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Abstract

Omalizumab is used for the treatment of persistent severe allergic asthma in adults and children.
However, some patients remain symptomatic even after omalizumab treatment. In bronchial
asthma, chronic inflammation of the bronchial wall causes thickening of the airway wall, resulting
from irreversible airway remodeling. Progression of airway remodeling causes airflow obstruction,
leading to treatment resistance. We report three Japanese children with severe asthma who had a
poor response to omalizumab treatment. They had a long period of inadequate management of
asthma before initiating omalizumab. Even after omalizumab treatment, their symptoms persisted,
and the parameters of spirometry tests did not improve. We hypothesized that omalizumab was
less effective in these patients because airway wall remodeling had already progressed. We retro-
spectively evaluated the bronchial wall thickness using a three-dimensional bronchial wall analysis
with chest computed tomography. The bronchial wall thickness was increased in these cases
compared with six responders. Progressed airway wall thickness caused by airway remodeling
may be associated with a poor response to omalizumab in children with severe asthma.

Keywords
Bronchial asthma, omalizumab, bronchial wall thickness, child, computed tomography, airway

Date received: |7 February 2021; accepted: 13 December 2021

3Department of Pediatrics, Matsuyama Red Cross
Hospital, Matsuyama, Japan

Corresponding author:

'Department of Pediatrics, Okayama University Graduate Mitsuru Tsuge, Department of Pediatrics, Okayama
School of Medicine, Dentistry and Pharmaceutical University Graduate School of Medicine, Dentistry and
Sciences, Okayama, Japan Pharmaceutical Sciences, 2-5-1 Shikata-cho, Kita-ku,
Department of Pediatrics, Okayama University Hospital, Okayama 700-8558, Japan.

Okayama, Japan Email: tsugemitsuru@okayama-u.ac.jp

Creative Commons Non Commercial CC BY-NC: This article is distributed under the terms of the Creative

G Commons Attribution-NonCommercial 4.0 License (https://creativecommons.org/licenses/by-nc/4.0/) which permits
non-commercial use, reproduction and distribution of the work without further permission provided the original work is attributed
as specified on the SAGE and Open Access pages (https://us.sagepub.com/en-us/nam/open-access-at-sage).


https://orcid.org/0000-0001-9010-4708
mailto:tsugemitsuru@okayama-u.ac.jp
http://uk.sagepub.com/en-gb/journals-permissions
http://dx.doi.org/10.1177/03000605211070492
journals.sagepub.com/home/imr
http://crossmark.crossref.org/dialog/?doi=10.1177%2F03000605211070492&domain=pdf&date_stamp=2022-01-07

Journal of International Medical Research

Introduction

Asthma is caused by chronic allergic
inflammation of the airways, and is charac-
terized by recurring respiratory symptoms
and a variable expiratory flow limitation.’
Chronic allergic inflammation of the bron-
chial wall causes thickening of the airway
wall, resulting from irreversible airway
remodeling.” The basis of treatment is the
control of airway inflammation by appro-
priate anti-inflammatory therapy depend-
ing on the severity, which leads to the
normalization of respiratory function
and improvement of the quality of life.
Although pediatric bronchial asthma is cur-
rently well controlled by inhaled corticoste-
roids (ICSs) and leukotriene receptor
antagonists, severe asthma affects approxi-
mately 5% of all pediatric patients with
asthma.?

Omalizumab is a recombinant human-
ized anti-immunoglobulin E (IgE) mono-
clonal antibody and was approved in 2013
in Japan as an add-on therapy for children
with severe asthma. Omalizumab binds to
free IgE and prevents it from attaching to
the surface of mast cells and basophils.*
A reduction in free serum IgE concentra-
tions results in a decrease in the levels of
IgE receptors in mast cells and basophils,
preventing them from responding to aller-
gens.” This has been reported to reduce the
frequency of acute exacerbation, hospitali-
zation, and emergency room visits in chil-
dren with severe asthma.®® A multicenter
study of additional 24-week omalizumab
treatment in Japanese children with severe
asthma showed a significant improvement
in asthma symptom scores, daily activity
scores, and nighttime sleep scores.’
Additionally, the rates of asthma exacerba-
tion and hospitalization due to asthma were
decreased after omalizumab treatment
(69% and 78%, respectively).

