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Abstract: Purpose: Mycobacterium avium complex pulmonary disease (MACPD) causes respiratory tract lesions, 
and it is often difficult to recognize bronchiectasis macroscopically on CT when only mild bronchodilation occurs. 
The aim of this study was to evaluate such normally appearing bronchi, and quantify bronchial changes in patients 
with MACPD by 3-D airway analysis. Methods: Thirty-one women bacteriologically diagnosed with mycobacterium 
avium complex (MAC group) and 20 healthy women (control group) were enrolled. We measured the area of the in-
ner lumen (Ai) of the bronchi from the third to sixth generations of the right apical bronchus (B1) and the right basal 
bronchus (B8) using computed tomography data. We also analyzed Ai values of both the MAC group and the control 
group. Additionally, we examined the correlation between Ai values and the CT scores (cellular bronchiolitis, nod-
ules, bronchiectasis, air spaces, and cavities) assigned by radiologists in MAC group. Results: The Ai values indicate 
that bronchodilation at each of the 4th to 6th generations of the right B1 was significantly greater in the MAC group 
than in the control group (P < 0.05). The Ai values and the CT scores were significantly correlated at each of the 5th 
to 6th generations of right B1 (r = 0.58, P < 0.001; r = 0.67, P < 0.0001, respectively). Conclusions: The study sug-
gests that the mild bronchiectasis of peripheral bronchus in patients with MACPD could be detected by 3-D airway 
analysis, even in normally appearing bronchi.
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Introduction

Mycobacterium avium complex pulmonary dis-
ease (MACPD) is a common disease, and its 
prevalence is increasing, particularly among 
middle-aged women [1-4]. There are several 
types of MACPD, but nodular bronchiectatic 
disease is common among non-smoking 
women aged 50 years or older [5] and com-
monly occurs in non-immunocompromised indi-
viduals. Recently, computed tomography (CT) 
has become essential for the diagnosis of 
MACPD and for the assessment of its severity.

Bronchiectasis is present in many patients suf-
fering from MACPD [6-8]; it is often caused by 
respiratory infections and is defined as chronic 
dilation of the bronchi with adjacent pulmonary 

parenchymal damage [9]. In many cases of 
MACPD, bronchiectasis is accompanied by 
peribronchial lesions such as small nodules, 
which is mainly found in the middle lobe and 
lingular segment. Such bronchiectasis is easy 
to identify, and its morphology is classified  
as cylindrical, varicose, or cystic (Figure 1A). 
However, cases of mild bronchiectasis in which 
peribronchial lesions are not present, particu-
larly in the upper and lower lobes, are often dif-
ficult to identify because the bronchus is rela-
tively perpendicular to the slice of the CT imag-
ing. No previous studies have quantitatively 
assessed such “normally appearing” bronchi 
(Figure 1B). Transbronchial and lung biopsies 
are highly invasive and difficult to perform for 
assessment of peripheral airways in cases of 

http://www.ijcem.com


3-D airway analysis in mycobacteium avium complex

5979	 Int J Clin Exp Med 2016;9(3):5978-5986

MACPD, whereas CT is a minimally invasive 
useful tool that can be repeatedly used for air-
way analysis. However, because bronchi run in 
all directions, accurate tomographic images 
cannot always be obtained from previous CT 
systems. High-resolution CT imaging utilizing 
three-dimensional (3-D) airway analytical soft-
ware can be used to track and visualize the air-
ways. In addition, short-axis images perpendic-
ular to the long axis can be drawn and mea-
sured at any site, which enables the measure-
ment of small spaces such as the bronchial 
lumen [10-19].

The aim of this study was to quantitatively mea-
sure the area of the inner lumen (Ai) of “nor-
mally appearing” bronchi in patients with 
MACPD without peribronchial lesions and eval-
uate the bronchi using 3-D airway analysis. In 
addition, we assessed whether this analysis 
could be used to detect mild bronchiectasis, for 
which assessment through bronchi macroscop-
ic diagnosis of CT findings is difficult, and we 
characterized the features of bronchiectasis of 
MACPD.

