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Data from nine patients with leukemia participating in a phase |
activity-escalation study of HuM195, labeled with the a-particle
emitter 213Bi (half-life = 45.6 min), were used to estimate
pharmacokinetics and dosimetry. This is the first trial using an
a-particle emitter in humans. The linear energy transfer of o
particles is several hundredfold greater than that of § emissions.
The range in tissue is approximately 60-90 um. Methods: The
activity administered to patients ranged from 0.6 to 1.6 GBq.
Patient imaging was initiated at the start of each injection. Thirty
1-min images followed by ten 3-min images were collected in
dynamic mode; a 20% photopeak window centered at 440 keV
was used. Blood samples were collected until 3 h postinjection
and counted in a gamma counter. Contours around the liver and
spleen were drawn on the anterior and posterior views and
around a portion of the spine on the posterior views. No other
organs were visualized. Results: The percentage injected dose
in the liver and spleen volumes increased rapidly over the first
10-15 min to a constant value for the remaining hour of imaging,
yielding a very rapid uptake followed by a plateau in the antibody
uptake curves. The kinetic curves were integrated to yield
cumulated activity. The mean energy emitted per nuclear transi-
tion for 213Bi and its daughters, adjusted by a relative biologic
effectiveness of 5 for a emissions, was multiplied by the cumu-
lated activity to yield the absorbed dose equivalent. Photon dose
to the total body was determined by calculating a photon-
absorbed fraction. The absorbed dose equivalent to liver and
spleen volumes ranged from 2.4 to 11.2 and 2.9 to 21.9 Sy,
respectively. Marrow (or leukemia) mean dose ranged from 6.6 to
12.2 Sv. The total-body dose (photons only) ranged from 2.2 X
104 to 5.8 X 104 Gy. Conclusion: This study shows that
patient imaging of 2'%Bi, an a-particle emitter, labeled to HuM195
is possible and may be used to derive pharmacokinetics and
dosimetry. The absorbed dose ratio between marrow, liver and
spleen volumes and the whole body for 213Bi-HuM195 is 1000-
fold greater than that commonly observed with B-emitting radio-
nuclides used for radioimmunotherapy.
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In targeting disseminated disease in which individual
clonogenic cells or cell clusters may be found in isolation, a
radionuclide that is capable of sterilizing individual cells
without a dose contribution from adjacent cells is required
(1,2). The probability that a particular radionuclide will be
capable of single-cell sterilization depends on the specific
activity of the radiolabeled antibody and the number of
antigen sites on the cell surface. B-Particle-emitting radionu-
clides are currently prevalent in radioimmunotherapy be-
cause they have shown partial efficacy against larger volume
disease (3). Given achievable specific activities for radiola-
beled antibodies and commonly observed antigen-site densi-
ties on the surface of tumor cells, radionuclides with
emissions that exhibit a substantially greater linear energy
transfer (LET) than that of B particles are required for
single-cell kill. The LET of « particles is 400 times greater
than that of B particles (80 versus 0.2 keV/um). Each
traversal of an a particle through the nucleus results in a
highly ionizing track. Cell survival studies have shown that
cell death may result from as few as one to three a-particle
tracks across the nucleus (4-8).

Most studies with a-particle-emitting radionuclides for
therapy have examined either 2!2Bi (8) or 2''At (9-11). Both
radionuclides are short lived, with 61-min and 7.2-h half-
lives, respectively, and emit o particles with ranges of 40-90
um. 212Bi decay is also accompanied by the emission of
high-energy (2.6 MeV) photons. In preclinical studies of
rapidly accessible, disseminated disease, these radionuclides
have shown a significant curative potential with minimal
toxicity (8,12).

23Bj has a half-life of 45.6 min and a branched decay
scheme similar to that of 2!?Bi, but without the high yield of
energetic and potentially hazardous photon emissions (13-17).
The dosimetry and pharmacokinetic analyses used in this study
were derived from the first clinical trial using 2'3Bi in humans
18).

HuM195 is a recombinant humanized version of the
mouse antibody M195. M195 is an IgG2a mouse monoclo-
nal antibody, reactive with CD33, an antigen with restricted
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expression on myeloid and monocytic leukemia cells, my-
eloid progenitors and monocytes (/9,20). Antigen density is
10,000 and 5,000 sites per cell on myeloid and monocytic
leukemia cells and mature monocytes, respectively. A series
of phase I and II trials using M195 and HuM195 (2/-23) for
treatment of myeloid leukemia has shown that M195
antibodies rapidly and efficiently target and saturate leuke-
mia cell sites, followed subsequently by internalization of
the radioconjugate into the target cells. Measurements of
M195 antibody internalization performed ex vivo showed
30%-50% of bound M 195 antibody internalized into leuke-
mia cells over 2—4 h. Internalized antibody was retained
within the cells for variable amounts of time (22).

