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health effects. However little is known about how these aerosols trigger the development of
pathophysiological mechanisms in the body or the fate of ultrafine particles in the lungs
after inhalation. The development of aerosols of different origin that can be labeled to a
large variety with radionuclides compatible with clinical gamma camera systems opens the
possibility of using lung scintigraphy imaging to study these causalities in detail. Lung scin-
tigraphy (planar or SPECT) allows regional mapping of the deposition of the aerosol in the
lungs and the dynamic assessment of particle clearance and translocation from the healthy
and affected human lungs. In this paper, we will review the unique features of lung scintigra-
phy applied to aerosol clearance studies in humans.
Semin Nucl Med 49:47-57 © 2018 Elsevier Inc. All rights reserved.
Introduction

The lungs sustain life by promoting gas exchange in blood
and acting as a barrier to foreign agents suspended in air

like dust, fibers, and bacteria. While the process of gas
exchange in the lungs is studied by school age children and
has been investigated with radioactive tracers for over
50 years,1 the protective function is still not well known by
the general public. The lungs are the only internal organ
directly exposed to external environment and air-suspended
particulate matter pollutants (PM), ranging from micrometer
(10¡6 m) to nanometer (10¡9 m) sizes. Exposure to PM has
become common with the advent of industrialization and
massive use of combustion engines, road transportation and
every day commercial products containing aerosols. Nano-
particles, also denoted ultra-fine particles (UFPs), of sizes
less than 0.1 microns, are the major constituent of man-
made PM pollutants. These UFPs can accumulate in the
most distal parts of the airways and alveoli from where they
can potentially translocate to the systemic circulation. Hence,
the health and environmental effects of these air-suspended
PM pollutants of different origins (like metals, polycyclic
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aromatic hydrocarbons, carbon and other motor combustion
related compounds as well as textile fibers, dust, and pollen)
is the subject of increasing international concern (World
Health Organization). Occupational exposure to PM in sus-
pension of different sizes may be relevant for specific profes-
sions and in residential areas close to heavy industries and
motorways. Elimination of these foreign agents occurs by
trapping and mucus transport in the ciliated cells of the epi-
thelium at the upper and lower airways in the lungs and by
cellular pinocytosis and macrophage phagocytosis within the
alveoli. However, how effective these processes are in relation
to the particle size distribution and physicochemical charac-
teristics in sick and healthy lungs is still not well understood.
Further, little is known about the fate of UFP in the alveoli.
It is plausible that UFP, due to the small size and large sur-
face area per unit mass (capable of carrying large amounts of
toxic materials or biological entities), can impair phagocyto-
sis, initiate the release of inflammatory mediators and directly
translocate into the systemic circulation via the alveolar-cap-
illary membrane, from where they can further accumulate in
the arteries or in secondary organs. These processes may con-
tribute to the development of pathophysiological mecha-
nisms in the body. International efforts are made to study in
vivo the health effects and pathophysiological mechanism of
exposure to UFP in the human body under controlled expo-
sure conditions. Previous epidemiological and human stud-
ies have shown a direct association between exposure to UFP
matter and atherosclerotic plaque expansion or rupture,2-4
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thrombus formation,5,6 the onset of oxidative stress and
inflammatory process7,8 and acute coronary events, espe-
cially among patients with underlying coronary artery dis-
ease.9 The development of aerosols of different origin that
can be label to a large variety of radionuclides, some of which
are routinely used at nuclear medicine clinics, opened the
possibility of using lung scintigraphy imaging to study in
detail these causalities. Lung scintigraphy allows not only for
in vivo mapping of the regional deposition of the aerosol in
the lungs but also for longitudinal assessment of the clear-
ance and translocation of aerosol particles from the healthy
and affected human lungs. In this paper, we will review the
unique features of lung scintigraphy applied to aerosol clear-
ance studies in humans. The major aspects that will be cov-
ered are lung scintigraphy sensitivity at low radioactivity
levels, measurements of radioactivity leaching from the aero-
sol particles (due to limited chemical stability of the bond),
image quantification and radiation protection.
Properties of the Aerosolized
Radionuclides for Lung
Clearance Studies
The average adult human airway system can be divided in10;

� the central or large airways; trachea, main bronchi,
lobar bronchi, segmental bronchi, and subsegmental
bronchi (mean diameter ranging from 1.8 to 0.186
cm)

� the peripheral or small airways; terminal bronchi and
bronchioles (mean diameter ranging from 0.154 to
0.066 cm)

� the more distal or acimus; terminal bronchioles, respi-
ratory bronchioles, and alveolar ducts alveolar sacs
(ranging in mean diameter from 0.060 to 0.042 cm).

