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Abstract
Purpose Peptide receptor radionuclide/chemoradionuclide therapy (PRRT/PRCRT) is an effective therapy for metastatic neuro-
endocrine neoplasia (NEN), but therapy-related myeloid neoplasms (t-MN) remain of concern. The study reviewed the clinico-
pathological features and outcomes of patients who developed t-MN.
Methods Retrospective analysis of all patients diagnosed with t-MN by 2016 WHO classification, from a cohort of 521 patients
who received PRRT/PRCRTover a 12-year period. Molecular next-generation sequencing using an in-house 26-gene panel was
performed.
Results Twenty-five of 521 (4.8%) patients were diagnosed with t-MN, including six acute myeloid leukaemia (AML) and 19
myelodysplastic syndrome (MDS). The median time from first cycle PRRT/PRCRT to diagnosis of t-MN was 26 months (range
4–91). Twenty-two of 25 (88%) patients had grade 1–2 pancreatic or small bowel NEN with moderate metastatic liver burden.
Six patients (24%) had prior chemotherapy. Median number of PRRTcycles = 5 (22/25 (88%) with concomitant radiosensitising
chemotherapy). All 25 patients achieved disease stabilisation (68%) or partial response (32%) on RECIST 1.1 at 3 months post-
PRRT. At t-MN diagnosis, all patients presented with thrombocytopenia (median nadir 33 × 109/L, range 3–75) and 17 (68%)
remained NEN progression-free. Marrow genetic analysis revealed unfavourable karyotype in 16/25 (66%) patients with tumour
protein 53 (TP53) mutation in nine (36%). Azacitidine therapy was utilised in ten eligible patients, while four received induction
chemotherapy for AML. Themedian overall survival from first PRRTwas 62months (19–94), but from t-MNdiagnosis was only
13 months (1–56), with death due primarily to haematological disease progression.
Conclusions The diagnosis of t-MN after PRRT/PRCRT is an infrequent but serious complication with poor overall survival.
Most patients present with thrombocytopenia; unfavourable genetic mutations have a poor response to t-MN treatment.
Prospective data are needed to explore potential pre-existing genetic factors and predictive biomarkers to minimise the risk of
t-MN.
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Introduction

Peptide receptor radionuclide therapy (PRRT) using 177Lu-
DOTA-octreotate (177Lu-DOTATATE) is becoming more
widely used in patients with inoperable (metastatic) neuroen-
docrine neoplasia (NEN). Multiple single-institution studies
have shown consistent efficacy results comparing favourably
with chemotherapy, and substantially higher responses than
targeted agents, such as everolimus and sunitinib in delaying
disease progression [1]. More recently, the first prospective
randomised controlled NETTER-1 trial has confirmed the su-
periority of 177Lu-DOTATATE compared to high dose
(60 mg) octreotide long-acting repeatable (LAR) in progres-
sive grade 1–2 inoperable midgut NEN (median progression-
free survival not reached vs 8.4 months respectively), with
interim analysis also suggesting an overall survival benefit [2].

Generally, PRRT is well tolerated with limited acute and
medium-term toxicity profiles. The end-organs at greatest risk
are renal and marrow. While co-administration of amino acids
with PRRT have resulted in less renal toxicity, there is ongo-
ing concern of short and long-term toxicity to the bone mar-
row. A number of recent studies have reported clinically sig-
nificant acute cytopenia, particularly thrombocytopenia, and
the longer-term development of haematological neoplasms
such as myelodysplastic syndrome (MDS) and acute leukae-
mia (AL). Subacute grade 3–4 haematological toxicity has
been reported to occur in up to 11% of patients, whilst for
MDS and AL, the reported incidence rates range from 1 to
5.4% [3–5].

The development of a haematopoietic neoplasm after
PRRT may be broadly categorised as a therapy-related my-
eloid neoplasm (t-MN) (2016 WHO classification) [6],
comprising patients with acute myeloid leukaemia (AML)
and MDS who were exposed to cytotoxic or radiation ther-
apy for an unrelated malignancy. t-MN remains a feared
adverse complication of cytotoxic therapy due to a limited
response to available therapies and substantially reduced
survival compared to de-novo myeloid neoplasms.
Genetics remain an important prognostic factor and pa-
tients with t-MN often have notable unfavourable cytoge-
netic aberrations, in particular a high frequency of tumour
protein 53 (TP53) pathway mutations [7–9]. Whether
PRRT-related t-MN demonstrates similar genetic aberra-
tions has not yet been ascertained.

