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Abstract

Purpose Peptide receptor radionuclide therapy (PRRT) with
%%y and '""Lu provides objective responses in neuroendocrine
tumours, and is well tolerated with moderate toxicity. We
aimed to identify clinical parameters predictive of long-term
renal and haematological toxicity (myelodysplastic syndrome
and acute leukaemia).

Methods Of 807 patients studied at IEO-Milan (1997-2013),
793 (98 %) received ' "Lu (278, 34.4 %), *°Y (358, 44.4 %) or
"7"Lu and *°Y combined (157. 19.5 %), and 14 (2 %) received
combinations of PRRT and other agents. Follow-up was
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30 months (1-180 months). The parameters evaluated included
renal risk factors, bone marrow toxicity and PRRT features.
Data analysis included multiple regression, random forest fea-
ture selection, and recursive partitioning and regression trees.
Results Treatment with °°Y and *°Y+'""Lu was more likely
to result in nephrotoxicity than treatment with '’"Lu alone
(33.6 %, 25.5 % and 13.4 % of patients, respectively;
»<0.0001). Nephrotoxicity (any grade), transient and persis-
tent, occurred in 279 patients (34.6 %) and was severe (grade
3+4)in 12 (1.5 %). In only 20-27 % of any nephrotoxicity
was the disease modelled by risk factors and codependent
associations (p<0.0001). Hypertension and haemoglobin tox-
icity were the most relevant factors. Persistent toxicity oc-
curred in 197 patients (24.3 %). In only 22-34 % of affected
patients was the disease modelled by the clinical data
(»<0.0001). Hypertension (regression coefficient 0.14,
»<0.0001) and haemoglobin toxicity (regression coefficient
0.21, p<0.0001) were pertinent factors. Persistent toxicity was
associated with shorter PRRT duration from the first to the last
cycle (mean 387 vs. 658 days, p<0.004). Myelodysplastic
syndrome occurred in 2.35 % of patients (modelled by the
clinical data in 30 %, p<0.0001). Platelet toxicity grade (2.05
+1.2 vs. 0.58+0.8, p<0.0001) and longer PRRT duration
(22.6+24 vs. 15.5+£9 months, p=0.01) were relevant. Acute
leukaemia occurred in 1.1 % of patients (modelled by the
clinical data in 18 %, p<0.0001).

Conclusion 1dentified risk factors provide a limited (<30 %)
risk estimate even with target tissue dosimetry. These data
strongly suggest the existence of unidentified individual sus-
ceptibilities to radiation-associated disease.

Keywords PRRT - NET - Bone marrow toxicity -
Nephrotoxicity - Decision tree analysis
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Introduction

Peptide receptor radionuclide therapy (PRRT) has been ad-
ministered for almost two decades and is an established effec-
tive therapeutic approach in the treatment of inoperable or
metastatic gastroenteropancreatic (GEP), bronchopulmonary
and other neuroendocrine tumours (NETs). The two most
commonly used radiopeptides, **Y-octreotide and '"’Lu-
octreotate, produce objective response rates of 15-35 %
[1-6]. However, no randomized trials have been performed,
and the results of an ongoing phase III study are projected for
2016 (http://netter-1.com/). In addition to tumour shrinkage,
biochemical and symptomatic responses are commonly
observed [7]. Of particular relevance is the favourable
outcome in terms of both progression-free survival and overall
survival [8, 9].

In general, PRRT is well tolerated with moderate toxicity in
the majority of patients if the necessary precautions (e.g.
coadministration of amino acids) are undertaken [1, 9].
Nevertheless, long-term adverse events remain poorly under-
stood and are often unpredictable, and rigorous data relating to
this substantial clinical issue are limited [10]. The critical
targets of long-term toxicity are the kidneys and bone marrow,
with loss of renal function (grade 3/4 toxicity in 3-9 % of
patients after treatment with *°Y peptide, grade 4 toxicity
0.4 % after treatment with '"’Lu peptide), reduced bone
marrow reserve and, more infrequently, myelodysplastic syn-
drome (MDS) and leukaemias (sporadically reported) [1, 2, 4,
9, 10]. Haematological toxicity is the most common subacute
side effect of bone marrow irradiation. The nadir usually
occurs 4-6 weeks after therapy, and toxicity is mild and
reverses within a few weeks of treatment cessation. More
severe WHO grade 3 or 4 haematological toxicities occur in
about <10 % of patients irrespective of the radiopeptide [1,
10].

Renal irradiation occurs as a consequence of proximal
tubular reabsorption of filtered radiopeptides with radiation
to the glomeruli [2, 11, 12]. In such circumstances, the devel-
opment of thrombotic microangiopathy may culminate in
permanent renal toxicity 6—12 months after irradiation [11,
12]. Irrespective of protection, PRRT leads to a reduction in
kidney function with a loss of creatinine clearance of 4 % and
7 % per year for '""Lu-octreotate and *°Y-octreotide, respec-
tively [9]. It has been reported that a higher and more persis-
tent decline in creatinine clearance is more frequent when
renal risk factors such as longstanding or poorly controlled
diabetes, previous platinum-based chemotherapy and hyper-
tension are present [13, 14].

Therapy-related myeloid neoplasms, MDS and acute leu-
kaemia (AL), are part of a spectrum of single disease entities
whose pathobiology remain unknown and which may be a
lethal late complications of cytotoxic treatment for a primary
cancer [15]. The precise causal relationship with PRRT
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remains elusive since only a small percentage of patients
(about 2 % after '""Lu-octreotate therapy) develop the syn-
drome [4, 8, 10]. An association with collateral myelotoxic
therapy including chemotherapy or radiotherapy has, howev-
er, been suggested [2, 10]. Radioiodine, with physical charac-
teristics similar to Lutetium, can induce second primary tu-
mors with a probability comparable to external radiotherapy
and lower than chemotherapy [16].

