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Introduction Ventilation and perfusion single-photon
emission computed tomography combined with computed
tomography (SPECT/CT) is a powerful tool to assess

the state of the lungs in chronic obstructive pulmonary
disease (COPD). ®'™Krypton is a gaseous ventilation tracer
and distributes similarly to air, but is not widely available
and relatively expensive. **™Tc-Technegas is cheaper and
has wider availability, but is an aerosol, which may deposit
in hot spots as the severity of COPD increases. In this
study, ®'™Krypton and *°™Tc-Technegas were compared
quantitatively in patients with severe COPD.

Methods The penetration ratio, the heterogeneity index
(with and without band filtering for relevant clinical sizes)
and hot spot appearance were assessed in eleven patients
with severe COPD that underwent simultaneous dual-
isotope ventilation SPECT/CT with both °™Tc-Technegas
and #'™Krypton.

Results Significant differences were found in the
penetration ratio for the medium energy general purpose
(MEGP) collimators, but not for the low energy general
purpose (LEGP) collimators. The difference in the overall
and the band filtered heterogeneity index was significant
in most cases. All patients suffered from **"Tc-Technegas
hot spots in at least one lung. Comparison of MEGP

Introduction

Chronic obstructive pulmonary disecase (COPD) is a lead-
ing cause of morbidity and mortality [1]. Itis characterized
by inflammation and obstruction of conducting airways,
causing an increase in airway resistance. Furthermore,
reduced elastic recoil due to destruction of alveolar tis-
sue in combination with exhalation resistance causes
hyperinflation of the lungs. Conventionally, the severity
of COPD is assessed by spirometry and is reflected in,
for example, reduced forced expiratory volume in 1 sec-
ond, increased total lung capacity and increased residual
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81mKrypton and LEGP Technegas scans revealed similar
results as the comparison for the MEGP collimators.

Conclusion Caution should be taken when replacing
8'mKrypton with %™ Tc-Technegas as a ventilation tracer
in patients with severe COPD as there are significant
differences in the distribution of the tracers over the
lungs. Furthermore, this patient group is prone to 99mTe.
Technegas hot spots and might need additional scanning
if hot spots severely hamper image interpretation.

Nucl Med Commun 42:160-168 Copyright © 2020 The
Author(s). Published by Wolters Kluwer Health, Inc.
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volume. Due to the fact that COPD affects patches of
the lungs and not necessarily a whole lung or lobe, it is
a heterogeneous disease. This heterogeneous ventilation
pattern is one of the characteristics of COPD seen in ven-
tilation and perfusion (V/Q) single-photon emission com-
puted tomography combined with computed tomography
(SPECT/CT). In V/Q SPECT images, COPD appears as
matched V/Q defects and/or reversed V/Q mismatches
[2]. The latter meaning both V/Q are impaired, but ven-
tilation is affected more. Currently, V/Q SPECT/CT is
mainly used to assess options for lung reduction surgery
or bronchial valve placement in patients with COPD, and
the corresponding post-operative assessment. Although,
the technique, especially the ventilation part, also has a
potential for early detection of COPD [3] and grading the
disease [4,5].

However, the tracer choice for ventilation SPEC'T is not
always straightforward, as multiple options exist. * ™Kryp-
ton is a gaseous tracer with a half-life of 13 seconds and
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is therefore cleared from the lungs by decay faster than
by expiration. During tidal breathing, the distribution of
SImK rypton will closely follow the ventilation pattern [6].
8ImK rypton enables simultaneous acquisition with ™ Tc
based perfusion tracers, because of their different photon
energies of 190 and 140 keV. Yet, the half-life of ¥ ™Kryp-
ton’s mother isotope $1Rubidium, is only 4.6 hours [7],
thereby limiting transport options and thus availability
in many centers. Moreover, since the source is usable for
only a day, it needs to be produced often, causing it to be
relatively expensive.