Treatment using a short-lived a-particle emitter requires
an understanding of antibody pharmacokinetics and dosim-
etry that may not be extrapolated from experience obtained
using '3'I-labeled antibody therapy (24). '3 has been the
predominant radionuclide for antibody therapy (3,25). The
half-life of '*'I is 8 d, and the therapeutic effect is obtained
from absorption of B particles with an average range in
tissue of approximately 470 um (26,27). Because of its long
half-life, absorbed dose estimates for '3'I-labeled antibodies
require pharmacokinetic information that spans a period of
several days. Loss of the radionuclide is determined predomi-
nantly by biologic clearance rather than physical decay. In
contrast, the pharmacokinetic period relevant for the dosim-
etry of 23Bi-labeled antibodies is measured in minutes and
hours rather than days.

The purpose of this study was to demonstrate patient
imaging with 2!3Bi, an a-particle emitter, labeled to HuM 195,
and to describe in patients with myeloid leukemia the methodolo-
gies implemented for pharmacokinetics and dosimetry.

MATERIALS AND METHODS

Clinical Trial
Details regarding trial design, patient population and radiochem-
istry may be found in published reports (/6,18). Briefly, patients

with relapsed acute myeloid leukemia received total administered
activities ranging from 0.6 to 1.6 GBq (16-43 mCi) 2\*Bi-HuM 195.
Cumulative amounts of administered activity of 10.4, 15.5 and 20.7
MBg/kg defined dose levels 1-3, respectively. 21°Bi-HuM195 was
administered by intravenous push over 5 min, with patients positioned
under a dual-head gamma camera. Because of constraints on the
specific activity that may be achieved for any one injection,
radioactivity dose escalation was performed by increasing the
number of injections to keep the specific activity constant. The
number of injections ranged from 3 to 6 over a 48-h period.

Phantom Imaging

Before patient imaging, phantom studies were performed to
assess the feasibility of imaging 2'’Bi and to select the optimum
acquisition conditions for patient studies (28). The decay scheme
for 213Bi is depicted in Figure 1; 16.5% of 2!°Bi decays are
accompanied by a 440-keV photon emission. Phantom studies were
performed by imaging the 440-keV photopeak using a 20% energy
window. A line (3 mm outer diameter) and disk source (4 cm
diameter) containing 15 and 26 MBq (0.4 and 0.7 mCi), respec-
tively, were imaged for 30 min. Both high-energy, general-purpose
(HEGP) and high-energy, high-resolution (HEHR) collimation was
used. Imaging was performed on Genesys gamma cameras (ADAC,
Inc., Milpitas, CA). The high-voltage gain on the camera detectors
was reduced to allow imaging at 440 keV.

When HEGP collimation was used, images of the line and disk
sources showed a “‘star” artifact associated with septal penetration
of high-energy photons. This artifact also created the impression of
activity foci within the uniform line source. Images obtained with
HEHR collimation did not show such a pronounced artifact but
were of lower sensitivity. Because the artifacts seen on the HEGP
images could influence interpretation of bone marrow uptake along
the spine, the HEHR collimator was chosen for use in human
studies, despite the reduction in sensitivity. A sensitivity of 200
cpm/MBq (8000 cpm/mCi) and a full width at half maximum of 1.3
cm were obtained using this collimator.

Patient Imaging

Patient imaging was performed on a Vertex gamma camera
(ADAC). Based on the results of the phantom study, HEHR
collimation was used (28). Immediately before patient imaging, a

45.6 min
213 (97.8%)
83Bi Q2w V>
oL\ 0.16% 5.5 MeV 213
2.01% 5.9 MeV saPO
2.2 min
209 <659 keV> [ O Y 8.4 Mev
g1 Tl
209 198 keV> PB-
a2Pb
> 1219 “:
FIGURE 1. 2'3Bi decay scheme (adapted 2:;Bi
from Browne et al. [27]).
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photopeak window, centered around 440 keV and with a 20%
width, was set using a 2!3Bi standard. A scatter window abutting the
lower energy side of the 440-keV window and of equal absolute
width was also set (29,30). One half of the counts from this window
was subtracted from the photopeak window to yield scatter-
corrected images. This approach to scatter correction was taken
from the method described by Jaszczak et al. (29) for ¥™Tc, as
adapted by Koral et al. (30). A value of 0.7 was reported by Koral et
al. (30) for 13'I. To ensure that no information was lost from images
already low in counts, we used a factor of 0.5. The actual factor
depends on the activity distribution, and, given the lack of
availability and short half-life of 2!3Bi, phantom studies were not
performed specifically to derive this factor for different activity
distributions. Therefore, we chose to use the factor of 0.5 only to
improve visualization and to define regions of interest (ROIs) that
were then applied to photopeak window images. As indicated
below, an adjacent background region that was scaled by pixel
number was used to subtract background and scatter from organ or
tumor ROI counts obtained from the photopeak image.

