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Background: Some chronic obstructive pulmonary disease (COPD) patients develop hypox-

emia with disease progression, with some even requiring long-term oxygen therapy

(LTOT). Lung function, especially diffusing capacity, and the annual decline in PaO2, are

reported to be predictive factors of chronic respiratory failure. However, the association

between lung morphometry evaluated using computed tomography (CT) images and LTOT

initiation is unknown.

Methods: We retrospectively evaluated the relationship between clinical indices, including

pulmonary function, body mass index (BMI), and CT parameters, at baseline and LTOT

initiation in two prospective COPD cohorts. In the Nara Medical University cohort (n ¼ 76),

the low attenuation area (LAA) and its fractal dimension (fractal D) were adapted as the

indices for parenchymal destruction in CT images. The association between these CT

measurements and LTOT initiation was replicated in the Kyoto University cohort (n ¼ 130).
ulmonary disease; LTOT, Long term oxygen therapy; LAA, Low attenuation area; COVID-19,

espiratory Medicine, Nara Medical University. 840 Shijo-cho, Kashihara, Nara, 634-8522,

(S. Muro).

Elsevier B.V. on behalf of The Japanese Respiratory Society. This is an open access article
tivecommons.org/licenses/by-nc-nd/4.0/).

mailto:smuro@naramed-u.ac.jp
http://crossmark.crossref.org/dialog/?doi=10.1016/j.resinv.2021.09.001&domain=pdf
www.sciencedirect.com/science/journal/22125345
http://www.elsevier.com/locate/resinv
https://doi.org/10.1016/j.resinv.2021.09.001
https://doi.org/10.1016/j.resinv.2021.09.001
https://doi.org/10.1016/j.resinv.2021.09.001
http://creativecommons.org/licenses/by-nc-nd/4.0/


r e s p i r a t o r y i n v e s t i g a t i o n 6 0 ( 2 0 2 2 ) 1 3 7e1 4 5138
Results: In the Nara Medical University cohort, lower BMI (hazard ratio [HR]:0.70, p ¼ 0.006),

lower % diffusing capacity (%DLCO) (HR: 0.92, p ¼ 0.006), lower %DLCO/VA (HR, 0.90,

p ¼ 0.008), higher RV/TLC (HR, 1.26, p ¼ 0.012), higher LAA% (HR: 1.18, p ¼ 0.001), and lower

fractal D (HR: 3.27 � 10�8, p < 0.001) were associated with LTOT initiation. Multivariate

analysis in the Kyoto University cohort confirmed that lower %DLCO and lower fractal D

were independently associated with LTOT initiation, whereas LAA% was not.

Conclusion: Fractal D, which is the index for morphometric complexity of LAA in CT anal-

ysis, is predictive of LTOT initiation in COPD patients.

© 2021 The Authors Published by Elsevier B.V. on behalf of The Japanese Respiratory So-

ciety. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Chronic obstructive pulmonary disease (COPD) is a common,

preventable, and treatable disease that is characterized by

persistent respiratory symptoms and airflow limitation due to

airway and/or alveolar abnormalities [1].

Some COPD patients have accompanying hypoxemia along

with disease progression. Hypoxemia in COPD is assumed to

result from pathological and physiological derangements,

such as loss of lung parenchyma, remodeling and destruction

of the bronchioles, pulmonary vasculature, and ventilation-

perfusion imbalance [2]. Uemasu et al. reported that mild

hypoxemia, a low diffusing capacity (DLCO/VA) at baseline,

and a further decline in PaO2 [3] are predictive of future hyp-

oxemia progression resulting in long-term oxygen therapy

(LTOT) initiation.

For patients with hypoxemia, LTOT has been shown to

reduce overall mortality and improve cognitive function and

emotional status [4,5]. In addition to COPD patients who are

chronically hypoxic at rest, conditions such as severe hypox-

emia during exercise, severe hypoxemia during sleep, or

merged pulmonary hypertension can also cause LTOT initia-

tion in clinical practice [6].

