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Our objective was to compare the ability to detect histopathologically
confirmed lymph node metastases by early and delayed [*°™Tc]Tc-
PSMA-1&S SPECT/CT in early biochemically recurrent prostate can-
cer. Methods: We retrospectively analyzed 222 patients selected for
radioguided surgery using [**™Tc]Tc-PSMA-I&S SPECT/CT at differ-
ent time points after injection (=4 h and >15h). In total, 386 prostate-
specific membrane antigen (PSMA) PET predetermined lesions were
analyzed on SPECT/CT using a 4-point scale, and the results
were compared between early and late imaging groups, with uni- and
multivariate analyses performed including prostate-specific antigen,
injected [*°™Tc|Tc-PSMA-I&S activity, Gleason grade group, initial
TNM stage, and, stratified by size, PSMA PET/CT-positive lymph
nodes. PSMA PET/CT findings served as the standard of reference.
Results: [*°™Tc|Tc-PSMA-I&S SPECT/CT had a significantly higher
positivity rate for detecting lesions in the late than the early imaging
group (79%, n = 140/178, vs. 27%, n = 12/44 [P < 0.05] on a patient
basis; 60%, n = 195/324, vs. 21%, n=13/62 [P <0.05] on a lesion
basis). Similar positivity rates were found when lesions were stratified
by size. Multivariate analysis found that SUV,,.« on PSMA PET/CT and
the uptake time of [**™Tc]Tc-PSMA-I&S were independent predictors
for lesion detectability on SPECT/CT. Conclusion: Late imaging
(>15h after injection) should be preferred when [**™Tc]Tc-PSMA-I&S
SPECT/CT is used for lesion detection in early biochemical recurrence
of prostate cancer. However, the performance of PSMA SPECT/CT is
clearly inferior to that of PSMA PET/CT.
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Prostate cancer is one of the most diagnosed cancers and the
fourth leading cause of cancer-related death in men worldwide (7).
Definitive surgery or radiotherapy is currently the curative therapy
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of choice (2). Success rates are measured in biochemical recurrence
(BCR)—free survival. However, a portion of patients experiences
recurrence after initial surgical treatment (3—6) as determined by a
rising blood level of prostate-specific antigen (PSA). A confirmed
increase in PSA greater than 0.2 ng/mL during follow-up after radi-
cal prostatectomy (RP) defines BCR (2). For further therapy and
management, it is crucial to recognize and differentiate between
local, regional, and systemic prostate recurrence (7,8).

In the last decade, hybrid imaging with prostate-specific mem-
brane antigen (PSMA) ligands has emerged as the most accurate
imaging modality to detect lesions in early BCR (9-12). Several
radiopharmaceuticals targeting PSMA are available and in clinical
use (13—15). PSMA ligands labeled with y-emitters allow new ther-
apeutic options in BCR, such as PSMA radioguided surgery (RGS)
(16,17). Their signal can also be used for SPECT imaging (/§).
Compared with PET/CT scanners, SPECT/CT scanners are less
costly and more accessible in most parts of the world. Therefore,
the diagnostic performance of **™Tc-labeled PSMA ligands for
SPECT imaging and its comparison to PET imaging is of the utmost
interest, but so far, data are sparse, especially in early BCR (79).

PSMA-targeting radiopharmaceuticals are internalized, and lesion-
to-background contrast improves over time (20). These dynamics
may be especially relevant for PSMA ligands labeled by nuclides
with longer half-lives. Despite established use in RGS, the optimal
time interval for [**™Tc]Tc-PSMA-1&S injection and SPECT imag-
ing is not known to date.

The aim of this retrospective analysis was to compare early
(=4h after injection) and late (=15h after injection) [**™Tc]Tc-
PSMA-I&S SPECT/CT imaging for the identification of pelvic
lymph node metastases in early BCR.

MATERIALS AND METHODS

Study Population

We retrospectively reviewed the databases at 2 centers for all
patients who underwent RGS using [**™Tc]Tc-PSMA-I&S between
September 2015 and April 2020.

