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Measurement of heterogeneous distribution on Technegas SPECT images
by three-dimensional fractal analysis
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This review article describes a method for quantifying heterogeneous distribution on Technegas
(®®™Tc-carbon particle radioaerosol) SPECT images by three-dimensional fractal analysis (3D-
FA). Technegas SPECT was performed to quantify the severity of pulmonary emphysema. We
delineated the SPECT images by using five cut-offs (15, 20, 25, 30 and 35% of the maximal voxel
radioactivity), and measured the total number of voxels in the areas surrounded by the contours
obtained with each cut-off level. We calculated fractal dimensions from the relationship between
the total number of voxels and the cut-off levels transformed into natural logarithms. The fractal
dimension derived from 3D-FA is the relative and objective measurement, which can assess the
heterogeneous distribution on Technegas SPECT images. The fractal dimension strongly correlate
pulmonary function in patients with emphysema and well documented the overall and regional

severity of emphysema.
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INTRODUCTION

TecHNEGAS (P™Tc-carbon particle radioaerosol; Daiichi
Radioisotope Co. Ltd., Tokyo, Japan) has been used
recently for ventilation studies of the lung. Burch et al.
reported that Technegas has particles of a considerably
smaller size, and these can reach the peripheral parts of the
lung.!? Technegas has the advantage of not being cleared
from the lung once the particles stick to the alveolar wall
and therefore is suitable for SPECT studies.>*
Technegas SPECT images reveal peripheral irregu-
larity in mild emphysema and further hot spot formation
and regional defects in severe emphysema (Fig. 1).3* The
consequent heterogeneous appearance of Technegas
distribution has been used as a diagnostic index for em-
physematous severity, but an objective quantification of
such severity is difficult to make because of the lack of a
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convenient and widely accepted standard for quantifying
spatial heterogeneity. We thought that the three-dimen-
sional fractal analysis (3D-FA) could be applied as a
reproducible and sensitive quantification of emphysema-
tous severity.>6 Fractal analysis is potentially suitable for
an objective quantification of spatial heterogeneity be-
cause it is believed to be effective in helping to character-
ize complex systems that are hard to describe by means of
conventional Euclidean geometry.”#

In this review, we introduce 3D-FA for quantifying the
heterogeneous distribution on Technegas SPECT images
and investigate the meaning and clinical application of
3D-FA.

THREE-DIMENSIONAL FRACTAL ANALYSIS

Characteristics of Technegas

The ideal size of aerosol droplets in order to get good
uniformity in the lungs during deep tidal volume breath-
ing was considered to be between 0.1 and 0.5 um.’
Because particles larger than 2 um are likely to be
deposited in the proximal bronchial trunci, *™Tc-phytate
aerosol images had a limitation due to intense bronchial
foci in cases with severe chronic obstructive pulmonary
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Fig. 1 A: 45-year-old healthy male. Technegas SPECT images show homogeneous distribution in
whole lung. His fractal dimension for total lung is 0.46. B: 65-year-old male with mild emphysema.
Technegas SPECT images show heterogeneous distribution in whole lung. His fractal dimension for
total lung is 0.79. C: 63-year-old male with severe emphysema. Technegas SPECT images show
heterogeneous distribution of cold and hot spots throughout peripheral lung field. His fractal dimension

C

for total lung is 2.54.

disease.!® Technegas is ultra fine carbon particles of the
order of 0.005 um.! Technegas imaging also provides
similar or better diagnostic information on lung ventila-
tion imaging than 3*Xe and 81™Kr.211 81mKr and 133Xe
scintigraphy needs a ventilation system. Technegas is
readily available, is easy to use, is inexpensive, and
delivers a low radiation dose.!"?

Data acquisition for Technegas SPECT

Technegas was generated in a proprietary generator
(Technegas Generator, Tetley Manufacturing Ltd.,
Sydney, Australia) by the resistive heating of a graphite
crucible to 2500 °C in which a saline solution of 266-600
MBgq of ®™Tc-pertechnetate had been placed and dried.
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After generation of the aerosol, it was dispersed in a lead-
lined chamber in an atmosphere of 100% argon. Technegas
was administered through a mouthpiece, with a nose clip
in situ, to patients in the sitting position. The patients
slowly inhaled Technegas and then held their breath for 5
seconds at the maximal point of inspiration. This proce-
dure was repeated three to five times.

