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Abstract

Introduction: Manual analysis of two-dimensional (2D) scintigraphy to evaluate aerosol deposition is usually
subjective and has reduced sensitivity to quantify regional differences between central and distal airways.
Aims: (1) To present a method to analyze 2D scans based on three-dimensional (3D)-linked anatomically
consistent regions of interest (ROIs); (2) to evaluate peripheral-to-central counts ratio (P/C2D) and penetration
indices (PIs) for a set of 16 subjects with moderate-to-severe asthma; and (3) to compare the reproducibility of
this method against one with manually traced ROIs.
Methods: Two-dimensional scans were analyzed using custom software that scaled onto 2D-projections’ 3D ana-
tomical features, obtained from population-averaged computed tomography (CT) chest scans. ROIs for a rectangular
box (bROI) and an anatomically shaped ROI (aROI) were defined by computer and by manually tracing the standard
rectangular box (manual ROI [mROI]). These ROIs were defined five nonconsecutive times for each scan and average
value and variability of the P/C2D were estimated. Based on CT estimates of lung and airways, volumes lying under the
bROI and aROI, a 2D penetration index (PI2D) and a 3D penetration index (PI3D), were defined as volume-normalized
ratios of aerosol deposition in central and peripheral ROIs and in central and distal airways, respectively.
Results: P/C2D values and their variability, were influenced by the shape and method to define the ROIs: The
P/C2D was systematically greater and more variable for mROI versus bROI ( p < 0.005). The P/C2D for aROI
was higher and its variability lower than those for the bROI ( p < 0.001). The PI2D was in average the same for
aROI and bROI, and is substantially (*30 · ) greater than PI3D ( p < 0.001). Both PI2D and PI3D, obtained with
our analysis, compared well with literature values obtained with two scans (deposition and volume).
Conclusion: Our results demonstrate that 2D scintigraphy can be analyzed using anatomically based ROIs from
3D CT data, allowing objective and enhanced reproducibility values describing the distribution pattern of
radioaerosol deposition in the tracheobronchial tree.

Keywords: aerosol deposition, regions of interest, scintigraphy, voxel influence matrix, 3D analysis, penetration
analysis

Introduction

Planar Scintigraphy, a two-dimensional (2D) imaging
technique in nuclear medicine, is widely used to assess aerosol

deposition and mucociliary clearance in human and animal mod-

els. Compared with other three-dimensional (3D) imaging meth-
ods, the 2D technique is relatively simple, widely available, and
exposes the subjects to acceptable doses of radiation.(1–4)

To quantify the distribution of the aerosol within the tra-
cheobronchial tree, the 2D images are divided into regions of

1Department of Physical Therapy, Universidade Federal de Pernambuco, Recife, Brazil.
2Grupo de Fisica Nuclear, Facultad de Ciencias Fisicas, Universidad Complutense de Madrid, Madrid, Spain.
3Nuclear Department, Universidade Federal de Pernambuco, Recife, Brazil.
4Georgia State University, Atlanta, Georgia.
5Department of Anesthesia, Critical Care and Pain Medicine, Massachusetts General Hospital and Harvard Medical School, Boston, Massachusetts.

JOURNAL OF AEROSOL MEDICINE AND PULMONARY DRUG DELIVERY
Volume 31, Number 0, 2018
ª Mary Ann Liebert, Inc.
Pp. 1–13
DOI: 10.1089/jamp.2017.1403

1

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

L
IV

E
R

PO
O

L
 f

ro
m

 w
w

w
.li

eb
er

tp
ub

.c
om

 a
t 0

4/
23

/1
8.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 



interest (ROIs) and the radioactive events detected within
each 2D ROIs are counted.(1,5–7) Typically, central (C) and
peripheral (P) ROIs are defined for one or both lungs but their
shape and size may vary substantially between laboratories
making it difficult to compare results from similar studies(2,8)

Furthermore, due to the lack of 3D information, the activity
recovered in the central ROIs includes activity from periph-
eral airways within the 2D ROIs, and the central airways may
extend beyond the central region into the peripheral ROIs.

For example, in cystic fibrosis, patients’ heavy airway de-
position may extend to the lateral basal region of the lung, which
is outside the typical square central ROI.(1,2,9) Also, depending
on the depth of the lung sampled by each pixel,(10–13) and the
attenuation of the emitted radioactivity, the peripheral-to-
central counts ratio (P/C) obtained from 2D ROIs may
overestimate or underestimate true values of the peripheral-
to-central airways deposition ratio.

Normalization of the deposition data by counts from a
second image representing the amount of lung volume
sampled in each pixel, allows calculation of an aerosol
concentration ratio, or penetration index (PI), defined as
the P/C of aerosol counts divided by a P/C of counts from a
radioactive gas (volume) scan that reduces the effect of
the differences in lung depth and energy attenuation.
Volume scans, although desirable are technically chal-
lenging, add cost, and are not always available in many
institutions.(1,2,10,12,14,15)

In addition to the limitations of quantifying in 2D, the
distribution of a radionuclide within a 3D organ, analysis of
the data is usually manual, time consuming, affected by
intra and interoperator variability.(2,10) Ideally the anatomi-
cal location of the central airways within the central 2D
ROIs and the contribution of peripheral airways should be
known to estimate with some accuracy the regional distri-
bution of aerosol deposition from 2D scintigraphy studies.
Current methods use systematically defined, but arbitrarily
shaped central ROIs, which may or may not be qualitatively
inspired on anatomy. However, the lack of 3D information
in scintigraphy prevents separation of activity coming from
central airways versus that of distal airways sampled under
standard 2D ROIs (Fig. 1).(3,10,16)

The objective of this study was threefold: (1) to imple-
ment a novel method to analyze scintigraphic images of
aerosol deposition based on anatomically consistent ROIs
that allow systematic separation of aerosol deposition be-
tween central airways and the rest of the lung, (2) to com-
pare the reproducibility of results obtained with that method
against those obtained with the conventional manual meth-
od, and (3) to evaluate and compare values of P/C and PI
obtained for 2D and 3D derivations.