There is, however, a subgroup of cases
where adequate symptomatic control is

not achieved even after starting omalizu-
mab treatment.!®!'! Biomarkers, such as
the blood eosinophil count, fractional
exhaled nitric oxide (FeNO), and serum
periostin, have been reported to predict
omalizumab reactivity in adult asthma,'* '
but studies in children are still lacking.

The progression of airway remodeling
causes irreversible airflow obstruction,
leading to treatment resistance. We hypoth-
esize that a poor response to omalizumab is
due to progressed airway remodeling. We
report three pediatric patients with severe
bronchial asthma with a poor response to
omalizumab whose bronchial wall thickness
was assessed retrospectively using a three-
dimensional (3D) bronchial wall analysis
with computed tomography (CT). These
patients  were compared with  six
responders.

Case report

Case | (non-responder #1)

An 1l-year-old boy had repeated asthma
exacerbations with frequent hospital admis-
sions since he was 1 year old. Although
his family physician diagnosed him with
moderate-to-severe asthma, he was pre-
scribed only montelukast without an ICS
for 10 years. He had asthma attacks several
times a month and was hospitalized several
times a year. His family doctor referred him
to our hospital because of the repeated
asthma attacks.

His physique was normal, and his body
mass index was 22.9 kg/m?. He had allergic
rhinitis as a comorbidity, but no chronic
sinusitis or gastroesophageal reflux disease.
His father and three older sisters also had
bronchial asthma. His asthma control test
(ACT) score was 13 points at referral.
Blood tests showed eosinophilia (758/pL),
a high serum non-specific IgE concentra-
tion (876 IU/L), and inhaled allergen sensi-
tization with house dust mites. The serum
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periostin concentration was 53.1ng/mL,
and the FeNO concentration was 39 ppb.
Spirometry showed a decrease in the pre-
dicted forced expiratory flow in 1 second
(57.0%), predicted peak expiratory flow
(%PEF) (49.8%), and predicted maximal
mid-expiratory flow (63.8%). After the hos-
pital visit, a medium dose of salmeterol/flu-
ticasone inhalation was added, but his
asthmatic symptoms persisted. A change
to inhalation of high-dose salmeterol/fluti-
casone and the combined use of oral
sustained-release theophylline and oral
prednisolone was started. Despite good
inhalation procedures and medication
adherence, monthly hospital consultations
still occurred owing to asthma exacerba-
tion. We explained the need for additional
administration of omalizumab. Consent
was then obtained from the patient and
parents, and omalizumab was started.
Chest computed tomography (CT) was per-
formed to distinguish other respiratory ill-
nesses, and it showed marked thickening of
the bronchial wall. Unfortunately, during
1 year of omalizumab treatment, he
showed no reduction in the number of
unscheduled consultations due to asthma
exacerbations or the need for systemic ste-
roids, and no improvement in his ACT
score. The parameters in the spirometry
test and FeNO concentrations remained
unchanged without any obvious improve-
ment. After he had continued omalizumab
treatment for 1 year and 3 months, we
abandoned this treatment with the consent
of the patient and his family.

Case 2 (non-responder #2)

A l4-year-old boy had a repeated cough
and wheezing with frequent unscheduled
hospital consultations since he was 1 year
old. Although he was diagnosed with mod-
erate asthma at the age of 5 years, his
family doctor had not prescribed any
long-term medications, and he was being

treated with inhaled [,-agonists only
during asthma attacks.

The boy had suffered from asthma
attacks several times a month and had
been hospitalized several times a year
since the age of 12 years. Therefore, his
family doctor prescribed montelukast and
a moderate dose of fluticasone inhalation.
Because he had suffered repeated asthma
attacks thereafter, he switched to medium-
dose salmeterol/fluticasone inhalation, and
an oral theophylline sustained-release prep-
aration was added. His family doctor
referred him to our hospital because his
asthma symptoms were not able to be
controlled.

