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Abstract

Background: Gamma camera imaging is widely used to assess pulmonary aerosol deposition. Conventional
planar imaging provides limited information on its regional distribution. In this study, single photon emission
computed tomography (SPECT) was used to describe deposition in three dimensions (3D) and combined with
X-ray computed tomography (CT) to relate this to lung anatomy. Its performance was compared to planar
imaging.

Methods: Ten SPECT/CT studies were performed on five healthy subjects following carefully controlled in-
halation of radioaerosol from a nebulizer, using a variety of inhalation regimes. The 3D spatial distribution was
assessed using a central-to-peripheral ratio (C/P) normalized to lung volume and for the right lung was com-
pared to planar C/P analysis. The deposition by airway generation was calculated for each lung and the
conducting airways deposition fraction compared to 24-h clearance.

Results: The 3D normalized C/P ratio correlated more closely with 24-h clearance than the 2D ratio for the right
lung [coefficient of variation (COV), 9% compared to 15% p < 0.05]. Analysis of regional distribution was possible
for both lungs in 3D but not in 2D due to overlap of the stomach on the left lung. The mean conducting airways
deposition fraction from SPECT for both lungs was not significantly different from 24-h clearance (COV 18%).
Both spatial and generational measures of central deposition were significantly higher for the left than for the
right lung.

Conclusions: Combined SPECT/CT enabled improved analysis of aerosol deposition from gamma camera
imaging compared to planar imaging. 3D radionuclide imaging combined with anatomical information from CT
and computer analysis is a useful approach for applications requiring regional information on deposition.
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Introduction ministering drugs systemically to treat diseases in other parts
of the body. Knowledge of the fate of drugs in the airways tree

ELIVERY OF DRUGS by inhalation is widely used to treat is important in optimizing this form of therapy. Information
lung disorders and is also a convenient means of ad- on the deposition of aerosols in the lung has been obtained
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using radionuclide imaging. Two-dimensional (2D) imaging
using a gamma camera is the common technique” and has
been shown to provide reliable measurements of the total
deposition in the lungs. Over recent years three-dimensional
(3D) radionuclide imaging has also been applied and dem-
onstrated an improved ability to describe the distribution of
deposition within the airway tree.” Both single photon
emission tomography (SPECT) and positron emission to-
mography (PET) have been used.

SPECT produces a 3D description of the distribution of a
gamma-emitting radionuclide in the body using the data
obtained from a rotating gamma camera. Both the formation
and interpretation of SPECT images are improved with the
addition of anatomical image data. To obtain images that are
an accurate reflection of the distribution of radioactivity in the
body, the counts detected by the gamma camera have to be
corrected for attenuation by the body. Different body tissues
have different attenuating properties, and anatomical data
allows attenuation correction to be performed and quantita-
tive images to be created. Definition of accurate lung outlines
also helps to interpret the aerosol deposition data more pre-
cisely. In the past, anatomical image data have been obtained
from computed tomography (CT)® or magnetic resonance
imaging (MRI)® acquired on separate machines from the
SPECT scanner. The SPECT and anatomical images then had
to be transferred a common analysis computer and aligned
accurately to each other to enable their combined use. Over
the last few years combined SPECT-CT scanners have become
available that enable SPECT and CT scans to be obtained on
the same machine without moving the patient and thus im-
proving the alignment.®

This study describes the application of SPECT-CT scan-
ning to the task of quantifying the fate of inhaled aerosols
within the body in a pilot in vivo study on healthy con-
trol subjects. This purpose of the main clinical study is to
compare experimental measurements of aerosol deposition
from imaging with results of computer modeling. The current
article is using the pilot data to illustrate the application of
SPECT-CT technology to aerosol deposition measurements.
The methodology is described and the results obtained com-
pared with conventional planar imaging analysis.

Methods
Subjects

The pilot study involved five evaluable healthy never-
smoker male subjects, between 18 and 65 years old, with no
evidence of respiratory disease, and lung function tests
within the normal range. This included being free from the
common cold and rhinitis for at least 4 weeks before entry
into the study. The study was approved by the local ethics
committee and the Administration of Radioactive Substances
Advisory Committee, and patients gave written consent to
participate in it.

Aerosol administration

The radiopharmaceutical aerosol consisted of nebulized
aqueous droplets produced from a suspension of Tc-99m
labeled millimicrospheres of human serum albumin. It was
a commercially available radiopharmaceutical kit, Nanocoll®
(GE Healthcare, Piscataway, NJ, USA). The radioaerosol was
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administered to the subject using either the AKITA*®
APIXNEB (for air) or AKITA®® Oxhel device (for Helium
Oxygen) (Activaero GmbH, Germany). The AKITA*® device
was specially designed to control the ventilatory regime and
aerosol characteristics. The Oxhel is the version of the device
specially designed to be used with helium/oxygen mixture.
It was connected to a vibrating mesh aerosol generator that
uses TouchSpray® Technology (Pari Pharma, Germany) ca-
pable of delivering an aerosol that has a relatively narrow
particle size distribution.
Four variables were taken into consideration:

1. Carrier gas: air or helium/oxygen (78:22% by volume)
mixture.

2. Ventilatory regimes: slow (9 min~') with inspiratory
volume of 1000mL or fast (15min~') with inspiratory
volume of 600 mL.