Y™ Technetium based aerosols may be a solution as this
source lasts the better part of a week, making transport
more feasible and lowering the costs. However, acrosols
consist of labeled particles suspended in air and distri-
bution in the lung is highly dependent on the particle
size. Larger particles have the tendency to deposit in
the central airways due to the effect of impaction. Yet,
as particle size decreases this poses less of a problem. If
particles are sufficiently small they will follow the airflow
to the alveoli and distribute there by diffusion [8]. In a
comparison between *’™Tc labeled diethylenetriamine-
pentaacetate ("™Te-DTPA) and *™Tc-Technegas, of
which the latter has smaller particles than the first, it was
indeed seen that *™Te-D'TPA deposited more centrally
than Technegas [9]. Central airway deposition is natu-
rally not an issue for gaseous tracers. Other than parti-
cle size, the type of airflow influences aerosol deposition
[8]. In case of turbulent airflow particle deposition tends
to increase, which is seen at bronchial branching and in
COPD patients at obstructive sites. In some cases, parti-
cle accumulation is extremely high at those sites and the
accumulations are seen as hot spots in the ventilation
image. The appearance of hot spots usually increases
with COPD severity, as obstruction severity and there-
fore turbulent airflow increases causing the impaction of
the aerosol particles [2].

In order to diminish central airway deposition, it is impor-
tant to use an aerosol with particles as small as possi-
ble. Technegas is a good candidate since the particle
size ranges from 30 to 60 nm [10]. In clinical practice,
slightly larger particles might appear due to aggregation.
Technegas has characteristics of both aerosols and gases.
General good agreement was shown between the gase-
ous *™Krypton and the ultra-fine aerosol Technegas in a
number of studies [11-13]. However, these studies were
carried out on healthy volunteers, nonobstructive lung dis-
ease patients and patients with mild obstructive disease

in a mixed group. No previous studies have included
patients with severe COPD, although the differences
between Technegas and *"™Krypton are expected to be
most apparent in this patient group. Therefore, the aim of
the current study was to quantitatively compare *™Kryp-
ton and Technegas scans in patients with severe COPD in
terms of penetration to the peripheral airways and hetero-
geneity information contained in the images and to assess
the occurrence of hot spots in the Technegas scans.

Methods

Subjects and acquisition

This study is part of a clinical study [14] about valve
placement treatment of 11 patients suffering from
severe COPD selected on their assessed operability
and expected outcome. The Regional Scientific Ethical
Committee approved the clinical study (reference
no. H-4-2011-047) and written informed consent was
obtained from all subjects. All patients, see the sum-
marized characteristics in Table 1, were referred for
advanced emphysema treatment with endobronchial
valve placement after abstaining smoking for at least 6
months. Before and 6 months after the treatment a V/Q
SPECT/C'T was performed, where M Technetium labe-
led macroaggregated albumin (MAA) was used as the
perfusion tracer and *'™Krypton as the ventilation tracer.
The valve procedure is expected to influence ventila-
tion mostly. Therefore, 1 and 3 months after the proce-
dure the ¥™Krypton and Technegas ventilation SPECT/
C'T-scans were performed simultaneously. A lung func-
tion test was performed directly prior to the scans, unless
it could not be tolerated by the patient. Administered
activities (effective dose) were typically 150-300 MBq
for *™Krypton (0.1-0.2 mSv) and 40 MBq [2] for
Technegas (0.6 mSv). The SPECT/CT protocol started
with a 140 kVp 5 mm slices 20 mAs low-dose C'T" with
dose modulation (1 mSv), 512 x 512 matrix and 1.17 mm
isotropic pixel size, after which the dual-isotope venti-
lation SPECT was acquired (64 x 64 matrix, 64 angles,
12 seconds per angle in step and shoot mode, 9.3 mm
isotropic voxels, energy windows at 190.5 and 140.5 keV
with 20% width). Prior to the start of the ventilation
scan, Technegas was inhaled during three deep breaths,
allowing the particles to settle in the lung tissue, before
starting the scan. *™Krypton was inhaled by free tidal
breathing during the ventilation scan, allowing for simul-
taneous imaging of Technegas and *'™Krypton. The first
scanning protocol was performed with low energy gen-
eral purpose (ILEGP) collimators. Next, typically after

