical response, 
although the underlying cause of differences in IgG remained 
unknown (39). Our current analysis provided a more in-depth look 
into the serum PK of IgG based on a larger and more robust data set, 
and explored a broader range of patient factors for their potential 
effects on inter-patient variabilities. This dose-exposure analysis, along 
with an associated exposure-response (PK-PD) analysis (26), will set 
the foundation for further understanding of the mechanisms of action 
of IVIG in patients with MMN.

It is noteworthy that this analysis may be limited by the relatively 
sparse PK data in the phase 3 study in comparison with the generally 
larger data sets in trials with more common indications. Given that 
only serum trough PK data were available, the characterization of full 
concentration–time profiles for IgG following intravenous IVIG 10% 
administration may be limited, particularly during the distribution 
phase. More frequent and robust PK sampling and the associated 
patient burden represent substantial challenges when conducting 
clinical studies in individuals with rare conditions, especially with the 
majority of patients with MMN being young and having more active 
lifestyles. While the relative sparsity of PK data may present 
limitations, the crossover nature of the study provided comparative 
patient data versus placebo, increasing the robustness of the analysis. 
Additionally, given that all patients were on stable IVIG treatment at 
study entry, serum IgG concentrations in the absence of treatment 
were not available, potentially affecting the accuracy of the estimated 
endogenous production of IgG in the model. Overall, the inclusion of 
more comprehensive IVIG PK data through innovative trial design 
and careful consideration of PK sampling, as well as data from Ig 
treatment-naive patients with MMN, may further improve the 
understanding of dose–response relationships.

Our analysis is the first published that comprehensively 
characterizes the PK of IgG following IVIG 10% administration in 
patients with MMN using a fit-for-purpose model. This model offers 
an important tool for data analysis in a rare condition where limited 
data are available. Our analysis has provided insights into the kinetic 
interplay between endogenous and exogenous IgG, the impact of body 
size, and influential predictors for interindividual variability in the 
patient population. This model can serve as a framework for 
evaluation of IgG PK in subpopulations of interest in MMN or similar 
neuroimmunological indications, such as CIDP.

In conclusion, the findings of this study underscore the 
importance of stable dosing and consistent serum IgG levels in MMN 
to avoid negative responses owing to IVIG treatment interruptions, 
which often necessitate increased doses on resuming treatment. 
Dosing intervals more frequent than Q4W may alleviate periodic 
symptom deterioration by providing more stable and consistent IgG 
levels. In addition, dose splitting potentially offers flexibility for 
patients requiring large volumes of IVIG without negatively affecting 
serum IgG PK, while maintaining treatment efficacy. Our findings 
have important clinical relevance and offer guidance for physicians on 
optimizing and individualizing IVIG treatment in real-world clinical 
settings, as well as balancing convenience and dosing frequency in 
individual patients, especially with respect to symptom management.

Data availability statement

The data analyzed in this study is subject to the following licenses/
restrictions: the data that support the findings of this study are 
available from the corresponding author upon reasonable request. 
Requests to access these datasets should be directed to Zhaoyang Li, 
zhaoyang.li@takeda.com.

Ethics statement

Ethical approval was not required for the study involving humans 
in accordance with the local legislation and institutional requirements. 
Written informed consent to participate in this study was not required 
from the participants or the participants’ legal guardians/next of kin 
in accordance with the national legislation and the 
institutional requirements.

Author contributions

ZL: Conceptualization, Formal analysis, Investigation, 
Methodology, Writing – original draft, Writing – review & editing. SR: 
Formal analysis, Investigation, Methodology, Writing – original draft, 
Writing – review & editing. RF: Formal analysis, Investigation, 
Methodology, Writing – original draft, Writing – review & editing. LY: 
Conceptualization, Writing – original draft, Writing – review & 
editing.

Funding

The author(s) declare that financial support was received for the 
research, authorship, and/or publication of this article. The study was 
sponsored by Takeda Development Center Americas, Inc.

