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Abstract Nonuniform distribution (NUD) of perfusion

on single photon emission computed tomography (SPECT)

is caused by impaired perfusion-related fluctuations of the

functional volume (FFV). It was determined if digital

analysis of NUD in each hemi-lung damaged by chronic

obstructive pulmonary disease (COPD) could improve the

whole lung impairment assessment. We examined 665

subjects and 8 controls by SPECT. The basic whole lung

SPECT volume was defined at 10 % of maximum whole

lung count cutoff threshold (Th). For the whole lung and

each hemi-lung, the 10 % Th width volume, FFV rate, and

misfit from the control were calculated at every Th width

number (n) from 1 to 9 for every additional 10 % Th from

10 to 100 %. The misfit value integrated from 1 to 9 of

n was defined by 3 NUD indices: D, whole lung NUD

index; Drl, the index for the sum of each hemi-lung NUD;

and DI, the NUD index with every interpolating pattern in

which FFV rates of hemi-lungs comprised negative and

positive value at the same n. Drl index was the sum of

D and DI indices in all patients. Drl and D indices signif-

icantly increased in pulmonary disease subjects relative to

those of the normal group and non-pulmonary disease

subjects. Drl and D indices increased in COPD subjects.

Progressive COPD subjects had larger Drl index values and

‘‘diffuse and even’’ hemi-lung impairment. The three

indices quantizing FFV itself leading to NUD helped to

digitally evaluate the degree of lung impairment of perfu-

sion. Clinically, it is expected that the NUD indices and

images obtained by SPECT, which visually and digitally

show the pathological fluctuations in perfusion caused by

lung impairment, will be able to provide specific and useful

information for improving treatment and/or care of subjects

with COPD.
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Introduction

Lung diseases may cause not only reduction or blockage of

pulmonary perfusion, which is known as a drop in perfu-

sion, but also a simultaneous rise in perfusion in the

unimpaired areas of the lung as a compensatory reaction.

Subjective and/or objective symptoms may be manifested

as fluctuations in pulmonary perfusion followed by

impaired perfusion. 99mTc-macroaggregate albumin

(99mTc-MAA) pulmonary perfusion scintigraphy has been

performed to visually determine if pulmonary perfusion is

impaired, and if so, to evaluate the extent of the impaired

lung area [1–3]. Scintigrams of subjects with impaired

perfusion often show nonuniform distribution (NUD).

Furthermore, pulmonary perfusion single photon emission

computed tomography (SPECT) can be used to calculate

the functional volume of perfusion to assess residual lung

function and can provide three-dimensional images of

pulmonary perfusion. Quantification of the whole lung

NUD by scintigraphy has been used to determine the dis-

tribution index of the whole lung (D index) [4]. However, it

is possible that the differences in the NUDs of each hemi-

lung have not been accounted for in the D index. Therefore,

in damaged lungs, particularly those damaged by chronic
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obstructive pulmonary disease (COPD), we sought to

determine if digital analysis of the NUDs of each hemi-

lung could improve assessment of whole lung impairment.

Materials and methods

A total of 665 patients and 8 control subjects underwent a

pulmonary perfusion single photon emission computed

tomography (SPECT) examination between February 1996

and November 2011. The total number of the SPECT

examinations was 954. The control subjects had no

symptoms of breathlessness or chest pain, and no abnormal

findings were seen on chest X-rays or CT imaging,

including SPECT. The institutional review board approved

this retrospective study and waived the need to obtain

written informed consent.

On the basis of the subjects’ complaints and other

radiological and physiological examination findings, the

subjects were broadly classified into 4 groups: a normal

(N) group, pulmonary (P) group, cardiac (C) group, and

others group. The N group consisted of clinically normal

subjects without any diagnosis of obvious disease even

after they had undergone various examinations, including

scintigraphy. The P group consisted of subjects with lung

diseases such as lung cancer, COPD, and pulmonary

thromboembolism. The C group consisted of subjects with

heart diseases, including arrhythmia, angina, and cardiac

infarction. The patients with complications of cardiac and

pulmonary disease were classified into the P group. The

others group consisted of subjects who could not be clas-

sified into the other 3 groups. The levels of breathlessness

of the subjects were assessed according to Performance

Status (PS) Scores, and the severity of respiratory symp-

toms was classified according to the Fletcher-Hugh-Jones’

classification [5] and whether oxygen inhalation was

introduced (Table 1). 499 of the study participants under-

went blood gas analysis (BGA) immediately before or on

the same day of the SPECT examination, and 135 under-

went spirometry examination within 2 weeks of the SPECT

examination.

For the SPECT examination, the subjects were asked to

rest in a supine position. Then, 185 MBq of 99mTc-MAA

(Lungscinti 99mTc injectable; Nihon Medi-Physics Co.,

Tokyo, Japan) was infused into the antecubital vein.

