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Data from nine patients with leukemia participating in a phase |
activity-escalation study of HuM195, labeled with the «-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 3 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
10-% to 5.8 X 1074 Gy. Conclusion: This study shows that
patient imaging of 213Bi, 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 ?'3Bi-HuM195 is 1000-
fold greater than that commonly observed with B-emitting radio-
nuclides used for radioimmunotherapy.
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I n 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 surfa@@Particle-emitting radionu-
clides are currently prevalent in radioimmunotherapy be-
cause they have shown partial efficacy against larger volume
disease ). 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 of3 particles are required for
single-cell kill. The LET ofa particles is 400 times greater
than that of 3 particles (80 versus 0.2 keV/um). Each
traversal of anx 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 thxegarticle
tracks across the nucleus-8).

Most studies witha-particle-emitting radionuclides for
therapy have examined eith@?Bi (8) or 21?At (9—11). Both
radionuclides are short lived, with 61-min and 7.2-h half-
lives, respectively, and emitparticles with ranges of 40-90
um. 218Bi 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).

2138 has a half-life of 45.6 min and a branched decay
scheme similar to that 62Bi, but without the high yield of
energetic and potentially hazardous photon emissibBs1(j.

The dosimetry and pharmacokinetic analyses used in this study
were derived from the first clinical trial usirfg®Bi 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, myvith relapsed acute myeloid leukemia received total administered
eloid progenitors and monocytel(20. Antigen density is activities ranging from 0.6 to 1.6 GBq (16-43 m&iBi-HUM195.
10,000 and 5,000 sites per cell on myeloid and monocyff¢/mulative amounts of administered activityldf4, 15.5 and 20.7
leukemia cells and mature monocytes, respectively. A serfd8a/kg defined dose levels 1-3, respectivélyBi-HUM195 was

of phase | and Il trials using M195 and HUM19B1(-23 for administered by intravenous push over 5 min, vpittients positioned

treatment of myeloid leukemia has shown that M1oi"der & dua-head gamma camera. Because of constraints on the
Specific activity that may be achieved for any one injection,

antibodies rapidly and efficiently target and saturate |EUkFa'dioactivity dose escalation was performed by increasing the

mia cell sites, followed subsequently by internalization Qfymper of injections to keep the specific activity constant. The
the radioconjugate into the target cells. Measurements @fmper of injections ranged from 3 to 6 over a 48-h period.

M195 antibody internalization performed ex vivo showed _

30%-50% of bound M195 antibody internalized into leukeZhantom Imaging _

mia cells over 2-4 h. Internalized antibody was retained Before patient imaging, phantom studies were performed to
within the cells for variable amounts of tima3). assess the feasibility of imagirfg®Bi and to select the optimum

. I . : . acquisition conditions for patient studie28}. The decay scheme
e o 51 i n i 1 165 1% decays
9 yp companied by a 440-keV photon emission. Phantom studies were

etry that may not be _extrapolated from experience Obta'”EQrformed by imaging the 440-keV photopeak using a 20% energy
using **4-labeled antibody therapy24). **1 has been the yindow. A line (3 mm outer diameter) and disk source (4 cm
predominant radionuclide for antibody therafgy29. The diameter) containing 15 and 26 MBq (0.4 and 0.7 mCi), respec-
half-life of 131 is 8 d, and the therapeutic effect is obtainegvely, were imaged for 30 min. Both high-energy, general-purpose
from absorption of particles with an average range i(HEGP) and high-energy, high-resolution (HEHR) collimation was
tissue of approximately 470 ur2§,27. Because of its long used. Imaging was performed on Genesys gamma cameras (ADAC,
half-life, absorbed dose estimates #i-labeled antibodies Inc., Milpitas, CA). The high-voltage gain on the camera detectors
require pharmacokinetic information that spans a period Wfs reduced to allow imaging at 440 keV.

several days. Loss of the radionuclide is determined predomi-Vhen HEGP collimation was used, images of the line and disk

nantly by biologic clearance rather than physical decay. ?ﬁurces showed a “star” artifact associated with septal penetration

