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Abstract

Background ['""Lu]Lu-PSMA-617 is a well-tolerated therapy
for the treatment of metastatic prostate cancer. However, be-
cause of the mainly renal excretion of the tracer, the kidneys
are one of the most limiting organs. The purpose of this study
was to examine the post-therapeutic changes in renal function
over time and to identify risk factors for developing renal
toxicity. We also tested the reliability of markers for renal
function monitoring.

Methods Fifty-five patients with castrate-resistant metastatic
prostate cancer treated with at least three cycles of ['7"Lu]Lu-
PSMA-617 were investigated. Renal function was assessed
through laboratory tests (creatinine, GFR, cystatin C) and
Tc-99 m-MAG3 measurements. Adverse events were classi-
fied according to the Common Terminology Criteria for
Adverse Events (CTCAE) v4.0. To identify risk factors for
renal toxicity, we used Pearson’s correlation coefficient and
the corresponding p values.

Results None of the 55 patients experienced severe nephro-
toxicity (grade 3/4). In 14 patients (25%), we observed in-
creased creatinine levels of CTC 1° or 2°. There were 16 cases
ofincreased GFR (grade 1/2). At the baseline, only 14 patients
had elevated cystatin C. However, post-therapeutic cystatin C
was elevated in 32 patients (58%). A significant effect on renal
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function was found for age (p =0.049), hypertension (p =
0.001) and pre-existing kidney disease (p =0.001). The most
reliable predictive markers of nephrotoxicity were TER-
MAGS3 and cystatin C.

Conclusion Renal toxicity in patients treated with ['”’Lu]Lu-
PSMA-617 was low. There was no (sub)acute grade 3 or 4
nephrotoxicity.

Keywords PSMA - '""Lu - Prostate cancer - Renal function -
Nephrotoxicity - Radioligand therapy

Background

Prostate cancer (PC) cells overexpress prostate-specific mem-
brane antigen (PSMA) on the cell surface [1-4]. This makes
PSMA a promising target for the treatment of castrate-resistant
PC patients [5].

PSMA-617 is a ligand that binds to PSMA and at the same
time is labelled with the beta emitter lutetium-117 (*"Lu). Due to
the specific binding ("key-lock principle"), radioactivity accumu-
lates in the tumour tissue and irradiates it from the inside [6-8].

The latest studies in patients show that the treatment is well-
tolerated [9—15]. The most common side effects affect the kid-
neys, the bone marrow and the salivary glands [11, 16, 17],
which are consequently the dose-limiting organs.

Although according to our recently published results,
performing ['”’Lu]Lu-PSMA-617 therapy seems safe, with a
low nephrotoxicity profile [9—12, 18], because of the limited
number of patients in these studies, there is a need to evaluate
nephrotoxicity in patients who have received at least three
cycles of radioligand therapy (RLT). One important issue con-
cerns the risk factors for a decline in renal function after
PSMA therapy. In addition, it is unclear which markers are
most reliable for the detection of nephrotoxicity in treated
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patients. To address these issues, we retrospectively analysed
patients treated with at least three cycles of RLT in our
department.

Materials and methods
Patients

The study included 55 consecutive patients treated from
November 2014 to May 2016. All patients had extensive met-
astatic disease with PSMA-positive metastases in the
[®Ga]Ga-PSMA-11 PET/CT and had received at least three
cycles of ['""Lu]Lu-PSMA-617 (*""Lu-PSMA). This retro-
spective study was approved by the hospital’s ethics commit-
tee. Written informed consent was provided by each patient.
The baseline patients’ characteristics, such as prior therapies
and comorbidities, are listed in Table 1.

Pre-therapy preparation

Prior to treatment, patients underwent a [P Tc]Te-MAG3
(Tc-MAG3) scintigraphy to evaluate renal function and urine
flow. We also took blood samples to examine patients’ renal
status [creatinine (mg/dl); norm: 0.6—1.3], glomerular filtra-
tion rate (GFR; ml/min; norm: > 70), cystatin C (mg/dl; norm:
0.6—1.1) at baseline. The laboratory tests were repeated on the
day of discharge, at 2—4-week intervals after each therapy for a
period of 8—12 weeks and then at follow-up visits every
4 weeks after the end of treatment.