Table1 Summary of characteristics from the lung function test of the included patients at the first follow-up
Total number Age (years) FEV, FVC FEV,/FVC (%) TLC RV DLCOc
11 (38F) 60t9 27 £ 11 62 + 21 35+ 11 130+ 13 254 + 53 33+13

All values are shown as the mean * the sample SD. Unless stated otherwise % of predicted is stated.
DLCOc, diffusing capacity of lungs for carbon monoxide (corrected for hemoglobin); FEV1, forced expired volume in the first second; FVC, forced vital volume; RV,

residual volume; TLC, total lung capacity.
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Table 2 Some relevant available collimator specifications according to the vendor for the Philips Precedence single-photon emission

computed tomography combined with computed tomography

Collimator name Planar resolution, mm at 10 cm

Tc-99m sensitivity (cps/MBq)

Septal thickness (mm) Septal penetration (%) Photon energy (keV)

MEGP 11.3 98
LEGP 8.8 119
LEHR 7.4 66

1.143 3.3 300
0.180 1.9 140
0.152 1.3 140

Parameters are defined according to NEMA NU 1-2012.

LEGP, low energy general purpose; LEHR, low energy high resolution; MEGP, medium energy general purpose.

half an hour, the SPECT/CT protocol was repeated with
medium energy general purpose (MEGP) collimators. In
total, the imaging acquisition itself takes approximately
two times 7 minutes. LEGP collimators were preferred
over LEHR collimators [2,15] because of the slightly
higher septal thickness for minimizing *"™Krypton arti-
facts and higher sensitivity. Both low and medium energy
collimators were investigated, since medium energy is
optimal for ¥™Krypton, while low energy is optimal for
Technegas. The collimator specifications are summa-
rized in Table 2. All scans were performed on a dual-
head 16-slice C'T Philips Precedence SPECT/16MDCT
scanner (Philips Healthcare, Best, the Netherlands) with
9.5-mm-thick-Nal(TI)-scintillation crystals.

Image reconstruction

Data were reconstructed on a Philips Intellispace 7 work-
station, using the Astonish reconstruction algorithm with
four iterations and 16 subsets. Three reconstructions
were made for each tracer and each set of collimators
using different image corrections; no corrections (NAC),
attenuation correction only (AC), and both attenuation
and scatter correction (ACSC), resulting in six different
reconstructions from one scanning session for each tracer.
For attenuation correction, the low-dose C'T" was used
[16] and scatter correction was done using the scatter
kernel-based effective scatter source estimation (ESSE)
as available on the scanner [17]. The ESSE scatter cor-
rection does not correct for downscatter from *"™Krypton
into the “™Technetium window.

Image analysis

Volumes of interest (VOIs) were manually drawn by
a skilled operator and subsequently controlled by an
expert in nuclear medicine lung studies. Both right lung
and left lung were drawn separately for all patients and
subsequently saved as masks with a value one inside the
lung, and zero outside the lung. All VOIs were based on
the low-dose CT in combination with the NAC *"™Kryp-
ton reconstruction. For both lungs, both sets of colli-
mators and all reconstruction options the penctration
ratio, heterogeneity index and scatter plots were com-
puted in MATLAB R2015b (MathWorks Inc., Natick,
Massachusetts, USA).

Penetration ratio
The penetration ratio characterizes the ability of the
ventilation tracer to reach the lung periphery. As a first

step, the relative center denoted by subscript € of the
mask M = M(x,y,z) was found by applying the weighted
average in each of the three directions of the mask. For
the x-direction and analogously for the other directions
the center is given by

xo =%, 1)

where M denotes the value of the mask at a certain posi-
tion, which is either 1 or 0.

