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Abstract 

Background: Radium-223 is a bone-seeking, A-emitting radionuclide used to treat men with bone metastases from castration- 
resistant prostate cancer. Sclerotic bone lesions cannot be evaluated using Response Evaluation Criteria in Solid Tumors. Therefore, 
imaging response biomarkers are needed.

Methods: We conducted a phase 2 randomized trial to assess disease response to radium-223. Men with metastatic castration- 
resistant prostate cancer and bone metastases were randomly allocated to 55 or 88 kBq/kg radium-223 every 4 weeks for 6 cycles. 
Whole-body diffusion-weighted magnetic resonance imaging (DWI) was performed at baseline, at cycles 2 and 4, and after treatment. 
The primary endpoint was defined as a 30% increase in global median apparent diffusion coefficient.

Results: Disease response on DWI was seen in 14 of 36 evaluable patients (39%; 95% confidence interval¼ 23% to 56%), with marked 
interpatient and intrapatient heterogeneity of response. There was an association between prostate-specific antigen response and 
MRI response (odds ratio¼ 18.5, 95% confidence interval¼ 1.32 to 258, P¼ .013). Mean administered activity of radium-223 per cycle 
was not associated with global MRI response (P¼ .216) but was associated with DWI response using a 5-target-lesion evaluation 
(P¼ .007). In 26 of 36 (72%) patients, new bone metastases, not present at baseline, were seen on DWI scans during radium-223 treat-
ment.

Conclusions: DWI is useful for assessment of disease response in bone. Response to radium-223 is heterogeneous, both between 
patients and between different metastases in the same patient. New bone metastases appear during radium-223 treatment.
The REASURE trial is registered under ISRCTN17805587.

Radium-223 is a bone-seeking, A-emitting radionuclide that is 
approved for use in metastatic castration-resistant prostate can-
cer. The ALSYMPCA trial showed that radium-223 improves over-
all survival, quality of life, and time to skeletal events (1).

Radium-223 is used for men with bone metastases from 
castration-resistant prostate cancer. Assessment of disease 
response in bone metastases is suboptimal; sclerotic bone lesions 
cannot be evaluated on computed tomography/Response 
Evaluation Criteria in Solid Tumors, and standard imaging crite-
ria from the Prostate Cancer Working Group define progression 
based only on development of new bone lesions, confirmed on a 
subsequent scan (2). Imaging criteria documenting response and 
progression in bone metastases could inform treatment strat-
egies, such as timely stopping of ineffective treatment, 

optimization of dose scheduling according to response, and iden-
tifying prognostic markers of response.

Whole-body diffusion-weighted magnetic resonance imaging 
(DWI), combining standard anatomical sequences with a func-
tional sequence, has emerged as a new imaging method able to 
document response and progression in bone metastases (3). 
DWI can visualize and quantify differences in the mobility of 
water in tissues, with water mobility being impeded to a greater 
degree in cellular tissues such as cancer; the quantitative 
parameter, the apparent diffusion coefficient, has been shown 
to correlate with tumor cellularity in bone metastases (4) 
and other tumors (5). With effective treatment, bone and soft 
tissue metastases show an increase in the apparent diffusion 
coefficient.
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We conducted a prospective phase 2 study of radium-223 
incorporating whole-body DWI in men with metastatic 
castration-resistant prostate cancer. We have previously 
reported on treatment compliance and on fracture risk after 
treatment (6). We now report on the primary objective, which 
was to assess disease response on whole-body DWI. Secondary 
objectives included assessing disease response by circulating bio-
markers, including serum markers of bone turnover (alkaline 
phosphatase [ALP]), prostate-specific antigen (PSA), and circulat-
ing tumor cells. We hypothesized that there would be a dose- 
response relationship for radium-223, so we studied 2 dose lev-
els—55 kBg/kg and 88 kBq/kg—to maximize the range of adminis-
tered activity of radium-223.

Methods
REASURE was a phase 2, multicenter, noncomparative, random-
ized study of radium-223 in men with chemotherapy-naive, 
bone-only, progressive metastatic castration-resistant prostate 
cancer incorporating whole-body DWI and positron emission 
tomography (PET) imaging as well as biological samples, with the 
primary objective of identifying potential imaging response bio-
markers. The PET data will be reported separately. The trial was 
registered [ISRCTN17805587 (7)], approved by the National 
Health Service Health Research Authority Committee London– 
Surrey Borders Research Ethics Committee (14/LO/1385), co- 
sponsored by the Institute of Cancer Research (ICR) and the 
Royal Marsden NHS Foundation Trust, and conducted in accord-
ance with the principles of good clinical practice. All the partici-
pants provided written informed consent before study entry. The 
Clinical Trials and Statistics Unit at the ICR (ICR-CTSU; London, 
UK) coordinated the study.

