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Radiolabeled bisphosphonates such as 99mTc-3,3-diphosphono-

1,2-propanodicarboxylic acid (99mTc-DPD) typically show intense

uptake in skeletal metastases from metastatic castration-resistant

prostate cancer (mCRPC). Extensive bone involvement is regarded
as a risk factor for mCRPC patients treated with 223Ra-dichloride

(223Ra). The aim of this study was to quantify 99mTc-DPD uptake by

means of SPECT/CT before 223Ra and compare the results with the

feasibility of treatment and overall survival (OS). Methods: Sixty
consecutive mCRPC patients were prospectively included in this

study. SPECT/CT of the central skeleton covering the skull to the

mid-femoral level was performed before the first cycle of 223Ra. The
bone compartment was defined by means of low-dose CT. Emission

data were corrected for scatter, attenuation, and decay supplemented

by resolution recovery using dedicated software. The Kaplan–Meier

estimator, U test, and Cox regression analysis were used for statistics.
Results: Total 99mTc-DPD uptake of the central skeleton varied

between 11% and 56% of injected dose (%ID) or between 1.8 and

10.5 %ID/1,000 mL of bone volume (%ID/L). SUVmean ranged from

1.9 to 7.4, whereas the SUVmax range was 18–248. Patients unable
to complete 223Ra treatment because of progression and/or cyto-

penia (n 5 23) showed significantly higher uptake (31.9 vs. 25.4

%ID and 6.0 vs. 4.7 %ID/L; P, 0.02). OS after 223Ra (median, 15.2
mo) was reduced to 7.3 mo in cases of skeletal uptake that was 26

%ID or higher, as compared with 30.8 mo if lower than 26 %ID (P 5
0.008). Similar results were obtained for %ID/L and SUVmean. SUVmax

did not correlate with survival. %ID/L was identified as an independent
prognostic factor for OS (hazard ratio, 1.381 per unit), along with num-

ber of previous treatment lines. Conclusion: Quantitative SPECT/CT

of bone scans performed at baseline is prognostic for survival in

mCRPC patients treated with 223Ra.
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Metastatic castration-resistant prostate cancer (mCRPC) is a
bone-dominant disease, with about 90% of patients affected by

osseous involvement (1). Skeletal metastases are a major threat to

patient quality of life because they cause pain, pathologic frac-

tures, and neurologic dysfunction. Depletion of the hematopoietic

marrow by tumor expansion is recognized as the major cause of

cancer-specific death in mCRPC (2). To overcome this problem,

various new treatments have been developed, including novel ra-

diopharmaceuticals (3,4).
Bone scintigraphy using 99mTc-labeled bisphosphonates is still

considered the standard of choice for imaging of bone metastases

in mCRPC (5). With the introduction of SPECT/CT, sensitivity

and diagnostic accuracy have been considerably improved as com-

pared with 2-dimensional imaging (6). The extent of bone involve-

ment is usually reported by applying qualitative or semiquantitative

measures such as the number of lesions. PET/CT with Na18F is an

alternative to bone scintigraphy that comes with superior image res-

olution and allows for absolute quantification (7). However, Na18F

PET/CT suffers from limited availability and thus has not yet been

recommended by guidelines (8). Moreover, it lacks reimbursement in

most countries.
Osteotropic radiopharmaceuticals also allow for targeted irradiation

following a theranostic approach (9). The a-emitter 223Ra-dichloride

(223Ra) was shown to improve overall survival (OS) in mCRPC (10)

and reduce skeleton-related events at favorable tolerability (11). Con-

versely, the optimal role of 223Ra in the growing instrumentarium

against mCRPC has yet to be defined (12,13).
Earlier work has demonstrated that a high extent of bone in-

volvement as identified by bone scans is a risk factor for patients

with mCRPC. In the pivotal 223Ra trial, a large number of skeletal

lesions was associated with an elevated risk for cytopenia (14).

