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Abstract: MAG3 scintigraphy with determination of split renal function (SRF) is a standard procedure in patients with 
metastasized castration-resistant prostate carcinoma (mCRPC) undergoing PSMA radioligand therapy (PSMA-RLT). 
These patients also receive frequent PSMA PET/CT scans for staging and follow up. PSMA is not only overexpressed 
in prostate cancer epithelial cells, but also physiologically overexpressed in the proximal tubular cells of the kidney. 
This study investigates the utility of PSMA-targeted imaging for determination of relative renal function. mCRPC 
patients (n = 97) having received 68Ga-PSMA-11 PET/CT and 99mTc-MAG3 scintigraphy in close temporal relationship 
were included in this retrospective study. PSMA-PET-derived SRF was calculated according to the bilateral renal 
PSMA content (total kidney PSMA = SUVmean × volume), MAG3-based SRF (SRFMAG3) using the common standard 
integral method of the renal secretion phase. The agreement of SRFPSMA and SRFMAG3 was statistically tested using 
Pearson correlation and Bland-Altman analysis. The correlation between both SRF assessment methods was highly 
significant (P < 0.001) with r=0.91. Bland-Altman analysis confirmed agreement of the measurements. High cor-
relation and agreement were also observed in the subgroup analyses of patients with normal and reduced renal 
function (r=0.81, P < 0.001 and r=0.98, P < 0.001). Renal tubular PSMA expression allows assessment of split re-
nal function by 68Ga-PSMA-11 PET/CT imaging. Additional MAG3 scintigraphy for the purpose of quantifying relative 
renal function contribution may be spared in settings where PSMA PET is performed; this insight could save time 
and unnecessary examinations. 
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Introduction

Prostate carcinoma is one of the most frequent 
malignant diseases in men [1]. Prostate specif-
ic membrane antigen (PSMA), a type II trans-
membrane protein [2], is commonly overex-
pressed on the surface of prostate carcinoma 
cells [3-5]. This makes PSMA an important tar-
get for diagnostic imaging and therapy [6]. 
PSMA imaging, particularly using 68Ga-PSMA-11 
as PET/CT tracer, has proven its validity in stag-
ing of prostate cancer [7, 8] and therapy moni-
toring in advanced disease [9, 10]. Likewise, 
radioligand therapy (RLT) with 177Lu labelled 
PSMA ligands (PSMA-RLT) is becoming increas-
ingly important, predominantly in late stage  
of metastasized castration-resistant prostate 

cancer (mCRPC). PSMA-RLT yields impressive 
results in the palliative setting [11, 12]. How- 
ever, renal tracer uptake due to physiologic 
overexpression of PSMA in the proximal tubules 
[13-15] leads to minor radiation doses of the 
kidney, and might at least theoretically induce 
radiation-related nephrotoxicity [16, 17]. While 
recent studies have not confirmed significant 
short-term damage to the kidneys resulting 
from of PSMA-RLT [18], the risk for long-term 
complications has still to be investigated. This 
proves challenging in a cohort with a limited 
life-time expectancy and scarce follow up data. 

Renal function is closely monitored in patients 
undergoing PSMA-RLT. The easiest method to 
assess renal function in clinical routine is esti-
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mating glomerular filtration rate (eGFR) using 
the modification of diet in renal disease (MDRD) 
formula [19], based on renal retention param-
eter creatinine. However, this method does not 
provide information on the relative (side-relat-
ed) distribution of renal function and outflow 
conditions. The current standard and well-
established method for assessment of split 
renal function (SRF) and outflow conditions is 
dynamic renal scintigraphy using 99mTc labell- 
ed MAG3 (mercaptoacetyltriglycine). MAG3 is 
almost exclusively excreted by secretion in the 
proximal tubules of the kidney [20], giving an 
accurate estimation of tubular renal function 
which can be used to determine split renal 
function. Split renal function, also known as dif-
ferential renal function, describes the relative 
proportion of each kidney on total renal func-
tion. Issues with MAG3 scintigraphy may arise 
from its time-consuming nature with commonly 
30-50 minutes per examination and potential 

distress to mCRPC patients often suffering 
from painful skeletal metastases.

