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Prediction of Myelotoxicity

Using Radiation Doses

to Marrow from Body, Blood and Marrow Sources

Sang-Moo Lim, Gerald L. DeNardo, Diane A. DeNardo, Sui Shen, Aina Yuan, Robert T. O’Donnell and Sally J. DeNardo
University of California Davis Medical Center, Sacramento, California; and Veteran’s administration, Northern California
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Bone marrow is generally the dose-limiting organ in radioimmuno-
therapy (RIT). Although radiation doses to marrow estimated from
tracer doses have been shown to be comparable to those from
therapy doses of radionuclide, the correlation of marrow radiation
dose and myelotoxicity has not been well documented. The purpose
of this study was to evaluate the relationship between radiation dose
to marrow and subsequent changes in peripheral blood cell counts.
Methods: Radiation doses to marrow from three sources, body,
blood and marrow targeting, were compared with changes in blood
counts after the first therapy dose of ''I-Lym-1 in 16 patients. Doses
of 3'l-Lym-1 ranged from 1.1-8.2 GBq (29-222 mCi). Cumulated
radioactivity in the body and marrow were obtained using sequential,
quantitative images of the body and lumbar vertebrae, respectively,
and that in blood using activity in blood samples. The individual and
sum of radiation doses from penetrating radiations in the body, and
nonpenetrating radiations in the blood and marrow, were compared
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with blood counts. Resuilts: In this group of patients, median radiation
doses were 15.1, 15.4 and 42.1 cGy from body, blood and marrow
and blood versus fractional decreases in blood counts produced
correlation coefficients of 0.38, 0.06, 0.22 and less than 0.01 for
platelets, granulocytes, white blood cells (WBCs) and hematocrit,
respectively. Linear regression of targeted marrow radiation doses
versus fractional decreases in blood counts produced correlation
coefficients 0.61, 0.31, 0.54 and 0.20 for platelets, granulocytes,
WBCs and hematocrit. The closest association was found between
radiation dose to marrow from marrow targeting and change in
platelet count (r = 0.61). Conclusion: In patients, such as those with
non-Hodgkin’s lymphoma (NHL), likely to have marrow targeting,
prediction of myelotoxicity by conventional body and blood contribu-
tions to marrow is substantially improved by the use of radiation dose
to marrow estimated from images.

Key Words: dosimetry; myelotoxicity; radioimmunotherapy; iodine-
131-Lym-1
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Methods for determining the radiation dose delivered to
human bone marrow from radiopharmaceuticals have tradition-
ally addressed contributions from radionuclidic sources in the
body, blood or both (/-3). As a result of studies sponsored by
the American Association of Physicists in Medicine, Siegel et
al. (3) proposed a standardization of the blood radioactivity
method. DeNardo et al. (4) and Macey et al. (5) proposed
modifications to account for potential redundancies in consid-
ering nonpenetrating and penetrating emissions when address-
ing both body and blood contributions. Sgouros et al. (6)
proposed modifications to account for the effect of hematocrit
on the relationship of marrow activity to that of blood. Re-
cently, there have been efforts to correlate the radiation doses to
marrow estimated by these methods with subsequent evidence
for myelotoxicity (6,7). Although some positive correlation was
reported, it was less than definitive, presumably because of
confounding factors, such as prior chemotherapy and effects of
the malignancy itself, that contribute to myelotoxicity. One
effect that is evaluable is the radiation dose to the marrow from
radionuclide targeted to malignant cells in the marrow and
skeleton (8). Several groups have described imaging methods
for measuring the marrow radiation from targeted radionuclide
(5,9-11), however, the value of these imaging methods for
prediction of myelotoxicity is unclear (3,9,/2). The current
study evaluated the relationship of radiation doses from marrow
targeting to subsequent evidence for myelotoxicity in patients
with NHL; these data were considered relative to conventional
dosimetric data and bone marrow biopsy.

