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A potential limitation of rhenium-186-1,1-hydroxyethylidene
diphosphonate ('®*Re-HEDP) therapy in patients with painful
bone metastases is thrombocytopenia. Given the palliative char-
acter of this therapy, it is essential to be able to predict the
degree of thrombocytopenia before therapy. Methods: Thus far,
39 prostatic cancer patients with multiple painful bone metasta-
ses were treated. Twenty-one patients underwent the therapy
twice, resulting in 60 therapies. From the pre-therapy ®™Tc-
HDP scintigram, the bone scan index (BSI) was determined as
an index of the extent of bone involvement. Results: The ad-
ministered activity ranged from 1104 to 3479 MBq '%®Re-HEDP.
The platelet count was lowest 4 wk following therapy. From this
value and the pretreatment level, the percentage decrease in the
platelet count was determined (47% + 19%, range 14%—89%).
The BSI ranged from 8 to 93. Regression analysis showed a
functional relation (R = 0.78; p < 0.001) of the percentage of
platelet decrease with BSI and administered activity normalized
to standard body surface area. Conclusion: Using this relation,
it is possible to predict thrombocytopenia by pretreatment bone
scintigraphy and to adjust the dosage to each patient to avoid
unacceptable toxicity.
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Patients with prostate cancer will develop bone metasta-
ses in nearly 70% of all cases (1). Bone metastases are a
major cause of serious morbidity, resulting in pain, hyper-
calcemia, loss of function following pathological fractures
and neurological symptoms from nerve compression.
Bone pain, confined to single sites, usually responds
favorably to local external beam radiotherapy (2). Treat-
ment planning differs in cases of widespread bone metas-
tases, where hemibody (half-body) or whole-body irradia-
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tion appears to be more appropriate. However, all tissues
in the irradiated area receive a similar radiation dose,
which may cause considerable side effects, mainly present-
ing as bone marrow suppression, gastrointestinal symp-
toms and radiation pneumonitis (3,4).

The application of bone-seeking radiopharmaceuticals is
a promising substitute for hemibody or whole-body radio-
therapy. Several authors described the favorable effect of
strontium-89-chloride (®%Sr) in patients with metastatic
prostate cancer (5-7). Robinson et al. reported an increas-
ing number and quality of responses with increasing dos-
ages of %Sr (7), but other investigators have not been able
to demonstrate a dose-response relationship (8). Toxicity
is limited to temporary myelosuppression, of which the
most sensitive indicator is the peripheral platelet count (8).
Unfortunately, *Sr has a relatively long physical half-life
(50 days) and does not emit gamma rays suitable for post-
therapy quantitative imaging. Similar to the toxicity of
8Sr, Turner et al. (9) described thrombocytopenia as the
dosage limiting toxicity of samarium-153-ethylenediami-
notetramethylenephosphonic acid (***Sm-EDTMP). Rhe-
nium-186-1,1-hydroxyethylidene diphosphonate (*®Re-
HEDP) has recently been developed for the palliative
treatment of metastatic bone pain (10). Initial results have
shown that '3Re-HEDP is able to reduce pain in about
80% of patients (11-13). Rhenium-186 has a relatively short
physical half-life (T,, = 89.3 hr) with a beta emission
suitable for therapy (E.x = 1.07 MeV) combined with a
gamma emission suitable for external imaging (E, = 137
keV) with an external photon yield of 9%. Radionuclides
with short physical half-lives present the possibility of mul-
tidosage therapy, which may be more effective in palliation
of bone pain (14). Furthermore, the short physical half-life
reduces the problems of radioactive waste handling and
storage (15).

Because 'Re-HEDP delivers a substantial dose to the
bone marrow, bone marrow toxicity will be the dosage
limiting factor. In most patients treated with bone-seeking
radiopharmaceuticals, bone marrow toxicity is confined to
thrombocytopenia, while leucopenia plays only a minor
role (8). Moreover, these patients often show an increased
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bleeding tendency caused by additional use of nonsteroidal
anti-inflammatory drugs, and by tumor infiltration of the
bladder in prostate cancer patients. Therefore it is impor-
tant to be able to predict the risk of thrombocytopenia prior
to administration. Due to the inhomogeneous distribution
of the radioactivity within the skeleton of patients with
bone metastases, this has been found difficult to do based
on bone marrow absorbed dose calculations.

