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We aimed to systematically determine the impact of tumor burden on
68Ga-prostate-specific membrane antigen-11 (68Ga-PSMA) PET bio-
distribution by the use of quantitative measurements. Methods: This
international multicenter, retrospective analysis included 406 men
with prostate cancer who underwent 68Ga-PSMA PET/CT. Of these,
356 had positive findings and were stratified by quintiles into a very
low (quintile 1, #25cm3), low (quintile 2, 25–189cm3), moderate
(quintile 3, 189–532cm3), high (quintile 4, 532–1,355cm3), or very high
(quintile 5, $1,355cm3) total PSMA-positive tumor volume (PSMA-
VOL). PSMA-VOL was obtained by semiautomatic segmentation of
total tumor lesions using qPSMA software. Fifty prostate cancer
patients with no PSMA-positive lesions (negative scan) served as a
control group. Normal organs, which included salivary glands, liver,
spleen, and kidneys, were semiautomatically segmented using
68Ga-PSMA PET images, and SUVmean was obtained. Correlations
between the SUVmean of normal organs and PSMA-VOL as continu-
ous and categoric variables by quintiles were evaluated. Results: The
median PSMA-VOL was 302cm3 (interquartile range [IQR],
47–1,076cm3). The median SUVmean of salivary glands, kidneys, liver,
and spleen was 10.0 (IQR, 7.7–11.8), 26.0 (IQR, 20.0–33.4), 3.7 (IQR,
3.0–4.7), and 5.3 (IQR, 4.0–7.2), respectively. PSMA-VOL showed a
moderate negative correlation with the SUVmean of the salivary glands
(r520.44, P, 0.001), kidneys (r520.34, P,0.001), and liver
(r520.30, P, 0.001) and a weak negative correlation with the spleen
SUVmean (r520.16, P50.002). Patients with a very high PSMA-VOL
(quintile 5, $1,355cm3) had a significantly lower PSMA uptake in the
salivary glands, kidneys, liver, and spleen than did the control group,
with an average difference of 238.1%, 240.0%, 243.2%, and
234.9%, respectively (P, 0.001). Conclusion: Tumor sequestration
affects 68Ga-PSMA biodistribution in normal organs. Patients with
a very high tumor load showed a significantly lower uptake of
68Ga-PSMA in normal organs, confirming a tumor sink effect. As simi-
lar effects might occur with PSMA-targeted radioligand therapy, these

patients might benefit from increased therapeutic activity without
exceeding the radiation dose limit for organs at risk.
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The biodistribution of radiolabeled prostate-specific membrane
antigen (PSMA) ligands in prostate cancer patients reflects a com-
plex interaction between tracer uptake, retention, and excretion in
pathologic and normal tissues. Accumulation of PSMA ligands is
also observed in nontumoral tissues, such as liver, spleen, kidneys
and salivary glands, which have been shown to exhibit a high vari-
ability in tracer uptake (1). In clinical practice, it is observed that
the relative accumulation of PSMA ligands in normal tissue is
inversely related to the PSMA-positive tumor burden. This phe-
nomenon is commonly referred to as the tumor sink effect, in
which high tracer uptake in extensive tumor masses reduces tracer
accumulation in normal tissues (2–4).
PSMA-targeted radioligand therapy with 177Lu (177Lu-PSMA-

RLT) demonstrated positive results in phase II trials of men with
metastatic castration-resistant prostate cancer (5–7) and is cur-
rently being investigated in the metastatic hormone-sensitive pros-
tate cancer setting (8). If confirmed, a tumor sink effect might
have implications for 177Lu-PSMA-RLT by providing the ratio-
nale for individual adaptation of therapeutic dosages to the patient
tumor load (9). Patients with a high tumor load might benefit from
a higher injected activity per cycle without exceeding radiation
dose limit in organs at risk, particularly the salivary glands and the
kidneys, which are considered dose-limiting organs (10).
Besides their therapeutic use, PSMA ligands have also been

applied for diagnostic purposes using tumor-specific whole-
body PET imaging (e.g., 68Ga-PSMA-11 [68Ga-PSMA]) (11).
68Ga-PSMA PET imaging provides reliable estimates of the bio-
distribution of therapeutic PSMA ligands (12). Several reports
have previously investigated the sink effect in PSMA-targeted
PET; however, the data reported are contradictory (13,14).
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To address this question, we aimed here to quantify the effect
of tumor burden on 68Ga-PSMA PET organ biodistribution by the
use of quantitative measurements. We hypothesized that the tumor
sequestration of the injected radiopharmaceutical in patients with a
high disease burden leads to a significant decrease in uptake in
nontumoral tissue.