The degree of aerosol particle penetration in the human
airway tree is therefore determined by the aerosol physical
characteristics; particle size and distribution, shape, charge,
density, and hygroscopicity.11-13 PM10 (particulate matter
with 10 micrometer diameters) or larger accumulates mainly
in the large airways by inertial impaction. Smaller particles of
the size of a few microns (like PM2.5, particulate matter with
2.5 micrometer diameters) may penetrate deeper in the lungs
and deposit in the distal airways walls by gravitational sedi-
mentation. Finally, UFP (the major constituent of PM) may
deposit and accumulate by Brownian diffusion in the most
distal air spaces of the bronchioles and alveolar sacs.14

Hence, the choice of aerosol generation method and material
will determine which of these anatomical locations within
the lungs can be reached and which elimination processes
can be studied. If the goal of the assay is to study alveolar
particle deposition and further translocation to secondary
organs, radiolabeled particles of about 100 nanometers or
smaller, should be used.15-17 A wide range of aerosolized
radionuclides have been used in human deposition and
clearance assays (Table 1). The following is a summary of the
most relevant.
Nebulized Radionuclides
A nebulizer can produce droplets from a solution of carrier
(usually water or saline) mixed with a radionuclide via the
Venturi effect. Particle size characteristics of the aerosol are
largely determined by the design of the nebulizer and the
driving gas flow employed. In routine clinical nuclear medi-
cine, a saline solution containing diethylene-triamine penta-
acetate labelled with 99mTc ([99mTc]DTPA) is routinely used
for assessing alveolar epithelial membrane permeability dam-
age.18-22 Nebulizers, capable of aerosol generation with a
median particle diameter as low as 2 mm were commercially
available at the very beginning of the use of lung scintigra-
phy. Hence one of the early applications of [99mTc]DTPA
was to measure lung penetration index and deposition.23
Technegas Aerosol Generator
Technegas aerosol is to date the most widely used ventilation
agent in clinical nuclear medicine24 and deserves special atten-
tion for longitudinal aerosol clearance studies. As a commer-
cial product (Cyclomedica Ltd, Australia), the technegas
generator produces an ultrafine suspension of carbon particles
labeled with technetium-99 m (99mTc). The aerosol generation
begins by evaporating to dry a solution of 99mTc-sodium per-
technetate ([99mTc]NaTcO4) in a graphite crucible. Thereafter,
in an argon atmosphere, an electric current is transmitted
through the crucible for 15 s. The pertechnetate ion is then
progressively reduced to metallic 99mTc as the temperature of
the graphite crucible rises from room temperature to about
1000°C. Thereafter, at a crucible temperature of about 2550°C,
the metallic 99mTc and the graphitic carbon are vaporized. The
aerosol is then formed by first cocondensation of 99mTc and car-
bon vapors followed by agglomeration of airborne nanoparticles
of 99mTc encapsulated in graphitic carbon.25 This standard
aerosol generation procedure results in UFP with a count
median diameter (CMD) between 100 and 200 nm or even
larger, due to high particle number concentration in the genera-
tor collection chamber and the rapid particle coagulation.26,27