As part of ongoing studies with '®Re-HEDP, we evalu-
ated the degree of thrombocytopenia and correlated it to
the administered activity and the extent of bone metastasis
expressed by the bone scan index (BSI) which, as we have
shown earlier, determines the fraction of administered ac-
tivity taken up by the skeleton (16). On the basis of these
findings we developed a model to predict the risk of throm-
bocytopenia that may be used to individualize dosage rec-
ommendations.

MATERIALS AND METHODS

Patients

The patients included in this report took part in two separate
studies. Twenty patients with histologically confirmed prostatic
cancer (mean age: 69 yr, range: 55-80 yr) entered a study with
186Re-HEDP dosage escalation, nine of whom received two ad-
ministrations. Nineteen patients with prostatic cancer (mean age:
71 yr, range: 59-81 yr) entered a study with a fixed administered
activity of 1295 MBq of !®Re-HEDP, twelve of whom received
two administrations. In total, 60 treatments (39 first and 21 second
injections) were given in the two studies.

All patients were suffering from metastatic bone pain and failed
prior hormonal therapy. No patients received prior chemother-
apy. They all had scintigraphic and radiological evidence of at
least four bone metastases. Each patient had adequate hemato-
logical function with a leukocyte count >4.0 x 10%/liter, and a
platelet count >150 x 10%lliter. Some patients who entered the
fixed dosage protocol received prior local external beam radio-
therapy at limited parts of the skeleton.

The study was approved by the hospital review board and all
patients gave written informed consent.

Preparation of '**Re-HEDP

Enriched '®Re was irradiated at the Reactor of the University
of Missouri, St. Louis, MO to produce *Re. The *Re-HEDP
complex was prepared by reconstitution of a lyophilized mixture
of Na,H,-HEDP (10 mg), SnCl,.2H,0 (3.85 mg) and gentisic acid
(3 mg) with 1 ml of a radioactive solution of Na'®*ReO, (2000
2800 MBq per 0.005-0.1 mg Re) in saline. The 'Re-HEDP com-
plex was formed by reduction of the Re(VII) with the stannous ion
and brief heating (10 min at 98-100°C). The pH of the resulting
solution was adjusted to 5-6 by adding 1 ml of sodium acetate
solution (39 mg of sodium acetate trihydrate/ml). Besides this kit
formulation which had to be reconstituted, a ready-to-use liquid
formulation with the same components and concentrations as in
the kit was used. Both formulations have an identical pharmacok-
inetic behavior (17). Radiochemical purity of the '*Re-HEDP
complex was checked by chromatography using Whatman 3MM
paper. Free perrhenate and reduced hydrolyzed rhenium
(*®Re0,) were determined in two separate systems using acetone
and 0.01 M Na,H,-HEDP in 0.9% (w/v) saline as the solvent,
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respectively. The radiochemical purity of *Re-HEDP prior to
injection proved to be consistently over 97%.

All components originated from Mallinckrodt Medical Inc. (St.
Louis, MO) and were manufactured according to GMP proce-
dures.

Study Design

The trial design of the dosage escalation study involved sequen-
tial groups of three patients treated with 1295, 1850, 2405, 2960
and 3515 MBq of '®Re-HEDP, respectively. Following evalua-
tion of each group of three patients, escalation of administered
activity was implemented in increments of 555 MBq. If any one
patient in a group experienced unacceptable toxicity, defined as
grade 3 or 4 toxicity at any point, or grade 2 toxicity which did not
resolve by 8 wk following injection, three more patients were
injected at the same level. When none of the three additional
patients experienced unacceptable toxicity, the administered ac-
tivity was escalated. In the fixed dosage protocol, patients re-
ceived 1295 MBq of '®Re-HEDP. In both protocols, treatment
could be repeated at 8-wk intervals if pain recurred (same admin-
istered activity as the initial dosage). Patients were hospitalized in
an isolated room in the nuclear medicine ward for 24 hr. Rhenium-
186-HEDP was administered as a bolus injection via a running
intravenous saline drip.