Patients were included if they had BCR after RP and PSMA
PET/CT—positive pelvic or retroperitoneal soft-tissue metastases, had
undergone [**"Tc]Tc-PSMA-1&S SPECT/CT before RGS, and had all
imaging data available in a digital format. The obtained PSMA PET/CT
scan served as the diagnostic gold standard, and only PET-positive
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FIGURE 1. Flowchart of included patients. Total of 222 of 300 patients

in our institutional databases met inclusion criteria for analysis. We
excluded 78 patients (incomplete availability of imaging data [n = 67],
staging images provided as PSMA PET/MRI [n = 10], or staging images
provided as choline PET/CT [n = 1]).

patients were included in the analysis. All lesions were histopathologi-
cally confirmed after salvage surgery.

Patients were excluded from analysis if data were missing (unavail-
able image data) or if inappropriate imaging had been performed (an
imaging modality other than PSMA PET/CT or a tracer for SPECT/CT
and PSMA RGS other than [*™Tc]Tc-PSMA-I&S).

Finally, 222 patients could be included in the retrospective analysis
(Fig. 1). The initial patient characteristics and findings before RGS are
shown in Table 1 and Supplemental Table 1 (supplemental materials
are available at http://jnm.snmjournals.org). The local ethics commit-
tees (PV7316 and 226/18S) approved this retrospective study, and the
requirement to obtain informed consent was waived.

[**™Tc]Tc-PSMA-I&S SPECT/CT Imaging and Interpretation

The application of [*™Tc]Tc-PSMA-I&S was part of the RGS (21).
[**™Tc]Tc-PSMA-I&S was prepared as described previously (/7). The
administration of [*™Tc]Tc-PSMA-I&S complied with the German
Medicinal Products Act, Arzneimittelgesetz §13 2b, and the responsible
regulatory bodies. All patients underwent whole-body planar imaging
and pelvic [**™Tc]Te-PSMA-1&S-SPECT/CT no more than 4h after
injection or at least 15 h after injection (Supplemental Table 2).

PSMA PET/CT and [*™Tc]Tc-PSMA-I&S SPECT/CT images
were reanalyzed independently by 2 physicians experienced in nuclear
medicine and radiology. Axial, sagittal, and coronal SPECT, PET, and

TABLE 1
Characteristics of 222 Patients Treated with RGS Between 2014 and 2020 at 2 Centers*

Early SPECT
Parameter

(=4 h after injection; n = 44)

Year of initial RP 2010 (2005-2013)

PSA at RP (ng/mL) 10 (6-16)
Lymph node yield at RP 13 (8-20)
Positive lymph nodes at RP

0 32 (73)

1 3 (6.8)

2 3 (6.8)

=3 2 (4.5)

Unknown 4 (9.1)
Surgical margin status

RO 29 (66)

R1 9 (20)

RX/NA 6 (14)

RT after RP

No RT 15 (34)

RT after RP 28 (64)

NA 1(2.3)
Time from RP to SPECT (mo) 70 (22-128)
Age at PSMA RGS (y) 72 (65-75)
PSA before SPECT (ng/mL) 1.4 (0.7-3.0)

Late SPECT
(=15h after injection; n = 178) P
2014 (2010-2016) <0.001
9 (6-15) 0.8
13 (8-20) 0.6
0.6
115 (65)
19 (11)
9 (5.1)
5 (2.8)
30 (17)
0.05
130 (73)
41 (23)
7 (3.9
0.1
59 (33)
119 (67)
0 (0)
46 (22-88) 0.2
66 (61-70) <0.001
1.0 (0.5-2.0) 0.09

*Patients received [*°™Tc]Tc-PSMA-I1&S SPECT/CT before surgery and presented with BCR after RP with histopathology-confirmed

positive lesions at PSMA PET/CT.
NA = not assigned; RT = radiotherapy.