Materials and methods

Subjects

Patients who were diagnosed with MACPD and 
underwent a thoracic CT scan from July 2012 
to October 2015 at the Department of 
Respiratory Medicine of Chuno Kosei Hospital 
were included. MACPD was diagnosed in accor-
dance with criteria set by The American 
Thoracic Society (ATS) and the Infectious 
Diseases Society of America (IDSA) [1]. Other 
diseases were excluded in patients who had CT 
features that suggested MACPD and who had 
positive mycobacterial avium-intracellular cul-
tures in at least one bronchoalveolar lavage 
fluid or two sputum tests. The criteria for inclu-
sion in the Mycobacterium avium complex 
(MAC) group were as follows: patients who 
received a diagnosis of MACPD and, i) were 
women; ii) were non-smokers; iii) were 20 years 
of age or older; iv) in whom thoracic CT did not 
reveal lesions such as cellular bronchiolitis, 
nodules, or air spaces in the measured peri-
bronchial region of the right apical bronchus 

Figure 1. Example of MACPD findings in computed tomography images. A. This image shows distinct cylindrical and 
varicose bronchiectasis associated with MACPD in the middle lobe (arrow). B. Cavities and small nodular shadows 
associated with MACPD are present in the right S2 (arrow a); however, “normally appearing” bronchi without small 
nodular shadows in the right S1 are also present with no clear bronchiectasis (arrow b).
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(B1) and anterior basal bronchus (B8) and did 
not reveal clear bronchiectasis of any morphol-
ogy; and v) did not have other pulmonary dis-
eases such as chronic obstructive pulmonary 
disease (COPD), bronchial asthma, lung cancer 
or infectious pulmonary disease (e.g., pneumo-
nia, pneumomycosis, or tuberculosis).

Subjects in the control group were non-smok-
ing healthy women 20 years of age or older who 
visited the same hospital during the same peri-
od as the MAC group for abnormal thoracic 
radiographic findings, but for whom no abnor-
malities were detected in thoracic CT scans 
and pulmonary function tests.

Figure 2. Three-dimensional reconstruction of the bronchial tree. A. The bronchial airways were automatically 
tracked and extracted to recreate the entire bronchial tree structure. B. We used multiplanar reconstruction (MPR) 
and virtual bronchoscopy. The bronchial lumen observed in CT images is highlighted in green. C. A CT image of the 
bronchus running in the lower right side is displayed using linear MPR. Even though sufficient imaging of the bron-
chi could not be obtained, a bronchiole model was created by manually identifying the bronchioles. The green area 
highlights the bronchial lumen, the yellow line indicates the selected bronchial branch, and the red line indicates a 
branch that splits into another branch. D. Long-axis images of the right B8 in healthy subjects are shown in a linear 
arrangement. E. Manual tracing of the short-axis view of the bronchi. F. We calculated the area of the inner lumen 
(Ai) of the bronchial branches.
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Written consent was obtained from all partici-
pants for the use of thoracic CT and clinical 
data for research purposes. Our study was 
approved by the Chuno Kosei Hospital 
Institutional Review Board (approval number: 
65).

Acquisition of computed tomography data and 
3-D analysis

We used a 64-slice multiple detector CT scan-
ner (Aquilion CX, Toshiba, Japan): 120 kVp, 
Real-EC (SD 10.0), 64 detector × 0.5 mm colli-
mation, slice thickness 0.5 mm, 0.5 s/rotation, 
helical pitch 53 (PF 0.828). Patients were 
placed in the supine position and asked to 
breathe deeply while the entire lung was 
scanned. The obtained CT data were sent to a 
workstation (AZE Ltd., Tokyo, Japan) for recon-
struction using 3-D imaging. First, bronchial air-
ways were automatically tracked and extracted, 
and the entire bronchial tree structure was rec-
reated (Figure 2A). The selected bronchi were 
displayed using curved multiplanar reconstruc-
tion, orthogonal cross-section, or virtual bron-
choscopic imaging (Figure 2B). If sufficient 
imaging of the bronchi could not be obtained, a 
bronchiole model was created by manually 
identifying bronchioles (Figure 2C). The select-
ed bronchus was shown linearly in a long-axis 
image (Figure 2D). The inner and outer lumen 

We conducted two studies (Study 1 and 2).

In Study 1, we compared the mean Ai values for 
the MAC group to those of the control group at 
each bronchial branch of the right B1 or B8 
bronchus.

In Study 2, based on the study of Moore et al. 
[20], we divided the right lung of each patient of 
the MAC group into five sites (i.e., S1+2, S3, 
S4+5, S6, S7+8+9+10) using CT. Based on the 
study of Obayashi et al. [21], we assigned sever-
ity scores of 0-3 points to five items (cellular 
bronchiolitis, nodules, bronchiectasis, air spac-
es, and cavities) in each region (i.e., right S1+2, 
S7+8+9+10). See Table 1 for scoring system 
details. We examined the correlation between 
scores of the right S1+2 CT scans and Ai values 
of each bronchial branch of the right B1, in 
addition to the correlation between scores of 
the right S7+8+9+10 CT scans and the Ai val-
ues of each bronchial branch of the right B8.

