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This study aimed to evaluate the safety and efficacy of multiple cycles of
177Lu-DOTA-Evans blue (EB)-TATE peptide receptor radionuclide therapy
(PRRT) at escalating doses in neuroendocrine tumors (NETs). Methods:
Thirty-two NET patients were randomly divided into 3 groups and treated
with escalating doses. Group A received 1.17 + 0.09 GBag/cycle; group B,
1.89 + 0.53 GBg/cycle; and group C, 3.97 + 0.84 GBg/cycle. The treat-
ment was planned for up to 3 cycles. Treatment-related adverse events
were graded according to the National Cancer Institute Common Termi-
nology Criteria for Adverse Events (CTCAE), version 5.0. Treatment re-
sponse was evaluated according to the European Organisation for
Research and Treatment of Cancer criteria and modified PERCIST.
Results: Administration of PRRT was well tolerated, without life-
threatening adverse events (CTCAE grade 4). CTCAE grade 3
hematotoxicity was recorded in 1 patient (16.6%) in group B (throm-
bocytopenia) and 3 patients (21.4%) in group C (thrombocytopenia in
3, anemia in 1). CTCAE grade 3 hepatotoxicity (elevated aspartate
aminotransferase) was recorded in 1 patient in group A (8.3%) and 1
patient in group C (7.1%). No nephrotoxicity was observed. Accord-
ing to the criteria of the European Organisation for Research and
Treatment of Cancer, the overall disease response rates were similar
in groups A, B, and C (50.0%, 50.0%, and 42.9%, respectively), and
the overall disease control rates were higher in groups B (83.3%) and
C (71.5%) than in group A (66.7%). According to modified PERCIST,
a lower disease response rate but a similar disease control rate were
found. When a comparable baseline SUV,,,,x ranging from 15 to 40
was selected, the percentage change in SUV,,x increased slightly in
group A (2.1% * 40.8%) but decreased significantly in groups B and
C (-38.7% + 10.0% and -14.7% * 20.0%, respectively) after the first
PRRT (P = 0.001) and decreased in all 3 groups after the third PRRT
(groups A, B, and C: -6.9% + 42.3%, -49.2% + 30.9%, -11.9% *
37.9%, respectively; P = 0.044). Conclusion: Dose escalations of up
to 3.97 GBg/cycle seem to be well tolerated for '77Lu-DOTA-EB-
TATE. '77Lu-DOTA-EB-TATE doses of 1.89 and 3.97 GBg/cycle were
effective in tumor control and more effective than 1.17 GBg/cycle.
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N euroendocrine tumors (NETs) are a heterogeneous group of
tumors originating from the diffuse neuroendocrine system. Data
from the registries of the Surveillance, Epidemiology, and End
Results Program showed that the incidence of NETs increased
6.4-fold from 1973 to 2012 (/). However, because of the rarity,
tumor heterogeneity, nonspecific clinical behavior, and slow growth
of NETs, their diagnosis can be delayed even up to 7 y (2,3). Thus, at
the time of diagnosis, over 50% of NET cases are at an advanced
stage when surgery is no longer advised (4).

NETs are characterized by abundant expression of somato-
statin receptor 2, providing an important target for peptide
receptor radionuclide therapy (PRRT). !"7Lu-DOTATATE is the
most commonly used radiopharmaceutical for PRRT. Although
177Lu-DOTATATE has been approved in Europe and the United
States for the treatment of NETs, optimization of the therapeutic
efficacy is still ongoing. Evans blue (EB) dye binds reversibly to
serum albumin (5,6), which is an excellent candidate carrier to
prolong the half-life of rapidly clearing !7’Lu-DOTATATE.