Qualitative data are number and percentage; continuous data are median and IQR.
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TABLE 2
PSMA PET/CT and SPECT/CT Imaging Characteristics of 222 Patients with BCR After RP Treated with RGS Between
2014 and 2020 at 2 Centers Within Early and Late [*®™Tc]Tc-PSMA-I&S SPECT/CT Groups

Early SPECT Late SPECT

Parameter (=4 h after injection; n = 44) (=15h after injection; n = 178) P
Lesions on PSMA PET 0.7

1 30 (68%) 4 (53%)

2 11 (25%) 3 (80%)

3 2 (4.5%) 6 (9.0%)

4 1(2.3%) 7( .9%)

=5 0 (0%) 8 (4 5°o)
Maximum lesion size on PET/CT (mm) 8 (7-12) 9 (6-12) 0.7
Maximum lesion SUV on PET 9 (6-17) 8 (5-16) 0.1
Ratio of maximum lesion SUV to 12 (7-22) 8 (5-16) 0.02

background on PET
miTNM-Tr 0 (0%) 8 (16%) 0.01
miTNM-N1 34 (77%) 112 (63%) 0.1
miTNM-N2 10 (23%) 3 (30%) 0.5
miTNM-M1a 0 (0%) 5 (8.4%) 0.1
[®*™Tc]Tc-PSMA-I&S activity (MBq) 550 (416-702) 752 (695-786) <0.001
Corrected [*®™Tc]Tc-PSMA-I&S activity at 488 (370-632) 99 (91-108) <0.001

time of SPECT (MBq)
Interval between [*°™Tc]-Tc-PSMA-I&S 1.0 (1.0-2.0) 18.0 (17.0-18.0) <0.001

tracer injection and SPECT imaging (h)
Lesions on SPECT <0.001

0 33 (75%) 45 (25%)

1 9 (20%) 90 (51%)

2 1(2%) 27 (15%)

3 12% 3 (7%)

4 0@ 2 (1%)

=5 0 1 (1%)
Maximum lesion size on SPECT/CT (mm) 11.5 (7.8-17.1) 9.0 (7.0-13.0) 0.07

Qualitative data are number and percentage; continuous data are median and IQR.

CT images as well as fused images were analyzed using OsiriX MD
(Pixmeo) (22).

For PET data analysis, a 40% isocontour volume of interest was
drawn around suggestive areas, with added volumes of interest in the
background (blood pool, gluteal muscle). SUV .« and SUV can Were
recorded. SPECT lesion detectability was assessed qualitatively using
a 4-point scale (Supplemental Table 3).

To assess potential differences between early (=4 h after injection)
and late (=15 h after injection) [**™Tc]Tc-PSMA-1&S SPECT/CT imag-
ing, the patient cohort was divided into 2 groups. Patients in the early
imaging group underwent [**"Tc]Tc-PSMA-I&S-1&S 1-4 h after injec-
tion (median, 1 h; interquartile range [IQR], 1-2h), and patients in the
late imaging group underwent imaging at 15-20 h after injection (median,
18h; IQR, 17-18h). The mean injected activities were 560 201 MBq
(IQR, 417-702MBgq) and 733 = 90 MBq (IQR, 695-786 MBq) in the
early and late imaging groups, respectively (Table 2).

Statistical Analysis

Descriptive statistics included frequencies and proportions for cate-
goric variables and means, medians, and IQR for continuous variables.

1038

Test power was calculated using a t-statistical power calculator with a
medium effect size of 0.5 and a significance level of 0.05. Differences
in medians and proportions between early and late imaging were eval-
uated using Kruskal-Wallis, Mann—Whitney U, Fisher exact, and x>
tests (23,24).

Univariable and multivariable logistic regression models tested the
relationship between visibility of lesions on SPECT before PSMA
RGS and the following clinical variables: Gleason grade group at RP
(I-IT vs. III-V), pT stage at RP (pT2 vs. pT3a/b), pN stage at RP (pNO/
NX vs. pN1), margin status at RP (RO vs. R1), radiation therapy after
RP before PSMA RGS (yes vs. no), time between initial RP and
SPECT, age at SPECT, number of PSMA PET—positive lesions, maxi-
mal size of PSMA PET-positive lesions on PET/CT, SUV ., of
PSMA PET—positive lesions, [**™Tc]Tc-PSMA-I&S activity, and time
interval between [*°™Tc]Tc-PSMA-I&S tracer injection and SPECT
imaging. Predictors were included in the multivariable models if sig-
nificantly associated with the outcome in the univariable analysis.