Treatment

PSMA-617 ligand was obtained from ABX GmbH
(Radeberg, Germany) and lutetium-177 (*"Lu) from IDB
(Holland, Bearle-Nassau, Netherlands). The labelling with
"7"Lu was undertaken locally. A slow bolus injection with a
median of 6 GBq '""Lu-PSMA (4.0-7.1 GBq) was injected
intravenously. The activity administered was decreased (4.0—
4.5 GBq) in patients with abnormal renal parameters (creati-
nine 1.6-2.0 mg/dl). After the administration of therapy, there
followed an infusion of 1000 ml of 0.9% sodium chloride
(NaCl) solution. Patients with elevated kidney retention pa-
rameters and delayed renal excretion in the renal scintigraphy
received a single dose of 40 mg of intravenous furosemide
10-20 min following the '”’Lu-PSMA injection.

Empiric kidney radiation dose
The renal radiation dose (RRD) was estimated empirically
based on dosimetry studies, which indicate that the absorbed

dose is 0.6-0.88 Gy per unit of GBq activity [16, 17]. The
cumulative RRD was determined as 0.88 Gy/GBq '’"Lu-
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Table 1 Patients’ characteristics
Characteristic Data (n=55)
Age
Mean 72
Patients <65 11 20%)
Patients > 65 44 (80%)
ECOG
0 18 (32%)
1 23 (42%)
2 14 (26%)
Risk factors
Diabetes mellitus 10 (18%)
Arterial hypertension 31 (56%)
Renal disease 7 (13%)
Prior and ongoing therapies
Abiraterone Hx: 24 (43.6%); ongoing: 13 (23.6%)
Enzalutamide Hx: 15 (27.3%); ongoing: 18 (32.7%)
Bisphosphonate Hx: 6 (10.9%); ongoing: 36 (65.5%)
or RANKL! inhibitor
Chemotherapy® Hx: 31 (56.4%)
Ra-223 Hx: 22 (40%)
Extent of the disease
Bone metastases
< 6 metastases 3 (5%)
620 metastases 11 20%)
> 20 metastases 27 (50%)
diffuse metastases/superscan 14 (25%)
Lymph node metastases 40 (73%)
Liver metastases 8 (14.5%)
Lung metastases 59.1%)

! Receptor activator of nuclear factor kappa-B ligand

2 22 patients received docetaxel and nine patients docetaxel as well as
cabazitaxel as second-line chemotherapy

ECOG: Eastern Cooperative Oncology Group; Hx: history

PSMA according to the study of Kabasakal et al. as the max-
imal RRD after '"Lu-PSMA in the literature [17].

Toxicity assessment and the identification of risk factors

Assessed were patients with at least 2 months of follow-up
after the last cycle. Using clinical reports and laboratory tests,
we explored potential risk factors for developing a renal dis-
ease, including age, hypertension, diabetes mellitus, a history
of chemotherapy, cumulative radiation dose and abnormal
baseline laboratory values. (Sub)acute and gradual losses of
renal function were graded according to the Common
Terminology Criteria for Adverse Events (CTCAE v4.0)
[19]. Abnormal cystatin C values and elevation over time
were also documented. Renal impairment was also examined
using a Tc-MAGS3 renography for the evaluation of renal func-
tion, including quantitative measurements of the tubular ex-
traction rate.

Statistical analysis

The patient data were gathered in a database using SPSS soft-
ware (IBM SPSS Statistics 22.0, Armonk, NY, USA) for
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Fig.1 Distribution of the cumulative radiation dose of the kidneys for all
patients after all cycles of 177Lu-PSMA (3-6 cycles). The median
cumulative RRD (cRRD) was 16.4 Gy (range 11.3-31.9). There were
18 cases of a radiation dose of the kidneys> 19 Gy. These patients
underwent more than 3 cycles of therapy (4—6 cycles)

statistical analyses. Potential risk factors were correlated with
the incidence of renal impairment. Statistically significant cor-
relations were analysed using Pearson correlation coefficients
and chi-squared tests. A value of p < 0.05 confirmed the sig-
nificance of our results.