3. Aerosol characteristics: small [mass median aerody-
namic diameter (MMAD) 3.1 um, Geometric Standard
Deviation (GSD) 1.5] or large (MMAD 5.7 um, GSD 1.6)
particle size distributions.

4. Posture: supine or erect.

Each subject underwent two experiments, the first exper-
iment (A) varying from the second one (B) by one or two
variables. The purpose of this pilot experiment was to test
the different modes of aerosol delivery and demonstrate the
application of SPECT-CT technology.

The first subject underwent the two following experi-
ments: (A) air, slow, large; (B) air, fast, small.

The second subject underwent the two following experi-
ments: (A) air, fast, large; (B) air, slow, small.

The third subject underwent the same experiments as the
second in order to study intersubject variability: (A) air, fast,
large; (B) air, slow, small.

The fourth subject inhaled a mixture of helium and oxy-
gen: (A) He/O,, fast, large; (B) He/O,, slow, small.

The fifth subject inhaled once supine and once erect in
order to study the influence of lung position (usual inhala-
tions are performed erect while images are acquired supine):
(A) erect, air, fast, large; (B) supine, air, fast, large.

Details of the subjects and the mode of inhalation on
each occasion that they were studied are summarized in
Table 1.

Image acquisition

Immediately following aerosol inhalation, the subject was
instructed to lie down supine on the couch of a GE Infinia
dual head gamma camera with CT attachment (GE Medical
Systems, Milwaukee, WI, USA). The couch was positioned so
that the oropharynx was approximately in the center of the
field of view and a 60-sec anterior/posterior planar image
pair was acquired. The couch was then moved so that all the
lungs and stomach were included in the field of view and a
further 60-sec anterior/posterior acquisition was performed.
All images were acquired in two windows, the 20% 140 keV
Tc-99m photopeak and an 8% scatter window centred on
120keV. This captured the initial deposition of the aerosol.
Without moving the subject, a SPECT acquisition was ac-
quired using 60 projection images each of 20sec (a total
imaging time of 10 min). This was followed by a CT image,
which provided 90 slices with an interslice separation of
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TABLE 1. DETAILS OF THE FIVE SUBJECTS STUDIED, THE INHALATION REGIMES, AND THE AEROSOL
CHARACTERISTIC USED FOR EAcH OccasioN oN WHicH THEY WERE IMAGED

FRC Inhaled Rate of inhalation Posture for Mass median aerodynamic Carrier
Subject Study liter volume (breaths/min) inhalation particle size (micron) gas
1 A 3080 1000 9 Erect 5.7 Air
B 3080 600 15 Erect 3.1 Air
2 A 3170 600 15 Erect 5.7 Air
B 3170 1000 9 Erect 3.1 Air
3 A 3370 600 15 Erect 5.7 Air
B 3370 1000 9 Erect 3.1 Air
4 A 3343 600 15 Erect 5.7 Helium
oxygen
B 3343 1000 9 Erect 3.1 Helium
oxygen
5 A 2800 600 15 Erect 5.7 Air
B 1980 600 15 Supine 5.7 Air
4.42mm. This image took approximately 4min to acquire Planar analysis

and therefore provided a CT image of the thorax at mean
tidal breathing. A further SPECT CT image of the orophar-
ynx region was then obtained. The SPECT acquisition was
10-sec per frame. The bed was repositioned to view the lungs
and stomach and the planar imaging protocol repeated. This
enabled an estimate of the rate of lung clearance, which
could be used to correct activities derived from the SPECT
image for this factor. Planar imaging of the nebulizer, the
exhalation filter, and the standard was also performed. The
following day a 24-h planar anterior/posterior image pair of
the lungs was acquired with an acquisition time of 300 sec.

The mean effective radiation dose received by the subjects
was 1.1 mSv, 0.3 mSv from the radionuclide, and 0.8 mSv
from the low dose CT scan.

Reconstruction

The SPECT images were reconstructed on a Xeleris
workstation (GE Medical Systems). The reconstruction was
performed using Ordered Subsets Expectation Maximization
(OSEM) with a postreconstruction smooth using a 3D But-
terworth filter with a cutoff of 0.5 cycles/cm. The algorithm
included scatter correction using the scatter energy window
method and attenuation correction using an attenuation map
derived from the CT scan. All images were transferred to a
Unix workstation for processing with the Portable Image
Computer Software (PICS) system.®

Definition of volumes of interest

The first part of the processing was to outline the fol-
lowing regions: trachea and main bronchi, right lung and left
lung. The CT images were first converted to a dataset with
cubic voxels of 4.42 mm. Segmentation was then carried out
semiautomatically using a threshold based, volume-growing
algorithm, with a start point defined visually in the trachea.
Separation of each lung from the bronchi was achieved using
positions of the right and left hila, again defined manually
from visual display of the transaxial and coronal images. The
hila were defined as the first bifurcation points of the main
bronchi.

