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Abstract
Purpose

Prostate-speci�c membrane antigen (PSMA) is present in the proximal tubule cells of the kidneys. This
results in high renal tracer uptake in PSMA-PET, which may contain useful information on renal function.
As part of the clinical evaluation for [177Lu]-PSMA therapies, patients undergo PSMA-PET and often
additional [99mTc]-mercapto-acetyltriglycine (MAG3) scintigraphy to assess renal function. Aim of this
study was to evaluate estimation of renal function with [18F]-PSMA-1007-PET/CT (PSMA-PET) by
comparison to synchronous MAG3-scintigraphies.

Methods

We retrospectively investigated 73 prostate cancer patients with 93 synchronously available PSMA-
PET/CT, MAG3-scintigraphies and serum creatinine. For determination of split renal function in PSMA-
PET/CT, we evaluated the relative unilateral total renal PSMA uptake, i.e. SUVmean multiplied by the renal
volume (SRFPSMA-TOTAL) and relative unilateral maximal standardized uptake value (SRFSUV). These were
compared to MAG3 split renal function (SRFMAG3) using Pearson correlation and receiver operating
characteristics analysis. For determination of global renal function, correlation of bilateral total renal
PSMA uptake with MAG3 tubular excretion rate and serum creatinine was assessed.

Results

SRFMAG3 was strongly correlated with SRFPSMA-TOTAL (r= 0.872, p<0.001) and with SRFSUV (r=0.815,
p<0.001). Relevant abnormalities of SRFMAG3 (unilateral renal function < 25 %) could be detected with
sensitivities and speci�cities of 90% and 92% for SRFPSMA-TOTAL, and 80% and 95% for SRFSUV. Measures
of absolute renal function were only weakly correlated with bilateral total renal PSMA uptake.

Conclusion

Renal [18F]-PSMA-1007 uptake allowed to quantify renal split function with good accuracy based on
SRFPSMA-TOTAL or SRFSUV.

Background
In recent years, the prostate-speci�c membrane antigen (PSMA) obtained a dominant role as a molecular
target structure for PET imaging and radioligand therapies in prostate cancer [1]. PSMA is a
transmembrane protein overexpressed on the surface of prostate cancer cells, though not as exclusively
as its name would suggest [2]. Physiologic PSMA expression is therefore also found in different tissues;
in the kidneys PSMA expression has been immunohistochemically con�rmed in a subset of renal
proximal tubule cells [3]. The resulting speci�c binding of PSMA radioligands to the kidneys goes along
with signi�cant organ doses that are potentially relevant for [177Lu]-PSMA therapies [4].
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Although speci�c tracer uptake in the kidneys is principally an undesired feature in PSMA-directed
molecular imaging and therapy, it could be rendered useful by extracting relevant information on kidney
function from PSMA-PET. Notably, the proximal tubule cells as the cellular source of renal PSMA
expression can be considered the primary target of injury and progression of kidney disease [5]
establishing a rationale to hypothesize PSMA uptake as a meaningful molecular readout of kidney
function. 177Lu-PSMA therapy exposes the kidneys to relevant radiation doses adding to other sources of
potential kidney dysfunction in advanced prostate cancer, particularly urinary obstruction induced by
local relapse or nodal metastases. Accordingly, kidney function is one of the central limiting factors for
initiation and maintenance of PSMA radioligand therapies [6] and requires de�ned monitoring strategies.
In many centres, this is met by performing routine renal scintigraphy with [99mTc]-labelled mercapto-
acetyl-triglycin (MAG3) [7, 8] to evaluate split and global renal function and to rule out obstruction.
According to European guidelines, this is considered optional, whereas PSMA-PET is mandatory in
evaluating [177Lu]-PSMA treatment [6]. Thus, the concept of extracting relevant features of renal function
from PSMA-PET appears attractive in cases where MAG3-scintigraphy is not available or to even
substitute MAG3-scintigraphies.

First evidence for this concept was recently provided in a cohort of 97 patients where split renal function
derived from [68Ga]-PSMA-11 uptake was correlated with [99mTc]-MAG3-scintigraphies [9]. However,
[68Ga]-PSMA-11 might not depict an ideal tracer for this endeavour as the dominant renal excretion of the
tracer leads to a renal signal that is composed of excreted and speci�cally bound tracer. In contrast, the
18F-labelled radiotracer [18F]-PSMA-1007 is not excreted by the kidneys and therefore the renal signal
should dominantly derive from tracer bound in the renal cortex. In a recent study, the utility of [18F]-PSMA-
1007 to substitute for renal scintigraphy was evaluated based on measurements of different time points
and simulated dose reductions in a cohort of 12 patients with predominantly healthy kidneys [10].