However, few studies have investigated the factors pre-

dictive of LTOT initiation in COPD patients. It is well known

that computed tomography (CT) emphysema severity, as

indicated by a low attenuation area (LAA)%, correlates well

with DLCO and hypoxemia [7,8], which is the major cause of

LTOT initiation. In addition to LAA%, Mishima et al. showed

that lung morphometric complexity, expressed as the expo-

nent D derived by the fractal analysis of the size distribution of

the CT-emphysema clusters (fractal D), can reveal the fine

parenchymal destructive change that the conventional CT-

emphysema index (LAA%) could not indicate [9]. Moreover,

comparedwith LAA%, the change in fractal Dwas shown to be

more sensitive in detecting parenchymal destruction caused

by COPD exacerbation [10], which is a major cause of COPD

clinical deterioration [1]. Furthermore, Shimizu and Tanabe

et al. showed that fractal D and LAA% are differently associ-

ated with important clinical outcomes of COPD, such as

prognosis and COPD exacerbation [10,11].

In this study, we hypothesized that fractal D is associated

with clinical deterioration in COPD patients, especially with

regards to LTOT initiation. The aims of this study were to (1)

explore the associations between baseline pulmonary
function, LAA%, fractal D in chest CT, and LTOT initiation in

the Nara Medical University cohort, as well as (2) confirm the

results in another cohort from Kyoto University.
2. Material and methods

Patients with stable COPD who regularly visited Nara Medical

University Hospital between May 2008 and September 2013

agreed to participate in this observational study.

All patients were diagnosed based on the Global Initiative

for Chronic Obstructive Lung Disease (GOLD) criteria [1] and

treated according to the Japanese Respiratory Society guide-

lines at that time [12]. All the participants provided written

informed consent before the start of the study.

Patients who had other pulmonary diseases, such as

bronchial asthma, pulmonary fibrosis, congestive heart fail-

ure, as well as those who were already receiving LTOT at the

time of entry, were excluded.

Patient characteristics, such as age, sex, body mass index

(BMI), and smoking history, were recorded at enrollment. The

patients’ most recent CT scans and spirometry test data were

collected from the electronic medical record within 1 year or

90 days after enrollment after they had provided written

informed consent to participate in the cohort study.

All participants underwent multi-detector row CT. The

conventional whole-lung CT data obtained from 5-mm thick

slice were preserved for the Nara Medical University cohort.

However, because of storage capacity curtailment, thin slices

of 1-mm thickness were preserved for every five slices.

Using all images of the entire lung (slice thickness, 5 mm),

we calculated the values of LAA%, exponent fractal D, and CT-

derived lung volume. The cumulative frequency distribution

of the LAA sizes, Y, can be derived using the power law of LAA

size X of the form X of the form Y ¼ K � X �D. All CT data were

analyzed using SYNAPSE VINCENT v.5.1.001 (FUJIFILM Inc.,

Tokyo, Japan) in the Nara cohort. The equation is the same for

the analysis in Kyoto cohort, although the CT thickness is

different as shown below.

2.1. LTOT initiation criteria

LTOT was indicated for patients who developed chronic res-

piratory failure (PaO2 � 55 Torr, or SpO2 was less than 90% in

ambient air) and/or pulmonary hypertension. For patients

with borderline cases, such as those with exertional
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hypoxemia and/or hypoxemia during sleep, the indication for

LTOT was determined by the physician in charge, considering

the patient's general status.

2.2. Kyoto University cohort

The Kyoto University cohort has been described elsewhere

[13]. Briefly, 130 male stable COPD patients who regularly

visited the outpatient clinic were recruited. Clinical data, such

as chest inspiratory CT scan with 0.5 mm slices, pulmonary

function test results, and patient characteristics were recor-

ded at the entry point. The LTOT initiation data were obtained

through a review of the electronic clinical data.

The protocol for the Nara Medical University cohort study

was approved by the Health Authority Research Ethics Com-

mittee of Nara Medical University (No.345e7), which adhered

to the principles of the amended Declaration of Helsinki. The

protocol for the Kyoto University cohort was also approved by

the local ethics committee (No.R1660-2). All participants pro-

vided written informed consent.