Although the rate of anemia was comparable between the 223Ra and

placebo groups, thrombocytopenia was more frequent in the 223Ra

group. High osseous tumor load as measured by Na18F PET/CT was

shown to be associated with poor OS after 223Ra (15). More recently,

semiautomated estimation of bone metastatic involvement, creating a

bone scan index, has been shown to be related to poor survival in

patients with great tumor burden (16,17). Since that approach

involves only planar images, the projected 2-dimensional anatomy

may be subject to summation artifacts (18). As a result, differentia-

tion of metastases from normal bone can be challenging in advanced

tumor spread, and a bone scan index might not be obtainable for all
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patients (17). Delineation of metastatic tumor load would be espe-
cially difficult in the case of a superscan finding (19).
Recent development has allowed for quantification of SPECT/

CT data similar to PET/CT (20,21). Here, we report on quantitative
bone SPECT/CT to analyze bisphosphonate uptake of the central
skeleton. This approach is based on the notion that the higher the
overall bone uptake is, the higher is the osteoblastic tumor load.
We hypothesize that the resulting measure of bone metabolism may
be prognostic in patients treated with 223Ra. A prospective clinical
study was conceived, aiming to evaluate whether the results of quan-
titative bone scan imaging correlate with completion of the subse-
quent 223Ra treatment course and survival.

MATERIALS AND METHODS

Patient Population

This prospective, observational study included mCRPC patients with
symptomatic osseous metastases referred to our institution for 223Ra

treatment. A bone scan including quantitative SPECT/CTwas planned
for all individuals lacking a recent pretest (#2 mo before the planned

treatment). CT or MRI scans of the thorax, abdomen, and pelvis were
obtained to evaluate visceral and lymph node involvement. Patients

with lymph node metastases up to a maximum diameter of 3 cm were
accepted, whereas patients with visceral metastasis were excluded.

This study was conceived as part of an extensive clinical protocol
on SPECT/CT quantification registered in the German Registry for

Clinical Studies (DRKS00013571) (22). The study was approved by
the institutional review board (decision 747/2014BO1), and all sub-

jects gave written informed consent.

223Ra Treatment
223Ra treatment was scheduled as a series of 6 cycles at 4-wk

intervals, with dose adapted to body weight (55 kBq/kg). In cases of

cytopenia, subsequent cycles could be postponed up to week 8 from

the previous dose to allow for recovery. 223Ra treatment was considered
completed in patients who received 5–6 cycles. Serum prostate-specific

antigen level and blood cell counts were collected at baseline, and blood
cell counts were recorded approximately every 2 wk during treatment.

Cytopenia was classified according to the Common Terminology Criteria
for Adverse Events (CTCAE), version 4.03 (23). Since osseous progres-

sion and treatment-related hematotoxicity may lead to reduced blood
cell numbers, distinction between these causes can be challenging or

even impossible in individual cases. In practice, decreased blood cell
levels are often caused by a combination of both. In this study, we

report as cytopenia any reduction in blood cell elements corresponding to
CTCAE grade 2 or higher, irrespective of its possible cause.

Bone Imaging

Imaging was performed within 30 d before the first cycle of 223Ra.
Patients received, on average, 6326 56 MBq of 99mTc-3,3-diphosphono-

1,2-propanodicarboxylic acid (99mTc-DPD) (CIS Bio International) in-
travenously. A dual-detector SPECT/CT camera (Discovery NM/CT

670 Pro; GE Healthcare) was used throughout. Approximately 3 h from
99mTc-DPD injection, planar images of the whole body were acquired in

anterior and posterior views (table feed, 15 cm/min of acquisition;
1,028 · 256 matrix) followed by SPECT/CT. For the SPECT acquisition,

the camera heads were in H-mode. There were 3 fields of view covering
the skull to the mid-femoral level, with the arms adducted laterally to the

body. The matrix was 128 · 128 matrix. Thirty steps were used, with a
15-s acquisition per step. Images were reconstructed using iterative

ordered-subset expectation maximization (4 iterations and 10 subsets)
without pre- or postfiltering. Then, a non–contrast-enhanced CT scan

(dose–length product, 358–462 mGy-cm; 120 kV; slice thickness,
2.5 mm) was obtained for attenuation correction and anatomic mapping.

Finally, the reconstructed SPECT data were coregistered with the CT images

on a dedicated workstation (Xeleris 4; GE Healthcare). The images were
read by 2 experienced nuclear medicine specialists. On planar whole-

body images, focal areas of increased uptake suggestive of osseous
metastasis were recorded and classified as fewer than 6 lesions, 6–20,

more than 20, or superscan (diffuse, intense skeletal uptake without
renal and background radioactivity).