Given the increased use of PRRT in NETs and the numer-
ous other coadministered therapies, it is crucial to define the
risk relationship between toxicity and therapy by identifying
risk factors. These factors are considered to modulate the
occurrence of adverse events after PRRT through altering
the thresholds for toxicity to critical organs [10, 13, 14]. In
this study we analysed the long-term outcome of kidney and
bone marrow parameters in a large cohort of patients with
metastatic and/or inoperable NETs who underwent PRRT,
with the intention of assessing the predictive value of clinical
risk factors. Specifically, we assessed the occurrence of renal
and bone marrow toxicity of any grade, evaluated the presence
and strength of the correlation between toxicity and risk
factors [9, 17], and evaluated the correlation between toxicity
and the PRRT parameters, as well as other associated clinical
features.

Materials and methods

Between February 1996 and April 2013 887 individuals with
GEP, bronchial or unknown site NETs were treated with
PRRT protocols at the European Institute of Oncology (IEO)
in Milan. Of these, 70 with no follow-up data after the first
cycle were excluded. The retrospective analysis therefore
included 807 patients. Treatment protocols are shown in
Table 1. Of the 807 patients, 793 (98 %) were treated with
7Lu, °°Y or the two combined and 14 (2 %) with combina-
tions of PRRT and other agents, and 93 (11.5 %) received an
adjunctive salvage PRRT treatment. The median total cumu-
lative activity from treatment with °*Y-octreotide alone was
10.1 GBq (range 1.1-26.5 GBq), from '’’Lu-octreotate alone
was 23.3 GBq (1.7-49.2 GBq) and from the combination
treatment was 7.3 GBq from *°Y and 13.44 GBq from '""Lu
(ranges 0.4-31.7 and 1.1-39 GBgq, respectively). Patients
received various treatment schemes, which were mainly se-
lected on the basis of response and frequently adapted to the
clinical scenario (e.g. toxicity). In some instances treatment
was stopped early due to significant disease progression.
Nevertheless, these individuals are included in the analysis.

Analysis of parameters

The following parameters were included in the analysis: age at
diagnosis, gender, tumour site, tumour grade, Ki67 (highest
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Table 1 PRRT treatment protocols in 807 patients

Protocol

No. of patients Cumulative activity (GBq) No. of cycles

Median  Range Median Range
PRRT protocol (n=793) 7"Lu-octreotate 278 22.9 1.7-31.8 5 1-10
90y_octreotide+'"Lu-octreotate 157 6.4+12.7 04-31.7,19-362 5 1-19
9Y-octreotide 358 10.1 1.1-26.4 4 1-11
PRRT protocol+Other Agents (n=14) '7’Lu-octreotate-+capecitabine 1,500 g/day 12 16.5-30.7 6 3-9
y_octreotide+ CDDP/VP16 1
y-octreotide+'>*Sm 1
Adjunctive salvage PRRT (1=93) PY-octreotide 26 35 1-12.9
77 u-octreotate 55 13 1.9-21.3
9y-octreotide+ "’ Lu-octreotate 11 28+56 1.9-7.8,2.2-19
'7"Lu-octreotate+metronomic capecitabine 1 18

value), FDG positivity, clinical syndrome, metastases and site
(liver, lymph nodes, bone, lung, peritoneum, other), therapy
with somatostatin analogues, and previous therapy, including
surgical resection of the primary, chemotherapy, radiotherapy,
interferon, transarterial (chemo)embolization (TACE, TAE)
and radiofrequency ablation. The following risk factors for
nephrotoxicity were also included: diabetes (controlled/un-
controlled), hypertension (controlled/uncontrolled), and other
factors, such as chemotherapy with nephrotoxic agents, TACE
or TAE, renal NET lesions, kidney encasement by a tumour
lesion, renal tumours or cysts, congenital or acquired absence
of one kidney, congenital or acquired kidney malformation,
nephrolithiasis, renal outflow obstruction, reduced renal func-
tion at baseline and kidney diseases (autoimmune, acquired).
The following bone marrow risk factors were included: che-
motherapy with myelotoxic agents and other factors, such as
tumour invasion of bone marrow, radiotherapy (bone marrow
fields), immunosuppressive agents, previous radionuclide
therapies with '*'I or '*'I-MIBG, previous bone marrow
toxicity, previous anaemia (including minor/minimal beta-
thalassaemia, macrocytosis, leucopenia, thrombocytopenia
and monoclonal gammopathies), and prior myeloproliferative
diseases including myelogenous leukaemia in one patient and
lymphoblastic leukaemia in one.

Toxicity parameters included haematological toxicity
grade (worst grade during follow-up) evaluated as
haemoglobin (Hb), white blood cell (WBC) count and platelet
(PLT) count, whether haematological toxicity grade 2 or
more persisted after PRRT, creatinine toxicity grade,
whether renal toxicity grade 1 or more persisted after
PRRT, creatinine clearance with persistent toxicity of any
grade, MDS and AL. These were also tested separately as
codependent associations with toxicity, together with the
cumulative administered activity (in microcuries), number
of cycles, approximate activity per cycle, and the type of
radiopeptide used.