Using a dual-head gamma camera, anterior and posterior images
were obtained simultaneously. Images were collected in dynamic
mode, with a collection duration for each frame of 1 min for the
first 30 min and 3 min for the last 30 min. The patients were
injected while positioned in the camera; imaging began at the start
of injection. Because the pharmacokinetics of 2!3Bi-HuM195 at
early times were not known, the imaging protocol was designed to
allow adequate resolution in time and the ability to obtain adequate
counting statistics by summing images over appropriate time
intervals. At the end of patient imaging, a calibrated standard of
approximately 7.4 MBq (200 uCi) was imaged for 5 min with the
same detector and couch positions as used for imaging the patient.

Contours (ROIs) around the liver, spleen and an extended
marrow region (vertebra T11-LS) were drawn as illustrated in
Figure 2. An ROI encompassing 7 vertebra was used to represent
the marrow to obtain a better representation of overall marrow
uptake. A single image was used for contour drawing. This was
obtained by summing the last ten 3-min images after they had been
scatter corrected. The contours were placed on the basis of the
organ outline as visually determined on the images. These contours

-'- ﬁ s 4
FIGURE 2. Anterior (top row) and posterior (bottom row)
patient images showing contours used to identify liver, spleen
and red marrow region. Images after second and fourth injection
are shown.
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were then transposed onto the dynamic photopeak image sets and
used to extract the total number of counts in each region at each
time point postinjection. The counts obtained in each region were
corrected for background by drawing ROIs adjacent to each organ.

The activities in the liver and spleen were determined as the
geometric mean of the counts per minute in the anterior and
posterior images, given by:

CAorc x
PAore

where Cogg equals the conjugate view cpm in the organ; CAgrg
and CPogg are the cpm in the ROIs in the anterior and posterior
images, respectively; PAorg and PPogg are the number of pixels in
the organ ROI in the anterior and posterior image, respectively; and
PWorc equals the total number of pixels obtained when drawing a
contour around the whole organ. For the liver, PW equals PA. The
spleen visualized in the posterior image is larger than in the anterior
image, so PW equals PP. Background activity was determined by
calculating the geometric mean of the background cpm:

Eq.1

Corg =

Tws — T,
BTF = 2 ORG’
Tws

Eq.3

where the same notation is used as for the organ activity. BTF
represents a background thickness factor that scales background
counts according to organ thickness (Togg) relative to whole-body
thickness (Twg), which was measured at the time of imaging. Liver
thickness was determined from patient CT images. When CT scans
were not available, liver thickness was estimated on the basis of the
size of the liver relative to the size and thickness of the liver of a
patient for whom a CT scan was available. Spleen thickness was
obtained using the minor axis value estimated in obtaining the
spleen volume. Details are provided in the dosimetry section.

Because of constraints on available camera time, attenuation
corrections were performed analytically, rather than by transmis-
sion measurements. The cpm for liver and spleen were corrected
for background counts and tissue attenuation and were converted to
radioactivity using the following:

AttCorr
Aorg = (Corg — Cako) X c ) Eq. 4
STD
VCAgmp X CP
Csmp = Y sm° - sm ,and Eq.5
Astp
X T,
AttCorr = e#Tws-ToroM2 x P~ oo Eq.6

2 X Sinh(n X Togg/2)

CAstp and CPgyp are the anterior and posterior cpm obtained
from the calibration standard. Agrp is equal to the activity of 2!3Bi
in the standard. AttCorr is an organ-specific attenuation correction
factor, determined by the organ thickness (Togg), the whole-body
thickness (Twg) and the attenuation coefficient. An attenuation
coefficient of p = 0.10 cm~! was used for 440-keV photons (37). Both
organ self-attenuation and attenuation associated with tissue between
the organ surface and the body surface are accounted for by
Equation 6.
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Activity in the spine region was estimated from the posterior
view only, using the following equations:

Cseine = CPspings Eq.7
Caka-spINE =
1 CPgkq (CPBKG
X oo _— X PW ) .8
2 l(PPBKG uver  \PPgkg/spLeen seve - Eq
AttCorrgpng
Aspine = (Cspine — Cakg-sping) X o Eq.9
STD-SPINE
CPsrp
Cstp-spiNe = A’ Eq. 10
STD
AttCOlTSPmE = e"Xd . &]. ]]

As depicted in Equation 11, self-attenuation was assumed to be
negligible for counts originating in the spine. Parameter d is the
distance between the spine and the posterior surface of the body
and was determined from the patient’s CT scan, when available.
When CT scans were not available, d was estimated on the basis of
the patient’s weight relative to other patients for whom parameter d
could be measured on CT scans.

Equations 1-11 were applied to each frame to yield kinetic data,
A(t), for each of the regions over the 60-min imaging period. The
kinetic curves were decay corrected to the time of injection and
converted to percentage injected dose (%ID) in each region:

A(t)DecnyCorr = A(l) X eln2xv4s.6 , and

Eq. 12

A(t)DecayCorr x

PID(t) = A

100, Eq. 13

where IA is the activity injected at the start of imaging (t = 0).