177Lu-DOTA-EB-TATE is based on a modification of '7"Lu-
DOTATATE with EB to greatly extend the circulation half-life
(7,8). Preclinical studies showed that compared with the similar ra-
dioactive dose of 177Lu-DOTATATE, 7’Lu-DOTA-EB-TATE had an
approximately 4-fold higher tumor dose and more effective tumor
control (7,9). Application in humans also showed about an 8-fold
higher tumor dose for '”7Lu-DOTA-EB-TATE than for !7’Lu-DOTA-
TATE, but the dose was also 3.2-fold higher in the kidneys and 18.2-
fold higher in the bone marrow (/0). The results were encouraging
even after 1 cycle of PRRT in NET patients (//). In this study, we
aimed to further evaluate the safety and efficacy of multiple cycles of
177Lu-DOTA-EB-TATE with escalating doses in the treatment of
NETs.
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MATERIALS AND METHODS

Patients

This study was registered at Clinicaltrials.gov (NCT03478358) and
approved by the Institute Review Board of Peking Union Medical Col-
lege Hospital, the Chinese Academy of Medical Sciences, and Peking
Union Medical College. From August 2017 to June 2019, 32 patients
with histologically confirmed NETs were recruited for this prospective
study. All subjects gave written informed consent. The inclusion criteria
were the same as described for our previously published study (/7).

The patients were randomly divided into 3 groups using sequen-
tially numbered, opaque sealed envelopes. Group A (7 men and 5 women;
mean age, 53 = 13 y) was treated with 1.17 = 0.09 GBq (31.6 = 2.4 mCi)
of 7"Lu-DOTA-EB-TATE per cycle; group B (4 men and 2 women; mean
age, 55 = 10 y), with 1.89 = 1.53 GBq (51.1 * 14.3 mCi); and group C
(7 men and 7 women; mean age, 50 = 10 y), with 3.97 *= 0.84 GBq
(107.3 £ 22.7 mCi). A flowchart of the groups is shown in Figure 1.

Treatment Regimen and Follow-up

Preparation of DOTA-EB-TATE and labeling of '""Lu were per-
formed as described previously (/1,12). The treatments were planned
for up to 3 cycles, to be repeated at 8- to 12-wk intervals.

Hematologic parameters, liver function, and kidney function were
tested at baseline, 1 wk, and 4 wk after each cycle of treatment. *8Ga-
DOTATATE PET/CT was performed at baseline, some days before the
second and third cycles of treatment, and 2-3 mo after the last cycle.

Safety and Symptom Evaluation
Treatment-related adverse events were recorded for 8-12 wk after
PRRT administration. Hemotoxicity, hepatotoxicity, and nephrotoxicity

were graded according to the National Cancer Institute Common Ter-
minology Criteria for Adverse Events (CTCAE), version 5.0.

Functional performance was assessed by the criteria of the Eastern
Cooperative Oncology Group at baseline and 8—12 wk after the last
cycle of PRRT.

68Ga-DOTATATE PET/CT Response Evaluation

The response on %8Ga-DOTATATE PET/CT was evaluated with
reference to the criteria of the European Organisation for Research
and Treatment of Cancer (EORTC) and modified PERCIST. All im-
ages were evaluated by the same physician, who was masked to the
clinical data.

Statistical Analysis

The percentage change in tumor SUV ., was obtained by dividing
the change in SUV,,,x by the baseline SUV ,,,. Data were analyzed
using SPSS software (version 23.0, SPSS; IBM). A P value of less
than 0.05 was considered statistically significant. Quantitative data were
expressed as mean * SD. Statistics were compared among groups using
1-way ANOVA or nonparametric testing.

