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Abstract

Purpose—Standard imaging for assessing osseous metastases in advanced prostate cancer 

remains focused on altered bone metabolism and is inadequate for diagnostic, prognostic, or 

predictive purposes. We performed a first-in-human phase I/II study of 89Zr-DFO-huJ591 (89Zr-
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J591) PET/CT immunoscintigraphy to assess performance characteristics for detecting metastases 

compared to conventional imaging modalities (CIMs) and pathology.

Experimental Design—Fifty patients with progressive metastatic castration-resistant prostate 

cancers were injected with 5 mCi of 89Zr-J591. Whole body PET/CT scans were obtained, and 

images were analyzed for tumor visualization. Comparison was made to contemporaneously 

obtained bone scintigraphy and cross-sectional imaging on a lesion-by-lesion basis, and with 

biopsies of metastatic sites.

Results—Median standardized uptake value for 89Zr-J591-positive bone lesions (n = 491) was 

8.9; soft tissue lesions (n = 90): 4.8 (p < .00003). 89Zr-J591 detected 491 osseous sites compared 

to 339 by MDP, and 90 soft tissue lesions compared to 124 by CT. Compared to all CIMs 

combined, 89Zr-J591 detected an additional 99 osseous sites. Forty-six lesions (21 bone, 25 soft 

tissue) were biopsied in 34 patients; 18/19 89Zr-J591-positive osseous sites and 14/16 89Zr-J591-

positive soft tissue sites were positive for prostate cancer. The overall accuracy of 89Zr-J591 was 

95.2% (20/21) for osseous lesions and 60% (15/25) for soft tissue lesions.

Conclusions—89Zr-J591 imaging demonstrated superior targeting of bone lesions relative to 

CIMs. Targeting soft tissue lesions was less optimal, although 89Zr-J591 had similar accuracy as 

individual CIMs. This study will provide benchmark data for comparing performance of proposed 

PSMA targeting agents for prostate cancer.
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INTRODUCTION

The lack of imaging methods to directly visualize metastatic prostate cancer poses a 

challenge to staging, prognostication, and assessing treatment response of men with 

metastatic disease. Bone scintigraphy, the most common standard imaging modality for the 

evaluation of bone metastasis, is highly sensitive; however, it is also very nonspecific. The 

methylenediphosphonate bone scan (MDP) demonstrates reactive bone deposition but not 

cancer itself. Because many benign conditions may simulate tumor and therapeutic changes 

are not detectable early, and since regression and progression are indistinguishable, the 

practical use of MDP is somewhat limited. Additionally, bone lesions as seen on 

computerized tomography (CT) and plain radiographs generally appear as sclerotic lesions 

and are unrelated to active tumor size; CT scans also cannot differentiate between the 

healing effects of therapy versus osteoblastic activity due to true disease progression. 18F-

flourodeoxyglucose (FDG) PET imaging, while it reflects increased glucose metabolism of 

more aggressive disease in prostate cancer patients, has low sensitivity (1-6).

Accurate imaging modalities are therefore needed in order to develop imaging biomarkers, 

whether used for prognosis, prediction, or as surrogates for clinical effects. Additionally, 

without the ability to image the cancer directly, the acquisition of metastatic tissue for study 

and diagnostic purposes is impeded.
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In order to overcome these limitations, we are developing an imaging biomarker for prostate 

cancer that is tumor-directed and quantifiable. PSMA (prostate-specific membrane antigen) 

is a peptidase widely expressed by primary and metastatic prostate cancer (7, 8). Several 

imaging probes based on intact PSMA antibodies, antibody fragments, and small molecule 

PSMA inhibitors have shown great promise for imaging prostate cancer with SPECT and 

PET (9-25). While a number of other tracers have been used for assessment of disease in 

prostate cancer, thus far none have been validated in controlled clinical trials for routine 

clinical use (9-16).

A humanized monoclonal antibody, huJ591 (J591) targets the extracellular domain of 

PSMA (17-20). Imaging of metastatic disease with 111In-J591 and 177Lu-J591 in prostate 

cancer and other tumors has been reported (21-24). More recently, we have developed and 

characterized 89Zr-DFO-huJ591 (89Zr-J591) (25) for PET imaging of PSMA-expressing 

cancers. We conducted a first-in-human study of 89Zr-J591 in metastatic prostate cancer and 

have previously reported on the safety, biodistribution, and pharmacokinetics of imaging 

with 89Zr-J591 in prostate cancer patients (21, 26). This study is an assessment of 89Zr-J591 

as an imaging biomarker, and represents the analytic validation of the biomarker as it 

assesses the performance characteristics of the tracer, using standard imaging modalities and 

biopsy specimens as comparators.