. - high-energy photons. This artifact also created the impression of
contrast, the pharmacokinetic period relevant for the dOSIry'tivity foci within the uniform line source. Images obtained with

etry of 2i*Bi-labeled antibodies is measured in minutes amifEHR collimation did not show such a pronounced artifact but
hours rather than days. were of lower sensitivity. Because the artifacts seen on the HEGP
The purpose of this study was to demonstrate patiefffages could influence interpretation of bone marrow uptake along
imaging with?1*Bi, ana-particle emitter, labeled to HuUM195, the spine, the HEHR collimator was chosen for use in human
and to describe in patients with myeloid leukemiattethodolo- studies, despite the reduction in sensitivity. A sensitivity of 200
gies implemented for pharmacokinetics and dosimetry.  cpm/MBg (8000 cpm/mCi) and a full width at half maximum of 1.3
cm were obtained using this collimator.

MATERIALS AND METHODS Patient Imaging

Clinical Trial Patient imaging was performed on a Vertex gamma camera
Details regarding trial design, patient population and radiocherfADAC). Based on the results of the phantom study, HEHR
istry may be found in published report$6,18. Briefly, patients collimation was used2@). Immediately before patient imaging, a
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213 (97.8%)
T PP N
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o\ 0.16% 5.5 MeV 213
2.01% 5.9 MeV saPO
2.2 min
209 <659 keV> [3- 0. Y 8.4 Mev
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>10"% yr
209
FIGURE 1. 213Bi decay scheme (adapted 83Bi
from Browne et al. [27]).
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photopeak window, centered around 440 keV and with a 20%ere then transposed onto the dynamic photopeak image sets and
width, was set using &%Bi standard. A scatter window abutting theused to extract the total number of counts in each region at each
lower energy side of the 440-keV window and of equal absolutéme point postinjection. The counts obtained in each region were
width was also se@,30. One half of the counts from this window corrected for background by drawing ROIs adjacent to each organ.
was subtracted from the photopeak window to yield scatter- The activities in the liver and spleen were determined as the
corrected images. This approach to scatter correction was talgi—mmetric mean of the counts per minute in the anterior and
from the method described by Jaszczak et 29) for *™Tc, as posterior images, given by:

adapted by Koral et al30). A value of 0.7 was reported by Koral et

al. (30) for 134, To ensure that no information was lost from images CAors  CPorc

already low in counts, we used a factor of 0.5. The actual factor Corg = PA X PP X PWoge; Eg. 1
depends on the activity distribution, and, given the lack of RG ORG

availability and short half-life of**Bi, phantom studies were not where Grg equals the conjugate view cpm in the organ;dzA
performed specifically to derive this factor for different activityand CRgg are the cpm in the ROIs in the anterior and posterior
distributions. Therefore, we chose to use the factor of 0.5 only f@ages, respectively; Rfxc and PRgg are the number of pixels in
improve visualization and to define regions of interest (ROISs) thgie organ ROI in the anterior and posterior image, respectively; and
were then applied to photopeak window images. As indicatgsly,., equals the total number of pixels obtained when drawing a
below, an adjacent background region that was scaled by pix@ntour around the whole organ. For the liver, PW equals PA. The
number was used to subtract background and scatter from orgaeen visualized in the posterior image is larger than in the anterior
tumor ROI counts obtained from the photopeak image. image, so PW equals PP. Background activity was determined by

Using a dual-head gamma camera, anterior and posterior ima@ﬁf%ulating the geometric mean of the background cpm:
were obtained simultaneously. Images were collected in dynamic

mode, with a collection duration for each frame of 1 min for the CAgkc  CPaxe
first 30 min and 3 min for the last 30 min. The patients were Cokc = \| = X ——— X PWgrg X BTF,and Eq. 2
PABKG PPBKG

injected while positioned in the camera; imaging began at the start

of injection. Because the pharmacokinetics?6Bi-HUM195 at Tws — Tore
early times were not known, the imaging protocol was designed to BTF = T Eq. 3
allow adequate resolution in time and the ability to obtain adequate w8

