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177 u-prostate-specific membrane antigen (PSMA)-617 enables tar-
geted delivery of B-particle radiation to prostate cancer. We deter-
mined its radiation dosimetry and relationships to pretherapeutic
imaging and outcomes. Methods: Thirty patients with prostate can-
cer receiving 77Lu-PSMA-617 within a prospective clinical trial
(ACTRN12615000912583) were studied. Screening $8Ga-PSMA-11
PET/CT demonstrated high PSMA expression in all patients. After
therapy, patients underwent quantitative SPECT/CT at 4, 24, and
96 h. Pharmacokinetic uptake and clearance at a voxel level were
calculated and translated into absorbed dose using voxel S values.
Volumes of interest were drawn on normal tissues and tumor to
assess radiation dose, and a whole-body tumor dose was defined.
Correlations between PSMA PET/CT parameters, dosimetry, and
biochemical and therapeutic response were analyzed to identify
relationships between absorbed dose, tumor burden, and patient
physiology. Results: Mean absorbed dose to kidneys, submandib-
ular and parotid glands, liver, spleen, and bone marrow was 0.39,
0.44,0.58, 0.1, 0.06, and 0.11 Gy/MBq, respectively. Median whole-
body tumor-absorbed dose was 11.55 Gy and correlated with pros-
tate-specific antigen (PSA) response at 12 wk. A median dose of
14.1 Gy was observed in patients achieving a PSA decline of at least
50%, versus 9.6 Gy for those achieving a PSA decline of less than
50% (P < 0.01). Of 11 patients receiving a tumor dose of less than
10 Gy, only one achieved a PSA response of at least 50%. On
screening PSMA PET, whole-body tumor SUV,ean correlated with
mean absorbed dose (r = 0.62), and SUV,,,« of the parotids corre-
lated with absorbed dose (r = 0.67). There was an inverse correla-
tion between tumor volume and mean dose to the parotids (r =
-0.41) and kidneys (r = —0.43). The mean parotid dose was also
reduced with increasing body mass (r = -0.41) and body surface
area (r = -0.37). Conclusion: '"7Lu-PSMA-617 delivers high
absorbed doses to tumor, with a significant correlation between
whole-body tumor dose and PSA response. Patients receiving less
than 10 Gy were unlikely to achieve a fall in PSA of at least 50%.
Significant correlations between aspects of screening 8Ga-PET/CT
and tumor and normal tissue dose were observed, providing a
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rationale for patient-specific dosing. Reduced salivary and kidney
doses were observed in patients with a higher tumor burden. The
parotid dose also reduced with increasing body mass and body
surface area.
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Prostate-speciﬁc membrane antigen (PSMA) is a type II trans-
membrane protein expressed in most clinically significant prostate
cancers. Its expression increases in higher-grade, metastatic, and
androgen-insensitive tumors (/—5), whereas expression is largely
absent in benign or hyperplastic prostate tissue (6). Lower PSMA
expression occurs in proximal small bowel, kidneys, and salivary
and lacrimal glands (7,8). PSMA is a favorable target for molec-
ular imaging (9-14) and therapy (/5-21) of prostate cancer la-
beled with positron and (-emitting radionuclides, respectively

Radiolabeled small-molecule inhibitors of PSMA show promise
as therapeutic agents in advanced prostate cancer (22), and under-
standing their radiation dosimetry is key to their development. 77Lu
has favorable decay characteristics for radionuclide therapy, possess-
ing both a short-range cytotoxic B-particle and a small y-emission—
enabling biodistribution to be quantified using scintigraphy.

Dosimetric estimates from retrospective series with (3-labeled
small molecules suggest that the normal tissues receiving the high-
est absorbed doses are small intestine, kidneys, and salivary glands
(15,23-28).

Tumor dose may be an important predictor of clinical response,
but estimation of a clinically relevant tumor-absorbed dose is chal-
lenging in patients with multiple sites of disease, often with variable
uptake and retention of the therapeutic agent. It is difficult to envis-
age how index lesion dosimetry, as is commonly performed, can
reflect this heterogeneity. In a novel approach we have estimated
mean “total-body” tumor dose, alongside lesional tumor dosimetry,
postulating that this may be more clinically relevant.
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the trial. The study protocol was approved by
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the institutional ethics board and was conducted
in accordance with the declaration of Helsinki
and good clinical practice. The trial was regis-
tered with the Australian New Zealand Clini-
cal Trials Registry (ANZCTR12615000912583),
and all patients gave written informed consent
before study entry.