Modifications of the commercial technegas generator have been
made to produce aerosols with smaller CMD by adding a
timer-relay to the circuitry of the generator and changing the
value of an internal potentiometer.28,29 This allows control of
the crucible evaporation time, which in turn modulates the
CMD of the aerosol. With these modifications an aerosol with
extremely small CMD of 35 nm, could be generated,30 which
remains the smallest CDM achieved with radiolabeled aerosols
in human studies. Further modifications of the standard techne-
gas generator operation are required to reduce the remaining
fraction of salt in the crucible (from the 99mTc generator normal
saline eluent) by an ion exchange column (Amberlite IR-120,
MERCK, Germany). If not removed, this fraction of soluble
saline may also evaporate and condense through the burning
step, producing highly hygroscopic particles loosely bound to
99mTc. This free 99mTc, which may account for up to 12% of



Table 1 Summary of the Major Characteristics and Findings from Representative Retention Studies in Humans Using Radiolabel Aerosol

Reference Volunteers Aerosol (CMD) Exposure
Detection Method
(Sampling Time)

Activity Leaching
Correction Main Results

Wiebert 200616 Healthy nonsmokers
(n = 9) + asthmatics
(n = 4)

99mTc-Technegas
(35 nm)

Orally, deep breath fol-
lowed by breath holding

GC (0-24 h)
Ge (leaching)

From in vitro aerosol +
whole blood and urine

100% lung retention. No
difference between
groups.

Wiebert 200630 Healthy nonsmokers
(n = 15)

99mTc-Technegas
(100 nm)

Orally, deep breath fol-
lowed by breath holding

GC (0-25 h)
NaI (25.5-70 h)
NaI (leaching)

From in vitro aerosol +
whole blood and urine

99% lung retention

Klepczy�nska-
Nystr€om 201217

Healthy nonsmokers
(n = 9)

111In-Technegas
(84 nm)

Orally, deep breath fol-
lowed by breath holding

GC (0-168 h)
NaI(leaching)

From in vitro aerosol +
whole blood and urine

4.3 % particle clearance
from lung but no translo-
cation to secondary
organs

Anderson 199537 Healthy nonsmokers
(n = 6)

111In-Teflon (6 mm) Orally, extremely slow
inhalation rate 0.04 L/s

NaI (0-96 h) — 50% aerosol deposition.
35.4% aerosol retention
in airways

Camner 199741 Healthy nonsmokers
(n = 6 £ 3 groups)

111In-Teflon (6 mm,
8 mm and 10 mm)

Orally, extremely slow
inhalation rate 0.05 L/s

NaI(0-72 h) — 37.4%, 25% and 22%
retention for the 6 mm, 8
mm and 10 mm,
respectively

Ericsson 199540 Smokers with chronic
bronchitis (n = 14)

111In-Teflon (3.6
mm)

Orally, deep inhalations
at a rate 0.5 L/s

NaI(0-72 h) — 48% lung retention

Falk 199742 Healthy nonsmokers
(n = 8)

111In-Teflon (6.2
mm)

Orally, deep inh. (0.45 a
0.045 L/s

NaI(0-648 h) In vitro leaching from par-
ticles in water

65% and 72% cleared from
lungs for at 0.45 L/s and
0.045 L/s, respectively

Philipson 200013 Healthy nonsmokers
(n = 9)

111In-Polystirene
(6.05 mm)
111In-Teflon
(4.47 mm)

Orally, deep inhalations
at 0.045 L/s.

NaI(0-24 h) In vitro leaching from par-
ticles in water

51% and 47% lung reten-
tion for the polystyrene
and Teflon aerosols,
respectively

Philipson 198545 Healthy nonsmokers
(n = 6)

51Cr-Teflon (4 mm) Orally, deep inhalations
at 0.5 L/s

NaI(0-300d) In vitro leaching from par-
ticles in water

49% lung retention

Philipson 199647 Healthy smokers and
nonsmokers (n = 10)

195Au-Teflon
(3.6 mm)

Orally, deep inhalations
at 0.5 L/s

NaI (0-900d)
Ge (0-900d)

In vitro leaching from par-
ticles in water

Slow clearance (approx.
700 d biological half-
times), with particle
translocation to lymph
nodes

Bennett 199848 Healthy subjects
(n = 11)

99mTc-iron oxide
(3.5 mm)

Mouth shallow bolus inha-
lation at 50, 70 and 85%
of TLC

GC (0-24 h) — DF ratio Left/Right 1.23,
1.6, and 1.96 for 50, 70,
and 85% TLC
About 30% retention for
all boluses

