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Abstract

Objective To investigate the role of V/P SPECT/CT and HRCT quantitative parameters in evaluating COPD and asthma
disease severity, airway obstructivity-grade, ventilation and perfusion distribution patterns, airway remodeling, and lung
parenchymal changes.

Method Fifty-three subjects who underwent V/P SPECT/CT, HRCT, and pulmonary function tests (PFTs) were included.
Preserved lung ventilation (PLVF), perfusion function (PLPF), airway obstructivity-grade (OG), proportion of anatomical
volume, ventilation and perfusion contribution of each lobe, and V/P distribution patterns were evaluated using V/P SPECT/
CT. The quantitative parameters of HRCT included CT bronchial and CT pulmonary function parameters. In addition, the
correlation and difference of V/P SPECT/CT-, HRCT-, and PFT-related parameters were compared.

Results There was a statistically significant difference between severe asthma and severe-very severe COPD in CT bron-
chial parameters, like WA, LA and AA, in the lung segment airways (P < 0.05). CT bronchial parameters, like as WT and
WA, were statistically significant (p <0.05) among asthma patients. The EI of severe-very severe COPD was different from
that of the disease severity groups in asthma patients (P <0.05). The airway obstructivity-grade, PLVF and PLPF differed
significantly among the severe-very severe COPD and mild-moderate asthma patients (P <0.05). And the PLPF was sta-
tistically significant among the disease severity groups in asthma and COPD (P <0.05). OG and PLVF, PLPF, and PFT
parameters were significantly correlated, with the FEV1 correlation being the most significant (r=—0.901, »r=0.915, and
r=0.836, respectively; P <0.01). There was a strong negative correlation between OG and PLVF (r=—-0.945) and OG and
PLPF (r=-0.853) and a strong positive correlation between PLPF and PLVF (r=0.872). In addition, OG, PLVF, and PLPF
were moderately to strongly correlated with CT lung function parameters (r=—0.673 to —0.839; P <0.01), while lowly to
moderately correlated with most CT bronchial parameters (r=—0.366 to —0.663, P <0.01). There were three different V/P
distribution patterns, including matched, mismatched, and reverse mismatched patterns. Last, the CT volume overestimated
the contribution in the upper lobes and underestimated the lower lobes’ contribution to overall function.

Conclusions Quantitative assessment of ventilation and perfusion abnormalities and the degree of pulmonary functional
loss by V/P SPECT/CT shows promise as an objective measure to assess the severity of disease and lung function to guide
localized treatments. There are differences between HRCT parameters and SPECT/CT parameters among the disease severity
groups in asthma and COPD, which may enhance, to some extent, the understanding of complex physiological mechanisms
in asthma and COPD.
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Introduction

Chronic obstructive pulmonary disease (COPD) is a
Zhen Zhao and Lin Li contributed equally to this work. chronic airway condition characterized by progressive air-
flow limitation and related respiratory symptoms [1-3]. Its
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pathophysiological changes include airway disease, paren-
chymal lung destruction (emphysema), and vascular changes
characterized by progressive vascular occlusion and loss
of the vascular system due to inflammatory remodeling in
areas of emphysematous destruction [4-9]. COPD will be
the third leading cause of death in the next ten years [10].
The prevalence of COPD in China in people aged 20 years
and older is 8.6%, and the number of deaths from COPD
and related diseases is expected to exceed 5.4 million/year
by 2060 [10, 11]. Asthma is a clinical syndrome charac-
terized by reversible airway obstruction, and the primary
physiological abnormality is airway hyperresponsiveness
(the ability of the airway to contract excessively) [12—14].
Research data show that the prevalence of asthma among
Asian adults ranges from 0.7 to 11.9%, and the trend has
been increasing in recent years [15].