In this study, we address the so far lacking insight into the capability of [18F]-PSMA-1007-PET (PSMA-
PET) to diagnose relevant abnormalities of split and global renal function. To this end, we compared
different measures of PSMA uptake to the results of MAG3-scintigraphies and blood-derived creatinine
levels.

Methods

Patient characteristics
Patients with advanced metastasized castration resistant prostate cancer (mCRPC) were included in this
retrospective study. Patients gave written informed consent for PSMA-PET/CT and [99mTc]-MAG3-
scintigraphy as part of their clinical work-up for PSMA radioligand therapy at the department of Nuclear
Medicine, University Hospital Muenster, Germany. The local ethics committee approved retrospective
scienti�c analysis. All patients evaluated for radioligand therapy between November 2017 and October
2020 and receiving scans with PSMA-PET and [99mTc]-MAG3-scintigraphy in a maximum interval of 30 d
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were included. No systematic or random exclusion was applied. An overview of patient characteristics is
given in Table 1.

[18F]-PSMA-1007-PET/CT
According to a one-step procedure by Cardinale et al. described previously [11], [18F]-PSMA-1007 was
produced in a GE Tracer Lab MX synthesizer (GE healthcare, Chalfont St Giles, UK) using a cassette with
automatic production sequence obtained from ABX GmbH (Radeberg, Germany). Radiochemical purity
was checked by high-performance liquid chromatography. 4 MBq per kg body weight with a maximum of
410 Mbq was injected intravenously. A whole-body PSMA-PET/CT from the vertex to distal thighs was
performed ~ 120 min after injection. Patients were asked to void before scanning. Imaging was done with
a continuous motion scan at 1,5mm/s for lower extremities, 0,8mm/s for hip and 1,1 mm/s for the trunk
on a Siemens Biograph mCT scanner (Siemens Healthineers, Erlangen, Germany). A low dose CT was
performed for attenuation correction. Standardized uptake values (SUVs) of the kidneys were calculated
from ellipsoid volumes of interest (VOIs) covering solely the kidneys using syngo.via software (Siemens
Healthineers, Erlangen, Germany). A 30% of SUVmax threshold was chosen for calculation of SUVmean and
volume, because resulting volumes best matched normal kidney volumes in literature [12–14]).

Determination of split renal function (SRF) from PSMA-PET was attempted by two approaches. First, left
SRFPSMA−TOTAL was calculated considering threshold-based kidney volume and SUVmean:

Secondly, left SRFPSMA−SUV was calculated based on threshold-based SUVmax:

Bilateral total renal PSMA uptake (TRU) for assessing global renal function was calculated as:

[99mTc]-MAG3-scintigraphy
[99mTc]-MAG3 was prepared by use of a commercial MAG3 kit (ROTOP® Pharmaka GmbH, Germany)
and radiochemical purity of ≥ 94% was veri�ed by elution using a commercial Sep-Pak® Plus C18
cartridge. Examination was performed starting with intravenous injection of a standard activity of 100
MBq [99mTc]-MAG3. 20 mg of furosemide was typically injected 10 min p.i.. Data acquisition was
performed with single photon emission computed tomography/computed tomography (SPECT/CT)
cameras, either Siemens Symbia (Siemens Healthineers, Germany) or GE discovery (GE Healthcare, UK).
Blood sampling for calculation of tubular extraction rate (TER-MAG3) was performed at baseline, 20 and

SRFP SMA−T OT AL =
(leftvolumexleftSUV mean)

(leftvolumexleftSUV mean + rightvolumexrightSUV mean)

SRFSUV =
leftSUV max

(leftSUV max + rightSUV max)

TRU = leftvolumexleftSUV mean + rightvolumexrightSUV mean
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28 min p.i. and TER-MAG3 was calculated according to Bubeck [15, 16] (T = Time of blood sample min
p.i.; ID = injected activity, cn = normed concentration in plasma at time t (kBq/ml/1.73qm)):

Image acquisition was performed with low-energy-high-resolution collimator, 180 frames à 1 sec, 54
frames à 30 sec, 64x64matrix with patients lying on the scanner table and detector position from
posterior; patients with ureteral stents received scintigraphy in upright position standing or sitting to
ensure anterograde urinary tracer transport.

Split renal function (SRF) was calculated after de�ning regions of interest (ROIs) of kidneys using semi-
automated software by the camera vendors analysing the renal perfusion phase 60–120 sec p.i. by a
slope method [17].

Creatinine values were measured in serum blood samples at the day of the MAG3-scintigraphy.

Statistical analysis
Statistical analysis was done with SPSS Statistics 27 (IBM Inc. Armonk, NY, USA). Strength of correlation
between the different measurement methods of renal function was investigated by use of Pearson’s
correlation. Statistically signi�cant results were de�ned as a two-sided p-value < 0.05 in Pearson
correlation.

