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Abstract

The aim is to investigate the usefulness of 7"Lu-DOTA-O-Tyr3-Octreotate (DOTATATE) healthy organs’ (spleen, kidneys, b®
marrow) standard uptake value for the prediction of subacute hematological toxicity in patients undergoing ""Lu-DOTATATE
treatment. All patients referred from January 2021 to May 2022 for '’Lu-DOTATATE treatment were retrospectively screened.
For each treatment session, baseline clinical data including age, sex, weight, delay between ’Lu-DOTATATE treatment and last
cold somatostatin analogue intake were collected. Mean standardized uptake value (SUVmean) of healthy organs was measured
and analyzed by generalized linear mixed effect models. Outcomes (significant decrease of platelets, hemoglobin levels and
neutrophils) were assessed 1 month later, considering their within-subject biological coefficient of variation, published by the
European Federation of Clinical Chemistry and Laboratory Medicine. A total of 9 patients (33 treatment sessions) were included.
No predictive factors were identified for platelet and neutrophil decrease. Splenic SUVmean was found to be a significant predictor
of hemoglobin levels decrease. Using an optimal threshold of >6.22, derived sensitivity and specificity to predict hemoglobin
decrease were 85.7% [46.4; 99.0] and 76.9% [57.5; 89.2] respectively with an accuracy of 82.4%. Although not significantly
predictive of hematological toxicity, bone marrow SUVmean and renal SUVmean were correlated with splenic SUVmean.
Quantitative single photon emission computed tomography and healthy organs analysis might help to foresee hematological
subacute toxicity in patients undergoing "’LLu-DOTATATE treatment and improve patient management.

Abbreviations: DOTATATE = DOTA-0-Tyr3-Octreotate, GFR = glomerular filtration rate, NETTER = neuroendocrine tumors
therapy trial, OR = odd ratios, RCV = reference change value, SA = somatostatin analogue, Se = sensitivity, Sp = specificity,

SPECT = single photon emission computed tomography, SUVmean = mean standardized uptake value.
Keywords: neuroendocrine tumors, quantification, theranostics, toxicity

1. Introduction

Treatment with "7"Lu-DOTA-0-Tyr3-Octreotate (DOTATATE)
has been shown to be superior to high-dose octreotide long-act-
ing repeatable treatment, with a demonstrated 79% lower risk
of progression or death with 77Lu-DOTATATE in the neuro-
endocrine tumors therapy trial (NETTER)-1 study.'! Among
subacute adverse effects, hematological toxicity remains in the
forefront, with varying frequencies depending on the cell type
(25% thrombocytopenia, 14% anemia and 5% neutropenia).
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The risk factors of subacute hematological toxicity reported
by Bergsma et al? included poor renal function, low white
blood cell count, age >70 years and extensive/high uptake
tumor.

By contrast to external beam radiotherapy, molecular radio-
therapy dosimetry, including peptide-receptor radionuclide
therapy with 7Lu-DOTATATE, is not routinely implemented,
whether for the dose received by the tumor (hence the efficacy)
or by the organs at risk (hence the toxicity). However, significant
within-patient variability in uptake and radioactivity clearance
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can be observed.®! In vivo dosimetry requires multiple steps,
notably to estimate the residence time and the distribution of
the tracer in the organs. In the context of treatment toxicity pre-
diction, the arrival of new quantitative single photon emission
computed tomography (SPECT) reconstructions*! could offer a
simpler alternative.

The objective of the study was to investigate the usefulness of
healthy organs’ standard uptake value, derived from post-treat-
ment quantitative ”’Lu-DOTATATE SPECT, to predict subacute
hematological toxicity.

2. Materials and Methods

2.1. Inclusion and exclusion criteria

All patients referred to our center from January 2021 to May
2022 for Lu-DOTATATE treatment were retrospectively
screened.