COPD and asthma are heterogeneous diseases involving
complex structural and functional abnormalities, so patients
have different clinical presentations, pathophysiologies, dis-
ease pattern progression, and treatment responses. Hetero-
geneity means that accurate and detailed information about
local structural and functional abnormalities is needed to
better describe the severity of the disease and improve the
selection of potential treatments [16]. In clinical practice,
however, the most commonly used method for diagnosing
and staging COPD and asthma is the pulmonary function
test (PFT), which provides an overall measure of lung func-
tion but with limited information about the regional or lobar
function. The airway obstruction of COPD and asthma is
currently graded by PFT indexes such as forced expiratory
volume in 1 s (FEV1), forced vital capacity (FVC), and their
ratio [17]. However, these indicators mainly reflect changes
in the large and intermediate airways, but COPD and asthma
are primarily small airway diseases. FEV1 cannot describe
the complexity of chronic airway disease or the underly-
ing pathophysiology and cannot be used alone for optimal
assessment and management of the disease [18, 19]. Spirom-
etry does not always correlate with the true degree of airway
obstruction or clinical symptoms because abnormalities in
clinical symptoms only occur with impairment to 30% of
overall lung function. By the time symptoms of this disease
appear, the FEV1 has decreased by approximately 50% in
most patients [20]. Moreover, the reliability and reproduc-
ibility of spirometry are not always feasible due to patient
compliance, the quality of the technician, or operating condi-
tions. Therefore, we need better methods to adjust medica-
tion to guide individualized treatment [21].

Ventilation/perfusion single photon emission tomogra-
phy/computed tomography (V/P SPECT/CT) is a nuclear
medicine investigation that provides a 3-dimensional func-
tional map of the ventilation and perfusion of the lungs at
the lobe level by combining SPECT with low-dose CT.
Bajc et al. [22] showed that this hybrid functional imaging

technique could standardize the grading of airway obstruc-
tion and lung function in respiratory diseases. Moreover,
V/P SPECT has been shown to be useful in COPD for dif-
ferentiating healthy controls from COPD patients and is
more sensitive than CT or FEV1 for detecting early airway
changes and for semiquantitative assessment of reduced lung
function [23, 24]. High-resolution computed tomography
(HRCT) is a noninvasive method of measuring the anatomi-
cal structure of the bronchial system and quantifying the
extent of emphysema. HRCT has been compared with PFT
and pathophysiological parameters [24, 25]. Thus, this study
used Q-Lung (General Electric Company, USA) to auto-
matically and quantitatively analyze V/P SPECT images,
including volume, ventilation, and perfusion in pulmonary
lobes, and to determine the relative functional contribution
of regional lung lobes to overall lung function. In addition,
the small airway analysis software and volume quantitative
analysis techniques in the Nebula 3D Imaging Data Center
(Philips, Brilliance iCT) automatically analyze HRCT imag-
ing, including structural and functional parameters of the
lung lobe.

Although most studies have confirmed the use of V/P
SPECT/CT in COPD, SPECT-related parameters usually
include only those reflecting pulmonary ventilation and
the degree of airway obstruction and are rarely compared
with HRCT structural parameters. Notably, few studies
have explored the value of SPECT in asthma. Therefore,
our study included more SPECT and HRCT-related param-
eters and expanded the spectrum of SPECT in chronic air-
way diseases. By investigating the relationship between V/P
SPECT/CT functional imaging, HRCT, and PFTs in COPD
and asthma patients, this study explored the potential value
of these quantitative parameters in the process of disease
severity, airway obstruction degree, V/P distribution pat-
terns, airway remodeling, and lung parenchymal changes,
providing functional and anatomical information with clini-
cal guidance value.

Materials and methods
Patient population

The ethics committee of the West China Hospital, Sichuan
University approved this study and have therefore been per-
formed in accordance with the ethical standards laid down
in the 1964 Declaration of Helsinki and all subsequent revi-
sions, and all patients provided written informed consent.
All patients were clinically confirmed to have COPD and
asthma with no history of airway infection in the last four
weeks and had no changes in their medication regimen in
the last three months because of condition changes. Twenty-
three asthma cases were classified as mild-moderate (twelve
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cases) or severe (eleven cases), according to the Global Ini-
tiative for Asthma (GINA). Seventeen COPD cases were
classified as mild-moderate (GOLD grade 1-2, five cases)
or severe-very severe (GOLD grade 3—-4, twelve cases)
according to the Global Initiative for Chronic Obstructive
Pulmonary Disease (GOLD) guidelines. Finally, another
thirteen normal controls and healthy smoking or nonsmok-
ing patients without lung-related diseases were included.
The patient characteristics are shown in Table 1.

Pulmonary function testing

All patients underwent pulmonary function testing using a
spirometer (Master Screen Spirometer, Jaeger Corp, Ger-
many), as recommended by the American Thoracic Soci-
ety (ATS)/European Respiratory Society (ERS) [26]. The
measured parameters included forced vital capacity (FVC),
forced expiratory volume in one second (FEV1), the ratio
of the forced expiratory volume in one second to the forced
vital capacity (FEV1/FVC), and maximal mid-expiratory
flow (MMEF). In addition, the values were expressed as a
percent of predicted.