Methods

Defining anatomically consistent ROIs

In radionuclide imaging, blurring, uncertainty, and dis-
cretization can cause activity originating within an anatomi-
cal region (AR) to be sampled in regions outside of it. In a
previous report we showed how careful consideration of each
of these effects permits the estimation of the contribution of
activity within each AR to the counts sampled within any
voxel of the 3D imaging space. Using the 3D information
from the two computed tomography (CT) scans of the lung,

taken one at mean breathing volume and the other at
maximal inhalation, and knowing the spatial resolution
properties of the imaging instrument, a voxel influence matrix
(VIM) was defined to estimate the local contributions of each
of the ARs to each voxel.(17)

The sum of any ARs VIM is equal to its volume (number
of voxels within the CT scan times’ voxel volume), so that
a VIM essentially describes the redistribution of that volume
according to the expected sampled representation in each
voxel of the aerosol distribution 3D image. VIMs are
therefore a model of the fraction of each voxel that samples
a specific AR as seen by the 3D imaging scanner, and its
units are dimensionless.(17)

In our previous work,(18) we used the concept of VIMs to
quantify the anatomical location of the aerosol deposition
and the alveolar ventilation within positron emission to-
mography (PET) images. Using Apollo� software (Vida
Diagnostics, Mountain View, CA) lung scans of 14 subjects
were segmented into 14 ARs that included 5 peripheral lobar
regions and 9 segments of the airway tree. The lung periphery
included the five lobes; central airways included the bronchus
intermedius, the right and left main bronchus, and the trachea,
as well as five airway groups feeding each lobe that included
the lobar, segmental, and subsegmental airways.(17) The
blurring caused by the motion of the lung and by the limited
spatial resolution of the imaging method, was modeled to
generate VIMs for each of the 14 ARs.

For the present work, we assembled the five lobar
VIMs into a peripheral VIM and assembled the VIMs of the
eight central airways (excluding the trachea) into a central
VIM. These central and peripheral VIMs were bound with
rectangular prisms for the right and left lungs and then
scaled and mapped onto a standardized 2D rectangular
shape, assuming that the scaling factor of the third (z) di-
mension equaled the average of the 2D (x and y) scaling
factors. The standardized peripheral and central VIMs were
averaged across the 24 subjects to create average anatomi-
cally derived VIMs (aVIMs) in Figure 2.(17)

Conventional rectangular central 2D ROIs were defined
to cover the central half of the lung craniocaudal dimension

FIG. 1. The conventional approach to drawing 2D ROIs
for scintigraphy images involves drawing the boundary of
the right lung by hand and then an algorithm is used to
identify the central region.(5,6) 2D, two-dimensional; L, left
lung; R, right lung; ROIs, regions of interest.
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and the medial half of each lung on the projected stan-
dardized lung (Fig. 3B). As the central and peripheral VIMs
overlapped with each other, we defined a central averaged
2D anatomically shaped ROI (aROI) (Fig. 3A) by thresh-
olding the central VIM with a threshold value selected to
cover the same fraction of the lung pixels as that of the
conventional rectangular ROI. Any pixels of the space with
peripheral VIM >0.01 were designated as part of the pe-
ripheral 2D aROI.

The CT scans were obtained from a different population
of subjects and we implemented a method to generate an
averaged VIM that was used not only to generate an ana-
tomically based ROI for the central region, but also to ex-
tract the fraction of volume corresponding to central airways
and distal airways for any defined ROI.

Collection of scintigraphic images

The protocol to obtain scintigraphic images was approved
by the Human Research Ethics Committee at Human at 437/
2008 with all subjects giving written informed consent.

Included were 16 subjects with clinical diagnosis of
persistent moderate-to-severe asthma (13 females and 3
males) with reversible obstruction >12% and a body mass
index of 25.93 – 5.04 (Table 1). Subjects with percent of
predicted forced expiratory volume in 1st second (FEV1)
from 60% to 80% for moderate (n = 7), and predicted FEV1

< 60% for more than 1 year in severe asthma (n = 9).(19) All
patients were receiving standard combination therapy with
bronchodilators and corticosteroids (Formoterol 12 lg and

Budesonide 400 lg) and were instructed to suspend medi-
cation 24 hours before the study.

Excluded from the study were patients: incapable to
comprehend or perform the spirometric maneuver or who
failed to maintain appropriate positioning during scinti-
graphic imaging. Also excluded were those with a history
of smoking in the last 3 years with a consumption of more
than 100 cigarettes per year, or had smoked for 10 years or
more. Subjects with other pulmonary comorbidities such as
chronic obstructive pulmonary disease (COPD), bronchi-
ectasis and tuberculosis sequel, and pregnancy were also
excluded.

Cardiopulmonary parameters

Initially, all patients were submitted to clinical evaluation—
respiratory rate, peripheral oxygen saturation, heart rate, in-
spiratory capacity (IC), and spirometric parameters (portable
MicroLoop spirometer, digital volume transducer; Cardinal
Health).

The following measures were assessed: FEV1 and forced
vital capacity, expressed both as absolute and predicted
values for Brazilian subjects,(20) in accordance with the
American Thoracic Society.(21) For IC measure patients were
instructed to conduct inspiratory maneuvers from expiratory
reserve volume to total lung capacity, at 2-minute intervals
that agreed within 5% or 60 mL.(21) All parameters were re-
assessed following scintigraphy.