For all statistical analyses, the R software environment for statistical
computing and graphics (version 3.4.3) was used. All tests were
2-sided, with the level of significance set at a P value of less than 0.05.
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Lesion-Based Analysis

In total, 386 lesions could be identified in
222 patients on PET/CT imaging. Of these,
208 (54%) were scored as detectable on
SPECT/CT. Late SPECT/CT imaging re-
vealed a significantly higher percentage of
lesions than was seen on early SPECT/CT
(60%, n =195/324, vs. 21%, n = 13/62 [P <
0.05]). Similar results were present when
lesions were stratified by size, at 0%, 10%,
11%, and 62% vs. 52%, 50%, 66%, and 78%
for lesions sized 1-3, 4-7, 8-10, and greater
than 10 mm on early versus late imaging, re-
spectively (Fig. 3).

The results were stratified into different
PSA subgroups. Only in patients with a PSA
of less than 0.2 ng/mL was no significant dif-
ference in lesion detectability seen on late
versus early SPECT/CT imaging (56%,
9/16, vs. 100%, 2/2 [P = 0.49]). Lesion de-
tectability was higher on late than early im-
aging in patients with a PSA of 0.2 to less
than 0.5 ng/mL (41%, 25/61, vs. 0%, 0/0 [P <
0.001]), a PSA of 0.5 to less than 1ng/mL
(57%, 38/67, vs. 0%, 0/9 [P < 0.002]), a PSA
of 1 to less than 2ng/mL (60%, 52/86, vs.
0%, 0/11 [P< 0.001]), and PSA of more
than 2 ng/mL (76%, 71/94, vs. 34%, 11/32
[P <0.001]).

PET SUV,,,.x and Interval Between
Tracer Injection and SPECT Imaging as
Independent Factors Predicting SPECT
Detectability

Univariate regression found PSA, number
of lesions on prior PSMA PET, maximum
lesion size on PSMA PET/CT, SUV .« of
lesions on prior PSMA PET, injected tracer

FIGURE 2. Examples of early (A-D) and late (E-H) [*°™Tc]Tc-PSMA-I&S SPECT/CT imaging. (A-D)
In 74-y-old patient who had RP in 2004 and BCR in 2016 (PSA, 0.66 ng/mL), PSMA PET (A and B)
shows local recurrence in right prostate fossa with intense PSMA expression (SUVax, 12.7 [aster-
isk]); 4 h after [**™Tc]Tc-PSMA I&S injection, SPECT/CT (C and D) morphologically identifies known
local recurrent cancer (asterisk) but uptake is not above background, with overall score of 2. (E-H) In
66-y-old patient who had RP in 2012 and BCR in 2018 (PSA, 0.59ng/mL), PSMA PET (E and F)
shows right internal iliac lymph node metastasis with intense PSMA expression (SUVax, 5.0
[arrow]); 18 h after [*®™Tc]Tc-PSMA-I&S injection, SPECT/CT (G and H) confirms metastasis with sig-

nificant uptake above background (score 4, arrow).

RESULTS

Patient-Based Analysis

Overall, 65% (144/222) of all patients had at least 1 lesion scored
as visible on SPECT (Table 2). On a patient basis, at least 1 lesion
was present in 25% (11/44) and 75% (133/178) of patients in the
early versus late imaging groups. Representative patient examples
are shown in Figure 2. There was a strong power (0.84) in the
t-statistical test. No difference between groups was found in num-
ber of lesions, SUV ., of the hottest lesion, or lesion size. How-
ever, the early imaging group had a higher lesion-to-background
SUV ax ratio on PET (Table 2).

Late PSMA SPECT IMPROVES DETECTION  *

activity ([*°™Tc]Tc-PSMA-I&S), and inter-
val between tracer injection and SPECT
imaging significant for lesion detectability
(all P <0.05, Table 3).

Multivariate regression showed only SUV-
max Of prior PET/CT lesions and time interval
between tracer injection and SPECT as
independent SPECT detectability factors
(P<0.05, respectively). PSA at SPECT
imaging (P =0.09), number of PET/CT-
detected lesions (P = 0.07), maximum size of
lesions (P=0.2), and activity of injected [**™Tc]Tc-PSMA-1&S
(P = 0.6) failed to show a significant correlation in our patient cohort.

