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Abstract. Omalizumab, a recombinant humanized monoclonal antibody, is the first approved anti-
immunoglobulin E (IgE) agent for the treatment of subjects with moderate to severe persistent allergic
asthma that are inadequately controlled by the standard of care. The objective of this study was to
quantitatively characterize relationships between serum free IgE and pulmonary function (as measured by
forced expiratory volume in 1 s [FEV1]) as well as serum free IgE and airway inflammation (as measured by
fractional exhaled nitric oxide [FeNO]) using population-based efficacy models. Data were collected from
patients in the EXTRA trial who received omalizumab or placebo 150 to 375 mg subcutaneously every 2 or
4 weeks from week 0 to 48 with constant standard of care as background therapy. None of the covariates
evaluated, including demographics, disease status, and baseline pharmacodynamic biomarkers, were
significant in explaining the variability in the FEV1 or FeNO response to omalizumab. Results from the
efficacy models further confirmed the current omalizumab dosing rationale based on themean target free IgE
level of 25 ng/ml and quantified the variability for the target. In addition, the resulting population models
could be used to predict population FEV1 or FeNO response for omalizumab and/or other anti-IgE
therapeutics for which PK-IgE models are constructed.
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INTRODUCTION

Asthma is a chronic inflammatory disorder of the
airways that results in considerable morbidity and mortality
(1,2). According to the Global Initiative for Asthma program,
over 300 million people are affected worldwide (3). Although
multiple factors contribute to the development of allergic
asthma, the immunoglobulin E (IgE)-mediated response to
common aeroallergens, such as house dust mite, pollen, mold,
and animal dander, is a well-established cause of airway
inflammation (4–6). The allergic response is triggered by the
binding and cross-linking of allergen to IgE bound to its high-
affinity receptor (FcεRI) on the surface of basophils and mast

cells. The subsequent degranulation of these cells causes the
release of histamine, leukotrienes, and other inflammatory
mediators that result in the recruitment of inflammatory cells
leading to airway inflammation associated with asthma
symptoms, such as wheezing, coughing, and breathlessness
(7,8). Forced expiratory volume in 1 s (FEV1), a common
spirometry measurement used to evaluate pulmonary func-
tion, is usually decreased in asthmatics (3).

Omalizumab (Xolair®), a recombinant humanized
monoclonal antibody, is an anti-IgE antibody approved for
the treatment of subjects with moderate to severe persistent
allergic asthma inadequately controlled by their standard of
care (high-dose inhaled corticosteroids (ICS) and long-acting
beta2-agonists (LABAs)). Omalizumab selectively binds to
human IgE at the epitope that is used to bind to FcεRI,
thereby blocking the interaction of IgE with FcεRI on the
surface of effector cells and preventing the subsequent release
of inflammatory mediators (8). The success of omalizumab
confirmed the central role of IgE in allergic inflammation (9).
Since the 1980s, the role of IgE in the development of asthma
has received considerable attention and several studies have
demonstrated an inverse association between serum IgE
levels and pulmonary function, including FEV1, in patients
with asthma (10–15). However, no quantitative modeling
analysis has been published thus far to describe the relation-
ship between serum IgE and FEV1.

More recently, fractional exhaled nitric oxide (FeNO) was
found to be correlated with airway eosinophilic inflammation
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measured as induced sputum, bronchoalveolar lavage, and
endobronchial biopsy eosinophils and is now considered as a
noninvasive biomarker of airway eosinophilic inflammation
(16–19). A correlation between serum IgE level and FeNO has
also been demonstrated (20). Similar to FEV1, no model has
been published relating serum IgE to FeNO response.

This work presented the first population-based models
to quantitatively describe the relationships between free
IgE and pulmonary function (as measured by FEV1) as
well as free IgE and airway inflammation (as measured by
FeNO) in response to treatment with omalizumab. The
modeling work was based on a prospective, multicenter,
randomized, parallel-group, double-blind, controlled trial
(EXTRA) of omalizumab for inadequately controlled
severe allergic asthmatics who were receiving high-dose
ICS and LABAs, with or without additional controller
therapy (21). The results from this study were used to
evaluate the mean target free IgE level (25 ng/ml) for
omalizumab therapy (22).

MATERIALS AND METHODS

Study Design and Patient Population

The study design and patient population for EXTRA
have been previously presented in detail (21). In summary,
850 patients (aged 12–75 years) who had inadequately
controlled asthma despite treatment with high-dose ICS plus
LABAs, with or without other asthma-controller medications,
were randomly assigned to receive omalizumab (n0427) or
placebo (n0423) subcutaneously for 48 weeks. In this study,
the dose and dosing frequency (150 to 375 mg every 2 or
4 weeks) of omalizumab were based on both body weight
and serum IgE level at screening according to the
omalizumab dosing table specified in the US package
insert, which was designed to achieve individualized
dosing for optimal clinical efficacy (22). Patients’ ICS,
LABAs, and other controller medication dosages were not
allowed to be modified throughout the trial (except for systemic
corticosteroids used to treat asthma exacerbation). More than
90% (795 out of 850) of the study patients had the same dose
regimens of ICS (1,000 mcg/day fluticasone equivalent) and
LABAs (100 mcg/day salmeterol equivalent). The primary
efficacy endpoint was the rate of asthma exacerbations, while
FEV1 and FeNO, among others, were evaluated as exploratory
endpoints.

