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The heterogeneity of ""^To-labeled microspheres distribution within

rat lung was visualized and quantified using a microautoradiographic
"track" method (MAR). Methods: MAR was used to study the

uptake of radioactivity by individual microspheres, thereby enabling
calculation of the range of particle activity. MAR was also used to
visualize in rat lung sections the intrapulmonary distribution of the
microspheres within the lungs after intravenous administration. The
mean doses delivered to the cells in close contact with the labeled
microspheres were calculated taking only the ""Tc electron emis

sions into account. Results: All the microspheres were labeled.
Nevertheless, the spectrum of visible tracks varied by a factor of 10,
inducing a variable activity per microsphere from <36 Bq to 325 Bq
(mean activity = 94 Bq/microsphere). No correlation existed be
tween the radioactivity uptake and the size of microspheres. A very
heterogeneous tridimensional distribution of the microspheres
within the lungs were demonstrated with interparticle distances
ranging from 57-4400 jam. On the other hand, only 1 of 2000 rat lung
capillaries was obstructed. Using the mean activity, calculated
delivered doses were found to reach approximatly 6 Gy for the
closest endothelial cells and 2 Gy for epithelial cells. However, such
high doses were delivered to only a few cells. Conclusion: The
number of obstructed capillaries in human lungs is lower than in rat
lungs; the distances between microspheres should be larger. Nev
ertheless, the individual doses absorbed by the pulmonary cells
closest to the microspheres should be very important.
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In nuclear medicine, most dosimetrie evaluations assume that
the distribution of the radiopharmaceutical within the organ of
interest is uniform. Conventional methods for calculating the
radiation dose delivered to an organ implicitly postulate that the
dose to all cells of a given organ is the same as the integral dose.
Numerous studies established that there are both heterogeneity
of localization and heterogeneity of radiation emissions (1-4).
Absorbed dose heterogeneity may be more disparate when the
radioactivity is electively concentrated in particular types of
cells, and the range of the electron is small. Lung imaging using
intravenous injection of radiolabeled albumin particles has been
available since 1968 (5) and has been considered to be reason
ably safe (6). In a previous study (7), we showed that the dose
absorbed by radiolabeled Kupffer cells after 99mTc-sulfur

colloid injection was approximately 15,000 times the mean
electron dose to the same cells as estimated using the conven
tional MIRD Schema (8). Earlier, Makrigiorgos et al. (9) used
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a computer program based on a theoretical model that ac
counted for the nonuniform distribution of 99mTc-labeled mi

crospheres and macroaggregates to calculate the doses deliv
ered to lung cells by 99mTc electrons and photons. The dose to

8% of the cell population was very high (3-7500 times the
MIRD estimate). The authors concluded that a more rigorous
microdosimetric evaluation would require experimental infor
mation regarding the spectrum of sizes of microspheres, the
radioactivity taken up individually by these microspheres and
once injected, their spatial distribution throughout the lungs.

For this purpose, in this study, we applied an appropriate
experimental technique, the MAR "track" method adapted to

the detection of high-energy internal conversion electrons of
99mTc(10). This method is able to detect the whole path of these

electrons through the overlaying emulsion. Using a thicker
emulsion layer and 24 hr exposure (93% of disintegrations), a
gold latensification enhanced the visualization of "tracks"

(defined as at least five consecutive silver grains) (//). MAR
has been successfully applied to 99mTc-labeled leukocytes and
to the uptake of 99mTc colloids by the Kupffer cells in tissue

sections (10,12). The aim of the study was first to visualize and
quantify the uptake of radioactivity by individual particles, and
second, to image their spatial distribution within the rat lungs.
A simple model is proposed to calculate the corresponding
radiation doses delivered to the pulmonary cells in contact with
the microspheres.

MATERIALS AND METHODS

In Vitro Studies
The 99mTc-labeled microspheres (Sferotec-S, Sorin, Italy) were

prepared according to the manufacturer's instructions. Sterile

sodium pertechnetate (5 ml), with an activity of 0.6 GBq (16 mCi),
was introduced into the vial containing the microspheres (about
4.106/vial). The radiochemical purity was verified after labeling.

The labeling efficiency was about 96% 5 min after the addition of
pertechnetate (99mTcO^~) and remained unchanged for 72 hr.

The size distribution of the microspheres after reconstitution
with 0.9% NaCl or 99mTcO^ was assessed. The wet microspheres

were deposited under a Malassez cell. Their numbers and individ
ual diameters were determined under an optical microscope using
a micrometrie scale.