DISCUSSION

Our study compared early (1-4h) versus late (15-20h)
[**™Tc]Te-PSMA-1&S SPECT/CT imaging for detecting tumors in
prostate cancer patients. Late imaging was found to be more advan-
tageous, especially for tumors smaller than 10 mm, and was an
independent predictor for detecting lesions. Lesion SUV,,,, on
PSMA PET and detectability on late SPECT/CT were the main fac-
tors for depicting PSMA PET-avid lesions, with PSA, number of

Berliner et al. 1039



100% lesions, and size not having a significant
W s4h W 215h impact. Overall, the results indicate a pref-

erence for late-time-point imaging.
PSMA ligands attached to the binding
58/88 sites of PSMA are usually internalized into
195/324 813 the cell and degraded (25), entrapping the
11/21 PSMA ligand. This active internalization
adall process provides an advantage for small
diagnostic molecules, as they are pooled
over time in cells with high PSMA expres-
sion, such as most prostate cancer cells. On
the other hand, the physical decay of radioi-
3/30 2/18 sotopes lowers the absolute measurable
activity within PSMA-positive cells over
0l time. For ®®Ga-based PSMA PET tracers,
all 13 mm 47 mm 8-10 mm >10 mm reports indicate that a late time point at 3 h
shows slight advantages for lesion detection
(26), although for practical reasons the clini-
FIGURE 3. Overall and size-dependent lesion-based detectability by early (<4 h) vs. late (=15h)  cally recommended time window is 1 h after
[®*™Tc]Tc-PSMA-1&S SPECT/CT imaging. injection (27). For most '3F-based PSMA

53/68

75%

50%

Lesion-based detectabilty (%)

259% 13162

0%

Lesion size (mm)

TABLE 3
Uni- and Multivariable Logistic Regression Models Regarding Visibility of Lesions in [**™Tc]Tc-PSMA-I&S
SPECT/CT Imaging

Univariable Multivariable

Variable OR Cl,25% ClI,97.5% P OR Cl,25% CI,97.5% P
Gleason grade group at RP

-l Ref.

-V 0.34 0.74 2.42 0.3
pT stage at RP

pT2 Ref.

pT3a/b 0.65 0.34 1.21 0.2
pN stage at RP

pNO/X Ref.

pN1 0.53 0.27 1.05 0.07
Margin status at RP

RO Ref.

R1 1.0 0.51 2.06 0.9
RT after RP

No Ref.

Yes 0.82 0.43 1.49 0.5
Time from RP to SPECT (continuous) 0.99 0.99 1.0 0.8
Age at SPECT (continuous) 0.99 0.95 1.03 0.6
PSA at SPECT (continuous) 1.21 1.03 1.47 0.03 1.25 0.99 1.66 0.09
Lesions on PET (continuous) 2.03 1.38 3.21 0.001 1.57 1.02 2.67 0.07
Maximum lesion size on PET (continuous)  1.13 1.05 1.22 0.002 1.06 0.97 117 0.2
Maximum lesion SUV on PET (continuous) 1.10 1.05 1.16 <0.001 1.15 1.07 1.27 <0.001
Activity of injected [*°™Tc]Tc-PSMA-I&S 1.00 1.00 1.00 <0.001 0.99 0.99 1.0 0.6

(continuous)
Interval between injection and SPECT 1.16 1.11 1.22 <0.001 1.27 1.17 1.40 <0.001

(continuous)

OR = odds ratio; RT = radiotherapy.
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tracers, an uptake time of between 90 and 120 min is typically re-
commended (28). For *™Tc-based PSMA tracers, data in the litera-
ture are sparse and only a few publications indicate an average time
range of 3-5h (19,29,30). However, initial studies with PSMA RGS
have shown an advantage of imaging after 1824 h after injection
17,31).

