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Novel theranostic approaches using radiopharmaceuticals targeting
prostate-specific membrane antigen (PSMA) have emerged for treat-
ing metastatic castration-resistant prostate cancer. The physical
properties and commercial availability of 7’Lu make it one of the
most used radionuclides for radiopharmaceutical therapy (RPT). In
this literature review, we aimed at comparing the dosimetry of the
most used ["7’Lu]Lu-PSMA RPT compounds. Methods: This was a
systematic review and metaanalysis of ['7"Lu]Lu-PSMA RPT (617,
I&T, and J591) dosimetry in patients with prostate cancer. Absorbed
doses in Gy/GBq for each organ at risk (kidney, parotid and subman-
dibular glands, bone marrow, liver, and lacrimal glands) and for tumor
lesions (bone and nonbone lesions) were extracted from included arti-
cles. These were used to estimate the pooled average absorbed dose
of each agent in Gy/GBq and in Gy/cycle, normalized to the injected
activity (per cycle) used in the VISION (7.4 GBq), SPLASH (6.8 GBq),
and PROSTACT trials (5.8 GBqg). Results: Twenty-nine published
articles comprising 535 patients were included in the metaanalysis.
The pooled doses (weighted average across studies) of ['77Lu]Lu-
PSMA-617 and ["""Lu]Lu-PSMA-I&T were 4.04 Gy/GBq (17 studies,
297 patients) and 4.70 Gy/GBq (10 studies, 153 patients) for the kidney
(P = 0.10), 5.85Gy/GBq (14 studies, 216 patients) and 2.62 Gy/GBq
(5 studies, 86 patients) for the parotids (P < 0.01), 5.15 Gy/GBq (5 stud-
ies, 81 patients) and 4.35 Gy/GBq (1 study, 18 patients) for the subman-
dibular glands (P = 0.56), 11.03 Gy/GBq (6 studies, 121 patients) and
19.23 Gy/GBq (3 studies, 53 patients) for the lacrimal glands (P = 0.20),
0.24 Gy/GBq (12 studies, 183 patients) and 0.19 Gy/GBq (4 studies, 68
patients) for the bone marrow (P = 0.31), and 1.11 Gy/GBq (9 studies,
154 patients) and 0.56 Gy/GBq (4 studies, 56 patients) for the liver
(P = 0.05), respectively. Average tumor doses tended to be higher for
['""Lu]Lu-PSMA-617 than for ['"7Lu]Lu-PSMA-I&T in soft tissue tumor
lesions (4.19 vs. 2.94 Gy/GBg; P = 0.26). Dosimetry data of ['""Lu]Lu-
J591 were limited to one published study of 35 patients with reported
absorbed doses of 1.41, 0.32, and 2.10 Gy/GBq to the kidney, bone
marrow, and liver, respectively. Conclusion: In this metaanalysis,
there was no significant difference in absorbed dose between
[ Lu]Lu-PSMA-I&T and ['"7Lu]Lu-PSMA-617. There was a possible
trend toward a higher kidney dose with ['7"Lu]Lu-PSMA-I&T and a
higher tumor lesion dose with ['"’Lu]Lu-PSMA-617. It remains
unknown whether this finding has any clinical impact. The dosimetry
methodologies were strikingly heterogeneous among studies,
emphasizing the need for standardization.
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Novel theranostic approaches using radiopharmaceuticals have
emerged for treating metastatic castration-resistant prostate cancer.
Because of its overexpression by most prostate cancers, prostate-
specific membrane antigen (PSMA) represents a valid molecular
target for radionuclide imaging and therapy. The physical proper-
ties and commercial availability of '”’Lu make it one of the most
used radionuclides for radioligand therapy. After the positive results
of the VISION trial (1), ['"’Lu]Lu-PSMA-617 therapy (Pluvicto;
Novartis) was approved by the Food and Drug Administration, and
this treatment is now included in the National Comprehensive Cancer
Network guidelines and reimbursed by the Centers for Medicare and
Medicaid Services for patients with metastatic castration-resistant
prostate cancer progressing after chemotherapy. Randomized phase 3
trials testing [!7"Lu]Lu-PSMA-617 at earlier disease stages have
completed their enrollment (PSMAfore NCT04689828 for preche-
motherapy metastatic castration-resistant prostate cancer patients,
PSMAddition NCT04720157 for patients with metastatic hormone-
sensitive prostate cancer). Another small-molecule radioligand,
["""Lu]Lu-PSMA-I&T, is being investigated in 2 randomized phase 3
trials (SPLASH NCT04647526 and ECLIPSE NCT05204927), which
also completed enrollment. The radiolabeled monoclonal antibody
[Y"Lu]Lu-J591 is being investigated in an ongoing randomized phase
3 trial (PROSTACT NCT04876651).