Other clinical factors considered in the analysis were the
date of diagnosis, the date of the start and end of PRRT,
salvage/adjunctive PRRT, and the date of the start and end
of salvage/adjunctive PRRT. Cohort parameters included: last
follow-up or contact, length of follow-up, whether the indi-
vidual was alive, date of death, and if death was NET-related,
as determined from the institutional tumour registry. Clinical
information was obtained from hospital charts (including in-
patient episodes and outpatient visits), when feasible, and
when unavailable, from patient contact (phone calls, faxes,
emails). Haematological criteria were assessed biweekly dur-
ing PRRT treatment, monthly in the first year of follow-up,
and every 3—6 months in the subsequent period, until death,
loss to follow-up, or a different treatment was initiated. In a
subset of 34 patients, dosimetric data were available and could
be correlated with outcome (Table 2). According to previously
published data, a lower renal threshold for toxicity (biologi-
cally effective dose, BED, 30 Gy) was considered in patients
with risk factors, in contrast to 40 Gy in those without such
factors [13, 14]. The conventional threshold of 2 Gy was
considered for the bone marrow.

Toxicity parameters

Toxicity was graded according to Common Terminology
Criteria for Adverse Events (CTCAE) version 4.0 (NCI,
Bethesda, MD.).

Statistical analysis

Multiple regression and data subanalysis Multiple linear re-
gression analysis was undertaken. The variables to model the
disease (e.g., nephrotoxicity) in the dataset of 807 patients
included known clinical risk factors (six covariates, e.g. pre-
vious chemotherapy) and codependent associated factors
(eight covariates, e.g. Hb toxicity). Four outcomes were
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modelled: (1) any nephrotoxicity (any grade, including tran-
sient; 279 patients); (2) persistent not recovering nephrotoxi-

Follow-up
(months)

(=2

o o city (197 patients); (3) MDS (19 patients); and (4) AL (8
£ patients). Nephrotoxicity was defined as any transient or
é g B g persistent elevation in creatinine (nonrenal causes of creati-
S ¢ 2R nine elevation were excluded a priori). Covariates were binary
coded: no 0, yes 1. For subanalyses, age and Hb toxicity grade
were analysed as a continuous variable while other variables
(e.g. gender) were evaluated as discrete variables using the
o chi-squared test. The Mann-Whitney U test (nonparametric,
;j) two-tailed) was also used when applicable (SPSS version 22,

= z Z GraphPad Software Prism 6.0).
o % Analysis of the importance of clinical features The impor-
g E tance of individual clinical features for predicting nephrotox-
£ E e e icity and MDS was calculated using random forest and boot-
cE= s - strap aggregation for an ensemble of 1,000 decision trees (R
a E package randomForest, R version 3.0.1). The mean decrease
2 g2 in Gini coefficient was used as a measure of the importance of a
5 2 -;% variable. Variable importance >10 and >1 was used to select
- 2 features for prediction of nephrotoxicity and MDS, respectively.
a 2 Recursive partitioning and regression analysis Regression

trees predicting the development of nephrotoxicity and MDS

Creatinine
toxicity

E -2 were constructed from 38 variables using the rpart package
[18] for the R computational environment (R version 3.0.1).
oo The development of nephrotoxicity and MDS were analysed
= as discrete variables.
El
Results
2 2
k '% Dataset audit
EsR oo
SE¢C g d
The study included 807 patients. Demographics included
9 . male gender (57.2 %) and average age at diagnosis (53.1 years,
?;3;2 § 3 = range 9.54-85 years). Tumour sites included carcinoid of
- s - unknown primary (CUP; 93 patients, 11.5 %), gut (276 pa-
tients, 34.2 %), pancreas (329 patients, 40.8 %) and
g > bronchopulmonary NETs (109 patients, 13.5 %). In order to
& 8 8 assess all observed toxicities, three treatment groups were
considered based on the radiopeptide used: '”’Lu alone (290
patients, 35.9 %), 7Ly and *°Y (157 patients, 19.5 %) and
@ %0y alone (360 patients, 44.6 %). The mean number of treat-
é oo ment cycles was 4.75 (range 1-19) in particular, 5.1 for
4% Q2 lutetium, 5.6 for yttrium+lutetium, and 4.4 for yttrium. The
= = E average duration of PPRT, including salvage treatments, was
) £%3 3 14.6 months (range 0—108.1 months). The median duration of
é 5 é ig g = follow-up was 30 months (range 1-180 months).
§ ~ 5> & & g Renal toxicity, defined as an increase of any grade in serum
: s g creatinine, transient or persistent, in the entire group of 807
2|5 - & patients, occurred in 279 patients (34.6 %). Renal toxicity was
gl & g g = temporary and mild (grade 1/2) in 29.4 % of them. Persistent
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Table 3 PRRT nephrotoxicity in all patients and individual groups (°°Y, *°Y+'""Lu and '""Lu)

Grade® All 0y Oy +177Ly Lu Duration of toxicity
No. of Percent of  No. of Percent of  No. of Percent of  No. of Percent of ~ Transient Persistent
patients  patients patients  patients patients  patients patients  patients
0 526 65.2 200 55.9 109 69.4 216 74.5 - -
1 227 28.1 118 33.0 39 24.8 69 23.8 81 (98.8%) 146 (74.1%)
2 40 5.0 29 8.1 3.8 5 1.7 1(1.2%) 39 (19.8%)
3 5 0.6 5 14 0.0 0 0.0 - 5(2.5%)
4 7 0.9 5 14 2 1.3 0 0.0 - 7 (3.6%)
Not available 2 0.2 1 0.3 0.6 0 0.0 -
Total 807 100 358 100 157 100 290 100 82(29.4 %) 197 (70.6 %)
12 33.1 41.1 28.7 25.5 93.9%
3/4 1.5 2.8 1.3 0 6.1%

 According to CTCAE version 4.0

toxicity occurred in 197 patients (70.6 %), and in the majority
these 197 patients (93.9 %) toxicity was mild, but severe
(grade 3/4) toxicity was noted in 6.1 % of these 197 (1.5 %
of the whole group of 807 patients; Table 3). The correspond-
ing percentage loss in creatinine clearance (Cockroft-Gault
formula) could be retrieved in 162 of the 197 patients with
persistent toxicity (Table 4).