This study was conducted according to US Food and
Drug Administration regulations, the International
Conference on Harmonisation E6 Guidelines for Good
Clinical Practice, and other national requirements. All sites
obtained institutional review board approval to conduct this
study and obtained signed informed consent from study
participants before enrollment.

Data Used in Model Development

In the analysis, data from 722 patients (351 in the
omalizumab group and 371 in the placebo group) were used
for the IgE–FEV1 modeling, while in the IgE–FeNO
modeling, data from 348 patients were included (173 in the
omalizumab group and 175 in the placebo group) which

represent the subset of patients with FeNO measurements.
Given the large overall variability in the observed baseline
values (week 0) of IgE, FEV1, and FeNO, these baseline
values could not be reliably imputed when missing.
Therefore, in both analyses, subjects without a baseline total
IgE measurement were excluded, as were subjects in the
omalizumab group with no posttreatment free IgE samples.
Furthermore, in the IgE–FEV1 modeling, subjects without
baseline FEV1 measurements were excluded; similarly, in the
IgE–FeNO modeling, subjects without baseline FeNO meas-
urements were excluded. In order to control for the
confounding effect of oral corticosteroids (OCS) on FEV1
and FeNO, data from subjects (7%) who received long-term
OCS treatment during the 48-week treatment period were
excluded from the analysis.

Serum IgE Measurements

Blood samples for the measurement of serum free IgE
(i.e., IgE not bound to omalizumab) and total IgE (i.e., free
IgE and IgE bound to omalizumab) were collected at
patients’ visits at study weeks 0, 16, 32, and 48 before the
administration of omalizumab or placebo. Free and total IgE
from serum samples were measured using enzyme-linked
immunosorbent assays described previously (23,24). The
quantifiable range of the free IgE assay was 0.78 to 150
ng/ml, while the lower limit of quantification of total IgE was
2.4 ng/ml.

FEV1 Measurements

Spirometry, including FEV1 measurement, was con-
ducted every 4 weeks from week 0 to 48 for the study
subjects and was performed before omalizumab or placebo
administration. Spirometry was conducted in accordance with
the American Thoracic Society guidelines (25). Subjects were
instructed not to use short-acting beta-agonists (i.e., albuterol,
levalbuterol) on the day of scheduled spirometry until after
spirometry had been performed.

In the IgE–FEV1 modeling, measured FEV1 (in milli-
liters) was expressed as a percentage of the subject’s
predicted FEV1 (in milliliters) (FEV1 percent predicted0
FEV1/predicted FEV1×100%) as is conventionally done in
FEV1 data analysis (26). FEV1 percent predicted at baseline
(baseline FEV1/predicted FEV1×100%) was also used to
assess disease status and was one of the inclusion criteria in
many asthma studies including EXTRA (21,26,27). Thus, in
the analysis, we used the same response measure (FEV1
percent predicted) as used in the trial inclusion criteria. The
predicted FEV1 (PFEV1) values in the EXTRA trial were
calculated using a method by Crapo et al. (28) for subjects
18 years old or above and Polgar et al. (29) for subjects under
18 years of age:

& Adults≥18 years:
Male: PFEV1 (ml)041.4×Height (cm)−24.4×Age (years)−
2,190
Female: PFEV1 (ml)034.2×Height (cm)−25.5×Age (years)−
1,578
& Adolescents 11 to<18 years:
PFEV1 (ml)00.002098×[Height (cm)]2.7986
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FeNO Measurements

FeNO was measured at study weeks 0, 4, 8, 12, 16, 32,
and 48 for a subset of subjects in the study (21). All FeNO
samples were taken before omalizumab or placebo
administration.

Measurement of FeNO was performed at US sites using
a handheld portable device, the NIOX MINO® (Aerocrine,
Solna, Sweden). Measurements were taken at approximately
the same time of day at each visit for each subject and prior to
performing spirometry. To reduce variability, sites were
provided with the same NIOX MINO® devices and one to
two staff members at each site were trained to perform
measurements. Devices were calibrated on a regular basis
according to the manufacturer’s instructions, and ambient
nitric oxide was recorded to account for variability in
different locations. FeNO measurements were taken at least
twice for each visit, and in the case of discrepant values, the
mean value was recorded.