Bennett 199949 Healthy subjects
(n = 16)

99mTc-iron oxide
(6 mm)

Mouth shallow bolus inha-
lation at 70% of TLC

GC (0-24 h) — Variable intrathoracic air-
ways DF among patients
27% retention
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Table 1 (Continued )

Reference Volunteers Aerosol (CMD) Exposure
Detection Method
(Sampling Time)

Activity Leaching
Correction Main Results

Lindstr€om 200539 Cystic fibrosis patients
(n = 11)

111In-Teflon (6 mm) Orally, deep inhalations
at 0.05 L/s.

NaI (0-21d) — Small airways deposition
by sedimentation.
Two phase clearance
form lungs with larger
retention in patients than
in healthy subjects.

Lindstr€om 200638 Patients with primary
ciliary dyskinesia
(n = 6)

111In-Teflon
(4.2 mm)

Orally, deep inhalations
at 0.05 L/s.

NaI (0-21d) — Particle clearance contin-
ues in the small airways
beyond 24 h. There are
apparently additional
clearance mechanisms
present in the small
airways

Lourenco 197152 Healthy smokers (n = 9)
and nonsmokers
(n = 10)

198Au-iron oxide
(2 mm)

Mouth, tidal volumes GC(0-24 h) — Equal Tracheobronchial
and alveolar deposition.
48% retention in non-
smokers
47% retention in smokers

Meyer 200351 Exsmokers with COPD
(n = 10)

99mTc-iron oxide
(3 mm)

Mouth, tidal volumes NaI (0-24 h)
GC (15 min)

— Mean DF, 62% Peripheral
and 16% bronchial

M€oller 200829 Healthy nonsmokers
(n = 9), asymptomatic
smokers (n = 10) and
patients with COPD
(n = 7)

99mTc-Technegas
(100 nm)

Mouth, shallow boluses
targeting conducting air-
ways + deep boluses tar-
geting alveoli

NaI (0-48 h)
GC(45 min and 5 h)

From in-vitro aerosol +
whole blood and urine

0.25% of inhaled aerosol
deposited in the airways
eliminated by mucociliary
clearance. No clearance
from periphery.
No significant systemic
particle translocation or
accumulation of particles
in the liver.

Phipps 198923 Healthy volunteers
(n = 7)

99mTc-DTPA (2.6-
5.5 mm)

Mouth, tidal breathing GC, SPECT and plannar
imaging (after
inhalation)

—- SPECT derived PI is more
relyable and accounts for
more than 50% of inhaled
aerosol.

Stahlhofen 198148 Healthy nonsmokers
(n = 5)

198Au-Teflon (4.7
mm) and 111In-Tef-
lon (4.7 mm)

Mouth breathing tidal
volume

NaI (0-160 h) — The long-term clearance
rate following the short-
term elimination of par-
ticles from ciliated air-
ways was slower for
Teflon particles (mean
half-time 105 days for
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the total generated gas,29 rapidly clears from the lungs, which
may jeopardize lung retention studies. Additionally, the pres-
ence of small amounts of oxygen during the burning step leads
to the generation of so-called “pertechnegas”,31 which is rapidly
cleared from the lungs. Figure 1, row-A and Figure 2 show
the rapid pertechnegas clearance during the first hour post
inhalation and the subsequent aerosol translocation to thyroid
gland, stomach and intestines. For comparison Figure 1, row-
B and Figure 2 show the corresponding deposition and slow
clearance of low leaching 99mTc-Technegas UFP in a healthy
individual at different time points.