counting statistics by summing images over appropriate tinjghere the same notation is used as for the organ activity. BTF
intervals. At the end of patient imaging, a calibrated standard pfpresents a background thickness factor that scales background
approximately 7.4 MBq (200 pCi) was imaged for 5 min with the,ounts according to organ thicknessg¥) relative to whole-body
same detector and couch positions as used for imaging the patigitkness (Tvs), which was measured at the time of imaging. Liver
Contours (ROIs) around the liver, spleen and an extendggckness was determined from patient CT images. When CT scans
marrow region (vertebra T11-L5) were drawn as illustrated ifjere not available, liver thickness was estimated on the basis of the
Figure 2. An ROI encompassing 7 vertebra was used t0 represghb of the liver relative to the size and thickness of the liver of a
the marrow to obtain a better representation of overall marroyiient for whom a CT scan was available. Spleen thickness was
uptake. A single image was used for contour drawing. This Waained using the minor axis value estimated in obtaining the
obtained by summing the last ten 3-min images after they h_ad bes‘?ﬂeen volume. Details are provided in the dosimetry section.
scatter co_rrected._ The contour; were plaged on the basis of th%ecause of constraints on available camera time, attenuation
organ outline as visually determined on the images. These CONtOUIS, o tions 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
Aorc = (Cors ~ Cake) X . Eq. 4
STD
CAsn X CP.
Corp = ~——2 " % and Eq.5
ASTD
X T
AttCorr = gi(Twe=Tora/2 KX Tore £q.6

2 X Sinh(UX Tora/2)

CAstp and CRyp are the anterior and posterior cpm obtained
from the calibration standard.sfp is equal to the activity o#13Bi
in the standard. AttCorr is an organ-specific attenuation correction
factor, determined by the organ thicknesggd), the whole-body
thickness (Tyg) and the attenuation coefficient. An attenuation
FIGURE 2. Anterior (top row) and posterior (bottom row) coefficient of p= 0'_10 et was Useq for 440-k9V phOFO’ﬁ;m- Both
patient images showing contours used to identify liver, spleen  Organ self-attenuation and attenuation associated with tissue between
and red marrow region. Images after second and fourth injection the organ surface and the body surface are accounted for by
are shown. Equation 6.
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Activity in the spine region was estimated from the posterigoredicted by scaling a standard spleen volume. Volume estimates of
view only, using the following equations: the spleen were obtained by assuming that the organ may be
represented as an ellips@4. The major and minor axes, a and b,

Cspine = CPspine Eq.7 respectively, were determined from tHéBi images by measuring

Coke.sPine = 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.
1 |[CPeke CPays The boundaries were visually determined from the radioactivity
2 8 PRekc/uver  |PRske/spLeen X PWspine, EQ.8 distribution; therefore, the length of the axes will be underesti-
mated because the true boundary extends beyond that determined
A _ _c y AttCorrspine Eq.9 from the activity distribution 35). A correction for this was made
spine = (Cspine = Caxe-sping Csro_sPiNg | q: by assuming that the true axes are longer by a fixed fraction (f) of
the measured axes. This assumption yields:
CPSTD
Csto-spine = A Eqg. 10 -
STD V= 5 X (a+ fa)(b + fb)?, Eqg. 15
AttCorrgp e = 9. Eqg. 11

which reduces to:
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 odBY Setting the spleen volume obtained using Equation 16, with a
the patient's weight relative to other patients for whom paramete@@d b known from thé*Bi images, equal to a volume estimate
could be measured on CT scans. obtained from CT, a value of 0.22 was obtained for f. This value
Equations 1-11 were applied to each frame to yield kinetic daltégnslates to a threshold value for contour drawing that is consistent
A(t), for each of the regions over the 60-min imaging period. Thwith values that have been estimated and reported elsewd@re (
kinetic curves were decay corrected to the time of injection andhe corrected minor axis was also used as the spleen thickness in

converted to percentage injected dose (%ID) in each region: ~ Equations 3 and 6. . . .
Volumes were converted to masses assuming unit density. The

™
V=g><ab’-><(1+f)3. Eq. 16

A(t) pecaycorr= A(f) X e"V456 and Eq. 12 cumulated activity for each volume JAvas divided by the mass of
A each organ to give cumulated activity concentration. Mean absorbed
%ID(t) = M’X 100, Eq. 13 doses to liver and spleen volumes and to the red marrow elgeéned

I by multiplying the cumulated activity concentration in each organ
by the mean energy emitted per nuclear transitiorfor the electron
and a-particle emissions of'3Bi and its daughters. Thidividual
scaling a nominal estimate of the red marrow mass in verteb ontributioqs of each daughtgr for ellect.rons are .show.n in Table 1;
T11-L5 according to body weight®) cfgrrespondmg values_ for-particle emissions are listed in Table 2.