Receiver operating characterics (ROC) analysis with binary classi�cation was applied to analyse the
diagnostic performance of PSMA-derived SRF. A maximum Youden index was used for de�ning ideal
thresholds with maximized sensitivity and speci�city for PSMA-derived SRFs to predict de�ned TER-
MAG3 abnormalities: J = sensitivity + speci�city − 1

Results

Patient characteristics:
A total of 93 paired PSMA-PET and MAG3-scintigraphies were analysed in 73 patients. Patient
characteristics are detailed in Table 1.

TER − MAG3 = A + Bln( ) ; A = −517exp (−0.011xt) ; B = 295exp(−0.016xt)
ID

cn
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Table 1
Patient characteristics.

Characteristics Mean ± sd (range)

Number of patients 73

Number of paired scans 93

Age 75 ± 8 years

Administered activity [99mTc]-MAG3 103 ± 6 MBq

Administered activity [18F]-PSMA 299 ± 56 MBq

Tubular extraction rate of MAG3 (TER-
MAG)

234 ± 48 ml/min/1,73m2 Body surface area (BSA) (107–
369)

Creatinine 0.90 ± 32 mg/dl (0.4–2.4)

Split renal function left (MAG3-
scintigraphy)

50 ± 14% (0-100%)

Renal split function
SRFMAG3 showed a highly signi�cant correlation with SRFPSMA−TOTAL (r = 0.872, p < 0.001, Fig. 1A) and
SRFSUV (r = 0.815, p < 0.001, Fig. 1B). Consequently, SRFPSMA−TOTAL and SRFSUV were also strongly
correlated with each other (r = 0.824, p < 0.001). Figure 2 shows images and analyses of two
representative cases with symmetric versus abnormal SRFMAG3 re�ected by SRFPSMA−TOTAL and SRFSUV.

The diagnostic performance of PSMA-based determination of any signi�cant abnormal (de�ned as a
unilateral split function < 40%) or highly abnormal split renal function (de�ned as unilateral split function 
< 25%) was determined using receiver operating characteristics analyses.

The best threshold for SRFPSMA−TOTAL to detect any signi�cant abnormal split function was 40.5%,
resulting in an area under curve (AUC) of 0.79, and a sensitivity of 71% and speci�city of 90%. For highly
abnormal split function, best threshold for SRFPSMA−TOTAL was 39.5% with AUC of 0.90, and sensitivity of
90% and speci�city of 92%, respectively (Fig. 3A, C).

Corresponding values for SRFSUV for a any signi�cant abnormal split function was 46.5%, resulting in
AUC of 0.85, sensitivity of 64% and speci�city of 90%. For highly abnormal split function, best threshold
for SRFSUV was 45.5% resulting in AUC of 0.94, sensitivity of 80% and speci�city of 95% (Fig. 3B, D)

Absolute renal function
Bilateral total renal PSMA uptake was weakly inversely correlated with serum creatinine (r=-0.220 and p = 
0.034) (Fig. 4) and weakly correlated with TER-MAG3 (r = 0.302 and p = 0.003).
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To evaluate the potential of PSMA-based measures of absolute renal uptake and to monitor changes of
renal function over time, we screened our cohort for patients with signi�cant changes of absolute renal
function over time with available MAG3-scintigraphies and PSMA-PET at multiple time points. The
concordant course of uptake in few example patients pointed towards a relevance of changes over time
in individual patients (Fig. 5), but the number of patients that ful�lled these criteria was not su�ciently
high to establish a statistical proof.

Discussion
This retrospective study is �rst to evaluate the utility of the radiotracer [18F]-PSMA-1007-PET to assess
renal split and absolute function in a larger cohort of patients by comparison to [99mTc]-MAG3-
scintigraphy. We observed a strong correlation of different measures of renal [18F]-PSMA-1007 uptake
with MAG3-derived split renal function, but poor correlation with absolute renal function.

Determination of SRFPSMA−TOTAL was based on a sophisticated threshold VOI-based technique mirroring

the approach and results of a recent study using the tracer [68Ga]-PSMA-11 [18]. The in comparison to
[68Ga]-PSMA-11 much lesser excretion of [18F]-PSMA-1007 into urine allowed to omit a cumbersome
manual exclusion of the collecting duct system and to use relative unilateral SUVmax as a more readily
applicable measure of split renal uptake (SRFSUV). Indeed, SUVmax based SRFSUV demonstrated a good
correlation with MAG3-based split renal function comparable with that of SRFPSMA−TOTAL. To test the
clinical applicability in individual patients, we assessed the diagnostic performance of PSMA-PET to
detect abnormalities of split function based on ROC analyses. Particularly for signi�cant abnormalities of
split function (> 25%) we found clinically relevant sensitivities and speci�cities, that were only slightly
worse for SRFSUV compared to SRFPSMA−TOTAL.

