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the activation of the immune system by an al‑
lergic or nonallergic mechanism. The phenotype 
and clinical presentation of asthma are driven 
by an endotype, that is, an inflammatory mech‑
anism. Until today, there have been 2 clear‑
ly defined groups of endotypes—type 2 high 
and type 2 low endotypes.4-6 Different molec‑
ular inflammatory endotypes correspond with 
the response to treatment with biological ther‑
apies and are the basis of personalized medi‑
cine. Independently of the specific molecular 

Introduction  Despite the advances in knowl‑
edge and new treatments, asthma remains 
a major concern worldwide. The goals of asth‑
ma treatment are set out in many internation‑
al and national recommendations and include 
achieving and maintaining asthma control and 
reducing future risks, notably asthma‑related 
deaths, exacerbations, and progressive airway 
damage.1-3

Asthma is a chronic inflammatory disease 
of the  airways. Inflammation results from 
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Abstract

Introduction  In asthma, airway remodeling is defined as structural changes of the airways. The as‑
sociation between remodeling and asthma severity is still unclear, and there are limited data on the inten‑
sity of airway remodeling in various stages of the disease as defined in the Global Initiative for Asthma 
(GINA) asthma severity classification. Computed tomography (CT) and postprocessing applications are 
effective tools to assess the intensity of airway remodeling.
Objectives  The aim of this study was to assess the severity of morphometric abnormalities of the re‑
spiratory tract in patients with various degrees of asthma severity according to the GINA guidelines.
Patients and methods  The study included 70 patients with asthma and 29 healthy controls matched 
for age, sex, and body mass index. Patients were examined with a 128 multislice CT scanner at  full 
inspiration. The measurements were made from the third to the ninth generations of bronchi. Bronchial 
parameters were compared between patients with severe and nonsevere asthma and healthy controls.
Results  We found no differences in the thickness of the bronchial wall, percentage of the wall area, 
inner and outer bronchial diameters, and the size of the bronchial lumen between severe and nonsevere 
asthma groups. Significant differences were noted in the thickness of the bronchial wall and the per‑
centage of the wall area between the severe asthma group and the control group (P <0.017) as well as 
between the nonsevere asthma group and controls (P <0.017).
Conclusions  Our findings indicated similar values of CT morphological measures of airway remodeling 
in all asthma severity groups as defined by the GINA guidelines.
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Patients and methods  Patient characteristics  
This was an observational study performed at a 
single academic center. We enrolled 83 patients 
with asthma (49 women and 34 men) and a con‑
trol group of 30 healthy volunteers (12 women 
and 18 men) matched for sex, age, body mass 
index, and body surface area (calculated using 
the Mosteller formula). All patients were con‑
secutively recruited at the outpatient allergolo‑
gy clinic of the Department of Internal Diseas‑
es, Pneumonology, and Allergology of the Wro‑
claw Medical University. None of the study par‑
ticipants have ever been smokers.

A definite asthma diagnosis established in 
childhood, adolescence or early adulthood was 
the main inclusion criterion. Asthma severi‑
ty staging was performed in line with the 2015 
GINA report and based on the severity of air‑
flow limitation.14 According to the GINA guide‑
lines, the severity of asthma is assessed retro‑
spectively, from the level of the treatment re‑
quired to control the symptoms and exacerba‑
tions, and not from the level of airflow limitation. 
For this reason, the spirometric measurements 
were only used to describe the characteristics of 
the study groups and were not the basis for fur‑
ther analysis.

At enrollment, the study group consisted of 
83 individuals and included patients with severe 
(n = 25), moderate (n = 28), and mild (n = 30) 
asthma. The mean (SD) age of individuals in 
the severe asthma (SA), moderate asthma, mild 
asthma, and control groups was 49 (9), 47 (16), 
44 (13), and 47 (13) years, respectively. All pa‑
tients were examined in a stable, controlled phase 
of asthma. The patients were asked to refrain 
from taking inhaled rescue bronchodilators for 
at least 8 hours and long‑acting bronchodilators 
for at least 24 hours before the examination.

Healthy volunteers were recruited in the same 
outpatient clinic using nonprobability purposive 
sampling. The inclusion criteria for the control 
group comprised no history of respiratory dis‑
ease, no major heart disease, and no other seri‑
ous chronic diseases.