Haematological toxicity (PLT, WBC or Hb) was mild or
absent in the large majority of patients. Grade 1/2 toxicity
occurred in 663 patients (82.2 %). Severe (grade 3/4) toxicity
occurred in 9.5 % of patients (Table 5).

Comparison of **Y-based and '"’Lu-based therapies

Prior to the inclusive analysis (807 patients), we determined
whether there were differences among the patients of the three
treatment groups. Before 1999, when amino acid-based renal
protection was introduced, 42 patients (5.2 %) were treated

Table 4 Course of percentage loss in creatinine clearance (Cockroft-
Gault formula) in 162 of the 197 patients with persistent nephrotoxicity
during a median follow-up of 47 months (2—181 months), according to
the degree of creatinine toxicity. Creatinine clearance loss was more
marked after treatment with °°Y (median 52.3 %, range 12.2-89.7 %),
than after treatment with *°Y+'""Lu (median 47.7 %, range —11.1—
90.3 %) or '""Lu alone (median 31.2 %, range —9-76.4 %)

Grade® No. of patients Percentage creatinine clearance loss
Median Range

1 116 34.7 —4.1-188.9

2 35 452 12.6-133.2

3 4 50.9 35.7-77.9

4 7 66.3 19.2-97.8

# According to CTCAE version 4.0
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with *°Y. This group exhibited significantly higher rates of
nephrotoxicity (any form in 25, 60 %; persistent in 19, 45 %),
than the post-1999 cohort (any form in 254, 33.2 %; persistent
in 177, 23.1 %; x*=9.4 and 11.1, p<0.002). No significant
differences were noted for the development of MDS (2.4 %
vs. 2.5 %) or AL (0 % vs. 1.05 %).

%Y treatment overall (before and after 1999) was associ-
ated with significantly higher rates of any nephrotoxicity
(43.9 %) and persistent toxicity (33.6 %) than ' ""Lu treatment
(25.5 % and 13.4 %, p<0.0001; Fig. 1a). Overall, nephrotox-
icity of any grade occurred in 279 patients (34.6 %) but was
severe only in 1.5 % (Fig. 1b). Combination therapy
(*°Y+'""Lu) also resulted in a higher proportion of persistent
nephrotoxicity (23.6 %, p<0.0001) than '""Lu treatment
alone. No differences were noted in gender distribution but
the use of somatostatin analogues was higher in the '”’Lu-
treated group (269 patients, 92.8 %) than in the **Y-treated
group (271 patients, 75.3 %; p<0.0001).

Analysis of potential clinical factors associated with the
development of nephrotoxicity or MDS/AL identified signif-
icant differences for previous chemotherapy and radiotherapy
as well as for other nephrotoxic risk factors. Specifically, a
significantly lower (both p<0.03) percentage of the '"’Lu
group was exposed to previous chemotherapy (83 patients,
28.6 %) and radiotherapy (9 patients, 3.1 %) than of the *°Y
group (134 patients, 37.2 %; 27 patients, 7.5 %, respectively).
Neither uncontrolled diabetes nor hypertension were different
between the groups, but the *°Y group exhibited a higher
percentage of other nephrotoxic risk factors (140 patients,
38.9 %, vs. 90 patients, 31 %; p<0.05).

Inclusive comparative analysis

To investigate the study hypothesis, the entire group of 807
patients was included.
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Table 5 Haematological toxicity .
in patients receiving PRRT: group Grade®  All

90Y 90Y+ 1 77Lu 177Lu

analysis. Given the lack of differ-

ences among different haemato- No. of Percent of  No. of Percent of  No. of Percent of  No. of Percent of
logical lineages, data are grouped patients  patients patients  patients patients  patients patients  patients
0 67 8.3 33 92 11 7.0 23 7.9
1 410 50.8 147 40.8 75 47.8 188 64.8
2 253 314 129 35.8 54 344 70 24.1
3 63 7.8 39 10.8 15 9.6 9 3.1
4 14 1.7 12 33 2 13 0 0
Total 807 100 360 100 157 100 290 100
12 82.2 76.7 82.2 89.0
* According to CTCAE version 3/4 95 14.2 10.8 31
4.0
Any nephrotoxicity included the number of cycles. However, the combination of

This analysis included 279 patients (34.6 %) with any neph-
rotoxicity including transient. In 20 % of affected patients the
disease was modelled by the risk factor data (adjusted R*=
0.032, F=5.46, p<0.0001). Codependent associations
modelled the disease in 27 % of affected patients (adjusted
R*=0.063, F=7.78, p<0.001). Variables significantly related
to the development of nephrotoxicity are shown in Table 6. Of
the known risk factors, hypertension and other risks for neph-
rotoxicity, e.g. nephrotoxic chemotherapy and TACE, were
significantly associated with the development of nephrotoxi-
city. Of the codependent associative factors, Hb toxicity grade
was most significantly related to the development of disease,
possibly as a consequence of nephrotoxicity. Other factors

a
1001
[ Any nephrotoxicity
80- 3 Persistent Nephrotoxicity
& MDS
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groups. *°Y+!"7Lu and °°Y alone were associated with significantly
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'7"Lu and *°Y was negatively associated, i.e. inversely related
to the development of nephrotoxicity. Subanalysis showed
that Hb toxicity grade was higher in patients with nephrotox-
icity (1.30+0.74 vs. 1.0+£0.73, p<0.0001; Fig. 2a), and these
patients were older (56.7+£12.3 years vs. 52.6+13.2 years,
p<0.0001; Fig. 2b) and were more frequently men (63.4 %
vs. 53.9 %, p<0.05; Fig. 2c), and nephrotoxicity occurred
more often in those receiving *°Y or a combination of '”’Lu
and *°Y (73.5 % vs. 59 %, p<0.05; Fig. 2d).