Next, the edge voxels of the mask were found by finding
all voxels in the mask that had at least one 3D 6-con-
nected neighbor not included in the mask. Subsequently,
a radial transform of the lung was carried out, as was pro-
posed by Fleming ez /. [18]. The fractional radius 7 of
each voxel was determined by:

f‘fz—r, (2)

7, edge

where 7,4, denotes the radius of the closest edge voxel
in terms of the spherical angles 6 and ¢, and 7 denotes
the radius of the current voxel. Consequently, the origin
voxel has a fractional radius of zero and the edge voxels
have a fractional radius of one. Voxels with a fractional
radius from 0 to 0.5 were included in the central zone and
voxels with a fractional radius from 0.8 to 1 were included
in the peripheral zone [19]. Figure 1a shows an example
of a mask for one axial slice. Figure 1b shows the distribu-
tion of fractional radiuses over this axial slice. Next, the
penetration ratio (PR) [11] was calculated using:

6' .
PR = 2 peripheral 3)

Ceentral

where ¢,,,ips denotes the count average per voxel in
the peripheral zone and ¢,,,,,,,; denotes the count average
per voxel in the central zone. Figure 1c¢ shows an exam-
ple of the division of peripheral and central zone in the

same axial slice as in Fig. 1a and b.

Heterogeneity index

The heterogeneity of the ventilation was assessed by
calculating the coefficient of variance, also called the
heterogeneity index [11]. First, it was calculated for

Copyright © 2020 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.
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Fig. 1

H

Example of the definition of periphery and center for an axial slice of the left lung for calculation of the penetration ratio. (a) Shows the mask as
fits onto the SPECT data. (b) Shows the distribution of fractional radiuses over the mask indicated by the grayscale. The center with a fractional
radius of zero is displayed with black inside the lung. (c) Shows the resulting division of the mask in central zone, shown in white, and the periph-

eral zone, shown in gray.

inhomogeneities of all sizes, in this paper called the over-
all heterogeneity index, by dividing the SD of counts by
the mean of the counts in one VOI.

SD
HI = )
mecan

Second, it was calculated for inhomogeneities from
2-4 cm, which was arbitrarily chosen to correspond to the
apparent size of secondary lobules in ventilation scans
while taking into account patient motion [20,21]. In
this article, it is referred to as the filtered heterogeneity
index, or indicated with index 2—4 cm. For this purpose,
the images were filtered before the coefficient of variance
was calculated. This also reduces the potential influence
of noise on the heterogeneity index.

For this purpose, a Butterworth bandpass filter B(f) was
constructed by combining a high-pass and a low-pass to
apply to the data. The low-pass filter was defined as [22]:

2n
B(f) =1+ % (5)

with £ the cutoff frequency in em™', # the order. For
taking into account different FOV-sizes in the three
directions the frequency fin cm™ was calculated with

2

s (©)

FOV,

_[ LNy
| Fov.

fo N,
FOV,

fZ

where /vy.: denotes the frequency relative to the sam-
pling frequency 4 with & the pixel size in cm for the
three directions. N denotes the number of voxels and

FOV denotes the FOV size. The high pass filter was
defined as 1 minus the low pass filter. A sixth order
(7 =6) filter was chosen as a balance between steep and
smooth and the cut off frequencies were 0.125 cm™ for
the high pass filter and 0.25 cm™" for the low pass filter,
corresponding to the first harmonic of the relevant struc-
ture sizes of 2—4 cm.

Scatter plots

For each lung in every subject, a scatter plot was gen-
erated to compare *"™Krypton and Technegas voxel-by-
voxel and to assess hot spot appearance in Technegas
scans. Since hot spots are known to have extremely high
activity relative to the rest of the lung, statistically signif-
icant outliers were detected as an indication of hot spot
presence. To this end, a robust linear fit was applied to
the data. The root mean square error of Technegas val-
ues was calculated to yield a Technegas SD with respect
to the fit. The outlier limit was constructed based on a
one-tailed Bonferroni corrected z-test (with significance
assumed for P < 0.05).