MATERIALS AND METHODS

This was a phase I/II prospective study of 89Zr-J591in metastatic, castration-resistant 

prostate cancer (mCRPC). The primary endpoints were to determine the safety, 

biodistribution, and tumor localization of 89Zr-J591. Secondarily, it compared 89Zr-J591 

PET lesion detection with that of conventional imaging and tissue biopsies. Patients with 

progressive, histologically confirmed prostate cancer were eligible. Progression was defined 

as a new lesion on bone scan or an increase in measurable soft tissue disease or new sites of 

soft tissue disease detected by CT scan or MRI. Biochemical progression was defined as a 

minimum of three rising PSA values from baseline with a minimum percentage increase of 

25%. Additional eligibility criteria included a performance status of 60 or higher on the 

Karnofsky Performance Status (KPS) and adequate hepatic function. All patients underwent 

FDG PET within two weeks, and MDP and CT scan within four weeks prior to 89Zr-J591 

imaging. Patients with PSMA-positive cancers underwent no screening.

Antibody injection

The J591 was chelated with desferrioxamine-p-SCN (DFO) and subsequently radiolabeled 

with 89Zr, using previously described methodology (27) and as detailed in our prior 

publication (26). The mean activity administered was 5.5.1 +/− 0.4 mCi and the mean 

amount of the radiolabeled J591 administered was 1.7 mg. All injections were co-

administered with cold huJ591 antibody for a total antibody dose of 25 mg; this dose was 

chosen based on prior studies that showed saturation of liver at 25 mg dose (23). The cold 

antibody was delivered intravenously over 5 minutes, followed immediately by a 1-minute 

infusion of the radiolabeled antibody. No pre-medications were administered to initial 

patients; however, due to minor grade I reactions of chills or rigors seen in a small number 
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of patients, subsequent patients (n = 15) were premedicated with acetaminophen (500 mg) 

and Benadryl (25 mg).

PET imaging

Patients underwent PET scans extending from vertex to mid-thighs. In patients where 

skeletal disease in lower limbs was known to be present per conventional imaging, the scan 

was extended to include the thighs and entire legs. Four scans were performed on the first 10 

patients at the following time points: 2-4 hours on the day of infusion, ~24 h, 48-120 h, and 

144-168 h. The remaining 40 patients were imaged 6-8 days after the antibody injection, 

based on the initial analysis indicating the best target-to-background ratios at that time point. 

All scans were performed on the same scanner (GE Discovery DSTE) in 3D mode with 7 

min/FOV at day 6-8. Images were constructed using iterative reconstruction and attenuation 

correction.

Image interpretation and lesion detection

Lesion uptake with 89Zr-J591 was evaluated using the last imaging time day 6-8 for all 50 

patients. For each patient, whole body images were visually and semi-quantitatively 

analyzed. Foci of increased uptake were graded on a scale of 1-5 (1 = negative, 2 = probably 

negative, 3 = equivocal, 4 = probably positive, 5 = definitely positive). Lesions graded 4 and 

5 were considered positive. Equivocal uptake was further classified as positive or negative 

by consensus of three nuclear medicine readers (NPT, JAC, and SML). Intensity of uptake 

was quantified by maximum standardized uptake values (SUVmax) for multiple lesions in a 

patient. Baseline FDG, CT scans, and 99m Tc-MDP bone scans were reviewed for lesions by 

nuclear medicine physicians and radiologists who were blinded to the other imaging results. 

All lesions detected by each modality were recorded separately.

Lesion biopsy

Up to two lesions (one bone and one soft tissue lesion, wherever feasible) were biopsied in 

patients who consented to biopsy, obtained within four weeks following 89Zr-J591 imaging. 

The lesions most preferred for biopsy were those that had uptake on 89Zr-J591 imaging or 

suspicious on all or most imaging modalities. The final biopsy site was decided in 

consultation with the Interventional Radiology service for feasibility.