Persistent nephrotoxicity

This analysis included 197 patients (24.3 %) with persistent
nephrotoxicity. Clinical risk factors modelled the disease in
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Table 6 Clinical parameters as-
sociated with nephrotoxicity

Any nephrotoxicity (n=279)

Persistent nephrotoxicity (n=197)

Coefficient Significance Coefficient Significance
Risk factors
Previous chemotherapy —0.11 0.81 —0.035 0.477
Previous radiotherapy 0.008 0.82 0.018 0.624
Other previous therapy 0.067 0.055 0.092 0.012
Diabetes 0.051 0.144 0.065 0.075
Hypertension 0.144 <0.0001 0.144 <0.0001
Other nephrotoxic risk 0.133 0.005 0.149 0.003
Codependent associations
"""Lu treatment -0.114 0.58 —0.154 0.013
""Lu+*"Y treatment —0.102 0.026 —0.099 0.039
Cumulative activity —0.136 0.088 —0.169 0.046
Number of cycles 0.151 0.01 0.187 0.003
Hb toxicity grade 0.162 <0.000 0.213 <0.0001
WBC toxicity grade —0.068 0.096 —0.094 0.029
PLT toxicity grade —0.063 0.255 —0.063 0.269
PLT toxicity score 0.077 0.187 0.079 0.194

22 % of affected patients (adjusted R*=0.038, F=5.82,
p<0.0001). Codependent associations modelled the disease
in 34 % of affected patients (adjusted R*=0.104, F=11.5,
p<0.001). Variables significantly related to persistent nephro-
toxicity are shown in Table 6. The variables associated with
persistent nephrotoxicity were the same as those for any grade
of nephrotoxicity except that other previous therapies were
included in the model. Codependent associations included Hb
toxicity and the number of cycles as positively related to
persistent nephrotoxicity, while the radiopeptide type ('’"Lu
and '""Lu+°°Y, as well as the cumulative number of cycles
and WBC toxicity were negatively associated with the devel-
opment of persistent nephrotoxicity.

Subanalysis showed that Hb toxicity grade was higher in
patients with persistent nephrotoxicity (1.42+0.75 vs. 1.024+
0.62, p<0.0001) and more patients were exposed to *°Y-based
PRRT (83 % vs. 59 %, p<0.05). There was no relationship
between the grade of nephrotoxicity and the duration of PRRT
exposure from the first to the last cycle (Fig. 2e). However,
individuals who developed persistent toxicity had a signifi-
cantly shorter duration of PRRT exposure (mean 387 days vs.
658 days for transient toxicity, p<0.004; Fig. 2f). Subanalysis
of transient versus persistent nephrotoxicity did not identify
any known clinical risk factor; Hb toxicity grade was the only
covariate identified as significantly different (1.42+0.75 vs.
1.02+0.63, p<0.0001).

MDS

MDS occurred in 19 patients (2.35 %). Clinical risk factors
modelled the disease in 16 % of affected patients (adjusted
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R*=0.02, F=5.16, p<0.0001) whereas codependent asso-
ciations modelled the disease in 30 % of affected patients
(adjusted R*=0.08, F=9.9, p<0.0001). The risk factors
associated with MDS were previous chemotherapy and
other bone marrow risk factors, such as tumour invasion
of bone marrow and other previous myelotoxic therapies,
while the PLT toxicity grade was also significant (p=0.01;
Table 7).

Acute leukaemias

AL occurred in eight patients (1.1 %, six of whom convert-
ed from MDS: one promyelocytic, three myeloid, three
lymphoblastic and one non-specified form). In 14 % of
affected patients the disease was modelled by the clinical
risk factor data (adjusted R*=0.015, F=4.16, p=0.002).
Codependent associations modelled the disease in only
18 % of affected patients (adjusted R*=0.021, F=3.19, p=
0.001). As found for MDS, the only risk factors associated
with AL were previous chemotherapy and other bone mar-
row risk factors, while PLT toxicity grade was also signif-
icant (p=0.03; Table 7). As expected, AL and MDS were
correlated. Subanalysis comparing patients with MDS who
developed AL and those who did not failed to identify
significant differences between the two groups. The times
between the start of PRRT and the development of MDS
and AL (mean 1,351 days and 1,699 days, respectively)
were not significantly different. However, both conditions
developed significantly later than persistent nephrotoxicity
(»<0.01; Fig. 3d).
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Fig. 2 Risk factors and codependent clinical features associated with
development of nephrotoxicity following PRRT treatment. A higher Hb
grade (a) and older age (b) as well as male gender (c) were all positively
linked. '"’Lu treatment was negatively related to the development of
disease (d). The creatinine grade was not related to PRRT exposure (e)
but patients who developed nephrotoxicity had a significantly lower time

Relationship with the absorbed dose

Dosimetric results and a median follow-up of 60 months
(range 14-181 months) were available in 34 patients (4 %;
Table 2). A comparison of the clinical risk factors and code-
pendent associated factors for kidney and bone marrow tox-
icity identified similar variables associated with disease, e.g.
other nephrotoxicity risk factors and other bone marrow risk
factors, between this group and the 807 patients. Of the 34
patients, 15 had renal doses/BED above the threshold, and 8
of these developed permanent toxicity, while among the 19
patients with doses/BED below the threshold, 3 developed
permanent toxicity (Fig. 4a). With regard to the bone marrow,
3 of 29 patients with doses below the threshold exhibited
myeloproliferative events, while 1 patient with a dose above
the threshold had no adverse events (Fig. 4b). The kidney
BED, included as a codependent associative factor in the
modelling analyses, demonstrated a similar relationship to
nephrotoxicity as the Hb toxicity grade (standardized