SPECT imaging was performed with a three-headed
system (TOSHIBA GCA9300, Toshiba, Tokyo, Japan)
equipped with low-energy high-resolution collimators
(full width at half maximum = 12 mm) and interfaced with
a dedicated computer. Projection data were acquired with
5° angle intervals on a 128 x 128 matrix over 360° by
rotating each detector head 120°. The acquisition time
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was 40 seconds/projection, corresponding to a total ac-
quisition time of 16 minutes. The voxel size was 3.2 mm
X 3.2 mm X 3.2 mm. Reconstruction of images was
performed by the filtered back-projection method with a
ramp back-projection filter and a Butterworth filter (order
= 8, cut-off frequency = 0.15 cycles/pixel). Attenuation
correction was not performed (Fig. 1).

Fractal analysis

Fractals have been introduced by Mandelbrot’-8 to charac-
terize structures and processes occurring in nature. The
principal features of fractal objects are: 1. a large degree
of heterogeneity, 2. scaling similarity over many scales of
observation, and 3. the lack of a well-defined scale.!?
Strictly speaking, a structure (such as lung vasculature or
vermis of the cerebellum) is fractal if its small scale
appears similar to its large scale form. Fractal geometry
characterizes where the relationship between a measure
(M) and the scale (€) is expressed as

M(e) = k€™, 1)

where £ is a scaling constant and D is called the fractal
dimension.”® As equation (1) implies, the quantity M to be
measured is a function of the ruler scale and can be a
nonconstant. The fractal dimension (D) is one parameter
that is useful for this purpose in characterizing organiza-
tionally complex structures.!? The fractal dimension is a
scale-independent measure of spatial or temporal hetero-
geneity (‘complexity’). As the fractal dimension increases,
the structure occupies more space and is more ‘complex’.

Concept of three-dimensional fractal analysis (3D-FA)
We used four or five cutoffs of the maximal voxel radio-
activity in SPECT images to segment the organic tissue,
so that the total apparent area occupied by the organic
tissue varied as a function of the radioactivity thresholds.
The four or five chosen thresholds were used as the ruler
scale €in equation (1), and the total number of voxels with
radioactivity higher than the corresponding thresholds
were used as M(¢). Clearly, M(€) decreases as € increases;
hence a linear regression on the M(€) versus € graph, when
plotted on a natural logarithm versus natural logarithm
scale, yields a negative slope with magnitude equal to the
fractal dimension D. As the fractal dimension increases,
the distribution of radionucleoids on SPECT becomes
more heterogeneous.>®

Calculating fractal dimension

The reconstructed axial Technegas SPECT images trans-
ferred to a computer for analyzing medical imaging (Dr
View, Asahikasei, Tokyo, Japan). The computer in Dr
View automatically delineated the lung at 15, 20, 25, 30
and 35% cut-off levels of the maximal voxel radioactivity
in all slices of SPECT images, and measured the total
number of voxels in the areas surrounded by the contours
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Fig.2 Histogram of the number of voxels with changing cut-
off in two patients with emphysema.

obtained with each cut-off level. Figure 2 is the histogram
of the number of voxels with changing cut-off levels in
two patients with emphysema. In practice, we calculated
a linear regression equation from the total number of
voxels and cut-off levels transformed into natural loga-
rithms, and obtained the fractal dimension from the slope
of the linear regression equation. In Figure 3, the graphs
show the calculation of fractal dimension for the same
cases in Figure 2.

We calculated the fractal dimensions for total-lung,
upper-lung, and lower-lung and defined the total-lung
fractal dimension (T-FD), upper-lung fractal dimension
(U-FD) and lower-lung fractal dimension (L-FD) as the
severity of emphysema for the overall or regional lung.
The upper lung was defined as the axial SPECT images
above the subcarina and the lower lung was defined as
those below the subcarina. To identify the subcarina level
of a subject, the level was marked with a pen on the
anterior chest when undergoing chest radiography, and
then a small quantity of #*™TcO4~ was placed on this
marked point when performing a SPECT study. The
number of axial SPECT slices both for the upper and the
lower lung zones was the same.