The %ID for the spine ROI was converted to marrow %ID by
scaling a nominal estimate of the red marrow mass in vertebra
T11-L5 according to body weight (32).

Blood Sampling

After the first and last injections, serial blood samples were
collected from each patient at 5, 10, 15, 30, 45, 60, 90, 120 and 180
min. Aliquots of both whole-blood and plasma samples were
counted. Whole blood was centrifuged for 2 min at 2000 rpm to
obtain plasma. All samples were counted for 1 min in a gamma
counter (Compugamma model 1282; LKB Wallac, Gaithersburg,
MD) that had been calibrated previously for 2!3Bi. The data were
decay corrected to the time of injection and expressed as percent-
age of injected activity per liter.

Dosimetry

All time-activity data, A(t), were fitted to a sum or difference of
two exponentials, the latter if there was an uptake component to the
time-activity data:

A() = A, Xe Vi £ A, X e VT2,

Eq. 14

These expressions were then integrated analytically to yield the
cumulated activity, A (i.e., total number of decays), within each
region or organ (33). Liver volumes were determined from patient
CT scans; when CT scans were not available, they were estimated
on the basis of the number of pixels in the liver ROI relative to the
size of the liver ROI of a patient for whom a CT scan was available.
In patients with leukemia, the spleen volume is not reliably
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predicted by scaling a standard spleen volume. Volume estimates of
the spleen were obtained by assuming that the organ may be
represented as an ellipse (34). The major and minor axes, a and b,
respectively, were determined from the 2!3Bi images by measuring
the long and short axes of the spleen. The third axis, perpendicular
to the imaging plane, was assumed to be equal to the minor axis.
The boundaries were visually determined from the radioactivity
distribution; therefore, the length of the axes will be underesti-
mated because the true boundary extends beyond that determined
from the activity distribution (35). A correction for this was made
by assuming that the true axes are longer by a fixed fraction (f) of
the measured axes. This assumption yields:

w
V=EX(a+fa)(b+fb)2. Eq. 15

which reduces to:

V=-EXab2xu+f)3. Eq. 16

By setting the spleen volume obtained using Equation 16, with a
and b known from the 2'*Bi images, equal to a volume estimate
obtained from CT, a value of 0.22 was obtained for f. This value
translates to a threshold value for contour drawing that is consistent
with values that have been estimated and reported elsewhere (36).
The corrected minor axis was also used as the spleen thickness in
Equations 3 and 6.

Volumes were converted to masses assuming unit density. The
cumulated activity for each volume (A) was divided by the mass of
each organ to give cumulated activity concentration. Mean absorbed
doses to liver and spleen volumes and to the red marrow were obtained
by multiplying the cumulated activity concentration in each organ
by the mean energy emitted per nuclear transition, A, for the electron
and a-particle emissions of 2'’Bi and its daughters. The individual
contributions of each daughter for electrons are shown in Table 1;
corresponding values for a-particle emissions are listed in Table 2.

An absorbed fraction of 1 was assumed for both electron and
a-particle irradiation. The absorbed dose from photons to activity-
containing organs was assumed to be negligible relative to the
electron and a-particle dose. A relative biologic effectiveness of 5
for cellular inactivation was assumed for a particles (37). The
effective mean energy emitted per nuclear transition is, therefore:
A =1.05 X 10~13 Gy-kg/Bg-s + 5 X 1.33 X 10~!12 Gy-kg/Bq-s =
6.76 X 10~'2 Sv-kg/Bq-s. The absorbed dose, D, obtained using the
methods described above, yields an average over the organ volume:

D=

X (A, +5XAY, Eq. 17

‘ORG
where Mogg is the organ mass.

The photon dose to the whole body (Dwg) was calculated as the
product of the total amount administered (Aq) and the whole-body
to whole-body S-factor (Syg._wp), divided by the decay constant
(\) of 23Bi:

Dw,,=%x Swe—ws Eq. 18
A= n® 19
=T, Eq.

The parameter T, is equal to the half-life of 2!*Bi.
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TABLE 1
Electron Emissions Considered in Absorbed Dose Calculations

Electrons
Energy Isotope % per Effective % per Mean energy Ae Electron range
Isotope (keV) disintegration disintegration (keV/disintegration) (Gy-kg/Bg-s) (mm)

213g; 200 0.20 0.20 0.40 6.41E-17 0.5
213g; 347 2.55 2.55 8.85 1.42E-15 1.4
213Bj 423 0.40 0.40 1.69 2.71E-16 1.9
2138 (beta) 444 97.80 97.80 434.23 6.96E-14 2.1
2097 (beta) 659 100.00 2.20 14.50 2.32E-15 4.2
209Pp (beta) 198 100.00 100.00 198.00 3.17E-14 0.5
Total 657.67 1.05E-13

A, = electron energy emitted per nuclear transition of 213Bi.