Efficacy Model Development

Model Input

In the efficacy modeling, measured serum IgE concen-
trations were used as inputs to the models describing the
dynamics of FEV1 (percent predicted) and FeNO. For the
omalizumab group, total IgE measurements at baseline and
free IgE measurements posttreatment were used, whereas for
the placebo group, total IgE measurements at both baseline
and posttreatment were used. In the placebo group, since the
change of IgE values over time was not due to drug effect,
each subject’s average IgE level over the time course of the
trial was used as the model input as a better estimate of that
subject’s IgE value. In the omalizumab group, the free IgE
time course data were constructed by linearly interpolating
the free IgE measurements at the available sampling times.
Posttreatment free IgE measurements were obtained no
earlier than 16 weeks into the trial; however, omalizumab is
expected to rapidly and extensively suppress free IgE within
1 day following the given subcutaneous doses, based on data
from previous omalizumab clinical trials (14,24). Therefore,
the missing IgE time course following the first dose and prior
to the first posttreatment IgE sample was constructed by
adding an early posttreatment time (0.1 week) and imputing
the free IgE value by back-extrapolating the first posttreat-
ment measured free IgE value for each subject (Fig. 1a). It is
also noted that there was a wide variation in IgE values
across individuals. The individual mean IgE over time in the
placebo group ranged from 14 to 2,067 ng/ml, and the
individual mean posttreatment free IgE over time in the
omalizumab group ranged from 2.3 to 94 ng/ml.

IgE–FEV1 Base Model

In this study, an increase in mean FEV1 (percent
predicted) over time in the placebo group was observed,
which is commonly seen in asthma studies (30). This apparent
placebo response needed to be accounted for in the
population model. In addition, the time course of the FEV1
(percent predicted) placebo response in each individual was

variable, with subjects showing either an increase, decrease,
or no change in FEV1 (percent predicted) over time (Fig. 2,
lower panels). Similar to the placebo group, the individual
time course of FEV1 (percent predicted) in the omalizumab
group also varied (Fig. 2, upper panels). However, the mean
FEV1 (percent predicted) response in the omalizumab group
was higher than that in the placebo group (Fig. 1b).
Exploratory analysis of the raw data showed an inverse

Fig. 1. Mean observed free IgE (a), FEV1 percent predicted (b), and
FeNO (c) responses in the omalizumab and placebo groups. Error
bars represent the standard errors of the mean. The open diamond in
a represents the back-extrapolated free IgE data at week 0.1 (details
in the “Materials and Methods” section)
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relationship between free IgE and FEV1 (percent pre-
dicted), with the free IgE (in nanograms per milliliter;
mean±SE) increasing from 5±0.2 to 10±0.2, to 25±0.9,
and to 364±17, while the corresponding values of FEV1
(percent predicted) (mean±SE) at week 48 decreased
from 78±3.0 to 73±1.3, to 71±1.5, and to 70±0.9. To
model these data and describe the relationship between
free IgE and FEV1 (percent predicted) in omalizumab
and placebo groups, the following differential equation
was used:

dFEV1
dt ¼ Kimp � 1� IEð Þ �Kdet � FEV1; FEV1ð0Þ ð1Þ

where Kimp and Kdet are rate constants reflecting FEV1
(percent predicted) improvement and deterioration, respec-
tively. It should be emphasized that this model is not an
indirect response (IDR) model (31) and this one model is
used to describe both the omalizumab and placebo responses.
In contrast to a typical IDR model, FEV1 is not assumed to
be in equilibrium before and after treatment. Moreover, this
single model can describe each individual’s FEV1 response in
both the omalizumab and placebo groups that can show an
increase, decrease, or no change in FEV1. In addition, the
initial condition (FEV1(0)) was estimated for each individual.
The inhibitory effect (IE) of IgE on FEV1 (percent pre-
dicted) at a particular time was described by a sigmoidal
function:

IE ¼ Imax

IC50H1 þ CH1
IgE

� CH1
IgE ð2Þ

where Imax is the maximum IgE inhibitory effect, IC50 is the
serum free IgE concentration causing 50% of the maximum
inhibitory effect, CIgE is the free IgE serum concentration at
that time, and the hill coefficient (H1) reflects the steepness
of the sigmoidal curve representing the IgE–FEV1 relation-
ship. Depending on the initial condition (FEV1(0)) and the
values of Kimp and Kdet, the FEV1 (percent predicted) for
subjects in both groups could increase, decrease, or remain
unchanged over time. For omalizumab-treated group, the
increase in FEV1 (percent predicted) could be greater than in
the placebo group due to the reduction in free IgE, leading to
a decrease in IE.