The boy’s physique was normal, and his
body mass index was 22.1kg/m?. He had
allergic rhinitis as a comorbidity, but no
chronic sinusitis or gastroesophageal
reflux disease. His mother had allergic rhi-
nitis, but his family had no history of
asthma. His ACT score was 12 points at
referral. Blood tests showed no eosinophilia
(150/uL), a high serum non-specific IgE
concentration (319 IU/L), and inhaled aller-
gen sensitization with house dust mites and
cat dander. His serum periostin concentra-
tion was 39.9 ng/mL, and his FeNO concen-
tration was 6ppb. Spirometry showed a
decrease in the %PEF (71.2%). After the
hospital visit, high-dose salmeterol/flutica-
sone inhalation was started, but he still
made unscheduled visits several times a
month because of asthma attacks. His
inhaler technique and adherence to treat-
ment were good. Therefore, we explained
the need for additional administration of
omalizumab, and obtained consent from
the patient and parents. Subcutancous
omalizumab was then started. Chest CT
showed marked thickening of the bronchial
wall. Despite 1 year of treatment, he
showed no reduction in the number of asth-
matic attacks and no improvement in his
ACT score (from 12 to 13 points). The
parameters in the spirometry test and
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FeNO concentrations remained unchanged
without any obvious improvement. We
abandoned omalizumab treatment with
the consent of the patient and his family.

Case 3 (non-responder #3)

A 13-year-old boy had suffered recurrent
asthma exacerbations with frequent hospi-
tal admissions since he was 3 years old.
His family physician diagnosed him with
asthma and prescribed him daily montelu-
kast. However, he took montelukast only
when his asthma symptoms were exacerbat-
ed and did not visit the hospital regularly.
Since then, he had suffered asthma attacks
several times a month and been hospitalized
two to three times a year, where he was
treated with inhaled [,-agonists only
during asthma attacks. His family doctor
prescribed moderate-dose fluticasone inha-
lation in addition to montelukast. His
family doctor referred him to our hospital
because of the repeated asthma attacks.

The boy’s physique was normal, and his
body mass index was 17.9kg/m> He had
allergic rhinitis as a comorbidity, but no
chronic sinusitis or gastroesophageal
reflux disease, and his father had a history
of asthma in childhood. His ACT score was
6 points at referral. Blood tests showed no
eosinophilia and a high serum non-specific
IgE concentration (1420 IU/L). He was sen-
sitized to multiple perennial inhalants
(house dust mites, dog dander, cat dander,
Alternaria, penicillium, Cladosporium, and
Aspergillus). His serum periostin concentra-
tion was 49.6 ng/mL, and his FeNO concen-
tration was 9ppb. Spirometry showed
decreased values of the predicted forced
expiratory flow in 1 second (42.5%), %
PEF (50.9%), and predicted maximal mid-
expiratory flow (54.6%).

After the boy’s hospital visit, his pre-
scription was switched to high-dose flutica-
sone inhalation with oral montelukast and
low-dose oral prednisolone. He was unable

to use salmeterol inhalation because of pal-
pitation, and he was also unable to use the
oral theophylline sustained-release formula-
tion owing to headaches. We re-educated
him and his parents about the importance
of regular medication and checked their
medication status with a pharmacist.
We also provided him with guidance
on proper inhalation procedures. Despite
good inhalation procedures and medication
adherence, there was no improvement in his
asthma symptoms. Therefore, we explained
the need for additional administration of
omalizumab, and obtained consent from
the patient and parents. Subcutanecous
omalizumab was then started. Chest CT
showed thickening of the bronchial wall.
Unfortunately, over 10 months of treat-
ment, he showed no reduction in the
number of unscheduled consultations and
hospitalizations for asthma exacerbations
or the need for systemic steroids, and
there was no improvement in his ACT
score (from 6 to 7 points). The parameters
in the spirometry test and FeNO concentra-
tions remained unchanged without any
obvious improvement. After 12 months
of treatment, he refused to continue
omalizumab.

