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Abstract

Aim CT images can identify structural and opacity alterations of the lungs while nuclear medicine’s lung perfusion stud-
ies show the homogeneity (or lack of) of blood perfusion on the organ. Therefore, the use of SPECT/CT in lung perfusion
scintigraphies can help physicians to assess anatomical and functional alterations of the lungs and to differentiate between
acute and chronic disease.

Objective To develop a computer-aided methodology to quantify the total global perfusion of the lungs via SPECT/CT
images and to compare these results with parenchymal alterations obtained in CT images.

Methods 39 perfusion SPECT/CT images collected retrospectively from the Nuclear Medicine Facility of Botucatu Medi-
cal School’s Clinics Hospital in Sao Paulo, Brazil, were analyzed. Anatomical lung impairments (emphysema, collapsed
and infiltrated tissue) and the functional percentage of the lungs (blood perfusion) were quantified from CT and SPECT
images, with the aid of the free, open-source software 3D Slicer. The results obtained with 3D Slicer (3D-TGP) were also
compared to the total global perfusion of each patient’s found on their medical report, obtained from visual inspection of
planar images (2D-TGP).

Results This research developed a novel and practical methodology for obtaining lungs’ total global perfusion from SPECT/
CT images in a semiautomatic manner. 3D-TGP versus 2D-TGP showed a bias of 7% with a variation up to 67% between
the two methods. Perfusion percentage showed a weak positive correlation with infiltration (p =0.0070 and p=0.43) and
collapsed parenchyma (p =0.040 and p=0.33).

Conclusions This research brings meaningful contributions to the scientific community because it used a free open-source
software to quantify the lungs blood perfusion via SPECT/CT images and pointed that the relationship between parenchyma
alterations and the organ’s perfusion capability might not be so direct, given compensatory mechanisms.
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Introduction

Chronic respiratory diseases (CRD), such as chronic
obstructive pulmonary disease (COPD), are a leading cause
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of death worldwide, only behind cardiovascular conditions
and neoplasms [1, 2]. Due to their high incidence and socio-
economical impacts, prevention, control, and cure of res-
piratory diseases are among the most cost-effective health
interventions available [3].

Imaging techniques, such as computed tomography (CT)
and nuclear medicine’s (NM) ventilation and perfusion
(V/Q) lung scintigraphy provide noninvasive anatomical and
functional information of the lungs. While CT images can
identify structural and opacity alterations of the lungs (e.g.,
consolidation, bullae, atelectasis and interstitial disease),
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NM'’s perfusion studies show the homogeneity (or lack of)
of blood perfusion on the organ, associated with pulmonary
emboli (PE), COPD, left ventricular heart failure, among
others [4]. Therefore, these imaging techniques have been
adopted as standard procedures in the diagnosis, staging
and quantification of many pulmonary conditions [5, 6].
The combination of both modalities in hybrid equipment—
SPECT/CT—has shown many benefits, including improve-
ments in procedure planning that lead to better clinical out-
come of patients [7-11]. More recently, CT also proved to
be an essential tool for the diagnosis, follow-up and staging
of COVID-19 [12], and V/Q SPECT/CT was used to assess
functional alterations associated with lung lesions found
these patients [13], with parenchymal lesions being respon-
sible for V/Q injuries [14, 15].

These studies, however, relied on semi-quantitative visual
inspection of SPEC/CT images. Although visual inspection
is still the method of choice for identifying structural and
functional impairment patterns, computer-aided quantifica-
tion can be employed to assess the severity and extent of
the findings [16—18]. Because discordant results may arise
from visual and quantitative analyses of CT images, the
combination of both methods is preferable in assessing and
classifying impairments [19, 20]. Therefore, automatic (and
semi-automatic) segmentation and quantification techniques
are proving to be a valuable tool for assisting medical reports
[21, 22] and, while they are being widely studied in radiol-
ogy [23], there are still room for them to be explored in NM
[24].