Selection of cut-off range

The important factor in calculating the fractal dimension
is the range of cut-off levels. The decrease in the apparent
tissue area with the increase in the cut-off is a natural trend
in digital images as shown in Figure 2. In a Technegas
SPECT study, when a cut-off of less than about 10% is
used, regions outside the lung also tend to be delineated,
especially in patients with severe emphysema.>-¢13 Fur-
thermore, hot spot formation in the central air way in
emphysema had a high radioactivity with a cut-off of
more than about 40%.%-513 In this analysis, we targeted
the ventilatory impairment of the peripheral airway in
emphysema and selected the 15-35% cut-off range.
The numbers of voxels from 15% to 35% cut-off were
59459 £ 33090 (mean + SD) and 19311 + 20498 and the
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histogram decreased greatly with the increase in the
cut-off level (Fig. 2). Since patients with emphysema
inhale a small amount of Technegas, the maximal pixel
radioactivity in patients with emphysema is much smaller
than that in healthy controls. Hot spots, which were seen
in patients with emphysema, had a high radioactivity with
more than a 40% cut-off. Consequently, a relative low
radioactivity area with a 15-35% cut-off range is enough
to account for the greatest ventilatory volume in patients
with emphysema.

Mathematical meaning of fractal dimension

Chung et al. suggested that the fractal dimension tends to
be large when the tissue area at low cut-off (15%) is
small.'* The fractal dimension in a patient with a large
tissue area at 15% cut-off was smaller than that in a patient
with a smaller tissue area (Fig. 3). Although the tissue area
at low cut-off in patients with emphysema sometimes
becomes larger than that in healthy controls caused by air-
trapping and thoracic hyperinflation, the fractal dimen-
sion for patients with emphysema was greater than that for
healthy controls.” These results indicate that the fractal
dimension is not only an indicator of the percentage area
of low radioactivity.

If the five data points fall exactly on the regression line
(Fig. 3), the fractal dimension is directly proportional to
the ratio of lung tissue area when segmenting at two
different cut-offs (i.e., 15% and 35% of the maximal
radioactivity). Consequently, the fractal dimension
strongly correlate with the natural logarithms of the ratio
of lung tissue areas segmented at 15% and 35% cut-off
(r=0.999) (Fig. 4). In five cases with a U-FD greater than
3.0, the relationship between the cut-off level and the total
number of voxels transformed into natural logarithms
tends to become non-linear. In such cases, the fractal
dimension did not closely correlate with the ratio of lung
tissue areas segmented at 15% and 35% cut-off.

The fractal dimension mathematically associates with
the ratio of the alterative ventilatory volume from the
low radioactivity area to the high radioactivity area on
Technegas SPECT images. We consider that the fractal
dimension may demonstrate the spatial heterogeneity of
Technegas distribution.

Accuracy of three-dimensional fractal analysis (3D-FA)
The accuracy of fractal analysis is evaluated by a linear
regression on the M(€) versus € graph, when plotted on a
natural logarithm versus natural logarithm scale.”® In 25
patients with emphysema, the relationship between the
cut-off and the number of voxels transformed into natural
logarithms became linear {(Fig. 3), and the correlation
coefficient {mean £ SD) between them was 0.99 £ 0.01.
Three-dimensional distribution of Technegas obtained
from the selected cut-off range appeared to have a fractal
form. The selected cut-off range is reasonable for fractal
analysis.
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Fig.3 Graph shows method of calculating fractal dimensions.
The X-axis represents cut-off levels transformed into a loga-
rithm, while the Y-axis represents logarithm of total number of
pixels in areas surrounded by contours obtained with each cut-
off level. Slope of linear regression equation corresponds to
fractal dimension. [}, y =-1.62x + 15.43,r=0.99, ®; y =-2.18x
+17.14,r=0.98
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Fig. 4 Scatter plot of fractal dimension and ratio of apparent
tissue areas segmented at 15% and 35% of maximal radioactiv-
ity in 72 cases. The three cases had a greater than 3.5 of U-FD
were excluded.