The reporting of this study conforms to
the CARE guidelines.'®

Three-dimensional-CT bronchial
wall analysis

We retrospectively collected data on nine
pediatric patients with asthma who had
undergone chest CT before omalizumab
treatment in the Department of Pediatrics
at the Matsuyama Red Cross Hospital
between April 2015 and March 2019.
These patients consisted of six responders
in addition to the three non-responders
described above. Asthma symptoms were
assessed using the childhood ACT
(C-ACT) for patients aged 4 to 11 years
or the ACT for patients aged 12 to 15 years.



Tsuge et al.

"A343||e pooy ‘v

9]eWay Y ‘Sa31W ISNP 3SNOY ‘LWAH ‘SBIUIYJ D1813|[B “YY DJewW ‘|4 ‘3 ulingojSounwiwi ‘38| 531 [0JIUOD BUWYISE POOYP|IYD | DV-D 3531 |03UOD BWYISE ‘] DY Xdpul ssew Apoq ‘||Ng

08 WaH €y 45 Cl 9 v 88l W 6 9# Jopuodsay
8'e8 WaH (0% L€ 8 C v LSl 4 L G# Jopuodsay
snjji8iadsy
‘wnyp1uad ‘pubusRYy
88 “apuep 38> Uspuep 30p ‘WAH 8611 999 Al 14 V4 WV 191 4 8 p#t Jopuodsay
y0l Japuep 1ed ‘L AH 6.8 86¢ 8 C v 91 4 8 €# 4opuodsay
L'18 Japuep Sop ‘WAH 6€C 661 Sl 9 v (WA 4 [4 T# J4opuodsay
1S WaH LST 00t Sl S v [ W ol |# Japuodsay
snjidsadsy ‘wniodsopo))
‘wnyptuad ‘pubuiRYy
9'6¥ “apuep 38> Uspuep 30p ‘WAH 144l 6€ € € v 6Ll W €1 ¢€# Jopuodsal-uoN
6'6¢ Japuep 3ed ‘L AH 6l1¢€ (' Cl 14 v I'ce W b1 T# Jopuodsal-uoN
I'€S WaH 9.8 85/ €l | v 6t W Il |# J4opuodsa.-uoN
(Tw/3u) uonezpisuas () 381 (Mgsie2)  1DV-D  (s4eak)  Aupiqiowod  ([w/dy)  xas  (saeak) Jusney
unsoltad uadua|ly  |eI03 Wnuag unod> /DY 19suo 21849| 1y g 28y
wnJiag [lydouisoa BUIYISE
pooig 1e 93y

“Jusuwjesdl qewnzijewo jJo uonenliul ayl aJojeq wucw_uma JlJeWYlse 3J3A3S Ul S3|NsaJ 1s3) pOoO|q pue sdonsldaldedeyd |esiul|d °| Ia|qeL



Journal of International Medical Research

Patients who achieved a well-controlled
state (C-ACT or ACT scores >20) were cat-
egorized as responders, and those whose
asthma control failed to improve (C-ACT
or ACT scores <19) were categorized as
non-responders. The clinical features of
the patients are shown in Table 1.

A 3D-CT bronchial wall analysis using
CT images was performed using the AZE
VirtualPlace Workstation (AZE, Ltd.,
Kanagawa, Japan). The 3D bronchial skel-
eton was automatically reconstructed using
a certain threshold level, which was deter-
mined on an individual basis to obtain
airway images as distal as possible. The
obtained airway segmentations were then
manually corrected for identifying any
bifurcation by careful inspection using lon-
gitudinal and short-axis images. Bilateral
third-generation segmental bronchi were

selected for further assessment. Bronchial
wall cross-sectional images were taken at
several points of each third-generation
bronchial path between the bifurcations
(Figure 1). The bronchial wall thickness,
inner diameter, inner luminal area, and
total bronchial area in third-generation
bronchi were measured. For the compari-
son of bronchial wall thickness, the percent-
age of bronchial wall thickness (% WT) and
the percentage of the bronchial wall area
were used to eliminate the potential effect
of varying body sizes of patients of different
ages. The %WT was calculated as
2 x bronchial wall thickness/(inner diame-
ter + 2 x bronchial wall thickness) x 100.
The percentage of the bronchial wall area
was calculated as (bronchial area — inner
luminal area)/bronchial area x 100. For
the assessment of bronchial inner luminal

28.2 mm?/m?