Days

of exposure to radiation (f). The data are presented as means+SEM
(*p<0.0001 vs. no nephrotoxicity, “p<0.01 vs. transient nephrotoxicity;
two-tailed Mann-Whitney U test). No No nephrotoxicity, Yes develop-
ment of any nephrotoxicity, M male, F female, Other '""Lu+°"Y treat-
ment and *°Y treatment, PERS persistent nephrotoxicity, TRANS tran-
sient nephrotoxicity

coefficients of 0.144 and 0.135, respectively). The bone mar-
row dose did not significantly contribute to the bone marrow
disease modelling.

Recursive partitioning and regression tree analysis

To determine whether clinical information alone could be used
to determine the risk of pathology, a classification tree analysis
was constructed. The variables relating to nephrotoxicity
(based on the creatinine grade) were evaluated (Fig. 5a, b)
and MDS (Fig. 5¢c, d).

Overall, age at diagnosis, time between diagnosis and
PRRT, cumulative activity, duration of PRRT, and %Y and
""Lu doses were important determinants of nephrotoxicity
(Fig. 5a). The decision tree analysis demonstrated that neph-
rotoxicity was not manifested in the majority of patients
receiving '"’Lu at commonly used cumulative doses of
>200 mCi (7.4 GBq, 76 % of patients; Fig. 5b).
Interestingly, development of nephrotoxicity in patients
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Table 7 Clinical parameters as-
sociated with MDS

Fig. 3 Clinical variables
associated with the development
of MDS and AL following PRRT
treatment. A higher PLT grade (a)
and longer duration of treatment
(b) were both positively linked.
The receiver operating
characteristic curve (c¢) indicated
that PLT grade may have utility as
a marker of MDS (AUC 0.84,
»<0.0001). Development of
either MDS or AL occurred at a
significantly later time point than
persistent nephrotoxicity (d). The
data are presented as means+
SEM (*p<0.0001 vs. no MDS
and NTOX, “p<0.01 vs. no MDS
and NTOX; two-tailed Mann-
Whitney U test) No No MDS,
NTOX nephrotoxicity
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MDS (n=19) AL (n=8)
Coefficient Significance Coefficient Significance
Risk factors
Previous chemotherapy —0.194 <0.0001 —0.15 0.001
Previous radiotherapy 0.004 0.908 0.034 0.333
Other previous therapies —0.033 0.342 —0.071 0.43
Other bone marrow risk factors 0.184 <0.0001 0.152 0.001
Codependent associations
7Ly treatment 0.040 0.503 -0.003 0.961
7"Lu+"Y treatment 0.044 0.335 -0.013 0.785
Cumulative activity —-0.009 0.907 0.022 0.792
Number of cycles 0.073 0.209 —0.046 0.441
Hb toxicity grade 0.055 0.148 0.011 0.785
WBC toxicity grade 0.046 0.259 0.036 0.389
PLT toxicity grade 0.141 0.01 0.124 0.028
PLT toxicity score 0.106 0.068 0.035 0.581
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kidneys are administered, there is a grey zone of unpredictable outcome
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receiving <7 GBq of '7’Lu required computational evaluation
of additional parameters including number of cycles (>1.5),
time between diagnosis and the start of PRRT (‘Time.bw.’),
age (>50 years), and °°Y activity (Fig. 5b). For example, if
‘Time.bw.” was <31 months, the following variables were
associated with the development of nephrotoxicity: age
(>50 years), WBC toxicity (>1.5), and the use of *°Y. Sixty-
four per cent (64 %) Of the patients treated with PRRT later
than 31 months after diagnosis developed nephrotoxicity, as
did 64 % of those treated with *°Y.

Figure 5c highlights the relative importance of each vari-
able in the development of MDS. The analysis showed that
AL, cumulative activity, duration of PRRT, age at diagnosis,
time between diagnosis and PRRT, toxicity grades (PLT,
WBC and Hb) and number of cycles were all important. The
decision tree analysis, however, only showed that AL was a
determinant of MDS (Fig. 5d). Due to the limited availability
of dosimetric estimates in the entire cohort (4 %), these
parameters could not be included in the analysis.

Discussion

In this retrospective analysis, we identified several risk factors
and associated variables related to the development of renal
and bone marrow toxicity. Of relevance was the demonstra-
tion using mathematical modelling analyses that known risk
factors had limited predictive value (<25 %) for adverse
events. Of interest was the identification that codependent
clinical factors, e.g. Hb toxicity, were more informative than
risk factors in our modelling analyses. Of further importance
was the observation that analysis of the subgroup with dosim-
etry confirmed previous assessments of the inability of indi-
vidual dosimetric estimates to accurately predict the effect at
the target tissue, particularly when not significantly higher
than the threshold [19]. This was most evident for bone
marrow disease. These data suggest that substantial informa-
tion remains unknown regarding the intrinsic biological sen-
sitivities in individual patients. It is likely that a refined genetic
and microdosimetric delineation of renal tubular and micro-
vascular cell compartments as well as of marrow cell precur-
sor analysis will be needed to elucidate such mechanisms and
assess sensitivity to PRRT.