This work utilized retrospective lung perfusion SPECT/
CT examinations to compute anatomical impairments found
on CT image (emphysema, infiltrated and collapsed tis-
sue) and compare them with the lung’s perfusion percent-
age obtained from NM’s scintigraphy. This was done with
the aid of the free, open-source software 3D Slicer (www.
slicer.org) [25], in a semiautomatic manner. Therefore, the
objective of this study was to develop a new and practi-
cal methodology for obtaining lungs’ total global perfusion
from SPECT/CT images in a semiautomatic manner and to
verify how structural impairments of the lungs, assessed bt
CT images, impacted in its perfusion function, assessed by
SPECT images.

Materials and methods

This study comprised two steps: the development of a
methodology for segmenting and quantifying the SPECT/
CT images and the application of the methodology on lung
perfusion SPECT/CT images of a public university hospital
database.

The study was duly approved by the institution’s Research
and Ethics Committee (CEP) under protocol CAEE
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61704622.0.0000.5411. All clinical and patient data were
obtained from the medical records. Because of the retro-
spective nature of this study, the need for informed consent
was waived.

Database selection and characteristics

The algorithm was applied in a database comprised of lung
perfusion SPECT/CT images obtained retrospectively in
the Nuclear Medicine Facility of Botucatu Medical Schools
Clinical Hospital in Sdo Paulo, Brazil, over the period of
1 year (Jan 2021 to Jan 2022). The patients in the sample
underwent the perfusion SPECT/CT examination to investi-
gate chronic pulmonary embolism with and without pulmo-
nary hypertension. The institution protocol for performing
perfusion SPECT/CT do not include patients with fibrotic
sequelae, interstitial pulmonary disease, and COPD. Fig-
ure 1 shows the flowchart of data selection and analysis.

A total of 54 examinations were analyzed. Inclusion crite-
ria were procedures with both SPECT and CT sequences and
medical report of normal or defective lung perfusion. Exclu-
sion criteria were examinations that could not be retrieved
from database, with missing medical report or medical
report other than normal and defective perfusion (e.g., pul-
monary shunt). The final database comprised of 39 examina-
tions. Clinical data from these patients were also collected:
age, sex, height, mass, medical report, total global perfu-
sion (TGP) obtained from the medical report and pulmonary
hypertension status obtained from the transthoracic echo-
cardiography report. The administrated activity of **™Tc-
labelled human albumin (*™Tc-MAA) was registered too.
The clinical aspects and radiopharmaceutical characteristics
of the database are depicted in Table 1.

The SPECT/CT images were acquired in a Discovery
NM/CT 670 scintillation camera (GE Healthcare, Mil-
waukee, WI) after the injection of *™Tc-MAA in supine
position. SPECT image was acquired first, followed by CT.
Then, both were processed in Xeleris 4 Workstation (GE
Healthcare) to generate fused images. The acquisition and
reconstruction parameters are presented in Table 2.

Segmentation and quantification algorithm

This study utilized 3D Slicer [25] version 4.11 in an Intel®
Core™ 15-9300H based computer with 16 GB of RAM and
128 GB SSD to segment and quantify Digital Imaging and
Communications in Medicine (DICOM) SPECT and CT
images. First, images were imported into 3D Slicer for
segmentation. In this step, the total anatomical volume
of the lungs were obtained from the CT images, and the
perfusion volume was obtained from the SPECT image
with the aid of the anatomical information and radiophar-
maceutical uptake. Then, these volumes were quantified
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Fig. 1 Flowchart of database

selection and statistical analysis

Table 1 Clinical and
radiopharmaceutical

characteristics of database per

medical report group (n=39)

SPECT/CT Perfusion

Examinations

(jan. 21 - jan.22)
n=54

Database selection

» SPECT and CT
sequences

A

SPECT/CT Perfusion
Examinations
n=39

l

« Medical report:

normal perfusion and
defective perfusion

v

n=9

Normal lung perfusion

v

Defective lung perfusion

n=30

Import quantification data

Statistical Analysis

in RStudio
T
v v v
Obtain variable descriptive Compare 0 Slucgr Correlate anatomical and
statistics SAQUIIm nis 25 Wi erfusion findings
medical report P 9

Characteristic Normal perfusion (n=9) Defective perfusion (n=30)
Median (range) Median (range)

Age (years) 45 (18-67) 55 (25-78)