RESULTS

Patients
The median number of cycles of PRRT in the 3 groups was 3. In
group A, the median cumulative administered activity was 3.5
GBq (range, 2.2-3.7 GBq); all 12 patients received the first and
second cycles of PRRT, and 9 (75.0%) received the third cycle. In
group B, the median cumulative administered activity was 5.7
GBq (range, 1.9-6.0 GBq); all 6 patients received the first cycle
of PRRT, and 5 (83.3%) received the sec-
ond and third cycles. In group C, the me-
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dian cumulative administered activity was
10.5 GBq (range, 4.1-14.3 GBq); all 14
patients received the first cycle of PRRT,
13 (92.3%) received the second cycle, and
8 (57.1%) received the third cycle. Base-
line characteristics are in Table 1; there
were no significant differences among the
groups.
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with no immediate adverse effects such as
irritating pain, allergy, or fever during ad-
ministration and no life-threatening adverse
events (CTCAE grade 4) during the obser-
vation period. Only 1 patient, in group C,

1 patient withdrew
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ing several hours after administration, but

v v 4

this patient recovered within 2 wk after every
cycle of PRRT. All scheduled laboratory tests
were obtained.
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FIGURE 1. Participants’ flow chart of groups A-C. PD = progressive disease.
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Hematotoxicity

No life-threatening CTCAE grade 4 hem-
atotoxicity was observed. In group A, no
CTCAE grade 3 hematotoxicity was ob-
served. In group B, CTCAE grade 3 hema-
totoxicity (thrombocytopenia) was observed
in 1 patient (16.6%), who had been di-
agnosed with grade 2 myelosuppression 2 y
previously due to previous radiotherapy. In
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TABLE 1
Baseline Demographic and Clinical Characteristics

Group A Group B Group C

Characteristic (h=12) (=6 (@n=14
Male
Female
Age (y) 53+13 55+10 50+ 10
Primary tumor site
Pancreas 3 3 7
Stomach 1 0 0
Duodenum 1 1 3
Rectum 2 0 2
Lung 1 1 0
Ovary 0 0 0
Carcinoma of 0 0 1
unknown primary
Multiple endocrine 0 1 0
neoplasia
Paraganglioma 2 0
Pheochromocytoma 2 0 0
Tumor grade
1 3 1 3
2 9 4 10
3 0 1 1
Number of lesions
1-10 4 2 6
1-20
>20 2 7
Metastases
Liver 9 5 14
Bone 8 2 6
Lymph nodes 7 2 5
Lung 2 1 3
Prior treatment
Surgery 9 2 7
Somatostatin analog 8 5 5
Everolimus 2 3 1
Tyrosine kinase inhibitor 1 5 9
Chemotherapy 2 3 6
Radiotherapy 1 1 1
Transarterial 1 1 3
chemoembolization
Disease course (mo) 58+64 58+26 55+25

Qualitative data are numbers; continuous data are mean + SD.

group C, 3 (21.4%) patients had CTCAE grade 3 hematotoxicity
(thrombocytopenia in 3 patients, anemia in 1 patient). Among these
3 patients, platelet counts, which are reported to be preferen-
tially affected after the third cycle of '7’Lu-PRRT (73), dropped
greatly after the first cycle. All 3 patients had prior exposure to

388

multiple courses of alkylating therapy or sulfatinib/everolimus, which
are important predisposing factors toward hematotoxicity (Supple-
mental Table 1; supplemental materials are available at http://
jnm.snmjournals.org) (/4).

The changes in white blood cell (WBC) count, hemoglobin, and
platelets between baseline and 4 wk after each cycle of treat-
ment are listed in Supplemental Table 2. Significant differences in
the percentage change in hemoglobin among the groups were
observed in the second and third cycles of PRRT (P < 0.001 and
P = 0.015, respectively), with hemoglobin significantly increased
in group A (second cycle: 1.8% * 9.2%, P < 0.001; third cycle:
71% * 12.6%, P = 0.004) and group B (second cycle: 5.3% =+
10.8%, P = 0.001; third cycle: 1.1% = 11.1%, P = 0.011) when
compared with group C (second cycle: —14.1% * 7.8%; third
cycle: —17.2% = 14.4%). No significant change was observed in
WBC:s or platelets.