Patients were identified through oncology clinics at 3 partici-
pating sites in the United Kingdom. Inclusion criteria were histo-
logically or cytologically confirmed adenocarcinoma of the 
prostate with castration-resistant disease, serum PSA of 2 ng/mL 
or more, ECOG performance status of 0 to 2, life expectancy 
beyond 6 months, and multiple skeletal metastases (�2 hotspots) 
on bone scintigraphy within the previous 12 weeks. Exclusion cri-
teria were visceral disease; lymphadenopathy greater than 
1.5 cm in diameter; inadequate hematologic, kidney, or liver 
function; prior chemotherapy for castration-resistant prostate 
cancer; and any prior radioisotope therapy.

Eligible participants were allocated to 1 of 2 dose levels—55 or 
88 kBq/kg—of radium-223 (1:1 allocation ratio). Treatment allo-
cation was through minimization with a random element; bal-
ancing factors included patient weight, total ALP level, and 
current bisphosphonate use. Dose allocation was not blinded. 
Patients received treatment with radium-223 at the allocated 
dose by intravenous administration every 4 weeks for up to 6 
cycles. Whole-body DWI scans were done at baseline, at cycles 2 
and 4, and 1 month after treatment. Blood tests, including full 
blood count, routine biochemistry, and PSA, were done at 4-week 
intervals during radium-223 treatment. During the follow-up 
period, patients were evaluated every 4 months for 1 year, during 
which time imaging was done according to routine clinical prac-
tice.

Whole-body DWI was performed axially from the skull vertex 
to midthigh using a free-breathing, single-shot, echo-planar DWI 
technique on a 1.5 T MR system (Siemens Aera and Avanto sys-
tems, Siemens Healthineers, Erlangen, Germany). Imaging 
parameters included short s inversion recovery fat suppression 
(inversion time¼ 180 ms), partition thickness of 5 mm, matrix 

size of 150 � 144, partial Fourier transform of 6 of 8, time to echo 
of 64.8 ms, repetition time of 14.6 s, receiver bandwidth of 
1961 Hz/pixel, b values of 50 and 900 s/mm2, 3-scan trace- 
weighted diffusion encoding, and a field of view of 400 � 390 
mm2. The number of signal averages was 4 for each b value. In 
addition, axial volume interpolated breath hold gradient echo, 2- 
point Dixon T1-weighted MR images with in-phase and opposed- 
phase echo timing matched to the same imaging field of view 
and slice thickness as the DWI were acquired using the following 
imaging parameters: matrix size¼ 256 � 105, slice thick-
ness¼ 5 mm, repetition time¼ 386 ms, time to echo¼4.8 ms, flip 
angle¼70�, and number of averages¼ 1.

For each whole-body DWI examination, metastatic bone dis-
ease segmentation was performed using OsiriX MD 2016 software 
(Pixmeo, Bernex, Switzerland). One junior radiologist (A.C., who 
had less than 3 years of experience) outlined all sites of meta-
static bone disease based on all available sequences; the volumes 
were then checked and modified as necessary by an experienced 
radiologist (>10 years of experience with whole-body DWI). The 
outlined segmentations were then transferred to the apparent 
diffusion coefficient map to record the individual lesions and 
global (total tumor burden) apparent diffusion coefficient value 
for each patient at each imaging time point. In addition, up to 5 
representative target lesions larger than 2 cm (1 each from the 
cervical spine, thoracic spine, lumbar spine, thorax, and pelvis) 
were selected by the same experienced radiologist (N.T.) and 
their individual apparent diffusion coefficient values recorded 
for each patient at each imaging time point.