Sex T7FI2M 18FI12M

Mass (kg) 80 (57-126) 84 (52-126)

Height (cm) 162 (154-181) 163 (153-187)

BMI (kg/cm?2) 31.22 (21.72-38.45) 30.15 (22.03-40.57)

Specific activity (MBqg/kg)
Pulmonary Embolism

Pulmonary Hypertension

3.43 (2.03-9.10)
Excluded

Confirmed: 2 (22%)
Mild (1) and Severe (1);
Not confirmed: 7 (77%)

3.93 (0.93-8.88)
Not excluded
Confirmed: 4 (13%)

Mild (1), Moderate (2) and Severe (1);

Not confirmed: 18 (60%)

BMI Body mass index
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Table2 Acquisition and Reconstruction parameters of Perfusion
SPECT/CT examination

Modality Acquisition Reconstruction

SPECT Matrix: 128 x 128 pixels Iterative OSEM:
Projections: 120 2 iterations, 4
Time/projection: 15 s subsets, Gauss-
Angular range: 360° ian filter

CT Scan type: Helical Standard recon-

Voltage: 120 kV

Current: 80-330 mA (Smart)
Slice thickness: 5 mm

Noise index: 11.5

struction, 5 mm,
Lung filter

in cm3. The CT image was also used for assessing paren-
chymal alterations such: bullae/emphysema, infiltrated and
collapsed tissue, and healthy, well-aerated parenchyma.
Figure 2 depicts the workflow of the algorithm.

Fig.2 Flowchart of algorithm
segmentation and quantification

Anatomical segmentation of the lungs from CT images

CT images were processed in the Lung Segmenter plugin of
the Chest Imaging Plataform (CIP) (Applied Chest Imaging
Laboratory, Brigham and Women's Hospital, Boston, Mas-
sachusetts) to define the anatomical lung volume of interest
(VOI). Once the lung VOIs were defined, the plugin Lung
Analyzer was used to automatically identify and compute
structural findings. This was done through Hounsfield Units
(HU) thresholds [26—29]: bullae/emphysema (- 1.050 to
— 950 HU); healthy parenchyma (- 950 to — 750 HU); infil-
trated (— 750 to — 400 HU), which includes homogeneous
lung opacities, such as ground glass opacity, consolidation
and different types of pneumonia [30, 31]; besides collapsed
(- 400 to 0 HU), associated with atelectasis. The total vol-
ume (cm3) of the lungs and of each finding was recorded.
Figure 3 depicts a visual example of the algorithm results:
in (A) the coronal view of the lungs, in (B) the anatomi-
cal segmentation of the left and right lungs, and, in (C) the

Import SPECT and CT DICOM
images into 3D Slicer

Image Segmentation

Segment the anatomical volume
of the lungs from CT image with
Chest Imaging Platform plugin

| Anatomical Volume
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|

Segment perfusion volume of the
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/ i Image Quantification N

Quantify anatomical impairments
from the CT image:
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Quantify perfusion percentage
from SPECT/CT image
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Fig.3 Coronal views of the lungs (a), parenchymal segmentation (b) and anatomical impairments segmentation (c)

impairments masks show healthy (blue), infiltration (orange)
and collapsed tissue (pink). Bullae/emphysema is not seen
in this figure.

Segmentation of functional SPECT image

Once the anatomical volume of the lungs was obtained by
CT, the SPECT image was segmented in the Segment Editor
plugin of 3D Slicer. This process used an automatic thresh-
old segmentation algorithm based on moment-preserving
image segmentation analyses [32]. The lung VOI generated
in Sect. 2.1.1 were used to limit the extension of the auto-
matic generated perfusion volume—only pixels contained
inside the anatomical region of the lungs were allowed to
account for the perfusion segment. The volume (cm3) of the
perfusion segments were obtained in the Segment Statistics
plugin.

Figure 4 exemplifies the results of perfusion segmenta-
tion: in (A) the coronal view of the SPECT/CT fused image
is shown, in (B) the outer (blue) mask represents anatomical
segmentation of the lungs, as obtained from the algorithm

described in Sect. 2.1.1., and the inner (yellow) mask repre-
sents the perfusion segmentation.