The initial distribution of aerosol within the body was
determined as described in detail in a previous publication”
and the method is outlined here. Geometric mean images
were formed for both the lung and oropharynx areas. Re-
gions were then defined over the following organs: right
lung, left lung, stomach, trachea, and bronchi and orophar-
ynx. The right and left lung regions were defined automat-
ically using a 10% contour on a simulated lung volume
image.”® This was created by defining a uniform 3D dis-
tribution of activity in a computer model of the airway tree
and simulating the corresponding gamma camera image
using the attenuation map derived from the CT scan to
model the effect of tissue attenuation.®) The other regions
were defined manually from a visual display of the initial
aerosol deposition image. Attenuation correction factors for
each region were calculated from thickness measurements
obtained automatically from the CT images. The counts were
corrected for background using a region of interest toward
the edge of the images, for attenuation and for radioactive
decay. They were then converted to megabecquerels (MBq)
using a gamma camera sensitivity measurement obtained
from the anterior image of the standard. The activity in the
exhalation filter and that remaining in the nebulizer were
calculated from the counts in the respective anterior images.

The amount leaving the nebulizer was calculated in two
ways: (1) as the difference between the activity initially
placed in the nebulizer and that left after inhalation, I;, and
(2) as the sum of all the activities accounted for in the body
and exhalation filter, I,. The comparison between I; and I,
gave a measure of dose accountability in the measurements.
The activities in each organ were expressed as percentages
of I,.

SPECT analysis. The SPECT images were first subjected
to smoothing of each transaxial slice with two passes of a
standard 4-2-1 smoothing operator. This was to make the
resolution of the images compatible with that assumed in the
partial volume correction algorithm described below. A de-
scription of the spatial distribution of the aerosol deposition
from center to periphery of the lungs was then obtained by
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FIG. 1. Example images demonstrating the inclusion of
activity in the bronchi and part of the trachea in the 2D
regions representing the lung. The left image shows an an-
terior planar gamma camera view of the lungs with the lung
regions overlaid. The right image depicts a transverse section
of the SPECT dataset with lung regions overlaid. Activity in
the trachea is clearly separate from the lung regions.

dividing each lung volume into 30 concentric shells based on
the fractional distance from the hilum to the periphery of the
lung.(S) The count in each shell was computed, S;. The rela-
tively poor resolution of the SPECT images meant that some
of the counts in a particular shell appeared in the image in an
adjacent shell or in the case of peripheral shells outside the
lung volume altogether. This partial volume effect was cor-
rected using knowledge of the crosstalk between shells de-
rived from simulated data. The technique was based on a
previously described method® with the modification that
the technique of maximum likelihood expectation maximi-
zation (MLEM)®? was used in place of the arithmetic re-
construction technique (ART). The count in each shell after
partial volume correction, CS;, was calculated.

One of the potential advantages of SPECT is in giving
more precise measurement of the division of activity be-
tween the trachea and main bronchi and the lungs. In a
planar image, the lungs regions obtained from an isocontour
of the volume or ventilation image often include a good
proportion of the trachea and main bronchi. This means that
the activity in the lungs will be overestimated, and that the
activity in the trachea and main bronchi will be under-
estimated. Figure 1 shows an example where the lung re-
gions of interest on the planar image clearly include all the
main bronchi and some of the trachea.

The total activity within each lung was evaluated from
SPECT by summing the count rate in the partial volume
corrected shell data. This was then divided by the sensitivity
of the SPECT images in counts per second per MBq derived
from a phantom study to obtain the activity in MBq. The
activity in the trachea and main bronchi were evaluated from
the counts in the corresponding volume of interest derived
from the CT scan. To correct for the partial volume effect, the
volume of interest (VOI) was dilated by 13 mm. Dilation in
any particular direction was stopped when the volume
would have expanded into either lung volume. The activity
was derived from the count rate in this dilated volume di-
vided by the SPECT sensitivity.

The activities in the lungs and TB volumes obtained from
SPECT were compared to those obtained by planar imaging.
To do this accurately, it was necessary to correct for the
mucociliary clearance that was taking place during the
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SPECT study. The mucociliary clearance rate was measured
by comparing the counts in the lungs and TB regions in the
planar images before and after SPECT. Assuming a linear
change in activity over this period, the counts in the SPECT
image were corrected to the inhalation time.

Quantification of the regional distribution of deposition

In conventional planar scintigraphy, a measure of regional
distribution of aerosol is obtained by dividing up the region
of interest representing the lung into central and peripheral
regions. On the basis that airways branch approximately
radially from the hilum to the periphery of the lung, this
enables a crude estimate of the distribution of aerosol be-
tween central conducting airways and peripheral alveolated
airways. One important drawback of this analysis is that the
aerosol in the central region is mainly in alveolated airways
and so at best an index of conducting airway deposition can
be obtained. The 3D data from SPECT provided by the shell
analysis allows a more precise quantification of the spatial
distribution of aerosol and the partial volume correction
improves the accuracy.

The spatial distribution of deposition was summarized by
the central-to-peripheral ratio (C/P). In this study this was
calculated from both 2D and 3D C/P deposition ratios. The
2D C/P ratio (C/P,p) was calculated for the right lung only
by performing a 2D shell analysis.’" The lung region of
interest (ROI) was divided up into 10 concentric annuli and
applied to the attenuation corrected geometric mean image.
The 2D ratio was calculated by dividing the activity in the
central five shells by that in the outer five

5
S PS;

_i=1
C/PQD— T

S PS;
i=6

where PS; is the count in shell i on the planar image. This
analysis was only performed for the right lung, as overlap of
counts from the stomach can invalidate results from the left
lung. As the C/P ratio has been shown to depend on lung
shape,(u) the value was normalized to the 2D C/P ratio of
the simulated volume image, also corrected for attenuation
using the attenuation map derived from CT. The normalized
2D C/P ratio, nC/P,p was:

C/Pyp of the initial planar image
C/Pyp of the volume image

ﬂC/PZDZ

An analogous normalized 3D C/P ratio was calculated by
summing the partial volume corrected activity in both the
inner and outer 15 of the 30 3D shells and calculating the
ratio C/Pzp. This was divided by the corresponding ratio for
the simulated 3D volume image, to give the normalized
ratio, nC/Psp. The 3D ratios were calculated for both left
and right lungs.