Image analysis

We implemented an analysis plan comprising four elements: 1) All detectable sites of 

disease by all modalities were graded by separate readers; 2) Each detectable lesion site 

on 89Zr-J591 imaging was compared with standard imaging on a site-by-site basis, 

including 99mTc bone scan for bone lesions and CT scanning (limited cases with MRI as 

described in methods) for soft tissue lesions; 3) Pathology of image-directed biopsy tissue 

sites was compared to imaging findings; and 4) For all non-biopsied sites of 89Zr-J591 

imaging, follow-up imaging performed for clinical reasons was evaluated to determine the 

presence or absence of disease at the site of uptake.

The concordance between 89Zr-J591 and MDP was determined by plotting the number of 

lesions detected by 89Zr-J591 scan versus MDP for each of the 50 patients.
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Statistical methods

This prospective study was designed with the objective of evaluating the ability of 89Zr-J591 

to detect known sites of disease. Since no gold standard is available, a known site of disease 

was defined in the protocol as any lesion that was identified by conventional imaging 

methods at baseline. This does not lend itself to accurate estimation of specificity, so the 

protocol focused on the estimation of sensitivity using all sites identified by conventional 

imaging as the denominator. Assuming an intra-patient correlation of 0.1 (based on our 

experience of FDG PET in this disease), the estimate of sensitivity was projected to be 

within ±9% of its true value if we accrued 50 patients, assuming that the true sensitivity is 

50%. If the sensitivity is higher, then our estimates will be more precise. Soft tissue lesions 

and bone lesions were treated separately.

We also used an emerging methodology to predict the number of positive lesions among the 

non-biopsied sites based on information from the biopsied sites. The details of this method 

are provided in the appendix. Briefly, this method considers the information from the 

biopsied sites as prior (represented by a beta distribution) and derives a posterior distribution 

using the Bayes theorem. The number of positive lesions among the non-biopsied sites is 

calculated from the implied beta-binomial distribution.

RESULTS

Patients

A total of 50 patients with progressive metastatic castrate-resistant prostate cancers were 

studied prospectively (Table S1). The protocol was approved by the Institutional Review 

Board of Memorial Sloan Kettering Cancer Center, the sole study site, and all patients 

provided signed informed consent. All patients underwent CT scan of chest, abdomen, and 

pelvis, as well as bone scintigraphy (MDP) within a month prior to imaging with 89Zr-J591. 

In addition, all patients received an FDG PET/CT scan within two weeks prior to 89Zr-J591 

imaging. In two patients, an MRI of abdomen and pelvis was performed for clinical reasons 

and used for comparison of soft tissue findings (lesion in liver and a retroperitoneal node) 

and an additional two patients received a clinical MRI of the spine and femur, which was 

used for confirmation of bone lesion findings.

Administration of 89Zr-J591 antibody was associated with infusion reactions in 16 patients, 

none of whom were premedicated. The reactions included grade I chills (n=12) and grade I 

chills with rigors (n=4). Three patients reported heavy breathing or shortness of breath and 

were treated with Benadryl 50 mg IV. In two of these patients, additional hydrocortisone 50 

mg IV was administered. This is similar to our prior experience with the antibody (22, 23, 

28, 29). No side effects were noted in patients who were premedicated.

Patient-based analysis

The distribution of lesions across bone, lymph nodes, and viscera are described in Table 

S1. 89Zr-J591 antibody scans were positive in 44/50 patients for either bone and/or soft 

tissue lesions. Osseous lesions were seen in 29/50 patients with 89Zr-J591as compared to 

27/50 for bone scans. Visceral/ nodal disease was seen in 27/50 patients with 89Zr-J591as 
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compared to 31/50 for CT scans. Of the 6 patients with negative 89Zr-J591 scans, 4 had soft 

tissue or nodal disease seen on CT or FDG and 2/6 pts had bone lesions seen on MDP.

Analysis of bone lesions

A total of 439 lesions were detected by conventional imaging modalities, 392 of which were 

seen on 89Zr-J591 (Table 1, Figure S2), resulting in a sensitivity of 89% (95% confidence 

interval: 85.5%-93.5%). These calculations follow the protocol definition of sensitivity and 

are also adjusted for clustering. MDP detected 339 lesions while 89Zr-J591detected 491 

sites. Of these, 302 sites were detected by both MDP and 89Zr-J591 (89% 

concordance). 89Zr-J591 showed 189 additional lesions in 23 patients that were not detected 

by MDP. MDP detected 37 lesions that were not detected by 89Zr-J591 imaging. There was 

a linear relationship for the number of lesions detected by 89Zr-J591scan versus MDP 

(Figure S1), with an estimated 34% higher detection rate for 89Zr-J591 scan-positive lesions, 

across all of the patients. A total of 99 lesions were detected by 89Zr-J591 imaging alone 

that were not seen by any other modality.