Statistical analysis

Even though only 11 patients were selected for this
study, the planned number of samples was four times
larger, since each individual lung was analyzed and each
patient was scanned in two follow-ups. Statistical analysis
for comparison of *"™Krypton and Technegas was carried
out by performing two-tailed paired Student’s 7-tests,
where the pairs consisted of the voxel values(intensities)
based on the simultaneously acquired images for the two
tracers. Additionally, a paired two-tailed Student’s /test
was performed for the comparison of *™Krypton MEGP
data with Technegas LEGP data. In this case, the same
patients were included as in the comparison for the
MEGP collimators. A one-tailed z-test was performed
for detection of outliers, assuming an underlying normal
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distribution. Significance was assumed at P < 0.05 (after
Bonferroni correction with the number of voxels for mul-
tiple comparisons) in all cases.

Results

Four patients did not have MEGP data at the first fol-
low-up, as these patients were unable to tolerate the sec-
ond ventilation scan. At the second follow-up, 3 months
after the bronchoscopic procedure, one patient opted out
of the study. Therefore, seven patients had MEGP data
at the first follow-up and 10 patients at the second fol-
low-up. LEGP data were obtained from 11 patients at the
first follow-up and 10 patients at the second follow-up.
In Tables 3 and 4, the penetration ratio and heterogene-
ity indices are calculated for pooled data of both lungs
and both follow-ups consisting of 34 and 42 samples for
MEGP and LEGP, respectively. Tables with the separate
results can be found in the supplementary material, sup-
plement digital content 1, Azp://links.lww.com/NMCJAT79.
Since this study’s aim is to compare the two tracers and
not patient condition it is considered natural to combine
the follow-ups from different time points.

Penetration ratio

Table 3 shows the penetration ratio including the SEM
for all reconstructions in patients for both lungs and both
follow-ups combined. Note that while all MEGP pene-
tration ratios differ significantly, none of the penetration
indices differ significantly for the LEGP collimators. The
comparison of *™Krypton MEGP with Technegas LEGP,

included in Table 5, does however yield a significant
difference. For all significant differences, the penetra-
tion ratio of Technegas is lower than that of *'™Krypton.
A Bland-Altman plot comparing the ®™Krypton and
Technegas penetration ratio in both collimators is shown
in Fig. 2.

Heterogeneity index

"Table 4 shows the overall heterogeneity index and filtered
heterogeneity index including the SEM for all recon-
structions per collimator type in patients for both lungs
and both follow-ups combined. Note that the heteroge-
neity index significantly differs in all cases, except for the
overall heterogeneity index in NAC data in the MEGP
collimators. The comparison of *"™Krypton MEGP with
Technegas LEGP data is included in Table 5 and shows
the same pattern as the comparison in the MEGP col-
limators. Furthermore, significance is higher in all cases
for the LEGP collimators than for the MEGP collima-
tors. For all significant differences, the heterogeneity
of Technegas is higher than that of *™Krypton. Bland—
Altman plots comparing the ¥™Krypton and Technegas
heterogeneity index in both collimators are shown in
Fig. 3.

Scatter plots

All patients showed outliers in at least one lung in each
reconstruction for both of the collimator sets. The max-
imum amount of outliers for the LEGP NAC and the
LEGP AC reconstructions was 88 voxels, while it was

Table 3 Summary of the penetration ratio values for 8'™Krypton and Technegas for all reconstructions

MEGP LEGP
Penetration ratio (+SEM) 8'™Krypton Technegas P value 8'mKrypton Technegas P value
ACSC 1.08 £ 0.10 0.84 £ 0.09 3-x 1074 0.89 £ 0.03 0.83 £ 0.06 0.18
AC 1.06 £ 0.09 0.88+0.10 7-x 1074 0.94 +£0.03 0.88 + 0.06 0.16
NAC 0.83 £ 0.06 0.66 + 0.05 2:x 107% 0.73 £0.02 0.68 + 0.04 0.09

AC, attenuation correction; ACSC, attenuation and scatter correction; LEGP, low energy general purpose; MEGP, medium energy general purpose; (N)AC, (non)atten-

uation corrected; SC, scatter corrected.
%Indicate the significant differences between ®'™Krypton and Technegas.