The mean WBC count, platelets, and hemoglobin at base-
line, 1 wk, and 4 wk after each cycle of PRRT are shown in
Figure 2A. Generally, the mean WBC count, platelets, and
hemoglobin fluctuated within the reference ranges and were
consistent among all patients and among patients who received
3 cycles of PRRT. Platelets were primarily affected, followed
by WBC count and hemoglobin—predominantly after the sec-
ond PRRT. WBC count and platelets were relatively stable in
the 3 groups. Hemoglobin dropped more in group C than in
groups A and B.

Hepatotoxicity

No life-threatening CTCAE grade 4 hepatotoxicity was ob-
served. CTCAE grade 3 hepatotoxicity was recorded for only 1
patient in group A (8.3%) and 1 patient in group C (7.1%).
Regarding the patient in group A, disease-related liver dysfunction
could not be excluded. This patient had liver dysfunction of
unknown cause 6 mo before PRRT and 3 mo later, after cessation
of the last cycle of PRRT. Regarding the patient in group C, who
had normal baseline liver function, this patient had transient
simultaneous rises in serum alanine aminotransferase, aspartate
aminotransferase, and bilirubin but recovered before the second
cycle of PRRT. This reaction was probably a transient one caused
not by radiotoxicity but by squeezing of normal liver tissue by
edema and tumor necrosis (Supplemental Table 1).

No significant change in alanine aminotransferase or aspartate
aminotransferase between baseline and 4 wk after each cycle of
treatment was observed (Supplemental Table 2). The mean counts
for alanine aminotransferase and aspartate aminotransferase at
baseline, 1 wk, and 4 wk after each cycle of PRRT are shown in
Figure 2B. Within the reference ranges, alanine aminotransferase
and aspartate aminotransferase fluctuated the most and were gener-
ally elevated in group C but generally decreased in groups A and B.

Nephrotoxicity

No CTCAE grade 2, 3, or 4 nephrotoxicity was observed
(Supplemental Table 1). Significant differences in the percentage
change in creatinine among the 3 groups was observed in the first
and second cycles of PRRT (P = 0.040, P = 0.033), with decreased
creatinine in group B (first cycle: —6.6% = 16.7%, P = 0.035;
second cycle: —10.2% * 16.6%, P = 0.016) and group C (first
cycle: —6.4% * 19.0%, P = 0.010; second cycle: —6.3 £ 11.0,
P = 0.011), as opposed to increased creatine in group A (first cycle:
13.8% = 21.0%; second cycle: 11.5% * 18.6%) (Supplemental
Table 2).
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FIGURE 2. Changes in WBC, hemoglobin, platelets, alanine aminotransferase, aspartate ami-
notransferase, and creatinine at baseline and at 1 and 4 wk after each cycle of PRRT in all patients
(A and C) and in patients who completed 3 cycles of PRRT (B and D). Blue line = group A; red

line = group B; green line = group C.

Response Evaluation

Functional Performance Evaluation. Performance status accord-
ing to the Eastern Cooperative Oncology Group remained stable
after therapy. The only exceptions were 2 patients in group C who

went from a grade of 2 to a grade of 3.

68Ga-DOTATATE PET/CT Response. One patient in group C
died after the second PRRT because of disease progression.
According to the EORTC criteria, the overall disease response
rate was similar among groups 1, 2, and 3 (50.0%, 50.0%, and
42.9%, respectively). The overall disease control rate was higher
in groups B (83.3%) and C (71.5%) than in group A (66.7%).
According to modified PERCIST, a lower disease response rate
but similar disease control rate were found (Supplemental Table
3). Examples of treatment efficacy (partial response) on %8Ga-

DOTATATE PET/CT are shown in Figure 3.

For all selected, qualified lesions, the percentage change in
SUV .« differed significantly among the 3 groups (P = 0.044)

ceiving 4 cycles of 7.4 GBq would already
have reached the 2-Gy dose limit. How-
ever, salvage PRRT, defined as rechallenge
with one or more '"’Lu-DOTATATE ther-
apy cycles after 4 initial PRRT cycles, did
not increase the risk of hematotoxicity
(16—18). Therefore, the maximal dose of !'77Lu-DOTA-EB-
TATE based on bone marrow tolerance might be more than
34.3 GBq.