In the population analysis, the model in Eq. 1 was
reparameterized by introducing the variable maxFEV1 to
represent the theoretical maximum steady-state FEV1 (per-
cent predicted) a subject could achieve when free IgE level
decreases to 0 and then replacing the parameter Kimp with the
multiplication of Kdet and maxFEV1. Exploratory data
analysis relating FEV1 (percent predicted) at weeks 48 and
0 in both placebo and omalizumab groups suggested that
maxFEV1 and FEV1(0) were positively correlated.
Therefore, maxFEV1 was modeled as a linear function of
FEV1(0) as follows:

maxFEV1 ¼ slope � FEV1ð0Þ þ inter ð3Þ
where slope and inter are the slope and intercept that
define this linear relationship, respectively. Other func-
tions, such as proportional and sigmoidal, and model
without assuming any relationship between maxFEV1
and FEV1(0) were also considered, but these other
models were rejected based on selection criteria. More-
over, modeling the relationship between FEV1(0) and
maxFEV1 can benefit future model applications (e.g.,
simulation of FEV1 responses in a patient population
with different FEV1(0)).

IgE–FeNO Base Model

Since FeNO response, compared with FEV1, depends
much less on patient’s mood and effort during measure-
ment, no significant change in FeNO was observed in the
placebo group (Fig. 1c). An IDR model (31) was used to
describe the relationship between free IgE and FeNO:

dFeNO
dt ¼ Kin � 1þ SEð Þ �Kout � FeNO; FeNOð0Þ ð4Þ

SE ¼ Emax

EC50H2 þ CH2
IgE

� CH2
IgE ð5Þ

where Kin and Kout are rate constants reflecting FeNO
increase and decrease, respectively. The term SE represents
the stimulatory effect of IgE on FeNO at a certain time, Emax

Fig. 2. Comparison of observed and individual predicted FEV1 percent predicted responses for typical subjects in omalizumab (upper panels) and
placebo (lower panels) groups. Open squares are the observed FEV1 percent predicted. Solid lines are the individual model predictions
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is the maximum IgE stimulatory effect, and EC50 is the
serum free IgE concentration causing 50% of the maximum
stimulatory effect. CIgE is the free IgE serum concentration at
that time, and the hill coefficient (H2) reflects the steepness
of sigmoidal curve representing the IgE–FeNO relationship.
This model was also reparameterized by introducing the
variable minFeNO to represent the theoretical minimum
steady-state FeNO response achievable as free IgE decreases
to 0 and then replacing the parameter Kin with the
multiplication of Kout and minFeNO. The initial condition
(FeNO(0)) can be derived as:

FeNOð0Þ ¼ minFeNO � 1þ Emax

EC50H2 þ CH2
IgEð0Þ

� CH2
IgEð0Þ

 !
ð6Þ

where CIgE(0) is the baseline IgE serum concentration.
Although there was no significant FeNO response in the
placebo group, data from both omalizumab and placebo
groups were used in the population modeling as the placebo
data still contain information about the IgE–FeNO
relationship.

Covariate Assessment

Once the base model was determined, the effects of
covariates on the interindividual variability of model

parameters were evaluated. Numerous covariates were con-
sidered, including patient demographics, disease status, and
baseline pharmacodynamic (PD) biomarkers (Table I).
Potential explanatory covariates were first selected through
graphical assessments and then incorporated in the model
for evaluation. Continuous covariate candidates were
tested in the model with a power function, while
categorical covariates were examined with a proportional
change model. The significance of each covariate was
evaluated using the likelihood ratio test. If one covariate
alone caused a decrease in twice the negative log-likelihood of at
least 3.84, it was considered a significant covariate. In
addition to the likelihood ratio test, other model selection
criteria included the model convergence and decrease in
interindividual variability of model parameters. For those
covariates with missing values, complete case analysis was
used by modeling only data from subjects having no
missing covariates.

Population Analysis

Population estimates were obtained through the applica-
tion of the expectation maximization (EM) algorithm to the
parametric, nonlinear mixed-effects maximum likelihood
model, as proposed and developed by Schumitzky (32) and
Walker (33) (with essential, enabling computational

Table I. Summary of Covariates Evaluated in the Analysis

Covariates

IgE–FEV1 model IgE–FeNO model

N Statistics N Statistics

Age (years) 722 46 (12–75) 348 45 (12–75)
Body weight (kg) 721 84.7 (40.5–150) 348 86.3 (41.8–150)
Height (cm) 722 164 (127–198) 348 164 (140–198)
Sex 722 348
Male 246 246 (34%) 118 118 (34%)
Female 476 476 (66%) 230 230 (66%)
Race 722 348
White 554 (77%) 264 (75.9%)
Black 138 (19%) 66 (19.0%)
Asian or Pacific Islander 16 (2.1%) 11 (3.2%)
American Indian or Alaska native 3 (0.4%) 1 (0.3%)
Other 11 (1.5%) 6 (1.6%)
Baseline blood eosinophil count (109cells/L) 679 0.26 (0.03–2.96) 324 0.26 (0.03–2.96)
Baseline FEF 25–75% (ml) 720 1,570 (250–6,070) 348 1,535 (270–5,680)
Baseline FVC (ml) 722 2,770 (879–7,100) 348 2,770 (1,020–6,640)
Predicted FEV1 (ml) 722 3,012 (1,006–5,094) 348 3,011 (1,563–4,933)
Baseline symptom score 719 3.80 (1.0–6.7) 348 3.83 (1.0–6.6)
Current smoking status 722 348
Smoking 12 (1.7%) 8 (2.3%)
Nonsmoking 710 (98.3%) 340 (97.7%)
Number of exacerbation requiring treatment (past year) 722 348
0 16 (2.2%) 6 (1.7%)
1 384 (53.2%) 188 (54.0%)
2 152 (21.1%) 74 (21.3%)
3 94 (13.0%) 46 (13.2%)
≥4 76 (10.5%) 34 (9.8%)
Asthma reversibility (% improvement from baseline after bronchodilator) 702 7.5 (−48.1–112) 342 7.4 (−17.2–89.0)
Duration of asthma (years) 722 21 (0–71) 348 22 (0–71)