The impact of PRRT-induced haematological toxicity can
be multi-layered. The development of significant cytopenia
often delays or limits further PRRT and other cytotoxic thera-
pies, impacting NEN therapy efficacy and patient outcomes.
Significant haematological toxicity, particularly from t-MN,
results in substantial adverse consequences for the patient,
due to infection and thrombohaemorrhagic risk, requirement
for blood products, impaired quality of life and increased
hospitalisation, as well as inferior survival.

Peter MacCallum Cancer Centre, an ENETS centre of ex-
cellence, represents a specialised referral centre for the man-
agement of NEN and delivery of PRRT. For almost two de-
cades we have combined PRRTwith radiosensitising chemo-
therapy, initially with infusional 5-fluorouracil [10], and sub-
sequently with capecitabine [11, 12]. We have also used the
combination of capecitabine and temozolomide (CAPTEM)
in a protocol adapted from that reported by Claringbold and
colleagues [13]. We call this approach peptide receptor
chemoradionuclide therapy (PRCRT). We report the clinical
features, therapy utilised and outcomes among a cohort of
patients who developed t-MN and describe the associated
morphological and genetic marrow abnormalities.

Methods

Patients were selected for PRRT/PRCRT as per the inclusion
criteria published in previous studies [1]. Between October
2 0 0 5 a n d J u n e 2 0 1 7 , 5 2 1 i n d i v i d u a l s w i t h
gastroenteropancreatic (GEP), bronchial or unknown primary
site NEN were treated with Lu-177-based PRRT/PRCRT pro-
tocols at Peter MacCallum Cancer Centre in Melbourne,
Australia, and patient records were retrospectively reviewed.
Haematological toxicity was evaluated as ≥ grade 2 neutrope-
nia and/or thrombocytopenia that persisted for more than
6 weeks post PRRT. Haematological toxicity was graded ac-
cording to Common Terminology Criteria for Adverse Events
(CTCAE) version 4.0 [14]. T-MN was defined according to
the revised World Health Organisation 2016 diagnostic
criteria [6]. Cytogenetic analyses of bone marrow aspirate
samples were performed using conventional G-banded chro-
mosome analysis. DNA sequencing analysis of bone marrow
aspirate samples were performed using a custom-designed,
next-generation sequencing of a 26-gene myeloid amplicon
panel as described previously [15].

Each patient’s tumour burden was quantified by using
whole-body molecular tumour volume (MTV) in millilitres
using functional imaging, either 68Ga-DOTATATE- PET/CT
or 111In-Octreotide SPECT/CT. The MTV was measured on
the 68Ga-DOTATATE PET/CT using a semi-automated
threshold on MIM Encore (MIM 6.7; MIM Software,
Cleveland, OH). The threshold used was based on similar
recommendations for defining metabolic tumour volume with
18F-FDG from the PERCIST recommendations. The threshold
used was based on liver uptake and was defined as the 1.5 ×
liver SUVmean + 2SD. If there was no 68Ga-DOTATATE PET/
CT available, the disease volume was quantified using a visu-
ally selected threshold on the 111In-Octreotide SPECT/CT.
The proportion of whole-body disease burden that was in the
liver and bones was also calculated by creating subregions of
disease in the liver or bones.
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Median overall survival (OS) was estimated using Kaplan-
Meier analysis measured from first PRRT and also from the
time of t-MN diagnosis to death from any cause. Statistical
analyses were performed using SPSS version 19 software
(IBM Corp., Armonk, NY). NEN progression was defined
by evidence of symptomatic relapse (for those treated for
symptomatic disease), or biochemical recurrence and imaging
progression on molecular imaging (SSTR ± FDG) or RECIST
1.1 criteria. MDS and AML treatment response were
categorised according to the International Working Group
(IWG) standardisation of response criteria [16–18].

Results

Patient characteristics and PRRT/PRCRT treatment
parameters

Overall, 25 of 521 (4.8%) consecutive patients developed def-
inite therapy-related myeloid neoplasms (t-MN) based on de-
finitive marrow morphology and/or cytogenetic/gene se-
quencing confirmation of definitive clonal abnormality
(WHO Classification 2016).