HRCT scanning and image processing

HRCT scanning was performed with a Philips Brilliance
256-layer iCT scanner. Each subject was placed in the supine
position and held their breath after full inhalation while
scanning occurred from the lung apex to the bottom. The
scanning parameters were as follows: tube voltage 120 kV;
tube current 100 mAS, window width 1600 Hounsfield
Units, window level—600 Hu; pitch 0.985, X-ray tube rota-
tion speed 0.6 slice/rotation, matrix 512X 512, reconstruc-
tion using a standard algorithm, slice thickness 0.625 mm,
and reconstruction interval 1 mm.

Emphysema measurement (Fig. 1): The full width at half
maxima correction algorithm was used to analyze the lung
by density-masked CT images and automatically segment
the lung into five lobes, with each lobe filled with a different
color. The low-density attenuation areas at end-inspiration
CT thresholds below — 950 HU were defined as emphysema

and were rendered red. The emphysema index (the percent of
emphysema voxels over total lung capacity, EI) was obtained
automatically for both lungs, the right lung, the left lung,
and each lobe.

Airway measurement (Fig. 2): The software allowed for
reliable marking and segmentation of the third- and fifth-
generation airways and accurate measurement perpendicu-
lar to the long axis of each airway to obtain the lumen and
airway diameters. The airway analysis module automati-
cally reconstructed the three-dimensional bronchial trees.
The target bronchus was manually selected, and the bron-
chial parameters were defined as segments and subsegments,
which were measured at the third and fifth generations of
bronchial openings of the same bronchus and at half of
the next generations of bronchial openings, respectively.
In addition, lung segment and subsegment airway labeling
and measurements were performed by an extensively trained
radiologist. Two senior radiologists measured the CT-related
parameters using multiple measurements to minimize error
and averaged the final results. The airway structure param-
eters measured included wall area (WA), wall thickness
(WT), lumen area (LA), airway area (AA), and the wall/
lumen area ratio (WA/LA). Given the significant segmental
variability in patients with chronic airway disease, measure-
ments of a single airway might not have represented the full
spectrum of airway changes. An average of 18 third- and
fifth-generation airways per subject were measured (ten for
the right lung and eight for the left lung).

V/P SPECT/CT protocol and image processing

V/P SPECT/C imaging was performed according to the
recommendations of the European Association of Nuclear
Medicine (EANM) [27]. SPECT/CT was performed (Dis-
covery NM/CT 670, General Electric, Connecticut, USA)
using a double-headed gamma camera equipped with low-
energy high-resolution collimators. Because PFTs in the res-
piratory laboratory and most awake activities in humans are
usually performed upright, the radiotracers Technegas and
9mTc-MAA (with the deposition pattern fixed upon admin-
istration) were used to perform all the clinical imaging lung

Table 1 Characteristics of the

. Controls Mild-moderate asthma Severe asthma Mild-moderate COPD Severe-very
patients severe COPD
Age (years) 43.31+11.39 43.75+13.75 46.45+13.97 64.20+4.66ab 58.42+6.59
Sex (M/F) 17/6 715 5/6 5/0 9/3
BMI 22.86+2.26 23.41+3.35 2592+330 24.17+1.19 24.26+3.42
FEV1 102.45+£7.88 71.58+11.21 48.69+641  63.92+593 33.19+8.13
FvC 102.26 +£6.45 95.83+13.40 71.80+£9.65  86.14+14.07 54.69+10.89
FEVI/FVC 85.63+4.04 63.14+8.58 57.24+9.00 57.57+7.92 48.64+7.91
MMEF 91.70+17.30 34.21+14.44 17.64+7.20 21.62+7.17 11.82+3.69
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Fig. 1 The volume rendering (VR) image of the lungs. The percent of emphysema voxels over total lung capacity both lungs, the right lung, the

left lung, and each lobe were obtained automatically

function studies in this position. Prior to inhalation of the
Technegas, the subject repeatedly practiced forceful inhala-
tion by clamping the nostrils, maintained an upright position
for two minutes after inhalation of the Technegas, and col-
lected SPECT lung ventilation in the supine position when
the chest radioactivity reached 100 uSV. Subsequently, the
patient was kept upright for three minutes before slowly
being injected intravenously with approximately 5 mCi of
99mT¢-labeled macroaggregates of human albumin (**™Tc-
MAA), remaining upright for two minutes after the injection.
Then, a low-dose chest CT was performed in the same posi-
tion without any movement prior to perfusion tomography.
While using radioactive tracers, subjects were instructed to
maintain normal tidal breathing. The total data acquisition
time was approximately 40 min.