Body surface area: 1.103 m?

Inner luminal diameter: 6.32 mm

Inner luminal area: 31.1 mm?

Bronchial wall thickness: 1.72 mm

Total bronchial area: 74.6 mm?

Percentage of bronchial wall thickness: 35.2 %
Percentage of bronchial wall area: 58.3 %

Inner luminal area adjusted by the body surface area:

13.6 mm?/m?

Body surface area: 1.638 m?

Inner luminal diameter: 5.38 mm

Inner luminal area; 22.2 mm?

Bronchial wall thickness: 2.46 mm

Total bronchial area: 82.8 mm?

Percentage of bronchial wall thickness: 47.8 %
Percentage of bronchial wall area: 73.2 %

Inner luminal area adjusted by the body surface area:

Figure |. Representative images from three-dimensional bronchial wall analysis in (a) a responder case and
(b) 2 non-responder case. Short-axis images in third-generation segmental bronchi were obtained. The inner
diameter, inner luminal area, bronchial wall thickness, and total bronchial area were measured using the AZE
VirtualPlace Workstation. The percentage of bronchial wall thickness, percentage of bronchial wall area, and
bronchial inner luminal area adjusted by the body surface area were calculated.
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Table 2. Changes in parameters of the spirometry test and FeNO concentrations at baseline and after | year of omalizumab treatment.

Responder #3 Responder #4 Responder #5 Responder #6

Responder #1 Responder #2

Non-responder #2 Non-responder #3

Non-responder #|

Post-1

Baseline year

Post-1

Baseline year

Post-1

Baseline year

Post-1

Baseline year

Post-1

Baseline year

Post-1

Post-1 Post-1

Post-1

Baseline year Baseline year

year

Baseline

year

Baseline

Parameters

12 23

23

15 25 20 17 23
110.0 116.7 107.6 106.8 102.8

25

15

13
109.5

12
110.0

13 13
108.8

111.8

ACT/C-ACT
FvC

1072 93.6 123.2

107.2

103.2

96.1 96.8 114.7

772

(% pred)

FEVI

68.7

654 426

59.1

65.6 679 508 51.8

79.4

778

58.0 933 85.5 42.5 55.9 533 74.8

57.0

(% pred)

FEVI/

84.4

836 860 864 738

89.6 783

928

91.4

90.9

90.2 80.8 80.6 85.5 82.0 95.8

81.3

793

FVC (%)

PEF

67.5

51.0

745 487 65.5

66.5

87.4

72.7

109.2

744

49.0 712 68.7 50.9 45.2 60.2 83.2

49.8

(% pred)

MMF

117.8 130.0 633 89.1 86.1 882 37.0 1.7

122.8

119.0

79.8 60.8 125.2

54.6

89.9

117.7

61.2

63.8

(% pred)
FeNO (ppb)

60

41

64

51

31

40

48

ACT, asthma control test; C-ACT, childhood asthma control test; FVC, forced vital capacity; pred, predicted; FEV I, forced expiratory volume in | second; PEF, peak expiratory

flow; MMF, maximal mid-expiratory flow; FeNO, fractional exhaled nitric oxide.

stenosis, the bronchial inner luminal area
adjusted by the body surface area was cal-
culated as previously reported.'>

The parameters of spirometry tests, such
as the predicted forced expiratory flow in
1 second, %PEF, and predicted maximal
mid-expiratory flow, were increased in the
responders after omalizumab treatment
compared with those at baseline (Table 2).
However, no improvement in spirometry
test findings was observed in the non-
responders. A 3D-CT bronchial wall
analysis showed that the %WT and the
percentage of the bronchial wall area in
non-responders were higher than those in
responders (Figure 2). Values of the bron-
chial inner luminal area adjusted by the
body surface area in the non-responders
were lower than those in the responders.