Statistical methods
The coefficient of repeatability of apparent diffusion coefficient 
measurement for bone disease on DWI has been reported to be 
approximately 15% (8), so a relative increase of 30% in the appa-
rent diffusion coefficient was classed as a response. It was esti-
mated that approximately 25% of untreated patients may 
demonstrate this level of response due to biological variability or 
chance. Using a 1-sample comparison of a proportion against a 
fixed threshold—a¼ .05 (1-sided) and 83% power—36 evaluable 
patients were required to detect a response rate of 45% and 
exclude a rate of 25%. A 5% dropout rate was incorporated, 
resulting in a target sample size of 38 patients. The sample size 
was also planned to be sufficient to detect a 45% difference in the 
proportion of patients responding between doses (35% response 
rate in the 55-kBq/kg group vs 80% in the 88-kBq/kg group), with 
80% power and a¼ .05 (1-sided).

The primary outcome was the response rate in the evaluable 
population according to whole-body DWI, defined as a 30% 
increase in global median apparent diffusion coefficient (8), from 
before treatment to any point after the first injection until the 
end of cycle 6. Secondary outcomes included qualitative assess-
ment of response according to METastasis Reporting and Data 
System for Prostate Cancer (MET-RADS-P) (3) criteria and quanti-
tative response, defined as a 30% increase in the mean of the 
mean apparent diffusion coefficient values for 5 representative 
target lesions. The latter was added as an exploratory analysis 
aiming to document the response heterogeneity noticed during 
the qualitative evaluation. Other secondary outcomes were 
response according to PSA level (defined as a 50% reduction from 
baseline pretreatment levels, confirmed more than 3 weeks 
later), ALP (defined as a 30% reduction from baseline, confirmed 
at least 4 weeks later), and circulating tumor cells (defined as 
conversion from �5 cells/7.5 mL at baseline to <5/7.5 mL, con-
firmed by a second consecutive reading obtained at least 4 weeks 
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later; only those patients with �5/7.5 mL circulating tumor cell 
rate at baseline were included), time to PSA progression, time to 
ALP progression, and overall survival. Data on time to fracture 
have been previously reported (6).

Analyses were conducted in the evaluable population, defined 
as patients who were evaluable for the parameters of interest. 
Patients with ineligibility deviations were discussed with the 
independent data monitoring committee on a case-by-case basis; 
those with deviations likely to affect assessment of the primary 
endpoint were excluded. Dose groups were combined for analysis 
unless otherwise specified. Response rates are presented with 2- 
sided 95% confidence intervals (CIs). The 2-sided 90% confidence 
interval for the primary outcome is also presented, equivalent to 
a 1-sided 95% confidence interval per the sample size calcula-
tion. Agreement between responses according to different imag-
ing modalities was assessed using Cohen j. The association 
between responses according to imaging modalities and blood 
markers was assessed using the Fisher exact test and logistic 
regression modeling, with adjustment for minimization balanc-
ing factors. Receiver operating characteristic analysis was carried 
out to explore the relationship between continuous global appa-
rent diffusion coefficient change and other markers of response. 
Time to ALP or PSA progression and overall survival were 
assessed using standard Kaplan-Meier methods. The association 
between response and dose level was assessed using logistic 
regression. The association with dose was also assessed on a per- 
lesion basis using a multilevel model with random effect for 
patient and fixed effect for dose group. All tests of statistical sig-
nificance were 2-sided (unless otherwise stated), and a cutoff of 
5% was used to determine significance.

Analyses were conducted using Stata, version 16.1, statistical 
software (StataCorp LP, College Station, TX) and based on a snap-
shot of data taken on January 14, 2021. Overall survival data 
were updated in April 2022.

Results
Thirty-nine patients were recruited between July 2015 and June 
2017. Three patients were excluded from analysis: 1 for detection 
of liver metastases on baseline imaging, 1 for prior docetaxel for 
castration-resistant prostate cancer, and 1 who did not tolerate 
magnetic resonance imaging (MRI) (Figure 1). Baseline patient 

characteristics for the remaining 36 patients (19 allocated to the 
55-kBq/kg group; 17 allocated to the 88-kBq/kg group) are shown 
in Table 1.

Safety
The safety findings were consistent with the known toxicity pro-
file of radium-223. Five serious adverse events were observed, 
only 1 of which was possibly related to radium-223 (leg pain). No 
grade 4 or 5 adverse events were reported. Grade 3 adverse 
events were reported in 17 patients (9 in the 55-kBq/kg group and 
8 in the 88-kBq/kg group).