77Lu decays by B~ emission with a half-life of 6.7 d. The aver-
age energy of the B-particles is 134keV (maximum of 498keV),
with an average travel path of 0.670 mm in soft tissue. The ener-
gies of the primary y-emissions are 113 keV (6.6%) and 208 keV
(11%) (2). The y-ray emissions allow for imaging of the drug bio-
distribution over multiple days using planar scintigraphy or
SPECT/CT. Estimations of the radiation dose deposition in normal
organs at risk and tumor lesions are required for regulatory purposes
and essential for risk determinations. Dosimetry also carries the
potential to assist in individualized patient management, including
optimization of drug administration (injected activity per cycle, num-
ber of cycles, time interval between cycles).

With the expected approval of various ['7’Lu]Lu-PSMA-tar-
geted compounds, the question of how their efficacy and safety
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profiles compare arises. However, to our knowledge, no head-to-
head dosimetry comparison of the different [!7’Lu]Lu-PSMA—tar-
geted compounds has been conducted. Moreover, the reported radi-
ation dose estimates for [7’Lu]Lu-PSMA can vary considerably
because multiple technical parameters and methods impact organ
and tumor dose estimates, such as image reconstruction parameters,
acquisition practices, segmentation methods, dose calculation mod-
els, lesion sizes, or use of partial-volume correction (3-5).

Because direct comparisons among different therapeutic radiophar-
maceutical are not feasible, we conducted a systematic review and
metaanalysis to summarize the dosimetry of [!”’Lu]Lu-PSMA-617,
["Lu]Lu-PSMA-I&T, and ['7Lu]Lu-J591 in articles published as
of November 2023.

MATERIALS AND METHODS

The Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) 2020 guidelines were followed to conduct this
study (6) (checklist provided in supplemental materials, available at
http://jnm.snmjournals.org).

Article Search

We created a comprehensive list of all dosimetry studies involving
['"7Lu]Lu-PSMA therapy for prostate cancer and performed a system-
atic review and metaanalysis. We conducted an article search using
advanced settings in PubMed and Google Scholar as of November
2023 (Fig. 1). Within articles, referenced publications regarding the
dosimetry of ['7"Lu]Lu-PSMA were also added to the database if not
initially found on either platform.

Data Inclusion

The dosimetry data were extracted from each article in Gy/GBq for
the normal organs (kidney, parotid and submandibular glands, lacrimal
glands, liver, and bone marrow) at risk and for tumor lesions, which were
separated into bone and nonbone lesions (soft tissue; i.e., visceral, lung,
liver, and lymph nodes). Biological effective dose was not included.

(2}
E ((177Lutetium) OR (177Lu) OR (177-Lutetium) OR (177-Lu) OR (Lu-177) OR
ﬁ (Lutetium) OR (Lutetium-177)) AND ((PSMA) OR (PSMA-617) OR (PSMA-
3] 1&T) OR (rhPSMA) OR (J591) OR (Prostate specific membrane antigen))
g AND ((dosimetry) OR (Dose))
s
'<§ Records identified through
= database search terms
§ (n=262)
= Reviews, letters, non-English language
excluded
(n=21)
2
5 Records screened by title
o (n=236)
O
(7]
Records excluded
— (did not meet inclusion criteria)
(n=182)
()
e} Articles assessed for eligibility
i.l_gJ) (n=54)
Articles excluded
— image analysis without absorbed doses
(n=25)
3
E Total articles included
E (n=29)
FIGURE 1. Study selection for metaanalysis. Using PRISMA criteria, we

selected 29 studies for this metaanalysis. Only conference abstracts or
fully published articles that were in English and reported absorbed dose to
organs at risk or tumors were included.
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Because of the different injected activities per cycle in each study, we
also calculated the pooled dose normalized to a fixed amount of injected
activity per cycle (Gy/cycle): 7.4 GBq for ['"’Lu]Lu-PSMA-617 based
on the VISION trial, 6.8 GBq for ['7’Lu]Lu-PSMA-I&T based on the
SPLASH trial, and 5.6 GBq (76 mCi X2) for ['7"Lu]Lu-J591 based on
the PROSTACT trial.