The prospect to detect changes of absolute renal function based on bilateral total PSMA uptake is not as
clear, as the expression of PSMA in proximal tubule cells may likely vary between patients independent of
kidney function and the relationship of absolute tracer uptake and PSMA expression is likely confounded
multifactorially, amongst others by the sink effect [19]. Nonetheless, we observed a signi�cant correlation
between total PSMA uptake values and measures of absolute renal function, but the relationship was not
strong enough to allow to e.g. detect relevant renal insu�ciency based on PSMA imaging. This may be
more promising and clinically relevant when following-up absolute renal PSMA uptake over time in
individual patients. However, our study sample did not feature enough patients with evaluable follow-up
and relevant decline of renal function and our evidence therefore remains anecdotal.

A recent study demonstrated the feasibility of [18F]-PSMA-1007 PET to substitute renocortical [99mTc]-
DMSA-scintigraphy which renal PSMA radiotracer uptake probably most closely corresponds to [10]. In
contrast to [99mTc]-DMSA, [99mTc]-MAG3-scintigraphy plays an important clinical role in adult patients
and provides in addition to split renal function valuable information on absolute function (TER-MAG3)
and possible obstruction, which is particularly relevant in prostate cancer patients. Based on our data,
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[18F]-PSMA-1007-PET can probably not fully substitute a [99mTc]-MAG3 scintigraphy that is indicated for
evaluating suspected renal disease in individual patients. However, we postulate that the following
insights from our study should be considered by [18F]-PSMA-1007 PET readers as a useful, readily
measurable basis for interpreting abnormalities of renal PSMA uptake: (1) A high asymmetry of split
renal uptake (SUVmax or SUVmean x volume) is indicative of asymmetric renal split function. (2) Baseline
total renal PSMA uptake does not allow to infer global renal function in individual patients, but may be of
value for monitoring patients at follow-up.

Our study features limitations. The study was of retrospective nature with a limited number of patients,
particularly regarding patients with relevant abnormalities of split renal function and change of absolute
function over time. Although the low renal excretion of [18F]-PSMA-1007 provides bene�ts in regard to
simpli�ed measurements of renal uptake, it does not provide a rationale to assess evaluation for
obstruction, which was previously claimed to be possible with [68Ga]-PSMA-11 [18].

Conclusion
Renal [18F]-PSMA-1007 uptake allows to detect relevant changes of renal split function with good
accuracy based on a sophisticated measurement of relative unilateral total tracer uptake or a simple
measurement of relative unilateral SUVmax. PET readers should be aware of this relationship and may
report and interpret abnormalities of renal uptake accordingly.
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Figures

Figure 1

(A) Correlation of left SRFPSMA total with SRFMAG3. (B) Correlation of left SRFSUV with SRFMAG3.
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Figure 2

Respresentative case with symmetric SRF and TER in (A) axial fused PSMA-PET/CT (Left: SUVmax: 31.2,
SUVmean: 17.1, volume: 143 ml. Right: SUVmax: 31.2, SUVmean: 17.9, volume: 169 ml). Images are adjusted
to SUV 0-17. (B) Corresponding MAG3 scintigraphy with perfectly symmetric split function.
Representative case with abnormal split renal function both in (C) axial fused PSMA-PET/CT (Left:
SUVmax: 13.6, SUVmean: 5.8, volume 61 ml. Right: SUVmax: 26.1, SUVmean: 14.1, volume: 243 ml). Images
adjusted to SUV 0-13. (D) MAG3 scintigraphy demonstrated split renal function of left 10 % and right 90
%.
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Figure 3

ROC analyses to determine any sign�ciantly abnormal uptake (Unilateral SRFMAG3 <40%) (A ,B) and
analysis for highly abnormal uptake (Unilateral SRFMAG3 <25%) (C, D)..
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Figure 4

(A) Correlation of bilateral total renal PSMA uptake with serum creatinine and (B) TERMAG3.

Figure 5

(A). Patient that received 7 [18F]-PSMA-1007-PET/CT and MAG3-scintigraphys at repeated cycles of
radioligand therapy. Relative changes form baseline demonstrated a common trend of TER-MAG3,

bilateral total renal PSMA uptake. No clear trend of creatinine is seen. (B) Patient receiving 5 [18F]-PSMA-
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1007-PET/CT and MAG3-scintigraphies during repeated cycles of radioligand therapies demonstrating a
common trend of TER-MAG3, bilateral total renal PMSA uptake and inversely with creatinine.