Despite the improvements in the spatial description of
deposition available from 3D imaging, the data still only
provide an approximation to deposition in the airway tree.
This is because shell numbers do not relate directly to gen-
eration numbers. However, a conceptual model of the spatial
arrangement of the lung airway is available that describes
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the volume (v;)) of each shell, 7, in each generation, j,(]S) This
enables an equation to be described relating the unknown
deposition concentration per unit air volume in each gener-
ation g; to the measured deposition per shell after correction
for the partial volume effect CS;

maxgen

CSi= > g-Vy 1)

i=1
This equation can be solved for the deposition concentration
per generation g;. The upper limit of integration, maxgen, is
the maximum generation penetrated by the aerosol. This is
calculated from the inspired volume, TV, expressed as a
fraction of the total lung volume at the end of inspiration (F),
that is,

F=TV/(FRC +TV)

where FRC is the functional residual capacity. F is converted
to a fractional generation number by comparing its value to a
table of fractional cumulated generation volumes C;.

j
> Vi
k=2

CG="%
> Vi
k=2

where V is the total volume of each generation.

30
Vi=2_ Vi
i=1

The value of F will fall between two discrete generation
numbers j, and j,. 1. The precise value of fractional genera-
tion penetration is then obtained by interpolation between
these generations, that is,

(F-C;)
€, =G

p+1

maxgen = j, +

Equation 1 was solved using the MLEM technique.’” The
total deposition per generation, Gj;, was calculated by mul-
tiplying the concentration by the air volume per generation,

This estimated deposition per generation data was then
summarized by calculating four parameters, the bronchial
airways deposition fraction, badf, (generations 2-8), the
bronchiolar airways deposition fraction, bbdf (generations 9-
15), the conducting airways deposition fraction based on the
ICRP definition of conducting airways in the lung (generations
2-15), cadf, " and the conducting airway deposition fraction
based on the Weibel definition of conducting airways, wdf.

16
Z G/‘ +0.88 - G17+0.75 - G1g + 0.5 - Gy
=2
wdf =" - @

Weibel estimated that a fraction of the airways in generations
16-19 were part of the conducting airways.(]s)
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Left lung versus right lung deposition

The parameters defined above describe the distribution of
the activity in the left and right lung as fractions of deposi-
tion in each individual lung. It is also possible to describe the
distribution relative to the total deposition in both lungs.
This allows the left and right deposition to be compared in
absolute terms. The central spatial deposition in 3D for the
right lung as a fraction of total lung activity (the right central
to total lung spatial deposition fraction, csdftsp,) is given by

15
> SSR;
i=1
sdftsor = RIATILA
where SSR; is the SPECT shell data for the right lung and
RLA and LLA are the total lung activities for the left and
right lungs, respectively.

Similarly, we can describe the airways deposition fractions
in terms of total lung activity. For example, the bronchial
airways fraction for the right lung as a fraction of the total
lung activity (the right bronchial airways to total lung de-
position fraction, badft,) is given by

8
2, Gij

j=2

badftr = RIA T LLA

where G,; is the deposition in generation j for the right lung.
These parameters allow comparison of the fractional regional
deposition in the left and right lungs relative to a common
total.

The left-to-right ratios for each of the above spatial and
airways parameters were also normalized to the left-to-right
ratio of lung volume.

Statistical analysis

Systematic differences between mean values were deter-
mined by the Student’s t-test. A p-value inferior to 0.05 was
considered as a significant difference. Random variation
between two variables was obtained after linear regression
either as the standard error of the estimate or the coefficient
of variation. Differences between standard errors were de-
termined by the F test. Statistical analysis was performed
using Microsoft Excel.

Results

The total deposition in each lung for planar and SPECT
imaging is shown in Figure 2. The mean reduction in counts
due to mucociliary clearance during the SPECT imaging was
estimated to be 2.3%. After correction for this effect the
planar values (pre-SPECT images) were systematically
higher than the SPECT by 11.5%. The random difference
between these two measurements as determined by the co-
efficient of variation is 4.4%.

The results of dose accountability are shown in Figure 3.
Note that these results used planar imaging assessment of
organ activity. The mean total activity leaving the nebulizer
for the first measurement obtained as the difference between
the activity put in the nebulizer and that left after inhalation
was 74.1 £20.7 MBq. The second measurement obtained by
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FIG. 2. The total deposition in each lung determined from
planar and SPECT imaging.

summing the activity in the body and exhalation filter gave a
mean value of 74.2+17.1 MBq. The Student’s t-test gave a
p-value of 0.99, meaning that there was no significant
systematic difference between the two measurements. The
random difference as measured by the coefficient of variation
was 8%. In order to investigate the suggestion that the true
attenuation correction factor depends strongly on C/P
ratio,"® the percentage difference in activity measured by the
gamma camera from that put into the nebulizer was plotted
against the normalized 3D C/P ratio. No significant correla-
tion was observed. The mean attenuation correction factor
(ACEF) for the lung found in this study was 2.1640.10 (1 SD).