The CT scans were reviewed with consensus 
reading by two blinded observers experienced 
in CT.

Statistical analysis

Data are presented as the mean value ± stan-
dard deviation (SD). Statistics Program for 

Table 1. Macroscopic assessment criteria for com-
puted tomography imaging

Scoring system for evaluation of radiological findings
Radiological findings Degree Score
Cellular bronchiolitis (< 5 mm) None 0

0-50% in segment 1
50-100% in segment 2

All 3
Nodules (≥ 5 mm) No 0

Yes 1
Bronchiectasis No 0

Mild 1
Moderate 2

Severe 3
Air space No 0

Yes 3
Cavity No 0

Yes 3
Bronchiectasis was defined as follows: 1 point = bronchus smaller 
than two times the diameter of the artery running parallel to it 
(mild); 2 points = twice or more than twice the diameter (moderate); 
3 points = cylindrical, varicose, or cystic bronchiectasis (severe).

diameters of bronchi were automatically 
traced using the full-width at half-maxi-
mum principle, but tracing can be manual-
ly performed if the automatic tracer is 
inaccurate (Figure 2E). We searched for 
bifurcations and identified bronchial gen-
erations while paying close attention to 
short-axis, longitudinal, sagittal, and coro-
nal plane views, as well as virtual broncho-
scopic findings. Furthermore, whenever 
possible we selected linear bronchi for 
evaluation. Through this process, we cal-
culated the Ai at each 0.5 mm mark. We 
analyzed the third (i.e., segmental branch-
es) to sixth generations of the right B1 and 
B8, and calculated the mean Ai values 
(mm2) for each generation (Figure 2F).

Selection and tracing of bronchi for 3-D CT 
were performed by a single experimenter 
who was blinded to the subjects’ diagno-
sis, and another experimenter who was 
similarly blinded confirmed the results.

Radiological evaluation
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Social Science for Windows (IBM, SPSS 
Statistics ver.22) was used for data analysis. 
The Mann-Whitney U test was used for group 
comparisons of the age, height, body weight, 
BMI, and Ai values of subjects in Study 1. 
Spearman’s rank-order correlation was used to 
compare CT scores and Ai values in Study 2. 
Statistical significance was defined as P < 0.05.

Results

Patient characteristics

Patient characteristics are shown in Table  
2. The control group contained 20 patients, 

a correlation between Ai value and severity of 
the CT score at each of the 5th to 6th genera-
tions of the right B1 (5th generation, P < 0.001; 
6th generation, P < 0.0001). In addition, when 
the imaging score increased, bronchiectasis 
also occurred in “normally appearing” bronchi. 
No clear correlation between Ai value and 
severity of CT scores was observed at each of 
the 3rd to 4th generations of the right B1 (3rd 
generation, P = 0.7097; 4th generation, P = 
0.0795) or at each of the 3rd-6th generations 
of the right B8 (3rd generation, P = 0.4089; 4th 
generation, P = 0.1469; 5th generation, P = 
0.2970; 6th generation, P = 0.0502).

Table 2. Characteristics of subjects
Characteristics of subjects

Group Control MAC P values
Sex (male/female) 0/20 0/31
Age (years) 58.0 ± 17.7  65.9 ± 12.6 NS 1)
Height (m) 1.56 ± 0.07 1.52 ± 0.08 NS 1)
Body weight(kg) 52.3 ± 8.3 45.3 ± 6.4 < 0.01 1)
BMI (kg/m2) 21.5 ± 2.6 19.6 ± 1.9 < 0.05 1)
Smoking (BI) 0 0
Hematologic data
    WBC (/μL) 4665 ± 1399
    RBC (× 10000/μL) 425.2 ± 39.6
    Hb (g/dL) 12.7 ± 1.4
    CRP (mg/dL) 0.08 ± 0.09
    Alb (g/dL) 4.04 ± 0.31
Biological diagnosis
    Sputum/bronchial lavage 11/20
Symptoms
    Cough 0 16 (51.6%)
    Sputum 0 15 (48.4%)
    Hemosputum 0 3 (9.7%)
    Shortness of breath 0 16 (51.6%)
Medication
    None 18 (58.1%)
    CAM, RFP, EB 5 (16.1%)
    CAM, RFP, LVFX 4 (12.9%)
    CAM, RFP 4 (12.9%)
    Duration of medication (months) 5.19 ± 11.8
Data are presented as the mean value ± standard deviation. 1) Data were ana-
lyzed using the Mann-Whitney U test. Definitions: medication (pharmacotherapy): 
pharmacotherapy at time of computed tomography imaging; sputum = patients 
who received a diagnosis of positive sputum culture at least two times; bronchial 
lavage = patients who received a diagnosis of positive culture of bronchoalveolar 
lavage fluid by bronchoscopy; BMI = body mass index, BMI was calculated as the 
weight (kg) divided by the square of the height (m); BI = Brinkman index; N.S. = not 
significant; WBC = white blood cell; RBC = red blood cell; CRP = C-reactive protein; 
Alb = albumin; CAM = clarithromycin; RFP = rifampicin; EB = ethambutol; LVFX = 
levofloxacin; SM = streptomycin.