MATERIALS AND METHODS

Study Design and Patient Population
Data of men with histologically proven prostate cancer who under-

went 68Ga-PSMA PET imaging at 6 institutions were screened retro-
spectively. This international multicenter study was designed to
include patients with both PSMA-positive and PSMA-negative PET
scans. First, 2 preestablished databases of patients with known meta-
static disease on 68Ga-PSMA PET were screened: the first was a data-
set of men with metastatic hormone-sensitive prostate cancer who
received 68Ga-PSMA PET in the setting of initial staging or biochemi-
cal recurrence (n5 100), and the second was a dataset of men
with metastatic castration-resistant prostate cancer who received
68Ga-PSMA PET before initiation of 177Lu-PSMA-RLT (15,16)
(n5 285). Next, 50 men with biochemical recurrence after definitive
treatment of prostate cancer who had no tumor lesions on 68Ga-PSMA
PET were randomly selected from the institution database (17) to
serve as a control group. The flowchart of this study is displayed in
Figure 1. Inclusion criteria were imaging with 68Ga-PSMA PET/CT
and data evaluable by the segmentation software. Patients who under-
went 18F-labeled PSMA PET/CT or PSMA-targeted PET/MRI were
excluded.

Of 435 screened men with prostate cancer, 406 were eligible and
were included in the study. Overall, 162 (40%) patients underwent the
scan in a prospective setting (NCT02940262, NCT03042312, and
ACTRN12615000912583), whereas 244 (60%) underwent the scan
under compassionate-access programs. In a subanalysis, we identified
20 patients from the metastatic castration-resistant prostate cancer
cohort who had a high disease burden on the baseline 68Ga-PSMA
PET at the initiation of 177Lu-PSMA-RLT and received a follow-up
scan after 2 treatment cycles, as previously described (Fig. 1) (18).

All scans were performed between October 2014 and August 2019.
All patients gave written consent to undergo a clinical 68Ga-PSMA

PET scan. The need for study-specific consent was waived by the
Ethics Committee.

Outcomes
The primary objective of this study was to determine the impact of

total tumor burden on 68Ga-PSMA uptake in normal organs on PET
imaging. On the basis of reproducibility data that showed a normal
variability of up to 30% between 2 SUV measurements of normal
organs (19,20), the tumor sink effect was a priori defined as a 30% or
greater decline in 68Ga-PSMA uptake in normal organs, compared
with the control group.

The secondary objective was to determine the impact of changes in
tumor volume on normal-organ 68Ga-PSMA uptake and the appear-
ance of new lesions on the interim PET scan after 2 cycles of
177Lu-PSMA-RLT. Patients were stratified into responders versus non-
responders to 177Lu-PSMA-RLT on the basis of a PSMA tumor
volume decline of 30% on the interim PET scan, as previously
described (18).

Imaging Protocol
Patients received an average (6SD) of 1556 53MBq of

68Ga-PSMA-HBED-CC (PSMA-11) via complete intravenous injec-
tion. Image acquisition was started after an average of 646 17min
after injection. Static, whole-body images were used (mid thighs to
skull vertex). All scans were corrected for decay, scatter, and random
coincidences. Data from the CT scan were used for attenuation correc-
tion. Images were acquired using GE Healthcare Discovery 710
(n5 50), Siemens Biograph mCT (n5 244), Siemens Biograph 64
(n5 92), and Siemens Biograph 16 (n5 20) scanners. All images
were obtained in accordance with the 68Ga-PSMA PET joint guideline
of the European Association of Nuclear Medicine and the Society of
Nuclear Medicine and Molecular Imaging, ensuring harmonized quan-
tification (21). Standard vendor-provided image reconstructions were
used. The applied reconstruction parameters are summarized in Sup-
plemental Table 1 (supplemental materials are available at http://jnm.
snmjournals.org).