The distribution of inhaled aerosol between different or-
gans is shown in Table 2. These results were also based on
planar image data. The values shown are expressed as a
percentage of the total inhaled. In all four subjects who in-
haled the 3.1 um particle on one occasion and the 5.7 um
particle on the second, the deposition in the thoracic airways
was higher for the small particle and the deposition in the
extrathoracic airways higher for the larger particle. Subject 4
had the same inhalation protocol as subjects 2 and 3 except
that helium—oxygen was used as the carrier gas instead of
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FIG. 3. The total activity leaving the nebulizer assessed
from (1) the difference in activity put into the nebulizer and
that left after inhalation and (2) the sum of the activity ac-
counted for in the body and exhalation filter.

air. Although conclusions cannot be drawn from one subject
it was noted that there was less thoracic deposition for the
helium oxygen inhalation and more exhaled. In subject 5,
who was imaged erect and supine on the two occasions
using the same inhalation protocol, there was more extra-
thoracic deposition and less in the thorax when supine.

The parameters of both spatial and generational estimates
of pulmonary regional deposition are shown in Table 3. All
values are expressed as fractions of the total deposition in the
lung. In all subjects who inhaled the small particle on one
occasion and the large particle on the other, the pattern of
results pointed to a larger fraction of deposition in the central
airways for the larger particles. In subject 4, who inhaled the
helium-oxygen mixture, some regional parameters suggest a
lower deposition in the central airways compared to the use
of air in subjects 2 and 3. In subject 5, all regional parameters
suggested a more central deposition obtained in the erect
position compared to supine.

The correlation between the 2D and 3D normalized C/P
ratio is shown in Figure 4. Data is only presented for the right
lung, as it was not possible to reliably estimate the left lung,
due to the overlay of the stomach. There is a highly significant

TABLE 2. THE DISTRIBUTION OF THE INHALED AEROSOL IN DIFFERENT LUNG REGIONS
AS A PERCENTAGE OF THE TOTAL INHALED

Subject  Study  Right lung %  Left lung %  Trachea/bronchus %  Total thoracic %  Extrathoracic %  Exhaled %
1 A 44.6 30.5 6.0 81.2 15.6 3.2
B 53.8 31.5 3.1 88.3 35 8.2
2 A 43.1 32.8 49 80.7 16.8 25
B 51.5 37.0 1.6 90.0 54 4.6
3 A 45.2 41.1 32 89.6 7.5 3.0
B 46.2 43.5 27 92.4 3.2 44
4 A 40.0 37.7 52 82.9 14.3 2.8
B 415 41.2 1.7 84.4 2.6 13.0
5 A 35.8 29.5 43 69.6 241 6.4
B 28.4 23.6 2.5 54.4 42.8 2.8
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TABLE 3. EsTIMATES OF PULMONARY REGIONAL DEPOSITION IN EACH LUNG

Bronchial airways Bronchiolar airways Weibel conducting

2D normalized 3D normalized deposition deposition airways deposition
Subject Study Lung  C/P ratio C/P ratio fraction fraction fraction 24-h clearance
1 A R 2.02 297 0.24 0.17 0.51 0.65
L 3.96 0.35 0.19 0.72 0.64
B R 0.94 1.07 0.02 0.09 0.35 0.37
L 0.83 0.02 0.10 0.36 0.37
2 A R 1.11 1.91 0.12 0.09 0.44 0.47
L 2.65 0.18 0.10 0.49 0.49
B R 0.87 0.81 0.01 0.06 0.24 0.32
L 0.92 0.03 0.06 0.26 0.31
3 A R 1.21 1.94 0.19 0.21 0.73 0.47
L 2.33 0.19 0.21 0.72 0.50
B R 1.07 1.14 0.03 0.07 0.26 0.27
L 1.36 0.03 0.06 0.26 0.28
4 A R 1.14 1.55 0.08 0.14 0.59 0.43
L 2.20 0.13 0.14 0.63 0.44
B R 0.85 0.68 0.01 0.07 0.29 0.27
L 0.96 0.02 0.07 0.30 0.29
5 A R 1.11 1.51 0.04 0.08 0.33 0.45
L 1.96 0.12 0.16 0.56 0.47
B R 1.08 1.29 0.03 0.06 0.26 0.35
L 1.57 0.07 0.07 0.30 0.38

The 2D normalized central-to-peripheral ratio was only calculated for the right lung due to the problem of overlay of the stomach on the

region representing the left lung.

correlation between the two measures, but with the 3D pa-
rameter having a considerable extended dynamic range
(0.68-2.97) compared to the 2D ratio (0.85-2.02). This is ex-
pected due to the reduction in contrast between central and
peripheral counts due to the contribution to counts in the
central region from activity in peripheral lung tissue.

Measurement of 24-h clearance gives a measure of depo-
sition in the conducting airways. These data correlated well
with both 2D and 3D normalized C/P ratio (Fig. 5). The
coefficient of variation of empirical estimation of 24-h clear-
ance from the normalized 3D C/P ratio was 12%. For the
right lung alone this was 9%. The corresponding value for
the right lung from 2D normalized C/P ratio was signifi-
cantly higher at 15% (p < 0.05).
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FIG. 4. The variation of 3D normalized -central-to-
peripheral ratio with the corresponding 2D ratio. The line is
the line of identity.