Each "7Lu-DOTATATE cycle was considered separately
and consisted of an initial biological assessment (includ-
ing a complete blood count) performed the day before
administration, an administration of 3.7 to 7.4 GBq of
77Lu-DOTATATE, a post-treatment SPECT the day after,
and a follow-up biological assessment 1 month after the
administration (including a complete second blood count).
For an administration to be included in the study, the fol-
lowing conditions had to be met: actual administration of
the 77Lu-DOTATATE dose, availability of biological results
(baseline and follow-up). Exclusion criteria were: age <18
years, and lack of consent.

This retrospective study was conducted in accordance with
the Declaration of Helsinki and was declared on the Health
Data Hub (N°F20220613170159) in conformity with the ref-
erence methodology MR004 of the “Commission Nationale de
I'Informatique et des Libertés,” allowing the computerized man-
agement of medical data. The participants were informed of the
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possibility of using the information concerning them and had a
right of opposition. No additional ethics committee approval
was required.

2.2. Post-treatment imaging

The morning after each ’Lu-DOTATATE administration, a
post-treatment scintigraphy including a whole-body planar
image (16cm/min) and an abdominal SPECT/CT was per-
formed on a Symbia Intevo Bold system (Siemens Healthineers,
Erlangen, Germany). Two protocols were used successively in
the department for the quantitative SPECT acquisition:

Protocol 1: acquisition of 32 x 2 projections of 30 seconds
(matrix: 1282). xSPECT/Broadquant reconstruction (24
iterations, 2 subsets), gaussian post-filtering (full width half
maximum: 16 mm)

Protocol 2: acquisition of 32 x 2 projections of 30 seconds
(matrix: 2562). xSPECT/Broadquant reconstruction (25 iter-
ations, 1 subset), gaussian post-filtering (full width half max-
imum: 8§ mm).

2.3. Quantitative SPECT measurements

SPECT exams were reviewed on a dedicated console (AW Server,
General Electrics, MKE). To measure spleen and kidneys uptake,
an encompassing cubic region of interest was drawn around the
targeted organ. Thresholding at 41% of maximum standardized
uptake value (SUV) was then applied to delineate its outline. The
contours were then manually corrected, if necessary (Fig. 1). Spleen
mean standardized uptake value (SUVmean) and kidney SUVmean
(averaged SUVmean of right and left kidneys) were measured.
Bone SUVmean was measured using a spherical volume of interest
positioned in the body of the L2 vertebra (adjacent vertebrae could
be selected in case of presence of metastasis or artifacts).
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Figure 1. Example of the delineation of the spleen. An encompassing cubic ROl is drawn around the spleen. Thresholding at 41% of SUVmax is applied to
delineate its outline. No manual correction is required in this case. Volume, SUVmax (M) and SUVmean (Av) are displayed. ROI = region of interest, SUVmax =
maximum standardized uptake value, SUVmean = mean standardized uptake value.
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In order to compensate for the 2 different acquisition and
reconstruction protocols, a ComBat batch harmonization! was
used to adjust the measured features. Reference was set to pro-
tocol 1, as it was the protocol used in most patients.

2.4. Collected clinical and biological data

Three binary outcomes were considered namely significant
decrease of hemoglobinemia, significant decrease of thrombo-
cytes and significant decrease of neutrophils. Hemoglobinemia,
thrombocytes and neutrophils counts were collected at both
baseline (i.e., the day before administration of the treatment)
and at 1-month follow-up. The decrease percentages of those
3 parameters were computed and then binarized (significant vs
non-significant) using reference change value (RCV).I®l RCV is
defined as the change needed between 2 serial results from the
same individual to be statistically significantly different and is
calculated based on coefficient of variation due to the measure-
ment system (variation due to the measurement system, set to 0
in our study) and within-subject biological coefficient of vari-
ation, whose values are regularly monitored by the European
Federation of Clinical Chemistry and Laboratory Medicine.!”!
As by May 20, 2022, the within-subject biological coefficient of
variation values for thrombocytes, hemoglobinemia and neutro-
phils were 7.6%, 2.7% and 14 %, respectively, resulting in RCV
values of 21.07%, 7.48% and 38.81%.17!