Toxiclty

For toxicity assessment, the 1988 National Cancer Institute
Common Toxicity Criteria were used (18). The maximal decrease
of platelet count during the 8-wk follow-up period was expressed
as a percentage of the pretreatment level (week 0). Body surface
area (BSA) was calculated according to Boer (19): BSA (m?) =
0.2025 » BW*“% « H* in which BW is body weight (in kg) and
H is height (in m).

The influence of external beam radiotherapy on platelet toxicity
was measured in two subgroups of patients who all received 1295
MBq of '8Re-HEDP: 10 patients with and 11 patients without
prior external beam radiotherapy.

Bone Scan Index

Two weeks prior to therapy, a diagnostic whole-body scinti-
gram was performed using **™Tc-hydroxymethylene diphospho-
nate (HDP) (Mallinckrodt Medical, Petten, The Netherlands).
From these scintigrams, the BSI was determined in order to
provide an index of the extent of metastatic disease as described
by Blake et al. (20).

In brief, by this method the skeleton is divided into four ana-
tomical regions: (1) spine and skull; (2) pelvis; (3) shoulder girdle
and ribs; and (4) extremities.

Each region is scored visually on a scale of 0 to 10 for the
apparent proportion of skeleton involved. Scores for each region
are summed, and the sum renormalized to a scale of 0 to 100 as an
index for the extent of skeletal involvement. BSI values were
calculated independently by two nuclear medicine physicians.

Statistical Analysis

Data were analyzed using the SYSTAT 5.0 program (SYSTAT,
Inc., Evanston, IL). Multiple regression analysis was applied to
the group of first injections (n = 39) to calculate the functional
relation of the measured percentage of platelet decrease (%DEC)
with BSI and administered activity normalized to standard body
surface area (ADN). For validation of this relation, the “one leave
out’’ method was used (21). Thus, we predicted the %DEC for
each individual patient from an equation derived from the data of
the remaining 38 patients.
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TABLE 1

Patient Survey
Dosage
per

1.73 m?

body  Platelet  Platelet

surface  decline decline
Patient Dosage area calculated measured Toxicity

no. BSI (MBg) (MBq (%) (%) grade

03P330 20 1252 1117 34 33 0
04P330 65 1104 986 35 54 0
05P330 63 1834 1541 46 61 0
07P330 43 1865 1798 51 69 1
08P330 60 1835 1833 52 41 0
09P330 35 1830 1601 47 51 1
10P330 40 1814 1826 52 47 1
11P330 20 2353 1825 48 34 1
12P330 28 2339 2034 53 64 1
14P330 53 2373 2336 60 64 1
15P330 23 2914 2716 64 68 1
16P330 43 291 2324 64 46 1
17P330 60 2928 2500 62 62 1
01P341 20 1252 1114 35 29 1
02P341 90 1316 1175 28 21 0
03P341 40 1310 1120 42 2 1
04P341 68 1163 1027 34 28 0
05P341 48 1249 1172 39 44 1
06P341 65 1300 1126 37 33 0
07P341 45 1261 987 38 32 1
08P341 75 1299 1069 31 28 1
09P341 70 1228 1074 34 30 1
11P341 10 1285 1231 37 14 1
12P341 93 1240 1293 26 21 0
14P341 43 1300 1323 4 34 0
18P330 13 2880 2720 59 4l 1
19P330 8 2895 2253 47 56 1
20P330 13 2891 2537 56 61 1
22P330 43 3428 3525 85 89 3
24P330 73 3479 3067 4 56 0
25P330 48 3456 3007 72 88 3
27P330 48 3453 3173 81 63 1
15P341 88 1264 1143 17 55 1
16P341 40 1295 1164 39 72 1
17P341 45 1270 1202 40 44 1
18P341 30 1266 1094 37 35 1
19P341 50 1266 1161 40 39 1
20P341 73 1263 1124 33 26 1
22P341 30 1281 1182 40 48 1

The paired t-test was used to compare %DEC between the first
and second injections (n = 21). The independent t-test was used to
test the influence of external beam radiotherapy (p < 0.05 was
considered to be statistically significant).