The comparison of 24-h clearance with the estimated de-
position in the conducting airways using the analysis of the
SPECT data is shown in Figure 6a and b. Data are presented
for each lung separately. Figure 6a shows the results as-
suming the standard International Commission on Radi-
ological Protection (ICRP) definition of the conducting
airways in the lung represented by generations 2-15. Figure
6b shows the results obtained by assuming the Weibel defi-
nition of the extent of the conducting airways described
above in Equation 2. Using the ICRP definition of the con-
ducting airways the 24-h clearance was always higher than
the conducting airways deposition fraction. This suggests
that aerosol was being cleared from airways beyond
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FIG. 5. The variation of 24-h clearance for the right lung
with (a) 2D normalized central to peripheral ratio (A) and
(b) 3D normalized central-to-peripheral ratio ([J). The lines
are the lines of least squares linear regression.
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FIG. 6. (a) The variation of 24-h clearance with the esti-
mated fractional deposition in generations 2-15. The line is
the line of identity. (b) The variation of 24-h clearance with
conducting airways deposition fraction assuming the defi-
nition of the conducting airways in the Weibel Model. The
line is the line of identity.

generation 15. This is indeed consistent with Weibel’s ob-
servation that a fraction of generations 16-19 are conducting
airways. Using his definition of conducting airways, there
was no significant difference between the mean 24-h clear-
ance and the mean Weibel conducting airways deposition
fraction. However, the correlation was significantly different
from the line of identity; at lower values of wdf the 24-h
clearance was higher and at higher values it was lower. The
coefficient of variation of estimating 24-h clearance was 18%.
This was significantly higher than that obtained using the 3D
normalized C/P ratio (p <0.05).

The comparison of deposition in the right and left lungs is
shown in Figure 7. The total activity deposited is signifi-
cantly higher in the right lung than in left lung (p < 0.005).
The left-to-right ratio was 0.824+0.14 (1 SEM). This is ex-
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FIG.7. Comparison of total deposition in the right and left
lungs. The line is the line of identity.

pected due to the larger volume of the right lung compared
to the left. The left-to-right ratio for total lung volume ob-
tained from CT was 0.83+0.14 (1 SEM), which was not
significantly different. The percentage aerosol in the right
lung correlated significantly with the percentage lung vol-
ume (p < 0.005). The standard error of the difference was 2.0
percentage points. When normalized to lung volume, the
left-to-right ratio for deposition was 0.98 4-0.02.

The results on the left-to-right ratios of the parameters
describing regional deposition are shown in Table 4. The
comparison of the normalized 3D C/P ratio for the left and
right lungs is shown in Figure 8. The left-to-right ratio was
1.2440.06 (1 SEM), which was significantly different from
one (p<0.005). The degree of difference was significantly
correlated to the C/P ratio (p < 0.005). The bronchial airways
deposition fraction was also significantly higher for the left
lung (p<0.001) (Fig. 9) . The mean value of 1.79 was sig-
nificantly higher than for the normalized 3D C/P ratio
(p<0.01).

When the regional deposition fractions were calculated
relative to total deposition the differences between left and
right were lower. The left-to-right ratio for the central to total
lung spatial deposition fraction was not significantly differ-
ent from one. However, the corresponding value for bron-
chial airways deposition was 1.47+0.20 1 SEM (p <0.01),
showing that even in absolute terms the central deposition
was higher in the bronchial airways of the left lung. When
these data are expressed as fractions of total lung deposition
and normalized for lung volume, the left-to-right ratios for
both central spatial and bronchial airways deposition were
significantly greater than 1. Again, the ratio is significantly
higher for the airways parameter compared to the spatial
parameter.

Discussion

The use of combined SPECT-CT scanning clearly has some
important advantages over both planar imaging and SPECT
scanning using anatomical data obtained from separate
scanning devices. In this discussion, we consider both the
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TABLE 4. LEFT-TO-RIGHT RATIOS OF PARAMETERS DESCRIBING THE REGIONAL
DEPOSITION IN THE LUNG FROM 3D ANALYSIS

Significance of difference

Parameter Mean SEM between left and right
Normalized central-to-peripheral ratio (3D) 1.24 0.06 <0.001
Central to total spatial deposition fraction (3D) 0.97 0.08 NS
Normalized central to total spatial deposition fraction (3D) 1.15 0.07 <0.05
Bronchial airways deposition fraction 1.79 0.24 <0.001
Bronchial airways to total lung deposition fraction 1.47 0.20 0.01
Normalized bronchial airways to total lung deposition fraction 1.79 0.26 0.001

specific results of the study described here, and also the
broader aspects of comparison between the imaging meth-
ods for determining aerosol deposition.

The ability of planar imaging to measure total deposition
in the lung has come under particular scrutiny in the litera-
ture.*®'”) Tt was therefore felt important to include a clear
validation of the planar analysis of this study. This was done
in two ways: (1) using the dose accountability experiment in
which the total activity leaving the nebulizer measured using
an isotope calibrator was compared to that obtained from
gamma camera imaging, and (2) by comparing total lung
activity measurements from planar imaging with those from
SPECT.