Baseline patient characteristics of the 25 patients are shown
in Table 1. Overall, 15 (60%) were female with a median age
64 years (range 38–81). Twelve (48%) had primary pancreatic
NEN, ten (40%) primary small bowel NEN and most were
grade 1 (Ki67 < 2%) or 2 (Ki67 3–20%) tumour differentia-
tion [9 (36%) and 11 (44%) patients, respectively]. The met-
astatic disease burden analysis found that 22 (88%) patients
had <20 NEN metastatic lesions. Both quantitation of disease
burden and evaluation of metastasis distribution were avail-
able in 19/25 patients using 68Ga-DOTATATE PET or 111In-
Octreotide SPECT scans. Twelve patients (48%) showed high
NEN disease burden, defined as MTV > 200 ml. The median
MTV for the cohort was 256 ml (range 10–1278). The liver
was the dominant site of metastasis in 16 patients, with >60%
of total tumour burden. In contrast, osseous metastatic volume
was low, with only four patients demonstrating osseous up-
take and contributing <2% of total MTV.

Patient treatment parameters are shown in Table 2. Prior to
PRRT/PRCRT, six (24%) patients had prior chemotherapy,
most commonly carboplatin/etoposide, while 18 patients
(72%) had received only somatostatin analogues. Nearly half
(n = 12, 48%) had undergone prior surgical removal of the
primary NEN. The most common indication for initiating
PRRTwas radiological disease progression [23 (92%)], while
for 2 (8%) patients, the indication was for uncontrolled
hormone-related symptoms. The median number of 177Lu-
DOTATATE PRRT cycles was five (range 2–9), and median
cumulative radionuclide administered activity was 40.5 GBq
(range 24.4–74.8). Fourteen (56%) patients received 90Y-
DOTA-Octreotate as part of the PRRT treatment course with

a median of 1 cycle (range 1–3). The majority, 22 patients
(88%), received concomitant radiosensitising chemotherapy,
most commonly 5-fluorouracil (5-FU continuous infusion)
(11, 44%) or capecitabine (7, 28%) as per our institutional
protocols. Four patients (16%) had capecitabine in combina-
tion with temozolomide.

PRRT/PRCRT objective response

As shown in Table 2, somatostatin receptor molecular imaging
response at 3 months post induction 177Lu-DOTATATE
PRRT/PRCRTcompletion showed that 18/25 (72%) achieved

Table 1 Patient characteristics

Characteristic Patients
No. (%)

Age at first treatment

Median 64

Range 38–81

Gender

Male 10 (40)

Female 15 (60)

Primary site

Pancreatic 12 (48)

Small bowel 10 (40)

Large bowel 0 (0)

Bronchial 1 (4)

Unknown 1 (4)

Non-pancreatic 1 (4)

Grade of tumour differentiation

Grade 1 (Ki67 index <2%) 9 (36)

Grade 2 (Ki67 index 3–20%) 11 (44)

Grade 3 (Ki67 index >20%) 2 (8)

Unknown 3 (12)

No. of lesions

<5 11 (44)

5–20 11 (44)

>20 3 (12)

Volume of tumour burdena

High whole-body FTV (>200 ml) 12 (48)

Low whole-body FTV (<200 ml) 7 (28)

Dominant site of metastasis

Liver 16 (64)

Osseous 0 (0)

Other 3 (12)

a The patient’s tumour burden was quantified by using whole-body func-
tional tumour volume (FTV) in millilitres usingmolecular imaging, either
Ga-68 octreotate PET/CTor In-111 Octreotide SPECT/CT. The threshold
of 200 ml is based on liver uptake and was defined as 1.5 × liver SUVmean

+ 2SD. The proportion of whole-body disease burden that was in the liver
and osseous was also calculated by creating subregions of disease in the
liver or bones
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a partial response, 7/25 (28%) disease stabilisation, but none
achieved a complete response (0%) or had progressive disease
(0%). Response assessment by RECIST 1.1 criteria showed
that 8/25 (32%) achieved a partial response, 17/25 (68%)

disease stabilisation. Again, none had a complete response
or progressive disease. Biochemical response (CgA) demon-
strated that 13/24 (54%) patients achieved a decrease of >25%
from baseline level and one patient had no follow-up result.