The MAR track technique was performed as described previ
ously (10,12). Briefly, a nuclear emulsion (K5 Ilford) was poured
onto gelatin-coated slides to obtain a coating 25 /Â¿mthick. After 24
hr of exposure, a gold latensification is necessary to transform the
sublatent into a latent image. Then, the preparation is developed
and fixed. MAR was first used immediately after labeling micro-
spheres to evaluate the percentage of labeled microspheres. How
ever, the amount of radioactivity at this time was far too high to see
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FIGURE 1. Results of MAR performed immediately after microsphere label
ing. Differences in individual microsphere radioactivity uptake and size can
be seen: microspheres of the same diameter generate different numbers of
tracks (magnification x100) (->).

individual tracks generated by labeled microsphere. Consequently,
to avoid overexposure, radioactivity was allowed to decay for 92
hr, at which time slides were coated with the emulsion. After MAR,
the number of visible tracks emanating from each microsphere was
counted by two observers under an optical microscope. They
measured the diameters of the labeled particles and counted the
total number of microspheres per slide.

A visualization yield (Y) was calculated to quantify the radio
activity taken up by the microsphere. Briefly, from these counts, a
mean number of tracks (n)/microsphere was determined which

% of microspheres
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23456789

Number of tracks per microsphere

FIGURE 2. Tracks distributionon labeled microspheres. (A) MAR after 92 hr
of decay. A microsphere presents five tracks (-Â»)(magnification x400). (B)

Histogram showing the distribution of number of tracks/microsphere after 92
hr of decay.

FIGURE 3. Pulmonary distribution of "Tc-labeled microspheres. (A) La

beled particles are easily visualized as black spots (magnification 30x). (B)The
distribution is very heterogeneous at the tissular level (magnification 100x).

corresponded to a given number of high energy electrons. Each
track represented the path of one electron, and 11% of the
disintegrations resulted in high energy internal conversion elec
trons (>100 keV). On the other hand, the radioactivity deposited
on each slide, determined by gamma counting, allowed the theo
retical mean number of emitted tracks/microsphere (t) to be
calculated as A.r/N, where A is the total number of atoms
disintegrated during the exposition time (24 hr) on a slide, r is the
percentage of high energy electrons emitted/disintegration, and N
is the number of particles on the autoradiographed slide. Thus, the
visualization yield: Y(%) = n/7.100.

Animal Studies
These studies were performed in 32 male Wistar rats weighing

320 Â±60 g that were randomly separated into three groups.
A group of 24 animals was injected intravenously with 2.105

9gmTc-labeled microspheres corresponding to an activity of 10

MBq. Three animals were then killed by exsanguination eight
different times from 0.25-72 hr after injection. The intact lungs of
each animal were removed and their radioactivity content counted.
The pulmonary biological half-life of the labeled particles was
determined as was their effective half-life.

Another group of five animals was injected with 2.105 ""re

labeled particles, corresponding to an activity of 30.5 MBq, and
exsanguinated 15 min after injection. The deflated lungs were
removed and immediately frozen in liquid nitrogen, and 12
/^.m-thick serial lung sections were cut on a cryostat. MAR was
applied to study the pulmonary microdistribution of the 99nTc-
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FIGURE 4. Three microspheres trapped in the same capillary (magnifica
tion 400x).

labeled microspheres. A 25 /Mmthick nuclear emulsion was poured
onto the lung slices and on control blank slides free of radioactivity
to evaluate the nonspecific background level. The distances be
tween labeled microspheres in sections of deflated lungs were
measured at high magnification because the nuclear emulsion
cannot be used with "frozen specimen-embedding resin" OCT. The

length and width of deflated lung sections were also measured.
The lungs of three other control animals were excised intact and

were slowly inflated by pouring a mixture of OCT: phosphate
buffer into the trachea (13). These "inflated" lungs were sectioned,

and their lengths and widths were measured. The deflation coeffi
cient (the ratio between deflated and inflated lung areas) was then
established and used to correct the distances measured between
particles.