There was no systematic difference between the two
measurements of total activity leaving the nebulizer, and the
root mean square difference was 8%. The gamma camera
assessment of activity in this measurement relied solely on
planar imaging, and therefore the results confirmed that the
planar quantification methods used were working success-
fully. This included the assessment of lung activity using
global attenuation correction factors derived from total
thickness measurements of the thorax. The mean ACF for the
lung was 2.16. This confirmed previous estimates of ACF of
around 2 from several different sources.”'>'® There was no
correlation between dose accountability and C/P ratio,
suggesting that these global ACFs worked equally well for
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FIG. 8. Comparison of the 3D normalized central-to-
peripheral ratio in the right and left lungs. The line is the line
of identity.

uniform distributions of aerosol and those with a high cen-
tral deposition. We could therefore find no evidence advo-
cating for the use of a high ACF in central deposition
patterns as suggested by Moller et al.1® The findings in this
study concur with a recent analysis of the regional variation
of ACF derived from CT scans.!” This indicated that the
ACEF for central and peripheral regions was very similar.
The total activity in the lung derived from SPECT corre-
lated well with that derived from planar imaging. The pro-
cess of mucociliary clearance was relatively slow compared
to the imaging period. The mean correction in activity was
just 2.3%. After correction the SPECT value was systemati-
cally lower than the planar values by 11.5%. This could mean
that planar values of lung activity were overestimated either
due to some systematic error in the derivation of the ACFs or
to the inclusion of activity in the trachea and bronchi in the
lung regions of interest. Alternatively, there could be an
underestimation in the SPECT values. Phantom studies of
the GE Infinia camera have suggested that the algorithm
used for SPECT reconstruction may result in underestima-
tion of activity concentration with the degree of underesti-
mation dependent on the total attenuation in the object
(J. McDonald, personal communication, 2008). Therefore the
value for SPECT sensitivity obtained in a particular phan-
tom, as used in this study, may not apply exactly, due to
intersubject variation in attenuation. It should be noted,
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FIG. 9. Comparison of the bronchial airways deposition
fraction in the left and right lungs.
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however, that this difference in activity values was relatively
small, and also applied to the absolute assessment of activity.
Because the difference was systematic, the fractions of total-
body deposition in each organ derived from SPECT differed
by only a few percent from those obtained from planar
imaging.

Surprisingly, the activity in the trachea and main bronchi
from planar imaging was 58% higher than that derived from
SPECT. It had been expected that planar estimates might be
lower due to parts of the trachea and main bronchus not
being included in the ROI. The most probable explanation
for the overestimate is the contribution of scattered radiation
from lung activity into this region. Previous studies have
shown that lung activities derived from planar imaging with
and without scatter correction are very similar.”? However,
this may not apply to assessment of activity in the trachea
and main bronchus. The scatter contribution from the much
higher activity in the adjacent lung structure may make a
large contribution to the counts in the region. The estimate
from SPECT imaging should be, in theory, considerably
more accurate than that from planar imaging.

The differences in deposition measurements obtained with
different inhalation regimes generally followed the expected
patterns. Use of the larger 5.7-um particles compared to the
3.1-um particles gave rise to higher deposition in the extra-
thoracic and central lung airways and less exhaled, all
findings expected from previous measurements and com-
puter modeling."® The low amounts of aerosol exhaled are
consistent with estimates from previous imaging studies.*”
However, this is at variance with modeling estimates, which
tend to predict a much higher exhaled fraction particularly
for particles of around 2 um diameter.®? The use of helium
as the carrier gas in the one subject studied generally gave
similar deposition results compared to air. However, there
was relatively higher penetration of aerosol to the lung
periphery and more exhaled compared to the two subjects
given the same aerosol inhalation regime with air.

The 24-h clearance measurement in control subjects is
expected to give an estimate of the deposition in the con-
ducting airways. It therefore provided a means of validating
the parameters of regional deposition derived from SPECT
imaging. The 3D normalized C/P ratio showed a very good
correlation with 24-h clearance. The correlation was signifi-
cantly better than that for the 2D C/P ratio (p <0.05). This
confirms the value of 3D imaging in providing a more ac-
curate and precise estimate of spatial distribution of depo-
sition in the airways.’

The deposition fraction in the conducting airways, cadf
(generations 2-15), showed good correlation with the 24-h
clearance (Fig. 6a). However, it was systematically lower
than the 24-h clearance, which suggests that there are ciliated
airways beyond generation 15, as proposed by Weibel.""”
This finding agrees with a previous comparison of
SPECT derived airway deposition measurements and 24-h
clearance.®?

When the Weibel definition of the conducting airways is
used to calculate the deposition fraction (wdf), the system-
atic difference with 24h clearance is much lower (Fig. 6b).
This provides encouraging evidence for the validity of the
generational parameters derived from SPECT-CT imaging.
The correlation is improved compared to the previous
study,®” which might be explained for a number of reasons.
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(1) The current experiment used precise control of inhalation
using the AKITA? device. This enabled accurate assessment
of the maximum airway generation to which the aerosol was
delivered (maxgen), which is an important parameter in the
calculations. (2) The estimation of maxgen may also have
been improved by using the new equation [TV /(TV +FRC)].
The previous assumption that the fraction of lung volume
penetrated by aerosol was IV/FRC did not take into con-
sideration the increase in lung volume during inspiration. (3)
The software used to calculate the deposition per generation
used in this study has also been improved by using a dif-
ferent stopping criteria compared to that used previously.
Simulation studies had shown that the original stopping
criterion occasionally allowed the algorithm to overiterate
toward an inferior solution. In addition, the use of 30 shells
in this study means that information theory requirements of
having more equations than unknowns are met. (4) The use
of CT data to provide attenuation correction and the lung
outline are both potentially more accurate than the use of
magnetic resonance imaging (MRI), performed on a different
device.