2.3. Statistical analysis

To investigate the longitudinal association between fractal D

at baseline and the initiation of LTOT, we performed univar-

iate Cox hazard analysis for both cohorts. For the Kyoto

cohort, multivariable Cox hazard analyses were also per-

formed. For the selection of independent variables, we applied
Table 1 e Characteristics of participants in the Nara Medical U

Characteristics Nara Medical University co

Age, years 72.0 ± 8.1

Sex (Male, Female) 51, 1

Smoking history, pack-year 66.5 ± 34.5

BMI, kg/m2 21.4 ± 3.0

GOLD I: 12, II: 26, III: 14, IV: 0

FEV1, L 1.51 ± 0.54

%FEV1, % 63.7 ± 19.0

VC, L 3.31 ± 0.67

%VC, % 101.0 ± 17.8

FVC, L 3.28 ± 0.70

%FVC, % 98.4 ± 18.7

FEV1/FVC, % 48.9 ± 11.8

DLCO, mL/min/mmHg 10.2 ± 6.0 (n ¼ 32)

%DLCO,% 41.3 ± 24.0 (n ¼ 32)

DLCO/VA, mL/min/mmHg/L 1.64 ± 0.94 (n ¼ 32)

％DLCO/VA, % 37.4 ± 21.9 (n ¼ 32)

FRC, L 3.89 ± 0.88 (n ¼ 32)

RV, L 2.60 ± 0.73 (n ¼ 32)

RV/TLC, % 45.0 ± 7.6 (n ¼ 32)

LAA%, % 27.0 ± 13.4

fractal D 1.88 ± 0.38

follow up period, days 1095 ± 312

LTOT period, days 411 ± 327

Notes. The data are presented as median ± SD.

DLCO, diffusing capacity of the lung for carbon monoxide; fractal D, frac

residual capacity; RV, residual volume; TLC, total lung capacity.

*p < 0.05.
a forced entry method to create multiple models with a

probability greater than 0.05, removing insignificant pre-

dictors so that the coefficients were one-tenth of the LTOT

initiation. Data are presented asmedians, with p-values and a

95% confidence interval (95%CI). The cut-off value for cate-

gorization was the median of each. All statistical analyses

were performed using R statistical software (version 4.0.0; R

Foundation for Statistical Computing, Vienna, Austria), and

the EZR package was used [14].
3. Results

3.1. Study population

Seventy-six patients agreed to participate in the Nara Medical

University cohort. Among them, 7 patients had already initi-

ated LTOT at enrollment, and 17 patients had insufficient data

for CT scan or spirometry tests. Finally, a total of 52 patients

were recruited from the Nara Medical University cohort. The

median follow-up period was 36 months. The validation

cohort was comprised of 130 male patients from the Kyoto

University cohort. LTOT was initiated in nine patients at

enrollment, and 121 patients were investigated. The median

follow-up duration was 84.7 months. Table 1 shows the

characteristics of the participants in the Nara Medical Uni-

versity cohort and their comparison with those of the Kyoto

University cohort. The spirometric data of the two cohorts
niversity and Kyoto University cohorts.

hort Kyoto University cohort p-value

72.7 ± 8.4 0.845

121, 0

59.0 ± 38.9 0.286

21.3 ± 2.9 0.800

I:22, II:61, III:33, IV:5

1.55 ± 0.65 0.326

57.4 ± 19.4 0.099

3.25 ± 0.73 0.772

93.7 ± 16.9 0.012*

3.30 ± 0.80 0.370

98.3 ± 18.8 0.993

47.1 ± 12.4 0.634

12.5 ± 4.6 0.056

52.1 ± 17.8 0.028*

2.75 ± 1.02 <0.001*
63.0 ± 22.8 <0.001*
3.56 ± 0.66 0.008*

2.34 ± 0.57 0.028*

41.5 ± 8.0 0.068

32.7 ± 8.5 0.015*

1.55 ± 0.43 <0.001*
2542 ± 735 <0.001*
1448 ± 906 0.019*

tal dimension; LAA%, percent low attenuation area; FRC, functional
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Fig. 1 eAssociation between LAA% and fractal D of thick slices (5 mm) and incompletely thin slices (1 mm) (Spearman's rank

correlation coefficient).
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were similar; however, diffusion function and hyperinflation

were more impaired in the Nara Medical University cohort.