We recently reported that quantification of the hetero-
geneous distribution in Alzheimer’s disease on cerebral
blood flow (CBF) SPECT images was possible by 3D-
FA." The fractal dimension was closely correlated with
the cognitive impairment, as assessed in neuropsycho-
logical tests and may be useful for evaluating the progres-
sion of Alzheimer’s disease. In 6 patients with probable
Alzheimer’s disease, CBF SPECT was performed twice
in more than one year (mean; 12.5 months). In all the
patients, the fractal dimension slight increased (mean;
0.14) with the cognitive impairment progressing during
the interval accordingly. This result confirms that the
reproducibility of 3D-FA is probably satisfactory. If we
could investigate the change in the fractal dimensions
over a long period of time, we could elucidate more
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clearly the clinical usefulness of 3D-FA in evaluating the
progression of Alzheimer’s disease.

Other quantitative analysis of heterogeneity
Spatial variation in ventilation, regional blood flow and
metabolism in the living organ is measurable even with
low spatial resolution techniques such as PET and SPECT.
The coefficient of variation (COV) is often used to assess
heterogeneity on lung ventilation and perfusion SPECT
images.!>16 In the present study, the total radioactivity of
Technegas inhaled by patients differs according to the
individual, and the number of voxels at 15% cut-off varied
from 20802 to 132423, but the fractal dimension was not
associated with the amount of Techneges inhaled. The
COV is strongly influenced by the tissue sample size or
size of the region of interest. As the computer automati-
cally calculates the fractal dimension, 3D-FA may be
more interobserver independent than the COV method.
Kuikka et al. described the fractal analysis of 2D
SPECT images, which applies a box counting method of
fractal analysis.!”"!8 In 2D fractal analysis, the number of
subregions (ROI size) and the COV in ROI was used as the
ruler scale £and as M(€) in equation (1). Two hundred and
fifty-six symmetrical regions of interest (ROI) were drawn
on each hemisphere of the reconstructed SPECT images
when measuring the heterogeneity of cerebral blood flow.1
The whole cortex on reconstructed SPECT images con-
tains 512 subregions. The mean size of ROIs is 1 cm?. A
fractal relationship exists between the number of subre-
gions (ROI size) and the COV in ROL. Special software is
necessary to draw many symmetrical ROIs and to calcu-
late the COV corresponding to ROI size in this analysis.
As a simple method, 3D-FA is more applicable for routine
clinical use than 2D-FA.

CLINICAL APPLICATION

Patient selection

This review is based on the result for 25 patients with
pulmonary emphysema. Diagnosis was made on the basis
of clinical symptoms, pulmonary function tests, and CT
examinations according to the American Thoracic Soci-
ety criteria. We selected patients who had a heteroge-
neous distribution of emphysema in the entire lung, and
excluded patients who had bullous type and localized
emphysema only in the upper lung. Most patients had
smoking-related emphysema. There were 22 males and 3
females, ranging in age from 59 to 80 years (mean age: 71
years). The forced expiratory volume in 1 second (FEV1)%
and %Vital capacity (% VC) in pulmonary function tests
for 25 patients were 50.5 + 12.3 (mean + SD) and 84.7
19.7.

Statistical analysis

The significance of differences between U-FD and L-FD
for patients with emphysema were determined by a paired
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Fig.S Plot of upper and lower fractal dimensions in 25 patients
with emphysema. Lines connect circles for each subject.

t-test. The significance of differences in pulmonary func-
tion tests between patient groups stratified by the fractal
dimension was determined with the Mann-Whitney’s U
test. In all tests, p < 0.05 was regarded as significant.