The !77Lu-PSMA-617 preparation, study
design, and procedures have been previously
described (29). The administered radioactivity
(GBq) was adjusted according to tumor bur-
den, patient weight, and renal function adapted
from our practice using '"’Lu-DOTATATE as
follows. Activity was increased by 1 GBq if
there were more than 20 sites of disease, de-
creased by 1 GBq if fewer than 10 sites, in-
creased by 0.5 GBq per factor if weight was
more than 90 kg or glomerular filtration rate
more than 90 mL/min, and decreased by 0.5
GBq if weight was less than 70 kg or glomer-
ular filtration rate less than 60 mL/min. Up to 4
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cycles of therapy were administered at 6 weekly

FIGURE 1.

SPECT/CT.

The primary aim of this study was to perform radiation dosimetry
in men with advanced prostate cancer treated in a prospective clinical
trial (29) using an automated voxelized dosimetry tool (30). We
evaluated whether pretherapeutic ®®Ga-PSMA PET is a predictor of
absorbed dose, whether a “sink effect” was evident, and whether dose
in normal tissues and tumor can predict toxicity and clinical response.

MATERIALS AND METHODS

Study Design and Patient Population

Between August 2015 and December 2016, 30 patients with
PSMA-avid metastatic castration-resistant prostate cancer were en-
rolled and underwent up to 4 cycles of '7’Lu-PSMA-617. Sufficient
PSMA avidity for therapy was defined on %8Ga-PSMA-11 PET/CT as
at least 1 site of metastatic disease with intensity significantly greater
than normal liver (SUV . at least 1.5 times SUV of normal liver).
18FE-FDG PET/CT scans excluded patients if sites of '8F-FDG—positive
disease without high PSMA expression were identified. Disease progres-
sion, either radiologically or clinically, was mandated before entry into

intervals.

Schematic of voxel-based dosimetry workflow, showing regions of interest for whole-
body tumor volume (red), kidneys (blue), and salivary glands (green). gSPECT/CT = quantitative

Image Acquisition and Dosimetry

Thirty dosimetric image sets were obtained
after initial therapy with serial quantitative
SPECT/CT (2- or 3-bed-position acquisition) encompassing neck to
pelvis performed 4, 24, and 96 h after injection (Symbia T6 or Intevo
16; Siemens A.G.) (Fig. 1).

SPECT voxels were acquired with dimensions of 4.8 x 4.8 x
4.8 mm, and '""Lu activity was quantified by conversion of voxel
counts per seconds to activity per unit volume using attenuation, scat-
ter, and dead-time corrections according to the protocol described by
Beauregard et al. (37). Serial quantitative SPECT images were con-
verted into voxel dose maps using a modified methodology described
previously (30). Images were aligned by sequential rigid and B-spline
deformable registration with Elastix (version 4.8) (32) using a
weighted normalized correlation metric (80%) with transform bending
energy penalty (20%). CT-to-CT registration was used to compute
deformation fields for alignment of fused SPECT volumes. Images
were resampled to 3 X 3 x 3 mm? voxels to assist with voxel S-value
convolution. Time—activity curves were independently calculated in
each voxel based on a 3-phase exponential clearance model yielding
3-dimensional cumulated activity maps (30). Dose conversion was
performed by convolving GATE-derived voxel dose kernel (maximum

TABLE 1
Absorbed Doses in Normal Tissues (Gy) and Dose per Administered Activity (Gy/GBq) Following First
Cycle of Therapy (Voxelized Technique)