Technetium-99m has a short physical half-life of 6 h, which
in combination with the restricted amount of radioactivity
that can be administered to humans in research studies and
the limited sensitivity of gamma camera systems (due to the
use of collimators), only permits short-term clearance studies.
Another surrogate marker to label UF graphite particles in a
technegas generator, more suitable for long-term clearance
studies, is Indium-111.29,32 Indium-111 (111In) solution
(2.8 days physical half-life) is obtained by evaporating to dry-
ness a commercial indium chloride solution ([111In]InCl3,
Amersham Braunschweig, Germany). This procedure is
repeated by adding purified water until normal pH. Thereafter
the remaining 111In is dissolved in 99% ethanol as liquid car-
rier and inserted in the crucible of the technegas generator,
running in pressurized air instead of argon to cause indium
oxidation during the burning process ([111In]In2O3). Indium
oxide is insoluble in water and strongly bonds to graphite par-
ticles with a high chemical stability (low leaching). A study
has shown that 7 days after generation, the cumulative radio-
activity leaching reached about 5% of the initial radioactivity,
for 50 nm CMD particles and merely 2% for 100 nm CMD
particles.32 This chemical stability allows for long-term follow-
up of the deposition and retention of UFP aerosol. One recent
study showed that the fate of inhaled 111In-labeled graphite
UFP in humans can be accurately monitored during 1 month
postinhaltation by combining the use of gamma camera planar
imaging and high sensitive sodium iodine (NaI) scintillation
detectors in a heavily shielded low background room17. Figure
1 row-C and Figure 2 illustrate the retention of 111In-Techne-
gas during the first week post inhalation in a healthy individual.

Other interesting surrogate markers for technegas aerosol are
isotopes of Gallium. Technegas labelled Gallium 68, also known
as Galligas, has been reported in PET/CT ventilation studies.33

The major advantage of Galligas is the possibility to exploit the
fully tomographic and quantitative properties of PET/CT imag-
ing. However the short physical half-life of Gallium 68 (68
minutes) precludes its use in long-term longitudinal clearance
studies. For this purpose, technegas labelled Gallium 67 (3.3
days physical half-life), is more appropriate. Gallium 67 has
gamma emission at 93, 184 and 300 keV, hence aerosol imaging
sensitivity could be enhanced (even at low radioactive levels) by
simultaneous imaging of these photon emission energies.
Teflon, Polystyrene and Iron Oxide Aerosols
A spinning disk machine atomizer34 has been used in reten-
tion studies to generate monodispersed aerosols of different



Figure 1 Gamma camera images after administration of an ultrafine particle aerosol labeled with 99mTc (rows A and B)
and 111-In (row C). The images correspond to the geometric mean of the anterior and posterior lung scintigraphy at
indicated time points (hours) postaerosol inhalation. Raw A, deposition of inhaled 99mTc-Technegas UFP aerosol
mixed with large quantities of pertechnegas in a healthy subject. Raw B, the deposition of pure (no leaching) 99mTc-
techneas UFP aerosol in a healthy volunteer with negligible clearance. Row C deposition and retention of 111In labeled
technegas UFP aerosol in a healthy individual.
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origin like Teflon, polystyrene materials and ferromagnetic
iron oxide. These aerosols have been labeled with a number
of different surrogate markers like technetium-99 m,
indium-111, chromium-51, gold-195, and gold-198.13,35-52
Figure 2 Time activity curves (TAC) for the patients displayed in
Figure 1 and obtained from a region of interest around the lungs.
Values are percentage of the initial inhaled activity.
Estimates of Radioactivity Leaching
In vivo measurements of the radiolabel-aerosol retention in
the lungs with gamma camera imaging may be biased by the
presence of free radioactivity leaching from aerosol particles.
Correction for radioactivity leaching may be based on com-
parison with theoretical models of the aerosol deposition
and clearance53 or by in vitro longitudinal measurements of
free radioactivity in samples of the inhaled aerosol and in
samples of whole blood and urine, using the dialysis tube
technique (Spectra/Pore, Spectrum Laboratories, Inc., Ran-
cho Dominguez, CA) and a well-type NaI chamber. How-
ever, a drawback of this technique is the inability to
discriminate leached radioactivity from the aerosol that is
bond to blood proteins or other cells.
Biokinetic Monitoring of
Radiolabeled Aerosols
As Table 1 reveals the combined use of lung scintigraphy and
high sensitive gamma-counters, like sodium-iodine well-type
chambers (NaI) or high purity Germanium detectors
(HPGe), have been extensively used to map the regional dis-
tribution and biokinetic behavior of the radiolabeled aerosol
in the body. In the previous section, we have briefly
described radiolabeled aerosols of different origins. In this
section, we will discuss how these radiolabeled aerosols are
imaged using lung scintigraphy.
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Initial Radioactivity and Radiation Doses
The accuracy in monitoring gamma emitters relies on good
counting statistics. In gamma camera imaging, it is generally
more reliable to measure large radioactivity quantities than a
few Becquerel. However, exposure to ionizing radiation even
at low doses heavily restricts the use of radioactivity in
humans, since it carries a theoretical health risk. This risk is
generally weighed against the benefits gathered from the
study. The central assumption of a linear dose-response rela-
tionship for the induction of cancer, even at low doses, pro-
vides the basis for the calculation of maximum recommended
radionuclide radioactivity for the assay.54 This is a critical
point requiring detailed consideration, since it determines
which lung scintigraphy technique is suitable for imaging �
planar or SPECT. Following, it is a practical example of the
determination of the maximum administered radioactivity in
terms of absorbed dose for 111In-technegas aerosol (indigas)
clearance studies. The absorbed radiation dose in the lungs
per unit cumulated 111In radioactivity in the lungs is 55;