Factors Affecting Dosimetry Calculations

We collected the multiple factors that could affect the dosimetry
calculations. Three different image protocols were recorded: planar
whole-body scans, 3-dimensional SPECT/CT scans, and a hybrid
approach combining both. To convert activity to dose, multiple dosim-
etry tools were used, primarily including voxelwise and RADAR
(Radiation Dose Assessment Resource; https://www.doseinfo-radar.
com/) schema (OLINDA/EXM) or MIRD. In addition, different recon-
struction parameters were used in the various studies. The 2 methods
used to determine the average absorbed dose to bone marrow were
based on blood sampling and on imaging.

Statistics

A metaanalysis was conducted for each organ (kidney, parotid and
submandibular glands, lacrimal glands, bone marrow, and liver) and
for tumor lesions. We reported the pooled estimated average dose of
each radiopharmaceutical (617, I&T, and J591) with standard errors or
CIs estimated using inverse variance weighting. Most studies reported
their sample size, means, and SDs, which were used as inputs to the
metaanalysis; however, some studies reported medians and quartiles
instead. For those studies, we estimated the mean and SD by assuming
the median was the mean and estimating the SD by taking the difference
in quartiles divided by 1.35, as suggested by the Cochrane Handbook

for Systematic Reviews of Interventions (7). The Cochran Q statistic and

P index (the percentage of variation across studies that is due to hetero-
geneity rather than chance) were used to assess heterogeneity. Because
significant heterogeneity was observed, the random-effects metaanalytic
model was used as opposed to the fixed-effects pooled estimate. Within
each organ, we used the subgroup option of the package to test for differ-
ences in radionuclides. If the overall test was significant, we conducted
pairwise comparisons between groups. However, if it was not significant,
no further testing for that organ was done. Tumor dosimetry was ana-
lyzed for all lesions, as well as stratified by bone only or nonbone lesions.
Statistical analyses were performed using R version 4.1.0 (www.r-project.
org) with the meta package, which is the general package for metaanalysis.
P values of less than 0.05 were considered statistically significant. The
P values shown throughout the article denote comparisons between
["""Lu]Lu-PSMA-617 and ['"Lu]Lu-PSMA-I&T, as ['7’Lu]Lu-J591
data were limited, unless otherwise indicated as overall P value.

RESULTS

Twenty-nine published articles comprising 535 patients were
included in the metaanalysis. The number of studies and included
patients for individual organs and tumor lesions are summarized in
Supplemental Tables 1 and 2. The patient population is summarized
in Supplemental Table 3. Overall, 90% of the studies in this metaa-
nalysis included metastatic castration-resistant prostate cancer,
whereas 10% included metastatic hormone-sensitive prostate cancer.
Of note, one study included only low-volume metastatic hormone-
sensitive prostate cancer (» = 10 patients) (8,9). The dosimetry pro-
tocol parameters and reconstruction protocols used in each study are
included in Supplemental Tables 4 and 5.

The dosimetry data extracted from each article are summarized
in Table 1 for the normal organs at risk and in Table 2 for the
tumor lesions. Table 3 lists the average absorbed dose in Gy/GBq
and the dose normalized to the injected activity (Gy). The pooled
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TABLE 2

Reported Tumor Lesion Dosimetry

Injected Unspecified/single-
activity study exploration Skeletal lesion Nodal lesion Liver lesion

Author Isotope (GBq) (Gy/GBq) (Gy/GBq) (Gy/GBq) (Gy/GBaq)
Delker (15) 617 3.6 2.1+0.8" 5.3+3.7 42+53 -
Fendler (10) 617 3.7 2.16 +0.85* 4.92 +3.54 11.64 +5.44 -
Scarpa (19) 617 6.1 - 3.4+19 26+04 24+0.8
Violet (20) 617 7.8 - 5.28 +2.46 3.91 +£3.93 -
Paganelli (44) 617 4.4 - 4.7 (0.74-55.86) 3.64 (0.25-15.10) -
Privé/Peters (8,9) 617 3.0 3.25+3.19 1.1 (0.3-3.1) 3.1 (0.6-13) -
Rosar (77) 617 6.4 - 1.68 = 1.32 - -
Volter (45) 617 6.0 - 4.7*+3.9 7.7x9.7 -
Schuchardt (46) 617 6.5 - 6 7.1 -
Herrmann/Krause (47,48) 617 7.4 - 14.6 +29.8 12.5+15.9 -
Okamoto (35) 1&T 7.4 1.75+0.921 3.4=*x27 32x22 1.2+0.67
Baum (77) 1&T 5.8 - 3 (0.2-40) 4 (0.14-78) -
Barna (713) 1&T 7.4 - 4.38 5.47 4.95
Schuchardt (46) 1&T 6.1 - 5.9 6.9 -
Feuerecker (18) 1&T 7.3 - 1.7+1.13 4.51 +2.69 -
Hohberg (27) 1&T 7.2 - 3.47+2 3.73+1.65 -
Resch (57) 1&T 7.5 - 5.8 +3.1 7.7+45 -