Target organ Median dose Mean dose Minimum dose Maximum dose SD
Parotid glands 4.0 (0.48) 8 (0.58) 1.12 (0.13) 15.5 (1.87) 3.58 (0.43)
Submandibular glands 3.2 (0.39) 7 (0.44) 0.20 (0.02) 14.50 (1.75) 2.95 (0.36)
Lacrimal glands 2.7 (0.32) 8 (0.36) 0.8 (0.10) 0 (0.81) 1.33 (0.18)
Kidneys 1(0.38) 3.2 (0.39) 0.77 (0.09) 7.0 (0.84) 1.28 (0.15)
Spleen 0.5 (0.06) 0.7 (0.08) 0.24 (0.03) 3.16 (0.38) 0.53 (0.06)
Liver 0.7 (0.08) 0.8 (0.10) 0.30 (0.04) 2.60 (0.31) 0.44 (0.05)
Marrow 0.8 (0.10) 1.0 (0.11) 0.10 (0.01) 2.80 (0.34) 0.80 (0.10)
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TABLE 2
Absorbed Dose Estimates in Absolute Dose (Gy) and Dose per Administered Activity (Gy/GBq) Estimated
by Voxelized and MIRD Techniques

Voxel technique

MIRD sphere model

Site Mean dose Minimum dose Maximum dose SD Mean dose Minimum dose Maximum dose SD
Lacrimal 2.77 (0.36) 0.80 (0.10) 6.0 (0.81) 1.33(0.18) 28.65 (3.78) 10.01 (1.19) 76.28 (9.19) 16.39 (2.13)
Submandibular 3.66 (0.44) 0.20 (0.02) 145 (1.75) 2.95(0.36) 5.03 (0.67) 1.14 (0.17) 13.42 (2.0) 3.25 (0.45)
Parotid 4.78 (0.58) 1.12 (0.13) 15.5(1.87) 3.58 (0.43) 4.82 (0.64) 0.63 (0.08) 14.70 (2.23) 3.14 (0.46)

range, 40 mm) based on decay of !77Lu in ICRP soft tissue (33). Dose
volumes were saved in DICOM format and contoured on clinical
workstations. Regions of interest were drawn in normal tissues and
tumor to determine absorbed dose. Mean “whole-body” tumor vol-
ume was determined by applying a 5-Gy threshold to the voxel dose
volumes and then removing regions of physiologic uptake.

For normal tissues with a small size, namely the salivary and
lacrimal glands, expanded contours encompassing the organs plus a 1-
to 2-cm margin were also determined. Lacrimal dosimetry could not
be obtained in 15 patients, as they were not included in the SPECT
field of view at all 3 of the time points. These volumes were used to
compute regional activity at each time point, and cumulated activity
was converted to absorbed dose using the OLINDA sphere model S
values, adjusted for patient-specific volumes defined on pretreatment
08Ga-PSMA PET scans (34-36). The duodenum presents a logistic
challenge for our automated system because of its motile nature, and
dosimetry for this organ has not been determined.

68Ga-PSMA PET/CT Analyses

Baseline %8Ga-PSMA-11 PET/CT was used to assess eligibility for
treatment. “Whole-body” tumor volume was determined using an au-
tomated threshold encompassing activity with an SUV greater than
3, with removal of areas of physiologic uptake (MIM Software).
This tumor volume was further subdivided into bone and soft tissue
using subthresholding to 100 Hounsfield units and visual adjustment
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FIGURE 2. Correlation between SUV,,, in parotid glands on screen-
ing 68Ga-PSMA PET and absorbed dose.

of the contours. Salivary glands were contoured on the PET se-
quence using an edge detection algorithm (PET Edge; MIM Soft-
ware). For each volume of interest, the SUV ., SUV jean, and
volume were calculated.

Statistical Analysis

All continuous data are expressed as the median, SD, and range
and R-statistics. We calculated correlations between parameters of
PSMA PET/CT and dosimetric results estimated using our voxel-based
method. We computed Spearman r and P values for each correlation
and tested for difference in absorbed doses to tumor in patients achiev-
ing a prostate-specific antigen (PSA) response greater than 50% using
a Wilcoxon—-Mann—Whitney test. All analyses were conducted with R (R
Development Team, 2018), and P values of less than 0.05 were considered
statistically significant.