Table 2 Patient treatment
parameters and response
assessment

Prior chemotherapy, no. (%)

None 19 (76)

Carboplatin/etoposide 4 (16)

Doxorubicin 2 (8)

Prior non-chemotherapy, no. (%)

None 7 (28)

Everolimus 0 (0)

Somatostatin analogues 18 (72)

Surgery, no. (%)

Removal of primary 12 (48)

Indication of PRRT induction, no. (%)

Progressive disease 23 (92)

Uncontrolled hormone-secretory symptoms 2 (8)

PRRT cycles and dose

Number of patients prescribed 177LuTate (%) 25 (100)

Median number of 177LuTate cycles (range) 5 (2–9)

Number of patients concomitantly prescribed 90Ytate (%) 14 (56)

Median number of 90Ytate cycles (range) 1 (1-3)

Number of patients concomitantly prescribed 111InTate (%) 3 (12)

Median cumulative 177LuTate administered activity (total), GBq 40.5

Median cumulative 90Ytate administered activity (Total), GBq 3.1

Radiosensitising chemotherapy

No. (%) 22 (88)

Median no. of cycles 4

5FU, no. (%) 11 (44)

Median no. of cycles 4

Capecitabine, no. (%) 7 (28)

Median no. of cycles 2.5

Capecitabine + temozolomide, no. (%) 4 (16)

Median no. of cycles 4

Response assessment (3 months), no. (%)

Molecular imaging response (SSTR ± FDG)

Partial response 18 (72)

Stable disease 7 (28)

Complete response 0 (0)

Progressive disease 0 (0)

CT RECIST 1.1

Partial response 8 (32)

Stable disease 17 (68)

Complete response 0 (0)

Progressive disease 0 (0)

Biochemical (reduction of CgA from baseline)

<25% 11 (44)

25–50% 3 (12)

>50% 10 (40)
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Haematologic and genetic analysis

Analysis of haematological parameters demonstrated that all
25 patients had persisting (>3 months) grade 2–4 thrombocy-
topenia. Thirteen (52%) patients had concurrent neutropenia
(grade 2–4). Median platelet nadir was 33 × 109/L (range 3–
75 × 109/L). The time to development of persisting cytopenia
from C1 of PRRT/PRCRTwas a median of 16 months (range
1–85 months). The onset in 11/ 25 (44%) occurred during
induction PRRT/PRCRT and after completion in 14/ 25
(56%). Thrombocytopenia or neutropenia limited further
177Lu-DOTATATE or other cytotoxic treatments in 9/25
(36%) patients.

The median time from cycle one of PRRT/PRCRT to de-
finitive diagnosis of t-MN was 26 months (range 4–91). At
this time, 17 (68%) patients were free from NEN progression
but four (16%) patients had NEN metastasis demonstrated
within the diagnostic bone marrow biopsy. Nineteen patients
(3.6% of entire cohort) developedMDS and six patients (1.2%
of entire cohort) developed AML. No patient developed acute
lymphoblastic leukaemia. Of the 19 patients with MDS, four
had MDS with single-lineage dysplasia, ten MDS with multi-
lineage dysplasia (MDS-MLD) and five hadMDSwith excess
blasts (MDS-EB) (Table 3). Of these, three patients (one
MDS-EB and two MDS-MLD) progressed to AML. All six
patients diagnosed with de novo AML demonstrated multi-
lineage dysplasia. Karyotype analyses are outlined in Table 4.
Eight patients had a complex karyotype (≥3 chromosomal
abnormalities), nine had 1-2 chromosomal abnormalities, six
had a normal diploid karyotype and two were not assessable.
Abnormalities involving chromosome 5 and/or 7 were the

most common finding (13/25 patients, 52%). Sequence vari-
ant analysis of genes recurrently mutated in myeloid malig-
nancy was performed using a next-generation sequencing my-
eloid amplicon gene panel. Mutations in TP53 were the most
frequent (nine patients) mutations detected but no mutations
detected in seven patients (see Table 4). Other mutations
found included Ten-eleven translocation 2 (TET2), and U2
small nuclear RNA auxiliary factor 1 (U2AF1). Seven patients
had no DNA material for analysis.