Immediately after a dynamic study of the bolus infusion,

SPECT was performed. The gamma camera was a two-

detector rotating system (MULTISPECT 2; Siemens

Medical Solutions USA, Inc. Hoffman Estates, IL). High-

resolution collimators were used, and the zoom size was

1.45. A 20 % window width was centered on the 99mTc

photopeak (140 keV). Pairs of projection images were

recorded for 25 s at 5� intervals over 180�, and a total of 72
projections were acquired. Each projection had a matrix

size of 128 9 128. The data were reconstructed using a

filtered back projection with a fifth-order Butterworth filter

and a cutoff frequency of 0.23 cycles/pixel. No attenuation

corrections were made. Tomographic sections with a

thickness of 9.93 mm and a pixel size of 3.31 mm were

generated in the transverse, sagittal, and coronal planes.

The window level limits ranged from 0 to 100 %.

The region of interest (ROI) was set for the whole lung

and each hemi-lung, and the volume of the whole lung

reconstructed from the SPECT planes at a 10 % cutoff

threshold (Th) of the maximum count for the whole lung

was defined as the basic perfusion SPECT volume of the

whole lung (Bw). According to a previous report [4], the Th
width number (n) was defined from 1 to 9 for every

additional 10 % Th from 10 to 100 %. The NUD index of

the ROI of the whole lung, the D index, was derived by

integrating the size of the differences of the functional

volume (vn) between the subject and the control from 1 to 9

of n [4]. And, to calculate the NUD of hemi-lung perfusion,

the functional volume (vsn) and the functional volume rate

(rsn = vsn/Bw) were defined adding ‘‘s’’ to designate ROI of

each hemi-lung as well as the whole lung; w, the whole

lung; r, the right hemi-lung; l, the left hemi-lung. The vsn
c

and rsn
c were the averages of 8 controls, and 100 times the

difference of rsn and rsn
c was defined as the fluctuation of

the functional volume (FFV) rate (fsn). In addition, the

absolute value of fsn was defined as the misfit (msn). An

interpolating (I) pattern was defined as one in which fsn of

Table 1 Definition of level of breathlessness

Level of breathlessness PS Severity of respiration symptoms Oxygen inhalation No. of patients COPD

Level 1 (L1) 0–1 I–II (-) 286 18

Level 2 (L2) 2 III (-) 124 16

Level 3 (L3) 3–4 IV–V (?) 249 66

All 659 100

The level of breathlessness was classified according to PS, severity of respiration symptoms, and whether the patient did or did not require

oxygen inhalation. Six patients could not be classified according to respiratory symptoms and/or need for oxygen inhalation
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the hemi-lungs comprised negative and positive values at

the same n. In the pattern, twice the smaller of the hemi-

lung misfit values was defined as the misfit of the I pattern

(mI
n). The misfit value integrated from 1 to 9 of n was

defined by 3 indices: D, the whole lung NUD index; Drl,

the index for the sum of each hemi-lung NUD; and DI, the

NUD index for every pattern.

D ¼
Xn¼9

n¼1

mwn

Drl ¼
Xn¼9

n¼1

ðmrn þ mlnÞ

DI ¼
Xn¼9

n¼1

mI
n

From the above indices, the following equation was

mathematically derived.

Drl ¼ Dþ DI

Comparisons between groups were performed by using

an unpaired Student’s t test with P\ 0.05 taken to indicate

significant differences. Single regression analysis was

performed between two variables, and the correlation

coefficient was determined, with P\ 0.05 indicating a

significant difference. The statistical analyses were per-

formed with StatView, version 5.0 (SAS Institute, Cary,

NC).

Results

The Drl value was linearly correlated with the sum of the

D and DI values according to the above equation for the 3

indices (Fig. 1). The Drl and D values of the P group were

significantly higher than those of the N, C, and others

groups (Table 2). In addition, the subjects with COPD

showed significant increases in the Drl and D indices rel-

ative to those of the non-pulmonary group (Fig. 2). Fur-

thermore, the Drl index of the subjects with COPD

significantly increased more in the highly progressive (HP)

group than in the slowly progressive (SP) group (Table 3).