The described clinical setting encouraged us to 
investigate the utility of PSMA-targeted imaging 
for determination of relative renal function by 
comparing PSMA-PET-derived SRF and stan-
dard MAG3-based SRF. We evaluate retrospec-
tively this approach in a patient cohort of 
mCRPC patients having undergone both imag-
ing modalities.

Materials and methods

In this retrospective study we calculated split 
renal function using PSMA PET/CT (SRFPSMA) 
and compared the results to MAG3 derived 
split renal function (SRFMAG3). The study was 
performed in accordance with the Declaration 
of Helsinki and with national regulations. 
Approval of the retrospective analysis was 
waived by the local ethics committee. All 
patients provided written informed consent for 
the examinations and for scientific analysis and 
publication of data.

Patients

In total, n=97 patients treated with 177Lu-PSMA-
RLT in the advanced mCRPC setting were 
included in this study. Every patient obtained 
PSMA PET/CT and MAG3 scintigraphy in close 
temporal relationship within a period of 1 week. 
Table 1 gives a detailed overview of the patient 
cohort. 

Imaging methods

68Ga-PSMA-11 PET/CT: Each patient of this 
study (n=97) received a 68Ga-PSMA-11-PET/CT 
with a mean intravenously injected activity of 
121 ± 15 MBq of a 68Ga-PSMA-11. The incuba-
tion time between injection and PET acquisition 
was 60 minutes. No additional contrast media 
or diuretics were applied. PET datasets were 
acquired on a Biograph 40 mCT PET/CT scan-
ner (Siemens Medical Solutions, Knoxville, TN, 
USA) with an acquisition time of 3 min per bed 
position, covering an extended field of view 
(FOV) of 21.4 cm. The images were iteratively 
reconstructed using a 3-dimensional OSEM 
(ordered-subset expectation maximization) al- 
gorithm (3 iterations; 24 subsets) with 5 mm 
gaussian filtering and slice thickness of 5 mm. 
A standard low-dose spiral CT was acquired for 

Table 1. Patient characteristics
Characteristics
Number of patients 97
Age (years)
    min 46
    max 89
    mean 70
Metastases (n)
    bone 90
    lymph nodes 71
    liver 20
    lung 15
    others 15
Previous therapy (n)
    first line chemotherapy 62
    second line chemotherapy 22
    ADT 95
eGFR (ml/min)
    min 26.8
    max 118.9
    mean 78.0
    < 60 ml/min n=20 
    ≥ 60 ml/min n=77 
PSA (ng/ml)
    min 0.21
    max 4525
    mean 477
    median 217
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attenuation correction and anatomical localiza-
tion using an x-ray tube voltage of 120 keV and 
a modulation of the tube current using CARE 
Dose4D with a maximal tube current time prod-
uct of 30 mAs. To calculate relative PSMA distri-
bution in both kidneys volumes of interest were 
used (VOI), drawn and generated using the 
syngo.via software (Siemens Healthineers, 
Erlangen, Germany). Each VOI was manually 
drawn as to contain the kidney. Setting a 
threshold of 30% of the maximum standard 
uptake volume (SUVmax) was best suited to 
delineate the renal tissue in the selected area 
by autocontouring, as shown in Figure 1A. 
Accuracy of the auto-contouring tool was con-
trolled visually by comparing the results with 
the actual kidney size on low-dose CT. If non-
renal tissue was within the selection (i.e. tracer 
retention in the renal pelvis) it was cropped and 
removed manually. The volume and the mean 
standard uptake value (SUVmean) were then 
used for calculating of SRF: SRFright = (volumeright 
× SUVmeanright)/(volumeright × SUVmeanright + 
volumeleft × SUVmeanleft).