Lung inhalation scintigraphy

Diethylenetriaminepentaacetic acid was labeled with
925 Mbq (25 mCi) Technetium-99 m (DTPA-Tc99 m) and
combined with 1 mg of fenoterol bromide and 2 mg of ipra-
tropium using 0.9% saline solution to a total dose volume
of 3 mL (Median Mass Aerodynamic Diameter—MMAD
0.9 lm). A delivery system was provided in a closed and
orofacial mask (Vital Signs Ltd.) suited with unidirectional
valves and with the inspiratory branch connected to a nebu-
lizer for radio isotopes (Venticis� II Medical device, class II,
CE 0459; Ventibox/CIS BioInternational).

Aerosol inhalation was conducted in the upright sitting
position over 9 minutes. The subjects were previously in-
structed to breathe slowly and deeply through the mouth,
executing an inspiratory pause for 3 seconds with every
breath. After inhalation, subjects were asked to rinse their
mouth and drink water to clear their throat and esophagus
of radioaerosol.(1)

Image acquisition

Immediately following nebulization, deposition was im-
aged in the supine position from a posterior view with a
single-head scintillation camera (STARCAM 3200 AC/T
GE; Medical Systems) for 300 seconds, yielding a matrix of
256 · 256 pixels. Subjects were instructed to remain still
during the imaging process.

Image analysis

Defining 2D ROIs. Central and peripheral ROIs were
defined manually using the standard program Xeleris
(STARCAM 3200 AC/T GE; Medical Systems). For the
manual ROIs, a contour of each lung was drawn covering a

FIG. 2. After registration, 3D rendered lung external sur-
face to a rectangular prism and scaling them to a standard size
and shape, the scaled central and peripheral VIMs were av-
eraged across the 24 subjects to define corresponding aVIMs.
To define the peripheral aROIs, the peripheral aVIMs were
trimmed to exclude pixels with values <1%. A third VIM that
covered the trachea region (shown in green outline) was not
used in the present analysis. 3D, three-dimensional; aROI,
anatomically shaped region of interest; aVIM, anatomically
derived VIM; VIM, voxel influence matrix.
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region with activity higher than *15% of the highest pixel
count of the image and a rectangular box was defined around
it. A central manual ROI (mROIc) for the right lung was
defined as a rectangular box extending from the medial edge
of the lung to half of the width of the lung box, and a height
equal to half of the height of the lung box and centered with
respect to it. The peripheral manual ROI (mROIp) com-
prised the area of the lung region not covered by the
mROIc(1,5,6) (Fig. 1).

For defining anatomically consistent 2D ROIs, a custom
program was developed using MATLAB (The Mathworks,
Inc.). The program first read the scintigraphy image and
used a threshold to exclude voxels with activity lower than

15% of the maximum voxel activity, and superimposed to
rectangular prisms for the right and left lungs and the aROIs
described above. The program allowed vertical and hori-
zontal displacements and scaling of the peripheral lung
boundary of the aROIs using the mouse to match the outline
of the radioactive counts >15% of the maximum to define
the anatomically based peripheral regions of both lungs
while the central aROI was automatically assigned by the
computer to the scaled peripheral aROI.

Two differently shaped ROIs for the central region, covering
equal volumes of the lung, were defined for each lung: one with
a shape based on the central average anatomy ROI (aROIc),
and one with a rectangular box for central ROI (bROIc) using
the same proportions and location defined in the manual anal-
ysis. The respective peripheral ROIs were automatically shaped
with the average anatomy (aVIMs), excluding the central ROIs.
There was no attempt to match the ‘‘hot spots’’ on the depo-
sition images. For both the aROIc and bROIc definitions, the
program estimated the total volume of the lung included
under the corresponding central and peripheral ROIs, and
the relative fraction of their volume occupied by central
airways and by distal airways and parenchyma, consistent
with the averaged anatomic data.

Estimation of deposition distribution parameters

Both manual ROIs (mROIs) and computer assisted (aR-
OIs and rectangular box for ROIs [bROIs]) were defined
for each subject and regional counts were extracted for
each ROI. The process was repeated four additional times
randomly selecting the order of the subjects’ analyses. Since
data for the left lung are not customarily evaluated using the
manual methods, we only include analysis of data from the
right lung. The manual analysis was carried out by an experi-
enced operator and the computer-aided analysis was conducted
by a different person with computer experience, but with no
previous experience in the analysis of these images.

For this analysis, it is important to consider that the scintig-
raphy counts from central and peripheral areas are attenuated

FIG. 3. Central and peripheral anatomically derived averaged 2D ROIs (left) and standard 2D bROI (right),
after semimanual registration to the same scintigraphy image. bROI, rectangular box for region of interest.

Table 1. Characteristics of the Sample

and Spirometric Values Baseline

Variables Mean – SD

Age (years) 46.52 – 9.68
Gender 13 F/3 M
BMI (kg/m2) 25.93 – 5.04
HR (bpm) 81.44 – 9.59
RR (ipm) 14.44 – 2.90
SpO2 (%) 97.13 – 1.02
IC (L) 2.15 – 0.49
FEV1 (% pred) 59.00 – 14.88
FVC (% pred) 74.69 – 17.29
PEF (% pred) 41.13 – 14.44
FEF25%–75% (% pred) 30.00 – 16.82
FEV1/FVC (% pred) 79.31 – 10.59

Values in mean – SD.
BMI, body mass index; FEF25%–75% (% pred), percentage of

predicted for forced expiratory flow between 25% and 75%; FEV1

(% pred), percentage of predicted for forced expiratory volume in 1
second; FEV1/FVC (% pred), percent predicted for the ratio of
forced expiratory volume in 1 second and forced vital capacity;
FVC (% pred), percentage of predicted forced vital capacity; HR,
heart rate; IC, inspiratory capacity; PEF (% pred), percentage of
predicted for peak expiratory flow; RR, respiratory rate; SD,
standard deviation; SpO2, oxygen saturation.