We also tested the reliability of markers for renal monitor-
ing. The requirement was a marker with good predictive ac-
curacy and correlation with post-therapeutic toxicity, mea-
sured with the same marker.

Results
Patients

Between November 2015 and May 2016, a total of 197 cycles
were performed in 55 patients. Each patient received a median
of 3 cycles (3—6 cycles) at median intervals of 8 weeks (range:
6—8 weeks). Twenty patients were treated with 46 cycles. In
summary, the patient population consisted mainly of elderly
males (>65 years old) with extensive disease, but in good

general condition according to the Eastern Cooperative
Oncology Group (ECOG 0-1; 74%); 13% of the patients
had prior renal disease and more than half had hypertension,
which is a potential risk factor for developing an impairment
of renal function (Table 1).

Kidney radiation dose

The distribution of the empiric cumulative radiation dose of
the kidneys for all patients after all cycles of '”’Lu-PSMA (3—
6 cycles) is shown in Fig. 1. The median cumulative RRD
(cRRD) was 16.4 Gy (range 11.3-31.9). There were 18 cases
of a radiation dose of the kidneys > 19 Gy. These patients
underwent more than 3 cycles of therapy (4-6 cycles).
Table 2 shows the RRD of patients who underwent
retreatment with '7’Lu-PSMA. Salvage cycles with a median
cRRD of21.3 Gy were undertaken with a total of 20 patients.
Two additional cycles after relapse were performed in nine of
these patients (median cRRD 26.6 Gy). Three patients had
three cycles of salvage '7’Lu-PSMA (median cRRD 31.6 Gy).

Renal toxicity

Of the 55 patients, 14 (25%) showed a (sub)acute toxicity
CTC 1° (common toxicity criteria) and only one patient
CTC 2° according to the creatinine value. No grade 3/4 acute
loss of renal function was detected. Decreased GFR was ob-
served in 16 patients (29%): four had CTC 1° and 12 patients
CTC 2° toxicity. Graphical illustrations of creatinine and GFR
at baseline and after each therapy according to the CTCAE are
shown in Fig. 2.

Only 14 patients (25%) had elevated cystatin C at baseline.
After the treatment, 58% of the patients had abnormal cystatin
C, which was higher than the baseline value. Moreover, 56%
of patients developed elevated cystatin C which was constant-
ly increasing.

Impaired renal function was recorded in the renal scintig-
raphy in a total of 10 patients prior to therapy (Table 3). All of
these patients had only mild dysfunction with delayed renal
excretion, which could be compensated using an intravenous
injection of furosemide 40 mg. Eight patients showed renal
impairment after 1-2 cycles of therapy. Five patients were
referred to an urologist: in three of them, an ureteral stent

Table 2 Renal radiation dose

after retreatment with 17" Lu- Number of cycles  Number of patients ~ Range RRD*/cycle Median Median
PSMA (minimum-maximum; RRD*/ cumulative
Gy) cycle (Gy) RRD*
11 45-59 53 213
4.6-5.7 54 26.6
3 48-55 49 31.6

*RRD: renal radiation dose

@ Springer



1476

Eur J Nucl Med Mol Imaging (2017) 44:1473—-1479

Fig. 2 Graphical illustrations of baseline
creatinine and GFR at baseline

and after each therapy according (1)

to the CTCAE. There were no
cases of grade 3/4 nephrotoxicity.
More than 83% of patients
experienced no renal impairment
after therapy with '7"Lu-PSMA

no toxicity

&

no toxicity

was indicated and another two patients already had a stent,
which had to be revised. Four patients underwent a urological
intervention. One patient refused any intervention by the urol-
ogist, despite scintigraphically suspected urinary obstruction.
This patient previously had normal renal parameters, but
10 months after the therapy he developed grade 2 nephrotox-
icity with a GFR of 42 ml/min.