Treatment and outcome of patients with t-MN

Treatment for t-MN was highly variable and included;
high-dose cytarabine containing anti-AML regimes (four
patients with AML); azacitidine (five patients with
intermediate-2 or high risk MDS according to the interna-
tional prognostic scoring system (IPSS) and five patients
with AML); allogeneic bone marrow transplant (one pa-
tient with MDS-EB); supportive therapy [6 patients with
MDS ( t rans fus ions , g rowth fac to r the rapy e .g .
Erythropoietin)]; and observation-only (six patients with
MDS). Median number of azacitidine cycles administered
was 5.5 (range 1–21). Of the 13 patients who received
treatment for t-MN, best-response assessment according
to the international working group (IWG) criteria was able
to be performed in nine patients; three achieved complete
response CR (one MDS, two AML), three achieved partial
response/stable disease (two MDS, one AML) and three
showed progressive disease (three AML). The four patients
who could not be assessed had progressive disease and
died before response assessment could be formally
performed.

Overall survival and follow-up

Median follow-up for all patients was 51 months (range 19–
94) from C1 of PRRT/PRCRT. The median OS from C1
PRRT/PRCRT was 62 months (range 19–94). The median
OS from diagnosis of t-MN was 13 months (range 1–56),
specifically, from diagnosis of AML, 7 months (range 2–19)
andMDS 13.5 months (range 1–56). The cause of death in the
MDS cohort (11 of 19 deaths, 58%) was as follows: three
sepsis, five MDS progression, two NEN progression and
one unknown. Cause of death in the AML cohort (4 of 6
deaths, 67%) was as follows: three AML progression and
one NEN progression. Five patients achieved long-term ben-
efit with t-MN therapy, two patients with AML survived
>18 months following induction chemotherapy, and three pa-
tients with MDS had successful long-term azacitidine treat-
ment >18 months. Of the patients who remain alive (10/25,
40%), the majority are low-risk MDS and undergoing surveil-
lance or supportive therapy.

Table 3 Haematological toxicity and bone marrow diagnosis

Patients
No. (%)

Cytopenia (≥ grade 2)

Thrombocytopenia 25 (100)

Grade 2 8 (32)

Grade 3 11 (44)

Grade 4 6 (24)

Neutropenia 13 (52)

Grade 2/3 11 (44)

Grade 4 2 (8)

NEN bone marrow metastasis 4 (16)

Myelodysplastic syndrome 19

MDS with single-lineage dysplasia 4

MDS with multi-lineage dysplasia 10

MDS with excess blasts 5

Acute myeloid leukaemia 6

Haematological toxicity was graded according to Common Terminology
Criteria for Adverse Events (CTCAE) version 4.0 [14]
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Discussion

PRRT is a highly effective treatment for patients with in-
operable somatostatin receptor positive NEN, which is in-
creasingly utilised as a standard therapy in these patients.
However, although significant marrow toxicity, including
development of MDS or leukaemia, appears relatively un-
common, these are of clinical importance [19]. In this ret-
rospective single-centre study of 521 patients receiving
PRRT or PRCRT for metastatic NEN, over a 12-year peri-
od (2005–2017), we found an incidence of t-MN of 4.8%.
These findings are comparable to other retrospective stud-
ies. Using PRRT, Bodei et al., reported an MDS/acute leu-
kaemia incidence of 3.5% in a cohort of 807 NEN patients
treated with 177Lu-DOTATATE or 90Y-octreotide PRRT [4]
and Bergsma et al., recently demonstrated in a cohort of

274 GEP NEN patients treated with 177Lu-DOTATATE, a
4% incidence of bone marrow neoplasm or failure [20].

While the survival data from published studies using 177Lu-
DOTATATE PRRT are largely based on uncontrolled, retro-
spective analyses, most report median OS in the range of 46 to
60 months [1], which is substantially longer than in most
series of other available therapies. The first randomised con-
trolled trial (NETTER-1 trial), which confirmed the superior-
ity of 177Lu-DOTATATE compared to high dose LAR,
showed median progression-free survival not reached (at
31 months) in the 177Lu-DOTATATE group and interim anal-
ysis suggesting a long-term survival benefit [2]. A key obser-
vation from our study was the poor overall survival in patients
after diagnosis of t-MN following PRRT/PRCRT. The median
OS from t-MN diagnosis was 13 months. However, the me-
dian overall survival from C1 PRRT/PRCRT in our cohort