MATERIALS AND METHODS
Patients

A subset of 20 patients (20/54), who had longer intervals since
their last chemotherapy and greater likelihood of marrow NHL,
treated with '*'I-Lym-1 were selected for this study if they met the
following criteria:

1. No other myelotoxic therapy for at least 4 wk before or after
RIT in order to minimize confounding factors;

2. No history of prior irradiation to the lumbar spine (lumbar
region of interest (ROI) was used for study analysis); and

3. Bone marrow biopsy.

Twenty patients met the above criteria, but four of these patients
were excluded: two had bulky paravertebral masses of sufficient
size to interfere with estimation of background radioactivity, and
two had increases in blood counts after RIT that probably reflected
recovery from chemotherapy. Analyses were performed on the
remaining 16 patients, six of whom were positive for marrow NHL
by biopsy.

Radiopharmaceuticals

Lym-1 is an IgG2a mouse monoclonal antibody that targets
B-cell lymphocytic malignancies (/3). Lym-1 was produced in our
laboratory or obtained from Damon Biotech, Inc. (Needham
Heights, MA) or Techniclone, Inc. (Tustin, CA). Lym-1 was
radioiodinated with high specific activity '*'I by the chloramine-T
method. At least 90% of the '*'I was bound to Lym-1, and
immunoreactivity was at least 87% of the reference standard. A
range of injected doses (1.1-8.2 GBq; 29-222 mCi) was admin-
istered under a physician-sponsored IND.

Marrow Dosimetry

The radiation dose to marrow was determined for three contrib-
uting sources: body, blood and targeting of marrow malignancy.
The marrow dose from the body was determined for penetrating
radiations from the body assuming a uniform distribution of
radionuclide in the body (4,/4). The dose to marrow from blood

FIGURE 1. Standard marrow and background ROls superimposed on
posterior abdominal image. Based on CT analysis, a standard marrow ROl
(L2, L3, L4) width of 5 cm was used. Background ROl width was 1 cm on
each side of the marrow ROl and was the same height as the marrow ROI.
Height of the ROIs varied based on CT measurements. Liver, spleen, kidneys
and pelvis (sacroiliac joints) serve as landmarks. Targeted abdominal mass
(above ROI) was excluded from the ROI.

was determined for nonpenetrating radiations alone by methods
described by DeNardo et al. (4). The specific activity of blood in
marrow was assumed to be 0.25 (6), and uniform distribution and
complete absorption of nonpenetrating radiations in marrow were
assumed.

Cumulative activity in marrow and the MIRD S factor for
nonpenetrating radiations were used to determine radiation dose to
marrow from marrow targeting (/4). Two assumptions were used:
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FIGURE 2. Median (<) and ranges of radiation doses to marrow from body,
blood and marrow targeting. The median targeted marrow radiation dose
was more than twice that from the body or blood to marrow in this group of
patients with NHL.
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TABLE 1
Comparison of Radiation Doses to Marrow with Decreases in
. Blood Counts

Correlation coefficients for fractional decrease in

blood counts
Sources of White
radiation dose to blood
marrow Platelets Granulocytes cells  Hematocrit

Body 0.34 0.18 0.31 0.13
Blood 0.38 0.06 0.13 0.12
Body and Blood 0.38 0.06 022 <0.01
Targeted marrow 0.61 0.31 0.54 0.20
Total body, 0.54 0.49 0.47 0.11

blood and

targeted

marrow

1. Marrow dose can be extrapolated from radionuclide in three
lumbar vertebrae; and

2. The marrow in three lumbar vertebrae (L2, L3, L4) is equal
to 6.7% of total active marrow (15).

Comparisons of Marrow Radiation with Decreases in
Blood Counts

To determine whether radiation doses to marrow could be used
to predict myelotoxicity, linear regressions were performed on data
for radiation doses to marrow versus fractional decreases in counts
for platelets, WBCs, granulocytes and hematocrit. The radiation
doses to marrow included individual and sums of body, blood and
marrow targeting. Correlation coefficients were then compared for
all regressions to select the best predictors of myelotoxicity. The
post-therapy nadir for each blood count parameter was compared
with the baseline counts:
initial — nadir