We evaluated 807 individuals treated with PRRT in a
single centre, regardless of the completion of treatments
or the response to them, in order to capture all possible
clinical variables and limit any selection bias in the data
analyses. Our data confirm that PRRT is a relatively safe
therapeutic procedure, with a low occurrence of severe
toxicity. We also confirmed that PRRT with '""Lu-
octreotate was safer than with *°Y-octreotide, alone or in
combination, both in terms of haematological/renal toxic-
ity and outcomes [1, 9, 13, 17, 20].
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Nephrotoxicity analysis

99Y-octreotide was confirmed to be associated with signifi-
cantly higher nephrotoxicity, particularly in patients treated
before the advent of renal protection with amino acids in 1999.
Combination therapy also resulted in a higher proportion of
patients with persistent nephrotoxicity than '”’Lu alone. This
may be related to the physical characteristics of the two
radioisotopes. Because of its the higher energy and longer
penetration range, °°Y irradiates the renal interstitium glomer-
uli more extensively than '"’Lu. The nature of long-term
kidney damage, in fact, reflects the failure to regenerate func-
tional tissue after the initial apoptotic phenomena triggered by
the irradiation, and is sustained by radiation-induced late
damage to the vasculature, typically involving the glomeruli,
arterioles and small arteries, and by associated tubular atrophy
and interstitial fibrosis [21].

Among the risk factors the clinical feature most significant-
ly associated with toxicity was hypertension followed by other
nephrotoxic risk factors. This confirms that renal toxicity is
more likely, as well as more marked, in individuals with
hypertension, lesions involving the kidneys, etc. These are
considered as the main risk factors for renal function impair-
ment [9, 17]. Despite these associations, it was not possible to
differentiate transient from persistent nephrotoxicity, which
suggests that other factors are involved in development of
higher grade kidney insufficiency. When analysing the code-
pendent clinical variables, Hb toxicity grade was the only
significant associated factor. This factor was also the only
measure that could differentiate between transient and persis-
tent nephrotoxicity. Anaemia is a consequence of reduced
renal function, due to the reduced production of erythropoie-
tin, and is also a consequence of chronic illness. Reports
indicate that renal toxicity is associated with a higher frequen-
cy of haematological toxicity [9, 14].

Of interest, a subanalysis also identified that older age,
male gender and the use of °°Y or combinations of *°Y were
associated with a significantly higher incidence of these
events. The higher incidence in males was surprising, but
could reflect the greater muscular mass in men. Possible,
oestrogen-modulated, lower sensitivity to free radical injury
in females has also been postulated [22]. Based on this infor-
mation, it would seem prudent when considering PRRT to
adapt the regimen (particularly if °°Y is selected) or switch to
"L in individuals with long-standing hypertension. In ad-
dition, the associated clinical variables, e.g. Hb toxicity,
should be used to reevaluate the regimen during the treatment
protocol.

Of considerable significance in the nephrotoxicity group
was the observation that modelling using multiregression
analysis of risk factors and clinical data was predictive in less
than 30 % of patients. Moreover, no association was noted
between nephrotoxicity grade and duration of PRRT
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exposure. In contrast, those who developed persistent neph-
rotoxicity had a significantly shorter duration of radiation
exposure from the first to the last cycle. To potentially explain
the known limitations of dosimetry in accurately predicting
toxicity in all cases, clinical factors were considered as they
have been demonstrated to offer a better correlation with the
outcome [13]. Our findings indicate, however, that other
factors (about 70 %) are involved in the development of
kidney-associated radiation toxicity. The currently available
dosimetry models are not suited to measure the actual radia-
tion doses at a micro-level such as the glomeruli specifically.
We postulate these other factors are intrinsic biological deter-
minants, possibly of genetic origin, as our analysis of kidney
BED data did not identify this to be any more informative than
Hb toxicity grade. The sample studied with dosimetry offered
some additional insight into the underlying pathobiological
phenomena and supports our modelling data. Unless very
high doses were delivered to the kidneys, a zone of unpredict-
able outcome was noted around the threshold, in which neither
risk factors nor exceeding the threshold were invariably asso-
ciated with toxicity. To overcome these limitations, radiobio-
logical models that factor in individual characteristics such as
radiosensitivity are currently being developed to better corre-
late the target tissue effect [23].

Since creatinine clearance was not available in the entire
cohort, we utilized serum creatinine as a marker of renal
toxicity. This reflected the relative unavailability of direct
medical follow-up information (particularly long-term) lead-
ing to the utilization of indirectly acquired material via per-
sonal patient communication. Thus, some information, e.g.
body weight used to calculate the creatinine clearance with the
Cockroft-Gault formula, was not consistently available.
Serum creatinine provides a general estimate of renal function
but underestimates the underlying renal phenomena.
Additionally, if muscle mass is increased as a consequence
of effective therapy, it may overestimate the actual reduc-
tion in renal function and, therefore, be a confounding
factor [24]. It is generally considered, however, that an
increase in creatinine values after PRRT reflects a decrease
in creatinine clearance, since there is a decrease in renal
function following the therapy [3, 13, 14, 25]. A
subanalysis of the course of creatinine clearance obtained
in 162 of the 197 patients with persistent nephrotoxicity
suggested a parallel increasing percentage loss as the serum
creatinine toxicity grade increases.

Long-term haematological toxicity analysis

Many marrow-related events observed after PRRT occur but
are usually unexpected given the low estimated bone marrow
absorbed dose. In the current study, risk factors associated
with bone marrow toxicity were previous chemotherapy and
other bone marrow risk factors such as previous myelotoxic

therapies and anaemia. When analysing the codependent clin-
ical variables, PLT toxicity grade was the only significantly
associated factor. As confirmed in our subgroup, individual
dosimetry was more accurate for the kidney, due to the model
used for calculation [9, 26, 27]. This suggests that a more
specific model including additional parameters should be
designed for bone marrow.