The implicit assumption in using these equations is that all
administered activity decays within the body. This assumption is
appropriate given the short half-life of 2!3Bi.

The whole-body to whole-body S-factor for 21Bi (Syg.—ws) Was
obtained as the product of the photon absorbed fraction and the
yield for each of the relevant photons in the decay chain of 23Bi,
divided by 70 kg, the reference man value for whole-body mass
(34,38). Table 3 lists the photons that were considered and the
corresponding S-factor values (27). The sum yields Syp—wp for
213g;.

Organs that did not concentrate 2'3Bi-HuM195 were assigned
the whole-body photon dose. The electron absorbed dose was
estimated by apportioning the cumulated activity concentration in
blood according to each organ’s blood volume. The resulting organ
cumulated activities were then divided by the mass of each organ.
Nominal organ blood volumes and masses (32) were scaled by each
patient’s whole-body weight. Absorbed dose estimates were ob-
tained by multiplying the cumulated activity concentration in each
organ by the mean energy emitted per nuclear transition for
electron emissions (Table 1). These assumptions yielded the
average absorbed dose to each organ, assuming a uniform distribu-
tion of radioactivity throughout each organ’s mass. The dose
contributions due to electrons from the B decay of 2!*Bi to 2*Po and
from 209Pb to 2%Bi (stable) were estimated separately. Estimates
were performed for the heart, kidneys and lungs.

The absorbed dose to blood was calculated by analytically
integrating the fitted expression obtained from the pharmacokinetic
analysis of serial blood samples. This yielded the cumulated
activity concentration in the blood, [A]g.. Assuming a blood

density of 1 g/cm3, the average absorbed dose to blood was
obtained as the product of the mean energy emitted per nuclear
transition, A, for electron and a-particle emissions of 2!3Bi and its
daughters (Tables 1 and 2), and [Als..

In most patients, pharmacokinetic data were collected only after
the first and last injections. Absorbed doses or dose equivalents for
injections for which no data were collected were estimated by
weighted averaging of the known values. In estimating an unknown
value, the weight assigned to known values depended on the
number of injections elapsed between the two estimates. Known
values that were closer in injection number to the unknown value
were given a greater weight.

The short half-life of 2!3Bi precluded the collection and analysis
of bone marrow biopsies over a relevant time period. Biopsy-based
stochastic or microdosimetric analyses of the absorbed dose or specific
energy distribution within cellular target volumes in the marrow were
not performed. A conventional Medical Intenal Radiation Dose ap-
proach to estimating the absorbed dose to tumor cells in regions that
yielded enough counts for imaging was appropriate because of the large
number of a-particle emissions in such regions and the associated
increase in energy deposition to cell nuclei from cross-fire (/).

RESULTS

Imaging

The contours used to assess liver, spleen and red marrow
kinetics are shown on Figure 2. The percentages of adminis-
tered activity that localized to the red marrow, liver and

TABLE 2
a-Particle Emissions Considered in Absorbed Dose Calculations
a particles
Energy Isotope % per Effective % per Mean energy A, a-Particle range

Isotope (keV) disintegration disintegration (keV/disintegration) (Gy-kg/Bg-s) (um)

213gj 5549 0.16 0.16 8.88 1.42E-15 42.0

213g; 5869 2.01 2.01 117.97 1.89E-14 45.5

213pg 7614 0.003 0.003 0.22 3.58E-17 66.0

213pg 8375 100.00 97.80 8190.75 1.31E-12 75.6

Total 8317.82 1.33E-12

A, = a-particle energy emitted per nuclear transition of 213Bi.

o-PARTICLE DOSIMETRY IN PATIENTS ¢ Sgouros et al.
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TABLE 3
Individual Photon S-Factors and Summed Photon S-Factor
Used for 2'3Bi Photon Dosimetry

Photon energy S-factor
Isotope (keV) (Gy/MBg-s)

213B;j 440 5.78E-11
213g; 79 9.84E-13
208T] 117 1.60E-12
2097) 467 6.71E-12
209T) 1566 2.37E-1
Total = Sws—ws 9.08E-11

Swe-—ws = Whole-body to whole-body S-factor.

spleen are depicted as a function of time for patients 2, 5 and
8 in Figure 3. No localization to kidneys or urinary bladder
was observed. The number of patients who showed an
increase, decrease and no change in liver activity with
increasing injections was 1, 7 and 1, respectively. Correspond-
ing numbers for spleen were 1, 3 and 5, and for marrow 4, 3
and 2. A tendency toward decreased uptake in liver with
increasing injection number, therefore, was evident. The red
marrow, liver and spleen regions accounted for 70% to
>100% of the administered activity. In some cases, the sum
exceeded 100% because the activity concentration measured
in the marrow ROI was assumed to be constant throughout
the marrow. Depending on the distribution of the disease,
this could be an overestimate (39). All curves were character-
ized by a 5- to 10-min rise followed by a plateau at a level
that was constant throughout the remaining 60 min of
imaging. No dose-related effect was apparent. The kinetic
curves associated with red marrow exhibit a greater variabil-
ity than those for liver or spleen because the counts in the
ROI used to represent whole red marrow were lower and
therefore subject to a greater statistical uncertainty than
those in liver or spleen (Fig. 2). This is especially the case
for the first 30 min of imaging, in which 1-min frames were
collected.