Evaluation of regional severity of emphysema by 3D-FA
Lung volume reduction surgery is emerging as a promis-
ing therapeutic option for the treatment of selected pa-
tients who have severe debilitating emphysema despite
optimal medical management.?! With the increasing ap-
plication of lung volume reduction surgery in the past
several years, the radiologic assessment of emphysema
has gained additional clinical importance.?? Patients with
great upper lobe emphysema, greater heterogeneity and
with a larger percentage of mildly diseased lung, on
preoperative imaging studies, have experienced the great-
est clinical improvement after lung volume reduction
surgery.?? Evaluation of the regional severity of emphy-
sema is therefore the most important factor for determin-
ing the surgical target area and predicting the clinical
outcome after lung volume reduction surgery.

Ventilation scintigrams in conjunction with other ra-
diologic studies serve to provide information about the
distribution of emphysema.?+26 We defined T-FD, U-FD
and L-FD as the severity of emphysema for the overall or
regional lung. We assess the relationships between the
fractal dimension and regional severity of emphysema
and between the fractal dimension and pulmonary func-
tion.

T-FD, U-FD and L-FD for all patients with emphysema
were 1.72 £ 0.77 (mean £ SD), 2.23 + 1.31 and 1.59
0.76. U-FD was significantly greater than L-FD (p =
0.0017) (Fig. 5). These results suggested that Technegas
distribution in the upper lung was more heterogeneous
than that in the lower lung and major cases in this study
were centrilobular emphysema, because centrilobular
emphysema was the most common type of emphysema
among cigarette smokers and was more frequent in the
upper lung zones,?’ but L-FD is greater than U-FD in 3 pa-
tients. This suggested that a few patients have more severe
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Fig. 6 A: Box-and-whisker plot shows comparison of FEV,% and % VC between two patients group
stratified by T-FD. B: Box-and-whisker plot shows comparison of FEV1% and % VC between two
patients group stratified by U-FD. C: Box-and-whisker plot shows comparison of FEV % and %VC

between two patients group stratified by L-FD.

emphysematous change in the lower lung than in the
upper lung.

Correlation with pulmonary function

To characterize pulmonary function test abnormalities
according to the regional severity of emphysema, we
examined whether there was a difference in pulmonary
function tests between two patient groups stratified by
mean T-FD, U-FD and L-FD. As we previously indicated
that T-FD strongly correlated with FEV%, the patients
with T-FD less than 1.72 had a significantly greater
FEV % than the patients with T-FD greater than 1.72 (56
vs. 43, p = 0.019) (Fig. 6A). Since the FEV % was the
most important index in pulmonary function tests for
airflow obstruction,? this result suggested that T-FD was
a useful quantitative parameter to evaluate the obstructive

374 Michinobu Nagao and Kenya Murase

impairment of emphysema. There was no significant
difference between patient groups stratified by T-FD in
%VC (Fig. 6A).

The patients with L-FD less than 1.59 had a significantly
greater FEV % than the patients with L-FD greater than
1.59 (57 vs. 44, p = 0.03) (Fig. 6C). The patients with L-
FD less than 1.59 had significantly greater % VC than the
patients with L-FD greater than 1.59 (94 vs. 76, p = 0.02).
On the other hand, there was no significant difference
between two groups stratified by U-FD in FEV % and
%V C (Fig. 6B). The contribution of lower lung severity to
decrease FEV1% and %VC is greater than that of upper
lung severity. As several studies have shown, predomi-
nant emphysema in the lower lung affected pulmonary
function more than that in the upper lung.?’-28

The fractal dimension closely correlates FEV % and
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%V C in pulmonary function tests and characterizes pul-
monary function abnormalities according to the regional
severity of emphysema. FEV % and %VC are most
important factors for predicting the prognosis of emphy-
sema.2%30 The fractal dimension, which can demonstrate
the overall and regional severity of emphysema might be
useful for making a prognosis of emphysema.

CONCLUSION

The fractal dimension derived from 3D-FA is the relative
and objective measurement which can assess the hetero-
geneous distribution on Technegas SPECT images. The
fractal dimension well documented the overall and re-
gional severity of emphysema and might provide useful
information about the surgical target area of lung volume
reduction surgery and the clinical outcome of emphy-
sema.

3D-FA is applicable for routine clinical use because it
is simple and because the computer automatically calcu-
lates the fractal dimension without using special software.
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