To test the reliability of different markers for renal moni-
toring, we compared the frequency of any renal toxicity (CTC
1-2°), measured with a particular marker. Figure 3 shows the
frequency of nephrotoxicity (any grade), detected with creat-
inine, GFR, cystatin C or tubular extraction rate (TER)-
MAG?3 measurements.

Risk factor assessment

Table 4 presents the results of statistical analysis of potential
risk factors for developing a renal disease after RLT. Relevant
negative effects on therapy-induced toxicity were found for
age (r=0.266, p = 0.049), hypertension (r=0.424, p =0.001)
and prior renal disease (r=0.424, p=0.001). There was no
significant impact from factors such as kidney radiation
dose > 19 Gy, diabetes mellitus and extension of the disease.

3. therapy

2. therapy
kX,
1

1. therapy

:
(4

2

no toxicity no toxicity no toxicity

no toxicity no toxicity

83,6%|

Furthermore, there was an inverse correlation between previ-
ous chemotherapy and nephrotoxicity (r=-0.300, p = 0.026).

Predictive factors for toxicity

All markers used correlated well with pre-existing renal dis-
ease: TER-MAG3 clearance (p <0.001, cystatin C
(»p<0.001), GFR (p<0.001) and creatinine (p =0.020).
Almost all factors corresponded with each other (p at least
0.05); the only exception was creatinine, which showed no
correlation with TER-MAG3 at baseline or at the end of
treatment.

TER-MAGS3 clearance and cystatin C showed good predic-
tive accuracy for renal impairment after therapy (p < 0.05) and
at the same time a strong correlation between baseline and
post-therapeutic nephrotoxicity, measured with the same
marker (TER-MAG3: r=0.702, p <0.001; cystatin C: r=
0.388, p=0.004). There was also a significant correlation be-
tween abnormal renal scintigraphy and the incidence of inter-
ventions by urologists: pre-therapeutic p <0.001 and post-
therapeutic p = 0.002.

To evaluate the significance of nephrotoxicity after RLT,
the baseline renal parameters of all treated patients were com-
pared with values 8—12 weeks after 3 treatment cycles. There

Table 3 Nephrotoxicity

according to common toxicity Baseline After three cycles of '7’Lu-PSMA

criteria (CTCAE v4.0) in all

patients at baseline and after CTC0° CTC1° CTC2° CTC CTC0° CTCI1° CTC2° CTC3%

three cycles of '""Lu-PSMA (%) (%) (%) 3/4° (%) (%) (%) (%) 4° (%)
Creatinine 51093) 40 0(0) 0 (0) 41 (74) 1324 12 0 (0)
GFR 43(78) 4 (7) 8 (15) 0 (0) 39 (71) 4(7) 12(22)  0(0)
Renal/urinary ~ 45(82) 10(18)  0(0) 0 (0) 47(85.5) 4(73) 473 0(0)

disorders
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Fig.3 Frequency of nephrotoxlclty (any grade), detected with creatinine,
GFR, cystatin C or TER-MAG3 measurements. Cystatin C showed high
sensitivity in the detection of renal impairment after RLT. After the
treatment, 58% of the patients had abnormal values higher than the base-
line values

was no relevant change in the means of creatinine (0.93 vs.
0.94), GFR (66.9 vs. 67.7) or cystatin C (1.05 vs. 1.07).

Treatment with 4-6 cycles

Twenty patients were treated with more than 3 cycles of RLT:
11, 6 and 3 patients with 4, 5 and 6 cycles, respectively. The
median cumulative '"’Lu-PSMA activity of the re-treated pa-
tients was 25.1 GBq (range 19.5-36.2). The median cumula-
tive dose of the kidneys was 22.2 Gy (17.2-31.9). CTC 1°
measured with creatinine was detected in 4 patients (20%).
According to the GFR measurements, there were two cases
of CTC 1° and two of CTC 2° toxicity. Again, there was no
CTC 3° or 4° radiation-induced impairment of renal function.

Discussion

""Lu-PSMA is a novel therapy option, primarily in pa-
tients with castrate-resistant metastatic prostate cancer.
These pre-treated patients have mostly a poor prognosis;

therefore, long-term toxicity does not seem to be a decisive
factor in decision-making concerning treatment.
Nevertheless, with regard to quality of life, it is important
to explore if there is relevant (sub)acute nephrotoxicity
after therapy with '”"Lu-PSMA.