Discussion

Various diseases can cause impairments in the lung, and

a drop in perfusion in the impaired areas might lead to

fluctuations in pulmonary perfusion in the ipsilateral

hemi-lung or whole lung. In addition, one of the

symptoms of impairment is dyspnea. Examinations for

impairment of the lung include morphological imaging,

such as chest X-ray and CT examinations, and physio-

logical and functional studies, such as electrocardiogra-

phy, BGA, and spirometry. Pulmonary scintigraphy is

performed to determine if the impairment has a vascular

cause [1–3]. When vascular impairment is observed after

performing pulmonary perfusion scintigraphy, the

D + DI

D
rl

Y = 0.105 + 0.999 X
R = 1.000
P < 0.0001

Fig. 1 The scatter plots of Drl and the sum of the D and DI indices of

the 665 subjects. The significant linear correlation between values of

the indices conformed to the mathematical equation (Drl = D ? DI)

Table 2 Indices of the subjects

in each group
Group No. of patients Drl index D index DI index

All 665 31.0 ± 19.3 22.9 ± 13.6 8.0 ± 15.3

N 10 13.3 ± 3.5*, ** 11.4 ± 4.2* 1.8 ± 2.0

P 555 33.4 ± 19.9*, ***, **** 24.5 ± 13.9*, **, *** 8.8 ± 16.4

C 53 19.7 ± 8.9***, ** 14.3 ± 7.5*** 5.3 ± 6.6

Others 47 19.3 ± 9.6**** 16.2 ± 9.7** 3.0 ± 3.9

P value * P\ 0.005

** P\ 0.05

***, **** P\ 0.0001

* P\ 0.005

**, *** P\ 0.0001
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scintigram, which is an image showing the accumulation

and distribution of 99mTc-MAA particles in pulmonary

perfusion, shows defects or shaded areas that reflect the

NUD of 99mTc-MAA particles. The NUD is itself a

three-dimensional expression of FFV that is caused by

both a drop in perfusion in the impaired area and a rise

in perfusion in the other areas of the lung. Pulmonary

perfusion scintigraphy SPECT can analyze the FFV

precisely by allowing integration of the decrease and

increase in perfusion at every threshold width in the

process of three-dimensional reconstruction. On the

other hand, the distribution index of the lung as a whole

(D index) [4] is not an indicator of the NUD of each

hemi-lung but rather of the whole lung. Therefore, to

quantitate the NUD of each hemi-lung, D indices were

calculated for each hemi-lung by setting ROI in each

hemi-lung. The FFV rate was the difference between the

subject and control and was indicated by the negative

value for the decrease or the positive value for the

increase, and the magnitude of each FFV at every 10 %

cutoff Th width number (n) from 1 to 9 was defined as

the misfit, and the total amount of every misfit was

calculated using the indices of the NUDs for the whole

lung, hemi-lungs, and between the hemi-lungs. In all 665

patients, the Drl was the sum of the D and DI indices

(Fig. 1), which suggested that the sum of the NUDs of

the two hemi-lungs was not the NUD of the whole lung

except when the DI index is zero. The Drl and D indices

of the P group were significantly higher than those of the

N, C, and others groups (Table 2). The Drl and D indices

of the subjects with COPD significantly increased rela-

tive to those of the non-pulmonary group (Fig. 2). It was

COPD

0

DI = 5.8 13.7

Drl = 19.0 9.0 *

D = 14.9 8.4 **

DI = 4.0 5.4 

non-pulmonary

m
w

n
m

rn
 +

 m
ln

m
I n

n
91

D = 34.9 15.5 ** 

Drl = 40.7 18.6 *

n
91

n
91

20

10

0

20

10

0

20

10

Fig. 2 Misfit curves of the 3

indices for subjects with non-

pulmonary disease and COPD.

The value of misfit integrated

from 1 to 9 of n was defined as

the NUD index, and the means

and standard deviations of each

index of each group are shown.

*, **P\ 0.0001
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thought that the increase in the Drl and D indices would

be helpful to digitally determine if a patient had pul-

monary impairment. To determine if the index of the

NUD could be used to evaluate deterioration caused by

COPD, the subjects with COPD were classified into 2

groups according to the level of breathlessness (Table 1).

There were significant differences in the spirometric and

BGA results between the 2 groups (Table 3), and it was

thought that the respiratory condition of the HP group

would be greater than or equal to the stage III in the

Global Initiative for Chronic Obstructive Lung Disease

(GOLD 3) [6] or near respiratory failure [7]. In a con-

crete case (Fig. 3; Table 4), the NUD indices digitally

demonstrated the severity of the COPD and the

improvement of the impairment in the pulmonary per-

fusion about 3 years later. The HP group also had a

significantly greater increase in the Drl index than that of

the SP group, without showing an increase in the DI

index. It should be noted that the DI index allows the Drl

index to increase by adding the misfit in the hemi-lungs

and the D index to decrease by interpolating the FFV

rate between the hemi-lungs. The relationship between

the D and DI indices was typically observed in the

subjects with a large imbalance in perfusion between the

hemi-lungs, specifically in the subjects with advanced

lung cancer (LC), similar to the case in Fig. 4. In the

advanced LC subjects in whom the primary tumor was

larger and/or showed invasion into the ipsilateral hilum,

much greater increases in the DI index than those in the

non-advanced LC subjects were observed, without

increases in the D index (Table 5). On the other hand,

the average FFV rate curve of the whole lung of the

COPD subjects showed that the size of the D index was

generally related to the drop in perfusion of the more

highly functioning volumes of C40 % of the cutoff Th in

the whole lung (Fig. 5). From the above, it was specu-

lated that greater deterioration caused by COPD led to a

greater increase in Drl, which was related to both the

increase in the NUDs of the ‘‘diffuse and even’’