Table 4 Summary of the overall heterogeneity index and the filtered heterogeneity index values for 8'™Krypton and Technegas for all

reconstructions

MEGP LEGP

Heterogeneity Index (:SEM) 81mKrypton Technegas P value 81mKrypton Technegas P value
ACSC

Overall 1.03 £ 0.04 1.18 £ 0.07 0.006° 0.71 +0.03 1.24 +0.07 3:x 107"

2-4 cm 0.38 + 0.02 0.55 + 0.03 3-x 10772 0.19 £ 0.01 0.57 +0.04 1.x 107'%
AC

Overall 0.98 + 0.04 1.11 £ 0.06 0.009° 0.69 +0.03 1.17 £ 0.06 5-x 10711

2-4 cm 0.34 +0.02 0.51 +0.03 2.x 1077 0.18 +0.01 0.53 +0.03 2:x 107'%2
NAC

Overall 1.02 + 0.04 1.08 £ 0.06 0.22 0.68 + 0.02 1.12 £ 0.06 4.x 107102

2-4 cm 0.37 +0.02 0.50 + 0.03 1.x 1072 0.19 +0.01 0.50 + 0.03 2:x 107'%

AC, attenuation correction; ACSC, attenuation and scatter correction; LEGP, low energy general purpose; MEGP, medium energy general purpose; (N)AC, (non)atten-

uation corrected; SC, scatter corrected.
%Indicate the significant differences between ®'™Krypton and Technegas.

Copyright © 2020 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.
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90 for the LEGP ACSC reconstruction. The maximum
amount of outliers found in the MEGP data was 89, 87
and 90 voxels for the NAC, AC and ACSC reconstruc-
tions, respectively. All maximum amounts of outliers
were found in the same patient. Figure 4 shows an exam-
ple of outliers in a scatter plot corresponding to hot spots
in the left lung.

Discussion

Due to the fact that *"™Krypton and Technegas were
imaged simultaneously, the difference in medical infor-
mation in both scans is only due to the difference in the
tracers. Therefore, the comparison of these two images

Table 5 Summary of the paired analysis for Hl and PR comparing
81mKrypton with medium energy general purpose collimators and
Technegas with low energy general purpose collimators

81K rypton Technegas
(£SEM) MEGP LEGP P value
ACSC
HI Overall 1.03 £0.04 1.20 £0.07 0.004*
HI 2-4 cm 0.38 £ 0.02 0.56 £ 0.04 1.x 107%
PR 1.03+0.1 0.78 £ 0.06 3:x 107
AC
HI Overall 0.98 £ 0.04 1.13+0.07 0.007%
HI 2-4 cm 0.34 £ 0.02 0.51 £ 0.04 9:x 10772
PR 1.06 £ 0.1 0.83 £ 0.07 3:x 107
NAC
HI Overall 1.02 £0.04 1.08 £0.06 0.26
HI 2-4 cm 0.37 £ 0.02 0.49+0.03 4.x 107
PR 0.83 + 0.06 0.64 £ 0.04 5:x 1076

%Indicate the significant differences between ®'™Krypton and Technegas.

AC, attenuation correction; ACSC, attenuation and scatter correction; HI, het-
erogeneity index; (N)AC, (non)attenuation corrected; PR, penetration ratio; SC,
scatter corrected; LEGP, low energy general purpose; MEGP, medium energy
general purpose.

Fig. 2

does not require any registration and they can be readily
compared one-on-one. However, because simultaneous
dual-isotope scanning is used, downscatter from *"™Kryp-
ton appears in the Technegas window, which is not
accounted for in the ESSE scatter correction. Due to this
downscatter, Technegas images might be blurred. Yet, the
ventilation distribution seen on Technegas images could
lead to a bigger observed correlation between *™Krypton
and Technegas, since the downscatter originates from the
reference tracer. It might be beneficial to use an energy
window scatter correction to be able to account for down-
scatter, as, for example, for B [23] or for Krypton and
PMTe-MAA [24]. Nevertheless, significant differences
were found in the majority of the results presented here.
Furthermore, by adding attenuation and scatter correc-
tion, the values of both penetration ratio and heterogene-
ity index change, for both tracers with both collimators.
This change emphasizes the importance of applying
proper corrections for quantitative imaging.