Age, sex, weight, delay between 177Lu-treatment and last
cold somatostatin analogue (SA) intake, "Lu-DOTATATE
activity received during current session, and cumulative activity
received were collected for each treatment. In addition to the
biological baseline parameters previously described, lympho-
cyte counts (baseline absolute count, follow-up absolute count,
and decrease percentage) and baseline glomerular filtration rate
(GFR) were collected.

2.5. Statistical analysis

Quantitative parameters were described using mean, standard
deviation, median, first and third quartile. Binary parameters
were described by their absolute number and percentage.

For the 3 outcomes, analyses were conducted using general-
ized linear mixed effect models to take into account the random
effect linked to the repeated measures (2—4 treatment sessions
per patient). Patient number was set as random effect factor
and the other collected baseline parameters were tested as fixed
effect factors.

Parameters with a P value < .05, if any, were included in a
model selection procedure based on Akaike information cri-
terion minimization. Results were presented using odd ratios
(OR) and their 95% confidence intervals.

Calculations were performed a second time using non-har-
monized data as harmonization quality control.

Identified parameters were then displayed using whiskers
box plot and studied using receiver operating characteristic
curves to characterize area under curve, and sensitivity (Se)/
specificity (Sp) at optimal threshold (defined as the threshold
giving the highest Se while having a Sp >50%). Correlation
with the other measured parameters was computed using
Pearson coefficient.

3. Results

A total of 33 treatment sessions were included, representing 9
patients: 6 (66.7%) females and 3 (33.3%) males. The characteris-
tics associated with each treatment session are reported in Table 1.

A significant platelet decrease was noted after 17/33 treat-
ments, followed by significant hemoglobin decrease (7/33) and
neutrophil decrease (1/33).
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Univariate analysis (Table 2) did not identify significant pre-
dictors of platelet or neutrophil decrease. Two parameters were
predictors of hemoglobin decrease: spleen SUVmean (OR 1.53
[1.09; 2.14] P =.01) and baseline hemoglobin levels (OR 0.36
[0.15;5 0.87]). Both parameters were considered for multivari-
ate analysis. By testing the 3 possible models (spleen SUVmean
alone, baseline hemoglobin levels alone and both parameters
together), spleen SUVmean model alone was retained as the
best, based on Akaike information criterion (Table 3).

Analyses were verified on non-harmonized data. Non-
harmonized spleen SUVmean remained significant (OR 1.59
[1.08; 2.35] P =.02) and the model selection led to the same
results.

Spleen SUVmean was then studied using receiver operat-
ing characteristic curve analysis: with an identified threshold
of 26.22, derived Se and Sp to predict hemoglobin decrease were
85.7% (46.4; 99.0) and 76.9% (57.5; 89.2), respectively, with
an area under curve of 0.82 (Fig. 2). Median and first quar-
tile-third quartile intervals were 9.56 (7.5-12.9) for patients
with significant hemoglobin decrease and 3.75 (2.4-5.3) for
patients without hemoglobin decrease.

Considering each treatment independently, spleen SUVmean
was significantly and positively correlated with bone SUVmean
(0.56, P =.001) and kidney SUVmean (0.80, P < .001) and neg-
atively correlated to baseline platelet counts (-0.41, P =.017),
hemoglobin levels (-0.53, P =.001) and GFR (-0.60, P <.001).
Spleen uptake was also positively correlated with the delay of
last cold SA intake and to the lymphocytes’ decrease percentage
1 month after treatment (Table 4).