4 ALCOFORADO ET AL.

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

L
IV

E
R

PO
O

L
 f

ro
m

 w
w

w
.li

eb
er

tp
ub

.c
om

 a
t 0

4/
23

/1
8.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 



by the thorax to different extents.(22) Thus, to estimate the true
number of counts originating from central and peripheral
ROIs, the measured counts have to be adjusted by an atten-
uation correction factor (ACF), k:

k ¼ true counts=measured counts

Based on a previous theoretical estimate,(22) we assigned
the values of kc = 4.7 and kp = 3.0 for the ACF of the central
and peripheral ROIs, and initially assumed that they were
equal for all subjects and independent of the geometrical
details of the ROIs. In three of the subjects, this assumption
was reexamined as presented in the Discussion section.

Using attenuation-corrected counts, we estimated the
following parameters.

(1) True Peripheral-to-Central count ratio (P/C)* was
estimated for each set of ROIs as:

P=Cð Þ � ¼ P=Cð Þ= kP=kCð Þ

and the average and coefficient of variation (COV)
among the five estimations of (P/C)* values for each
subject were calculated and compared among the
three different sets of ROIs: (P/C)*mROI, (P/C)*bROI,
and (P/C)*aROI, with a paired t test.

(2) A 2D penetration index (PI2D) was calculated as the
volume-normalized ratio of the (P/C)* using the es-
timates of central and peripheral lung volumes sub-
tended by the central and peripheral ROIs for both
aROIs and bROIs,

PI2D¼ P=Cð Þ � = VP=VCð Þ

where VP/VC is the ratio of volumes subtended by
the peripheral and central ROIs derived from the
averaged CT data for each of the three ROI sets
(mROI, bROI, and aROI). Thus, PI2D is equivalent to
a standard PI estimated when the P/C aerosol depo-
sition counts are normalized by the P/C counts ob-
tained from a volume scan. Note that to estimate PI
with the standard (two scans) method there is no need
to include attenuation factors because the deposition
and volume scans are attenuated by the same factor.

(3) Similarly, a 3D penetration index, PI3D, was defined
as the ratio of counts assigned to distal airways (CD)
over those assigned to central airways (CA) normal-
ized by their respective volumes obtained from the
averaged anatomically consistent data.

PI3D¼
CD=CA

VD=VA

� �
¼ sCD

sCA

Here, the count per unit volume (specific counts, sC)
originating from the central airways is sCA, or from
the distal airways is sCD. Note that this is equivalent
to the PI2D, but with the counts from the ARs and
normalized by the respective volumes in 3D instead
of the volumes of lung lying under the 2D ROIs.
To estimate the value of sCA (or sCD,) we assume that
activity per unit volume within central airways (or
distal airways) is the same and independent of whe-
ther they were under the central or peripheral ROIs.

Thus, the true counts originating from a central ROI are
equal to Cc$kc and also equal to the sum of the products
of the respective specific counts (sCA and sCD) times
their corresponding volumes (VDC and VAC):

CC � kC ¼VDC � sCDþVAC � sCA

A similar equation can be formulated for the true
counts originating from the peripheral ROI:

CP � kP ¼ VDP � sCDþVAP � sCA,

where VAP refers to volume occupied by central air-
ways under the peripheral ROI and VDP refers to
volume occupied by distal airways on the peripheral
ROI. Thus, the values, sCA and sCD, could be esti-
mated by simultaneously solving the above set of two
equations with two unknowns yielding:

sCD¼
CP:KP�CC:KC

VAP

VAC

� �

VDP
VAC

VAD

� �
�VDC

sCA¼
CC :KC

VAC

� sCD

VDC

VAC

Statistical analysis

Statistical analysis was carried out using SPSS 18.0
software (Statistical Package for the Social Sciences). Data
in each ROI are represented by their means and standard
deviation (SD). Differences between the results using the
two sets of computer-derived ROIs were evaluated using a
paired t-test and the degree of association between meth-
ods was estimated with the Pearson correlation coefficient.
For comparisons between mean obtained with manual
or anatomically derived sets of ROIs, unpaired t-test
statistics were used. Differences were assumed significant
if p < 0.05.

Results

P/ C: for manual versus computer-defined box ROIs

Although well correlated (R = 0.863), there were system-
atic differences in the median ( p = 0.011) and variability
(COV; p = 0.0008) between the P/C values measured using
the manual versus those measured with the computer-
defined box ROIs. (Fig. 4 and Table 2). Average P/C for
the computer-derived bROI (1.94 – 0.423 and its variability
(COV = 0.064 – 0.029) was lower than those for mROI (Aver-
age P/C = 2.104 – 0.440 and COV 0.101 – 0.04). The mean in-
tersubject variability of the P/C for the computer-defined
bROI (COV between five measures in each subject) was in
average 63% lower than that for the mROIs ( p < 0.0005).

Although the correction for attenuation affected the
values of P/C as expected, the differences for the two sets
of ROIs were similar, whether data were corrected by at-
tenuation or not (Table 2).
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P/ C: for computer-defined aROI versus bROI

The values of P/C were affected by the shape of the
ROI used. The average of five measures of P/C for each
subject obtained using aROI, was highly correlated (r = 0.98,
p < 0.001) with using bROI (Fig. 5). However, P/C mea-
sured with aROIs (1.646 – 0.02) was systematically and
significantly higher ( p < 0.001) than that measured for bROI
(mean 1.128 – 0.22).

In contrast, the intrasubject variability of P/C was not sig-
nificantly affected by the shape of the computer-defined ROI:
mean – SD of COVP/C was 0.059 – 0.024 and 0.064 – 0.030
for aROI and bROI, respectively.