SLung Lung ¼ 3:78 ¢ 10�5 Gy

MBq ¢ h
� �

ð1Þ

Eq. (1) assumes homogeneously distributed source in the
lungs. Assuming neither aerosol clearance from the lungs
nor radioactivity leaching from the aerosol, the cumulative
radioactivity in lungs is simply;

ALung ¼
Z 1

0
A tð Þdt ¼ A0

Z 1

0
e�tdt ¼ A0

λ
ð2Þ

where A0 is the initial inhaled radioactivity and λ = loge(2)/68 h.
Finally, the absorbed dose to the lungs per unit administered
radioactivity (MBq) is;

DLung Gyð Þ ¼ ALung ¢ SLung Lung ¼ 98:1 h�1A0 MBqð Þ
3:78 ¢ 10�5 Gy

MBq ¢ h
� �

¼ 0:0037
Gy

MBq

� �
¢A0 MBqð Þ ð3Þ

For simplification, if the absorbed dose to the rest of the
organs in the body is considered negligible, the associated
effective dose is;

D Svð Þ ¼ 0:0037
Gy

MBq

� �
¢A0 MBqð Þ ¢H ¢WLung

¼ 0:0037 ¢A0 ¢ 1 ¢ 0:12 ¼ 0:0004 ¢A0 ð4Þ

where H and WLung are the radiation and tissue specific
weighting factors. Hence, a 5 MBq indigas inhalation corre-
sponds to an absorbed dose to the lungs of about 2 mSv. In
terms of potential harm, this absorbed radiation dose is cou-
pled to a lifetime risk to develop a fatal cancer of approxi-
mately 1 in ten thousand.54 This risk is justifiable in basic
science research with healthy individuals by setting an age
threshold to the inclusion criteria.
At this level of initial inhaled radioactivity, 2-dimensional

dynamic lung scintigraphy could be used to assess the kinetics
of aerosol in the body for at least 2-3 physical half-lives of the
radionuclide (in this case approximately 7 days postinhalation),
thereafter aerosol monitoring can be continued for at least one
more month with high sensitive gamma-counters (like NaI or
HPGe detectors) in a room properly shielded from background
radiation.
Lung Scintigraphy Imaging in Radiolabeled-
Aerosol Assays
Dynamic 2-dimensional “planar” gamma-camera imaging
(acquired in list-mode or sequentially with a given acquisition
time interval), as well as three-dimensional single photon emis-
sion computed tomography (SPECT) can be used to map the
regional distribution and the kinetics of the aerosol in the human
lungs and in other anatomical localizations of the body.56-59 Pla-
nar imaging is a well-established imaging technique for this appli-
cation at low radioactivity levels. SPECT scanning, on the other
hand, requires much higher radioactivity and longer scanning
times, typically 15-20 minutes, (depending on the number of
detector heads and the angular sampling) to achieve a good con-
trast to noise ratio (CNR);