In this retrospective study, we investigated 55 patients
treated with at least 3 cycles of RLT. Slightly decreased
GFR values (CTC 1°/2°) were observed in 29% of patients
and increased creatinine occurred in 25% patients treated with
repeated cycles of '”’Lu-PSMA. The incidence of nephrotox-
icity, measured with creatinine and GFR, increased slightly
after the first cycle. There were 6 patients (11%) with grade
1/2 renal toxicity after the first cycle. After the second and
third therapy sessions, 16% of patients experienced grade 1/
2 renal impairment.

To evaluate radiation-induced nephrotoxicity, we also in-
vestigated cystatin C in serum. Cystatin C is a precise and
quick marker for GFR measurements. A large meta-analysis
of 46 articles showed that cystatin C is superior to serum
creatinine as a marker of GFR [20]. Prozialeck et al. showed
in a study of cadmium-induced nephrotoxicity that cystatin C
is a very early and sensitive marker of proximal tubular injury
[21]. However, this marker is not a standard for toxicity as-
sessment according to the CTCAE v4.0 [19]. In our study,
25% of patients had elevated cystatin C at baseline. After the
treatment, 58% of the patients had abnormal values higher
than the baseline values. Furthermore, 56% of patients devel-
oped elevated cystatin C which increased over time. This may
indicate that cystatin C is more sensitive in detecting RLT-
induced nephrotoxicity.

Compared to baseline values, there was no relevant change
in the means of creatinine, GFR or cystatin C after three treat-
ment cycles. Also, in patients treated with more than three cy-
cles of '""Lu-PSMA therapy, no grade 3/4 nephrotoxicity was
detected.

Significant effects on therapy-induced renal impairment
were found for age (>65 y), hypertension and prior renal dis-
case. There was no substantial impact of factors such as dia-
betes mellitus, extension of the disease or local recurrence.
Interestingly, there was an inverse correlation between previ-
ous chemotherapy and nephrotoxicity (r=-0.300, p <0.05);
we could find no clear explanation for this in previous reports

Table 4 Results of statistical

analysis of potential risk factors Risk factor r value p value Significant Positive effect (PE) or negative effect (NE)
for developing a renal disease
after RLT® Age 0.266 0.049 yes NE

Prior renal disease 0.424 0.001 yes NE

Hypertension 0.424 0.001 yes NE

Previous chemotherapy -0.300 0.026 yes PE

¢cRRD®> 19 Gy -0.531  0.051 no -

# RLT: Radioligand therapy

® ¢RRD: cumulative renal radiation dose
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in the literature, but this result indicates that a history of che-
motherapy is not a risk factor for RLT.

Moreover, no relevant increase in nephrotoxicity could be
detected in patients with a kidney radiation dose> 19 Gy in
the follow-up period of this study. This is important in the
salvage setting for patients who relapse after an initial re-
sponse to ''Lu-PSMA therapy.

In this analysis, we also searched for reliable predictive
markers for adverse renal effects. TER-MAGS3, cystatin C,
GFR and creatinine correlated well with existing renal disease,
which verifies the reliability of these markers. Almost all fac-
tors corresponded with each other; the only exception was
creatinine, which showed no correlation with TER-MAG3 at
baseline or at the end of treatment. A possible explanation for
this is that renal scintigraphy measures the tubular excretion
rate, while creatinine clearance is performed primarily by glo-
merular filtration [22].

Both TER-MAG3 and cystatin C showed good predictive
accuracy for renal impairment after therapy and at the same time
a strong correlation between baseline and post-therapeutic CTC
nephrotoxicity. In addition, renal scintigraphy was the only ex-
amination that reliably demonstrated an obstructive uropathy.

Conclusion

Even after repeated therapy cycles, Lu-PSMA did not cause
significant (CTC 3° or 4°) nephrotoxicity in patients. Among
the markers for the assessment of renal function, TER-MAG?3
and cystatin C showed the best predictive accuracy for renal
impairment after therapy.
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