Dosimetrie Evaluation
From the histolÃ³gica!studies (14), a schematic anatomical model

was established to estimate the doses delivered to the cells in
closest contact with the microsphere, i.e., endothelial and type II
(PII) epithelial cells. In this study, we considered only electron
emissions. The mathematical model applied has previously been
described and validated (/5). Briefly, to calculate the electron
ranges and the energy delivered along their path, analytical
functions proposed by Prestwich et al. (16) and Prestwich et al.
(17) were used to fit the data published by Berger (18). The
dosimetrie modelization is based on three assumptions: (a) the
distribution of radioactivity on the microsphere surface is uniform;
(b) only the cells closest to the microsphere are considered and; (c)
the mean dose is delivered to the center of the cell considered to be
the cell nucleus.

Disunce tnxn the microsphere surface

FIGURE 5. Dosimetrie studies. (A) A simplified anatomical drawing of an
obstructed capillary. The distances between the endothelial and epithelial
cells nucleus and the microsphere surface were, respectively, 4.3 and 10.3
/xm. (B) Variation of the mean dose delivered as a function of distance from
the microsphere surface.

RESULTS

Labeling and Quality Controls
The diameters of the wet particles (n = 280) in suspension

ranged from 5-32.5 /xm (m Â±s.d.: 16 Â±5 /xm). No difference

in the diameters of unlabeled and labeled microspheres was
noted.

On MAR performed immediately after labeling, 100% of the
microspheres were labeled (Fig. 1). On these slides, differences
in individual radioactivity uptake were observed, with some
particles being blacker than others, but this heterogeneity could
not be quantified.

After 92 hr of decay time, the number of tracks surrounding
individual microspheres could be counted and their distribution
assessed (Fig. 2): 87% of the examined microspheres (n =
1830, five experiments) presented 1-9 tracks, and the remaining
13% had none. No correlation was found between the micro-
sphere diameter and the number of tracks (Student's t-test).

A mean of 2.6 tracks/microsphere was observed. The inter-
observer variation was less than 1%. The visualization yield
was Y = 33% Â±3% (m Â±s.d. for five experiments). From this

visualization yield and under our experimental conditions, the
mean initial activity of 99mTc was 94 Bq/microsphere. Assum

ing that a linear relationship exists between the number of
tracks and the number of 99mTc atoms taken up by a particular

microsphere, the activity per particle ranged from <36 (36
Bq = one track) to 325 Bq (nine tracks).

Animal Studies
Kinetic Studies. Five minutes after injection, more than 90%

of the 99mTc-labeled microspheres were trapped in the lungs.

The biological half-life of the labeled particles was 16 hr in rat
lungs and was similar to that in mice (19). Therefore, the
effective half-life of 99nTc-labeled particles in the lungs was 4.4

hr.
Pulmonary Distribution. Labeled microspheres appeared as

black spots and easily identified on MAR preparations at both
low and high magnification (Fig. 3). The distribution of labeled
particles seems to be uniform at the macroscopic pulmonary
level (Fig. 3A). In contrast, at the tissular microscopic level, the
distribution was very heterogeneous (Fig. 3B). The deflation
coefficient was to 1.43. The distances between labeled micro-
spheres in the lungs corrected with the deflation coefficient
varied considerably, ranging from 57-4400 /j,m. Since the total
number of capillaries has been estimated to be 47.106/cm3 (20),

one capillary of 2000 was obstructed. Although 90% of micro-
spheres on the examined slices were trapped individually within
a given capillary, in some cases, several microspheres were
found together within the same capillary (Fig. 4). The back
ground level, observed on control slides corresponding to
isolated grains, was very low.

Dosimetrie Evaluation
The schematic anatomical model devised to determine the

doses and the curve plotting the radiation dose delivered by
99mTc electrons as a function of the distance from the micro-

sphere surface are shown in Figure 5. When calculated using the
mean microsphere diameter (16 jum) the delivered doses ranged
from 0.8-7 Gy (using the mean activity = 2 Gy) for the PII
epithelial cell nuclei and from 2-21 Gy (using the mean
activity = 6 Gy) for the endothelial cell nuclei.