Figure 5 shows the software interface for segmenting the
perfusion volume of the lungs. After the anatomical segmen-
tation be completed, the organs volume can be used to refine
the perfusion SPECT image, in the Segment Editor module.
The blue shaded area represents the anatomical volume of
the organ obtained from the CT image.

Quantification of anatomical impairments

The volume in cm3 of each impairment (bullae/emphysema,
infiltrated and collapsed tissue) was divided by total volume
of the lungs, also in cm3, to calculate the proportion of these
findings that was present in the organ. According to the algo-
rithm of CIP, affected lung was defined as the sum of emphy-
sema, infiltrated, and collapsed volumes divided by the total
volume of the lungs. On the other hand, healthy, well-aerated
parenchyma, was defined as the portions of the lungs that
were not affected (100% minus affected lung percentage).

Fig.4 Coronal views of
SPECT/CT fused image (a) and
anatomical (blue) and perfu-
sion (yellow) segmentation (b)
of a patient with normal lung
perfusion

A ¥

_J

B ¥
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Fig.5 Software interface for segmenting the perfusion volume of the lungs

Quantification of lung perfusion

The perfusion volume assessed by SPECT was compared
to the anatomical volume of the lungs obtained from
CT image to calculate the perfusion percentage of each
patient. The absolute perfusion percentage was defined as
perfusion volume divided by the total anatomical volume,
in a similar fashion as the preserved lung perfusion func-
tion proposed by Xie et al. [18].

Statistical analysis

The percentage of each anatomical finding (bullaec/emphy-
sema, healthy, infiltrated and collapsed tissue) and the per-
centage of lung perfusion were used for statistical analy-
sis. This analysis was performed in the free, open-source
RStudio Software. Descriptive graphics, such as boxplots
and scatter plots, were created to better visualize the distri-
bution and correlation of the anatomical impairments and
perfusion percentages. All these variables were also tested
for normality through the Shapiro—Wilk test.

The distribution of the variables in both groups (normal
and defective perfusion) was assessed to verify whether
there were statistical differences between them. This was
done through Student’s t-Test for two independent samples
with a confidence level of 95% and null hypotheses that
the true difference in means for both groups were equal
to zero.

@ Springer

Comparison of 3D Slicer results with medical report

The perfusion percentage obtained with this study’s algo-
rithm was compared with the perfusion percentage from
each patient’s medical report. The medical report perfu-
sion percentage was assessed through a semi-quantitative
visual inspection of six planar views of the lungs (anterior,
posterior, both lateral and both posterior oblique views)
and a score determination (0, 0.25, 0.5, 0.75, and 1) of
the perfusion of each lobe [33], by two nuclear medicine
specialists physicians comprising more than 20 years of
experience. Results from both methods were compared
through Bland—Altman analysis [34].

Correlation of anatomical and perfusion findings

Correlation tests were performed to assess the association
of the perfusion percentage to: (a) inflated percentage, (b)
bullae/emphysema percentage, (c) infiltrated percentage,
(d) collapsed percentage and (e) total affected percent-
age. Both visual and analytical methods were employed
to verify the relation among the variables.
Interpretation of correlation coefficients were:
0.9—-1.0—very high correlation; 0.7-0.9—high correla-
tion; 0.5-0.7—moderate correlation; 0.3—0.5—low cor-
relation and 0.0-0.3—negligible correlation [35].
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Results
Statistical analysis

Distribution of anatomical impairments are presented
for both groups of patients—with normal and defective
lung perfusion—in Fig. 6. Due to the low occurrence of
emphysema in the sample (less than 1%), the scale of this
graph was adjusted to better visualize its distribution. The
difference in the mean value of each impairment between
the normal and defective perfusion groups did not show
significant statistical difference (p-value =0.85 for infil-
trated, p-value =0.069 for collapsed and p-value =0.24 for
emphysema).

1004 | 100 4

751 . 754

251

Infiltrated (% of total lung volume)
Collapsed (% of total lung volume)

Figure 7 shows the distribution of affected and inflated
lungs associated with impairments and healthy tissue,
as assessed by CT. Since inflated percentage represents
inverse information of affected lungs, the graphic shows
complementary distribution.