4. Discussion

The advent of SPECT quantification techniques opens new per-
spectives for dosimetry and prediction of treatment toxicity.
Among them, xXSPECT with Broadquant™ enables image quan-
tification assessment such as SUV measurements. Clinical sig-
nificance of such reconstructions remains uncertain, especially
in the emerging field of theranostics, though some very recent
experiences are beginning to find their light in the literature.®!
In our study, spleen SUVmean allowed us to predict a drop in
hemoglobin level within 1 month, with an accuracy of 82.4%.
High baseline hemoglobin levels were a protective factor at
univariate analysis but spleen SUVmean was the only factor
selected in the multivariate model selection procedure.

Baseline characteristics of the 33 treatment sessions.

Characteristics Mean (SD) Median [Q1; Q3]
Age (yr) 73.85 (8.45) 72.0 [69.0; 78.0]
Weight (kg) 65.27 (18.15) 64.0 [46.0; 80.0]
Last intake of cold SA (d) 101.24 (72.63) 91.0[32.0;161.0]
Administered activity (GBq) 7.20 (1.02) 7.50 [7.40; 7.60]
Quantitative SPECT data (after ComBat)
Tumor SUVmax 21.97 (8.94) 21.97 [14.39; 25.42]
Spleen SUVmean 5.43 (3.98) 4.13[2.47;8.08]
Kidneys SUVmean 477 (1.82) 5.00 [3.26; 5.93]
Bone SUVmean 0.30 (0.28) 0.21[0.07; 0.48]
Biological results
Baseline platelets count (x10%L) 178.09 (54.84) 177.0 [142.0; 204.0]
Baseline Hb levels (g/dL) 11.84 (1.44) 11.8[11.0; 12.6]
Baseline neutrophils (/uL) 3340.97 (949.90) 3419 [2460; 4157]
Baseline lymphocytes (/uL) 1184.45 (419.67) 1129 [939; 1360]
Baseline GFR (mL/min/1.73m?) 67.15 (14.65) 64.0 [55.0; 77.0]

GFR = glomerular filtration rate, Hb = hemoglobin, Q1 = first quartile, Q3 = third quartile, SA =
somatostatin analogue, SD = standard deviation, SPECT = single-photon emission computed
tomography, SUV = standard uptake value.
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Univariate analysis.

Hemoglobin significant

Platelets significant decrease decrease Neutrophils significant decrease
n=17 n=7 n=1
Age 0.314 0.199 0.479
Sex 0.555 0.099 0.989
Weight 0.209 0.158 0.475
Last intake of cold SA 0.625 0.150 0.621
Administered activity
Current treatment 0.293 0.116 0.635
Cumulative activity 0.424 0.228 0.701
SPECT data (after ComBat)
Tumor SUVmax 0.349 0.837 0.818
Bone SUVmean 0.946 0.454 0.517
Spleen SUVmean 0.481 1.53 [1.09-2.14] P = .013" 0.403
Kidneys SUVmean 0.334 0.494 0.532
Biological results
Baseline platelets count 0.307 0.642 0.266
Baseline Hb levels 0.498 0.36 [0.15-0.87] P = .023" 0.427
Baseline neutrophils 0.123 0.418 0.242
Baseline lymphocytes 0.121 0.084 0.231
Baseline GFR 0.434 0.377 0.344

Significant predictors are presented as odd ratios, 95% confidence intervals, and P value. Only P value is reported for nonsignificant predictors.
GFR = glomerular filtration rate, Hb = hemoglobin, SA = somatostatin analogue, SPECT = single-photon emission computed tomography, SUV = standard uptake value.

*P <.05.

Model selection for hemoglobin decrease prediction.

Hemoglobin significant decrease

Model selection

AIC Final model
Model 1: spleen SUVmean alone 29.0 1.53[1.09-2.14] P=.013*
Model 2: hemoglobin levels alone 30.2 Rejected
Model 3: spleen and hemoglobin 32.2 Rejected

AIC = Akaike information criterion.