Image Analyses
Tumor segmentation was performed centrally by a nuclear medicine

physician using qPSMA software (22) to obtain total PSMA-positive
tumor volume (PSMA-VOL). PSMA-VOL was categorized into 5
groups based on quintiles: very low (quintile 1: #20th percentile), low
(quintile 2: 20th–40th percentiles), moderate (quintile 3: 40th–60th
percentiles), high (quintile 4: 60th–80th percentiles), and very high
(quintile 5: $80th percentile). Organs that typically exhibit moderate
to high PSMA-ligand uptake were assessed: salivary glands, kidneys,
liver, and spleen (23). The entire volume of each normal organ was
segmented automatically using an in-house algorithm. The annotations
obtained using the automatic algorithm were reviewed by a nuclear
medicine physician using PET images and adjusted manually when
necessary. SUVmean and SUVmax not corrected for lean body mass or
body surface area were obtained to measure 68Ga-PSMA uptake in
normal organs. The liver was not analyzed in patients with PSMA-
positive liver metastases. Salivary glands not entirely included in the
PET field of view were excluded from the analysis.

Statistical Analyses
Values were reported as mean6SD or median and interquartile

range (IQR). Correlations between PSMA-VOL and normal-organ
tracer uptake were evaluated using the Spearman correlation coeffi-
cient (r) with a 2-tailed test for significance. Kruskal–Wallis testing
was performed to compare the degree of 68Ga-PSMA uptake in nor-
mal organs among the 6 tumor-burden groups (control, very low, low,
moderate, high, and very high). Differences among groups were tested
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FIGURE 1. Study flowchart. mCRPC5metastatic castration-resistant
prostate cancer; mHSPC5metastatic hormone-sensitive prostate cancer;
Q5quintile.
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for significance against no difference. A P value of 0.05 or less was
considered statistically significant. The P values were not adjusted for
multiple testing. Analyses were performed using SPSS Statistics, ver-
sion 26.0 (IBM Corp.), and R Statistics (version 3.4.0).

RESULTS

Population characteristics are summarized in Table 1. Liver
uptake was not analyzed in 40 patients because of PSMA-positive
liver metastases. The salivary glands of 2 patients could not be
delineated and were excluded from the analysis.

Tumor Volume and Organ SUV Measurements
The median SUVmean of salivary glands, kidneys, liver, and

spleen was 10.0 (IQR, 7.7–11.8), 26.0 (IQR, 20.0–33.4), 3.7 (IQR,
3.0–4.7), and 5.3 (IQR, 4.0–7.2), respectively (Fig. 2), whereas
the median SUVmax was 21.3 (IQR, 16.9–27.0), 51.8 (IQR,
37.8–67.9), 9.7 (IQR, 7.8–11.8), and 10.1 (IQR, 8.0–12.8), respec-
tively (Supplemental Fig. 1). The median PSMA-VOL was
302 cm3 (IQR, 47–1,076 cm3). The 20th, 40th, 60th, and 80th per-
centile of PSMA-VOL was 25, 189, 532, and 1,355 cm3, respec-
tively. The median PSMA-VOL in the very low (n5 71), low
(n5 71), moderate (n5 71), high (n5 72), and very high (n5 71)
groups was 5 cm3 (IQR, 2–11 cm3), 76 cm3 (IQR, 46–123 cm3),
302 cm3 (IQR, 235–387 cm3), 899 cm3 (IQR, 685–1,078 cm3), and
2,336 cm3 (IQR, 1,852–3,080 cm3), respectively. Examples of
68Ga-PSMA PET studies for each tumor volume group are pre-
sented in Figure 3.