RESULTS

Characteristics of each first treatment course are sum-
marized in Table 1. In most patients, the nadir of platelet
count occurred at Week 4 (Fig. 1). After the first dosage,
grade 1 toxicity (75-150 x 10° platelets/liter) was observed
27 times. Two patients showed grade 3 toxicity (25-50 X
10° platelets/liter). The other courses showed no thrombo-
cytopenia below 150 x 10°]liter. The mean percentage of
decrease in platelet count after the first injection was 47%
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n=39

1001

ONN\—
I\

MEAN PLATELET COUNT (10exp9/L)

N

-l

- A
* Anmwnmmmye—

~ D\ —

w

WEEK

FIGURE 1. Mean platelet count with standard deviation following
188Re-HEDP administration.

+ 19%. The BSI ranged from 8 to 93 (mean: 54 + 23). The
reproducibility of its calculation between two independent
observers was good (R = 0.96).

Regression analysis showed a functional relation (R =
0.78; p < 0.001) of percentage of platelet decrease (%DEC)
with BSI and administered activity (MBq) normalized to
standard body surface area of 1.73 m*> (ADN), expressed
by the following formula:

%DEC = 0.018 x ADN + 0.714 X BSI — 0.008 x BSI? + 2.994.

Figure 2 shows a graphic representation of this relation-
ship. The plot levels off for BSI values >50, indicating that
the influence of the BSI on platelet decrease diminishes
above this value.

Application of the ““one leave out’” method revealed that
the residuals as calculated from predicted minus measured
values proved to be normally distributed, homoscedastic
and without systematic pattern.

FIGURE 2. Graphic representation of the relationship between
BSI, ADN and %DEC.
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FIGURE 3. Calculated and actual % of platelet decrease ex-
pressed as a percentage of the caiculated value: 100+(%DEC mea-
sured — %DEC calculated/%DEC calculated). Calculation was done
according to the “one leave out” method for each patient. Symbols
between solid lines represent the patients in which the actually
observed percentage decrease deviated 30% or less from the pre-
dicted value. Toxicity grade was 0 (@), 1 (O) or 3 (A).

In Figure 3 the clinical relevance is illustrated by plotting
the relative residuals for each patient. In only 5 of 39
treatments was there a discrepancy greater than +30%
between measured and calculated percentage decreases in
the platelet count while the majority of patients showed a
discrepancy less than +30%. Therefore, a patient present-
ing with a lower bound baseline level of 150 x 10° platelets/
liter who is calculated to drop 50% in platelet count, may
actually show a drop of up to 65% leading maximally to a
grade 2 toxicity.

One should realize that the percentage decrease in plate-
let count is specified by %DEC = (1 — nadir of platelet
count/baseline platelet count) * 100. Thus, for each patient
a maximum %DEC can be introduced which is set by the
patient’s baseline count and a lowest acceptable platelet
count, e.g., 75 X 10°/liter. Subsequently, a maximum tol-
erable dosage can then be calculated for each individual
patient by simply rearranging the formula:

BSA ¢« [(1 — 75/baseline count) ¢ 100
~ 0.714 « BSI + 0.008 » BSI* - 2.994
0.018 ¢ 1.73

in which BSA is the patient’s body surface area.

The influence of administered activity of *Re-HEDP on
the decrease of platelet count relative to baseline level is
demonstrated in Figure 4 showing that dosage alone does
not adequately predict %DEC.

Patients who received prior external beam radiotherapy
to the skeleton did not show a more severe drop in platelet
count than patients who were not previously irradiated
(mean platelet decrease was 33% + 16% versus 38% +
11%, respectively, p = 0.46).

The platelet decrease after the second injection (n = 21)
was 49% + 19% compared to 41% + 16% after the first
treatment in these patients. Although these values are not
significantly different (p = 0.057), there seems to be a

Dosage (MBq) =

’
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FIGURE 4. Influence of administered activity of '®Re-HEDP on
platelet decrease relative to baseline level.

tendency for a slightly higher platelet decrease after re-
peated treatment. Therefore, with some reservation, the
formula can also be used for second treatments.