MRI response
Disease response on whole-body DWI, defined as a 30% increase 
in global median apparent diffusion coefficient, was seen in 14 of 
36 patients (39%, 95% CI¼ 23% to 56%, 90% CI¼25% to 54%). For 
5 of these patients, response was observed after the first cycle of 
treatment. Based on a 30% increase in the mean apparent diffu-
sion coefficient of 5 target lesions, response was seen in 23 of 36 
patients (64%, 95% CI¼46% to 79%; 90% CI¼ 49% to 77%). There 
was marked heterogeneity of response, both between different 
patients and between different metastases within the same 
patient (Supplementary Figure 1, available online). This finding is 
illustrated in Figure 2, which shows the changes in mean appa-
rent diffusion coefficient during treatment for up to 5 bone meta-
stases for each individual patient. Notably, in 26 of 36 patients 
(72%), new bone metastases, not present on the baseline scan, 
were seen on MRI during the treatment period.

Biochemical response
PSA response was seen in 5 of 36 patients (14%). There was an 
association between PSA response and MRI response (odds 
ratio¼ 18.5, 95% CI¼ 1.32 to 258, P¼ .013). Receiver operating 
characteristic analysis of global apparent diffusion coefficient as 
a continuous variable with respect to PSA response gave an area 
under the curve of 0.90. The best percentage change in PSA from 
baseline was greater in patients with MRI response than in those 
who did not respond on MRI (P¼ .004), as shown in Figure 3. 
Median time to PSA progression was 6.5 months in MRI respond-
ers and 4.1 months in MRI nonresponders (P¼ .212). A response in 
ALP was seen in 24 of 36 patients (67%). No significant association 
was seen between ALP response and MRI response (P¼ .162).

Analysed  (n = 19) 
t Excluded from analysis (n = 1)  

t Patient ineligible due to prior docetaxel 
for castration-resistant prostate cancer (n = 1) 

Allocated to 55 kBq/kg (n = 20) 
t Received allocated intervention (n = 20)

t Did not receive allocated intervention (n = 0)

Allocated to 88 kBq/kg (n = 19) 
t Received allocated intervention (n = 18)

t Did not receive allocated intervention (n = 1) 

t Identification of liver metastases after
trial entry (n = 1)

Analysed  (n = 17) 
t Excluded from analysis (n = 2) 

t Patient did not start treatment (n = 1) 

t Patient unable to tolerate magnetic
resonance scanning (n = 1) 

Allocation 

Analysis 

Randomized (n = 39) Enrollment 

Figure 1. REASURE CONSORT diagram.
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Table 1. Demographics and tumor characteristics

55 kBq/kg (n¼19) 88 kBq/kg (n¼17) Total (N¼36)

Age at trial entry, median (IQR), y 75.6 (73.0-80.1) 74.5 (7.6-78.1) 75.1 (72.8-79.5)
Ethnicity No. (%)

British 18 (94.7) 17 (100.0) 35 (97.2)
Other 1a (5.3) 0 (0.0) 1 (2.8)

Weight,b No. (%)
<80 kg 9 (47.4) 9 (52.9) 18 (50.0)
�80 kg 10 (52.6) 8 (47.1) 18 (50.0)

ALP,b No. (%)
<220 U/L 13 (68.4) 16 (94.1) 29 (80.6)
�220 U/L 6 (31.6) 1 (5.9) 7 (19.4)

PSA level, median (IQR), ng/mL 63.0 (24.0-246.0) 39.0 (15.0-87.1) 43.1 (16.5-167.5)
Extent of disease,c No. (%)

1 9 (47.4) 8 (47.1) 17 (47.2)
2 5 (26.3) 8 (47.1) 13 (36.1)
3 3 (15.8) 1 (5.9) 4 (11.1)
4 2 (10.5) 0 (0.0) 2 (5.6)

Gleason score (total), No. (%)
6 1 (5.3) 2 (11.8) 3 (8.3)
7 7 (36.8) 2 (11.8) 9 (25.0)
8 3 (15.8) 4 (23.5) 7 (19.4)
9 8 (42.1) 8 (47.1) 16 (44.4)
Missing 0 (0.0) 1 (5.9) 1 (2.8)