CNR ¼ CO�CB

sB
ð5Þ

where CO and CB are the average count rate in a region of interest
of the object and the background, respectively and sB the stan-
dard deviation in the background. The CNR in gamma camera
imaging is coupled with the limited system sensitivity of the
gamma camera (which basically depends on the collimator char-
acteristics and the photon emission energy), the amount of radio-
activity and the level of background radiation. The CNR may
therefore substantially decrease, due to radioactive decay, aerosol
clearance, and radioactivity leaching throughout the aerosol fol-
lowing up sequence. When the CNR of the object in gamma-
camera image is below three, image quantification is very inaccu-
rate60,61 and hence the follow-up process should switch to more
sensitive radiation detector devices. The variation of CNR for the
intended image acquisition protocol and radionuclide radioactiv-
ity should be characterized with a phantom study prior the
beginning of the human assay. A known radioactivity (corre-
sponding to the intended administered radioactivity in the
human study) is homogeneously distributed in the lungs cavities
of a chest phantom or a cylindrical phantom and imaged through
several physical half-lives. The CNR is then calculated according
to Eq. (5) as a function of decay time. As an example, Figure 3
shows the variation in CNR for a thoracic phantom (Data Spec-
trum Inc., Chapel Hill, NC) uniformly filled with 111In, to a con-
centration of 500 Bq/ml. The phantom was then placed in a two-
headed gamma camera system (Trionix Research Laboratories,
Twinsburg, OH) equipped with medium energy parallel-hole
collimators. The image acquisition protocol was performed as
previously described.32 As Figure 3 reveals, 7 days after the
beginning of the assay, the CNR dropped below the Rose61 crite-
rion for the specific settings of the measurement.
Lung Scintigraphy Analysis
Figure 4 shows the major differences in image acquisition and
quantification between planar imaging and SPECT. Regional



Figure 3 Relation between activity and contrast to noise ratio (CNR)
obtained from a phantom study with initially 1 MBq 111-In activity
diluted in the lungs cavities of a thorax phantom.
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aerosol quantification in planar imaging is approximative
because of the superposition of radioactivity in the direction of
the projection. However, the total lung aerosol radioactivity and
the corresponding relative rate of change after aerosol
Figure 4 Overview of the lung scintigraphyc image acquisition
clearance studies in 2D (planar) and 3D (SPECT). A, activityl;
image; C, central lung region; GM, pixel wise geometric mean
tion reconstruction algorithm; P, peripheral lung region; P(u):
curve; t, time; T, transmission image. Lung region 1.
administration can be accurately determined using planar scin-
tigraphy. The later can be obtained from time series of geometric
mean attenuation corrected images (GM) of the anterior (A) and
posterior (P) views of the lungs (background and decay cor-
rected). For a point source located at a certain depth, assuming
uniform attenuation, the GM will then be equal to;

GM ¼
ffiffiffiffiffiffiffiffiffi
A ¢ Pp

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Aaire�md ¢Aaire�m T�dð Þ

p
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A2
air ¢ e�mT

q
¼ Aair ¢ e�mT

2 ð6Þ
where Aair is the true radioactivity in the point without attenua-
tion, d is the distance from the point source to the surface along
the projection line toward one detector, T is the total patient
thickness and m is the linear attenuation coefficient. T and m

can be measured experimentally using a 57-Cobalt flood source:

Cp ¼ Cair ¢ exp�mTð Þ ð7Þ
where Cp and Cair are the count rate obtained with and without
the patient between the cobalt source and the detector, respec-
tively.62 Finally Aair can be obtained combining Eqs. (6) and (7);

GM ¼ Aair ¢ exp �mT

2

� �

¼ Aair ¢
ffiffiffiffiffiffiffiffiffiffiffiffiffi
Cp=Cair

q
¢ Fromwhere Aair

¼ GM ¢
ffiffiffiffiffiffiffiffiffiffiffiffiffi
Cair

Cp

� �fs
ð9Þ

Where a correction factor “f” has been added to Eq. (9) to
account for the differences in water between the mass
and processing techniques for aerosol deposition and
A-P, anterior-posterior images; B, radiation background
operation; OSEM: ordered subset expectation maximiza-
Gamma camera projection at angle u; TAC, time activity
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attenuation coefficients for cobalt-57 (Eg = 122 keV, t1/2 = 272
days) and the radionuclide used to label the aerosol, f = m/mCo.