*Tumor was deemed soft tissue in nature.
TTumor was deemed lung lesion.
Data are reported as mean * SD or as median followed by range in parentheses.

['"7Lu]Lu-PSMA-617 (4.70Gy [CI, 4.16-5.24 Gy] vs. 4.04Gy
[CL, 3.94-4.60 Gy]; P = 0.10). For ['7"Lu]Lu-J591, the reported
kidney dose was 3.95 Gy (CI, 3.62-4.27 Gy; overall P = 0.06)
(Table 3). Figure 2 depicts the pooled average absorbed kidney
dose along with the CI from the included studies.

Of note, Fendler et al. (['”’Lu]Lu-PSMA-617) reported the dose
to the left and right kidneys individually, and we averaged the data

averages and Cls are shown in Figures 2 and 3 for the kidney and
tumors and in the supplemental materials for the other organs.

Kidneys

Twenty-eight studies including 485 patients reported kidney
dosimetry. The absorbed kidney dose was not significantly differ-
ent but tended to be higher for ['7’Lu]Lu-PSMA-I&T than for

TABLE 3
Weighted Average of Absorbed Doses for Organs at Risk and Tumors
617 1&T J591
Gy/7.4-GBq Gy/6.8-GBq Gy/5.6-GBg 617 vs.

Organ or group Gy/GBq cycle Gy/GBq cycle Gy/GBq cycle I&T P Overall P
Kidney 0.58 4.04 0.71 4.70 1.41 3.95 0.10 0.06
Parotid 0.84 5.85 0.43 2.62 - - <0.01 -
Submandibular 0.74 5.15 0.64 4.35 - - 0.56 -
Bone marrow 0.03 0.24 0.03 0.19 0.32 0.90 0.31 <0.01
Liver 0.16 1.11 0.09 0.56 2.10 5.88 0.05 <0.01
Lacrimal glands 1.58 11.03 2.83 19.23 - - 0.20 -
Tumor lesion, bone only 3.57 26.43 410 27.87 - - 0.38 -
Tumor lesion, soft-tissue only 419 31.00 2.94 19.98 - - 0.23 -

Data are summary of pooled doses for organs at risk and tumor lesions from different '7“Lu-based molecules shown as average
(Cl can be seen for kidney and tumors in Figs. 2 and 3 and for rest of organs in Supplemental Figs. 1-5).
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Kidney

References Total Mean (95% ClI) Dose 95% Cl
drug = 617

Kabasakal 2015 7 ——— 6.16 [4.09;8.23]
Delker 2016 5 — 4.20 [3.10;5.30]
Fendler 2017 15 —— 3.85 [2.96;4.74]
Hohberg 2016 9 —— 3.71 [2.93;4.49]
Kratochwil 2016 4 — 5.25 [3.95;6.55]
Yadev 2017 26 —— 6.94 [6.10;7.78]
Scarpa 2017 10 4.20 [2.64;5.76]
Sarnelli 2019 9 4.69 [3.46;5.92]
Violet 2019 30 2.73 [2.35;3.11]
Paganelli 2020 13 2.87 [2.15;3.59]
Mix 2021 59 4.69 [4.26;5.12]
Prive/Peters 2021/2022 10 3.43 [2.95;3.91]
Rosar 2021 24 3.78 [3.00; 4.56]
Kamaldeep 2021 30 3.43 [3.00; 3.86]
Herrman/Klause* 2024 29 3.01 [2.60; 3.42]
Uijen 2022 10 3.43 [2.40; 4.46]