whereas the MAC group con-
tained 31 patients. In Study 
1, there were no significant 
differences between the two 
groups with regard to age 
and height. Thirteen patients 
of the MAC group received 
combination therapy (e.g., 
clarithromycin or rifampicin) 
at the time of the CT scans. 
There were no immunocom-
promised subjects in the 
MAC group.

Airway measurement in pa-
tients with MACPD

Comparisons of the mean  
Ai values between the two 
groups in Study 1 are shown 
in Figure 3 (right B1). The Ai 
value and bronchodilation 
were significantly greater in 
the MAC group than in the 
control group at each of the 
4th to 6th generations of the 
right B1 (4th generation P < 
0.05; 5th and 6th genera-
tions P < 0.0001). However, 
no significant differences 
between the 3rd generations 
of the right B1 or the 3rd-6th 
generations of the right B8 
were observed between the 
groups.

The correlations between the 
right S1+2 CT scores and Ai 
values of each bronchial 
branch of the right B1 
observed in Study 2 are 
shown in Figure 4. There was 
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There was a correlation between bronchiecta-
sis in the periphery of the right B1, in which no 
peribronchial lesions were present, and the 
severity of MACPD observed using CT. However, 
no correlation between bronchiectasis and the 
severity of CT was observed in the central bron-
chi and right B8.

Discussion

In recent years, airway analysis using CT has 
progressed, and there have been reports of CT 
use for airway assessment in smokers, and in 
cases of COPD, asthma, and cystic fibrosis [14-

19]. Hasegawa et al. demonstrated that mea-
surement of the bronchus to the sixth genera-
tion was possible using the same software 
used for 4-slice CT scans (4 detector × 1 mm 
collimation) [14], and Nishimura et al. demon-
strated the accuracy of this technique by using 
a cylindrical acrylic material to perform phan-
tom tests using the same software, particularly 
for 64-slice CT scans (64 detector × 0.5 mm 
collimation) [22]. In addition, Shimizu et al. 
used the same software and 64-slice CT scans 
(64 detector × 0.5 mm collimation) for airway 
analysis to the sixth generation in cases of 
COPD and asthma [16, 18]. Therefore, we mea-

Figure 3. Comparison of mean area of the inner lumen at each of the 4th to 6th generations of the right B1 bron-
chus in Study 1. Analysis of the right B1 bronchus revealed that the Ai value and bronchodilation were significantly 
greater in the MAC group than in the control group at each of the 4th to 6th generations of the right B1. ※P < 0.05, 
※※P < 0.0001.

Figure 4. Correlation between computed tomography scores of the right S1+2 and area of inner lumen values from 
the 5th to 6th generation of the right B1 in patients with MACPD in Study 2. We observed a significant correlation 
between the area of the inner lumen (Ai) and computed tomography severity scores at each of the 5th to 6th genera-
tions of the right B1 bronchus (5th generation, P < 0.001; 6th generation, P < 0.0001).
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sured the bronchus to the sixth generation 
using 64-slice CT scans (64 detector × 0.5 mm 
collimation) in the present study. To our knowl-
edge, there are no reports regarding the use of 
3-D airway analysis for MACPD. In the present 
study, we analyzed the right B1 and B8. Patients 
held their breath during CT scanning, but 
because the beating of the left ventricle of the 
heart produced blurred left lung images, par-
ticularly in the lower lobe, we only analyzed 
bronchi of the right lung. We selected B1 and 
B8 because these bronchi represent the upper 
and lower lobes of the lung, and comparatively 
linear images can be obtained from them. 
Hasegawa et al. also selected right B1 and B8 
[14]. In addition, only women with MACPD were 
selected for examination because this disease 
commonly occurs in women. Lastly, we only 
examined non-smokers because of the possi-
bility of Ai values being affected by smoking 
[14, 15]. In Study 1, the body weight and BMI of 
the MAC group were significantly lower than 
that of the control group (Table 2). Body weight 
loss and low BMI are characteristic of MACPD 
[23, 24]. However the Ai value and bronchodila-
tion were significantly greater in the MAC group 
than in the control group at each of the 4th to 
6th generations of the right B1. Therefore these 
outcomes for the Ai values are not the result of 
build differences. In Study 2, a correlation was 
observed between the Ai of the 5th and 6th 
generations of the right B1 and the severity of 
MACPD scores at the segmental level. However, 
in both studies, this trend was not observed in 
the right B8. In Study 2, the mean CT scores for 
the right S1+2 were higher than those for the 
right S7+8+9 +10 (3.71 ± 3.20 and 2.71 ± 2.43, 
respectively), although these differences did 
not reach statistical significance (P = 0.19, 
Mann Whitney U test).Similarly, it was also pre-
viously reported that segments with lesions in 
the lower lobes occurred with lower frequency 
[25]. Compared to MACPD lesions in the lower 
lobe, a stronger trend was observed for lesions 
in the upper lobe, and the results suggested 
that even in “normally appearing” bronchi with-
out peribronchial lesions, MAC bacteria were 
more strongly implicated in the right B1 than in 
the right B8. Our study shows that in patients 
with MACPD, mild bronchiectasis occurred 
even when peribronchial lesions were not pres-
ent. Furthermore, a stronger correlation with 
disease severity was observed for upper than 
for lower lobar bronchi. The reason is unknown, 