The values of LAA% and fractal D were different in these

groups, probably due to methodological differences.

3.1.1. Comparison of CT indices between conventional CT
slices (5 mm) and high-resolution CT slices (1 mm) in the Nara
Medical University cohort
The data taken from conventional whole-lung CT with 5 mm

thick slices and incomplete thin slices (1 mm) were preserved

in the Nara Medical University cohort, whereas the Kyoto

University cohort contained the data from whole-lung CT with

thin slices (0.5 mm), as previously described in the method.

Therefore, we evaluated the relationship between the CT

indices of conventional CT slices and thin CT slices (1 mm) for
Table 2 e Comparison of participants receiving and those no
University cohorts.

Nara Medical University co

LTOT (n ¼ 8) no LTOT (n ¼ 4

Age, years 71.0 ± 9.6 72.0 ± 8.0

Sex (Male, Female) 8, 0 43, 1

Smoking history, pack-year 53.5 ± 37.5 70.8 ± 34.3

BMI, kg/m2 18.6 ± 2.8 22.3 ± 2.8

GOLD I: 1, II: 4, III: 3, IV: 0 I: 11, II: 22, III: 11, I

FEV1, L 1.29 ± 0.41 1.55 ± 0.54

%FEV1, % 52.7 ± 16.8 66.6 ± 19.1

FVC, L 3.03 ± 0.82 3.33 ± 0.68

%FVC, % 94.5 ± 24.5 100.3 ± 17.5

FEV1/FVC, % 45.3 ± 8.8 49.2 ± 12.2

%DLCO, % 30.7 ± 13.3 (n ¼ 5) 44.6 ± 22.9 (n ¼ 27)

%DLCO/VA, % 27.6 ± 10.2 (n ¼ 5) 38.7 ± 20.9 (n ¼ 27)

FRC, L 4.33 ± 0.75 (n ¼ 5) 3.88 ± 0.91 (n ¼ 27)

RV/TLC, % 50.6 ± 6.5 (n ¼ 5) 44.4 ± 6.9 (n ¼ 27)

LAA%, % 44.0 ± 6.0 24.0 ± 12.1

fractal D 1.61 ± 0.09 1.93 ± 0.37

Notes. The data are presented as median ± SD.

DLCO, diffusing capacity of the lung for carbon monoxide; fractal D, fr

residual capacity; RV, residual volume; TLC, total lung capacity.

*p < 0.05.
every 5 slices in theNaraMedical University cohort.We found a

higher correlation of fractal D of the 5 mm slices with that of

the 1-mmslices thanwith LAA% (Fig. 1).Moreover, itwas found

that the LAA% for the 5 mm slice thickness was under-

estimated for the 1 mm slice thickness by approximately 20%.

3.1.2. Relationships between LAA%, fractal D, pulmonary
function indices, and LTOT initiation in the Nara Medical
University cohort
The baseline characteristics of the patients who needed LTOT

initiation and those who did not in the Nara Medical Univer-

sity cohort are shown in Table 2. During the follow-up, LTOT

was initiated in 8 patients in the Nara Medical University

cohort, with the median initiation period being 13.7 months.