Lesions detected on 89Zr-J591 imaging but not on MDP (J591+/MDP−)—There 

were 189 89Zr-J591+/MDP− lesions. Of these, 49 were also seen on FDG, another 35 

showed stable sclerotic lesions on CT, and 64 other lesions were positive on follow-up MDP 

or FDG (obtained 1-6 months later with a median time of 4 months) (Figures 1 and S2). 

There were 41 lesions that were not confirmed to be metastatic prostate cancer within a 

follow-up time of 6 months; the impact of post-study treatment is unknown.

Lesions detected on MDP but not on 89Zr-J591 imaging (J591−/MDP+)—A total 

of 37 sites were seen on MDP but not on 89Zr-J591. Of these, 35 sites were also FDG-

negative, while 2 were FDG-positive. The latter 2 sites (MDP-positive, FDG-positive, 

and 89Zr-J591-negative) were biopsied and found to be negative for metastatic prostate 

cancer on histopathology (Figure 2). Of the 37 sites, 20 represented known sites of 

metastasis in correlation with other prior imaging with stable sclerosis on CT and exhibited 

increased uptake in the follow-up bone scan. An additional 8/37 sites were found to have 

benign etiology on follow-up imaging, while 9/37 remained stable on MDP and negative on 

FDG follow-up imaging.

Analysis of soft tissue

A total of 147 soft tissue lesions were identified by conventional imaging modalities, 73 of 

which were seen on 89Zr-J591, resulting in a sensitivity of 50% (95% confidence interval: 

39-61). 89Zr-J591 imaging detected 90 soft tissue lesions in comparison to 124 soft tissue 

lesions detected by CT (Table 1). The lesions primarily included nodes; other soft tissue and 

organs included lung (n = 12), prostate bed (n = 4), liver (n = 3), adrenal (n = 2), seminal 

vesicle (n = 2), posterior bladder wall (n = 1), and brain lesion (n = 1). There were 65 (52%) 

concordant 89Zr-J591 and CT-positive lesions; 89Zr-J591 identified an additional 25 lesions 

(20%) not detected by CT scan, but was negative for 59 lesions detected by CT.

There were 43 concordant lesions between FDG and 89Zr-J591, while 89Zr-J591 identified 

an additional 47 lesions not detected by FDG. 89Zr-J591 did not identify 45 lesions that were 
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positive on FDG. These lesions were predominantly mediastinal lymph nodes and lung 

nodules. Most of these lesions were sub-centimeter in size measuring 0.5-0.8 mm; 2 nodes 

measured 1.1 and 2.1 cm, and were close to the vasculature in the subaortic region or hilum. 

A total of 147 soft tissue lesions were seen by combined CT and FDG PET/CT imaging. In 

comparison to combined CT and FDG, 89Zr-J591 showed 17 additional sites of disease.

Biopsy assessment

A total of 22 osseous sites (21 evaluatable) and 25 soft tissue sites were biopsied in 34 

patients.

Bone lesions—There were 21 evaluable osseous sites; 19 were 89Zr-J591-positive, 

whereas 2 sites were negative on 89Zr-J591 imaging but had uptake on FDG PET (Table 2). 

Overall, 17/19 89Zr-J591-positive sites were also positive on pathology, while two sites were 

negative on pathology. One of these pathology-negative sites showed metastatic disease on 

MRI and a repeat biopsy performed clinically was positive for disease at this site. Thus, 

18/19 (95%) osseous sites visible on 89Zr-J591 PET imaging were considered true positives; 

4 of these were seen only on 89Zr-J591 imaging and had no correlate on other concurrent 

imaging modalities. Accordingly, 4 sites of occult disease were considered confirmed in 

bone (Figure 3). Two of the 89Zr-J591-negative sites were biopsied; both were also negative 

for malignancy on pathology and follow-up. The overall accuracy in the biopsied osseous 

sites was 95.2% (21/22).