Acknowledgments

The authors thank the patients, experts, and clinical teams 
involved in the studies informing this analysis. At the direction of the 
authors, medical writing assistance was provided by Alexandra 
Kisbey-Ascott, MPharm, and Luke Bratton, PhD, of Oxford 

https://doi.org/10.3389/fneur.2024.1478419
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
mailto:zhaoyang.li@takeda.com


Li et al. 10.3389/fneur.2024.1478419

Frontiers in Neurology 08 frontiersin.org

PharmaGenesis Ltd., Oxford, UK, and funded by Takeda Development 
Center Americas, Inc.

Conflict of interest

Zhaoyang Li is an employee of Takeda Development Center 
Americas, Inc. and a Takeda shareholder. Stefan Roepcke is an 
employee of Simulations Plus, which acted as a consultant to Takeda 
Development Center Americas, Inc. during this study. Ryan Franke 
was an employee of Cognigen, a division of Simulations Plus, at the 
time of the study and is now an employee of Pfizer, Inc., San Diego, 
CA, USA. Leman Yel was an employee of Takeda Development Center 
Americas, Inc. at the time of the study and is a Takeda shareholder.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fneur.2024.1478419/
full#supplementary-material

References
 1. Dimachkie MM, Barohn RJ, Katz J. Multifocal motor neuropathy, multifocal 

acquired demyelinating sensory and motor neuropathy, and other chronic acquired 
demyelinating polyneuropathy variants. Neurol Clin. (2013) 31:533–55. doi: 10.1016/j.
ncl.2013.01.001

 2. Cats E, van der Pol W-L, Piepers S, Franssen H, Jacobs B, Van den Berg-Vos R, et al. 
Correlates of outcome and response to IVIG in 88 patients with multifocal motor 
neuropathy. Neurology. (2010) 75:818–25. doi: 10.1212/WNL.0b013e3181f0738e

 3. Vlam L, van der Pol W-L, Cats EA, Straver DC, Piepers S, Franssen H, et al. 
Multifocal motor neuropathy: diagnosis, pathogenesis and treatment strategies. Nat Rev 
Neurol. (2012) 8:48–58. doi: 10.1038/nrneurol.2011.175

 4. Eftimov F, Van Schaik IN. Immunotherapy of multifocal motor neuropathy. Expert 
Opin Biol Ther. (2011) 11:329–42. doi: 10.1517/14712598.2011.548798

 5. Hameed S, Cascella M. Multifocal motor neuropathy. Treasure Island: Stat Pearls 
Publishing (2023).

 6. Meuth SG, Kleinschnitz C. Multifocal motor neuropathy: update on clinical 
characteristics, pathophysiological concepts and therapeutic options. Eur Neurol. (2010) 
63:193–204. doi: 10.1159/000282734

 7. Jovanovich E, Karam C. Human immune globulin infusion in the Management of 
Multifocal Motor Neuropathy. Degener Neurol Neuromuscul Dis. (2016) 6:1–12. doi: 
10.2147/DNND.S96258

 8. Kumar A, Patwa HS, Nowak RJ. Immunoglobulin therapy in the treatment of 
multifocal motor neuropathy. J Neurol Sci. (2017) 375:190–7. doi: 10.1016/j.
jns.2017.01.061

 9. van der Pol WL, Cats EA, van den Berg LH. Intravenous Immunoglobulin 
treatment in multifocal motor neuropathy. J Clin Immunol. (2010) 30:79–83. doi: 
10.1007/s10875-010-9408-3

 10. Yeh WZ, Dyck PJ, Van Den Berg LH, Kiernan MC, Taylor BV. Multifocal motor 
neuropathy: controversies and priorities. J Neurol Neurosurg Psychiatry. (2020) 91:140–8. 
doi: 10.1136/jnnp-2019-321532