The SPECT/CT data were imported into the reconstruc-
tion workstation (Xeleris Functional Imaging Workstation
Version 3.1, West China Hospital) to obtain 3D lung V/P
SPECT/CT fusion images. In addition, image analysis was
performed using in-house software (Q-Lung, General Elec-
tric Company, USA). This software allowed for semiauto-
matic segmentation of the pulmonary CT with automatic
transfer of the resulting volume of interest (VOI) to the cor-
responding V/P SPECT, automatically separating pulmonary

data into each lung. With reference to the coronal and trans-
verse sections, the user was asked to define the oblique and
horizontal fissures slice-by-slice using the computer mouse
on sagittal CT slices, making a subdivision of each lung into
the pulmonary lobes, and interpreting the relative contribu-
tion (percentage) of each lobe for both ventilation and perfu-
sion. The sum of the lobar percentages was 100%.

V/P SPECT/CT image interpretation

V/P SPECT/CT images were reviewed by two experienced
nuclear medicine physicians who did not know each patient's
clinical information or CT examination results. The assess-
ment was conducted by the EANM guidelines. The SPECT
lung ventilation image quality was first assessed, including
1) uneven distribution of Technegas and 2) “Hot-Spots” dis-
tribution (i.e., deposition of inhaled radiopharmaceuticals
in the conduction airways such as the primary and middle
bronchi or/and peripheral airways) [28]. Then, referring to
the predefined 4-point system (0-3) in COPD as described
earlier, the subjects’ airway obstructivity-grade (OG) was
visually graded [22]. The method was based on ventilation
impairment, shown by the distribution pattern of Technegas
in the airways. The scale was as follows (Fig. 3):
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Fig.2 Curved planar reformation of bronchial pathway to segments and subsegments. Measurement perpendicular to the long axis of each air-
way to obtain the bronchial luminal and wall parameters

Normal (0): uniform distribution of Technegas, uniform
distribution in the peripheral airways, and no deposition in

the large or small airways.
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Mild (1): slightly uneven distribution, some aerosol depo-
sition in the small and intermediate airways, and only a small
portion of peripheral airway sparse area observed.

Moderate (2): Technetium gas deposited in the inter-
mediate and large airways and reduced distribution of
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Fig.3 The airways obstructivity-grade (OG)Ventilation and corresponding perfusion images in frontal, sagittal and transversal slices. There are

four patterns including: normal, mild, moderate, and severe

peripheral airways, with more deposition in the central
half of the lung.

Severe (3): deposition of Technegas in the central airway
with severely impaired penetration and sparse or absent dis-
tribution of radioactivity in most of the lung fields.

According to the method proposed by Bajc et al. [29, 30]
to quantify the degree of ventilation and perfusion defects,
ventilation/perfusion defects were quantified by counting
segments or subsegments that showed complete or reduced
ventilation and/or perfusion defects and were expressed as
percentages (%) of the total lung parenchyma. Segmental
reduction or complete subsegmental loss of function was
classified as one point, and complete segmental loss was
classified as two points. Defects were expressed in points
and divided by 36 to obtain the percentage of impaired lung
function. Theoretically, there are 18 segments in both lungs,
and 36 points were given if there was a complete loss of
function. The sum of lung function defects was used to esti-
mate the extent of total lung function reduction. Subtract-
ing the impaired perfusion function, we obtained preserved
lung function. Areas were considered to have fully preserved
lung function only when both ventilation and perfusion were
normal and matched. Preserved lung ventilation function
(PLVF) and preserved lung perfusion function (PLPF) were
obtained and are expressed as a percentage of the total lung
parenchyma.

Statistical analysis

All analyses were performed using SPSS 19.0 software
(SPSS Inc., Chicago, IL). The Spearman rank correlation
test was used to calculate correlations between V/P SPECT,
PFT and HRCT. Last, p <0.05 indicated statistical signifi-
cance. The differences were tested for significance using the
One-way analysis of variance (ANOVA) or Kruskal-Wallis
test.