Fractional decrease, blood count = Eq. 1

initial
Quantitative Marrow Image Processing
and Reproducibility

The imaging study obtained after the first treatment dose in each
patient was reviewed by one of the authors without knowledge of
other data. Planar image quantitation was performed on sequential,
posterior images of the abdomen to measure the amount of
radionuclide in three lumbar vertebrae (9). Images were acquired
on either a Siemens ZLC 7500 or Bodyscan camera interfaced to
MicroDelta computers immediately, 4—6 hr and daily for 7 days
after injection. To determine size and location of the marrow ROI,
the height of three lumbar vertebrae (L2,L3,L4) and three vertebral
spaces was measured on x-ray CT images of 20 patients. A fixed
relationship was found between patient height and the height of
three lumbar vertebrae; this relationship was used to determine the
height of the marrow ROI when CT images were not available for
individual patients. Mean vertebral width (including cortical bone)
was found to be 5.2 *+ 0.2 cm measured from 20 patient CT scans.
Therefore, a standard marrow ROI width of 5 cm and a background
ROI width of 1 cm on each side with the same height as the marrow
ROI was used (Fig. 1). The effect of narrower background ROIs
(0.6 and 0.3 cm) was examined by comparing cumulated activities
obtained with these narrower background ROlIs to those obtained
by the standard marrow ROI. The average variation in cumulated
activity was only 9%. When vertebrae were well visualized on the
planar images, the top of the ROI was aligned with the top of the
second lumbar vertebra. When the vertebrae were less well
visualized, the top of the second lumbar vertebra was noted in
relation to other organs on the CT images and accordingly aligned
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FIGURE 3. Correlation between radiation dose and nadir fractional platelet
decrease. Linear cormelation between radiation dose to mamrow from body
and blood (upper) was weak (r = 0.38), was improved somewhat by the
addition of the targeted marrow dose (middle) (r = 0.55) and was best for
targeted marrow dose alone (bottom) (r = 0.61).

on the planar image relative to other organs. Peak uptake of
131I.Lym-1 in marrow occurred by 6 hr in 14 of the patients under
study.

The reproducibility of marrow image processing using the
lumbar ROI method was evaluated. A single operator processed
each set of images three times at intervals of =7 days. Intraoperator
reproducibility was determined by the coefficient of variation.
Intraoperator reproducibility of quantitative marrow image pro-
cessing was =10% for radiation dose to marrow from marrow
targeting.

RESULTS

Marrow
The targeted marrow dose contributed more to the marrow
dose than did the body or blood in these patients (Fig. 2). The
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median and range of radiation doses to marrow from body,
blood and marrow targeting were 4.9 (3.0-7.3), 4.1 (2.7-11.9)
and 11.9 (4.3-20.3) cGy/GBgq, respectively. The median radia-
tion dose to marrow from all three sources was 21.1 (11.9-
35.4) cGy/GBq.

Comparisons of Marrow Radiation with Decreases in
Blood Counts

The correlation coefficients for fractional decrease in blood
counts versus body and blood radiation doses to marrow were
low in these patients (r < 0.4, Table 1, Fig. 3). In contrast, the
correlation coefficient for targeted marrow dose versus frac-
tional decrease in platelets was 0.61. Addition of the body and
blood contributions to the targeted radiation dose to marrow
failed to improve the correlation coefficients; however, the
granulocyte comparison increased from 0.31 to 0.49 (Table 1,
Fig. 3). Correlation coefficients were highest for platelets and
lowest for hematocrit for all marrow radiation versus blood
count comparisons.

The median fractional decrease in blood counts after therapy
was greatest for platelets (0.39, 0.11-0.83), followed by gran-
ulocytes (0.30, 0.10—0.80). The median fractional decrease was
less for WBCs (0.23, 0.06—-0.60) and hematocrit (0.09, 0.01—
0.23).