Quantification

To quantify 99mTc-DPD uptake, tomographic SPECT data were

corrected for attenuation, scatter, and resolution recovery using a ded-
icated software algorithm (Evolution; GE Healthcare). SPECT/CTof a

cylindric phantom (21 cm in diameter and 20 cm in height) filled with
99mTc and water at a known activity concentration was used to calcu-

late system sensitivity. This procedure was repeated after each system
calibration (uniformity, energy, linearity) every 6 mo. In addition, planar

sensitivity using a point source was measured weekly to define a refer-
ence value (tolerance 6 5%).

Volumes of interest were defined by means of a proprietary
semiautomatic segmentation application (Q.metrix; GE Healthcare).

At first, the skeletal bone compartment was delineated using CT-

measured density (lower threshold, 1200 Hounsfield units). Areas
outside the skeletal compartment, such as vessel calcifications, were

meticulously reviewed and manually excluded. The resulting volume
of interest thus represented the entire central skeleton compartment

from the skull to the mid-femoral level. Then, the following measures
of tracer uptake in the bone volumes of interest were extracted:

TABLE 1
Baseline Characteristics of Patients

Variable Data

Age (y) 71 (55–90)

Gleason score

#7 17 (28%)

$8 36 (60%)

Unknown 7 (12%)

Prostate-specific antigen level (μg/L) 65 (1.1–9,375)

Preexisting cytopenia grade 2 7 (12%)

Anemia 5 (8%)

Neutropenia 1

Thrombocytopenia 1

Prior treatment lines for mCRPC

0 17 (28%)

1 20 (33%)

2 14 (23%)

3 or more 9 (15%)

Prior chemotherapy 26 (43%)

Extent of bone disease

,6 metastases 4 (7%)

6–20 metastases 17 (28%)

.20 metastases 32 (53%)

Superscan 7 (12%)

Qualitative data are numbers followed by percentages in
parentheses; continuous data are median followed by range in

parentheses. Percentages may not sum to 100 because of rounding.
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percentage injected dose (%ID), %ID per 1,000-mL bone volume (%ID/
L), SUVmean, and the SUVmax in any of a patient’s tumor lesions.

Statistics

Differences in parameters between patient groups (complete vs.
incomplete 223Ra treatment) were compared using the Mann–Whitney

U test. The Kaplan–Meier estimator and log rank test were used to
assess patients’ survival fraction categorized for quantitative SPECT/

CT variables. Receiver-operating-characteristic analysis was executed
to analyze the performance of SPECT/CT to prognosticate early death

and incomplete treatment. Simple and multiple Cox regression pro-

portional-hazards analysis and logistic regression were performed to
analyze the influence of variables on OS and treatment completion.

Stepwise-forward variable selection was applied with inclusion and
exclusion probabilities of 0.05 and 0.10, respectively. All analyses

were performed using SPSS software (version 25; IBM). An a-level
of 0.05 (2-sided) was considered significant. No correction for multi-

ple testing was performed.

RESULTS

223Ra Treatment and Follow-up

From March 2015 until June 2018, 65 consecutive patients
fulfilled the inclusion criteria for this study and subsequently received
at least one cycle of 223Ra. Sixty of these individuals could be
included. Four patients were excluded because they lacked or
had incomplete SPECT/CT data, and one patient was excluded
because SPECT/CT could be performed only after the first 223Ra
cycle. The clinical characteristics of the patients are shown in
Table 1. The mean follow-up after 223Ra treatment was 13.6 mo

(range, 1–42 mo). Thirty-five patients died
during the study period. Median OS since
the first 223Ra therapy cycle was 15.2 mo.
Moderately decreased blood cell counts cor-

responding to CTCAE grade 2 were present

in 7 patients before 223Ra (Table 1), whereas

most patients had no relevant myelosup-

pression. New-onset cytopenia of CTCAE

grades 2–4 was observed in 21 of 53 pa-

tients (38.6%; 95% CI, 26.5%–54.0%) during
223Ra. Severe myelosuppression, grades 3–4,

developed in 10 patients (n 5 9 newly

evolved [6 anemias, 0 thrombocytopenia,

2 neutropenias, 1 leukopenia]; n5 1 aggravation

of preexisting bicytopenia in erythrocytes

and platelets [17%; 95% CI, 8.1–29.9]).