Results

All patients successfully underwent PFTs, HRCT, and V/P
SPECT/CT. The patient characteristics and spirometry val-
ues are shown in Table 1. Table 2 shows the differences of
V/P SPECT/CT and HRCT quantitative parameters between
asthma and COPD. In addition, Table 3 gives Spearman’s
correlations between V/P SPECT/CT and CT lung function,
CT bronchial parameters and PFTs.

CT bronchial parameters
There was a statistically significant difference between

severe asthma and severe-very severe COPD in CT bronchial
parameters, such as WA, LA and AA, in the lung segment
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Table 2 The differences of V/P SPECT/CT and HRCT quantitative parameters between asthma and COPD

Parameters Controls Mild-moderate asthma Severe asthma Mild-moderate COPD Severe-very severe COPD
CT bronchial
parameters
WT 3rd 0.97+0.13 1.37+0.26%* 1.58 +£0.31%%> 1.41+0.10%* 1.42+0.20%*
5th 0.79+0.15 1.09+0.35% 1.06+0.24* 1.04+£0.26 1.12+0.19°
WA 3rd 18.72+3.97 35.74+£9.97** 43.62 +13.00**° 34.68+4.11%* 35.05+8.26%*¢
5th 12.55+3.10 16.51+5.66 17.52+5.38 17.72£8.41 17.96+4.95
LA 3rd 19.82+5.46 37.25+13.58%* 4278 +13.63%* 34.32+12.12° 32.62+11.56*¢
5th 12.93+£3.03 11.06+5.32 11.03+£2.75 15.69+13.76 11.98+3.79
WA/LA 3rd 103.28 +18.53 123.18+43.25 126.34+29.43 134.18+24.93 140.11+37.05
Sth 104.72+24.24 205.14+99.87* 176.03 +52.76" 159.04+37.26 237.28 +122.58%*
AA 3rd 38.55+9.01 72.99 +21.32%* 86.40+24.03** 69.00+14.94° 67.66+18.12%*°¢
5th 25.48+5.44 27.57+9.46 28.55+7.85 33.41+21.25 29.94+8.08
CT lung function
parameters
BL 0 1.43+1.67 2.37+1.40° 2.16+1.28* 19.23 +10.18%**
LUL 0 2.08+2.69 2.38+1.35° 2.58+1.27° 21.68 +13.22%+
LLL 0 1.23+1.50 3.55+2.70° 2.30£2.10 21.08 -+ 14.44%°
RUL 0+0.02 0.84+1.39 0.94+0.85* 2.14+1.69* 21.03 + 12.99%:b¢
RML 0.03+0.09 5.53+8.12% 5.92+6.28* 2.14+2.48* 16.44 +11.57*°
RLL 0 0.42+0.54 1.36+1.42% 1.50+£1.42 15.10 £9.49*0¢
V/P SPECT/CT
oG 0.08£0.28 1.00+0.60 2.00+0.63%* 1.6+0548 2.67+£0.49%#°
PLVF 0.94+0.04 0.78£0.10* 0.57+0.12%*%° 0.67+0.10* 0.39+0.14%"bd
PLPF 0.98+£0.02 0.78 £0.09** 0.63 £0.14%* 0.70+0.14 0.52+0.14%%

2Comparison with normal group

®Comparison with mild-moderate asthma
“Comparison with severe asthma

*P<0.01, P<0.05 where not specifically marked

airways (P <0.05). Similarly, CT bronchial parameters,
such as WT and WA, were statistically significant (p < 0.05)
among the disease severity groups in asthma patients. CT
bronchial parameters in the lung subsegment airways did
not differ among the disease severity groups in asthma
and COPD (p>0.05). And the CT bronchial parameters of
asthma and COPD were different from those of the control
group (p <0.05).

CT lung function parameters

The EI of severe-very severe COPD was different from that
of the disease severity groups in asthma patients, and the EI
of asthma and COPD was different from that of the control
group (P <0.05).

V/P SPECT/CT parameters

The airway obstructivity-grade, PLVF and PLPF differed
significantly among the severe-very severe COPD and

@ Springer

mild-moderate asthma patients (P <0.05). And the PLPF
was statistically significant among the disease severity
groups in asthma and COPD (P <0.05). The airway obstruc-
tivity-grade, PLVF and PLPF in asthma and COPD differed
significantly from the control group (P <0.05).