RESULTS

Baseline characteristics of patients and administered activities
were documented (Supplemental Appendix 1). The median age of
subjects was 70.5 y (interquartile range, 67-75 y), and patients had
a median PSA doubling time of 2.4 mo. All patients were heavily
pretreated, with 87% receiving prior systemic chemotherapy; 47%
had also received second-line chemotherapy. Eighty-three percent
had received second-generation antiandrogens, and more than
90% had more than 20 sites of disease. The mean administered
activity was 7.8 GBq (range, 5.7-8.7 GBq).

Normal-Organ Dosimetry

Dosimetric estimates in parotid and submandibular glands,
kidneys, spleen, liver, and noninfiltrated bone marrow are summa-
rized in Tables 1 and 2. Salivary glands, lacrimal glands, and kid-
neys received the highest absorbed doses. For lacrimal glands, the
application of MIRD yielded doses higher by a factor of 10 than
the voxel technique; these are shown in Table 2.

SUV . of parotid glands on ®8Ga-PSMA-11 PET correlated
with mean absorbed dose (Gy/GBq) from voxel-based dosimetry
(r = 0.68, P < 0.01) and is shown in Figure 2. There was an in-
verse correlation between tumor volume (defined on PSMA PET)
and mean dose to the parotid glands (r = —0.41, P = 0.03) and

kidneys (r = —0.43; P = 0.02). Mean parotid absorbed dose
decreased with increasing body mass (r = —0.41, P < 0.01)
and body surface area (r = —0.37, P < 0.05) and is shown in

Figure 3. There was no significant correlation between parotid
dose and glomerular filtration rate (r = 0.13, P = 0.5).

Tumor Dosimetry
Absorbed whole-body tumor doses are shown in Table 3 and fur-
ther divided into tumor-bearing bone and lymph/visceral regions.
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FIGURE 3. (A) Correlation between tumor volume on screening $8Ga-PSMA PET and mean parotid absorbed dose. (B) Correlation between body

mass and mean parotid absorbed dose. (C) Correlation between body surface area and mean parotid absorbed dose.

“Whole-body” tumor dose was associated with PSA response at 12
wk, with a median dose of 14.1 Gy (mean, 14.7 Gy; SD, 3.9 Gy;
range, 9.7-24.4 Gy) in patients achieving a PSA decline of at least
50%, versus 9.6 Gy (mean, 10.4 Gy; SD, 3.4 Gy; range, 7.3-20.3
Gy) for those achieving a PSA decline of less than 50% (P < 0.01),
and is shown in Figure 4A. With a tumor dose of less than 10 Gy,
only 1 patient achieved a PSA decline of at least 50% and 10 patients
had a PSA decline of less than 50%. Nonresponding patients

achieved a significantly lower tumor dose than responders (P <
0.01) (Supplemental Fig. 1; supplemental materials are available
at http://jnm.snmjournals.org). Maximum tumor-absorbed dose
in index lesions did not correlate with PSA response at 12 wk and
is shown in Figure 4B.

We found a significant correlation between the SUV .., of
“whole-body” tumor on screening %Ga-PSMA PET and the “whole-
body dose” (Gy/GBq) (r = 0.62, P < 0.01); these correlations are

TABLE 3
Maximum Absorbed Dose (Gy) and Dose per Administered Activity (Gy/GBq) in Tumor-Bearing Bone, Lymph Nodes, and
Mean Whole-Body Tumor Doses Above 5 Gy

Tumor site Median dose Mean dose Range SD
Bone 39.2 41.0 (5.28) 3.4-73.9 (0.41-10.71) 18.88 (2.46)
Node 17.5 28.79 (3.91) 4.4-92.5 (0.52-16.23) 25.13 (3.93)
Mean whole-body dose > 5 Gy 11.55 12.55 7.3-24.4 418
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FIGURE 4

(A) Mean whole-body tumor-absorbed dose was significantly higher in patients achieving greater than 50% fall in serum PSA at 12 wk.