For the Kaplan-Meier analysis, we graded the BMI, LAA%,
t receiving LTOT in the Nara Medical University and Kyoto

hort Kyoto University cohort

4) p-value LTOT (n ¼ 17) no LTOT (n ¼ 104) p-value

0.879 74.2 ± 5.2 72.0 ± 8.7 0.137

17, 0 104, 0

0.543 73.5 ± 50.0 58.0 ± 36.5 0.173

0.006* 22.1 ± 3.3 21.1 ± 2.8 0.715

V: 0 I:3, II:9, III:3, IV:2 I:19, II:52, III:30, IV:3

0.200 1.43 ± 0.52 1.57 ± 0.67 0.221

0.125 55.4 ± 18.8 57.7 ± 19.4 0.445

0.382 3.08 ± 0.83 3.33 ± 0.81 0.638

0.551 102.5 ± 19.6 97.6 ± 18.8 0.734

0.375 41.1 ± 10.3 47.8 ± 12.6 0.087

0.003* 37.4 ± 13.9 55.9 ± 16.5 <0.001*
0.002* 45.2 ± 15.2 66.1 ± 21.4 <0.001*
0.640 3.44 ± 0.72 3.58 ± 0.65 0.797

0.009* 38.1 ± 10.6 41.6 ± 7.5 0.961

<0.001* 39.0 ± 6.8 31.8 ± 8.2 <0.001*
<0.001* 1.20 ± 0.20 1.68 ± 0.42 <0.001*

actal dimension; LAA%, percent low attenuation area; FRC, functional
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Fig. 2 e Time to LTOT initiation categorized by baseline body mass index (BMI), percent diffusing capacity for carbon

monoxide (%DLCO), percent low attenuation area (LAA%), and fractal dimension (fractal D) in the Nara Medical University

cohort. We graded the BMI, LAA%, fractal D, and %DLCO from median to low/high (or mild/severe). Patients with a cut-off

BMI value of 21.4 were categorized into the low BMI group. Those with a cutoff %DLCO value of 41.5% were categorized as

the low %DLCO group. Those with a cut-off LAA% value of 27.0 were categorized as the high LAA% group. Those with a cut-

off fractal D value of 1.88 were categorized as the low fractal D group.
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fractal D, and %DLCO from median to low/high (or mild/se-

vere) for the Nara Medical University cohort. The Kaplan-

Meier analysis showed that patients with severe fractal D

had a significantly higher risk of LTOT initiationwithin 3 years

than patients with mild fractal D (p < 0.001) (Fig. 2). Further-

more, low BMI, low %DLCO, and high LAA% were associated

with a significantly higher risk of LTOT initiation within 3

years. On the other hand, the index of obstructive impairment

was not a significant factor of LTOT initiation. Using a Cox

proportional hazards analysis, lower BMI (hazard ratio [HR],

0.70; 95% confidence interval [CI], 0.55e0.90), lower DLCO (HR,

0.72; 95%CI, 0.57e0.92), lower %DLCO (HR, 0.92; 95%CI,

0.87e0.98), lower DLCO/VA (HR, 9.8 � 10�2; 95%CI, 1.9 � 10�2 -

0.51), lower %DLCO/VA (HR, 0.90; 95%CI, 0.84e0.97), higher RV/

TLC (HR, 1.26; 95%CI, 1.05e1.50), higher LAA% (HR, 1.18; 95%CI,

1.07e1.30), and lower fractal D (HR, 3.27 � 10�8; 95%CI,

2.92 � 10�12 - 3.66 � 10�4) were significantly associated with

LTOT initiation. (Table 3). Multivariate analysis was not per-

formed because of the low frequency of events.

3.1.3. Comparison with the Kyoto University cohort
The Kyoto University cohort was also evaluated to confirm the

results of the Nara Medical University cohort. LTOT was

initiated in 17 of 121 male patients with COPD in the Kyoto
University cohort. The median duration for LTOT initiation

was 1448 days (range, 14e2799).