Regional quantification of the GM image as described in
Figure 4 is carried out by defining the central (C) and
peripheral (P) lung regions, corresponding to the large air-
ways and the middle-distal airways. The lungs are divided in
three equal regions of interest from where “central” is defined
as half of the middle region closest to the hilum and “periph-
eral” the rest of the lung.17,32 Other authors divide the GM
image in three concentric onion-like layers, corresponding to
the large, medium and small airways.63 Time-activity curves
(TACs), obtained by radioactivity quantification of the GM
time series using the same regions of interest definition
across time points represent the regional aerosol retention,
from where the biological half-life can be calculated by least
square fitting to an exponential equation (with one or several
clearance phases). Radioactivity leaching correction at every
point of the TAC may be applied from in vitro measurements
of free radioactivity leaching from a sample of the inhaled
aerosol in water. The same methodology can be applied to
other anatomical localizations, like the liver, for visual and
quantitative evidence of translocated aerosol. Figure 4 also
shows the analysis and quantification of SPECT images. The
major difference is the three-dimensional nature of the recon-
structed images, allowing for a regional or pixel wise calcula-
tion of TACs.23,58,64
Figure 5 The characteristics response of a commonly use well-t
Gamma-Counters in Radiolabeled-Aerosol
Assays

As previously described, the limited sensitivity in gamma-
camera imaging, restricts their use only above a certain
radioactivity level. Hence in long-term studies of the clear-
ance of inhaled aerosols, gamma-camera imaging is com-
bined with high sensitive gamma-counters, like large area
sodium-iodine (NaI) and high-purity germanium (HPGe)
detectors, placed in a low background level room and
shielded well-chamber type NaI detectors. The detection
efficiency of these gamma-counters is, for the photon
energy range used in nuclear medicine, very high. Thus, the
detector signal is susceptible to fluctuations even at small
geometrical variations of the same sample. Hence, assays
with these detectors require very good geometrical repro-
ducibility. Additionally, for gamma-counters with more
than one detector (like well-type chambers), a normaliza-
tion of the different detectors counting efficiency (for the
radionuclide of choice) is required. Finally, the detector set-
tings, in terms of the size and position of the detection
energy window, the type of background and decay correc-
tion, should be carefully set prior the start of the assay and
kept unchanged though out the study. This setup deter-
mines the minimum detectable radioactivity of the assay
and the maximum radioactivity levels of the sample above
ype NaI chamber as a function of activity concentration.



56 A. Sanchez-Crespo
which counting losses, due to detector dead time, are signif-
icant. Figure 5 shows the response of a well-type NaI cham-
ber to different radioactivity levels in a 1 ml sample
containing 111In. In this particular example, above
300 kBq/ml the radioactivity measurements are heavily
hampered by count losses due to detector dead time. On
the other hand, detector response is fairly linear down to 15
Bq/ml. Such low detection limits allow monitoring small
amounts of radiolabeled aerosols in the order of picograms.
Conclusions
Lung scintigraphy is a well-established in vivo, noninvasive
technique to investigate the fate of inhaled aerosols of differ-
ent origin. This technique has revealed evidence of pro-
longed airway retention of nano and micro sized aerosol
particles of different origin with very limited translocation
towards the systemic circulation and secondary organs in
healthy-nonsmokers (Table 1). We may speculate that this
enhanced lung particle retention is caused by the ability of
the extremely small particles to cross the mucous barrier and
deposit directly on the inner surface of the small airways,
impairing mucociliary transport. Further, particle elimina-
tion by interaction with macrophages in the most distal air-
ways and alveolar sacs may also be inhibited or it may be too
inefficient to be able to be monitored with the current
nuclear medicine techniques.
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