Imaging system errors (motion artifacts and 
incorrect reconstruction algorithms) as well as 
incidentally diagnosed comorbidities (sarcoid‑
osis, lung tumor) resulted in the exclusion from 
the study.

Quantitative computed tomography  All patients 
were examined in the supine position at full in‑
spiration and breath‑holding, using a 128 mul‑
tislice CT scanner (SOMATOM Definition AS+, 
Siemens Healthcare, Erlangen, Germany). Scans 
were analyzed and reconstructed using the Syn‑
go.Pulmo3D software (Siemens Healthcare). Mea‑
surements of the bronchial tree from the third 
(segmental) to the ninth (subsegmental) gener‑
ation were performed independently for each pa‑
tient. The following qCT parameters were taken 
into account: WT, wall area (WA), WA%, ID, and 
LA. Measurements were carried out in a blind 

pathomechanism, inflammation of the airways 
is traditionally considered to be associated with 
hyperresponsiveness and remodeling of the air‑
ways. Remodeling refers to structural changes in 
the airways that include subepithelial fibrosis, 
basal membrane thickening, increased smooth 
muscle mass, enlargement of the glands, neovas‑
cularization, and epithelial alterations.7 The re‑
lationship between the remodeling pattern, clin‑
ical presentation, different phenotypes / endo‑
types, and specific molecular mechanisms of in‑
flammation is unclear. Histological assessment 
of remodeling is methodologically difficult and 
requires the use of invasive techniques.8 For 
over 20 years, computed tomography (CT) has 
been a convenient tool for the assessment of 
the intensity of airway remodeling.9,10 The most 
widely used quantitative CT (qCT) parameters 
to assess bronchial wall remodeling include wall 
thickness (WT), wall area percentage (WA%), 
lumen area (LA), as well as the outer and in‑
ner diameter of the bronchus. The influence of 
airway remodeling on lung function has been 
postulated, and this relationship is still under 
investigation.11 In a previous study, a signifi‑
cant increase in airway thickness in patients 
with asthma compared with healthy individu‑
als was shown.12

It is believed that remodeling is associated with 
the severity of asthma and is related to impaired 
lung ventilation.8,13 Evaluation of airflow lim‑
itation is obviously an important part of asth‑
ma assessment; however, a more complex ap‑
proach to determining asthma control and sever‑
ity has been recommended over the last years. It 
is based on the analysis of symptoms and treat‑
ment strength, not lung function.14 However, data 
on the incidence and intensity of airway remod‑
eling at various levels of asthma severity as de‑
fined in the Global Initiative for Asthma (GINA) 
classification are still sparse.

The aim of our study was to assess the severi‑
ty of morphometric abnormalities of the respira‑
tory tract using qCT in patients with various de‑
grees of asthma severity according to the GINA 
guidelines.

What’s new?

Asthma is one of the most common lung diseases, but its pathophysiology 
is still not fully understood. Airway remodeling in asthma refers to structural 
changes of the airways. The  relationship between airway remodeling and 
asthma severity remains under investigation, and data on the  intensity of 
remodeling at various degrees of the disease severity according to the Global 
Initiative for Asthma classification are still scarce. With the use of advanced 
postprocessing software and multislice computed tomography, it is possible 
to perform detailed measurements of the bronchial tree. This study revealed 
a similar intensity of morphological changes in computed tomography scans 
in all examined patients with asthma, regardless of the disease severity. 
These interesting results may implicate that airway remodeling begins early 
in the course of asthma, also in mild and moderate stages of the disease.
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The study protocol was approved by the Bioeth‑
ics Committee of the Wroclaw Medical University 
(no. 280/2014 and 92/2017). All participants pro‑
vided written informed consent before the com‑
mencement of any study‑related procedure.

Statistical analysis  Statistical analysis was 
performed with the  use of GraphPad Prism 
version 7.0 (GraphPad Software, San Diego, Cal‑
ifornia, United States). Normality of distribu‑
tion was determined with the Shapiro–Wilk test 
and the D’Agostina–Pearson omnibus normal‑
ity test. Only variables that passed both tests 
of normality were considered to follow normal 
distribution. The χ2 test was used to evaluate 
the frequency distribution in all 3 groups. Due 
to their size, the study groups were compared 
with the Mann–Whitney test. Comparisons be‑
tween 3 groups (SA, non‑SA, and controls) were 
performed using the Kruskal–Wallis test, and 

fashion by a single observer in the middle part 
of each bronchial generation.