99mTc-MAG3 scintigraphy: Each patient of this 
study (n=97) received renal scintigraphy with a 

For statistical analysis, Pearson’s correlation 
coefficient was used to measure the str- 
ength of the relationship of both methods of 
SRF calculation. A two-sided p-value < 0.05 
was considered statistically significant. In addi-
tion, a Bland-Altman-Plot [22, 23] was generat-
ed to assess the agreement between both 
methods. Limits of agreement were set with a 
confidence interval (CI) of 95%. Statistical anal-
ysis was conducted using IBM SPSS Statistics 
25.

Results

Mean SRF of the right kidney was 50.5 % 
(range: 4.5-99.7%) and 50.3% (range: 11.4-
96.8%) using PSMA PET/CT and MAG3 scintig-
raphy, respectively. Table 2 presents descrip-
tive statistics of our data. The correlation 
between PSMA and MAG3 derived SRF was 
highly significant (P < 0.001) with a correlation 
coefficient of r=0.91 (Figure 2A). The Bland-
Altman plot analysis (Figure 2B) shows an 
agreement of the highly correlated measure-
ments with a mean difference of 0.002 [CI 
-0.110; 0.114]. This agreement was also ob- 
served visually; Figure 3 shows two representa-
tive cases. 

Figure 1. A. Renal PSMA quantification. SUV-threshold for selection of renal 
tissue was set at 30% of SUVmax using auto-contouring (white). Renal pel-
vic activity such as in obstructive nephropathy was manually excluded from 
analysis. B. Renal MAG3 with ROI placement (left kidney: red, right kidney: 
green, background: blue).

mean intravenously injected 
activity of 99.4 ± 13.4 MBq  
of 99mTc-MAG3. Dynamic im- 
ages starting at time of injec-
tion were acquired using a 
Diacam Scintron (MiE medi- 
cal imaging electronics, Seth, 
Germany) with a low energy 
high-resolution collimator (LE- 
HR). MiE software was used 
for data analysis. Manual re- 
gions of interest (ROI) were 
drawn closely around each 
kidney. Background correction 
(rectangular ROI placed in the 
thorax region) was applied. 
SRFMAG3 was calculated based 
on the renal secretion phase 
(first 2 minutes) using integral 
method, which is described in 
detail in [21]. Standard furose-
mide administration after 30 
min in cases of renal retention 
with subsequent 20 min imag-
ing was performed to check 
for reno-ureteral obstruction.

Statistical analysis

Table 2. Descriptive statistics of split renal function of the right 
kidney measured by PSMA PET imaging and by standard renal 
scintigraphy
Type of Measurement Mean (%) SD (%) Min (%) Max (%)
68Ga-PSMA-11 PET 50.5 13.2 4.5 99.7
99mTc-MAG-3 scintigraphy 50.3 13.0 11.4 96.8
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As illustrated in Figures 4 and 5, in both sub-
group analyses of n=77 patients with normal 
renal function (eGFR ≥ 60 ml/min), and n=20 
patients with reduced renal function (eGFR < 
60 ml/min) a high correlation of both methods 
was seen (r=0.83, P < 0.001 and r=0.98, P < 
0.001), as well as an agreement in the Bland-
Altman analysis (mean: -0.002 [CI -0.118; 
0.116], mean: 0.018 [CI -0.072; 0.108]). 
Unilateral reno-ureteral obstruction defined by 
standard criteria as > 50% renal tracer reten-

is a surrogate marker of functional renal ti- 
ssue.

The calculated highly significant correlation 
(r=0.91, P < 0.001) of SRFPSMA and SRFMAG3 is 
similar to other established renal function 
assessment methods. 99mTc-DMSA and 99mTc-
MAG3 scintigraphy achieved correlations in the 
range of r=0.82-0.99 [24-27]. Other reported 
approved methods of SRF assessment are 
within the same range of correlation [28-31]. 

Figure 2. (A) Pearson correlation coefficient (r=0.91, P < 0.001) and (B) Bland-Altman-Plot of SRFPSMA and SRFMAG3 
of the entire cohort (n=98). 