Two-dimensional penetration index

To account for differences in the subtended volume of
lung under the different ROIs, the PI2D, which is equiva-
lent to the standard PI,(1,2) was calculated by normalizing

the activity measured for each ROI by their corresponding
subtended volume of lung. With this normalization we
found that PI2D over the 16 subjects, was virtually iden-
tical, and highly correlated (r = 0.986), when measured
using bROI (0.615 – 0.124) versus that using the aROI
(0.611 – 0.124) (Fig. 6). However, the intrasubject vari-
ability of PI2D (for five measures on each subject) was
lower ( p = 0.035) using the aROI (average COV = 0.059 –
0.023) compared with that using the bROI (average
COV = 0.064 – 0.028) (Table 2).

Three-dimensional penetration index

The average of the five values of PI3D for aROI was highly
correlated to that estimated for bROI (r = 0.99, p < 0.01, Fig. 7).
However, the values obtained for bROI systematically under-
estimated (87%) those obtained with the aROI. In average, for
all subjects PI3D for aROI (0.023 – 0.013) was significantly
( p < 0.001) higher than that for bROI (0.018 – 0.010). Also, the

FIG. 4. Comparison between average P/C values, measured five times in
each subject, using the computer-defined bROI versus those using the
mROI. P/C was not corrected for attenuation differences between central
and peripheral regions to allow comparison with existing published data
(*Pearson correlation). mROI, manual region of interest; P/C, peripheral-to-
central counts ratio.

Table 2. Mean and Coefficient of Variation of the Peripheral-To-Central Count Ratio Values

Without and With Attenuation Correction for Manual Region of Interest and Computer-Assisted

Box Regions of Interest

Variable P/C(mROI) P/C(bROI) pa

Mean – SD (without attenuation correction) 2.1044 – 0.4409 1.238 – 0.29 <0.001
Mean – SD (with attenuation correction) 1.2333 – 0.2901 1.1280 – 0.2265 <0.001
COV 0.10 – 0.04 0.064 – 0.029 <0.001

aTest t/values are mean – SD.
bROI, rectangular box for central ROI; COV, coefficient of variation; mROI, manual region of interest; P/C, peripheral-to-central

counts ratio.
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intrasubject variability of the PI3D for bROI (average COV =
0.171 – 0.069) was higher ( p = 0.015) than that for aROI (av-
erage COV = 0.156 – 0.056) (Table 2).

PI2D versus PI3D. There was a tight relationship between
PI2D and PI3D that followed closely a cubic polynomial
equation (R2 = 0.999). In average, PI2D obtained using aROI
(0.611 – 0.123) was 32 times higher than PI3D (0.023 – 0.013;
p < 0.001) (Fig. 8) and 40 times higher ( p < 0.001) using the
bROI: PI2D (0.615 – 0.124) versus PI3D (0.018 – 0.010; plot
not shown). However, the intrasubject variability of PI3D,
either for aROI or bROI, was higher than those for PI2D

( p < 0.001) (Table 3).

Discussion

Proper evaluation of aerosol deposition distribution is
important for estimation of local dosing of inhalation ther-
apy, to bridge in vitro and animal model data to the human
scale, and to understand the regional and global effective-
ness of aerosol therapy. However, due to the limited reso-
lution of existing imaging methods, accurate assessment of
aerosol deposition along the airway tree cannot be properly
evaluated.(17) With 2D scintigraphy, images correspond to
planar projections of the lung and, without any further in-
formation, it is not possible to separate central from pe-
ripheral airways. With 3D tomographic techniques, the
spatial/temporal resolution of the existing scanners limits
the size of the smallest airways that can be evaluated to that
of segmental airways (approximately >10 mm in diameter),
for PET, and that of lobar airways (approximately >1.5) for

single photon emission tomography (SPECT), after substan-
tial computational effort.

Thus, methods of analysis of 3D scans based on the
idealized geometry of the lung anatomy are presently the
only viable method for evaluating deposition of aerosol
beyond subsegmental generations.(12) Furthermore, the
limited availability of 3D scanners and the cost and com-
plexity of the imaging methods limits the clinical applica-
bility of these methods.(3,4,11) Two-dimensional scans, in
contrast, are widely used due to their relatively lower cost,
acceptable subject radiation exposure, and predictive value
regarding the total lung deposition of the aerosol. How-
ever, quantifying the regional distribution of deposition is
limited to large regions of interest that, without additional
knowledge, preclude a quantitative evaluation of the par-
tition of aerosol deposition even between central and distal
airways.(3,4,11)

Previous studies have proposed methods to use volu-
metric 3D information to evaluate the deposition of an
aerosol obtained through 2D imaging methods. Schroeter
et al.(23) described a method, where detailed airway di-
mensions and lung boundaries obtained for a standard
lung model were used to interpret data obtained from
scintigraphy deposition images. Using the 3D model they
conducted simulations of 2D projections on a planar view
to evaluate the deposition pattern from scintigraphy scans.
However, the implementation of the method to analyze clinical
data, where the size and shape of the lungs can vary between
subjects, was not described making it difficult to compare their
method with ours.

FIG. 5. Plot showing average of five measures of P/C for each subject calculated using
the computer-assisted aROI versus bROI (*Pearson correlation). The lines correspond to
identity and correlation line (r = correlation coefficient).
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The manual central and peripheral ROIs were manually
drawn based on the thresholded scintigraphy of each patient.
The same thresholded scintigraphic image was used to guide
the computer-aided coregistration of the scaled peripheral
lung ROI to it. It is possible that using the recommended

method of using a transmission scan to define the outer pe-
rimeter of the lung could reduce the variability of the method,
particularly on subjects with large ventilation defects; it is not
clear that the intraoperator variability would have been re-
duced in this set of subjects not showing obvious ventilation

FIG. 7. Plot of average of five estimates per subject of PI3D using aROI versus
bROI. The lines correspond to identity and best fit lines (R2 is the coefficient of
determination). PI3D, three-dimensional penetration index.