PFT parameters

SPECT/CT parameters (OG, PLVF and PLPF) and PFT
parameters were significantly correlated, with the FEV1
correlation most significant (r=-0.901, r=0.915, and
r=0.836, respectively). In addition, there was a strong
negative correlation between OG and PLVF (r=—0.945)
and PLPF (r=-0.853) and a significant positive correlation
between PLPF and PLVF (r=0.872). Otherwise, there was
no correlation between each lobe’s ventilation and perfusion
percentage and PFTs.
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Table 3 The correlations between PFTs, CT bronchial parameter, CT lung function and V/P SPECT/CT

CT lung function parameters

CT bronchial parameters

Pulmonary function testing

LUL LLL RUL RML RLLL

WA/LA AA BL

LA

WA

FEV1/ MMEF WT
FvC

FEV1

FVC

Sth

3rd

Sth

3rd

Sth

3rd

5th

3rd

Sth

3rd

0.795%%  0.785%*%  0.795%*  0.732%*  (0.804**

0.81%*

0.521%*  0.197

0.544%*

—0.121 0.384%*

—0.856%*0.647**  0.490%*  0.604**  (0.382%*  0.439%*
0.870%*

—0.843%*
0.819%*

—0.784** —0.901%**

0G

—0.488** —0.586%* —0.220 —0.839%* —0.813%* —(.823%** —(.825%* —(.742%* —(.83%**

—0.606%* —0.577** —0.149 —0.754%* —0.722%*% —(.745%*% —0.725%* -0.673%**

—-0.277*
—0.366*

—0.634%* —0.458%*% —0.634** —0.374** —0.523** 0.059

0.915%*

PLVF 0.817%*

—0.746%*

—0.663** —0.500%*% —0.644%* —0.373%* —0.501** 0.215

0.797#*  0.788**

0.836%*

PLPF 0.691%*

BL both lungs, LUL left upper lobe, LLL left lower lobe, RUL right upper lobe, RML right middle lobe, RLL right lower lobe

*At the 0.05 level (two-tailed), the correlation is significant

**Significant correlation at the 0.01 level (two-tailed)

30 7

20

percentage contribution

LUL LLL RUL RML RLL
Lung lobe

= CT Volum m Ventilation = Perfusion

Fig.4 CT volumes (%) and SPECT functional lung contributions
(ventilation % and perfusion %) per lobe were compared in 53 sub-
jects

CT bronchial parameters

There were low-to-moderate correlations between SPECT/
CT parameters and most of the CT bronchial parameters.
However, among the lung segment airways, WA correlated
most significantly with OG, PLVF, and PLPF (r=0.647,
r=—0.634, and r=-0.663, respectively). In addition,
among the lung subsegment airways, WA/LA correlated
most significantly with OG, PLVF, and PLPF (r=0.544,
r=-0.488, and r=—0.606, respectively).

CT lung function parameters

The OG, PLVF, and PLPF were moderate to significantly
correlated with all parameters of CT lung function, with
both lung EI having the strongest correlation (r=0.810,
r=-—0.839, and r=—0.754, respectively).

Furthermore, the CT volumes (%) and SPECT functional
lung contributions (ventilation % and perfusion %) per lobe
were compared in 53 subjects. CT volumes overestimated
the contribution of the upper lung lobes and underestimated
the contribution of the lower lung lobes to the overall func-
tion, as shown in Fig. 4.

In our patients, we found heterogeneous and patchy dis-
tribution patterns of ventilation, central or peripheral “hot
spots,” and segmental or nonsegmental defects. In most
cases, the lung perfusion distribution pattern showed a
decrease or deficit, and sometimes, a compensatory response
pattern with a simultaneous increase in perfusion in undam-
aged areas of the lung was seen. There were three differ-
ent matching patterns in patients with COPD and asthma,
including matched (preserved in V =preserved in P), mis-
matched (P < V), and reverse mismatched (V < P). In COPD
patients, there were 163 segments of matched defects, 43
segments of mismatched defects, and 100 segments of
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reverse mismatched defects. In the asthma patients, there
were 252 segments of matched defects, 69 segments of mis-
matched defects, and 93 segments of reverse mismatched
defects. In addition, 13 COPD patients had all three distri-
bution patterns together, 4 patients had matched defects and
reverse mismatched defects, 21 asthma patients had all three
distribution patterns together, and 2 had matched defects and
reverse mismatched defects. Last, most patients presented
with all three distribution patterns simultaneously, as shown
in Fig. 5.