 11. European Medicines Agency. (2010). Kiovig 100 mg/mL solution for infusion: 
Summary of product characteristics. Available online at: https://www.ema.europa.eu/
en/documents/product-information/kiovig-epar-product-information_en.pdf 
(Accessed April 11, 2024)

 12. United States Food and Drug Administration. Gammagard Liquid, immune 
globulin infusion (human), 10% solution: Highlights of prescribing information. (2024). 
Available online at: https://www.fda.gov/media/70812/download (Accessed April 
11, 2024)

 13. Al-Zuhairy A, Sindrup SH, Jakobsen J. Long-term follow-up of facilitated 
subcutaneous Immunoglobulin therapy in multifocal motor neuropathy. J Neurol Sci. 
(2021) 427:117495. doi: 10.1016/j.jns.2021.117495

 14. Herraets IJT, Bakers JNE, van Eijk RPA, Goedee HS, van der Pol WL, van den Berg 
LH. Human immune globulin 10% with recombinant human hyaluronidase in 
multifocal motor neuropathy. J Neurol. (2019) 266:2734–42. doi: 10.1007/
s00415-019-09475-x

 15. Kuwabara S, Misawa S, Mori M, Iwai Y, Ochi K, Suzuki H, et al. Intravenous 
Immunoglobulin for maintenance treatment of multifocal motor neuropathy: a multi-
center, open-label, 52-week phase 3 trial. J Peripher Nerv Syst. (2018) 23:115–9. doi: 
10.1111/jns.12268

 16. Demirdag YY, Gupta S. Update on infections in primary antibody deficiencies. 
Front Immunol. (2021) 12:634181. doi: 10.3389/fimmu.2021.634181

 17. Huang SM, Abernethy DR, Wang Y, Zhao P, Zineh I. The utility of modeling and 
simulation in drug development and regulatory review. J Pharm Sci. (2013) 102:2912–23. 
doi: 10.1002/jps.23570

 18. Lalonde RL, Kowalski KG, Hutmacher MM, Ewy W, Nichols DJ, Milligan PA, et al. 
Model-based drug development. Clin Pharmacol Ther. (2007) 82:21–32. doi: 10.1038/
sj.clpt.6100235

 19. Zhao L, Shang EY, Sahajwalla CG. Application of pharmacokinetics-
pharmacodynamics/clinical response modeling and simulation for biologics drug 
development. J Pharm Sci. (2012) 101:4367–82. doi: 10.1002/jps.23330

 20. Dumas T, Berry NS, Wolfsegger M, Jolles S, McCoy B, Yel L. Population 
pharmacokinetic modeling and simulation of Immunoglobulin exposure with varying 
dosing intervals of subcutaneous Immunoglobulin 20% (Ig20gly) in patients with 
primary immunodeficiency diseases. Int Immunopharmacol. (2019) 71:404–10. doi: 
10.1016/j.intimp.2019.03.034

 21. Lee JL, Mohamed Shah N, Makmor-Bakry M, Islahudin F, Alias H, Mohd SS. A 
systematic review of population pharmacokinetic analyses of polyclonal 
Immunoglobulin G therapy. Int Immunopharmacol. (2021) 97:107721. doi: 10.1016/j.
intimp.2021.107721

 22. Li Z, Dumas T, Seth Berry N, McCoy B, Yel L. Population pharmacokinetic 
simulation of varied immune globulin subcutaneous (human), 20% solution (Ig20gly) 
loading and maintenance dosing regimens in Immunoglobulin-naive patients with 
primary immunodeficiency diseases. Int Immunopharmacol. (2021) 100:108044. doi: 
10.1016/j.intimp.2021.108044

 23. Mahmood I, Tegenge MA, Golding B. Considerations for optimizing dosing of 
immunoglobulins based on pharmacokinetic evidence. Antibodies. (2020) 9:24. doi: 
10.3390/antib9020024

 24. Rojavin MA, Chapdelaine H, Tortorici MA, Praus M, Baheti G, Zhang Y, et al. 
Pharmacokinetic analysis of weekly versus biweekly Igpro 20 dosing in patients with primary 
immunodeficiency. Clin Pharmacol Drug Dev. (2020) 9:664–70. doi: 10.1002/cpdd.753

 25. Li Z, Leibl H, McCoy B, Engl W, Yel L. (2021). Serum Immunoglobulin G Trough 
levels in response to intravenous Immunoglobulin, 10% in multifocal motor neuropathy. 
Poster presented at the 16th international congress of neuromuscular diseases (ICNMD), 
21–29 May, 2021.