The scheduled 223Ra course could be

completed in 36 of 60 individuals, with

279 cycles applied in total (6 cycles, n 5
36; 4 cycles, n 5 6; 3 cycles, n5 7; 2 cycles,

n 5 7; 1 cycle, n 5 4). Reasons for early

termination (prevalence, 40%; 95% CI,

27.6%–53.5%) were tumor progression (n 5
15), cytopenia of grade 3 or 4 (n 5 5), or

a combination of both (n 5 3). In one

patient without evidence of myelosuppression

or progression, 223Ra was terminated after 4

cycles following a novel reported contraindi-

cation against the combination of 223Ra with

TABLE 2
Quantitative SPECT/CT Results for Bone Scans Before

223Ra Treatment

Parameter Mean Median Range

Skeletal
volume (mL)

5,447 5,491 4,161–7,720

%ID 27.8 25.7 11–56

%ID/L 5.2 4.5 1.8–10.5

SUVmean 4.1 3.9 1.9–7.4

SUVmax 82.4 70.2 18–248

FIGURE 1. Bone compartment as defined by CT and quantitative data for 99mTc-DPD uptake in

a mCRPC patient with osseous metastases. The image shows a screenshot of the output gen-

erated using the semiautomatic segmentation application. Images show central coronal, sagittal,

and transaxial CT slices (upper row) and SPECT slices (lower row) with superposed bone com-

partment VOI (green). cnt 5 counts; NM 5 nuclear medicine; MIP 5 maximum-intensity pro-

jection; SUVbw 5 SUV normalized to patient body weight.

FIGURE 2. Typical case studies in 2 patients with disseminated bone

metastasis. Quantitative SPECT/CT revealed low to moderate parame-

ters of 99mTc-DPD uptake except for pronounced SUVmax in patient A,

whereas all measures were markedly high in patient B. Both patients

subsequently received 6 cycles of 223Ra. OS in patient A (85 y old) was

13 mo, whereas patient B (72 y old) survived for only 7 mo after start of 223Ra.
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abiraterone and prednisolone. This case was
excluded from analyses stratified for com-
pleted versus incomplete 223Ra treatment.
In total, 13 patients continued abiraterone
or enzalutamide under 223Ra before the con-
traindication for combination treatment was
reported in November 2017. No patient re-
ceived 223Ra combined with novel antian-

drogens during the remaining study period.

Two patients developed pathologic fractures

during 223Ra treatment (1 on 223Ra mono-

therapy, 1 on 223Ra plus abiraterone), both

of which were assigned to additional external-

beam irradiation before 223Ra was resumed.

Quantitative 99mTc-DPD Uptake as

Prognosticator of Survival

Planar whole-body scans revealed in-
creased uptake in osseous metastases in all

cases. Most scans visualized multiple bone

lesions with increased tracer uptake, classi-

fied as either more than 20 lesions or

superscan in about two thirds of patients

(Table 1). Quantification showed a mean to-

tal 99mTc-DPD uptake of 27.8 %ID in the

central skeleton, or 5.2 %ID/L (Table 2),

with considerable variance between individ-

uals. The mean 99mTc-DPD uptake was cal-

culated to have an SUVmean of 4.1. Tumoral

SUVmax showed particularly high variability

in our patient cohort. Typical clinical exam-

ples are shown in Figures 1 and 2.
Kaplan–Meier analyses with thresholds

set to median revealed a significantly short-

ened OS of 7.3 mo in patients with at least 26 %ID or more than 4.5

%ID/L (Fig. 3). The cohort of individuals with lower total uptake

had a favorable survival of 30.8 and 19.6 mo, instead. A similar

trend was also seen for SUVmean, with a threshold of 3.9 (7.3 vs.

17.8 mo). In contrast, SUVmax was not associated with survival.