Correlations of Tumor Volume with Normal-Organ Uptake
PSMA-VOL showed a statistically significant moderate nega-

tive correlation with the SUVmean of salivary glands (r520.44,
P, 0.001), kidneys (r520.34, P, 0.001), and liver (r520.30,
P, 0.001) and a statistically significant weak negative correlation

with spleen SUVmean (r520.16, P5 0.002). PSMA-VOL
showed a statistically significant moderate negative correlation
with the SUVmax of salivary glands (r520.35, P, 0.001) and a
statistically significant weak negative correlation with kidneys
(r520.26, P, 0.001), liver (r520.23, P, 0.001), and spleen
SUVmax (r520.19, P, 0.001).

Normal-Organ Uptake Stratified by Tumor Volume Groups
The absolute values and differences in SUVs of normal organs

in the very low, low, moderate, high, and very high PSMA-VOL
groups compared with the control group are given in Table 2,
Figure 4, and Supplemental Figure 2. In general, a higher PSMA-
VOL was associated with lower 68Ga-PSMA uptake in normal organs.
The SUVmean of salivary glands, kidneys, liver, and spleen

was significantly lower in patients with a very high PSMA-VOL

TABLE 1
Characteristics of Patients

Characteristics Control (n 5 50) mHSPC (n 5 81) mCRPC (n 5 275)

Age (y) 71 (69–74) 69 (63–72) 72 (66–76)

Weight (kg) 86 (80–99) 81 (75–92) 80 (72–92)

Injected activity (MBq) 185 (183–196) 128 (96–153) 155 (112–195)

Acquisition time (min) 60 (55–66) 65 (59–82) 60 (53–67)

PSA (ng/mL)* 0.4 (0.2–0.8) 4.0 (1–11) 130 (37–431)

PSMA-VOL (cm3) 0 7 (2–37) 563 (194–1,358)

Site of disease on PSMA-PET

Bone 0 70 (86%) 256 (93%)

Lymph nodes 0 34 (42%) 202 (74%)

Bone 1 lymph nodes 0 27 (33%) 183 (67%)

Viscera† 0 10 (12%) 82 (30%)

Bone 1 lymph nodes 1 viscera 0 1 (1%) 59 (22%)

*Data missing for 10 patients.
†Viscera include lung, liver, rectum, pancreas, peritoneal, brain and adrenal.
mHSPC 5 metastatic hormone-sensitive prostate cancer; mCRPC 5 metastatic castration-resistant prostate cancer; PSA 5 prostate-

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

RGB

FIGURE 2. SUVmean of normal organs. Horizontal lines represent median
value.

228 THE JOURNAL OF NUCLEAR MEDICINE � Vol. 63 � No. 2 � February 2022



than in the control group (P, 0.001), with an average difference
of 238.1% (95% CI, 247.8%, 229.7%), 240.0% (95% CI,
250.3%, 231.1%), 243.2% (95% CI, 255.6%, 230.8%), and
234.9% (95% CI, 249.8%, 221.3%), respectively.
The SUVmax of salivary glands, kidneys, and liver was signifi-

cantly lower in patients with a very high PSMA-VOL than in the
control group (P, 0.05), with an average difference of 226.6%
(95% CI, 238.9%, 215.1%), 228.4% (95% CI, 239.4%,
218.0%), and 217.9% (95% CI, 230.0%, 24.2%), respectively.

Changes in Tumor Volume and Normal Uptake
Of 20 patients included in this analysis, 10 (50%) were respond-

ers achieving a PSMA-VOL decline of at least 30% on the interim
scan relative to baseline. The average change in PSMA-VOL in
responders was 247.0% (95% CI, 255.7%, 238.4%), whereas in
nonresponders it was 16.3% (95% CI, 214.4%, 126.9%). The
average difference in SUVmean of salivary glands, liver, kidneys
and spleen in responders was 161.1% (95% CI, 23.5%,
1125.7%; P5 0.06), 133.4% (95% CI, 217.2%, 183.9%;
P5 0.17), 174.0% (95% CI, 18.7%, 1139.2%; P5 0.03), and
161.8% (95% CI, 121.4%, 1102.2%; P5 0.007), respectively. In
nonresponders, the average change in salivary glands, kidneys, liver
and spleen was 22.5% (95% CI, 215.3%, 110.3%; P5 0.67),
110.7% (95% CI, 26.1%, 128.3%; P5 0.07), 112.1% (95% CI,
26.1%, 130.3%; P5 0.16), and 123.8% (95% CI, 218.9%,
166.5%; P5 0.24), respectively. Individual changes in PSMA-
VOL, SUVmean, and SUVmax for normal organs in 68Ga-PSMA
PET are given in Supplemental Table 2. The appearance of new
PSMA-positive lesions on interim scans was observed in 1 (10%)
responder and 7 (70%) nonresponders.