Hematotoxicity is one of the concerning adverse events in
PRRT. In this study, CTCAE grade 3 thrombocytopenia was
observed in 1 (16.6%) patient in group B, who was diagnosed with
grade 2 myelosuppression previously. In group C, 3 (21.4%)
patients had CTCAE grade 3 thrombocytopenia. Notably, platelet
counts have been reported to be preferentially affected after 3 cycles
of 17’Lu-PRRT (13). However, in this study, platelet counts dropped
greatly after the first cycle of PRRT in these 3 patients with CTCAE
grade 3 thrombocytopenia. Their prior exposure to multiple courses
of alkylating therapy and sulfatinib/everolimus was an important
predisposing factor toward hematotoxicity (/4). The CTCAE grade
3/4 hematotoxicity rate of 17’Lu-DOTATATE/TOC has been reported
to be 3.1%-12.5% (13,15,16,19-24), which is similar to what
we observed in group B. However, in a study performed by Brieau
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FIGURE 3. Representative images of partial remission in group A (A),
group B (B), and group C (C).

et al. (25), the CTCAE grade 3/4 hematotoxicity rate was 30%
(thrombocytopenia, neutropenia, and anemia in 25%, 15%, and
10%, respectively) among 20 patients who had received prior
multiple cycles of chemotherapy. In our study, most patients also
had received several therapies before PRRT, including chemo-
therapy, because PRRT was previously not available in China.
77Lu-PRRT commonly introduces thrombocytopenia, anemia,
and neutropenia (/4), but no CTCAE grade 3/4 neutropenia or
anemia was observed in our study, except for 1 of the 3 patients
with CTCAE grade 3 thrombocytopenia, who also had grade 3
anemia at baseline but remained stable after PRRT. Thus, 3.97
GBq of '"7Lu-DOTA-EB-TATE per cycle may not pose a higher
risk of hematotoxicity as long as we consider the importance of
risk factors.

390

What’s more, patients with extensive bone marrow involvement
may tolerate 77Lu-DOTA-EB-TATE well. In our study, 1 patient
with extensive bone marrow metastasis in group A (Fig. 3A) had
relatively good bone marrow function at baseline (normal WBC
count and platelets but grade 2 anemia) after treatment with sur-
gery, octreotide acetate (Sandostatin LAR; Novartis), and a mam-
malian-target-of-rapamycin inhibitor (everolimus). However, no
leukopenia or thrombocytopenia was observed after 3 cycles of
PRRT. In addition, the hemoglobin level remained stable after the
first PRRT and improved after the second (grade 1 anemia) and
third (grade 0 anemia) PRRTSs. Similar findings have been found in
other studies (26,27).

The maximum tolerated dose to the kidneys for PRRT was
23-29 Gy (28-30). To not exceed an absorbed dose of 23 Gy, the
highest feasible dose of '7’Lu-DOTA-EB-TATE would be 20.0
GBq (radiation exposure, 1.15 * 0.92 mSv/MBq) (/0). However,
this limited dose to the kidneys may not be directly translatable to
PRRT with the long-acting somatostatin analog !7’Lu-DOTA-EB-
TATE, since it is characterized by a sustained but lower radiation
dose rate, which is different from that of !7’Lu-DOTATATE. There-
fore, the maximal dose of '”’Lu-DOTA-EB-TATE based on kidney
tolerance might be more than 20 GBq. The fact that we observed
no CTCAE grade 2-4 nephrotoxicity during any cycle of 7"Lu-
DOTA-EB-TATE or on follow-up suggests that !7’Lu-DOTA-EB-
TATE is well tolerated and produces no nephrotoxicity during
multiple cycles of PRRT with a cumulative radioactivity of up
to 11 GBq.