Figure 3. Example of two representative cases with bilaterally equal SRF 
(A) PSMA PET [SRFright: 49.9%], (B) MAG3 scintigraphy [SRFright: 48.4%]) and 
laterally different SRF (C) PSMA PET [SRFright: 79.3%], (D) MAG3 scintigraphy 
[SRFright: 76.0%]).

tion in MAG3 scintigraphy 20 
min after furosemide adminis-
tration was observed in 14 
patients. In 13 of these 14 
patients (92.9 %) obstruction 
was visually discernable on 
PSMA imaging. Figure 6 illus-
trates a representative case 
for this aspect.

Discussion

As a proof of principle, this ret-
rospective study on n=97 
patients with dual assess-
ment by 68Ga-PSMA-11 PET 
and standard renal scintigra-
phy with 99mTc-MAG3 demon-
strates that PSMA-targeted 
radioligand imaging allows 
assessment of split renal 
function (SRF). We provide a 
preliminary first proof that 
renal PSMA expression in the 
proximal tubules of the kidney 
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Figure 4. (A) Pearson correlation coefficient (r=0.83, P < 0.001) and (B) Bland-Altman-Plot of SRFPSMA and SRFMAG3 in 
patients (n=77) with normal renal function (GFR ≥ 60 ml/min).

Figure 5. (A) Pearson correlation coefficient (r=0.98, P < 0.001) and (B) Bland-Altman-Plot of SRFPSMA and SRFMAG3 in 
patients (n=20) with reduced renal function (GFR < 60 ml/min).

Figure 6. Example of reno-ureteral obstruction seen in a patient; A. MAG3 scintigraphy revealing tracer retention of 
> 50% on the left side after furosemide administration, B. PSMA PET showing intense tracer accumulation in the 
dilated left ureter and renal pelvis. 
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Table 3 compiles SRF correlations between two 
different methods reported in literature. With a 
Bland-Altman analysis revealing a mean differ-
ence of 0.002 with 95%-CI of [-0.110; 0.114] 
our results suggest that PSMA-derived SRF is in 
good agreement with the established MAG3 
scintigraphy-derived SRF. A variance up to in 
the order of 10% within the largely symmetrical 
bilateral renal function range (40-60% SRF) is 
clinically less relevant and seen within other 
historical comparison of established methods 
of SRF assessment [30, 31]. Asymmetrical 
renal function distribution is very accurately 
quantified by PSMA imaging. In addition, the 
correlation and Bland-Altman agreement of 
SRFPSMA and SRFMAG3 is not affected by renal 
function, as indicated by our subgroup analysis 
of patients with normal and reduced renal func-
tion showing similar results.

Another observation in our study was the depic-
tion of reno-ureteral obstruction by PSMA imag-
ing in most cases (92.9%), which encourages 
the thorough PET reading in this regard. 

The presented results of this study are of par-
ticular interest in pre- and post-treatment man-
agement of mCRPC patients, in which PSMA 
PET/CT is a frequently performed imaging 
method for staging and restaging. With the pre-
sented new insights, these PSMA-PET/CTs can 
be used to calculate SRF at baseline of PSMA-
RLT and to detect unilateral changes during 
follow-up, potentially induced by tumor-obstruc-
tive nephropathies or therapy-induced nephro-
toxicity. Additional MAG3 scintigraphy might be 
dispensable, as shown by our study, sparing 
patients from unnecessary radiation exposure 
and distress.

sions. A larger confirmatory study would be 
highly warranted to confirm the results.  

Conclusion

Renal tubular PSMA expression allows assess-
ment of split renal function (SRF) by 68Ga- 
PSMA-11 PET/CT imaging. SRF derived by PS- 
MA PET and MAG3 scintigraphy are in good 
agreement. Additional MAG3 scintigraphy in 
order to quantify relative renal function contri-
bution may be spared; larger analyses are war-
ranted to confirm our findings and establish 
this approach to save time, distress and unnec-
essary radiation exposure for the patients.
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