' An absorbed fraction of 1 was assumed for both electron and
Blood Sampling «-particle irradiation. The absorbed dose from photons to activity-

After the first and last injections, serial blood samples wefgntaining organs was assumed to be negligible relative to the
collected from each patient at 5, 10, 15, 30, 45, 60, 90, 120 and 1¢Jgctron andx-particle dose. A relative biologic effectiveness of 5
min. Aliquots of both whole-blood and plasma samples werf@r cellular inactivation was assumed far particles 87). The
counted. Whole blood was centrifuged for 2 min at 2000 rpm gffective mean energy emitted per nuclear transition is, therefore:
obtain plasma. All samples were counted for 1 min in a gammiy= 1-05i<1210713 Gy-kg/Bg-s+ 5 X 1.33X 107 Gy-kg/Bg-s=
counter (Compugamma model 1282; LKB Wallac, Gaithersbur§; 76> 10 *?Sv-kg/Bg-s. The absorbed dose, D, obtained using the
MD) that had been calibrated previously f8#Bi. The data were methods described above, yields an average over the organ volume:
decay corrected to the time of injection and expressed as percent- ~
age of injected activity per liter. D=

More

where IA s the activity injected at the start of imaging<0).
The %ID for the spine ROI was converted to marrow %ID b

X (A + 5 XAy, Eq. 17
Dosimetry

All time-activity data, A(t), were fitted to a sum or difference ofvhere Morgis the organ mass.
two exponentials, the latter if there was an uptake component to thel he photon dose to the whole body,(E) was calculated as the

time-activity data: product of the total amount administerechfAnd the whole-body
to whole-body S-factor (5;._wg), divided by the decay constant
At = A X eTx A, x e 2, Eg. 14 (\) of 23B;:
These expressions were then integrated analytically to yield the A,
cumulated activity, A(i.e., total number of decays), within each Dws = N X Sye—we Eq. 18
region or organ33). Liver volumes were determined from patient
CT scans; when CT scans were not available, they were estimated 1n(2)
on the basis of the number of pixels in the liver ROl relative to the A= Ty, Eq. 19
2

size of the liver ROI of a patient for whom a CT scan was available.
In patients with leukemia, the spleen volume is not reliablyhe parameteri, is equal to the half-life o#'*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)

213Bj 200 0.20 0.20 0.40 6.41E-17 0.5
213B;j 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
213Bj (beta) 444 97.80 97.80 434.23 6.96E-14 21
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

Ae = electron energy emitted per nuclear transition of 213Bi.

The implicit assumption in using these equations is that allensity of 1 g/crh the average absorbed dose to blood was
administered activity decays within the body. This assumption @btained as the product of the mean energy emitted per nuclear
appropriate given the short half-life &Bi. transition,A, for electron andx-particle emissions of*3Bi and its

The whole-body to whole-body S-factor f8fBi (Sws—ws) Was daughters (Tables 1 and 2), and §A
obtained as the product of the photon absorbed fraction and thein most patients, pharmacokinetic data were collected only after
yield for each of the relevant photons in the decay chair'@i, the first and last injections. Absorbed doses or dose equivalents for
divided by 70 kg, the reference man value for whole-body magsections for which no data were collected were estimated by
(34,39. Table 3 lists the photons that were considered and thgighted averaging of the known values. In estimating an unknown
corresponding S-factor value7). The sum yields ws—ws for  value, the weight assigned to known values depended on the
2B number of injections elapsed between the two estimates. Known