Random effects model 290
Heterogeneity: /2 = 89%, 12 = 1.0747, P < 0.01

< 4.05 [3.49; 4.60]

drug = 1&T

Okamoto 2017 18 4.90 [4.24;5.56]
Baum 2016 30 5.44 [2.38;8.50]
Barna 2020 22 4.83 [4.14;5.51]
Chatachot 2021 8 5.51 [4.38;6.64]
Feuerecker 2022 3 496 [3.58;6.35]
Beauregardt 2022 27 496 [4.12;5.81]
Uijen 2022 10 4.96 [2.18;7.75]
Resch 2023 5 2.00 [-3.30;7.30]
Hohberg 2023 30 = 3.60 [3.09;4.11]
Random effects model 153 < 4.70 [4.16;5.24]
Heterogeneity: /* = 60%, t° = 0.3052, P = 0.01

drug = J591

Vallabhajsula 2005 35 3.95 [3.62;4.27]

-2 0 2 4 6 8
Dose (95% Cl)

FIGURE 2. Reported absorbed doses (Gy/cycle) to kidney from selected
studies, allowing for computation of pooled average absorbed dose. *As
reported in VISION trial. TAs reported in SPLASH trial.

to match other reports (/0). Rosar et al. (['”’Lu]Lu-PSMA-617)
reported dosimetry from multiple methods (/7). We elected to
include the values derived from the 3-dimensional SPECT images
(highest reliability). Yadav et al. used a 2-L cocktail of lysine and
arginine in saline to protect the kidneys 30—60 min before infusion,
which may have affected dosimetry (12).

Liver

Fourteen studies reported liver dosimetry in 245 patients. The
pooled liver doses are summarized in Table 3 and Supplemental
Figure 1. The average absorbed dose to the liver was higher for
['7Lu]Lu-PSMA-617 than for ['"’Lu]Lu-PSMA-I&T (1.11Gy
[CI, 0.65-1.58 Gy] vs. 0.56 Gy [0.28-0.84 Gy]; P = 0.05). The
absorbed dose to the liver was highest for [!7’Lu]Lu-PSMA-J591
(5.88 Gy [CI, 5.32-6.44 Gy]; overall P < 0.01). Two articles were
excluded as the data were presented without SE or Cls (10,13).

Salivary Glands

Parotid and submandibular gland dosimetry was available from
20 and 7 studies that included 309 and 100 patients in total,
respectively. The absorbed parotid gland dose was significantly
higher for [!7’Lu]Lu-PSMA-617, at 5.85Gy (CI, 4.67-7.02 Gy),
than for ['7’Lu]Lu-PSMA-I&T, at 2.62 Gy (CI, 1.33-3.80 Gy) (P
< 0.01). No significant difference was noted for the dose to the
submandibular glands (P = 0.56) (Table 3; Supplemental Figs. 2
and 3). Absorbed dose values for the salivary glands have yet to
be reported for ['7’Lu]Lu-J591.
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Tumor Lesions

References Total Mean (95% Cl) Dose 95% CI

type.drug = Bone lesions -617

Delker 2015 21 —— 39.22 [27.51; 50.93]
Prive/Peters 2021 10 - 7.70 [-1.30; 16.70]
Scarpa 2017 54 * 25.16 [21.41; 28.91]
Paganelli 2020 46 R 34.78 [-47.81; 117.37]
Rosar 2021 83 12.43 [10.33; 14.53]
Herrman/Klausell 2024 84 —— 39.96 [30.47; 49.45]
Fendler 2016 24 —— 36.41 [25.93; 46.89]
Random effects model 322 < 26.43 [15.44; 37.41]

Heterogeneity: /> = 93%, 1% = 173.4370, P < 0.01

type.drug = Bone lesions -I&T

Okamoto 2016 74 23.12 [18.94; 27.30]
Feuerecker 2022 14 11.56 [ 7.53; 15.59]
Baum 2016 43 20.40 [-39.08; 79.88]
Resch 2023 38 - 52.36 [42.59; 62.13]