DISCUSSION

The radiation dose to bone marrow and blood counts after
RIT are measurable and are potential indicators of myelotoxic-
ity. However, the ability to predict myelotoxicity after RIT from
radiation dose estimates has previously not been well docu-
mented. There was little correlation between any of the methods
for assessmg radiation to the bone marrow described herein and
a decrease in hematocrit after '3'I-Lym-1 therapy. As with
conventional external beam radiotherapy, erythrocyte progeni-
tors are less sensitive to exponentially decreasing low-dose rate
irradiation than other marrow elements (/6). Furthermore,
because of erythrocyte longevity, decreased erythropoiesis is
less likely than thrombocytopenia or leukopenia to be promi-
nent early. The conventional sources for estimating marrow
radiation, i.e., body and blood, alone or in aggregate, did not
correlate well with therapy-induced thrombocytopenia or leu-
kopenia, although the former correlation was the best. Radiation
dose estimated from images of the lumbar vertebral marrow
(targeted marrow radiation) correlated rather well with therapy-
induced thrombocytopenia and leukopenia and was better than
the correlations for body, blood or body and blood for all blood
cell parameters studied. As expected, the correlation of radia-
tion dose with thrombocytopenia was best. Addition of the
contributions from body and blood to that of targeted marrow
radiation did not improve the correlations beyond that of
targeted marrow radiation alone except for an improved corre-
lation with granulocytopenia. These observations are consistent
with those of Juweid (/2) for patients with NHL. Incomplete
correlation of targeted marrow radiation dose with therapy-
induced decreases in peripheral blood counts, underscores the
limitations of evaluating the marrow dosimetry method in
heavily pretreated patients with hematologic malignancies
8,17).

In this patient population, several factors underlie the supe-
rior performance of targeted marrow radiation dose measure-
ment (8). First, bone marrow involvement in patients with NHL
is common (/8), and body and blood methods for estimating
marrow radiation fail to account for marrow targeting. In the
patients in our study, six had positive bone marrow biopsies,
and their radiation doses from targeted marrow exceeded 8

c¢Gy/GBgq in each instance. Indeed, other patients with elevated
marrow doses from targeting probably had marrow malignancy,
which, as demonstrated by Tardivon et al. (/9), has shown that
MRI reveals lymphomatous marrow involvement even when
marrow biopsies are negative. The absolute amounts of radia-
tion from body and/or blood to marrow were also insufficient to
explain the myelotoxicity in these patients even if heavy
pretreatment was considered. In this select group of patients,
radiation doses from targeted marrow were several times
greater than those from body or blood, although still less than
expected, when given the median fractional decrease in platelet
and granulocyte counts were 39% and 30%, respectively. Others
have reported larger radiation doses for comparable manifestations
of myelotoxicity from radioimmunotherapy (20,21).

The radiation dose estimates for targeted marrow radiation
were reproducible when determined by a single, experienced
observer. This reflects the fact that minor variations in vertebral
or background ROIs produced insignificant alterations in the
final radiation dose estimate despite sometimes larger alter-
ations in a single observation of percent injected dose in the
sequence of observations used to obtain cumulated activity.
Although the results in this study reflect the use of an ROI that
identified three contiguous lumbar vertebrae and an adjacent
background RO, this is not a rigid requirement for the method.
All lumbar vertebrae are essentially the same size. Therefore
any three could be identified by the ROI in order to avoid a
focally involved vertebrae. Furthermore, the size of the back-
ground ROI can be altered somewhat, as long as it is adjacent
to the vertebrae and is not in an area of paravertebral malig-
nancy. Marrow ROI was not altered in the two excluded
patients in order to maintain a standardized methodology for
this study. It is important to appreciate that the numerical value
for targeted marrow radiation dose can only be used to project
likelihoods of myelotoxicity. Several investigators have empha-
sized the complexity of skeletal marrow at both a macroscopic
and microscopic level (3,6,22). Kassis emphasized that the
conventional MIRD technique, whether applied to body and blood
or to targeted marrow radiation, determines average radiation
doses, and “nonuniform radionuclide distribution causes dose
nonuniformity regardless of the range of particles (22).”