Organs that did not concentrat®Bi-HUM195 were assigned values that were closer in injection number to the unknown value
the whole-body photon dose. The electron absorbed dose Wgsre given a greater weight.
estimated by apportioning the cumulated activity concentration in The short half-life o£13Bi precluded the collection and analysis
blood according to each organ’s blood volume. The resulting org@fpone marrow biopsies over a relevant time period. Biopsy-based
cumulated activities were then divided by the mass of each org@gschastic or microdosimetric analyses of the absorbed dose or specific
Nominal organ blood volumes and mass& (vere scaled by each enerqy distribution within cellular target volumes in the marrow were

patient's whole-body weight. Absorbed dose estimates were qis; herformed. A conventional Medical Internal Radiation Dose ap-

tained by multiplying the cumulated activity concentration in €acnach to estimating the absorbed dose to tumor cells in regions that

organ by th? mean energy emitted per nucle_ar traqsition f|'c'alded enough counts for imaging was appropriate because of the large
electron emissions (Table 1). These assumptions yielded

) . . ber ofa-particle emissions in such regions and the associated
average absorbed dose to each organ, assuming a uniform d'Strer'ease in energy deposition to cell nuclei from cross-fe (
tion of radioactivity throughout each organ’s mass. The dose

contributions due to electrons from tBelecay of1Bi to 2130 and
from 20%Ph to20%Bi (stable) were estimated separately. Estimatg$eg s
were performed for the heart, kidneys and lungs. ]

The absorbed dose to blood was calculated by analyticalf@9ing .
integrating the fitted expression obtained from the pharmacokinetic The contours used to assess liver, spleen and red marrow
analysis of serial blood samples. This yielded the cumulatédnetics are shown on Figure 2. The percentages of adminis-
activity concentration in the blood, [A.. Assuming a blood tered activity that localized to the red marrow, liver and

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

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

213Bj 5549 0.16 0.16 8.88 1.42E-15 42.0

213Bj 5869 2.01 2.01 117.97 1.89E-14 45.5

213po 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.
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TABLE 3 was consistent with a saturation effect. There was no
Individual Photon S-Factors and Summed Photon S-Factor  consistent increase in blood or plasma concentration across

Used for 2%Bi Photon Dosimetry patients, however, relative to the total amount of antibody
Photon energy S-factor administered. No clear relationship could be discerned
Isotope (keV) (GyIMBg-s) between the clearance curves for marrow, liver and spleen
and those of plasma and blood.
213B;j 440 5.78E-11 .
213Bj 79 9.84E-13 Dosimetry
2097T] 117 1.60E-12 The absorbed dose equivalents per administered activity
iz:T' 467 6.71E-12 to blood, red marrow, liver and spleen are summarized in
Tl 1566 2.37E-11 Table 4, which also lists the total amount of radionuclide and
Total = SWBHWB 9.08E-11

antibody administered to each patient. This was generally
 — divided over the number of injections given. Estimated
Swe—ws = whole-body to whole-body S-factor. values were used when measurements were not made to
provide an average dose per injection. The average absorbed
spleen are depicted as a function of time for patients 2, 5 a;rjﬂse equivalent per injection is provided. The dose equiva-
L L ) . ent to red marrow also represents the mean dose to leukemia
8 in Figure 3. No localization to kidneys or urinary bladder

was observed. The number of patients who showed 8?1”5' It is especially important to note that because the liver

. L . .and spleen may also contain targeted leukemia cells, the
increase, decrease and no change in liver activity wi

. N . absorbed doses calculated for these organ volumes will
increasing injections was 1, 7 and 1, respectively. Correspond- ;
. oyerestimate the actual dose to normal organ parenchyma.
ing numbers for spleen were 1, 3 and 5, and for marrow 4, L2 .

lven the short range of'Bi o emissions, accurate

and 2. A tendency toward decreased uptake in liver with.” . .
. L : eatlmanon of the absorbed dose to these tissues would
increasing injection number, therefore, was evident. The ré

marrow, liver and spleen regions accounted for 70% {8qu|re knowledge of the spatial distribution?™Bi decays

>100% of the administered activity. In some cases, the sum. 2 ceI_IuIar level. That th? average dose over the organ
) . valume is an overestimate is confirmed by the absence of

exceeded 100% because the activity concentration measured .. S :
patic toxicity in all patientsi@).

in the marrow ROI was assumed to be constant throughout_. . . . :
igures 5 and 6 examine possible relationships between