Random effects model 169 -
Heterogeneity: /* = 95%, t° = 355.5213, P < 0.01

27.87 [ 7.17; 48.57]

type.drug = Non-Bone lesions -617

Delker 2015 7 —_— 31.08 [ 2.03; 60.13]
Prive/Peters 2021 16 — 22.94 [-8.56; 54.44]
Scarpa 2017 13 19.24 [17.63; 20.85]
Paganelli 2020 15 —_— 26.94 [-12.03; 65.90]
Herrman/Klausell 2024 18 —_— 71.78 [30.76; 112.80]
Fendler 2016 10 — 86.14 [61.19; 111.09]
Delker* 2016 4 - 15.54 [ 9.74; 21.34]
Fendler* 2017 3 - 15.98 [ 8.87; 23.10]
Scarpat 2017 5 * 17.76 [12.57; 22.95]
Random effects model 91 e 31.00 [15.09; 46.91]

Heterogeneity: /* = 79%, t° = 465.1266, P < 0.01

type.drug = Non-Bone lesions -1&T

Okamoto 2016 8 = 21.76 [11.39; 32.13]
Feuerecker 2022 7 —— 30.67 [17.12; 44.22]
Baum 2016 44 27.20 [-88.68; 143.08]
Resch 2023 4 — 39.78 [18.86; 60.70]
Okamotot 2017 8 8.16 [ 5.00; 11.32]
Okamoto§ 2017 3 - 11.90 [ 4.82; 18.98]
Random effects model 74 < 19.98 [ 9.58; 30.38]

Heterogeneity: /* = 78%, t° = 109.3007, P < 0.01

-50 O 50 100
Dose (95% Cl)

FIGURE 3. Reported absorbed doses (Gy/cycle) to tumor lesions from
selected studies that were used to compute pooled average absorbed
dose. Individual study estimates: gray box with black bar, each study's
effect estimate (mean) is represented by gray box, with size of box propor-
tional to study's weight in metaanalysis; black bar through box indicates
Cl for estimate; white cross in gray box, studies with very precise esti-
mates; white cross indicates point estimate (mean), with gray box showing
narrow Cl; pooled estimate (diamond): Diamond Shape: The pooled esti-
mate, or overall effect estimate, of the meta-analysis is shown as a dia-
mond at the bottom of the plot. Width of the Diamond: The width of the
diamond represents the confidence interval for the pooled estimate. The
left and right tips of the diamond correspond to the lower and upper
bounds of the Cl, respectively. Center of the Diamond: The center of the
diamond represents the overall effect estimate (mean) calculated from
combining the individual study estimates. *Lesion location reported as
soft tissue. TLesion location reported as visceral tissue. ¥Lesion location
reported within liver. SLesion location reported within lung. "Tumor dosim-
etry reported from VISION trial.

Applying ice packs locally to the neck to reduce blood flow did
not affect the absorbed dose to the parotid glands (Table 1)
(10,14,15).

Lacrimal Glands

Nine studies including 174 patients reported lacrimal gland dosim-
etry. The average absorbed dose to the lacrimal glands tended to be
lower for ['’Lu]Lu-PSMA-617 than for [!”’Lu]Lu-PSMA-1&T
(11.03Gy [CL 6.00-16.06Gy] vs. 19.23 Gy [CL 7.69-30.78 Gy];
P = 0.20) (Table 3; Supplemental Fig. 4). Lacrimal gland dose has
not been reported for [7’Lu]Lu-J591.
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Bone Marrow

Eighteen studies including 293 patients reported bone marrow
dosimetry. The absorbed doses reported were derived from blood
sampling or SPECT/CT images (n = 2) for ['”’Lu]Lu-PSMA-617
(15,16) and ['"Lu]Lu-PSMA-I&T (14,17,18). For ['"Lu]Lu-
J591, the imaging method was used.

Absorbed dose values were similar for ['7’Lu]Lu-PSMA-617
and [7"Lu]Lu-PSMA-I&T (0.24 Gy [CI, 0.17-0.31 Gy] vs. 0.19 Gy
[CL 0.13-0.25Gy]; P = 0.31) but were significantly higher for
['"7Lu]Lu-PSMA-J591 (0.90 Gy [CI, 0.89-0.91 Gy]; overall P < 0.1)
(Table 3; Supplemental Fig. 5).

Tumor Lesion Dosimetry

In total, 339 patients and 656 lesions were reported from the
studies seen in Table 2; 491 lesions from 161 patients were bone
lesions, whereas 165 lesions from 178 patients were soft-tissue
lesions. Although included in the absorbed dose analysis, the num-
ber or location of lesions present in the patient cohorts were not
reported for several studies (8,9,/9-21). The pooled average
absorbed dose along with the CI from the included studies for the
tumors can be seen in Table 3 and Figure 3.