Received prior abiraterone, No. (%) 3 (15.8) 2 (11.8) 5 (13.9)
Received prior enzalutamide, No. (%) 1 (5.3) 2 (11.8) 3 (8.3)
Time since diagnosis, median (IQR), y 3.2 (1.6-5.8) 4.4 (3.0-7.1) 3.9 (2.3-6.7)

a Arab. ALP¼alkaline phosphatase; IQR¼ interquartile range; PSA¼prostate-specific antigen.
b Balancing factors for randomization.
c Extent of disease 0¼normal (abnormal because of benign bone disease); extent of disease 1¼ fewer than 6 metastatic sites; extent of disease 2¼6-20 

metastatic sites; extent of disease 3¼more than 20 lesions but not a superscan; extent of disease 4¼ superscan, defined as diffuse, intense, skeletal uptake of the 
tracer, with no kidney or background activity.
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Figure 2. Per-lesion percentage change in mean apparent diffusion coefficient from baseline (0) to cycle 6 of radium-223. Each graph represents data 
for an individual patient. Each line on each graph represents data for an individual lesion.
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Overall survival
Median overall survival in the evaluable population was 
27.5 months (95% CI¼ 14.7 to 37.1). Median overall survival was 

30.5 months (95% CI¼11.9 to 51.3) in MRI responders and 
17.2 months (95% CI¼7.0 to 37.1) in MRI nonresponders. Table 2 
shows the association between overall survival and different 
measures of MRI imaging response.

Circulating tumor cell response
Seventeen patients were evaluable for circulating tumor cell 
response, which was seen in 6 of 17 patients (35%). There was no 
significant association between MRI response and circulating 

tumor cell response (odds ratio¼5.1, 95% CI¼ 0.3 to 93.0, 
P¼ .256).

Dose response
Mean administered activity of radium-223 in kBq per cycle was 

not associated with global MRI response (P¼ .216) but was associ-
ated with MRI response using the 5 target lesion measure 
(P¼ .007). Figure 4 shows the association between mean adminis-

tered activity of radium-223 and best change in apparent diffu-
sion coefficient.

On a per-lesion analysis, overall, 134 lesions were assessed in 

36 patients; MRI response, defined as a 30% increase in mean 
apparent diffusion coefficient, was seen in 55% (73/134) of 
patients (Figure 5). MRI response was seen in 34 of 75 (45%; 95% 

CI¼34% to 57%) of lesions in the 55-kBq/kg group and in 39 of 59 
(66%; 95% CI¼ 53% to 78%) of lesions in the 88-kBq/kg group, giv-
ing an odds ratio for response of 6.7 in favor of 88 kBq/kg (95% 
CI¼1.05 to 42.88).

Discussion
This study provides evidence that DWI is a useful method for 
assessment of disease response in bone metastases. It also gives 

new insights into the mechanism of action of radium-223 in men 

with metastatic castration-resistant prostate cancer, particularly 
regarding heterogeneity of response, dose response, and patterns 
of disease progression.

Baseline whole-body DWI is prognostic of outcomes in a range 
of cancer types. The apparent diffusion coefficient is thought to 
provide a measure of tissue cellularity, and it is plausible that 
more cellular tumors should have worse outcomes. An increase 
in the apparent diffusion coefficient of bone and soft tissue 
lesions has been associated with reduction in tumor cellularity 
following successful therapy. Increasingly, serial whole-body 
DWI is being used to assess disease response, particularly in rela-
tion to bone metastases (eg, MET-RADS-P for prostate cancer, 
MY-RADS for myeloma) because it is not possible to image 
response in bone using conventional imaging with computed 
tomography or Tc99m phosphonate bone scans. Although it is 
often assumed that changes on whole-body DWI reflect tumor 
response, there has been a lack of compelling evidence linking 
imaging changes over time to other measures of disease response 
and clinical outcomes. In this study, we have shown that whole- 
body DWI response is associated with PSA response and overall 
survival. This finding strengthens the rationale for using whole- 
body DWI to assess response in bone metastases. Whole-body 
DWI is set to be a valuable tool in the clinic, particularly in 
patients with bone-only metastases, to document early response, 
early progression, and heterogenous response without the need 
for a confirmatory scan, thus enabling a more accurate tailoring 
of treatment, such as early stopping of ineffective treatment or 
potentially combinations of systemic therapy with targeted radi-
ation therapy. It will also be useful in clinical research for provid-
ing an early outcome measure without the need for long-term 
follow-up for more established clinical outcomes.