DISCUSSION

Side effects of the therapeutical use of bone-seeking
radiopharmaceuticals in patients with multiple bone metas-
tases are mainly limited to hematologic toxicity. Thrombo-
cytopenia will be dosage limiting in these patients.

Following whole-body exposure by external radiation,
thrombocytopenia develops slowly over a period of ap-
proximately 30 days after doses of 200-400 cGy. After
doses of 600-1000 cGy, which effectively stop new platelet
production, the decrease in platelet count reflects the life
span of the platelet, and platelet count levels below 20 x
10°/liter develop in approximately 9 days (22). Maxon et al.
(10) estimated that an administered activity of 1295 MBq of
186Re-HEDP will deliver average radiation doses of about
75 cGy to the red marrow, thus the bone marrow absorbed
dose will be in the order of 200 cGy in patients receiving
dosages up to 3515 MBq of ®Re-HEDP.

In our study, thrombocytopenia has been the predomi-
nant hematologic toxicity. All patients showed a decrease
in platelet count compared to pretreatment levels. The
decrease was limited to grade 1 toxicity in all but two
patients (grade 3) and did not lead to apparent bruising. The
nadir of total platelet count occurred 4 wk after injection.
Prior local external beam radiotherapy to metastatic le-
sions did not influence the platelet suppression. This is in
agreement with the %Sr data of McEwan et al. (23) who
found that extensive prior external beam radiotherapy is
not associated with greater platelet suppression than local
field radiotherapy.

The administered activity by itself does not determine
the grade of toxicity. The condition of the patient, ex-

The Joumal of Nuclear Medicine * Vol. 35 * No. 9 * September 1994



pressed by pretreatment platelet count and metastatic load
(BSI), is an important additional factor. Previously, we
described a close correlation between the BSI and the
fraction of the administered dose taken up by the skeleton
(16). Therefore, it is not surprising that the degree of plate-
let decrease does not only depend on the administered
dose, but also on the BSI.

A good correlation was found between ADN (adminis-
tered activity normalized to standard body surface area),
BSI and the percentage of platelet decrease. It must be
stressed that this formula only holds for the range of BSI as
mentioned above.

Most skeletal metastases are primarily bone marrow me-
tastases, showing a pattern similar to the distribution of
bone marrow (24). Thus, about 90% of the bone metastases
are localized within the distribution of the hematopoetic
active marrow (25). This implies that patients with exten-
sive metastatic disease will have an impaired bone marrow
function. This will lead to the so-called peripheral marrow
expansion. Appelbaum et al. observed recovering marrow
in the midshaft of long bones (nontrabecular bone) despite
administration of high doses of **Sm-EDTMP to beagles
(26). Autoradiography revealed that most of the isotope
was deposited in trabecular bone, but that the midshaft
regions of long bones were spared. As a result, peripheral
blood counts recovered by Day 28, while marrow biopsy
from the humeral head remained aplastic. This is a possible
explanation for the curving of the plot in patients with a
high BSI (Fig. 2). This means that the role of the BSI in
thrombocytopenia is less important in the higher range.
Patients with a high BSI have extensive disease, causing
impaired function of the trabecular bone, which can lead to
an abundant hematopoiesis in the marrow space in the
midshaft of the long bones and extramedullary hema-
topoiesis, resulting in a less severe decrease of platelet
count.

Calculation of the bone marrow absorbed dose from
radionuclides deposited on bone surfaces is a difficult prob-
lem due to the complex geometry of the soft tissue and
bone intermixture (27). This problem is very prominent in
patients with bone metastases, where the normal bone
marrow distribution is disturbed by the metastases. There-
fore, it would be convenient to be able to predict toxicity
prior to therapy by a simple method. With the formula
using the BSI as an index of metastatic bone involvement
and the ADN, it is possible to estimate the decrease of
platelets by pre-therapy bone scintigraphy. Moreover,
through this formula a maximum tolerable dosage can be
estimated for each individual patient to establish the opti-
mal dosage schedule so that unacceptable toxicity can be
avoided. Further studies are needed to confirm the clinical
utility of this formula, especially in multiple dosage sched-
ules. Prospective studies are currently underway.
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