Soft tissue lesions—A total of 25 soft tissue lesions were biopsied, 22 of which were 

positive on pathology (Table 2). Of these 22, 14 89Zr-J591-positive (64%) and 8 89Zr-J591-

negative sites (36%) were positive on pathology. CT was positive in 18/22 (84%) and FDG 

was positive in 13/22 (59%) of the biopsy-proven malignant lesions. There were 2 lesions 

that were positive on 89Zr-J591 PET/CT but negative on pathology: one of these was adrenal 

gland uptake that was not suspicious on FDG and CT scan and was not positive on follow-

up, while the second site was an external iliac node, which was also suspicious by FDG PET 

and CT scan. However, this site was benign on pathology and stable in FDG uptake and size 

on follow-up.

89Zr-J591 imaging was negative for 8/22 pathologic positive sites, while FDG was negative 

for 9/22 sites. These 8/22 lesions were considered false negatives for 89Zr-J591 imaging and 

included nodes, liver, and lung lesions that were otherwise seen on CT or FDG scan.

89Zr-J591 lesion uptake: SUV comparison of bone and soft tissue lesions

Uptake was higher overall in the bone lesions than in the soft tissue lesions. The maximum 

SUV normalized for body weight (SUVmaxbw) for the bone lesions ranged from 1.35-37.2 

with a median of 8.9. The SUVmaxbw for the nodal lesions ranged from 1.67-18.31 (median 

4.8), and between 1.0-30.46 (median 4.8) for other soft tissue lesions. The difference 

between the SUVmax of bone lesions and all soft tissue lesions, including visceral and nodal 

disease, was statistically significant (p < .001). A comparison of SUV for soft tissue versus 

bone lesions within the same patient indicated that the uptake in bone lesions was 

independent of the uptake in soft tissue lesions, with no correlation observed. The SUV was 
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independent of lesion size, and the number of soft tissue or bone lesions in a patient was 

independent of each other, with no correlation seen in intra-patient analysis.

89Zr-J591 lesion detection and PSA levels

The overall PSA range for these patients was 0.05-1,374 ng/mL (one patient had PSA of 

1,374.6; otherwise, the maximum PSA level was 115.6 ng/mL). 89Zr-J591 detected lesions 

in a patient with PSA as low as 0.23 ng/mL; in this patient, two bone lesions were detected, 

of which one was biopsy-proven for metastatic prostate disease. 89Zr-J591 showed lesions in 

6/8 patients with PSA < 1 ng/mL, (2 with bone lesions, 3 with nodal disease, and 1 with 

both soft tissue and bone lesions; see Figure S3) and an additional 10/11 patients with PSA 

below 2.5 ng/mL (6 with soft tissue lesions, 3 with bone lesions, and 1 with both bone and 

soft tissue lesions).

Predicted number of positive lesions among non-biopsied sites

We observed 439 bone and 147 soft tissue lesions with conventional imaging, providing 

precisions of +/− 3.5% and 11.5%, respectively, using the value of 0.1 for intra-class 

correlation. Using an emerging method of Bayesian analysis, we predicted the number of 

positive lesions among the non-biopsied sites for each modality separately for bone and soft 

tissue. The results, shown in Table 3, indicate that 89Zr-J591 ranks the highest among all 

modalities in osseous tissue in terms of predicted number of positive findings (425, 95% 

posterior interval: 352-465), followed by bone scan (281, 220-314), CT (233, 176-270), and 

FDG (155, 116-180). In soft tissue lesions, CT had the highest number of predicted positives 

(86, 67-97), followed by 89Zr-J591 (54, 40-64) and FDG (52, 37-61).

DISCUSSION

This is the first-in-human prospective phase I/II analytic validation study of a well 

characterized anti-PSMA antibody (J591) that uses 89Zr-J591 PET for imaging metastatic 

prostate cancer. For comparators, we used a lesion multi-modality imaging comparison and 

biopsy data. We have previously reported the safety and biodistribution of 89Zr-J591 in the 

first 10 patients in this cohort (26) and identified the optimal time for imaging with this 

intact antibody to be between day 6-8. We expanded the cohort to include an additional 40 

patients with mCRPC to assess the ability of 89Zr-J591 to accurately detect bone and soft 

tissue involvement in mCRPC. To our knowledge, this is the first comprehensive evaluation 

of anti-PSMA PET imaging in correlation with conventional imaging to evaluate its role as a 

biomarker.