impairments of the hemi-lungs and the fundamental

background of the decrease in the more highly functional

volume of C40 of the cutoff Th; in other words, the

increase in the less functional volume of \40 % of the

cutoff Th of the whole lung. Endothelial dysfunction and

vascular remodeling in the pulmonary vascular bed have

been observed in COPD [8]. It is speculated that the

vascular remodeling is induced as a result of the inter-

relation between a drop in perfusion in the impaired area

and a rise in perfusion in the other areas of the lung,

observed as the NUD on the scintigram. And it is

thought that rather than evaluating impairment of the

bronchial airway in COPD [9, 10], digital assessment of

the NUD of 99mTc-MAA particles in scintigraphy can

be used to show the degree of the vascular impairment

or remodeling of the COPD because the pulmonary

vessels and bronchial airways are reciprocally related in

Table 3 Spirometric, blood gas

analysis, and SPECT results for

the slowly and highly

progressive COPD groups

classified by the level of

breathlessness

Disease COPD P value

Group classified by degree of progression SP HP

Levels of breathlessness L1 and L2 L3

No. of subjects 34 66

Clinical results of spirometry and BGA

%VC 85.1 ± 19.2 (21) 65.0 ± 14.4 (28) 0.0001

FEV1 % 73.5 ± 25.4 (21) 58.1 ± 19.1 (28) 0.0189

%FEV1 76.9 ± 16.6 (15) 32.8 ± 8.6 (7) \0.0001

pO2/FiO2 354.2 ± 52.2 (22) 275.8 ± 70.8 (48) \0.0001

Values of the indices calculated by the SPECT

Drl index 33.8 ± 15.7 (34) 44.3 ± 19.0 (66) 0.0066

D index 30.8 ± 16.0 (34) 37.0 ± 15.0 (66) 0.0548

DI index 2.9 ± 4.3 (34) 7.2 ± 16.4 (66) 0.1368

The number of subjects is shown in parentheses

SP and HP slowly and highly progressive groups, respectively, SPECT single photon emission computed

tomography, COPD chronic obstructive pulmonary disease, %VC the predicted vital capacity, FEV1% the

forced expiratory volume in one second (FEV1) to forced vital capacity, %FEV1 FEV1 % predicted, pO2/

FiO2 the ratio of arterial oxygen partial pressure to fractional inspired oxygen
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function in the lung. On the other hand, fluctuations in

pulmonary perfusion are also influenced by the structure

and function of the bronchovascular tree [11], gravity

[12], the function of capillaries surrounding the alveoli

[13], cardiac function [14], nervous and muscular func-

tion [15, 16], humoral modulators or mediators [17, 18],

and other factors [19]. In addition, it is thought that the

FFV should be comprehensively estimated by accounting

for the interactions of the various factors. However, it is

considered that the FFV is the evidence letting both the

medical expert and the patient know the event in which

some vascular impairment arose in the bronchovascular

(A)

(B)

m
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m
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 +

 m
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m
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n

n

n

Rt Lt

Fig. 3 Chest X-ray, reconstructed three-dimensional (3D) frontal

view SPECT images, and misfit curves of the 3 indices of a patient of

HP group with COPD at the first time examination (a) and those at the
reexamination (b). The filled and open circles showed the misfit

curves of the 3 indices at a and b, respectively. The clinical data and
the NUD indices were shown in Table 4. Rt and Lt represent the right,

and left hemi-lung, respectively

Table 4 A concrete case of HP group with COPD

SPECT

examination

Age

(year)

PS Severity of respiration

symptoms

Oxygen

inhalation

%VC FEV1 % %FEV1 pO2/

FiO2

Drl D DI

1st 83 1 IV (-) 72.9 41.7 36.4 411.9 35.1 34.5 0.4

2nd 86 1 IV (-) 89.0 47.4 41.5 384.8 22.8 22.0 0.6

The first SPECT examination had let the male subject be orally prescribed a prostaglandin I2 analog. The second examination demonstrated the

improvement of the NUD indices as well as no deteriorations of the other clinical findings, and he passed away 3 years later

8 Ann Nucl Med (2016) 30:3–10
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tree of the lung being followed by a variation of vascular

volume. Clinically, it is expected that the NUD indices

and images obtained by SPECT, which visually and

digitally show the pathological fluctuations in perfusion

caused by lung impairment, can provide specific and

useful information for improving treatment and/or care

of subjects with COPD, being compared with or referred

to other quantitative imaging approaches such as CT and

MRI that are making rapid progress [20].
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