FIG. 6. Plot of average values of five estimates of PI2D for each subject using
aROI versus bROI. The lines correspond to identity and best fit line. PI2D, two-
dimensional penetration index.
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defects. However, in general, it is likely that the use of a
transmission scan to delineate the outer contour of the lung
may also reduce intraoperator variability to a similar extent.

In other studies, information of the space occupied by
different airway generations in concentric shells in the lung
was derived from idealized models of the lung(12) and, more
recently, the method was combined with data from coi-
maged respiratory anatomy.(3) Simulation studies showed
that planar imaging properly adjusted with attenuation and
scatter corrections, provided reasonable accuracy and pre-
cision for global deposition compared with that obtained
from 3D images obtained with single SPECT.(24) Such
an approach provides a more granular characterization of
the aerosol distribution than that given by the 2D P/C or PI
parameters. Similarly, other studies(12,25,26) used lung models
derived from magnetic resonance imaging to analyze planar
images and radioaerosol distribution to evaluate the PI of
inhaled aerosols.

However, those methods involve substantial computa-
tional effort and require patient-specific anatomic 3D data,
adding a barrier for achieving their broad dissemination.
This article describes an approach to derive from chest CT

scans 3D anatomical information averaged for a popula-
tion of human subjects. That information, combined with a
computer-assisted procedure was used to generate anatomi-
cally shaped 2D ROIs that included estimates of lung volume
covered by those ROIs and of the central and distal airways
within them. Using this approach, we could characterize the
central-to-distal airways deposition distribution of aerosol
from clinical 2D scintigraphy scans, and could obtain ob-
jective and reproducible values of aerosol PIs.

Our method of analysis for 2D scintigraphy images has
computerized features that simplify its implementation and
makes it broadly applicable to clinical scintigraphy scans.
For example, the 3D geometry and volume information was
obtained using the 3D gray-scale analysis as previously
described.(17) That analysis uses the concept of VIM to
characterize 3D anatomical imaging data from central and
distal airways from high-resolution computed tomogra-
phy (HRCT) scans accounting for the blurring effects of
breathing motion and the limited spatial resolution of the
specific nuclear medicine technique.

Each subject’s VIM was scaled to a standard lung shape
and size and the resulting average VIM was used to define
anatomically based central and peripheral 2D ROIs as well
as to provide estimates of the volume of the central and the
distal airways occupying each of them. For comparison with
current methods, we defined a second central ROI with the
standard rectangular shape.(1) Using a computer-aided al-
gorithm, the lung shape, and its corresponding ROIs for the
central airways were superimposed over the scintigraphy
data of the subject and scaled to match the shape of the
subject’s lung. The program then estimated values for
conventional parameters of pulmonary deposition distribu-
tion, such as P/C and PI, defined for the 2D and 3D
frameworks.

The total time for analysis of a scintigraphy scan was less
than 5 minutes. In the present study, despite the fact that we
dimensioned a VIM for each subject, and in our sample did
not have very thin individuals or obese subjects, or those
with scoliosis, new studies will be necessary to consider the
limitations of our method in those population of subjects.

Standard 2D P/C and PI analysis

The standard analysis of 2D scintigraphy scans yields
parameters of central-to-peripheral or P/C. These parame-
ters are highly dependent on the shape and size of the ROI
used,(2) which tend to be variable between laboratories.
Differences in P/C between studies can also be caused by
differences in imaging methods, aerosol particle sizes,
breathing patterns, and the diseases studied. In asthmatics,
for example, the difference in inspiratory flow and the
degree of obstruction cause a heterogeneous pattern of
deposition,(27) concentrating on areas less compromised by
the disease. In general, the distribution of the deposition in
asthmatics tends to be elevated in the central airways,(28)

but this effect is reduced for slow inhalations and for
aerosols with smaller particle size.

Reproducibility of P/ C values

We found that values of P/C obtained using our
computer-assisted method, with either bROI or the aROI,
were more reproducible (lower intrasubject COV of five

FIG. 8. Plot of the average of five estimates for each
subject of the PI3D versus that of the PI2D for computer-
defined aROI. The relationship follows tightly a cubic poly-
nomial equation.

Table 3. The Coefficient of Variation and Average

of the Penetration Index Between Two-Dimensional

Penetration Index and Three-Dimensional

Penetration Index Between Anatomically

Shaped Region Of Interest and Rectangular

Box for Region Of Interest

Variable PI2D PI3D pa

COV (aROI) 0.059 – 0.023 0.159 – 0.056 <0.001
Mean (aROI) 0.611 – 0.124 0.025 – 0.013
COV (bROI) 0.064 – 0.028 0.174 – 0.068 <0.001
Mean (bROI) 0.615 – 0.124 0.019 – 0.010

aTest t PI2D < PI3D/mean – SD.
aROI, anatomically shaped region of interest; PI2D, two-dimensional

penetration index; PI3D, three-dimensional penetration index.
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independent measures) than those calculated with the
manually defined lung ROI. This is expected given that the
definition of the lung ROI is restricted to four degrees of
freedom (x, y location, width, and height) and the software
requires little training of the operator, whereas the manually
defined lung ROI can vary substantially between measures,
even when conducted by an experienced operator.

To define objectively the external shape of the lung ROI,
an additional volume (Radioactive Xenon-133 [133Xe]),
ventilation (Kripton [81mKr]), or transmission scan is re-
commended.(11) The 133Xe scan has the additional advan-
tage of providing quantitative approximation of the lung
volume being sampled by each 2D pixel, but as the 81mKr
scan, it may provide erroneous lung shape and volume
values in heterogeneously ventilated lungs (such as in severe
asthma). The transmission scan provides a more robust de-
lineation of the lung outline, but has no information about
the depth of the lung being sampled by each voxel.