89Zr-J591 PET was superior for detecting bone metastases and bone lesions that were occult 

by the conventional imaging modalities of MDP, CT, and FDG. 89Zr-J591 identified 

significantly more lesions compared to MDP, the most common modality for detecting bone 

metastasis in prostate cancer. Additionally, 89Zr-J591 scans detected more skeletal lesions 

than FDG PET alone and combined findings on conventional imaging (Figure 3). A post-

hoc analysis with follow-up imaging showed that about 75% of the additional lesions 

detected by 89Zr-J591 subsequently became MDP-positive at the same site, and about 19% 

had stable sclerosis on CT scan. These findings suggest that 89Zr-J591 targets PSMA 
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expression in viable disease that was not detected initially (MDP) or appeared stable (CT). 

The limitation of this interpretation is the assumption that a lesion seen in more than one 

modality is probably true disease. The visualization of the same sites on other imaging 

modalities at a later time may represent progression or, perhaps more likely, a difference in 

the ability to detect disease. We concluded that 89Zr-J591imaging is able to detect viable 

disease earlier than conventional imaging. For lesions that were not initially seen on 89Zr- 

J591 imaging compared to bone scan, most were non-hypermetabolic by FDG imaging with 

stable sclerosis on CT (site correlated). These tumor sites may represent inactive or treated 

disease.

Our study also confirmed 89Zr-J591-positive sites by pathology to verify the finding of 89Zr-

J591 lesion uptake on a site-by-site basis, a critical component of this analysis. There was an 

overall high accuracy of 89Zr-J591 lesion detection in correlation with pathology for bone 

metastasis. Although biopsy confirmation is ideal for establishing the presence of disease, 

there is a practical limitation of biopsying every (and sometimes, any) lesion seen on 89Zr-

J591 imaging. Because a majority of 89Zr-J591-positive bony lesions were pathologically 

proven malignant, projections using Bayes’ rule suggest that a large number (427/472) of 

non-biopsied bony sites are also likely true-positive sites, which would imply that the 170 of 

189 additional sites seen by 89Zr-J591 compared to MDP would be projected to be 

metastatic disease, as would 89/99 of the occult sites seen by 89Zr-J591 compared to 

conventional imaging. This suggests that 89Zr-J591 can likely detect occult sites of disease 

in advanced prostate cancer that otherwise went undetected—in this series, 50% more bone 

lesions than were detected by bone scan.

Based on the imaging analysis, biopsy results, and statistical projections, we conclude 

that 89Zr-J591targeted imaging of PSMA is highly sensitive and accurate for bone disease 

with ≥ 90% probability that positive lesions are likely to represent true prostate cancer. By 

contrast, 89Zr-J591 performed less well for the detection of soft tissue lesions, with an 

overall accuracy of 60%. 89Zr-J591 PET in soft tissue sites clearly had lower uptake, with 

SUVmax < 50% of bone SUVs, and highly variable performance in soft tissue lesions 

overall. The detection of soft tissue lesions by 89Zr-J591 (50% concordance with CIMs) 

was, however, similar to FDG imaging (47%). Few false-positive soft tissue lesions were 

detected by 89Zr-J591, suggesting high specificity.

The lower detection rate of soft tissue disease may relate to generalized lower uptake. 

Additionally, the proximity of nodal lesions to vasculature, which retains activity for several 

days, limits the evaluation of nodal disease. Furthermore, other benign etiologies such as 

inflammation or granulomatous disease that were presumed as disease on CT and FDG scan 

may contribute to higher false-negative numbers noted for 89Zr-J591. It is possible that the 

size of the intact antibody itself slows intra-tumoral penetration and may interfere with 

antibody binding and uptake in soft tissue metastases, or that the PSMA expression itself is 

lower in soft tissue disease than osseous metastases. Detailed molecular analysis is 

underway to evaluate these possibilities. The exact reason for overall lower uptake and 

detection of soft tissue lesions is not known at this time.
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We recognize certain limitations of the study, as well as potential for bias. Most importantly, 

there is no single test that can serve as a gold standard for comparison. This constrains the 

assessment of the absolute total number of true lesions in a given patient. While a biopsy of 

every lesion is not practically possible given widespread skeletal disease in many patients, 

targeting the positive lesion introduces a bias toward assessment of the positive site only. 