The simultaneous dual-isotope ventilation scans were
done for two collimator sets, first LEGP, followed by
MEGP. The low energy collimators are the most ideal
collimators to image *"™Technetium-based tracers due
to the energy range of these collimators. As mentioned
before, ®™Krypton energy is higher than ideal for low
energy collimators leading to septal penetration, which
severely degrades the image quality by causing blurring.
As can be seen from Tables 3 and 4 Technegas values for
the penetration ratio(PR) and heterogeneity index (HI)
are very close for both collimators. This is not the case for
SImKrypton, where there are large differences in the val-
ues depending on the collimator. To yield a better qual-
ity *"™Krypton image, the medium energy collimators

Penetration Ratio
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The dashed lines indicate 1.96 SD. LEGP, low energy general purpose; MEGP, medium energy general purpose; PR, penetration ratio.
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are normally used to limit septal penetration, however, sub-optimal. However, the severity of the septal penetra-
these collimators have a lower resolution. Therefore,  tion usually outweighs the severity in decrease of sensi-
one of the two simultancous ventilation images is always  tivity and resolution.

Fig. 3
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scatter correction; HI, heterogeneity index.
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An example of a patient with a severe hot spot in the left lung for Technegas in an attenuation and scatter corrected scan using MEGP collima-
tors. (a) The scatter plot corresponding to the left lung showing 33 outliers. The red line indicates the linear fit, while the orange line indicates the
outlier limit; all points above the outlier limit are considered to be statistically significant outliers. (b) An axial slice of the corresponding Technegas
ventilation image and (c) the same slice in the corresponding 8 ™Krypton ventilation image. Note the presence of a severe hot spot in the center of
the left lung in the Technegas scan outlined in the ROI marked in green (b). The ROl is an autocontour based on 40% of the maximum Technegas
intensity. Points in this hot spot ROI are indicated in green in the scatterplot (a). The other hot spot, indicated in the scatter plot in yellow, is not
shown in the axial slices. In (b) and (c), the right lung is outlined in orange and the left lung is outlined in blue. MEGP, medium energy general
purpose.
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Significant  differences between *"™Krypton and
Technegas were found for the penetration ratio in the
MEGP collimators in all reconstructions, in which case
the PR was higher for ®™Krypton in all cases. The same
was observed when comparing *™Krypton with MEGP
collimators with Technegas with LEGP collimators.
"This is in line with expectations, since aerosols have the
tendency to deposit more in the central airways and at
airflow obstruction sites than in the peripheral airways.
Additionally, hot spots in Technegas scans are more likely
to appear in the central airways, resulting in a lower PR
for Technegas. There were no significant differences in
the PR when comparing *"Krypton and Technegas in
the LEGP collimators. This is probably due to the septal
penetration in the *"™Krypton images.

It is expected that the penetration ratio is around one
to signify a relatively even distribution over central and
peripheral lung tissue. However, in this study, one patient
showed very high (>2) PR for both ®™Krypton and
Technegas in AC(SC) MEGP data and for Technegas in
LEGP AC(SC) data, meaning the tracer deposited more
in the periphery than in the central part of the lung. This
pattern coincided with the pattern of the severe emphy-
sema, which was mainly present in the central area of one
lung, while the periphery was in better shape.

The heterogeneity index showed significant differences
between *'™Krypton and Technegas in most cases for
both collimators. Additionally, when comparing *'™Kryp-
ton in MEGP collimators and Technegas in LEGP col-
limators the same pattern was observed. In all cases, the
mean HI is larger for the overall heterogeneity index
than for the filtered HI. This is to be expected since
the filtering removes slow spatial variations as well as
fast spatial variations, effectively decreasing the overall
amount of variations present in the scan. Furthermore, it
is notable that the significance increases when looking at
clinically relevant sizes of heterogeneities (2—4 c¢cm, sim-
ilar to the size of the secondary lobules of the lungs plus
a motion margin), indicating the difference between the
two ventilation tracers is even more relevant for the spa-
tial variations that are clinically interesting. The HI for
Technegas is very similar for both collimators, but not for
8ImK rypton. As for PR, this is probably due to the septal
penetration in the *"™Krypton images, which results in
blurring and therefore a lower HI is observed.