 26. Li Z, Roepcke S, Franke R, Yel L. Dose-exposure-efficacy response of intravenous 
Immunoglobulin G 10% in multifocal motor neuropathy. Ann Clin Transl Neurol. (2024) 
11:1977–87. doi: 10.1002/acn3.52098

 27. Hahn AF, Beydoun SR, Lawson V. IVIG in MMN study team, oh M, Empson VG, 
et al. a controlled trial of intravenous Immunoglobulin in multifocal motor neuropathy. 
J Peripher Nerv Syst. (2013) 18:321–30. doi: 10.1111/jns5.12046

 28. Icon Plc., Hanover, NH, USA. NONMEM Nonlinear Mixed Effects Modelling Tool 
[Computer Program]. (2024). Available online at: https://www.iconplc.com/solutions/
technologies/nonmem (Accessed April 11, 2024)

 29. SAS Institute Inc. NC, USA. SAS [Computer Program]. (2024). Available online 
at: https://www.sas.com/en_gb/home.html (Accessed April 11, 2024)

 30. R Foundation, Vienna, Austria. R [computer program]. (2024). Available online 
at: https://www.r-project.org/ (Accessed April 11, 2024)

 31. Cognigen, a Division of Simulations Plus, NY, USA. KIWI [Computer Program]. 
(2024). Available online at: https://www.simulations-plus.com/resource/cognigen-
launches-kiwi-version-4-0/ (Accessed April 11, 2024)

 32. Lee JL, Mohd Saffian S, Makmor-Bakry M, Islahudin F, Alias H, Noh LM, et al. 
Population pharmacokinetic modelling of intravenous Immunoglobulin in patients with 

https://doi.org/10.3389/fneur.2024.1478419
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fneur.2024.1478419/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fneur.2024.1478419/full#supplementary-material
https://doi.org/10.1016/j.ncl.2013.01.001
https://doi.org/10.1016/j.ncl.2013.01.001
https://doi.org/10.1212/WNL.0b013e3181f0738e
https://doi.org/10.1038/nrneurol.2011.175
https://doi.org/10.1517/14712598.2011.548798
https://doi.org/10.1159/000282734
https://doi.org/10.2147/DNND.S96258
https://doi.org/10.1016/j.jns.2017.01.061
https://doi.org/10.1016/j.jns.2017.01.061
https://doi.org/10.1007/s10875-010-9408-3
https://doi.org/10.1136/jnnp-2019-321532
https://www.ema.europa.eu/en/documents/product-information/kiovig-epar-product-information_en.pdf
https://www.ema.europa.eu/en/documents/product-information/kiovig-epar-product-information_en.pdf
https://www.fda.gov/media/70812/download
https://doi.org/10.1016/j.jns.2021.117495
https://doi.org/10.1007/s00415-019-09475-x
https://doi.org/10.1007/s00415-019-09475-x
https://doi.org/10.1111/jns.12268
https://doi.org/10.3389/fimmu.2021.634181
https://doi.org/10.1002/jps.23570
https://doi.org/10.1038/sj.clpt.6100235
https://doi.org/10.1038/sj.clpt.6100235
https://doi.org/10.1002/jps.23330
https://doi.org/10.1016/j.intimp.2019.03.034
https://doi.org/10.1016/j.intimp.2021.107721
https://doi.org/10.1016/j.intimp.2021.107721
https://doi.org/10.1016/j.intimp.2021.108044
https://doi.org/10.3390/antib9020024
https://doi.org/10.1002/cpdd.753
https://doi.org/10.1002/acn3.52098
https://doi.org/10.1111/jns5.12046
https://www.iconplc.com/solutions/technologies/nonmem
https://www.iconplc.com/solutions/technologies/nonmem
https://www.sas.com/en_gb/home.html
https://www.r-project.org/
https://www.simulations-plus.com/resource/cognigen-launches-kiwi-version-4-0/
https://www.simulations-plus.com/resource/cognigen-launches-kiwi-version-4-0/