A recent metaanalysis demonstrated that the pooled disease
response rate and disease control rate were approximately 25.0%—
42.0% and 75.0%-83.0%, respectively, on the basis of RECIST or
the Southwest Oncology Group criteria (37). Similar results were
shown in the other 2 metaanalyses (32,33). In our study, the dis-
ease response rates in groups A, B, and C were 50.0%, 50.0%, and
42.9%, respectively, and the disease control rates were 66.7%,
83.3%, and 71.5%, respectively. '77Lu-DOTA-EB-TATE of 1.17
GBg/cycle seems to be as effective as the standard PRRT of
5.55-7.4 GBg/cycle. Although a pooled study showed poor agree-
ment on tumor response between RECIST and the EORTC criteria
(34), Aras et al. (35) found significant agreement among the
Southwest Oncology Group criteria, RECIST, the EORTC criteria,
and PERCIST. For early therapeutic response assessment in solid
tumors, the EORTC criteria appear to be more sensitive and ac-
curate than RECIST (36).

In this study, a 1.89 GBg/cycle dose of !7’Lu-DOTA-EB-TATE
had almost no side effects and produced a better tumor response
than 1.17 GBg/cycle. However, 3.97 GBg/cycle was still consid-
ered safe, except for patients who had prior exposure to chemo-
therapy with alkylating agents. Furthermore, a significant increase
in hemoglobin was observed in the second and third PRRTSs in
groups A and B, but there was a decrease in group C. Correspond-
ingly, the disease control rate in group C was 92.9% after the first
cycle but dropped sharply to 69.3% and 62.5% after the second
and third cycles, respectively. We do not yet know the reason for
the sharp decline in therapeutic effect during the second and third
PRRTs in group C. Some sources in the literature have suggested
that a low hemoglobin concentration may be one factor (37,38).
Thus, with careful patient selection and adequate monitoring, a
3.97-GBq or higher dose of 77Lu-DOTA-EB-TATE is expected to
achieve a better tumor response. Predictive blood biomarkers such
as the PRRT Predictive Quotient and the NETest would probably
be helpful in predicting efficacy and in monitoring disease (39).
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There are several limitations to this study. First, the number of
patients in each group was limited and uneven. Second, there was
no analysis of overall survival or long-term toxicity; such an
analysis will be conducted in the future. Finally, only 3 dose
escalations were performed, and the maximum tolerated dose has
not been determined. Further study with more patients and more
dose escalations is warranted.

CONCLUSION

NET patients tolerated !7’Lu-DOTA-EB-TATE well, with ac-
ceptable hematotoxicity. A '7’Lu-DOTA-EB-TATE dose of 1.89
GBg/cycle appears to produce a good tumor response with almost
no side effects. However, with careful patient selection and ade-
quate monitoring, a 3.97-GBq or higher dose of '7’Lu-DOTA-EB-
TATE may still be safe and is expected to produce an even better
tumor response.
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KEY POINTS

QUESTION: Are multiple cycles of 177Lu-DOTA-EB-TATE with
escalating doses safe and effective in the treatment of advanced
NET, and what is the optimal dose?

PERTINENT FINDINGS: In this prospective pilot study, 32 NET

patients were randomly divided into 3 escalating dose groups. The
patients seemed to tolerate 177Lu-DOTA-EB-TATE well, even up

to 3.97 GBqg/cycle. The overall disease control rate, as well as the
percentage decrease in tumor SUV,,,.,, were highest with a 1.89-
GBq dose, followed by 3.97 and 1.17 GBq.

IMPLICATIONS FOR PATIENT CARE: A 1.89-GBq dose of
177Lu-DOTA-EB-TATE per cycle appears to produce a good tumor
response with almost no side effects. With careful patient selec-
tion and monitoring, a 3.97-GBq or higher dose is expected to
achieve an even better tumor response.
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