Blood Kinetics

Antibody clearance curves for whole blood and plasma
are depicted in Figure 4 for patients 2, 5 and 8. In some
patients, a rapid initial drop in antibody concentration was
observed over the first 10-20 min. Beyond 40 min and
throughout the remaining 3 h of sample collection, antibody
clearance from blood was negligible for all patients. A
similar pattern was observed for plasma. The intercepts, or
estimated initial distribution volumes, in plasma and blood
were similar for all patients, suggesting that a significant
fraction of the activity in blood was associated with cellular
elements. Clearance rates did not depend on the number of
injections administered. After 20 min postinjection, the
activity concentration in blood or plasma after the last
injection was unchanged for 1 patient and exceeded that
after the first injection for 8 patients. An increase in activity
concentration in blood or plasma after multiple injections

was consistent with a saturation effect. There was no
consistent increase in blood or plasma concentration across
patients, however, relative to the total amount of antibody
administered. No clear relationship could be discerned
between the clearance curves for marrow, liver and spleen
and those of plasma and blood.

Dosimetry

The absorbed dose equivalents per administered activity
to blood, red marrow, liver and spleen are summarized in
Table 4, which also lists the total amount of radionuclide and
antibody administered to each patient. This was generally
divided over the number of injections given. Estimated
values were used when measurements were not made to
provide an average dose per injection. The average absorbed
dose equivalent per injection is provided. The dose equiva-
lent to red marrow also represents the mean dose to leukemia
cells. It is especially important to note that because the liver
and spleen may also contain targeted leukemia cells, the
absorbed doses calculated for these organ volumes will
overestimate the actual dose to normal organ parenchyma.
Given the short range of 2'3Bi a emissions, accurate
estimation of the absorbed dose to these tissues would
require knowledge of the spatial distribution of 2!3Bi decays
on a cellular level. That the average dose over the organ
volume is an overestimate is confirmed by the absence of
hepatic toxicity in all patients (18).

Figures 5 and 6 examine possible relationships between
the absorbed dose estimates listed in Table 4 and the
administered antibody. As shown in Figure 5, the absorbed
dose equivalent to red marrow decreased as the administered
antibody increased. The change in absorbed dose between
the first (or secorid, in the case of patient 2) and last
injections is plotted against administered antibody in Figure
6. Both red marrow and spleen exhibit a relationship
between these two parameters. The shapes of the red marrow
and spleen curves are similar. This similarity is likely to
reflect targeting of leukemia and normal CD33* cells in the
spleen. In one patient (patient 9, at 3 mg administered
antibody), the percent increase in absorbed dose to the
marrow was much greater than to the spleen. This “outlier”
may be explained by a positive slope in the red marrow
time-activity curves for this patient after the fifth injection
(data not shown). This was not present for the first injection.
This apparent increase in antibody uptake over time yielded
a much greater red marrow absorbed dose after the fifth
injection relative to the first. No relationship between
absorbed dose and administered antibody was seen for the
blood or liver.

Absorbed doses to the whole body and to the heart,
kidneys and lungs, organs that did not concentrate 2!3Bi-
HuM195, are listed in Table 5. The whole-body dose is
composed of only photon emissions. Because of the short
half-life of 213Bi, excretion from the body was assumed to be
negligible, and the whole-body residence time, therefore,
was the same for all patients. The whole-body dose per
amount injected activity, therefore, was the same for each
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patient, 3.6 X 10-* mGy/MBgq. The total dose listed for each
organ was the sum of the photon (or whole-body) dose and
the electron dose. The contributions from 2!Bi and 2%Pb to
the electron dose are tabulated separately. All dose values in
Table 5 are in units of mGy/MBq rather than mSv/MBgq,
because the dose associated with a emissions, and therefore
a factor associated with relative biologic effectiveness, is not
incorporated.

DISCUSSION

The pharmacokinetics of an a-particle-emitting radionu-
clide, 23Bi, labeled to a humanized, anti-CD33 antibody,
HuM195, have been measured in patients with leukemia.
Absorbed dose estimates to normal and target organs have
been performed. The concentration of 2'*Bi-HuM195 in red
marrow, liver and spleen increased rapidly during injection
and then remained at or close to its maximum value
throughout the remaining 60 min of imaging. Because of the
rapid decay of the radionuclide and the need to monitor
possible kidney uptake, whole-body images were not ob-
tained. The absorbed dose equivalent delivered to the red
marrow after 600-1600 MBq (1643 mCi) 2!3Bi-HuM 195
ranged from 656 to 1220 cSv.