Due to the lack of a significant difference in 
quantitative features of the bronchial tree (ID, 
WT, WA, WA%, and LA) between the mild and 
moderate asthma groups, a decision was made 
to combine these 2 groups into a single nonse‑
vere asthma group (non‑SA). All further analyses 
concerned the SA, non‑SA, and control groups. 
The study groups differed in terms of height and 
airflow limitation. The SA group was characterized 
by a more severe airflow limitation compared with 
the non‑SA and control groups (predicted percent‑
age of forced expiratory volume in 1 s [FEV1%], 
63.4%, 92%, and 108.4%, respectively). Detailed 
characteristics of the study and control groups 
are presented in Table 1. More details regarding 
the CT scanning protocol and measurement of 
the bronchial parameters are described in a study 
by Patyk et al.12

TABLE 1  Patient characteristics

Parameter SA (n = 22) non‑SA (n = 48) HC (n = 29) P value

SA vs HCa Non‑SA 
vs HCa

SA vs 
non‑SAa

SA vs 
non‑SA vs 
HCb

Age, y 49 (9) 45 (15) 47 (13) – – – 0.53

49 (41–58) 45 (35–58) 51 (38–58)

Height, cm 165.5 (8.3) 171.2 (9.2) 172.7 (9.5) 0.007 0.41 0.02 0.018

163.0 (159.8–172.8) 170.0 (164.0–179.3) 170.0 (164.5–181.5)

Weight, kg 74.6 (16.8) 79.5 (18.8) 82.2 (16.5) – – – 0.32

74.5 (60.8–86.8) 76.5 (65.8–90.0) 83.0 (69.5–94.5)

Sex, n (%) Female 15 (68) 27 (56) 11 (38) – – – 0.08c

Male 7 (32) 21 (44) 18 (62)

BMI, kg/m2 27.1 (5.5) 27.0 (5.6) 27.5 (5.0) – – – 0.19

27.8 (23.1–30.1) 26.5 (22.9–30.4) 26.8 (24.0–31.0)

BSA, m2 1.8 (0.2) 1.9 (0.3) 2.0 (0.2) – – – 0.14

1.8(1.7–2.0) 1.9 (1.7–2.1) 2.0 (1.8–2.2)

Asthma duration, y 25 (12) 20 (11) N/A – 0.14 – –

20 (10–28) 20 (18–31)

FEV1, l 1.7 (0.5) 2.9 (1.0) 3.7 (1.1) <0.001 0.004 <0.001 <0.001

1.7 (1.4–2.0) 2.6 (2.3–3.6) 3.6 (2.6–4.6)

FEV1, % predicted 63.3 (17.6) 90.8 (20.4) 108.2 (13.1) <0.001 <0.001 <0.001 <0.001

61.1 (51.6–76.6) 92.1 (77.6–101.9) 108.3 (100.6–117.7)

FVC, l 3.1 (0.7) 4.2 (1.2) 4.7 (1.3) <0.001 0.10 <0.001 <0.001

3.1 (2.7–3.4) 4.2 (3.3–5.1) 4.7 (3.6–5.9)

FVC, % predicted 93.6 (18.7) 110.1 (21.7) 115.9 (12.7) <0.001 0.11 0.002 <0.001

93.9 (77.6–108.1) 108.7 (96.9–122.5) 119.3 (108.3–122.8)

FEV1/FVC% 57.1 (11.7) 69.1 (10.5) 77.5 (6.0) <0.001 0.002 <0.001 <0.001

58.4 (47.3–67.0) 70.7 (61.0–76.6) 77.1 (72.1–83.0)

Data for each variable are presented as mean (SD) (upper line) and median (interquartile range) (lower line) unless indicated otherwise.

a  The Bonferroni correction was applied for pairwise comparisons (Mann–Whitney test) and a P value <0.017 was considered significant.

b  Variables compared using the Kruskal–Wallis test; a P value <0.05 was considered significant.