This study is the first to observe the pattern of whole-body 
DWI response to radium-223 in men with metastatic castration- 
resistant prostate cancer. We found marked interpatient and 
intrapatient heterogeneity of response. The ALSYMPCA trial 
found an overall survival benefit for radium-223, with a median 
improvement of 4 months, in a relatively unselected population 
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Figure 3. Waterfall plot of best change in prostate-specific antigen, by global apparent diffusion coefficient defined response.
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Table 2. Overall survival, by MRI response

Imaging modality Hazard ratio 95% Confidence interval Log-rank P

MRI global apparent diffusion coefficient 0.89 0.44 to 1.83 .759
MRI, 5 target lesions 1.29 0.60 to 2.76 .512
MRI qualitativea 0.37 (root mean  

square b ¼ .44)
0.18 to 0.77 (root mean  

square 0.98 to 5.9)
.006 (root mean  

square .008)

a Assumption of proportional hazards does not hold for this response definition, so association was also tested using regression of the restricted mean survival 
times. MRI¼magnetic resonance imaging.
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Figure 4. Best percentage change in global apparent diffusion coefficient, by mean activity administered per cycle.
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Figure 5. Best percentage change in individual lesion apparent diffusion coefficient, by mean activity administered per cycle.
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of patients with bony metastatic castration-resistant prostate 
cancer. It was not clear, however, whether the survival benefit 
was similar in all patients or whether some patients benefitted 
much more than others. The current study provides clear evi-
dence that response to treatment with radium-223 varies mark-
edly between patients. Whole-body DWI may therefore be useful 
in monitoring response during treatment with radium-223 and 
facilitate early stopping for lack of response. In addition, it will 
now be possible to test potential prognostic markers with respect 
to disease response on whole-body DWI. A small study suggested 
that the level of uptake on baseline fluoride-PET may predict 
radium-223 response (9). This finding is plausible because 
increased osteoblastic activity would be expected to increase 
uptake of both sodium 18F-fluoride and radium-223. This 
hypothesis can now be tested in men with metastatic castration- 
resistant prostate cancer using whole-body DWI to assess 
response.

Disease response to radium-223 varies markedly not just 
between patients but also between different metastases within 
the same patient. The reasons for this heterogeneity of response 
are unclear but will be important to understand to inform patient 
selection for treatment. It has been suggested in a mouse model 
of bone metastases that radium-223 is more effective against 
micrometastases and less effective against larger metastases 
(10). Whole-body DWI should enable us to address these issues 
for the first time in men with metastatic castration-resistant 
prostate cancer rather than in animal models. By contrast with 
the mouse model data, we observed the development of new 
bone metastases on DWI in 23 of 36 patients during treatment 
with radium-223, which suggests a lack of activity against micro-
metastases.

We observed an association between the administered activity 
of radium-223 and disease response on whole-body DWI. Higher 
administered activity was associated with a greater reduction in 
apparent diffusion coefficient in bone metastases present on 
baseline imaging. When using global median apparent diffusion 
coefficient, however, this association was no longer statistically 
significant. This apparent discrepancy may be explained, at least 
in part, by the appearance of new bone metastases during treat-
ment. Thus, although there is a dose response for baseline 
lesions, patients are less likely to benefit from radium-223 dose 
escalation because of disease progression at other sites. This 
finding may explain the lack of benefit seen for radium dose 
escalation in a large, randomized phase 2 trial (11).

This study has some limitations. The sample size was chosen 
to analyze disease response on whole-body DWI, and the study 
was not powered to analyze overall survival in relation to 
radium-223 dose. New imaging modalities—notably, prostate- 
specific membrane antigen–PET—have become more widely 
used since the study was designed. The utility of prostate- 
specific membrane antigen–PET to assess response to radium- 
223 is not known. We acknowledge that whole-body DWI use is 
limited because of lack of MRI availability and radiologist exper-
tise, but the increasing evidence for its multiple benefits, espe-
cially in patients with dominant bone disease, coupled with 
ongoing efforts toward technique standardization (both in 
acquisition and reporting) and software development for auto-
matic reading are likely to accelerate its development.

In summary, whole-body DWI can be used to assess disease 
response in bone metastases. MRI response to treatment with 
radium-223 is heterogeneous, both between patients and 
between different metastases in the same patient. There is evi-
dence for a dose-response relationship for radium-223. Disease 

progression can occur during treatment, with the development 
of new bone metastases. Therefore, an unmet need to identify 
pretreatment predictive markers of response to radium-223 
remains.
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