Kaplan-Meier analysis for the Kyoto University cohort

showed similar results, except for BMI, to those of the Nara

Medical University cohort (Fig. 3). The univariate analysis

showed that the predictive factors of LTOT initiation in the

Kyoto University cohort were DLCO, %DLCO, DLCO/VA, %

DLCO/VA, LAA%, and fractal D, which was similar to the

findings in the Nara Medical University cohort (Table 4). As

with the results in Nara Medical University cohort, the index

of obstructive impairment was not a significant factor influ-

encing LTOT initiation. In contrast, BMI and RV/TLC were not

predictive factors of LTOT initiation in the Kyoto University

cohort. Furthermore, multivariate analysis showed that while

BMI, %DLCO, %DLCO/VA, and fractal D were significantly

associated with LTOT initiation, LAA% was not associated

with LTOT initiation (Table 5).
4. Discussion

For the Nara Medical University cohort study, univariate

analysis showed that BMI, DLCO, %DLCO, DLCO/VA, %DLCO/

VA, RV/TLC, LAA%, and fractal D were significant predictors of

https://doi.org/10.1016/j.resinv.2021.09.001
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Table 3 e Univariate Cox proportional hazard analysis for LTOT in the Nara Medical University cohort.

HR (95%CI) p value

Age 1.02 (0.93e1.11) 0.695

smoking history 1.00 (0.97e1.02) 0.701

BMI 0.70 (0.55e0.90) 0.006*

FEV1 0.35 (0.075e1.63) 0.180

%FEV1 0.97 (0.93e1.01) 0.124

VC 0.55 (0.20e1.54) 0.253

%VC 0.98 (0.94e1.01) 0.206

FVC 0.63 (0.24e1.64) 0.344

%FVC 0.98 (0.95e1.02) 0.303

FEV1/FVC 0.97 (0.92e1.03) 0.315

DLCO 0.72 (0.57e0.92) 0.008*

%DLCO 0.92 (0.87e0.98) 0.006*

DLCO/VA 9.8 � 10�2 (1.9 � 10�2 e 0.51) 0.006*

%DLCO/VA 0.90 (0.84e0.97) 0.008*

LAA% 1.18 (1.07e1.30) 0.001*

fractal D 3.27 � 10�8 (2.92 � 10�12 e 3.66 � 10�4) <0.001*
FRC 1.40 (0.52e3.74) 0.502

RV 2.31 (0.72e7.44) 0.161

%RV 1.01 (0.99e1.04) 0.407

%TLC 1.01 (0.96e1.06) 0.833

RV/TLC 1.26 (1.05e1.50) 0.012*

Exacerbation 2.96 (0.60e14.7) 0.184

Exacerbation before 1year 1.00 (0.98e1.01) 0.687

Notes. DLCO diffusing capacity of the lung for carbon monoxide; fractal D, fractal dimension; LAA% percent low attenuation area; FRC, func-

tional residual capacity; RV residual volume; TLC, total lung capacity.

*p < 0.05.

Table 4 e Comparison of two cohorts based on factors
significantly associated with LTOT found after univariate
analysis.

HR

Nara Medical
University cohort

Kyoto
University
cohort

p-value

BMI 0.70* 1.00 * 0.006

DLCO 0.72* 0.65y * 0.008

y <0.001
%DLCO 0.92* 0.90y * 0.006

y <0.001
DLCO/VA 0.097* 0.11y * 0.006

y <0.001
%DLCO/VA 0.90 0.91y * 0.008

y <0.001
RV/TLC 1.26* 1.03 * 0.012

LAA% 1.18* 1.18y * 0.001

y <0.001
fractal D 3.3 � 10�8* 2.9 � 10�3y * <0.001

y <0.001
Notes. *: Significant correlation with LTOT in the Nara Medical

University cohort.

y: Significant correlation with LTOT in the Kyoto University cohort.
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LTOT initiation. We validated our results for the Kyoto Uni-

versity cohort, except for the results regarding BMI. Moreover,

multivariate analysis of the Kyoto University cohort revealed

that fractal D, rather than LAA% and DLCO (or %DLCO, %

DLCO/VA), were predictive factors of LTOT initiation in COPD

clinics. To our knowledge, this is the first study to show that

fractal D in chest images is useful for predicting the need for

the initiation of new treatment in COPD patients independent

of emphysema severity on CT or diffusion capacity.

The main reason for LTOT initiation in Japan is chronic

respiratory failure (CRF). A previous study reported that DLCO/

VA andmild hypoxemia are related to the development of CRF

[3]. Thus, it can be assumed that DLCO/VA is a predictive

factor of LTOT initiation. However, CT image parameters were

not evaluated in the previous study. It is well known that

diffusion capacity shows a good correlation with LAA% or

fractal D [15]; thus, it is acceptable that both of these CT pa-

rameters are associated with LTOT initiation in this study.