Table 4 Characteristics, genetic mutations and outcomes of 25 t-MN patients

Age/sex t-MN NEN
progression

Karyotype Mutation Treatment OS^ Cause of
death

61F MDS-MLD No Normal No mutation Supportive 13 Sepsis

81M MDS-MLD No Normal TP53 Supportive 8 UNK

63M MDS-MLD No Normal TET2 Supportive 13+

70F MDS-MLD No Normal Not available Supportive 28+

67F MDS-SLD Yes Normal No mutation Supportive 8+

38F MDS-SLD No Normal No mutation Supportive 24+

64F MDS MLD No 45, XX, −7 Not available Supportive 22+

77M MDS-MLD Yes 46, XX, −13q TP53 Supportive 4 NEN

63M MDS-MLD Yes 47, XY, +Y No mutation Supportive 14 NEN

76F MDS-MLD No 45, XX, dic(7;17) TP53 Azacitidine 26 AML

74F MDS-SLD Yes 46, XX, −7p Not available Supportive 30+

73F MDS-SLD No 46, XX, −7, +r No mutation Supportive 1 Sepsis

63F MDS-MLD Yes 46, XX, +1, der(1;7) Not available Supportive 6 MDS

66F MDS-MLD No 49, XX, +1, der(1;7), +8, +13, +21 No mutation Induction 56 AML

69F MDS-EB2 Yes 44, XX, dic(5;17), −7, −12, +r, +mar1 TP53 Azacitidine 27 MDS

58M MDS-EB1 No 47, XY, −3q, −6, −7q, −12, +17p, +18q, +mar1, +mar2 Not available BMT 12+

64M MDS-EB1 No 45, XY, +3p, +6p, −7q, +8, −13q, −15, t(5;18), −21,
+mar1

TP53 Azacitidine 4 Sepsis

53M MDS-EB2 No 43–47, XY, −2, −3, −5, −5q +8, +9, −12, −13, +r, and
dic(7;17)

TP53 Azacitidine 18+

64M MDS-EB2 No 80–88, XYY, hypotetraploid, including −5, −7, −17, +17p TP53 Azacitidine 3 AML

59F AML No Not available Not available Azacitidine 13 AML

72M AML Yes Not available TP53 Azacitidine 2 AML

72M AML No 46, XY, FISH MYC amplification TET2/U2AF1 Induction 19+

53F AML No 46, XX, −5q, −7q, −8, +13, +mar1 Not available Azacitidine 5 NEN

47F AML No 46, XX, t(11;17), MLL-rearrangement at 11q23 No mutation Induction* 7 AML

74F AML Yes 46, XX, −5q, +11, −18, +20, +r TP53 Azacitidine 8+

MDS-SLDmyelodysplasia and single-lineage dysplasia,MDS-MLDmultilineage dysplasia,MDS-EB1 excess blasts-1,MDS-EB2 excess blasts-2, AML
acute myeloid leukaemia,Marmarkers chromosomes of unknown origin, dic dicentric, r ring chromosome, TP53 tumour protein 53, FISH fluorescence
in situ hybridisation, TET2 ten-eleven translocation 2, U2AF1 U2 small nuclear RNA auxiliary factor 1, BMT allogeneic bone marrow transplant

*Azacitidine prior to induction. + Alive. ^OS from t-MN diagnosis
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was 62 months, similar to that reported for those receiving
PRRT without this complication. This outcome must be con-
sidered in the context that the majority of patients were treated
for progressive disease and the remaining patients for uncon-
trolled symptoms impairing quality of life. Overall the cohort
had several adverse prognostic features including relatively
high disease burden and >50% had G2/3 disease.
Unfortunately, at the time of t-MN diagnosis, most patients
were NEN progression-free and would likely have lived for a
significantly longer period had they not developed t-MN.
Therefore, defining the level of risk and predictive factors of
developing t-MN, to guide better patient selection for safer
delivery of PRRT/PRCRT remain critical issues. This supports
our approach with limiting this treatment to patients with ob-
jective evidence of progression, except in patients with a high
disease burden and biologically aggressive disease with a
high-anticipated and imminent likelihood of progression.
These include, G2 NEN with 18F-flurodeoxyglucose (FDG)-
avid disease or well differentiated G3 NEN [21].