DISCUSSION

In this multicenter retrospective analysis, patients with a high
tumor burden demonstrated significantly lower normal-organ
uptake on 68Ga-PSMA PET. Our primary endpoint of an SUV dif-
ference numerically greater than 30% in salivary glands and kid-
neys compared with the control group was met in patients with a
very high tumor volume ($1,355 cm3).
Controversial results on the tumor sink effect in PSMA-targeted

PET have been reported. Gaertner et al. (13) found a decline of
36%–43%, 45%, 25%, and 19% of 68Ga-PSMA uptake in salivary
glands, kidneys, liver, and spleen, respectively, in metastatic
castration-resistant prostate cancer patients who were classified

visually as having a high PSMA-positive
tumor burden on PET. In contrast, Werner
et al. (14) found in 18F-DCFPyL PET a sig-
nificant correlation only for kidney uptake
with PSMA-VOL. However, these results
are not surprising, since only patients with
early-stage prostate cancer having a low
tumor burden were included (median PSA,
3.2 ng/mL) whereas a sink effect is
expected to occur at high tumor volume lev-
els. Limitations of these studies also include
the small sample size, which was not pow-
ered for uptake correlation, use of a small
region of interest for measuring tracer uptake
in large organs (e.g., liver or spleen), and
visual assessment of disease burden. To over-
come these, in the present analysis we seg-

mented semiautomatically on 68Ga-PSMA PET the total disease
burden and the entire volume of normal organs. Moreover, for a com-
plete understanding of the associations between disease burden and
normal uptake, we included patients from the entire spectrum of pros-
tate cancer and categorized them into 6 subgroups: PSMA-negative,
very low, low, moderate, high, and very high tumor volume.
The highest correlation of normal-organ uptake with tumor bur-

den was noticed in salivary glands, followed by kidneys, liver,
and, to a lower degree, spleen. However, the SUVmean of kidneys
and liver was significantly lower beginning with patients with a
low tumor volume (25–189 cm3), whereas for salivary glands it
was significantly lower only in patients with high (532–1,355 cm3)
and very high ($1,355 cm3) tumor volumes. SUVmean of normal
organs had a weaker correlation with SUV. This observation
underlines the importance of using SUVmean over SUVmax for
measuring tracer uptake in normal organs in PET imaging, which
captures the entire organ uptake and does not limit the uptake to 1
voxel. Two limitations of SUVmax are worth mentioning here: the
variability when structures with heterogeneous uptake are mea-
sured (e.g., liver) and the dependence on the reconstruction param-
eters (e.g., potential use of point-spread function). These
limitations can have important implications, particularly in a mul-
ticentric setting in which the harmonization protocol can affect
SUVmax findings.
Our study has clinical implications. When performing PSMA-

targeted RLT, the therapeutic activity is limited because of
potential toxicity to organs at risk. Salivary glands and kidneys are
the main critical organs with the highest absorbed dose (10). More-
over, xerostomia was reported as the main reason for treatment dis-
continuation during 225Ac-PSMA-RLT (24). Our findings suggest
that candidates for 177Lu-PSMA-RLT with a very high tumor vol-
ume ($1,355 cm3 for our analysis defined by quintiles) on the
screening PSMA-PET have a significantly lower normal-organ
uptake and might benefit from an increased therapeutic activity
without exceeding the radiation dose limit for organs at risk.
A first attempt toward individualizing therapeutic activity for