The 1-y OS rate after the start of 223Ra was 55% (n 5 29/53, 7

censored). Receiver-operating-characteristic analysis of SPECT/

CT variables demonstrated that high %ID and %ID/L were mod-

erately accurate for prognosticating death during the first year

(Fig. 4). SUVmean showed only a trend for connection with first-

year mortality, whereas SUVmax was not linked with early death.
Quantitative SPECT/CT variables and clinical characteristics

(age, prostate-specific antigen level, tumor load categories, prior

chemotherapy, number of previous treatment lines for mCRPC)

were included as candidates in a Cox regression model for prediction

of OS. Because prostate-specific antigen level was not distributed

normally, decadic logarithm prostate-specific antigen was used

instead. At univariate regression analyses, %ID, %ID/L, extent of

bone disease, number of previous treatment cycles for mCRPC,

and history of chemotherapy were significantly associated with

OS. Multiple Cox regression identified %ID/L and the number of

previous therapy lines for mCRPC as independent predictors of

survival (Table 3).

Early Termination Versus Completed 223Ra Treatment

Median OS was only 5.8 mo in patients unable to complete
the full 223Ra treatment because of progression and/or cytopenia

FIGURE 3. Kaplan–Meier analysis of OS since start of 223Ra treatment, stratified for quantitative

SPECT/CT measures of 99mTc-DPD uptake. Cum 5 cumulative.

FIGURE 4. Receiver-operating-characteristic (ROC) analyses show-

ing sensitivity and specificity of quantitative SPECT/CT variables in

prognosticating death within first year after 223Ra. CI 5 confidence

interval.
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(n 5 23), whereas patients who received the complete course
had a median survival of 30.8 mo (P , 0.001). Patients with
early terminated treatment showed a significantly higher total
99mTc-DPD uptake (mean, 31.9 %ID vs. 25.4 [P 5 0.017];
%ID/L, 6.0 vs. 4.7 [P 5 0.014]), whereas SUVmean or SUVmax

did not statistically differ between groups. Receiver-operating-
characteristic analysis demonstrated an association of %ID and
%ID/L with incomplete 223Ra, though considerable overlap lim-
ited discrimination from patients able to receive full treatment
(Fig. 5). Univariate regression analysis demonstrated %ID/L and
the number of previous treatment lines as predictors of incom-
plete 223Ra therapy (Table 4). Multiple logistic regression iden-
tified %ID/L as the sole independent predictor of incomplete
223Ra treatment.

DISCUSSION

Quantitative measures of bone metastatic disease are desirable
for risk stratification in patients considered for 223Ra treatment.
The current prospective study on quantitative bone scan SPECT/
CT demonstrated shortened OS for mCRPC patients with high
bisphosphonate uptake before 223Ra. All measures of average
bone uptake in the central skeleton (%ID, %ID/L, and SUVmean)
were associated with survival. In particular, %ID at a threshold
of 26 or higher showed the strongest separation of prognostic
groups (7.3 mo vs. .30 mo survival). Multiple regression identified
%ID/L as an independent prognostic variable of OS along with the
number of previous treatment lines. Furthermore, high uptake was
associated with inability to complete the planned 223Ra sequence, due
to progression or cytopenia. In fact, %ID/L was the only independent
prognosticator of completion failure at multivariate analysis. The
observed relations should not lead to denial of 223Ra treatment, as
patients unable to complete the course may still benefit from 223Ra.
Although overlap between prognostic groups may limit the use of
quantitation for individual decision making, risk stratification could be
helpful for clinical studies on mCRPC treatment. In contrast, SUVmax of
the most intensive lesion seems to be independent of cumulative tumor
load. According to Na18F PET/CT (15) and the current results, SUVmax

did not correlate with survival. Thus, maximum uptake does not seem
to be of value for defining a reference lesion that might prognosticate
outcome.
Our results correspond to the findings of retrospective studies

demonstrating poor survival in patients with an extensive meta-
static burden expressed as a bone scan index (17) or high tumor
volume estimated by quantitative Na18F PET/CT (15). Recently, a
similar approach has been suggested using quantification by SPECT/
CT of bone scans (24). It has also been shown that bisphosphonate
uptake as measured by quantitative SPECT/CT closely correlates
with that of Na18F (25). The methodology in the previous studies
differed from our approach in that cutoffs, based on either SUV or
count rates, were hitherto used to separate metastatic from normal
bone so as to define the osseous tumor load. Overlap between uptake
of normal and metastatic bone (26) is a potential limitation of cutoffs
that may lead to false-positive results. This limitation might be cir-
cumvented using a relatively high cutoff, possibly at the price of
underestimating tumor volume. In addition, cutoffs will have to be
individually established for the scanner used for imaging (27). By