Because leukemia is characterized by an unregulated
proliferation of hematopoietic cells or blasts in the bone
marrow, targeting to marrow is predominantly the result of
antibody binding to leukemia cells. The mean absorbed dose

1942

to the marrow volume, therefore, also reflects the dose
delivered for treatment. Proliferation and infiltration of
leukemia cells to extramedullary sites are also common. The
liver and spleen are common sites because they are both
highly vascularized organs. The extent to which the mean
absorbed dose to these organs may also be considered as the
dose to leukemia will depend on the tumor burden in each
organ, its distribution within the organ, the distribution of
the radionuclide and the range of its emissions. Correspond-
ingly, the absorbed dose to the blood will also reflect
targeting of circulating blasts, the concentration of which
will vary with each patient.

This study provides an opportunity to examine the early
biodistribution of administered antibody as the antibody
protein level increases. Such information may also be used
for modeling and for treatment optimization (24). The blood
and plasma curves for most patients show a higher concen-
tration of antibody in the corresponding volumes after the
last administration relative to the first. The blood data are
much less susceptible to the uncertainties associated with the
planar imaging-derived organ data. If the absorbed dose to
each organ is plotted against administered amount of
antibody (Fig. 5), a trend toward decreasing average ab-
sorbed dose per administered antibody is seen for the red
marrow, and an increase is seen for the liver. The dose to
blood will depend on peripheral cell count density and,
therefore, may not follow the antibody-dose relationship
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TABLE 4
Absorbed Dose Equivalents per Unit Administered Activity

Patient no.
1 2 3 4 5 6 7 8 9
Patient information
ivity/body 1.4 1.2 1.1 16.2 15.7 14.2 184 20.8 21.3
weight (MBg/kg)
Activity (MBq) 807 602 605 876 1083 1613 924 1312 1343
Administered 17 1.6 1.8 17 3.0 44 25 36 3.0
antibody (mg)
Absorbed dose estimates (mSv/MBq)
Blood
1st injection 14 1.0 1.9 44 43 0.8 24 1.5 15
2nd injection 1.4* 1.0* 1.9* 4.4 43" 0.8* 27 1.5* 1.5%
3rd injection 1.7 2.7 24" 4.6* 5.6* 1.0* 29 32" 22"
4th injection 1.7 27 24 4.6* 5.6 1.0* 32 29*
5th injection 48" 1.1* 20
6th injection 48 1.1
Averaget 1.5(121) 1.8(108) 2.2(133) 4.6(403) 4.9 (531) 1.0(161) 2.7 (249) 2.3(302) 2.2 (295)
Red marrow
1stinjection 9.3 9.0* 10.7 10.0 7.9 58 13.0 8.9 54
2nd injection 8.0* 9.0 104 1.2 79" 5.8* 13.2* 8.9* 54*
3rd injection 6.7 10.8 10.8 1.2* 7.6* 51* 135 8.0" 7.9*
4th injection 147 15.0 1.5 12.2* 76 5.1* 8.0 10.3*
5th injection 13.2* 44" 10.3
6th injection 13.2 44
Averaget 9.7(783) 10.9(656) 10.9(659) 11.8(1034) 7.8 (845) 5.1(823) 13.2(1220) 8.4 (1102) 7.9 (1061)
Liver
1stinjection 6.5 3.7 44 5.6 6.6 5.6 43 10.7 6.8
2nd injection 5.7 37 4.3 55 6.6* 5.6* 4.1 10.7* 6.8*
3rd injection 48 49 39 5.5* 6.2* 4.7 40 6.3" 5.4*
4th injection 43 47 34 55" 6.2 4.7 6.3 4.1
5th injection 5.5* K a 41
6th injection 55 37
Averaget 53(428) 4.3(259) 4.0(242) 55(482) 6.4 (693) 4.7 (758) 4.1 (379) 8.5 (1115) 5.4 (725)
Spleen
1stinjection 134 7.6* 47 19.1 53 42 97 16.3 174
2nd injection 14.2* 7.6 47 19.5 53" 42" 9.3* 16.3* 17.4*
3rd injection 15.0 10.0 48 19.5* 48" 38" 8.9 12.4* 16.3*
4th injection 16.3 1.0 48 20.0* 48 38" 124 15.3*
5th injection 20.5* 34" 15.3
6th injection 20.5 34
Averaget 147 (1186) 9.0(542) 4.7(290) 19.8(1734) 5.0 (542) 3.8(613) 9.3(859) 14.3(1876) 16.3(2189)

*Estimated value, obtained using methods described in text.
tTotal dose equivalent (cSv) is given in parentheses.

seen in marrow. Absorbed dose estimates (but not pharmaco-
kinetics) depend heavily on the estimates used for organ
masses. When the confounding issue of mass estimation is
removed, and an internal comparison is made, as in Figure 6,
a relationship between marrow and spleen dose delivery
may be observed, supporting the possibility that a significant
fraction of splenic uptake reflects targeting of leukemia cells
in the spleen. Figure 6 also shows that when the total
administered antibody is approximately 2.5-3 mg, the first
injection will deliver the same absorbed dose as the last. This
may be the optimum milligram amount for therapy because,
as shown in Figure 5, this is also the protein amount in which
the liver absorbed dose begins to increase.

a-PARTICLE DOSIMETRY IN PATIENTS ¢ Sgouros et al.