The method of deriving deposition per generation has
clearly been improved compared to previous versions.
However, the resulting correlation with 24-h clearance was
inferior to that with the normalized 3D C/P ratio. This is
somewhat disappointing given that the C/P ratio is a rela-
tively crude parameter of regional distribution, which does
not take into account the depth of inspiration, which in
theory should be a good predictor of 24-h clearance. This
may be due to the instabilities in the shell to generation al-
gorithm despite the improvements listed above. It is antici-
pated that further improvements could be made in this
calculation under the general description of individualized
lung models. The current version relies on the conceptual
model of the lung."® This describes the spatial distribution
of the different airways relative to the shell model of the
lung.® Although this has been validated against CT, newer
more accurate models are now available. High-resolution CT
now allows images of the airway of individual patients up to
about generation 6. This has enabled the creation of the hy-
brid model of the lung that uses real measurements of the
early generations supplemented by the conceptual model for
the rest of the airway.?? Attempts to model the rest of the
airway tree with the spatial location of actual airways have
also been made.**? Use of these improved models should
result in a more accurate analysis of deposition from SPECT-
CT data.

Use of new models will also require use of improved al-
gorithms for calculating airway deposition. The current
method performs the calculation in several stages, dividing
the spatial data into shells, performing a correction of the
shell data for the partial volume effect and then converting
the shell data to a description by generation. Improvements
could, in principle, be made by defining the spatial extent of
the airway of each generation in each voxel. The calculation
of deposition per generation could then be performed di-
rectly from data of measured activity per voxel.

SPECT imaging has also allowed comparison of deposi-
tion patterns in the right and left lungs. The left lung is often
not analyzed in planar measurements due to the overlay of
the stomach with the base of the left lung in some subjects.
Analysis of SPECT studies uses 3D volumes of interest rather
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than 2D regions. These can be perfectly separated using the
CT images, although there may be some overlap of counts
from the two regions due to breathing motion and the partial
volume effect. However, this will generally be much smaller
than the overlap of 2D regions and can be corrected using
crosstalk correction techniques such as that used to correct
the shell data for the partial volume effect.*”

The finding that the left lung has greater central deposi-
tion than the right is consistent with previous results. Studies
aiming to target aerosol delivery using bolus techniques
have shown that shallow boluses targeted toward the central
conducting airways are preferentially deposited in the left
lung, whereas those targeted toward the lung periphery are
more evenly distributed between left and right lungs.?¢*”
The results of our study confirm these findings. The left-to-
right ratio of lung volume of 0.83 agrees closely with the 0.85
found for ventilation imaging by Moller et al.*”’ The left-to-
right ratio for total lung deposition normalized to lung vol-
ume was not significantly different to 1, again agreeing with
the results of Moller et al. for a deep bolus. The regional
parameters confirm that when normalized to lung volume
there is significantly greater deposition in central airways in
the left than the right lung. The difference obtained using the
derived airway parameters was significantly greater than
from spatially derived values. When absolute deposition was
calculated, only the airways parameters showed a significant
difference. The mean value of left-to-right ratio for the
bronchial airways to total lung deposition fraction normal-
ized for lung volume of 1.79 was very similar to that found
by Moller et al.*” of 1.85. This gives independent validation
of their results.

Moller et al.?”? demonstrate that the increased deposition
in the central region of the left lung is related to similarly
increased ventilation. The finding in this study that the left-
to-right differences appear proportional to C/P ratio is
consistent with this explanation. An alternative explanation,
however, might be that there is more deposition by gravi-
tational sedimentation in the early airway generations of the
left lung due to being more horizontal than those of the right.
Further work to elucidate this will be carried out using
computer simulation based on the realistic models of the
lung obtained from high-resolution CT.

The use of a CT scan to provide anatomical information
and allow accurate attenuation correction increases the ra-
diation dose to the patient compared to alternative ap-
proaches using magnetic resonance images(4) or transmission
imaging.(zg) However, the low-dose CT regime used in this
study only gives a modest dose to each subject, considerably
below annual background radiation levels. This additional
radiation burden is considered justified in the light of the
better anatomical data provided on the lung outline and
hilum positions. Some SPECT/CT scanners use a high-
resolution multislice CT device. This would give a higher
dose to the subject of about 4 mSv, approximately twice
the annual natural background radiation dose. However,
this protocol would provide even more anatomical infor-
mation, in that breathhold CT could be employed, allow-
ing definition of the first few generations of the actual
airways. This additional information would give the op-
portunity for improved analysis of aerosol deposition in
relation to anatomy. This will be the subject of further
study.
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In conclusion, this study has demonstrated the application
of SPECT-CT to the assessment of regional deposition of
aerosol. The use of combined data has produced estimates of
deposition in the airways, which show good consistency
with total deposition estimates from planar imaging and
regional deposition estimates from 24-h measurements. The
use of 3D imaging has facilitated analysis of the left lung and
this study has provided independent validation of increased
deposition per unit volume in the central airways of the left
lung compared to the right.
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