With a p-value =0.58 on Welch Two Sample ¢-Test, it
is not possible to reject the null hypothesis, thus, the mean
affected percentage is not different in defective and normal
perfusion scans.

Figure 8 shows the total lung perfusion, or total global
perfusion (TGP), obtained with the methodology of this
study (3D-TGP) and data from the medical report of each
patient (2D-TGP). 3D-TGP was calculated regarding total
anatomical volume. With p=0.6462 on Welch Two Sam-
ple #-Test for perfusion, it is not possible to reject the null
hypothesis, thus, the mean perfusion on patients classified

1.004

0.754

0.254

Emphysema (% of total lung volume)

T N T
DEFECTIVE NORMAL DEFECTIVE

—— ]

—_—
0.004

T
DEFECTIVE

=

N T
NORMAL NORMAL

Fig.6 Anatomical impairments obtained from CT per medical report: infiltrated (p-value=0.85), collapsed (p-value=0.069) and emphysema

(p-value=0.24) percentage

Fig.7 Affected (p-value=0.58)
and inflated (p-value=0.64) tis-
sue assessed by CT per medical
report
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Fig. 8 Perfusion percentage
obtained by SPECT (3D-TGP)
and from the medical report
(2D-TGP), by group
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Fig.9 Bland-Altman plot comparing total global perfusion obtained
from medical report (2D-TGP) and the study's algorithm (3D-TGP)

with normal or defective perfusion shows no statistical dif-
ference. The defective perfusion group (DPG) presented
higher variability in perfusion percentage than the normal
perfusion group (NPG). On the other hand, NPG had slightly
higher median perfused lung percentage (0.7231 versus
0.7012). Since the medical report did not include 2D-TGP
for patients classified with normal lung perfusion, only the
defective group is shown. The median value of 2D-TGP is
0.80.

Comparison of results from 3D Slicer with medical
report

Figure 9 shows the Bland—Altman plot for 3D-TGP and
2D-TGP. 2D-TGP was obtained by visual inspection of pla-
nar images in a semi-quantitative mean from perfusion score
of lung perfusion [33].

Since not all medical reports had the information of
patient’s TGP, the sample for this comparison was slightly
smaller—comprising of 31 patients.
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As can be seen, the plot shows no sign of systematic error
between the two methods. On average, 3D-TGP is 7% greater
than 2D-TGP and, from our sample, TGP could vary 67%
from one method to the other (from the limits of agreement
of -26% and 41%) [34].

Correlation of anatomical and perfusion findings

Finally, the correlation between variables was tested for both
groups together, since no statistical difference was found in
anatomical nor functional impairments distribution between
them.

First, the correlation between individual anatomical
impairments were tested through Spearman’s correlation
test. Infiltrated percentage of the lungs showed a weak posi-
tive correlation to the perfusion percentage (p =0.0070 and
p=0.43), collapsed percentage showed an even weaker
positive correlation (p =0.040 and p =0.33) and emphy-
sema showed no correlation to perfusion percentage
(p-value=0.53). Figure 10 shows dispersion plots for each
correlation assessment.

Then, perfusion percentage correlation to total affected
percentage was tested. With p=0.0093 and p=0.41 in
Spearman’s rank correlation test, it is possible to assume that
there is a positive correlation between the variables—even
though it is weak. Figure 11 presents this result.

Discussion

The lack of statistical differences between both groups (nor-
mal and defective lung perfusion) regarding their perfusion
percentage may be attributable to the low number of proce-
dures available, especially on the normal perfusion group
(30 deffective versus 9 normal). Nonetheless, the defective
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Fig. 11 Perfusion percentage (SPECT) versus total affected percent-
age (CT)

perfusion group showed a tendency of increased anatomical
impairments findings, as can be seen on and Fig. 7, where
the median of affected parenchyma is higher on the def-
fective than on the normal perfusion group (0.6716 versus
0.5971). A greater number of patients in both groups as well
as a more even patient sample would be necessary to confirm
this hypothesis.