(B) Maximum tumor-absorbed dose in index lesions was not significantly different in patients achieving greater than 50% fall in serum PSA at 12 wk.

shown in Figure 5. Both soft-tissue and bone metastases sepa-
rately showed a significant correlation between SUV ., and mean
absorbed dose (r = 0.55, P < 0.01, and r = 0.60, P < 0.01),
respectively. There was a trend for a higher SUV .., to be associ-
ated with a PSA response at 12 wk, with a median SUV ¢,, of 8.9
(mean, 9.2; SD, 2.8; range, 5.3-15.6) in patients achieving a decline
of at least 50%, versus 7.0 (mean, 7.3; SD, 1.9; range, 5.1-12.1) in
those who did not (P = 0.056) (Supplemental Fig. 2).

DISCUSSION

We have demonstrated high tumor—to—normal-tissue uptake with
prolonged retention of radionuclide in tumor-bearing areas in men
with metastatic prostate cancer treated with '”’Lu-PSMA-617.

rho = 0.61
P<0.01

Gy/GBq

Mean dose (Gy/GBq) to tumor

5 10 15
SUVmean in tumor

FIGURE 5. Correlation between SUV .4, On screening 88Ga-PSMA PET
and mean whole-body tumor dose calculated using 5-Gy dose cutoff.

Previous studies have generally used whole-body planar scin-
tigraphy to measure activity (Supplemental Appendix 2) and may
overestimate activity, particularly if significant activity overlies
organs or tumor-bearing regions of interest. This overestimation
has been well described in renal dosimetry after therapy using
radiolabeled somatostatin analogs (37,38) and is relevant in PSMA
radionuclide therapy, where bowel and liver may overlie kidneys
and bone metastases may overlie salivary and lacrimal glands
(13,24). The drawing of regions of interest on multiple sequential
planar images is also time-consuming and subject to interobserver
variation.

Although widely used, MIRD has several limitations as a do-
simetry tool. Developed for population-based dosimetry, it assumes
that organ masses and shapes conform to those of a standard man.
Furthermore, it does not provide conversion factors for tumor or all
organs, with no S factors for lacrimal or salivary glands. To assess
dose in these organs using MIRD, we applied the OLINDA sphere
model using volumes taken from pretreatment 8Ga-PSMA PET
scans (36). These structures also present challenges for our voxelized
dosimetry technique because of partial-volume effects and a greater
likelihood of potential misregistration. The latter is most notable in
the head and neck, where head rotation may occur between scans
(35-39), and is of particular concern defining very small ROIs, such
as lacrimal glands.

Absorbed dose estimates using both the voxel-based technique
and MIRD show broad agreement for salivary tissues (24-27). For
lacrimal glands, however, MIRD dose was higher by a factor of 10
than the voxel dose. Because of their small size, which presents
challenges for both methods, the actual absorbed dose likely lies
somewhere between their respective estimates. Some dosimetry
studies suggest that lacrimal glands may be dose-limiting (23,26),
whereas in clinical practice significant lacrimal toxicity is rare (29).

In our study, the highest doses occurred in salivary glands, lacrimal
glands, and kidneys. Median renal doses were slightly lower than
those predicted by others, perhaps reflecting overlying bowel or liver
activity. Salivary gland doses are in the lower range of the published
series, perhaps relating to overlying activity in bone or partial-volume
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effects of the voxelized technique. Liver and spleen doses are similar
to those reported by Delker et al., who also used SPECT/CT to derive
their activity maps (24). Regardless, all the available SPECT data
suggest that these organs are not dose-limiting.

Our dosimetry suggests it is safe to deliver multiple cycles of
therapy before exceeding the tolerance of salivary glands and
kidneys. Assuming average biodistribution after 4 cycles of therapy
at an administered activity of 8 GBq, doses to kidneys are 12.5 Gy,
lacrimal glands 11.5 Gy, parotid glands 18.6 Gy, and submandibular
glands 14.1 Gy. These doses meet accepted standards used in
external-beam radiotherapy of 15-18 Gy (40), 34 Gy (41), and 20—
25 Gy (salivary tissues) (42). It is well known that normal tissues
can tolerate higher absorbed doses following radionuclide therapy
than external beam (43) and is explained by the linear-quadratic
formula developed following years of use in fractionated external-
beam radiotherapy (44). Radiobiologic modeling, for example, sug-
gests that renal tolerance following radionuclide therapy will be
almost twice that expected following external beam (15).