Additionally, lesion detection may be limited by size and system resolution. For smaller 

lesions, about 250 mg in volume or less must have a substantial uptake of 5:1 to actually be 

seen (30). The treatment received by patients following the imaging was variable, which 

limited the assessment of lesions through follow-up imaging.

89Zr-J591 PET imaging also presents some practical limitations. Due to the larger size of the 

antibody leading to the long blood clearance time, 6-8 days are required for optimal tumor 

visualization, post-injection. The hepatic and renal uptake is considerable, which interferes 

with the detection of rare metastases to these organs. Dosimetry to these organs limits the 

dose of injected activity and later imaging requires longer duration. The assessment of soft 

tissue disease appears less optimal. Given these limitations, smaller molecular agents 

directed to PSMA that have faster clearance and show lesions earlier may be more suitable 

for assessment. We are now exploring the use of an anti-PSMA minibody derived from J591 

(31) for the detection of early changes in bone disease in advanced prostate cancer and 

assessment of treatment response in castration-resistant prostate cancer.
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APPENDIX

Imaging studies of metastatic prostate cancer are challenged by the presence of large 

numbers of lesions, of which only a small number can be biopsied. This precludes the use of 

traditional metrics of diagnostic accuracy such as sensitivity and specific and predictive 

value. To partially remedy this, we have used a Bayesian approach to use the information in 

biopsied lesions and project the number of cancerous lesions among the non-biopsied sites. 

This approach relies on the Bayes theorem to calculate conditional probabilities. It entails 

using the proportions of cancerous sites as “prior” information and applying the Bayes 

theorem to calculate the conditional expectation of the number of cancerous lesions among 

the non-biopsied sites given (conditional on) what has been revealed in the biopsied sites.
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To formalize this line of thinking, we denote by θ the probability that a lesion identified 

radiographically is cancerous. This is conceptually similar to the positive predictive value. 

Prior to observing the biopsy data, we have no information on θ other than that it must be 

between 0 and 1. This can be represented by the uniform distribution, also known as a beta 

distribution, with parameters 1 and 1 (Figure A1).

Using as an example the J591 imaging of osseous tissue, 18 of the 19 J591-positive sites 

were biopsy-positive, which translates the above uniform distribution to the one depicted in 

Figure A2. This is a beta distribution with parameters 19 and 2. These parameters are found 

by adding the parameters of the uniform distribution to the number of positive and negative 

sites among the biopsied ones. Notice that this distribution appropriately reflects the change 

in the way we see θ after observing a high rate of positivity among the biopsied sites. Values 

below 0.6 are considered extremely unlikely and the distribution peaks around 0.95. We can 

make these calculations very precise; the probability that θ < 0.6 is 0.0005 and the expected 

value is (18+1)/(19+2) = 0.905, which is our best estimate for the probability that a J591-

positive lesion will be biopsy-positive. But it also reflects the remaining uncertainty due to 

the relatively small number of sites biopsied, e.g., the probability that θ < 0.9 is 0.392, a 

substantial amount.

Figure A. 
Uniform prior distribution (A1); beta (19, 2) distribution for the probability that a J591-

positive site will be biopsy-positive, which reflects the information gleaned from the 

biopsied sites (A2); and beta-binomial (470, 19, 2) distribution for the number of biopsy-

positive lesions among the non-biopsied J591-positive lesions (A3).

This distribution also allows us to project the number of positives in a given number of non-

biopsied sites. The distribution of the number of positive sites is called beta-binomial with 

parameters; in this case, 470 (the number of non-biopsied sites) and 19 and 2 (same 

parameters as the beta distribution). Various probabilities of interest can be calculated from 

here. There is virtually no chance (1.2%) that fewer than 350 lesions will be positive. The 

expected (mean) number of positive lesions is 442, with a confidence interval of 366-484. 