The high percentage of infiltration found in the patients
of our study (median of 0.4778) also raised awareness that
other factor than patient lung disease was contributing to
that. One hypothesis was that the radiopharmaceutical

itself, due to its mechanism of capillary blockade [36], was
responsible for increasing the mean HU number of the lung
volume, leading to an overestimation of infiltrative and con-
densed tissue. Nonetheless, our study used optimal HU num-
bers for quantifying pulmonary parenchyma [29] and a pro-
spective study would be required to clarify this hypothesis.
As can be seen in Fig. 9’s Bland—Altman plot, TGP
obtained with our methodology (3D-TGP) presented great
variation when compared to TGP obtained from the medi-
cal report (2D-TGP). This result should come at no surprise
since TGP were obtained from different types of images:
planar and tomographic. Previous studies have shown sig-
nificant differences when perfusion is quantified by planar
or SPECT scintigraphy, with the later providing superior
results [7, 37-39]. 3D SPECT images yields better anatomy
assessment [40] and do not suffer from ‘shine-through’ effect
from underlying normal perfusion areas, that can result in
underestimation of perfusion defects [41]. Also, since our
methodology utilized anatomical information from the CT
scan to define the pulmonary volume, we believe that our
results present a more trustworthy assessment of TGP.
Cobes et al. [13] found that anatomical impairments vis-
ible on CT scan from COVID-19 patients had a negative
impact on the ventilatory capacity of the lungs, specially
when ground glass opacity (infiltration) was present, while
the perfusion remained mostly preserved. Evbuomwan
et al. [42] observed areas with increased blood perfusion
associated with inflamation on SPECT/CT studies and Bon-
nefey et al. [14] observed that consolidation in patients with
COVID-19 was the most frequent and impactful injury to
affect lung function. This is compatible with our findings, as
can be seen in Fig. 10, where infiltration percentage of the
parenchyma shows a positive correlation with blood perfu-
sion percentage. This may be atribuited to the failure of the
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hypoxic pulmonary vasoconstriction mechanism and pres-
ence of pulmonary thrombosis and emboli [15]. It should
be noted that these works relied on semi-quantitative, visual
inspection of SPECT/CT images whereas, in our study, this
was done in a objective quantitavie manner.

Previous studies have also investigated the impact of
emphysema on perfusion, and showed a negative correlation
between these variables: the more emphysema the patient
had, less perfusion was observed [43, 44]. The patients in
our study, however, showed low degrees of emphysema
involvment (less then 1% of the total lung volume), thus
statistical analysis was inconclusive. This is reasonable
when considering that the institution protocol for performing
perfusion SPECT/CT do not include patients with fibrotic
sequelae, interstitial pulmonary disease, and COPD.

Since the affected lung was defined as the sum of the indi-
vidual impairments (emphysema, infiltration and collapsed),
Fig. 11 shows its positive correlation with perfusion percent-
age. This is in acoordance with what has been reported in
the literature, indicating that the methodology implied in this
study yields to clinical plausible and relevant information,
with less intra and interobserver variability.

Conclusion

This work developed a novel methodology to quantify the
perfusion of the lungs from 3D SPECT/CT images through
a free open-source software in a semiautomatic manner.
The results obtained with 3D images can provide a more
trustworthy assessment of the organ’s blood perfusion when
compared to the traditional visual inspection of planar
images, since it reduces both human variability and geo-
metric limitations imposed by 2D images. The study also
used the software and the CT images to quantify anatomi-
cal impairments of the lungs and correlate them with its
perfusion.

The algorithm proposed shows that 3D Slicer has the
potential to be a valuable tool in clinical practice, since it
applies semiautomatic analysis (less user dependent), does
not require high end hardware and runs completely for
free. The full process of segmentation and quantification of
both anatomical and functional imaging took an average of
8.5 min where other studies have reported analysis time of
10-20 min [45].

This research brings meaningful contributions to the
scientific literature because it: a) uses a free open-source
software with few applications reported to date in nuclear
medicine lung scans and b) compares structural to functional
findings, highlighting that the relationtship between these
two characteristics might not be so direct, given the action
of compensatory mechanisms of the organism to maintain
its viability.
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Data availability The datasets generated and/or analyzed during the
current study are not publicly available due to the privacy policy of
our institution but are available from the corresponding author on rea-
sonable request.
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