c  Variables compared using the χ2 test

Abbreviations: BMI, body mass index; BSA, body surface area; FEV1, forced expiratory volume in 1 s; FVC, forced vital capacity; HC, healthy controls; 
N/A, not applicable; non‑SA, nonsevere asthma; SA, severe asthma
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respectively. There was no significant difference 
(the χ2 test) in the number of bronchial genera‑
tion measurements achieved between the study 
and control groups. All 3 groups did not differ in 
terms of demographic or physical characteristics, 
with the exception of height. Patients in the SA 
group were shorter (165.5 cm) than patients in 
the non‑SA (171.2 cm) and control (172.7 cm) 
groups (P = 0.018). No relationship between any 
morphological features of airway remodeling and 
demographic or physical characteristics, includ‑
ing height, was found.

There were no differences with regard to most 
of the qCT parameters, that is, WT, WA%, ID, and 
LA between the SA and non‑SA groups. Differ‑
ences between the study groups were numerical‑
ly small, and their occurrence was changeable, in‑
consistent, and not significant. However, some 
significant differences (P <0.017) were noted in 
terms of WT and WA% between the SA group and 
the control group as well as between the non‑SA 
group and controls. Both parameters had greater 
values in the asthma groups. The differences in 
WT and WA% are presented in Figure 2 and Figure 3, 
respectively. Details regarding the WT and WA% 
values are presented in Supplementary material, 

a P value of less than 0.05 was considered signif‑
icant. Pairwise comparisons (the Mann–Whitney 
test) were corrected for multiple testing using 
the Bonferroni correction, and a P value of less 
than 0.017 was considered significant. The Spear‑
man R correlation coefficient was calculated to as‑
sess the correlation between the factors.

Results  The final analysis included 70 pa‑
tients with asthma (22 in the SA group and 48 
in the non‑SA group) and 29 healthy controls. 
A total of 10 participants (9 patients with asth‑
ma and 1 healthy volunteer) were excluded from 
the quantitative image reconstruction analy‑
sis due to CT motion artifacts and reconstruc‑
tion errors. Four patients with asthma were ad‑
ditionally excluded due to the detection of dis‑
eases other than asthma in the CT examina‑
tion. A detailed study flowchart is presented in 
Figure 1. Except for single measurements, all air‑
way segmentation and image reconstruction data 
from the third to the sixth generation of bronchi 
were available in all examined patients (n = 99). 
Data for the seventh, eighth, and ninth bronchi‑
al generations were attainable in 95% (n = 94), 
83% (n = 82) and 63% (n = 62) of participants, 

Figure 1�  Study flowchart

Initially screened participants
n = 113

Eligible participants
n = 103

Asthma
n = 74

Asthma
n = 70

GINA 2015

Excluded
n = 4

(comorbidities)

Excluded
n = 10

(technical errors)

Healthy controls
n = 29

Healthy controls
n = 29

Nonsevere asthma
n = 48

Severe asthma
n = 22

Excluded
n = 0
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however, recently it has become possible to also 
analyze more distant generations of airways.12,18

The intensity of remodeling in relation to 
the severity of asthma remains unclear and is 
under investigation. Wang et al,16 using an arbi‑
trary, 3‑grade scale of the bronchial wall thicken‑
ing severity (third–fifth generations), observed 
a gradual increase in the intensity of remodel‑
ing in subsequent degrees of asthma severity. 
Asthma severity grades were defined based on 
the severity of airflow limitation as measured by 
FEV1%. Mild severity of bronchial wall thicken‑
ing was present in 26.7% of patients with mild 
asthma, 36.4% of patients with moderate asth‑
ma, and 41.5% of those with severe asthma. Mod‑
erate severity of bronchial wall thickening was 
present in 3.3%, 9.1%, and 26.7% of mild, mod‑
erate, and severe asthma patients, respectively. 
Severe bronchial wall thickening was not report‑
ed in any group of patients with asthma. It is in‑
teresting that in the study by Wang et al,16 most 
patients with asthma, including those with great‑
est disease severerity, did not show any thicken‑
ing of the bronchial walls.16

Berair et al17 assessed bronchial changes in 
asthmatic patients with postbronchodilator 
FEV1% lower and higher than 80% of the pre‑
dicted value, without reference to the GINA se‑
verity rating. In this formula, patients with persis‑
tent airflow limitation presented narrower mean 
segmental bronchial LAs and a larger mean seg‑
mental bronchial WA%. The increase in bronchi‑
al WT in patients with persistent airflow limita‑
tion was associated with a higher airway smooth 
muscle percentage and increased vascularity, but 
not with other measured markers of airway re‑
modeling or inflammation.