177Lu-PSMA-RLT was made by Hofman et al. (5), in a study in
which 177Lu-PSMA-617 activity was increased by up to 20% in
heavily metastasized patients. Dosimetry data from the same
cohort showed that a higher absorbed dose to tumor was associ-
ated with higher rates of PSA response and that tumor volume
delineated on pretherapeutic 68Ga-PSMA PET is inversely corre-
lated with salivary gland and kidney absorbed radiation dose (25).
Hence, the sink effect may represent a great opportunity for
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FIGURE 3. Examples of maximum-intensity-projection images of PSMA PET for each tumor load
group. PSMA-positive tumor segmentation is highlighted in red.
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177Lu-PSMA-RLT to safely increase therapeutic activity in order
to improve antitumor efficacy. Besides toxicity, it might also be
logical to administer a higher treatment activity when the tumor
load is higher, in order to avoid undertreatment.
Overall, the present study establishes tumor sequestration as a

major factor affecting 68Ga-PSMA biodistribution in patients with
a high disease burden, which leads to a sink effect that decreases
activity concentrations in normal organs. In addition, we found
that changes in tumor volume during 177Lu-PSMA-RLT impact
the normal uptake on follow-up 68Ga-PSMA PET images. This
finding emphasizes the potential utility of repeated dosimetry stud-
ies during 177Lu-PSMA-RLT when individualizing therapeutic
dosage. Only 1 patient (without a decrease in 68Ga-PSMA uptake
in normal organs; Supplemental Table 2) had new lesions on the
follow-up scan, suggesting that new lesions on PSMA posttreat-
ment scans are likely to be treatment-related. Nevertheless, addi-
tional studies investigating the impact of the sink effect on
intratumor heterogeneity are warranted to provide additional
insights on this phenomenon.
Strengths of this study include the multicenter setting, large

patient population, and use of full quantitative measurements for
tumor burden assessment. The major limitation of this study is
the use of a single static PET image protocol, and thus, our
results should be interpreted with caution in the framework of
177Lu-PSMA-RLT. In addition, we are unable to analyze the
influence of potential effects arising from different specific activi-
ties. However, given the low half-life of 68Ga and a standardized
production, no large-scale (.102) difference might be present.
Further, we used only SUV normalized to body weight as a
quantitative parameter of PET signal. Alternative quantitative
parameters have been described in the literature, that is, SUV
normalized to lean body mass (26) or the ratio of tumor uptake
to blood-pool uptake (27), although only at a research level. Fur-
ther studies to support their implementation in clinical practice
are awaited. Correlations with dosimetry data with multiple
time points are warranted to establish pretherapeutic PSMA-
targeted PET as a quantitative tool for individualizing therapeutic
doses.

CONCLUSION

Tumor sequestration affects 68Ga-PSMA biodistribution by
decreasing the activity concentration in normal organs, confirming
the tumor sink effect. A relevant sink effect was noticed in patients
with a very high tumor burden ($1,355 cm3). Because of favor-
able uptake ratios, PSMA-targeted RLT with increased activity
regimens should be assessed in patients with a very high tumor
volume. Repeated dosimetry during PSMA-targeted RLT should
be considered, in order not to miss the impact of changes in tumor
burden on dose distribution. Further studies are warranted to estab-
lish pretherapeutic PSMA-targeted PET as a tool for individual
activity adaptation in PSMA-targeted RLT.
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KEY POINTS

QUESTION: Does the tumor burden impact the biodistribution of
68Ga-PSMA PET?

PERTINENT FINDINGS: In this international multicenter, retro-
spective study, we observed a significant negative correlation
between PSMA-positive tumor burden and 68Ga-PSMA PET
uptake in normal organs—that is, salivary glands, kidneys, liver,
and spleen. Patients with a very high tumor burden ($1,355cm3

for our analysis defined by quintiles) had a significantly lower
uptake of 68Ga-PSMA in normal organs.

IMPLICATIONS FOR PATIENT CARE: Our findings suggest that
candidates for 177Lu-PSMA-RLT with a very high tumor volume on
screening PSMA-PET have significantly lower normal-organ
uptake and might benefit from an increased therapeutic activity
without exceeding the radiation dose limit for organs at risk.
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