When added to the 18 positive lesions from biopsied sites, this implies a total of 460 positive 

lesions (confidence interval of 378-491). The interpretation of this interval is more intuitive 

than a classical confidence interval, due to its Bayesian nature: the probability that the 

number of positive lesions is between 378 and 491 is 0.95.
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STATEMENT OF TRANSLATIONAL RELEVANCE

An imaging biomarker that accurately detects active metastatic disease, particularly in 

bone, will likely play a critical role in the management of advanced prostate cancer and 

selection of patients for optimal therapy. We studied 89Zr-J591, a radiolabeled antibody 

targeting prostate-specific membrane antigen (PSMA) using PET imaging, and showed 

superior targeting of bone lesions relative to any standard imaging modality or 

combination of standard imaging modalities. This study establishes a benchmark to 

assess the effectiveness of alternative prostate cancer imaging biomarkers, including 

those targeting PSMA, such as radiolabeled minibody (IAB2M) or urea-based small 

peptides.
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Figure 1. 
Patient with metastatic prostate cancer (PSA 90.9) with 89Zr-J591-positive lesions that were 

not seen on MDP. Follow-up imaging showed POD on MDP. 89Zr-J591 scan (A) showed 

uptake in multiple bone sites (arrows) that were not seen on concurrent FDG scan (B) or 

bone scan (C). A follow-up bone scan (D) showed uptake in the sites and was consistent 

with POD.
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Figure 2. 
Patient with metastatic prostate cancer (PSA of 27.4). Baseline bone scan (A) and FDG PET 

(B) showed suspicious uptake in left femur distally (arrow); CT scan (C) showed sclerotic 

focus in the region. 89Zr-J591 scan transaxial and fused images (D, E) did not show any 

suspicious uptake. Biopsy of the femoral lesion showed benign enchondroma.
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Figure 3. 
Patient with metastatic prostate cancer (PSA of 4.1). Baseline bone scan (A) and FDG PET 

(B) showed no suspicious lesions. 89Zr-J591 scan (C) showed uptake in T11 and L3 as seen 

on sagittal images (C) and transaxial image (D) (arrows). CT scan did not show any 

corresponding abnormality (E). Biopsy of T11 was positive for metastatic carcinoma.
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Table 1

Bone and soft tissue lesions: Comparative lesion detection by imaging modality

Bone lesions

MDP+ MDP- FDG+ FDG- CT+ CT- CIM+ CIM- TOTAL

Zr-J591+ 302 189 202 289 281 210 392 99 491

Zr-J591- 37 10 5 42 20 27 47 NA

TOTAL 339 199 207 331 301 237 439 99

Soft tissue lesions

FDG+ FDG- CT+ CT- CIM+ CIM- TOTAL

Zr-J591+ 43 47 65 25 73 17 90

Zr-J591- 45 29 59 15 74 NA

TOTAL 88 76 124 40 147 17

Legend: MDP, methylenediphosphonate bone scan; FDG, F-flourodeoxyglucose; CT, computerized tomography; CIM, conventional imaging 

modalities; Zr-J591, 89Zr-DFO-huJ591
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Table 2

Biopsy correlation with imaging

Bone lesions

J591+ J591- MDP+ MDP- FDG+ FDG-

Biopsy-positive (n=18) 18
* 0 14 4 14 4

Biopsy-negative (n=3) 1 2 1 2 2 1

Soft tissue lesions

J591+ J591- CT+ CT- FDG+ FDG-

Biopsy-positive (n=22) 14 8 18 4 13 9

Biopsy-negative (n=3) 2 1 1 2 2 1

Legend: J591, 89Zr-DFO-huJ591; MDP, methylenediphosphonate bone scan; FDG, 18F-fluorodeoxyglucose; CT, computerized tomography

*
One site was originally negative on pathology, but showed progression on follow-up imaging; a repeat biopsy (performed clinically) was positive 

for metastatic disease.
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Table 3

Bayesian prediction for disease in visualized lesions

Modality Tissue Sites 
+ on 
scans

Total sites biopsied Total 
pathology 
+ lesions

Number 
of scan+ 

sites 
biopsied

Scan+ & biopsy+ Non-biopsied, scan+ sites Estimated 
biopsy+ 
sites of 
non-

biopsied 
scan+ 
group

95% CI

J591 Bone 491 21
18

* 19
18

* 470 425 352-465

BS Bone 339 21
18

* 15 14 318 281 220-314

CT Bone 301 21
18

* 16 14 280 233 176-270

FDG Bone 207 21
18

* 16 14 186 155 116-180

CT Soft 124 25 22 20 18 99 86 67-97

J591 Soft 90 25 22 16 14 65 54 40-64

FDG Soft 88 25 22 15 13 63 52 37-61

*
Note: One site was originally negative on pathology, but showed progression on follow-up imaging; a repeat biopsy (performed clinically) was 

positive for metastatic disease.

Clin Cancer Res. Author manuscript; available in PMC 2016 December 01.