Values for the overall HI are close to one, which would
mean that the SD is close to the value of the mean for
normal distributions. However, additional to the hetero-
geneous ventilation seen in COPD patients, Technegas
scans include hot spots. Since hot spots have a value far
above the mean, their appearance will lead to a high SD
and therefore higher HI. The HI and SD for the areas
without hot spots will be lower, as is the case for healthy
subjects without hot spots. Heterogeneous ventilation is
one of the characteristics of COPD [25].

Previously, two studies have also reported the potential
of heterogeneity measure in V/Q SPECT/CT as a tool
for COPD grade assessment with Technegas. Bajc e7 a/.
[5] reported it was possible to grade COPD patients and
healthy long-time smokers by V/Q SPECT/CT by using
a qualitative approach [5]. A quantitative method for het-
erogeneity assessment was also reported by Norberg ez a/.
[4] who were able to distinguish between healthy sub-
jects and COPD patients. However, Technegas scans are
expected to show a higher degree of heterogeneity due to
appearance of hot spots in severe COPD and the method
presented by Norberg ez a/l. [4] was more complicated
than the one used here. Therefore, more research is nec-
essary to determine whether the HI used in this study is
sufficiently powerful, especially for *'™Krypton, to distin-
guish between different grades of COPD. Additionally,
reference values for the HI of varying grades of COPD
should be obtained for the different ventilation trac-
ers, since significant differences were found between
$ImKrypton and Technegas.

In this study all patients showed mild to severe Technegas
hot spots, indicating a higher risk of hot spot deposition
in this patient group than in the mixed patient groups
reported previously, where hot spots occurred in 36 [26]
and 50% [27] of the patients, respectively. However, James
et al. [27] did note hot spots were mainly found in patients
with obstructive lung disease. When hot spots are present,
the quality of the Technegas image is negatively influ-
enced, as less activity is left to spread to ventilated areas
outside the hot spot. Also, the corresponding non-ideal
scaling makes it difficult to interpret images correctly.

In the current study, hot spot detection was done by find-
ing outliers based on a linear fit. Although the majority
of the data showed an acceptable linear pattern, a linear
fit might not be the best choice for all of the data. In the
case that a percentage of tracer is deposited every unit
of distance, for example, a parabolic fit through the ori-
gin might be a better option. Additionally, not all outliers
necessarily belong to a hot-spot as can be seen in Fig. 2.
"To improve the accuracy of the hot spot detection a more
precise definition of a hot spot or hot spot severity needs
to be determined. This could for example include con-
straints on the average distance between outliers and the
outlier limit, or the spread between outliers. However, it
should be noted that in clinical practice only one ventila-
tion tracer is used for ventilation imaging. In the case of
Technegas, there is no reference scan without hot spots
available that could fulfill the role of *™Krypton in the
used scatter plots. Therefore, it would be beneficial to
investigate strategies for the (automatic) detection and
correction or removal of hot spots in Technegas SPECT/
CT images, to avoid the need for additional imaging.

Conclusion ,
Comparison of *™Krypton and Technegas (and also
V/Q SPECT with ®*™Krypton and “™Tc-MAA) in
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simultaneous dual-isotope ventilation SPECT is best
performed with medium energy collimators. Penetration
ratio and Heterogeneity Index for *"™Krypton and
Technegas were significantly different in most cases.
Also, hot spots may appear in the Technegas images.
Therefore, caution should be taken when replacing
SImKrypton with Technegas, especially in patients with
severe COPD. However, Technegas hot spots might
have some diagnostic value showing obstructive sites in
COPD. In studies monitoring the progress of ventilation,
the same radiotracer should be used. ¥™Krypton seems to
be the better ventilation radiotracer, because of the bet-
ter penetration and lack of hot spots.
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