EEZ E,iﬁzogve' aD:g\?gSalgng;@geAcljllzgﬁgg?/\?e?; éﬂzrglci(;?_sﬁie absorbed dose estimates listed in Table 4 and the
' dministered antibody. As shown in Figure 5, the absorbed

ized by a 5- to 10-min rise followed by a plateau at a Ievej . -
. . se equivalent to red marrow decreased as the administered
that was constant throughout the remaining 60 min 5P

imaging. No dose-related effect was apparent. The kine k?tlbOdy increased. The change in absorbed dose between

curves associated with red marrow exhibit a greater variahi g first (or second, in the case of patient 2) and last

ity than those for liver or spleen because the counts in néectlons is plotted against administered antibody in Figure

, Both red marrow and spleen exhibit a relationship
ROI used to represent whole red marrow were lower and
. - . between these two parameters. The shapes of the red marrow
therefore subject to a greater statistical uncertainty than - T
. . L ; and spleen curves are similar. This similarity is likely to
those in liver or spleen (Fig. 2). This is especially the case . . :
! ; X O ; . reflect targeting of leukemia and normal CD3&lls in the
for the first 30 min of imaging, in which 1-min frames were X ) -
collected spleen. In one patient (patient 9, at 3 mg administered
' antibody), the percent increase in absorbed dose to the
Blood Kinetics marrow was much greater than to the spleen. This “outlier”
Antibody clearance curves for whole blood and plasntaay be explained by a positive slope in the red marrow
are depicted in Figure 4 for patients 2, 5 and 8. In sontene-activity curves for this patient after the fifth injection
patients, a rapid initial drop in antibody concentration waglata not shown). This was not present for the first injection.
observed over the first 10-20 min. Beyond 40 min anthis apparent increase in antibody uptake over time yielded
throughout the remain@3 h ofsample collection, antibody a much greater red marrow absorbed dose after the fifth
clearance from blood was negligible for all patients. Anjection relative to the first. No relationship between
similar pattern was observed for plasma. The intercepts, alssorbed dose and administered antibody was seen for the
estimated initial distribution volumes, in plasma and blooblood or liver.
were similar for all patients, suggesting that a significant Absorbed doses to the whole body and to the heart,
fraction of the activity in blood was associated with cellulakidneys and lungs, organs that did not concentfaigi-
elements. Clearance rates did not depend on the numbeHoM195, are listed in Table 5. The whole-body dose is
injections administered. After 20 min postinjection, theomposed of only photon emissions. Because of the short
activity concentration in blood or plasma after the ladialf-life of 213Bi, excretion from the body was assumed to be
injection was unchanged for 1 patient and exceeded thegligible, and the whole-body residence time, therefore,
after the first injection for 8 patients. An increase in activityas the same for all patients. The whole-body dose per

concentration in blood or plasma after multiple injectionamount injected activity, therefore, was the same for each

1940 THE JoURNAL OF NucCLEAR MEDICINE ¢ VoIl. 40 « No. 11 « November 1999



A oo B &7 Pt.2
70 —o-2nd injection
60 + 60 -8- 3rd injection
—&— 4th injection
50 +
40 +
—o-2nd injection
27 -5 3rd injection
—&— 4th injection
0 1850 + + + + } |
- 8o Pt.5 80 T Pt5
[ J
s E "
= + 2 E
3 60 £ 60
a & 50T
'.‘-‘ a0 T 8 40 T SSOOOOE NN Al A—A—A—A—A— A
] &
2 i sor R
2 2T K - 1st injection £ 207 *lts': injection
—& 4th injection TS = 4th injection
[ b + + + + { o t |
80 T P8 807 PL8
70 +
—x—%
60 + 60 |
50 -+
40 T a0 T & S
30+
20+ g - 1st injection 20 + - 1st injection
—&— 4th injection 10 + —#— 4th injection
0 +& + t + ¢ + { [ + + t t + 1
0 10 20 30 a0 50 60 0 10 20 30 40 50 60

Time (min) Time (min)

C =27 PL.2

—o-2nd injection

28 + L

-8 3rd injection
24 T —&- 4th injection
20 T

32
PL5
E 26+
=
5 247 ¢ 1st injection
< 201 —A— 4th injection
[¢]
w
=2
Z
o\o
32 PL8
28 - 1st injection
24 - 4th injection
Time (min)
FIGURE 3. Time-activity curves obtained from red marrow (A), liver (B) and spleen (C) for patients 2, 5 and 8. Red marrow region,

as shown in Figure 2, is scaled to represent total marrow.
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FIGURE 4. Time-activity curves obtained from blood (A) and serum (B) for patients 2, 5 and 8 after first and last injections.