although the ventilation-perfusion ratio or pH 
inequality of the upper and lower lobe may have 
played a role [26]. Moreover, compared to the 
proximal bronchi, a stronger relationship bet- 
ween the distal bronchi and disease severity 
was observed. Fujita et al. reported that patho-
logically, destruction of the smooth muscle 
layer is often observed in membranous bron-
chioles [27]. It may be characteristic of MACPD 
that changes of these elements, which play an 
important role in maintaining the airway lumen, 
occur in the distal bronchi, as supported by  
the new quantitative information from the 3-D 
airway analysis. In addition, although many 
patients were under medication, despite their 
medication usage, bronchiectasis was still 
detected in most patients, which may indicate 
that bronchiectasis is difficult to treat and irre-
versible [28].

No consensus has been reached regarding 
whether bronchiectasis in cases of MACPD 
results from MAC bacterial infections, or wheth-
er onset occurs during an early stage when the 
patient is susceptible to MAC bacterial infec-
tion. According to the primary infection theory, 
granulomatous lesions associated with MAC 
bacteria form in the bronchioles and continu-
ously spread to the central bronchi, causing 
rupture of the bronchi because of inflammatory 
dilation [21, 27]. In contrast, and according to 
the secondary infection theory, MAC bacteria 
become attached to sites in which bronchiecta-
sis is already present, producing secondary pul-
monary lesions [29]. If it is considered that 
large Ai values result from MAC bacterial infec-
tion, then these values can be regarded as indi-
cators of the severity of bronchiectasis. In con-
trast, if it is considered that Ai values are 
already higher in patients at a stage earlier 
than when MAC bacterial infection occurs, then 
Ai values might serve as screening indicators 
for patients who are susceptible to MAC bacte-
rial infection, or in whom infection is easily 
aggravated. Ai values can be easily obtained 
using 3-D airway analysis, and it is also easy to 
compare chronological changes in CT images. 
It has been reported that when the number of 
sites of bronchiectasis increases, the efficacy 
of treatment decreases [30]; thus, it is possible 
that these findings can be used as indicators 
for when treatment should start. The use of 3-D 
airway analysis enables detailed assessments 
of minor bronchiolar lesions associated with 
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MACPD that are difficult to evaluate macro-
scopically using CT.

Finally, we should mention some limitations of 
this study. First, we examined only two bronchi 
and the number of patients was limited; how-
ever, to our knowledge, this is the first report 
regarding the use of 3-D airway analysis for 
MACPD, and our study showed that bronchiec-
tasis frequently occurs in the distal and superi-
or lobar bronchi. Second, we did not compare 
the airway dimensions obtained by CT mea-
surements with those of excised lung speci-
mens. However, because there have already 
been some reports using the same software for 
airway assessment [14, 16, 18, 22] and some 
studies of 3-D airway analysis [15, 17, 19], we 
proceeded directly to the MACPD study. We 
consider this study to be a pilot study. More 
studies are needed to fully elucidate the 
observed changes.

Conclusion

It is the authors’ opinion that 3-D airway analy-
sis in cases of MACPD can be a useful tool to 
identify mild bronchiectasis in patients for 
whom macroscopic diagnosis using CT imaging 
is difficult. The results of the present study sug-
gest that bronchiectasis occurs in the periph-
ery of apical bronchus, even in “normally 
appearing” bronchi. The measurement of Ai val-
ues can provide a quantitative indicator of 
bronchiectasis associated with MACPD.
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