DISCUSSION
One aim of this study was to determine the consequences of

the heterogeneous distribution of 99mTc-labeled microspheres in
lungs, using the "track" MAR technique, an experimental tool,
very well adapted to the detection of 99mTc (10-12).
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MAR performed on suspensions of radiolabeled microspheres is
extremely easy to read. The labeled particles were clearly seen as
black spots, even at low magnification. Although 100% of the
microspheres were labeled in the immediate MAR, the micro-
spheres did not appear to be uniformly labeled. However, the
heterogeneity of this labeling could not be quantified on immediate
preparations because the signal emitted was too strong. Each
particle had not adsorbed the same amount of radioactivity since
the number of tracks varied from 0-9. Indeed x2 analysis con
firmed that this heterogeneity did not conform to Poisson's law of

distribution and was therefore related to the labeling rather than to
the detection procedure. The mean number of tracks/microsphere
was 2.6. The visualization yield (33% Â±3%) calculated for these
experiments was high and reproducible. Indeed, it was much
higher than for MAR on labeled cells (5%) or tissue sections (1%)
(27). This difference could be explained by the transparency of the
spherical particles that made visible tracks easier to count under the
light microscope. This quantification was accurate, as demon
strated by the high counting reproducibility (coefficient of varia
tion â€”10%) and the rather low heterogeneity of activities among
microspheres (by a factor ^10), which was far less than that
observed for labeled cells (factor of at least 1000). Using the
calculated visualization yield and the number of tracks/micro-
sphere, the range of radioactivity/microsphere could be quanti-
tated.

On pulmonary sections at a macroscopic level, labeled
particles were easily visualized as little black spots and seemed
uniformly distributed. No difference in distribution was ob
served as a function of the site within the lung (upper or lower
lobe) and also corresponds to the homogeneous appearance of
normal human lung scans (79). At the microscopic level, the
heterogeneous distribution of labeled particles was confirmed
as described previously (9). The technique also enables this
distribution to be visualized and distances between two micro-
spheres to be measured. Interparticle distances varied widely,
from 57-4400 ju,m. Therefore, the distances do not take into

account the real tridimentional distribution. Furthermore, we
showed that sometimes (10%) more than one microsphere
obstructed a capillary, i.e., a distance equal to zero.

These MAR observations clearly demonstrated that several
features may vary at the same time: the size of the microsphere,
the radioactivity taken up by each microsphere and the dis
tances between microspheres. A mathematical model corre
sponding to all these data would be difficult to develop, and a
symmetrical arrangement of the labeled microspheres in space
could not take into account all these variables. Therefore, we
used a microsphere of mean diameter (16 ju.m) labeled with a
mean activity (94 Bq) to estimate the radiation doses delivered
to the nucleus of endothelial and epithelial cells.

In this study, only the dose delivered to endothelial and
epithelial cell nuclei closest to the microspheres was calculated
(respectively, 6 and 2 Gy) using the data established by Berger
(18) in a water medium. These high calculated doses are
probably a result of the cell death for these pulmonary cells.
However, Tubiana and Bertin (22) observed that a 1 Gy dose
kills 15%-25% of the pulmonary cells, 2 Gy kill 40%-55% of

these cells and beyond 3 Gy, each supplementary Gray kills
about 50% of the surviving cells.

The results previously presented by Makrigiorgios et al. (9)
were obtained from pure computer calculations assuming that
all microspheres had the same size, the same amount of
radioactivity and the same distance to neighboring particles.
Using a cellular dosimetrie approach, they demonstrated a high
degree of heterogeneity in lung cell irradiation. On the other
hand, these authors computed the maximal path of 99mTc

high-energy electrons: 700 /urn and a mean distance between
two microspheres of 1700 Â¿im.These distances excluded an
"overlap" zone, where the probability of cell death was lower,

but the probability of carcinogenesis remained (23). Our calcu
lations showed that the distance traveled by high energy (142
keV) internal conversion electrons in the intact lung medium
was 800 jLtm.Consequently, the "overlap" zone should be taken

into consideration.
Although an extremely inhomogeneous pattern of radionu-

clide was demonstrated, these findings cannot be directly
extrapolated to estimate absorbed doses during lung scanning.
In vitro MAR studies performed on microsphere suspensions
for human use showed the same size variability and labeling
heterogeneity. Because the number of obstructed capillaries in
human lungs is lower than in rat lungs, the distances between
microspheres should be larger. Nevertheless, the individual
doses absorbed by the pulmonary cells closest to the micro-
spheres should be extremely important.