CONCLUSION

In this subset of patients with NHL, prediction of myelotox-
icity by conventional body and blood radiation doses to marrow
after RIT was improved by the addition of image-based esti-
mates of the radiation dose to marrow. RIT image-based
estimates of radiation dose to marrow can be used globally to
project likelihoods of myelotoxicity. Improved methods are
needed to more accurately predict myelotoxicity.
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Tumor Pretargeting: Role of Avidin/Streptavidin on
Monoclonal Antibody Internalization
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Radioimmunodetection of tumor can be improved by introducing a
two-step system in which radiolabeled streptavidin is administrated
after the injection of a biotinylated monocional antibody (MAb)
(two-step) or radiolabeled biotin is injected after biotinylated MAb
and avidin (three-step). The anti-carcinoembryonic antigen (CEA)
MAb FO23C5 has been recently exploited in a three-step protocol
based on the avidin-biotin system. The anti-folate receptor (FR)
MAb MOv18 has proven suitable for radioimmunodetection of
ovarian cancer using directly radiolabeled MAb or in a two-step
method. In this study, we analyzed the suitability of MOv18 in a
three-step protocol in ovarian carcinoma patients and the internal-
ization events after formation of the MOvi18-avidin complex.
Methods: Selected patients with documented metastatic lesions
were enrolled in a three-step radioimaging analysis with biotinylated
MOv18 and FO23CS5, avidin and '"'In-labeled biotin. Two-step
internalization experiments were conducted in vitro with MOv18 and
MOv19 MADbs on the FR-overexpressing IGROV1 cell line and with
the anti-CEA MAb FO23CS5 on the LS174T cell line. Cells were
incubated sequentlallg with biotinylated MAb and '?5l-labeled
streptavidin or with '2SI-biotinylated MAb and cold streptavidin.
Results: In the in vivo study, SPECT revealed the majority of
metastatic lesions in patients injected with biotinylated MOv18;
however, the tumor-to-background ratio was relatively low. In the in
vitro study, a consistent internalization was induced by antigen-
biotinylated MAb-streptavidin complex formation at the cell surface
in both antigenic systems analyzed. However, the extent of internal-
ization was lower in the CEA model. Conclusion: The internalization
ability of avidin suggests its potential clinical application for deliver-
ing toxic agents in a two-step approach (biotinylated MAb + avidin
conjugate). The suitability of a given MAb for three-step clinical
applications (biotinylated MAb + avidin + biotin) should be previ-
ously investigated by using appropriate in vitro experiments.
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'Ene avidin/streptavidin—biotin complex has become an ex-
tremely useful and versatile detection intermediate in a variety
of blologlcal and analytical systems (/-3). Its high binding
affinity (107'® M) ensures binding at extremely low reagent
concentrations and binding stability even under extreme condi-
tions (4). Recently, the use of this system has been extended to
include in vivo procedures such as radioimmunodetection
(RID) (5-8). Radiolocalization studies have shown that target-
to-nontarget radioactivity ratios and radioimaging analyses can
be significantly improved by introducing a two-step or three-
step system in which radiolabeled avidin or streptavidin is
administered after the injection of a biotinylated ligand or
radiolabeled biotin is injected after a streptavidin-conjugated
antibody or an avidin chase of unbound ligand (9-12). The
advantages and limitations of the two methods are described
elsewhere (/3,14). The avidin—-biotin system, applied to RID,
allows the use of short-half-life radionuclides and has been
shown to enhance the applicability and effectiveness of radio-
immuno-guided surgery (/0). However, in this system, the
three-step approach is feasible only when the ligand-avidin
complex is still present on the membrane at the time that
radiolabeled biotin is administered.

The major area of clinical application of the avidin—biotin
complex is the detection of tumor markers bound by monoclo-
nal antibodies (MADbs). Several markers of human carcinomas
have been identified so far, and some of them have been
exploited in RID and radioimmunotherapy, based on the tumor-
restricted and homogeneous overexpression of these markers
(15, 16). The folate receptor (FR), which is recognized by MAbs
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