Moreover, multivariable analysis showed that fractal D, but

not LAA%, was significantly predictive of LTOT initiation in

the Kyoto University cohort.

Recently, it has been reported that regular treatment with

single inhaler triple therapy may be beneficial for life prog-

nosis in COPD patients [16,17] and it is possible that the

treatment arm could affect our results. Therefore, we evalu-

ated the relationship between the type of treatments (e.g.

LABA, LAMA, LAMA þ LABA, ICS þ LABA, ICS þ LAMA þ LABA

or on demand SABDs without LABDs) and HOT initiation. In

the Kyoto cohort, patients treated with LAMA þ LABA or

ICS þ LAMA þ LABA underwent LTOT more frequently than

those with non-regular treatment. However, pulmonary
function impairment in these groups was significantly more

severe than in patients with non-regular treatment patients

(data not shown). Therefore, these results may have been

influenced by the severity of the disease. We believe that a

larger scale validation study is needed to clarify the impact of

different treatment methods.
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Fig. 3 e Time to LTOT categorized by baseline body mass index (BMI), percent diffusing capacity for carbon monoxide (%

DLCO), percent low attenuation area (LAA%), or fractal dimension (fractal D) in the Kyoto University cohort. We graded the

BMI, LAA%, fractal D, and %DLCO from median to low/high (or mild/severe). The patients with a cut-off BMI value of 21.3

were categorized into the low BMI group. Those with a cutoff %DLCO value of 52.1 were categorized into the low %DLCO

group. Those with a cut-off LAA% value of 32.7 were categorized as the high LAA% group. Those with a cut-off fractal D

value of 1.55 were categorized into the low D group.
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The significance of the fractal property in chest CT images

was originally reported by Mishima et al., who demonstrated

that fractal D was related to DLCO/VA in COPD patients, as

well as healthy individuals [9]. They suggested that the dete-

rioration of fractal D reflected a slight parenchymal destruc-

tion that LAA%, a classical emphysematous parameter in

image analysis, could not reflect. In addition, Tanabe et al.

reported that fractal Dwas amore sensitive surrogate index of

parenchymal destruction during exacerbation of significant

emphysema compared to LAA% [10]. These findings suggest

that fractal D is sensitive for detecting emphysematous pro-

gression that strongly relates to oxygen uptake impairment,

resulting in an excellent association predictive of LTOT initi-

ation compared with LAA%. Additionally, the superiority of

fractal D to LAA% for LTOT initiation prediction may be

attributed to its features, such as reproducibility and stability,

as an image index. It has been shown that LAA% is susceptible

to intra- and/or inter-subject variation at the breath-hold level

on CT imaging and is possibly influenced by CT image thick-

ness, whereas fractal D is more robust [18,19]. Gierada et al.

reported that LAA% is influenced by CT thickness [20]. In our

Nara Medical University cohort, LAA% and fractal D of the

5 mm slices correlated with those of the 1 mm slices. More-

over, we found that the correlation of fractal D for the 5 mm

slices was higher with that for the 1 mm slices than with LAA
%. Compared with LAA% of the 1 mm slices, the LAA% for the

5 mm slices seemed underestimated.

LAA in each CT slice is the number of pixels or voxels (or a

figure that converts them to an area) below the threshold

Housefiled Unit (HU), while LAA% is the ratio to the total lung

area in that slice. It is well-known, as described above, that

various factors, such as the type of CT equipment, imaging

conditions, and reconstruction kernel, among others, can

directly influence the CT value and LAA. Fractal D, on the

other hand, is a “dimension” that measures the number and

size of LAA clusters, and is calculated by displaying the size of

a certain threshold cluster (X) and the cumulative frequency

of clusterswith a size greater thanX (Y) in logarithmic form. In

other words, fractal D is the value that expresses the rela-

tionship between the size and number of clusters rather than

evaluating the absolute CT value in those voxels. We think,

therefore, that fractal “D” is unlikely to be affected by the slice

thickness as shown in this article. Moreover, Mishima et al.