In 2013, Kościuch et al19 published a study per‑
formed in a small group of 10 patients with asth‑
ma and 12 patients with chronic obstructive pul‑
monary disease (COPD). The group of patients 
with asthma included 5 individuals with mild 
asthma and 5 patients with moderate asthma, 
classified according to the GINA recommenda‑
tions. A CT scan was performed at 5 selected lung 
levels: superior margin of the aortic arch, trache‑
al bifurcation, 1 cm below the tracheal bifurca‑
tion, inferior pulmonary veins, and 2 cm above 
the dome of the right hemidiaphragm. The au‑
thors noted differences between the patients with 
mild and moderate asthma in terms of WA, total 
airway area, relative WT expressed as the WT to 
external diameter ratio, relative airway WA, inter‑
nal diameter, and LA; however, these differences 
were not observed in COPD patients. There was 
also no difference in WT between the mild and 
moderate asthma groups.19

In a recent study (performed within the frame‑
work of the U‑BIOPRED severe asthma study), 
Wilson et al20 adopted a similar classification of 
patients with asthma to the one used in our study 
(mild‑to‑moderate and severe asthma groups), 
and also based it on the GINA recommendations. 
The authors assessed CT parameters and their 

Table S1. Neither of these parameters correlated 
with the predicted FEV1%, predicted forced vital 
capacity (FVC) or the absolute value of the FEV1 
to FVC ratio in all studied groups (all P >0.05). Pa‑
tients in the SA and non‑SA groups did not differ 
in terms of disease duration. The mean (SD) du‑
ration of asthma in each group was 25 (12) and 
20 (11) years, respectively (P = 0.14).

Discussion  Airway remodeling in asthma is 
a structural change of the airways that can be ob‑
served and measured using high‑resolution CT. 
Differences in the thickness of bronchial walls 
and the lumen of the airways in patients with 
asthma and healthy individuals were document‑
ed in many studies.12,15 Due to technical limita‑
tions in the past, most studies assessed airways 
up to the fifth or sixth generation of bronchi15-17; 

Figure 2�  Wall thickness of the bronchial tree generations in patients with severe 
asthma (SA), non‑severe asthma (non‑SA), and healthy controls (HC)
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Figure 3�  Wall area percentage of the bronchial tree generations in patients with 
severe asthma (SA), non‑severe asthma (non‑SA), and healthy controls (HC)
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remodeling, with no noticeable progression of 
this process in more severe stages of the disease. 
The lack of differences in the intensity of airway 
remodeling among patients with varying degrees 
of the disease severity may be related to the GINA 
classification system of asthma severity. Accord‑
ing to the GINA report, asthma severity is as‑
sessed retrospectively from the level of the treat‑
ment required to control the symptoms.14 Such 
classification of the severity of asthma may not 
fully correspond to the degree of airflow limita‑
tion. Moreover, the GINA definition of asthma 
control is a composite end point of many variables 
and does not directly depend on airflow limita‑
tion. The differences in asthma severity classifica‑
tion may correspond to the relationship between 
the intensity of airway remodeling and asthma se‑
verity. Another interesting finding of our study is 
the lack of differences in the severity of remodel‑
ing between the groups of patients with varying 
degrees of airflow limitation. The study was not 
aimed to address this issue, which leaves space 
for formulating hypotheses to clarify this obser‑
vation. The lack of differences in the severity of 
remodeling may result from the symptom- and 
treatment‑based approach to classify asthma se‑
verity in the GINA recommendations. The sever‑
ity of airflow limitation does not always correlate 
with the severity of symptoms and the intensi‑
ty of treatment. The lack of difference in the in‑
tensity of bronchial remodeling may also be due 
to the similar duration of asthma in both groups. 
Tsurikisawa et al21 showed that hypertrophy and 
hyperplasia of the airway smooth muscle, but 
not the reticular basement membrane, is associ‑
ated with the duration of asthma. In our study, 
the duration of asthma in both SA and non‑SA 
groups did not differ significantly. Another possi‑
ble explanation is the occurrence of emphysema
‑like changes in the lung interstitium in patients 
with severe asthma. An emphysematous change 
(not analyzed in this study) may further deterio‑
rate the airflow, independently of airway remod‑
eling. Finally, in patients with severe asthma, re‑
modeling of more distal airways (below the ninth 
generation) is possible. However, current imaging 
techniques do not allow for a precise imaging of 
the peripheral airways. Clarification of these re‑
lationships will require further research.