The absorbed dose to organs that did not concentrate
213Bi-HuM 195 did not include a-particle emissions because,
given their short range and the 45.6-min half-life of 2!Bij,
they would not contribute to normal organ dose. The dose
associated with electrons was determined separately for
23Bi and 2®Pb, the two radionuclides that would be
expected to contribute significantly. 2°T1 also emits elec-
trons but at a relative yield of only 2%. 2!>Bi emits B
particles with a mean energy of 444 keV and a yield of
97.8%. 2°Pb, the common decay product of the two 213Bi
daughters, emits  particles with a mean energy of 198 keV;
it decays with a half-life of 3.25 h. Absorbed dose to organs
that did not concentrate the antibody was obtained assuming
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uniform energy distribution. The validity of the uniform
energy deposition assumption for 213Bi electron emissions
depends on the degree to which the labeled antibody
extravasates before transformation of the 2!3Bi and also on
the range of the electron emissions. Given the short half-life
of 23Bi, extravasation will be minimal. Transformation of
213Bi to 213Po, however, yields electron emissions with an
average range of 5-10 mm. Even if confined to the
vasculature, therefore, the electron emissions of 2!>Bi may
irradiate a significant portion of normal tissue. The electron
emissions of 2°Pb have an average range of 0.5-1 mm. The
3.25-h half-life of 209Pb allows for extravasation and diffu-
sion throughout a larger distribution volume. As biodistribu-
tion studies of lead have shown, however, this distribution
volume will be confined largely to blood because lead
rapidly localizes to red blood cells, where it binds to
hemoglobin (40). In both cases, therefore, the electron
absorbed dose estimates listed in Table S are derived from an
assumption (i.e., uniform distribution of emitters throughout
the organ volume) that oversimplifies the actual absorbed
dose distribution.
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CONCLUSION

This study shows that patient imaging of 2!3Bi, an
a-particle emitter, labeled to HuM195, is possible and may
be used to derive pharmacokinetics and dosimetry. The
absorbed dose ratio between marrow, liver and spleen
volumes, sites known to harbor disease in patients with
leukemia, and the whole body for 2!3Bi-HuM195 is 1000-
fold greater than that commonly observed with B-emitting
radionuclides used for radioimmunotherapy.
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TABLE 5
Absorbed Dose Estimates for Normal Organs (Disease-Free Organs not Targeted by 2'3Bi-HuM195)
Absorbed dose (mMGy/MBq)
Patient Heart Kidneys Lungs
no. 2W3Bjelectrons 2%Pbelectrons Total* 2'3Bidlectrons 2Pbelectrons Total* 2'3Bielectrons 2%Pb electrons  Total*
1 2.6E-03 1.2E-03 4.1E-03 3.7E-03 1.7E-03 5.7E-03 8.6E-03 3.9E-03 1.3E-02
2 2.3E-03 1.0E-03 3.6E-03 3.2E-03 1.4E-03 5.0E-03 7.4E-03 3.4E-03 1.1E-02
3 2.8E-03 1.3E-03 4.4E-03 3.9E-03 1.8E-03 6.0E-03 9.1E-03 4.1E-03 1.4E-02
4 5.9E-03 2.7E-03 8.9E-03 8.3E-03 3.8E-03 1.2E-02 1.9E-02 8.8E-03 2.9E-02
5 8.1E-03 3.7E-03 1.2E-02 1.1E-02 5.2E-03 1.7E-02 2.7E-02 1.2E-02 3.9E-02
6 2.6E-03 1.2E-03 4.1E-03 3.6E-03 1.7E-03 5.7E-03 8.6E-03 3.9E-03 1.3E-02
7 3.2E-03 1.4E-03 5.0E-03 4.4E-03 2.0E-03 6.8E-03 1.0E-02 4.8E-03 1.6E-02
8 3.9E-03 1.8E-03 6.0E-03 5.4E-03 2.5E-03 8.2E-03 1.3E-02 5.8E-03 1.9E-02
9 3.5E-03 1.6E-03  55E-03  5.0E-03 23E-03  7.6E-03  1.2E-02 5.3E-03  1.7E-02
*Whole-body photon dose of 0.00036 mGy/MBgq is included in total organ estimates.
a-PARTICLE DOSIMETRY IN PATIENTS * Sgouros et al. 1945
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