Average tumor doses tended to be higher for ['7’Lu]Lu-PSMA-
617 than for ['77Lu]Lu-PSMA-I&T in soft tissue (31.00 Gy [CI,
15.09-46.91 Gy] vs. 19.98Gy [CI, 9.58-30.38 Gy]; P = 0.26).
['"7Lu]Lu-PSMA-617 and ['""Lu]Lu-PSMA-I&T achieved com-
parable bone lesion doses (26.43 Gy [CI, 15.44-37.41Gy] vs.
27.78 Gy [CI, 7.17-48.57 Gy]; P = 0.90).

Impact of Image Acquisition Protocol on Reported Doses

Supplemental Table 4 denotes the imaging protocol, scanner,
and activity-to-dose conversion method used in the study. We
completed a simple comparison of the published absorbed doses
between SPECT/CT, hybrid, and planar acquisition methods (Sup-
plemental Figs. 6 and 7). Briefly, the difference between the aver-
age dose reported based on the imaging acquisition protocols was
influenced primarily by the size of the organ (Supplemental Fig. 6).
As the organ volume decreased, the reported absorbed dose
decreased when serial SPECT imaging was used as opposed to the
other methods. This trend continued when the tumor lesions were
evaluated (Supplemental Fig. 7).

Although differences between scanners do not play a large role
in the absorbed dose calculation, the reconstruction parameters
have been shown to affect measurements (5). Although seldom
reported, in Supplemental Table 5 we show the reconstruction
parameters used. It is unknown to what extent these influenced the
absorbed dose calculation.

DISCUSSION

In this systematic review and metaanalysis, we compared the
organ and tumor dose estimates of 3 [!”’Lu]Lu-PSMA-targeted
radiopharmaceuticals provided by 29 studies that included 535
patients. All 3 ['"’Lu]Lu-PSMA compounds had absorbed doses
to organs at risk well below the regulatory threshold. Historically,
the kidney is the dose-limiting organ for regulatory purposes,
restricting the therapeutic injection of higher injected activities.
For ['"7Lu]Lu-PSMA-617 and ['7’Lu]Lu-PSMA-I&T, however,
the dose-limiting organs by regulatory threshold are the salivary
and lacrimal glands (22,23). For ['77Lu]Lu-J591, in contrast, the
liver and bone marrow are dose-limiting and the dosimetry of
other organs has not been reported (24,25).

METAANALYSIS OF ['7’LU]LU-PSMA DosimMerry - Ells et al.

['"Lu]Lu-PSMA-I&T and ['"’Lu]Lu-PSMA-617 differed only
in absorbed dose to the parotid glands (P < 0.01). There was no
significant difference in absorbed dose between ['7’Lu]Lu-PSMA-
I&T and ['’Lu]Lu-PSMA-617 in the other organs or tumor
lesions even if there was a possible trend toward a higher kidney
dose with ['7"Lu]Lu-PSMA-I&T (weighted average, 4.04 vs.
4.70Gy; P = 0.10). The trend toward lower kidney doses from
['"Lu]Lu-PSMA-617 than from ['’Lu]Lu-PSMA-I&T may be
explained by the neutrally charged chelator DOTA of ['”’Lu]Lu-
PSMA-617 compared with the negatively charged chelator DOTAGA
of ['""Lu]Lu-PSMA-I&T (—1). This negatively charged chelator can
increase reabsorption of the ligand by the proximal tubule of the kid-
ney and thus may result in a higher absorbed kidney dose (26).
["Lu]Lu-PSMA-617 and ['7’Lu]Lu-PSMA-I&T showed similar
binding characteristics in tumors.

Clinical studies investigating ['7’Lu]Lu-J591 tumor doses have
not been published. However, tumor uptake may be higher because
of longer radiopharmaceutical retention as shown in preclinical mod-
els (27).