The present study has some limitations. First 
of all, it is a single‑center study with relatively 
small groups of patients with mild‑to‑moderate 
and severe asthma. Another limitation, to some 
extent, is the lack of premedication with a short
‑acting β‑2 agonist (SABA). The patients were ex‑
amined during the period of good asthma control, 
on adequate treatment according to the GINA rec‑
ommendations, but without SABA administra‑
tion prior to the CT examination. A similar pat‑
tern was adopted in our other studies. The aim 
was to assess the status of bronchial remodeling 
without the impact of SABA. Such an approach 
corresponds most closely to the clinical condi‑
tion that a patient presents in a stable period 

relationship with histological features of airway 
remodeling. They found no differences in the mu‑
cin or collagen quantification between all asthma 
groups and a group of healthy controls. The only 
difference was a higher median percentage of elas‑
tic fibers in the bronchial submucosa in the pa‑
tients with severe asthma compared with healthy 
controls. Due to the low number of suitable CT 
images, it was not possible to compare airway 
morphometry data between groups.

In the present study, we focused on the rela‑
tionship between the quantitative CT parameters 
and asthma severity according to the GINA guide‑
lines, and not according to the degree of airflow 
limitation. In our previous study, we showed that 
the WT of all bronchial generations (third to ninth 
generation) is significantly greater in the asthmat‑
ic population than in healthy individuals. Other 
morphological features were in line with the WT. 
In the group of patients with asthma, WA% was 
significantly greater in the fourth to the ninth 
generation, whereas LA as well as inner diame‑
ter were significantly smaller in the seventh to 
the ninth generation. All these morphological 
features can be attributed to airway remodeling. 
Our observations suggest that morphotic chang‑
es are mainly noticed in the more distal bronchi.12 
Similar results were obtained in the present study. 
WT and WA% were greater in the groups of pa‑
tients with asthma than in healthy controls, re‑
gardless of the severity of asthma and the method 
of patient grouping. Interestingly, in the patients 
with asthma, greater WT and WA% were observed 
only from the fourth generation of bronchi. This 
suggests a more distal distribution of remodeling. 
WT was greater in almost all distal generations in 
both the SA and non‑SA groups, whereas WA% 
was consistently greater form the sixth genera‑
tion onwards. Differences between the WT and 
WA% distribution may suggest different sensitiv‑
ity of the 2 parameters in the assessment of re‑
modeling, but the study did not address this issue. 
The smaller number of measurements obtained 
for the ninth generation limited the observation 
of remodeling in this generation of bronchi. Re‑
sults of the current study demonstrated no dif‑
ferences in the parameters of airway remodeling 
between patients with various degrees of asthma 
severity according to the GINA classification. Mor‑
phological abnormalities on CT were similar in all 
asthma groups: mild, moderate, nonsevere (mild 
and moderate combined), and severe. The results 
are are not concurrent with those presented by 
Kościuch et al.19 However, that study is limited by 
a small group of patients with asthma. It should 
also be noted that the study by Kościuch et al19 

was performed according to a scanning proto‑
col and measurement techniques different from 
the ones adopted by us, and the measurements 
were performed only on selected axial scans. Our 
observations indicate that the intensity of airway 
remodeling is similar, regardless of the asthma 
severity grade. Consequently, the results suggest 
an early (in mild asthma) development of airway 
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of the disease. The obtained results raise ques‑
tions that can be answered in subsequent stud‑
ies carried out on larger groups of patients and 
based on other study protocols. This mainly con‑
cerns the relationship between the remodeling of 
the bronchial tree and the severity of asthma ac‑
cording to various criteria as well as the severi‑
ty of airflow limitation and asthma phenotypes 
and endotypes.

In conclusion, our findings indicated a similar 
intensity of morphological features of airway re‑
modeling on CT in all asthma severity groups as 
defined by the GINA guidelines.
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