showed that even the LAA% is within normal range in COPD

subjects, fractal D in those COPD patients are smaller than

those in healthy subjects, and that the D values did not

correlate with pulmonary function tests except for diffusing

capacity. These findings suggest that D is a sensitive and

powerful parameter for the detection of the terminal airspace

enlargement that occurs in early COPD. In these situations, we

https://doi.org/10.1016/j.resinv.2021.09.001
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speculate that it is possible that parenchymal destruction is so

slight that it does not result in hypoxemia, because of the

compensation by ventilation - perfusion re-distribution. This

suggests that fractal D is a more reliable parameter to use for

clinical studies on conventional CT (not in high-resolution

CT). Almost all studies on lung imaging in COPD patients

have been performed using thin-slice CT; however, this study

suggests that fractal D may replace thin-slice CT examination

for the investigation of morphometric complexity during

thick-slice CT examination. If this is the case, fractal D may

allow us to study the clinical significance of emphysematous

lesions in detail without the need for high-resolution CT data.

Further detailed validation studies are needed to confirm

these speculations.

The relationship between pulmonary function impairment

and respiratory failure has been well-explored. It is well

known that hypoxemia is more closely related to diffusion

impairment than to obstructive impairment [3]. However,

pulmonary function tests are effort-dependent and some-

times impossible to perform in some patients who cannot

follow instructions, because of symptoms such as cough and

dyspnea, or poor comprehension. With some patients with

poor pulmonary function being prone to respiratory failure. In

addition, pulmonary function tests are sometimes inappro-

priate for patients with aneurysms. Coronavirus disease 2019

(COVID-19) has had a significant impact on clinics globally.

Given that there have been many asymptomatic cases recor-

ded, medical examinations that induce aerosol production,

such as spirometry, can result in in-hospital outbreaks

through aerosol transmission. In comparison with pulmonary

function tests, CT images are relatively easier to obtain with

less concern for aerosol transmission. Since CT examination

is a common diagnostic imaging method used in Japan, the

investigation of fractal D in lung CT may be an alternative to

lung function tests in situations where pulmonary function

tests are difficult to perform.

This study has limitations: (1) Although we believe fractal

D is a good index to correlate with LTOT initiation, the fractal

D may not be calculable using all CT analysis software. How-

ever, the principle of calculating fractal D is simple, with there

being no particular restrictions on CT image acquisition

methods. We hope that this analysis will become available in

many facilities. (2) The whole-lung CT data of the Nara Med-

ical University cohort study were analyzed using only thick-

slice (5 mm) data. However, the Kyoto cohort thin-slice (0.5

mm) whole-lung data, which are assumed to be more suitable

for detailed image analysis, were evaluated, and similar re-

sults were reproduced. We have also shown that fractal D in

thick slices or thin slices (1 mm) captured every 5 mm for the

whole-lung data was predictive of LTOT initiation. (3) In the

Nara Medical University cohort study, the population was

relatively small. Therefore, we could not performmultivariate

analysis. However, univariate analysis showed similar results

for the Nara Medical University and the Kyoto University co-

horts, and multivariate analysis showed that DLCO (or %

DLCO, %DLCO/VA) and fractal D were predictive of LTOT

initiation. Thus, we believe that fractal property is a reliable

parameter associated with LTOT initiation. (4) The reasons for

LTOT initiation were not precisely evaluated in this study. A

majority of patients receiving LTOT had chronic respiratory

https://doi.org/10.1016/j.resinv.2021.09.001
https://doi.org/10.1016/j.resinv.2021.09.001
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failure; however, some may have had other conditions, such

as secondary pulmonary hypertension, heart failure, and

marginal hypoxia during sleep and/or exercise. A larger study

is needed to clarify these issues.

In conclusion, we have shown that fractal D of LAA clusters

in lung imaging is predictive of LTOT initiation in patients

with COPD, and is probably independent of lung function.
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