Data are presented as median (ranges) or n (percent)
N number of subjects having the covariate, FEF25–75% forced expiratory flow during the middle half of the forced vital capacity, FVC forced
vital capacity, FEV1 forced expiratory volume in 1 s
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enhancements and extensions by Bauer and Guzy (34)) and
implemented in ADAPT5 (MLEM module) (35). All the
model parameters in the IgE–FEV1 model (Kdet, Imax, IC50,
H1, inter, slope, and FEV1(0)) and in the IgE–FeNO model
(Kout, Emax, EC50, H2, and minFeNO) are assumed to be log-
normally distributed via exponential transformation. The full
variance–covariance matrix for the model parameters was
estimated. A combined proportional/additive error model
was used to describe the residual error in the IgE–FEV1
model, while a proportional error model was used to describe
the residual error in the IgE–FeNO model.

Model Evaluation

Visual predictive checks (36) of the final models were
conducted by Monte Carlo simulation, and 100 population
data sets were simulated for each model. The FEV1 (percent
predicted) and FeNO profiles over the treatment period were
simulated for each patient. The 5th, 50th, and 95th percentiles
of the simulated predictions and the 90% inclusion interval
for each percentile were calculated and compared with the
5th, 50th, and 95th percentiles of the observations at each
time point.

RESULTS

Study Data

The mean observed free IgE data in the placebo group
were high during the study, while the posttreatment mean
free IgE data were extensively reduced in the omalizumab
group (Fig. 1a). The overall mean free IgE level in placebo
group was 364 ng/ml with %CV (coefficient of variance0
standard deviation/mean×100%) of 89% and %RSE (rela-
tive standard error0standard error/mean×100%) of 4.6%. In
the omalizumab group, the pretreatment (week 0) mean free
IgE level was 367 ng/ml with %CV of 84% and %RSE of
4.4%, while the overall average posttreatment free IgE level
sampled at weeks 16, 32, and 48 was 16 ng/ml with %CV of
80% and %RSE of 2.6%. As shown in Fig. 1b, there was a
notable dynamic FEV1 (percent predicted) effect in the
omalizumab group and a modest FEV1 (percent predicted)
improvement in the placebo group over the time course of
the study. The pretreatment mean FEV1 (percent pre-
dicted) were 65.2 (%CV of 21% and %RSE of 1.1%) and
66.0 (%CV of 22% and %RSE of 1.2%), and the mean
FEV1 (percent predicted) at week 48 were 69.6 (%CV of
23% and %RSE of 1.3%) and 72.4 (%CV of 25% and
%RSE of 1.4%) for placebo and omalizumab groups,
respectively. The mean FeNO responses during the study
are depicted in Fig. 1c. The pretreatment mean FeNO was
28.4 (%CV of 98% and %RSE of 7.4%) for both placebo
and omalizumab groups, while mean FeNO at week 48
were 27.5 (%CV of 103% and %RSE of 9.7%) and 22.5
(%CV of 80% and %RSE of 7.2%) for placebo and
omalizumab groups, respectively.

IgE–FEV1 Model

The population parameter estimates (mean, interindivid-
ual variability, and associated %RSE) in the IgE–FEV1

model are presented in Table II. The estimated correlations
of all parameters in IgE–FEV1 model were in the range
from −0.41 to 0.80. To evaluate the goodness of fit of the
model, the observed data were plotted against both the
individual predictions and population predictions from the
model (Fig. 3a, b). The standardized conditional residuals
were also plotted against time and population predictions
(Fig. 3c, d). Taken together, these results indicated that
there were no systemic trends in the model standardized
conditional residuals with time or with population pre-
dicted FEV1 (percent predicted), despite the significant
variability in the observed data. Despite the large discrepancy in
patients’ FEV1 (percent predicted) responses, the pro-
posed models were capable of capturing these different
types of responses, as evidenced by the good fits between
the individual predicted and observed data in each case
(Fig. 2).