The PI2D is calculated using the 133Xe scan as the P/C
deposition counts ratio, normalized by the P/C counts ratio
of the 133Xe volume of lung subtended by the corresponding
2D ROIs. This definition is equivalent to the inverse of the
normalized regional particle deposition (nC/P)-1.(29) Our
method uses a population-averaged data scaled to the
specific patient’s lung size to define the outside shapes of
the lungs and the central 2D ROIs and, as the 133Xe scan,
provides estimates of regional lung volumes within the
ROIs, and also the volumes within them that are occupied
by central or peripheral airways without the need for a
second scan.

The value of PI2D has been shown to be less sensitive to
the shape used for defining the 2D ROIs and thus to better
represent the distribution of radioaerosol within the ROIs.(2)

Consistent with the findings of Biddiscombe et al.,(2) our
results showed that the systematic differences in P/C caused
by the shape of the central ROI (rectangular box vs. the
aROI), were virtually eliminated when the PI2D was cal-
culated using our method (Fig. 7). This indicates that the
difference in P/C for the differently shaped central ROIs in
our scans were fully accounted for by differences in the
lung volumes subtended by the corresponding ROIs.

Considering that the regional lung volumes in our study
were not measured for each subject, but instead estimated
based on a population-averaged CT data scaled to the size of
each subject, the insensitivity of the obtained values of PI2D

to the central ROIs shape is an indirect validation of our
method of estimating the subtended lung volumes. For
physiological interpretation of the data, it is important to
note that the apparently preferential deposition in peripheral
airways with a P/C > 1 was actually found to be a preferential
central deposition (PI2D < 1) in all of our subjects.

The average value of the PI2D for the bROI in our asth-
matic subjects (mean = 0.615) compares well with the nC/
P-1 = 0.62 reported for healthy individuals by Zeman
et al.(29) In that study, the shape of the central ROI was the
standard box, and the shape of the lung ROI, and the
volumes of subtended lung under each ROI, were defined
using Xe133 scans. This similarity in values is unexpected
given that the PI2D from asthmatic subjects should have
been substantially lower than those for healthy subjects.
However, the very small aerosol particle size of the current
study (*0.9 lm MMAD) was much <5.4 m MMAD used

by Zeman et al.,(29) possibly explaining the higher PI2D

values in our study.
Biddiscombe et al.(2) also used the standard box ROI and

Xe133 scans for analysis of deposition of monodisperse
aerosols in mild asthmatic subjects. The authors reported
values of PI2D raging from 0.81 to 0.50 for particle sizes of
1.5 and 3 lm MMAD, respectively. Our value of PI2D is
within that range and we speculate that the deeper pene-
tration expected for our smaller aerosol particles could have
more than compensated by the greater severity of our
moderate-to-severe subjects. Taken these results together,
they suggest that the average values of PI2D obtained with
our method are comparable with those reported in the lit-
erature after considering the differences in aerosol charac-
teristics and disease severity.

PI3D analysis. The standard 2D ROIs divide the lung
field into central and peripheral regions, each including
different fractions of the central and distal airways of the
bronchial tree. Our averaged CT imaging data allowed us to
estimate the relative fraction of the volume occupied by
central airways in the central aROI (1.28%) as well as in the
bROI (0.98%).

Due to the manner in which the aROI was defined, the
fraction of volume occupied by central airways was 30%
greater than that under the bROI. Thus, due to its shape
resembling that of the anteroposterior projection of the
central airways, the aROI was more likely to include
central airways than the bROI, even in the presence of
random registration error between the ROIs and the ana-
tomical structures. This feature could explain the lower
average COV of the PI2D for the aROI (0.59) compared
with that for the bROI (0.64).

Advantageously, knowledge of the volume occupied by
central and distal airways within the 2D ROIs allowed us to
estimate a PI3D, defined as the ratio of activity per unit
volume between distal and proximal airways. This param-
eter has been previously calculated from PET/CT images of
aerosol deposition and is thought to be a better estimator of
the true penetration of the aerosol to distal airways.(17) The
estimates of PI3D for our 2D scans ranged from 0.01 to 0.1
with an average of 0.0357 for the aROI and 0.031 for the
bROI. These numbers are higher than those measured with
PET(17) in a previous study in asthmatics bronchoconstricted
with methacholine (mean 0.0086 – 0.0039) and inhaling
with tidal breathing an aerosol with 4.1 lm MMAD.

Thus, it is likely that the higher values of PI3D measured
in the current study could be attributed to the smaller par-
ticle size of the aerosol (0.9 lm MMAD) and to differences
in breathing pattern. In the PET studies the subjects were
allowed to breath at spontaneous tidal volumes and fre-
quencies (9–18 bpm), whereas in the present study, the
subjects were instructed to take controlled deep breaths
followed by 3 seconds of breatholding.

A comparison between the values of PI2D and PI3D for each
subject showed that, regardless of the central 2D ROI shape,
the values of PI2D always overestimated those of the PI3D by
32 times for the aROI and 40 times for bROI. This overesti-
mation is expected as it reflects the high contribution of pe-
ripheral airways to the radioactivity sampled from the central
2D ROI reducing the denominator in the calculation of PI2D.
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Tossici-Bolt et al.(12) compared results from planar lung
image of healthy volunteers against those obtained with a
3D equivalent representation derived from SPECT images
using a custom software assigning activity to the different
generations of the bronchial tracheobronchial tree. These
authors also concluded that approximate estimates of de-
position per generation could be derived from planar im-
agery with similar accuracy for bronchial and conducting
airways. However, the errors are higher than with SPECT.