The incidence of MDS and AL in the cohort analysed was
2.35% and 1.1 %, respectively. These number, while relative-
ly small, are of considerable consequence at a clinical level
and are similar to earlier reports from Rotterdam regarding the
outcome of PRRT with '"’Lu-octreotate [8]. However, an
incidence lower than the 5 % has been reported for '*'I, whose
characteristics of B-emission closely resemble those of '7"Lu
(Dusseldorf Myelodysplastic Syndromes Register) [28].
Secondary MDS or AL following radionuclide therapies are
considered a rare stochastic event, that is without a threshold
but with a probability increasing with the absorbed dose [29].
The induction of secondary malignancies by radiation is a
complex process that originates as a result of single or double
strand breaks in the DNA and involves errors in the repair
mechanisms leading to genetic mutations, with loss of func-
tion or oncogene activation. A critical parameter in this pro-
cess is the different sensitivities of DNA to radiation during
the various phases of the cell cycle.

Myeloid neoplasms are considered a consequence of mu-
tational events induced by cytotoxic therapies, or to arise via
the selection of a myeloid clone with a mutator phenotype that
has a markedly elevated risk for mutational events [30]. The
latency between primary diagnosis and therapy-related dis-
ease ranges from a few months to more than 10 years, de-
pending on the cumulative dosage or dose-intensity of the
preceding therapy as well as the exposure to specific agents
[29]. In our series, the times between PRRT and the develop-
ment of MDS and AL (mean 1,351 days and 1,699 days,
respectively) did not occur significantly different, but both
diseases developed significantly later than persistent nephro-
toxicity. This reflects two different pathogenic mechanisms. In
the latter, an evolving angiopathy with ischaemic conse-
quences and in the former, radiation-induced clonal selection
followed by genetically induced or regulated proliferative
events in the bone marrow [31]. In our series, the variable
most significantly associated with MDS was AL (usually the
consequence of MDS in the forms characterized by slow
development) as well as the duration of PRRT and PLT
toxicity grade. The duration of PRRT from the first to the last
cycle probably reflects the continuous insult to the bone
marrow, with an accumulation of mutations that lead to the
development of the myeloid neoplasm. PLT toxicity grade
may reflect the underlying continuing bone marrow cell dam-
age that will result in the development of a secondary malig-
nancy. PLT toxicity may provide some utility as a marker.
When a cut-off of 1 was applied, it exhibited a sensitivity and
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specificity of about 70 % for predicting the development of
MDS. Of note however, 8.3 % of individuals with a PLT
toxicity threshold of >1 did not develop MDS. Contrary to
what might have been expected, previous chemotherapy was
not identified as a risk factor. Despite the fact that MDS/AL
occur more frequently after chemotherapy, the prevailing con-
cept that PRRT-associated MDS/AL develops preferentially in
association with extensive pretreatment with chemotherapeu-
tic agents may require reevaluation.

In our series, the data collected with the follow-up do not
allow us to differentiate the MDS in the 19 patients into the
various WHO categories (refractory anaemia, refractory anae-
mia with excess blasts, etc.). Moreover, the AL group (eight
patients) also included those with promyelocytic and lympho-
blastic forms—the latter apparently not related to the exposure
to myelotoxic therapies. This suggests that a mutation event
entirely related to PRRT exposure, or a stochastic event or
individual susceptibility to PRRT and/or other myelotoxic
therapies, is worthy of consideration.

As to the causative event, in our series, neither the amount
of administered radioactivity nor the type of radionuclide
employed had a significant impact on the occurrence of mar-
row neoplasms. In the subgroup with dosimetry, the bone
marrow dose was not correlated with the development of
marrow neoplasia. This, together with the observation that in
only 16-30 % of patients with MDS and in 14-18 % of those
with AL could the disease be modelled by clinical risk factors
and coassociative factor data, indicates that intrinsic, geneti-
cally determined, factors may play a role in these events. Data
from the literature, relating mainly to radioiodine therapy for
thyroid diseases, indicate no difference in the incidence of
myeloid neoplasms between high activities for cancer and low
activities for benign diseases. This would support our hypoth-
esis of a preexisting biological susceptibility to a radiation-
induced effect, at least for commonly administered activity
levels [28].

Using mathematical modelling based upon decision tree-
based analysis, we identified a number of decision nodes that
may potentially be useful in PRRT: the level of cumulative
activity, haematological toxicity, number of cycles and treat-
ment with *°Y are important factors for the development of
nephrotoxicity. The decision tree was less informative regard-
ing MDS and AL, but cumulative activity, duration of PRRT,
age at diagnosis, time between diagnosis and PRRT and
haematological disturbances, especially platelet toxicity, ap-
peared to be important factors. The action fork identified a
divide for the development of nephrotoxicity at 31 months
between diagnosis and PRRT. A possible interpretation is that
an interval of <31 months may indicate that the patient had not
deteriorated as a result of multiple treatments, and intrinsic
factors such as age could play an important role. If the interval
was longer, and the patient had deteriorated (possibly as a
result of multiple therapies or the disease), then development
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of haematological toxicity to PRRT and the type of treatment,
for example *°Y, played an important role.

Conclusion

In conclusion, our observations indicate that toxicity was
related to exceeding the individual threshold of tolerance of
the involved organs in a particular individual. Overall,
the level of intolerance to PRRT could be associated
with a variety of risk and coassociated clinical features.
However, these clinical variables and dosimetry only
enable partial modelling [27]. The inescapable conclu-
sion is that individual susceptibility to adverse sequelae
of PRRT requires rigorous delineation of mechanistic
biological events, which are likely to have a specific,
individual genetic basis. Until these are identified, the
guiding principle in PRRT should be the minimal effec-
tive rather than the maximum tolerated activity.
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