Discussion

We report three children with severe asthma
who initiated omalizumab, but did not
observe any improvement in their asthma
symptoms. All three cases were older chil-
dren who developed asthma in infancy and
had many years of inadequate management
that did not match their severity before
starting omalizumab. Their spirometry test
findings showed no improvement, even
after omalizumab treatment, and chest CT
performed before the administration of
omalizumab also showed marked bronchial
wall thickening in all three cases. Therefore,
we hypothesized that the lack of improve-
ment in the spirometry parameters in these
non-responders was caused by progressed
bronchial wall thickness as a result of
airway tissue remodeling.

Chest 3D-CT of the airways is useful for
objectively quantifying the degree of bron-
chial structural changes.'” ' This method
in adults with asthma shows that wall
changes in the airways are correlated with
airflow limitations, pathological abnormal-
ities, and physiological impairment.** %2
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responders responders

Figure 2. Box-and-whisker plots of the (a) percentage of bronchial wall thickness, (b) percentage of
bronchial wall area, and (c) bronchial inner luminal area adjusted by the body surface area at several points
of third-generation segmental bronchi obtained by a three dimensional-bronchial wall analysis with chest
computed tomography in each patient. In the box-and-whisker plots, the line indicates the median value,
the box indicates the interquartile range, and the whiskers indicate the 95% confidence interval.

Previous studies have shown that the extent
of bronchial wall thickness assessed with
3D-CT analysis is greater in asthmatic
cases with a longer disease duration;* how-
ever, few such studies have been performed
in children. Recent advances in CT equip-
ment have enabled images with a high spa-
tial resolution to be obtained. Additionally,
the remarkable development of image anal-
ysis software has allowed 3D analyses of
relatively fine structures to be performed.
In this study, we found that the airway
structure could be measured by 3D-CT
bronchial wall analyses, even in children.
Additionally, bronchial wall thickness and
bronchial inner luminal stenosis were more
evident in non-responders to omalizumab
treatment than in responders. This finding
suggested that the thickening of the bron-
chial wall as a result of irreversible airway
tissue remodeling may have already
been remarkably progressed in the non-
responders, causing the response to omali-
zumab to be diminished in these patients.
Several studies have reported that bron-
chial wall thickness was improved by ICSs
or omalizumab treatment in adult patients
with severe asthma.”® > Airway wall

thickness on CT images includes not only
irreversible tissue structural changes, but
also reversible airway mucosal changes
caused by swelling or the infiltration of
inflammatory  cells.”® This reversible
mucous membrane thickness in the airways
can be reduced by the initiation of an ICS
or omalizumab to suppress airway inflam-
mation, resulting in improved airway wall
thickness in CT images. We consider that
earlier treatment with omalizumab in chil-
dren with severe asthma before progression
of airway wall remodeling may prevent sub-
sequent deterioration of respiratory func-
tion and quality of life. Although
examining whether omalizumab improves
airway wall thickening is important, CT
was not performed after the administration
of omalizumab in our study for ethical rea-
sons because CT examinations involve radi-
ation exposure.

The main limitation to this study was the
small sample size, and that only children
with severe asthma who had undergone
CT were retrospectively examined. We
believe that further prospective studies in
a sufficiently large cohort of severe asth-
matic children will help confirm our results.



Tsuge et al.

However, an appropriate clinical study con-
sidering the risk of radiation exposure and
benefit will need to be designed.

Conclusion

We report three asthmatic children who ini-
tiated omalizumab, but had no improve-
ment in their asthma  symptoms.
Additionally, bronchial wall thickness was
greater in these non-responders compared
with responders. This difference may have
been caused by the progression of airway
tissue remodeling, which can lead to a
poor response to omalizumab treatment in
children with severe asthma. However,
future studies are required in a sufficiently
large number of cases to confirm the reli-
ability of this finding.
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