Figure 6: V/P SPECT imaging shows the distribution of
pulmonary function in a 67-year-old male with GOLD4. Due
to diffuse emphysema in both lungs, there is increased trans-
lucency in both lungs. Disturbed lung texture and increased
parenchymal density in the middle lobe of the right lung and
the upper lobe of the left lung were seen on the CT images.
However, on the V/P SPECT images, almost only the mid-
dle lobe of the right lung retains pulmonary ventilation, and

Fig.5 Three different matching
patterns. Black arrows represent
matched defects, green arrows
indicate mismatched defects
and red arrows show reverse
mismatched defects

Frontal

Transversal

pulmonary perfusion is diffusely reduced, with a compensa-
tory increase in the middle lobe of the right lung. A-C and
D-F, coronal, sagittal and transverse, respectively; A-C1-3,
CT imaging, ventilation SPECT imaging and fusion imag-
ing, respectively; D-F1-3, CT imaging, perfusion SPECT
imaging and fusion imaging, respectively

Discussion

This study combined two examination techniques that
quantify airway remodeling and lung function changes
in COPD and asthma with the help of Q-lung analysis
software and Philips Nebula data processing software.
With the advanced image software, we found differences
between HRCT parameters and SPECT/CT parameters
among the disease severity groups in asthma and COPD
(Table 2). And a moderate to strong correlation was found

Frontal Transversal

-ARGJ 2NE)D

-AAGJd ENE)

Ventilation

Perfusion

Fig.6 The distribution of pulmonary function showed by the V/P SPECT imaging
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between V/P SPECT parameters and partial PFTs and
HRCT parameters. In addition, the correlations between
the CT lung function parameters and V/P SPECT param-
eters were stronger than the CT bronchial parameters
(Table 3).

Both asthma and COPD patients have varying degrees
of airway remodeling at the lung segment and sub-segment
levels, with airway remodeling evident in the lung seg-
ments in asthma and in the lung sub-segments in COPD,
consistent with the pathogenesis of bronchial changes pre-
dominantly in the proximal bronchi in asthma and in the
distal bronchi in COPD [31, 32]. In patients with COPD,
WA increased and airway LA decreased with increasing
severity, whereas in patients with asthma, WA increased
but LA did not decrease, which is consistent with the ear-
lier findings of Yasutaka et al. [33] Patients with asthma
mainly present with bronchial inflammation and pulmo-
nary ventilation dysfunction [34], while COPD mainly
presents with parenchymal lung changes [35]. Compared
to asthma, emphysema was more severe in each lobe of
COPD. The EI of severe—very severe COPD was different
from asthma, mainly in the upper and lower lobes of the
right lung. A comparison between V/P SPECT/CT param-
eters of different severity in COPD and asthma revealed
that OG, PLVF, and PLPF were among the indicators to
differentiate the severity of asthma and COPD disease.

There were significant correlations between OG, PLVF,
and PLPF and the PFT parameters, and each had the strong-
est correlation with FEV1 (r=-0.901, r=0.915, and
r=0.836, respectively). Notably, FEV1 was an independent
predictor of respiratory disease. As the degree of obstruction
increased and the preserved lung function decreased, the
corresponding values for the PFT parameters decreased, the
severity of the disease became more severe, and the degree
of airflow limitation also became more severe. The study
by Jogi et al.[22] showed moderate correlations between
the obstruction grade (r=—0.64), preserved lung func-
tion (r=0.63), and FEV1. Compared to the study by Jogi
et al. that predominantly analyzed patients with GOLD 2
and 3, we included asthmatic patients and more patients
with GOLD 3 and 4. Although most previous studies on
SPECT in the respiratory system have focused on COPD
and involved SPECT-related parameters (usually including
only those reflecting the degree of pulmonary ventilation
and airway obstruction), few studies have included patients
with asthma and COPD. The stronger correlation between
SPECT and FEV1 may be related to disease severity and the
more realistic assessment of the degree of airway obstruction
and total preserved lung function with V/P SPECT/CT in
patients with higher grading. In a study by Bajc et al. [24],

the V/P SPECT-related parameters significantly correlated
with emphysema extent (r=0.66-0.69, p <0.0001), consist-
ent with our findings (Table 3). Low-to-moderate correla-
tions between OG, PLVF, PLPF and most of the CT bron-
chial parameters were found in this study. The correlations
were more significant in the pulmonary segment bronchus
(Table 3).