Numerous covariates, including demographics, disease
status, and baseline PD biomarkers (Table I), were tested
in the model to assess the impact of various factors on the
variability observed in the FEV1 (percent predicted)
responses. Graphical assessments of the potential cova-
riates suggested clear effects of asthma reversibility
(percent improvement from baseline after bronchodilator)
on model parameters, inter and FEV1(0). In addition, all
of the baseline spirometry measurements, including the
forced vital capacity (FVC) and the forced expiratory flow
during the middle half of the forced vital capacity (FEF25–

75%), had obvious effects on FEV1(0). However, due to
the expected high correlations among all the spirometry
measurements, these covariates were not fully indepen-
dent of the observed model output (FEV1 percent
predicted). Moreover, incorporating these spirometry
measurements as well as asthma reversibility in the model
resulted in no significant decreases in the interindividual

Table II. Summary of Parameters in the IgE–FEV1 Population
Model

Parameters

IgE–FEV1 model

Mean (%RSE) IIV (%RSE)

Kdet (week
−1) 0.102 (15.5%) 135% (17.7%)

Imax 0.0814 (14.0%) 93.8% (21.0%)
IC50 (ng/ml) 19.8 (12.2%) 76.5% (21.1%)
H1 15.9 (38.0%) 127% (53.0%)
slope 0.00866 (34.0%) 101% (42.5%)
inter 74.9 (1.28%) 17.3% (4.85%)
FEV1(0) 64.6 (0.945%) 20.4% (3.82%)
Residual variability

(proportional)
0.0547 (2.16%) –

Residual variability
(additive)

6.13 (1.00%) –

Covariances for the model parameters are not shown in the table
%RSE percent relative standard error (SE/mean×100%), IIV
interindividual variability is reported as CV% (SD/mean×100%),
Kdet deterioration rate constant of FEV1, Imax the maximum IgE
inhibitory effect on FEV1, IC50 serum free IgE concentration causing
50% of the maximum inhibitory effect, H1 the hill coefficient, slope
and inter the slope and intercept used to define maxFEV1 and
FEV1(0) linear relationship shown in Eq. 3 in the “Materials and
Methods” section, FEV1(0) FEV1 percent predicted at baseline
(week 0)
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variability of parameters associated with the sensitivity
and magnitude of drug response (IC50, H1, and Imax).
Hence, these covariates were not included in the final
model.

IgE–FeNO Model

The estimated population mean and interindividual
variability of parameters in the IgE–FeNO model are

Fig. 3. Goodness-of-fit plots for IgE–FEV1 model (a–d) and IgE–FeNO model (e–h). Each model
includes scatter plots of the observations versus the individual model predictions (a, e) and population
model predictions (b, f) and plots of standardized conditional residuals versus time (c, g) and population
model predictions (d, h). Dashed lines are the lines of identity. Red lines are the loess fit lines
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summarized in Table III. The estimated correlations of all
parameters in the IgE–FeNO model were in the range
from −0.13 to 0.75. The resulting goodness-of-fit diagnostic
plots are shown in Fig. 3e–h and indicated that there were
no systemic biases in the model predictions.

In the covariate analysis, given clear trends detected
in the graphical assessments, baseline blood eosinophil
count was further tested in the model as a covariate for
Emax, EC50, H2, and minFeNO. However, baseline blood
eosinophil count was not found to be a significant
covariate according to the selection criteria (details in
the “Materials and Methods” section). Therefore, similar
to the IgE–FEV1 model, no covariates were incorporated
in the IgE–FeNO model.

Model Evaluation

Model evaluation was performed using visual predictive
checks for both the IgE–FEV1 and IgE–FeNO models. The
results are shown in Fig. 4a, b, e. The 90% inclusion intervals
for the model-predicted percentiles are also displayed. There
was generally an agreement between the model-predicted
and observed data across the 5th, 50th, and 95th percentiles.
The median (50th percentile) of the model predictions and
observations were plotted separately to show the trend more
clearly (Fig. 4c, d, f). The predicted median reasonably
reproduced the observed median responses of both FEV1
(percent predicted) and FeNO, with most of the observations
falling within the 90% inclusion intervals of the predictions.
These results confirmed that the two models were capable of
capturing the time-dependent trends as well as overall
variability in both the observed FEV1 (percent predicted)
and FeNO responses.