Following 4 x 8 GBq, we would predict a marrow dose of 3.5
Gy, a value that exceeds the normally accepted 2 Gy tolerance of
marrow (45) and is higher than previous studies of marrow do-
simetry that have generally used blood sampling to determine dose
(Supplemental Appendix 2). This estimate, however, is subject to
several limitations as evidenced by the wide variation in absorbed
dose (0.01-3.4 Gy/GBq) between patients. This is explained by
the heterogeneity in the metastatic burden in the axial skeleton;
although we attempted to define the marrow ROI using noninfil-
trated bone, this was almost certainly confounded by measuring
tumor rather than marrow dose. In patients with extensive metas-
tases, bone marrow distribution is often expanded in the appendicular
skeleton and discordant with tumor location (46). Thus, our marrow
estimates are almost certainly overestimates as supported by the low
incidence of grade 3/4 acute hematologic toxicity (29).

We found a significant correlation between pretherapeutic °Ga-
PSMA PET and estimated dose to tumor, salivary glands, and bone
marrow. In the treatment of neuroendocrine tumor, it is reported
that the SUV,,, of ®8Ga-DOTATOC PET/CT may predict re-
sponse to radionuclide therapy (47). In our study, we were unable
to determine an SUV ..., below which patients are unlikely to
respond, though there was a trend for a higher SUV .., to be
associated with a PSA response at 12 wk (P = 0.056).

In the treatment of neuroendocrine tumors using radiolabeled
somatostatin analogs, we have observed that uptake of radionuclide
in normal tissues is lower in patients with a high tumor burden
because of a tumor-sink effect (48). Recently, Gaertner at el. de-
scribed reduced uptake of ®Ga-PSMA-11 in salivary glands in pa-
tients with high, medium, or low tumor burdens (49). We observed
that SUV,,,.x and absorbed dose in salivary glands and kidneys de-
creased significantly with a greater disease burden and a larger phys-
ical size. Such findings may be relevant in predicting salivary gland
and renal toxicity (50). These data suggest that it may be optimal to
deliver higher administered activities to patients with a larger burden
of disease and size and, conversely, to reduce activity in patients with
a lower disease burden. In contrast to neuroendocrine tumors treated
with radiolabeled somatostatin analogs, however, we found no cor-
relation between absorbed dose and renal function.

An association between predicted dose and either therapeu-
tic response or normal-tissue toxicity would provide powerful
supportive evidence for the validity and clinical relevance of
the dosimetry methods being used. We have observed that an
increasing whole-body tumor-absorbed dose occurs in men with a

522

biochemical response, defined by a PSA decline of at least 50%.
This parameter accounts for heterogeneity in tumor dose and is
perhaps a more relevant estimate of clinical effect than index-
lesion dosimetry, noting that the latter did not correlate with a
PSA response (P = 0.09). However, we also acknowledge the con-
siderable overlap in whole-body tumor dose between individual
patients who responded to therapy and those who did not (Fig.
4A), and we would not regard routine dosimetry as mandatory in
the clinical application of '"’Lu-PSMA therapy.

The relationship between absorbed dose and acute toxicity
cannot be evaluated comprehensively in this study, as significant
treatment-related adverse events were uncommon (29). We ob-
served no episodes of acute renal toxicity, and the mild xerostomia
(all Common Terminology Criteria grade 1) reported by most
patients on specific questioning tended to recover with time. The
lack of higher-grade xerostomia makes it difficult to assess whether
this will be dose-limiting. The results of studies using a higher
administered radioactivity and a longer-term follow-up may provide
insight into dose-limiting toxicities.

CONCLUSION

In a prospective study reporting the outcomes of !7’Lu-PSMA-
617 therapy in men with advanced prostate cancer, we observed
low normal-organ toxicity with repeated cycles of effective ther-
apy. Mean whole-tumor dose correlates with biochemical response
and appears superior to conventional index-lesion dosimetry.
Whole-tumor parameters correlated with screening ®Ga-PSMA
PET findings. Low doses to salivary glands and kidneys are con-
sistent with the lack of clinically apparent grade 3 or higher tox-
icity (28). We observed a tumor-sink effect, and this observation
may provide a rationale for personalized treatment dosing.
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