In our cohort, patients diagnosed with t-MN after PRRT/
PRCRT typically had (i) moderate metastatic burdenmostly in
the liver but, somewhat surprisingly, with relatively small vol-
ume osseous disease; (ii) minimal exposure to prior chemo-
therapy; (iii) only modest numbers of PRRT cycles (median
5); (iv) a favourable response to PRRT/PRCRT; (v) predom-
inant thrombocytopenia (G2–4) which persisted for
>3 months; and (v) unfavourable cytogenetic and genetics
mutations. Using a regression analysis model, Bodei et al.,
showed that prior chemotherapy exposure, including
myelotoxic chemotherapy, platelet toxicity grade and duration
of PRRTwere significant risk factors associated with MDS or
acute leukaemia. However, these factors predicted only 15–
30% of their patients [4]. Furthermore, Bergsma et al. retro-
spectively analysed potential risk factors for predicting mar-
row dysfunction, specifically, cumulative administered activ-
ity of 177Lu-DOTATATE and estimated bone marrow dose,
but no significant risk factor was identified [20]. The lack of
definite treatment associated factors raises the possibility of
pre-existing biological or genetic susceptibility as a contribut-
ing factor. The high rate of disease control in our patients
raises the possibility that these individuals may have enhanced
radiosensitivity, possibly related to deficiencies in DNA-
repair that could predispose them to both neuroendocrine tu-
mour and t-MN. Mutations in genes associated with DNA-
repair have been described in pancreatic neuroendocrine tu-
mours [22]. Clearly, well-structured prospective studies are
needed to specifically explore the risk factors predicting t-
MN after PRRT/PRCRT and assessing both clinical and bio-
marker factors, to estimate their predictive capacity as well as
potentially defining a mechanism of action.

In our study, we highlight that T-MN after PRRT/PRCRT
share key features characteristic of other t-MN, including; a
favourable response to the primary cancer treatment,

unfavourable genetic aberrations (chromosome 5 and/or 7
and p53 mutation), limited response to available therapies
and poor survival. Therefore, a critical issue is how to opti-
mally treat patients who develop t-MN after PRRT/PRCRT,
and to our knowledge, our study is the first to describe the
treatments utilised and patient outcomes. In our cohort,
azacitidine was the most common utilised treatment for eligi-
ble patients, while only a small number of patients received
induction chemotherapy. The poor response to therapy in our
patients is likely due to two significant factors. First, none of
the patients were in complete remission from NEN, and this
limited deliverability of higher intensity therapy. Second, most
of these patients had an unfavourable karyotype and TP53
mutations, which are well established poor prognosis factors
in myeloid neoplasms [23, 24]. Similarly to other t-MN, our
findings demonstrate that single-agent azacitidine may not be
effective treatment for t-MN after PRRT/PRCRTand raise the
possibility of azacitidine-based combinations as a more effec-
tive therapy option. Studies of azacitidine combinations with
novel agents (e.g. lenalidomide, vorinostat or venetoclax)
have been investigated in patients with AML unfit for inten-
sive therapy and have shown improved outcomes [25–27].

Limitations

This study suffers from the potential limitation of being a
retrospective case-finding series. However, the vast majority
of patients in our PRRT/PRCRT program remain under con-
tinuing surveillance by our NET Service. Those who are man-
aged in a shared-care model with external referring clinicians
provided regular laboratory and clinical updates on their pa-
tients. It is, however, possible that additional cases of t-MN
may not have been recognised. The use of variable PRRT/
PRCRT treatment protocols, which had evolved over the years
with increasing experience and evidence, limited our ability to
determine specific aspects of the treatment that might predis-
pose to t-MN. Given a minority of the whole cohort received
CAPTEM chemotherapy, the presence of four cases raises the
possibility that the concurrent use of an alkylating agent may
constitute a particular risk factor, but this will be better
assessed in an ongoing prospective study being performed in
Australia. The lack of control arm and small numbers limited
the ability to analyse predictive and prognostic factors for
development of t-MN.

Conclusion

The diagnosis of t-MN after PRRT/PRCRT is an infrequent
but serious long-term complication and carries a poor progno-
sis. Most patients present with thrombocytopenia,
unfavourable genetic mutations and a poor response to t-MN
treatment. However, this must be balanced against the high
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efficacy and durable responses to PRRT in these same pa-
tients, particularly given the majority of this cohort had prior
progressive disease and adverse prognostic features.
Importantly, their overall survival from the initiation of
PRRT/PRCRTwas similar to that reported for those receiving
PRRT without this complication. Our results raise the possi-
bility of pre-existing biological or genetic susceptibility to
radiation as a contributing factor both for tumour response
and development of t-MN. Prospective data are needed to
explore potential genetic factors, predictive biomarkers, de-
fine mechanism of action, and to improve treatment for t-MN.
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