Similar to the findings of Tossici-Bolt et al.,(12) in our
study, we found a close relationship between PI2D and PI3D

values, but the values of PI2D were 32 times higher than
those of PI3D using aROI ( p < 0.001) and 40 times higher
( p < 0.001) using the bROI.

Limitations

As described above, in our method we scale averaged
anatomical and volumetric data to the specific patient size
and lung aspect ratio (height/width). Thus, these data are not
actually measured from the individual subject. In spite of
this limitation, the normalization of the regional activity by
the predicted volumes in the PI2D eliminates the difference
in P/C caused by the 2D ROI shape, a finding consistent
with that observed when volumes are measured for each
patient with a second Xe133 scan.(2) It is worth emphasizing
that our method yields a PI2D parameter without the need of
the second scan, broadening its applicability to laboratories
without such capability.

However, one needs to be aware that anatomical differ-
ence in the shape of the lungs, or the location of the airway
tree within the chest in certain subjects, could result in er-
roneous estimates of lung and airway volumes. For example,
lung hyperinflation with barrel chest, or localized areas of
tissue destruction, could introduce a systematic bias in the
calculations of PI2D or PI3D in patients with COPD. This
bias may, or may not, be larger than that caused by the error
induced by the heterogeneous distribution of ventilation and
lung parenchyma in that disease.

In this study, we implemented our method to retrospec-
tively analyze a set of existing deposition scintigraphy scans
and demonstrated that it could provide objective distribution
deposition parameters that were more reproducible than
those estimated by defining the lung shape with the manual
technique and using the standard rectangular shape for the
central ROI. However, in our study it was not possible to
carry out comparative analysis of the volumes and distri-
bution parameters obtained using 2D or 3D scans because
the institution where the scintigraphy data were collected,
as many laboratories around the world, lacks the 3D im-
aging capability. Thus, the method awaits further valida-
tion comparing its predictions against those using a second
Xe133, or 3D PET/CT scans.

Similarly, the method awaits validation using 3D ana-
tomical data from healthy volunteers and other populations,
since the anatomical and aerosol deposition data from this
study were from patients with asthma who could have had
specific characteristics.

It must also be pointed out that in the standard calculation
of PI2D using a second Xe133 scan, there is no need to correct
for attenuation of the radioactivity by the tissues, since both
the deposition and the lung volume scan are regionally af-

fected by attenuation in the same proportion. With our
method, since the subtended volumes were estimated from
the HRCT scan, and thus their values were not affected by
attenuation, to estimate the PI2D or PI3D, it was necessary to
account for the differences in attenuation between the two
ROIs in the deposition scans. Regional attenuation in this
article was estimated from a previous theoretical work(22)

that, using CT scans, assigned attenuation coefficient factors
of kc = 4.7 and kp = 3.0 for the central and peripheral ROIs.
Initially we assumed that the ratio of these factors was the
same for all subjects and independent of the geometrical
details of the ROIs.

Although the magnitude of the differences has not been
evaluated, it is expected that attenuation factors could be
different for different subjects, particularly if they are obese.
Nonetheless, the regional attenuation approximation could
be avoided if attenuation factors are estimated directly for
each subject from existing CT scans. In spite of this limi-
tation, our assumption gave reasonably robust values of
PI2D that were comparable to those reported in the literature,
and had acceptable intraoperator variability of the PI2D

among five samples, COV = 0.056 for the aROI, and 0.062
for the bROI.

However, for estimating values of PI3D, we noted that in
two subjects their intrasubject variability was substantially
elevated (COV *1.2 for bROI and *0.64 for aROI) com-
pared with that for the rest (COV *0.17 for bROI and
*0.16 for aROI). Further examination of the data revealed
that the average PI3D values for those subjects were three to
nine times greater than the average of the rest of the sub-
jects. We speculated that in those subjects using an average
value of the attenuation coefficients may have introduced
substantial errors. Thus, in each of those subjects we ad-
justed iteratively the attenuation coefficients until values of
PI3D were similar to those of the average subject. We found
that adjusting the attenuation coefficients of the central re-
gions by factors of 1.5 and 2 in these two subjects, the
corresponding intrasubject variability was substantially re-
duced to values equal to those of the rest.

Although not a proof, this finding suggests that in those
subjects the attenuation of central regions could have been
particularly elevated. Clearly, future work will require the
development of a method to estimate the attenuation coef-
ficients in a subject-specific manner from CT scans or from
transmission scans to evaluate the potential error generated
by this assumption.

Conclusion

In conclusion, our study demonstrates that P/C is influ-
enced by the shape of the 2D ROIs used overestimating
values, when the central region was defined as a rectangular
shape, bROI, compared with that using the aROI. Such
difference was eliminated when the P/C values were nor-
malized by the estimated regional volumes predicted by our
averaged anatomical data.

Values of PI derived from our analysis defined for the 2D
or 3D conditions, were of the same order of magnitude as
those described in the literature accounting for differences
in aerosol particle size, breathing pattern, and disease se-
verity. PI2D values were comparable to those obtained by
conventional methods estimating the regional lung from a
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second Xe133 scan, providing evidence for the validity
for our quantitative method. PI3D values were higher than
those reported for PET/CT in the literature, possibly because
of differences in methodology and degree of obstruction of
the subjects.

Thus, our results demonstrated the feasibility of using
population-averaged data from a previous CT study(17) to
generate realistic shapes of 2D ROIs and estimate the lung
and airway’s volume subtended by those ROIs. These
shapes and volumes further allowed the calculation of re-
alistic central-to-peripheral distribution parameters in 3D
from single 2D scintigraphy scans. We hope that this ap-
proach may be incorporated to the clinical practice and
allow more robust and representative estimates of aerosol
deposition distribution in a normal and diseased lung.
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