IgE–FEV1 and IgE–FeNO Relationships

To illustrate the IgE–FEV1 and IgE–FeNO relation-
ships predicted by the models, model-predicted steady-
state FEV1 (percent predicted) and FeNO were plotted

versus free IgE using the following equations derived from
the models:

Steady�state FEV1 ¼ maxFEV1 � 1� Imax

IC50H1 þ CH1
IgE

� CH1
IgE

 !
ð7Þ

Steady�state FeNO ¼ minFeNO � 1þ Emax

EC50H2 þ CH2
IgE

� CH2
IgE

 !
ð8Þ

where CIgE ranged from 2 to 2,000 ng/ml and all the
parameter values used in the right-hand sides of the equations
were the population mean estimates from the two models
(Tables II and III). These plots are depicted in Fig. 5 as
curves. The estimated mean IC50 of 19.8 ng/ml and EC50 of
19.7 ng/ml reflected the mean threshold free IgE level at
which the FEV1 and FeNO responses occur, respectively.
Supplementary Fig. 1 shows the observed posttreatment free
IgE values of all subjects in the omalizumab group. The
fluctuations around the estimated mean IC50 or EC50
(∼20 ng/ml) in the data support the identifiability of this
parameter (both mean and interindividual variability) in the
modeling analysis. In addition, the high hill coefficients (H1
and H2) of 15.9 and 6.38 indicated that both the FEV1 and
FeNO responses were very sensitive to free IgE concentra-
tion changes in a narrow range around the mean IC50 and
EC50 (calculated IC10–IC90 range was 17–23 ng/ml from
Eq. 7 and calculated EC10–EC90 range was 14–28 ng/ml from
Eq. 8). Histograms of the mean observed posttreatment free
IgE values in both the placebo and omalizumab groups are
also displayed in Fig. 5. There was a wide range of IgE values
to inform the estimation of the sigmoidal relationship
between IgE and FEV1 or between IgE and FeNO, including
a large number of subjects with IgE values around the
estimated IC50 or EC50 to allow estimation of the steepness
(H1 and H2) of the relationship.

DISCUSSION

The models developed in this study aimed to quantita-
tively describe the relationships between serum free IgE and
two clinically relevant outcome measures for asthma: FEV1
(percent predicted), a measure of pulmonary function, and
FeNO, a measure of airway inflammation. Given this
modeling objective, the linear-interpolated free IgE data
from each study subject were used as the model input. This
was considered appropriate given that the changes in clinical
outcomes of asthma are generally slow, taking up to 3 months
before asthma clinical symptoms reach new equilibrium (37).
Hence, the minimal fluctuations in free IgE between omali-
zumab doses (every 2 or 4 weeks) would be expected to have
a minimal impact on clinical outcomes and thus could be
ignored. For the omalizumab-treated subjects, IgE data at an
early time (0.1 week) were imputed via back-extrapolation in
order to construct the missing IgE time course between
weeks 0 and 16. A sensitivity test found no notable changes in
the population estimates (mean and interindividual variabil-
ity) with imputation times of 0.05 and 0.3 weeks.

In the IgE–FEV1 analysis, we modeled the omalizumab
and placebo effects simultaneously as is conventionally done

Table III. Summary of Parameters in the IgE–FeNO Population
Model

Parameters

IgE–FeNO model

Mean (%RSE) IIV (%RSE)

Kout (week
−1) 0.0216 (54.8%) 195% (53.1%)

Emax 0.725 (21.5%) 108% (20.9%)
EC50 (ng/ml) 19.7 (37.8%) 77.7% (42.6%)
H2 6.38 (47.0%) 90.8% (46.0%)
minFeNO (ppb) 11.4 (8.44%) 33.0% (17.9%)
Residual variability

(proportional)
0.348 (1.61%) –

Covariances for the model parameters are not shown in the table
%RSE percent relative standard error (SE/mean×100%), IIV
interindividual variability is reported as CV% (SD/mean×100%),
Kout decrease rate constant of FeNO, Emax the maximum IgE
stimulatory effect on FeNO, EC50 serum free IgE concentration
causing 50% of the maximum stimulatory effect, H2 the hill
coefficient, minFeNO the theoretical minimal steady-state FeNO
response when free IgE decreases to 0
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in many modeling studies (38–40). We have also explored the
use of traditional placebo response modeling approaches,
which model the treatment response as a subject-specific
random deviation from the mean (or median) of the placebo
response (38). This traditional approach is not applicable
given that FEV1 (percent predicted) response in individual
subjects can increase, decrease, or remain unchanged over the
course of the study (Fig. 2). Instead of using a separate model
for the placebo effect, the placebo effect was incorporated in
the single differential equation (not an IDR model) by

assuming nonequilibrium at baseline. Although the simple
model structure assumed that the rate constants for placebo
and treatment effect are the same, this assumption can be
justified by the fact that the shape of the observed mean
FEV1 (percent predicted) profiles (Fig. 1b) and the variabil-
ity in individual subjects’ responses (Fig. 2) were comparable
between these two groups.