Dosimetry protocols and technical parameters varied substan-
tially among studies (image acquisition parameters, image recon-
struction parameters, quantification methods, dose calculation
methodologies, bone marrow dosimetry, first cycle vs. multiple
cycles, etc.). Three-dimensional SPECT/CT, planar imaging, or a
combination of the two (hybrid) can be performed on patients
injected with ['”’Lu]Lu-PSMA compounds. Multiple-time-point
3-dimensional SPECT/CT is viewed as the most accurate imaging
technique to perform these calculations. We performed a simple
comparison of the imaging techniques from the various published
articles to the effect on the dosimetry and support the findings of
Rosar et al. (9). Using planar-only imaging in dosimetry calcula-
tions results in higher uncertainty than using hybrid or SPECT/CT
protocols (5,11). A detailed analysis of the impact of acquisition
and reconstruction parameters on the derived doses was not feasi-
ble because of the limited information in the respective publica-
tions (Supplemental Tables 4 and 5). Most of the authors used the
OLINDA/EXM software (based on MIRDDOSE 3.0/3.1 (28)) in
their calculations of absorbed dose (https://www.doseinfo-radar.
com/RADAROver.html). The difference between OLINDA/EXM
and voxel-based techniques is the use of dose point kernels with
patient-specific geometries of both organs and tumors in the latter,
whereas OLINDA/EXM relies on phantom data.

Organ dosimetry of all 3 compounds was well within regulatory
limits. It is worth mentioning that dose thresholds applied by regula-
tory agencies are likely inappropriate for RPT as there has been no
formal dose-toxicity analysis. The current thresholds are derived
from one work done in 1991 using conventional fractionated
external-beam radiation therapy (29). Some authors correct the data
presented from external-beam radiation therapy for RPT, suggesting
that the absorbed kidney dose limit is closer to 39 Gy (expanded fur-
ther in the supplemental materials) (30—32). Only a few studies have
reported whether the number of RPT cycles (/4-16,33—35) has an
impact on kidney doses (36,37) or whether the injected activity has
an impact on outcomes (38). There is a need to provide new thresh-
olds specific to RPT along with developing proven radioprotection
methods (prior methods are given in the supplemental materials).
Monitoring of the short-term and long-term toxicity of RPT, and the
correlation of observed clinical toxicity with dosimetry, is further
warranted. Efforts to obtain a new expert consensus on these topics,
such as the RPT-TEC group, should be encouraged and promoted.
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This study had some limitations. The included studies were het-
erogeneous in terms of patient population and treatment protocols.
Although seldom noted, the reconstruction parameters used were
vastly different, which has been shown to have a profound effect
on absorbed dose calculations. Partial-volume effect corrections
were not mentioned in any of the published articles. The lack of
standardization in imaging and dosimetry is the major obstacle in
comparing results from many studies and pooling data.

CONCLUSION

In this metaanalysis, we provided doses estimates of [!7’Lu]Lu-
PSMA radiopharmaceuticals from 29 studies and 535 patients.
There was no significant difference in absorbed dose between
['""Lu]Lu-PSMA-I&T and ['7’Lu]Lu-PSMA-617 even if there
was a possible trend toward a higher kidney dose with ['7’Lu]Lu-
PSMA-I&T and toward a higher tumor lesion dose with ['”’Lu]Lu-
PSMA-617. It remains unknown whether the higher tumor-to-kidney
dose for PSMA-617 has any relevant impact on clinical outcomes
such as progression-free or overall survival. The dosimetry methodol-
ogies were strikingly heterogeneous among studies, emphasizing the
need for standardization.
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KEY POINTS

QUESTION: Are there any differences among the dosimetry
of [""Lu]Lu-PSMA-617, ['""Lu]Lu-PSMA-I&T, and ['"’Lu]Lu-J591?

PERTINENT FINDINGS: In this metaanalysis, we provided doses
estimates of ['’Lu]Lu-PSMA radiopharmaceuticals from 29 studies
and 535 patients. There was no significant difference in absorbed
dose between [/ Lu]Lu-PSMA-I&T and ['""Lu]Lu-PSMA-617,
although there was a possible trend toward a higher kidney dose
with ['”7Lu]Lu-PSMA-I&T and toward a higher tumor lesion dose
with ['”7Lu]Lu-PSMA-617. The lack of standardization in imaging
and dosimetry is a major obstacle in comparing results from many
studies and pooling data.

IMPLICATIONS FOR PATIENT CARE: ['’Lu]Lu-PSMA-617,
[""7Lu]Lu-PSMA-I&T, and ['""Lu]Lu-J591 absorbed doses were all
below regulatory thresholds for all organs. Although [ Lu]Lu-
PSMA-I&T seems to have a lower tumor dose and higher kidney
dose than those of ['”"Lu]Lu-PSMA-617, the clinical relevance of
this finding remains unknown. Standardized dosimetry practices
are warranted for further clinical implementation.
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