patient, 3.6x 10-*mGy/MBg. The total dose listed for eachto the marrow volume, therefore, also reflects the dose
organ was the sum of the photon (or whole-body) dose addlivered for treatment. Proliferation and infiltration of
the electron dose. The contributions fréiBi and2°®Pb to  leukemia cells to extramedullary sites are also common. The
the electron dose are tabulated separately. All dose valuesiver and spleen are common sites because they are both
Table 5 are in units of mGy/MBq rather than mSv/MBdhighly vascularized organs. The extent to which the mean
because the dose associated witbmissions, and thereforeapsorbed dose to these organs may also be considered as the
a factor associated with relative biologic effectiveness, is n@bse to leukemia will depend on the tumor burden in each
incorporated. organ, its distribution within the organ, the distribution of
the radionuclide and the range of its emissions. Correspond-
DISCUSSION ingly, the absorbed dose to the blood will also reflect
The pharmacokinetics of as-particle-emitting radionu- tgrgeting Qf circulating blasts, the concentration of which
will vary with each patient.

clide, 218, labeled to a humanized, anti-CD33 antibody, This studv provides an opportunity to examine the earl
HuM195, have been measured in patients with leukemia. IS study provi pportunity xam y

Absorbed dose estimates to normal and target organs h \l%dlstrlbutlon of administered antibody as the antibody

been performed. The concentratior2&Bi-HUM195 in red protein level increases. Such information may also be used
marrow, liver and spleen increased rapidly during injectiof?” Mdeling and for treatment optimizatiog4). The blood

and then remained at or close to its maximum valgdd plasma curves for most patients show a higher concen-

throughout the remaining 60 min of imaging. Because of ti{Ation of antibody in the corresponding volumes after the
rapid decay of the radionuclide and the need to monit§tSt administration relative to the first. The blood data are
possible kidney uptake, whole-body images were not oBuch less susceptible to the uncertainties associated with the
tained. The absorbed dose equivalent delivered to the f@nar imaging-derived organ data. If the absorbed dose to
marrow after 600-1600 MBq (16—43 mGiBi-HuUM195 each organ is plotted against administered amount of
ranged from 656 to 1220 cSv. antibody (Fig. 5), a trend toward decreasing average ab-
Because leukemia is characterized by an unregulateerbed dose per administered antibody is seen for the red
proliferation of hematopoietic cells or blasts in the bongarrow, and an increase is seen for the liver. The dose to
marrow, targeting to marrow is predominantly the result dflood will depend on peripheral cell count density and,
antibody binding to leukemia cells. The mean absorbed daberefore, 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
Activity/body 11.4 1.2 1.1 16.2 15.7 14.2 18.4 20.8 21.3
weight (MBa/kg)
Activity (MBq) 807 602 605 876 1083 1613 924 1312 1343
Administered 1.7 1.6 1.8 17 3.0 44 25 3.6 3.0
antibody (mg)
Absorbed dose estimates (mSv/MBQq)
Blood
1stinjection 14 1.0 1.9 4.4 4.3 0.8 24 15 15
2nd injection 1.4+ 1.0* 1.9* 4.4* 4.3* 0.8* 2.7* 15* 15*
3rd injection 1.7* 2.7* 2.4* 4.6* 5.6* 1.0* 2.9 3.2* 2.2*
4th injection 17 2.7 24 4.6* 5.6 1.0* 3.2 2.9*
5th injection 4.8* 1.1* 2.0
6th injection 4.8 11
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
1st injection 9.3 9.0* 10.7 10.0 7.9 5.8 13.0 8.9 5.4
2nd injection 8.0% 9.0 104 11.2 7.9% 5.8* 13.2* 8.9% 5.4*
3rd injection 6.7 10.8 10.8 11.2* 7.6* 5.1* 135 8.0* 7.9*
4th injection 14.7 15.0 115 12.2* 7.6 5.1* 8.0 10.3*
5th injection 13.2* 4.4* 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 4.4 5.6 6.6 5.6 4.3 10.7 6.8
2nd injection 5.7* 3.7 4.3 55 6.6* 5.6* 4.1* 10.7* 6.8*
3rd injection 4.8 4.9 39 5.5* 6.2* 4.7* 4.0 6.3* 5.4*
4th injection 43 4.7 34 5.5% 6.2 4.7% 6.3 4.1*
5th injection 5.5* 3.7* 41
6th injection 55 3.7
Averaget 5.3 (428) 43(259) 4.0(242) 5.5(482) 6.4 (693) 4.7 (758) 4.1(379) 8.5 (1115) 5.4 (725)
Spleen
1st injection 134 7.6* 4.7 19.1 5.3 4.2 9.7 16.3 174
2nd injection 14.2* 7.6 47 19.5 5.3* 4.2% 9.3* 16.3* 17.4*
3rd injection 15.0 10.0 4.8 19.5* 4.8* 3.8* 8.9 12.4* 16.3*
4th injection 16.3 11.0 4.8 20.0* 4.8 3.8* 12.4 15.3*
5th injection 20.5* 3.4* 15.3
6th injection 20.5 34
Averaget 14.7(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 pharmacotfhe absorbed dose to organs that did not concentrate
kinetics) depend heavily on the estimates used for org&iBi-HuM195 did not includex-particle emissions because,
masses. When the confounding issue of mass estimatiomiigen their short range and the 45.6-min half-life281Bi,
removed, and an internal comparison is made, as in Figurel@ey would not contribute to normal organ dose. The dose
a relationship between marrow and spleen dose delivaagsociated with electrons was determined separately for
may be observed, supporting the possibility that a significatitBi and 2°°Pb, the two radionuclides that would be
fraction of splenic uptake reflects targeting of leukemia celexpected to contribute significantl3#°Tl also emits elec-