CONCLUSION
Lesions at the tissue and cellular level after radiotherapy have

been described in many tissues including lung (24) but little is
known about potential damage after internal irradiation, like
human scan. On the other hand, quantification of biological
damage using conventional dosimetry techniques have been
unsuccessful (25). Further biological studies are needed to
estimate the lesions of directly or indirectly exposed cells.
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Simplifying the Dosimetry of Carbon-11-Labeled
Radiopharmaceuticals
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A two time-point sacrifice method is proposed as an alternative to
conventional multiple time-point sacrifice methods to determine the
organ cumulated activity of 11C-labeled radiopharmaceuticals.
Methods: Rat biodistributiondata for 10 11C-labeledradiopharma

ceuticals were analyzed to determine organ cumulated activity. Data
were obtained at four sacrifice intervals 2-5 min, 10-15 min, 30-45
min and 1-1.5 hr postinjection. The organ absorbed dose per unit
administered radioactivity (mGy/MBq) was calculated using all four
data points and combinations of limited data. The objective was to
determine if a limited sampling technique would provide sufficient
accuracy in estimating absorbed dose. Results: Residence times
calculated using two time-points acquired during the first half-life of
11Cwere either equivalent or positively biased compared to using all

sacrifice times. Overall, 87% of the residence times assessed were
conservative compared to the multipoint method. For bladder organs,
a consistent negative bias was observed with the reduced sacrifice
method. Conclusion: Analysis of animal biodistributions using a
reduced sacrifice protocol provides results in good agreement with
and generally conservative to results using all sacrifice intervals.
Correction factors are required for the urinary bladder and gallbladder
when using the simplified technique due to bias. The bladder was
often the limiting organ in determining human administered activity.
Key Words: dosimetry;PET; carbon-11
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Human absorbed dose from ' 'C-labeled radiopharmaceuticals

is initially estimated using animal tissue and organ biodistribu-
tions (/), typically in the rat. For a new "C-labeled radiotracer,

this determination will usually include measuring organ activ
ities at four or five time-points during the first three or four
physical half-lives of "C, using four to six animals per

time-point. Organ time-radioactivity profiles are obtained from
the measured organ radioactivity and cumulated activity, resi
dence time and organ absorbed dose per unit administered
radioactivity are calculated (2,3).

Determination of animal radioactivity biodistributions for
"C-labeled radiotracers is not trivial. Difficulties include the

short (20 min) physical half-life requiring a rapid sacrifice
protocol and the use of a significant number of animals to
provide high precision and accuracy in the determination. These
issues have been recognized by Galley (4), who recommended
eliminating animal measurements and basing dose estimates on
human cardiac output models. In addition, Schaumann et al. (5)
recommended limiting the sacrifice data for long lived 14C-
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labeled agents. In contrast, we evaluated the use of a simplified
technique which uses only two sacrifice intervals to assess
residence time. Using animal biodistribution data for 10 "C-

labeled radiopharmaceuticals, we compared dosimetry estimates
with the simplified technique and showed that such an alteration
yields acceptable estimates of the expected human dosimetry.

The accurate assessment of urinary bladder-wall dose and
gallbladder-wall dose are often overlooked when evaluating new
short-lived radiotracers. This is partly due to the difficulty of
measuring the residence time for these organs as well as the
perception that because of delayed filling and the short physical
half-life of "C, they will be of lesser dosimetrie importance than

organs that receive first-pass depositions from the blood pool. The
urinary bladder contents and estimated gallbladder contents resi
dence times in the rat for 10 ' 'C radiotracers were estimated using

measured organ activities and a set of conservative assumptions
based on ICRP-53 recommendations (6). Results indicate that the
bladder organs can be critical in determining the limiting dose of
new ' ' C-labeled radiotracers for human patients.

THEORY
Given a single bolus injection of radioactivity, A0, into the blood

pool, the radioactivity in organ or tissue S can be estimated using
the compartmental model:

As(t)

j=n+,

jÂ¡Â£ aÂ¡â€”f- [exp - (AÂ¡+ Ap)t

-exp-(Aj +Ap)t]|, Eq. 1

where Fs is the fractional distribution to organ or tissue S; 3j is the
fraction of Fs eliminated with biological removal constant AÂ¡;aÂ¡is
the fraction of Fs taken up with biological uptake constant AJ;n is
the number of elimination components; m is the number of uptake
components; and Apis the physical decay constant (6).

For absorbed dose calculations in nuclear medicine, and, in partic
ular, for short half-life tracers (T1/2 a 20 min), several simplifying
assumptions to the above model may be applied. First, uptake is either
based on a single component, or instantaneous uptake is assumed (6).
Further, the effective removal of radioactivity from an organ is
described by a single component, and short half-life radiotracers can
be taken to be equal to the physical decay constant (6). With single
uptake and excretion components, the above model becomes:

As(t)
= F. X V1 - exP -

Eq.2
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