TABLE 3
Cox Proportional Hazards Regression Analysis on Association of Multiple Variables and OS after 223Ra Treatment

Univariate regression Cox multiple regression

Variable P Hazard ratio 95% CI P Hazard ratio 95% CI

%ID (per 1 unit) 0.005 1.046 1.014–1.079

%ID/L(per 1 unit) 0.003 1.259 1.083–1.464 ,0.001 1.381 1.162–1.643

SUVmean (per 1 unit) 0.068 1.225 0.985–1.523

SUVmax (per 1 unit) 0.920 1.00 0.991–1.008

Age (per year) 0.159 1.033 0.987–1.080

Tumor load (per 1 category) 0.015 1.744 1.112–2.736

Prior treatment lines (1, 2, 3 or more) 0.007 1.488 1.116–1.984 ,0.001 1.676 1.258–2.234

Prior chemotherapy (yes vs. no) 0.039 2.031 1.038–3.974

Log10 prostate-specific antigen (per 1 unit) 0.476 1.175 0.754–1.829

FIGURE 5. Receiver-operating-characteristic (ROC) analyses showing

sensitivity and specificity of quantitative SPECT/CT variables in prog-

nosticating failure to complete subsequent 223Ra therapy. CI 5 confi-

dence interval.
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omitting any cutoff, our approach does not call for individual
adaptation and should be independent of scanner features. Ob-
viously, the presented method does not provide a measure of
tumor volume.
Median OS in our cohort was in keeping with the results of the

pivotal phase III trial (15.2 vs. 14.9 mo) (10). Compared with the

latter, the proportion of patients with extensive bone disease (i.e.,

more than 20 tumor lesions or a superscan) was considerably higher

in the current study (65 vs. 41%). The equal outcome in our study

may be due to the availability of treatment options introduced since

the previous trial—treatments that may be used after 223Ra—particularly

abiraterone and enzalutamide. In comparison, OS was shorter in

the retrospective studies of PET/CT (15) and bone imaging (17).

Most probably, this shorter OS might be explained by more ad-
vanced tumor burden.
Because mathematic tumor models suggest that 223Ra targets

only a fraction of bone tumor areas (28), there is a need to improve

our understanding of 223Ra distribution. Imaging with 223Ra for
the purpose of dosimetry is limited by the low number of photons
(29). It has been shown that uptake of bisphosphonates correlates
to that of 223Ra (30). Though quantitative SPECT/CT cannot be
used to clarify the unknown microdistribution, it is obvious that
further studies should address individual dosimetry in patients with
advanced disease.
Recently, the indication for 223Ra was restricted by the Euro-

pean Medicines Agency, because in a prospective study the com-
bination of 223Ra with abiraterone and prednisone or prednisolone
was associated with an increased risk for fractures (31). Since no
quantitative analysis of bone scans was performed in this study,
one can only speculate about the potential influence of bisphosph-
onate uptake.
Our study had some limitations. It included a relatively small

cohort of patients; thus, it has to be considered hypothesis-generating,
and a larger study is desirable to confirm the results. However, we
could include all patients in the observational period and thus should
not expect bias in the selection of our sample. Because of the small
absolute number of grade 3–4 cytopenia, our study was not powered
to explore the relationship between quantitative imaging parameters
and clinically relevant myelosuppression. In the current study, alkaline
phosphatase, a potential risk factor for survival in mCRPC patients
(32), was not systematically recorded at baseline; thus, it could not be
included in the multivariate analysis.

CONCLUSION

This study indicated that bisphosphonate uptake of the central
skeleton as quantified by SPECT/CT before 223Ra is prognostic of
outcome. Our results should encourage further studies on possible
prognostic markers including tumor-volume–based quantitation to
identify the best approach for risk stratification in mCRPC.
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KEY POINTS

QUESTION: Is baseline bone scan quantification by SPECT/CT

associated with survival in patients starting 223Ra treatment?

PERTINENT FINDINGS: In a prospective clinical cohort study of

60 mCRPC patients assigned for 223Ra treatment, a high total

skeletal bisphosphonate uptake at baseline was associated with

significantly shortened survival. Conversely, survival of patients

with low uptake was superior to that observed in earlier studies.

IMPLICATIONS FOR PATIENT CARE: Quantitative bone scan

SPECT/CT may be useful for risk stratification in mCRPC.
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