It has been reported previously that average trough free
IgE levels below 25 ng/ml were associated with optimal
clinical responses to omalizumab (22). In this work, the

Fig. 4. Visual predictive check results for the IgE–FEV1 (a–d) and IgE–FeNO (e, f) models. a, b, e Full visual predictive
check plots; c, d, f medians (50th percentile) from the visual predictive check in order to show the trends more clearly. Open
circles are the observations. Solid lines are the 5th, 50th, and 95th percentiles of the observations. Dashed lines are the 5th,
50th, and 95th percentiles of the simulated predictions. Shaded bands in a, b, e are the 90% inclusion intervals for the 5th,
50th, and 95th percentiles of the simulated predictions, and shaded bands in c, d, f are the 90% inclusion interval for the
median simulated predictions
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population-based models estimated a mean IC50 of 19.8
ng/ml and EC50 of 19.7 ng/ml for the effect of free IgE on
FEV1 and FeNO, respectively. The corresponding IC10–IC90
range was 17–23 ng/ml for FEV1 and EC10–EC90 range was
14–28 ng/ml for FeNO, suggesting that reducing the free IgE

level below the range of 23 to 28 ng/ml is expected to lead to
optimal improvement in lung function and reduction in
airway inflammation. Thus, these results supported the
previously reported mean target free IgE level (25 ng/ml)
for omalizumab treatment and indicated that the current
omalizumab dosing strategy based on this mean target free
IgE level is reasonable.

Relatively high interindividual variability for IC50 (76.5%)
and EC50 (77.7%) was estimated in the modeling, suggesting
that the target free IgE levels could vary considerably among
individuals. As shown in Fig. 6, the 90% inclusion interval was
6–52 ng/ml for the individual predicted IC50 in the IgE–FEV1
model and was 14–52 ng/ml for the individual predicted EC50 in
the IgE–FeNO model. This can be partially explained by the
differences in the fraction of allergen-specific IgE between
subjects (41), and it is one of the reasons why, even when free
IgE level dropped below 25 ng/ml in omalizumab treatment,
some patients were still not able to respond to omalizumab.
Furthermore, the relatively high mean hill coefficients (H1 and
H2) estimated (15.9 in the IgE–FEV1 model and 6.38 in the
IgE–FeNO model) indicated steep IgE–response relationship
curves with narrow dynamic ranges (Fig. 5). These findings are
also supported by prior studies on the mechanism of action of
omalizumab. Once a threshold number of cell surface IgE cross-
linking is reached, then histamine release will be triggered
(42,43), resulting in an all-or-none (on/off) release at the level of
a cell. However, the threshold differences across cells and, in
addition, the downstream effects would be expected to smooth
out this response, so that IgE–FEV1 relation may be steep but
not on/off.

In both models, the reciprocal of the deterioration rate
constant (Kdet orKout) can be thought of as mean response time
(MRT). Based on the modeling results (Tables II and III), MRT
was about 10 weeks for FEV1 response, which is consistent with
historical data (37), while the MRT for FeNO response was
about 45 weeks, indicating a slow underlying improvement in
quenching allergen-driven eosinophilic inflammation, which
needs to be confirmed with more FeNO data.

In general, efficacy modeling with data from late-stage
clinical development is challenging due to the limited dose range
evaluated. In this study, all patients’ omalizumab dosing was
based on the omalizumab dosing table to decrease the free IgE
concentration from the allowable pretreatment level range (72–
1,680 ng/ml) to a low mean target value (25 ng/ml). As a result,
there was a gap between the distributions of mean posttreatment

Fig. 5. Model-predicted relationships between serum free IgE level and
steady-state FEV1 percent predicted (a) and serum free IgE level and
steady-state FeNO (b). Solid curves are the mean predictions and areas
between two dashed curves are the 90% confidence intervals. The
histograms illustrate the mean observed posttreatment serum free IgE
distributions in the omalizumab and placebo groups

Fig. 6. Distributions of individual model-predicted IC50 in IgE–FEV1 model (a) and EC50 in IgE–FeNO
model (b). Solid lines are the medians and areas between dashed lines are the 90% inclusion intervals
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free IgE levels in the omalizumab and placebo groups (Fig. 5). If
the true free IgE IC50 of the IgE–FEV1 or EC50 of the IgE–
FeNO relationship were to fall within this gap region, the data
would not have been informative to produce precise estimates of
the IC50, EC50, H1, and H2 values or stable modeling results.
However, in this study, the mean estimates of both IC50 and
EC50 were within the subject-rich regions, rather than the gap
regions, in the free IgE distribution histograms, which increased
our confidence in the stability and preciseness of the modeling
results. Given the fact that in this study most of the
omalizumab-treated subjects’ mean posttreatment free IgE
levels were below 50 ng/ml with a mean of 16 ng/ml, the
modeling results would be further confirmed if more data were
available from an omalizumab-treated population with higher
posttreatment free IgE levels.

CONCLUSIONS

The population-based efficacy models presented provide
useful insights into the relationships between serum free IgE
level and pulmonary function (as measured by FEV1 percent
predicted) and airway inflammation (as measured by FeNO).
The modeling results provided a quantitative validation for
the mean target free IgE level (25 ng/ml) for omalizumab
treatment. In addition, the resulting population models could
be used to predict population FEV1 (percent predicted) or
FeNO response for omalizumab and/or other anti-IgE asthma
therapeutics for which PK-IgE models are constructed.
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