Li et al. 10.3389/fneur.2024.1478419

Frontiers in Neurology 09 frontiersin.org

predominantly antibody deficiencies. Brit J Clin Pharmaco. (2021) 87:2956–66. doi: 
10.1111/bcp.14712

 33. McLeay SC, Morrish GA, Kirkpatrick CM, Green B. The relationship between drug 
clearance and body size: systematic review and Meta-analysis of the literature published from 
2000 to 2007. Clin Pharmacokinet. (2012) 51:319–30. doi: 10.2165/11598930-000000000-00000

 34. Allen JA, Berger M, Querol L, Kuitwaard K, Hadden RD. Individualized 
Immunoglobulin therapy in chronic immune-mediated peripheral neuropathies. J 
Peripher Nerv Syst. (2018) 23:78–87. doi: 10.1111/jns.12262

 35. Berger M, Allen JA. Optimizing IgG therapy in chronic autoimmune neuropathies: 
a hypothesis driven approach. Muscle Nerve. (2015) 51:315–26. doi: 10.1002/mus.24526

 36. Priori A, Cinnante C, Pesenti A, Carpo M, Cappellari A, Nobile-Orazio E, et al. 
Distinctive abnormalities of motor axonal strength-duration properties in multifocal 

motor neuropathy and in motor Neurone disease. Brain. (2002) 125:2481–90. doi: 
10.1093/brain/awf255

 37. Terenghi F, Cappellari A, Bersano A, Carpo M, Barbieri S, Nobile-Orazio E. How 
long is IVIG effective in multifocal motor neuropathy? Neurology. (2004) 62:666–8. doi: 
10.1212/01.wnl.0000110185.23464.a1

 38. Van den Berg-Vos RM, Franssen H, Wokke JH, Van den Berg LH. Multifocal 
motor neuropathy: long-term clinical and electrophysiological assessment of 
intravenous Immunoglobulin maintenance treatment. Brain. (2002) 125:1875–86. doi: 
10.1093/brain/awf193

 39. Vlam L, Cats EA, Willemse E, Franssen H, Medic J, Piepers S, et al. 
Pharmacokinetics of intravenous Immunoglobulin in multifocal motor neuropathy. J 
Neurol Neurosurg Psychiatry. (2014) 85:1145–8. doi: 10.1136/jnnp-2013-306227

https://doi.org/10.3389/fneur.2024.1478419
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://doi.org/10.1111/bcp.14712
https://doi.org/10.2165/11598930-000000000-00000
https://doi.org/10.1111/jns.12262
https://doi.org/10.1002/mus.24526
https://doi.org/10.1093/brain/awf255
https://doi.org/10.1212/01.wnl.0000110185.23464.a1
https://doi.org/10.1093/brain/awf193
https://doi.org/10.1136/jnnp-2013-306227

	Dose, exposure, and treatment regimen of intravenous immunoglobulin G in multifocal motor neuropathy
	Introduction
	Materials and methods
	Data sources and handling
	Data analysis
	Exploratory analysis of dose–serum IgG exposure correlation
	Population PK modeling of serum IgG levels
	Simulations

	Results
	Analysis data set and patient population
	Exploratory analysis of dose-serum IgG exposure correlation
	Population PK modeling of serum IgG levels
	Model-based simulations

	Discussion

	References