In our retrospective analysis, significantly more pelvic lymph
node metastases were detected on late than early SPECT/CT imag-
ing, both on a patient basis and on a lesion basis. In comparison,
Werner et al. showed in 2 cases that uptake remained high in lymph
node metastases on planar scintigraphy at 20 h after injection (19).
Of note, even on late SPECT/CT imaging, the total number of
lesions was substantially less than on the PSMA PET/CT serving
as the standard of reference. This finding is congruent with a report
by Albalooshi et al. of a high and comparable sensitivity in bone
metastasis with a PSA cutoff of more than 2.1 ng/mL but an infe-
rior sensitivity with lower PSA levels (29). [*™Tc]Tc-PSMA-1&S
is currently only seldom used for staging purposes. Our study sheds
new light on potential application scenarios for imaging with
[**™Tc]Tc-PSMA-I&S. We can envision that the use of late im-
aging [*™Tc]Tc-PSMA-I&S SPECT/CT is adequate when the
focus is more on the extent of disease before or during systemic
treatment than on depiction of all lesions for potential metastasis-
directed treatments. Here, patients with advanced disease could rep-
resent a cohort suitable for [**™Tc]Tc-PSMA-1&S SPECT, for
example, in therapy monitoring of metastatic castration-sensitive as
well as castration-resistant patients after chemotherapy or [!7’Lu]-
Lu-PSMA radioligand therapy. Werner et al. have already delivered
their first experiences (19). The advantage of SPECT/CT imaging
lies in its lower costs and broader availability.

The advantages of late imaging were most apparent in small
lesions and low PSA levels. The advantages are related to a signif-
icantly higher tumor-to-background ratio at late imaging, as a
lower count rate in lesions is overcompensated by a diminishing
activity in background tissue at the time of imaging. The overall
decay of background activity was shown nicely by Urban et al. in
their dosimetry study (32). Nevertheless, the tumor-to-background
ratio is still clearly inferior to that of PET imaging. These results
are not unexpected given the physiologic characteristics of PSMA
and the technical and physical limitations of SPECT compared
with PET. To exclude test influences due to group invariance, we
proved that there was no significant difference between patient
characteristics, lesion size, and SUV,,,, of lesions on PET.

Our analysis had several limitations. First, the focus was on a
specific cohort of patients with biochemically recurrent prostate
cancer and PSMA PET-positive, histologically proven lymph
node metastases within the pelvic region. This is a narrow patient
population, and our results therefore might not be transferable to
other patient populations without further investigation. Second, the
size of the early and late imaging groups substantially differed,
with 44 patients in the early group and 178 patients in the late
group. Although we performed a t-statistical power analysis and
Kruskal-Wallis tests, the results of these tests do not cover all
eventualities and a possible bias remains. Third, the activity levels
injected into the patients in both groups differed significantly, with
a lower remaining physical activity in the late imaging group.
Nevertheless, lesion detectability was still superior in this group,
making the observation even more robust. Fourth, the exact kinet-
ics of [**™Tc]Tc-PSMA-1&S over time are still not known, and
we had to use an approximation based on physical decay, which
neglects potential trapping or detrapping of the agent over time.

Late PSMA SPECT IMPROVES DETECTION  *

Finally, the retrospective nature of this study cannot exclude other
influencing factors and invariances besides the tested factors.

CONCLUSION

For lesion detection in early BCR of prostate cancer, late imaging
(=15h after injection) is preferred using [**™Tc]Tc-PSMA-I&S
SPECT/CT. It requires a 2-d protocol and is still clearly inferior to
PET/CT imaging for primary staging, but it significantly improves
image quality and the detectability of pelvic lesions.
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KEY POINTS

QUESTION: Does delayed imaging improve the detectability of
soft-tissue lesions on [*°™Tc]Tc-PSMA-I&S SPECT/CT?

PERTINENT FINDINGS: Late [**™Tc|Tc-PSMA-I&S SPECT/CT
imaging requires a 2-d protocol but significantly improves image
quality and the detectability of soft-tissue lesions.

IMPLICATIONS FOR PATIENT CARE: [*°"Tc]|Tc-PSMA-I&S
SPECT/CT is still clearly inferior to PET/CT imaging for primary
staging but could play a role in certain clinical scenarios focusing
more on determining the extent of disease (e.g., for monitoring of
systemic treatment) than on visualizing every lesion before
metastasis-directed therapy.
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