The present study also found a strong correlation
between PLPF, PLVF, and OG. To some extent, the degree
of impaired pulmonary perfusion can highly reflect the
degree of impaired pulmonary ventilation, presumably due
to an efficient mechanism of the pulmonary vascular system
matching perfusion to ventilation to maintain narrow dis-
tributions of V/P and thus maintain effective gas exchange.
The deterioration of the ventilation to perfusion distribu-
tion reflects the structural changes affecting the airways and
blood vessels [36]. Masiero et al.[37] confirmed that the
degree of perfusion deficit in COPD is related to the degree
of airflow limitation. Therefore, for patients with chronic
airway disease for whom it is challenging to perform pul-
monary ventilation imaging or spirometry, lung perfusion
imaging alone can, to a certain extent, evaluate the severity
of the disease and preserve lung function. Lung lobar param-
eters, including the percentages of ventilation, perfusion,
and volume of each lobe, did not correlate with the PFTs,
indicating that regional lobe functional parameters do not
reflect changes in global lung function.

In contrast to the supine position required for CT scan-
ning, the volume estimates of regional lobar contribution
from CT scans may not be representative of actual lobar
contributions during daily life because most human waking
activities are performed in the upright position. Our study
revealed that CT volumes overestimated the contribution of
the upper lung lobes and underestimated the contribution of
the lower lung lobes to overall function, consistent with the
findings of Bailey et al. [38], expanding the disease spec-
trum. In diseased lungs, the functional contribution of differ-
ent lobes and segments to overall ventilation and perfusion
may be heterogeneous. However, V/P SPECT/CT allows
for accurate delineation of individual lung lobes using CT
images and is used to determine the relative functional con-
tribution of ventilated and perfused lobes to overall lung
function. Thus, the quantification parameters by SPECT/
CT showed promise as an objective measure to predict the
impact on function from surgical procedures and assessment
of lung function for guiding localized treatments, e.g., lung
volume reduction surgery or endobronchial valves in COPD,
radio-ablation of airways, and responsiveness to mepoli-
zumab in asthma [39-41].
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Patients with COPD and asthma have a predominance
of matched and reverse mismatched deficits, followed by
mismatched deficits. SPECT/CT is more helpful in under-
standing the heterogeneity of the disease and can be used
to characterize different phenotypes of COPD and asthma
than other means of examination. Ventilation defects are
usually more prominent than perfusion defects, even in mild
patients, which leads to a reverse mismatched pattern. As the
lungs attempt to match blood flow to ventilation to maintain
optimal gas exchange efficiency, precapillary pulmonary
vascular smooth muscle reflex contraction, or extrinsic vas-
cular compression, ventilation abnormalities may lead to
perfusion defects; this is a matched deficit [37, 42]. There
is no clear explanation for mismatched defects (nonthrom-
boembolic abnormalities). However, the disturbance of this
relationship and the resulting heterogeneity are thought to
be the leading cause of hypoxemia in most lung diseases and
correlate with the severity of the disease [43, 44].

Our study expanded the spectrum of V/P SPECT/CT in
respiratory diseases, including more SPECT-related param-
eters than previous studies, and compared its correlation
with traditional pulmonary function parameters and CT pul-
monary function and CT bronchial parameters. However,
this study also had several limitations. First, the number of
patients included in this study was insufficient, which may
have affected the interpretation of more specific indicators.
More extensive studies will be needed to overcome this
issue. Second, although studies have confirmed the value
of V/P SPECT/CT in the monitoring and prognostic assess-
ment of the treatment response in COPD and asthma, this
study did not follow up on this included cohort of patients.
Further prospective studies are needed to confirm whether
V/P SPECT/CT provides a basis for disease prognosis and
treatment response, as well as for developing new therapeu-
tic approaches and evaluation indicators.

Conclusions

Quantitative assessment of ventilation and perfusion abnor-
malities and the degree of pulmonary functional loss by V/P
SPECT/CT shows promise as an objective measure to assess
the severity of disease and lung function to guide localized
treatments. There are differences between HRCT parame-
ters and SPECT/CT parameters among the disease severity
groups in asthma and COPD, which may enhance, to some
extent, the understanding of complex physiological mecha-
nisms in asthma and COPD. And the V/P SPECT param-
eters correlate to the partial PFTs and HRCT parameters.
By assessing the distribution pattern of regional ventilation/

@ Springer

perfusion and can be used as an alternative examination for
patients with difficulty performing spirometry.
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