in the spleen. Figure 6 also shows that when the totmbns but at a relative yield of only 29618Bi emits B
administered antibody is approximately 2.5-3 mg, the firparticles with a mean energy of 444 keV and a vyield of
injection will deliver the same absorbed dose as the last. TBIg.8%.2°%Ph, the common decay product of the t#éBi

may be the optimum milligram amount for therapy becausdaughters, emitg particles with a mean energy of 198 keV;
as shown in Figure 5, this is also the protein amount in whiéghdecays with a half-life of 3.25 h. Absorbed dose to organs
that did not concentrate the antibody was obtained assuming

the liver absorbed dose begins to increase.
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FIGURE 5. Absorbed dose equivalent to red marrow for each patient as function of amount (milligrams) of administered antibody.

uniform energy distribution. The validity of the uniformCONCLUSION

energy deposition assumption f&Bi electron emissions  This study shows that patient imaging 8%Bi, an
depends on the degree to which the labeled antibogyparticle emitter, labeled to HUM195, is possible and may
extravasates before transformation of #i#®i and also on pe ysed to derive pharmacokinetics and dosimetry. The
the range of the electron emissions. Given the short half-lifgysorped dose ratio between marrow, liver and spleen
of 2%Bi, extravasation will be minimal. Transformation ofygjumes, sites known to harbor disease in patients with
?1Bi to 2o, however, yields electron emissions with apykemia, and the whole body fé#Bi-HUM195 is 1000-
average range of 5-10 mm. Even if confined to thg)g greater than that commonly observed wftremitting
vasculature, therefore, the electron emission3'®i may yadionuclides used for radioimmunotherapy.

irradiate a significant portion of normal tissue. The electron

emissions of%Pb have an average range of 0.5-1 mm. The

3.25-h half-life of2°%Pb allows for extravasation and diffu-ACKNOWLEDGMENTS
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Absorbed Dose Estimates for Normal Organs (Disease-Free Organs not Targeted by 213Bi-HUM195)

TABLE 5

Absorbed dose (mGy/MBQ)

Patient Heart Kidneys Lungs

no. 23Bielectrons 2%%Pb electrons Total* 21Bielectrons 2%°Pb electrons  Total* 2B electrons 29°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 5.5E-03 5.0E-03 2.3E-03 7.6E-03 1.2E-02 5.3E-03 1.7E-02

*Whole-body photon dose of 0.00036 mGy/MBq is included in total organ estimates.
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