Significant decreases were observed in the 3 blood lines with,
in decreasing order of frequency: platelets (51.5%, 17/33), hemo-
globin (21.2%, 7/33) and neutrophils (3.0%, 1/33). The same
order was encountered in the NETTER-1 study,!! but with lower
percentages: the NETTER study focused on the detection of clin-
ically significant decreases according to the common terminol-
ogy criteria for adverse events classification,””) whereas our study
focused on lower, biologically significant thresholds. Almost no
events were recorded when studying neutrophil levels, explaining
the negativity of our analyses for neutrophil decrease prediction.
The lack of predictive factors for platelet decrease may be related
to their short life span with more fluctuating levels or indicate a
multifactorial character to the thrombocytopenia, which our low

*P<.05.
number of patients did not allow to detect.
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Figure 2. ROC curve analysis (spleen SUVmean vs hemoglobin decrease) and spleen SUVmean distribution. AUC = area under curve, ROC = receiver operat-

ing characteristic, SUVmean = mean standardized uptake value.
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Correlation of harmonized spleen SUVmean with the other
factors.

Correlations with spleen SUVmean

Age P = .656
Weight 0.70 (P< .001)
Last intake of cold SA 0.44 (P=.011)
Administered activity

Current treatment -0.72 (P< .001)
Cumulative activity P=.342
Quantitative SPECT data
Tumor SUVmax P=.054
Bone SUVmean 0.56 (P=.001)
Kidneys SUVmean 0.80 (P< .001)
Biological results
Baseline platelets count -0.41 (P=.017)
Baseline Hb levels —-0.53 (P=.001)
Baseline neutrophils P=.493
Baseline GFR —-0.60 (P < .001)
Baseline lymphocytes P=.878
Lymphocytes’ decrease 0.40 (P=.02)

Correlation coefficients are reported only where P value < 0.05.
GFR = glomerular filtration rate, Hb = hemoglobin, SA = somatostatin analogue, SPECT = single-
photon emission computed tomography, SUV = standard uptake value.

The SUVmean of the 3 healthy organs (bone marrow, spleen
and kidneys) appeared to be positively correlated. However,
only the SUVmean of the spleen was associated with hemato-
logical toxicity. The identification of the spleen and not the bone
marrow may seem surprising. The hematotoxicity of peptide
receptor radionuclide therapy is considered to be related to the
destruction of hematopoietic cells?! (i.e. a production impair-
ment) and the radiosensitivity of platelets and red blood cells
in the peripheric blood is reported as low.l!”? One explanation
could be that the SUVmean of the spleen actually reflects the
irradiation of the bone marrow. The measurement of the SUV of
the bone marrow is indeed complex (small structures, exposed
to the partial volume effect) and the absolute value remains low
(<1) and therefore remains vulnerable to noise related to the
surrounding structures. Spleen SUVmean could be a more reli-
able surrogate in this setting.

While the correlation of splenic SUVmean to weight and
activity are self-explanatory, as both parameters are included
in the SUV formula," a positive correlation was noted with
the date of the last SA intake. Decreased healthy organ uptake
under SA treatment is documented in 68Ga somatostatin recep-
tors imaging."”! The inverse correlation with GFR could be
explained by a higher bioavailability of the tracer due to lower
elimination. The inverse correlation with platelet and hemoglo-
bin levels is less straightforward. Somatostatin receptors are
located mainly in the red pulp of the spleen™ and are thought
to have a vasoconstrictive effect!’ reducing spleen filtering. The
question of whether this regulation can partially explain the
inverse correlation will require however further investigation.
Splenic SUVmean is finally positively correlated to the decrease
of lymphocytes (before vs after treatment). The explanation is
probably 2-fold. The decrease in lymphocytes is often consid-
ered a reflection of the dose received by the bone marrow,!"* so
this correlation could confirm the link between splenic uptake
and bone marrow irradiation. Peripheral destruction can also be
evoked, however, as shown in external radiotherapy settings.!'!

Age, white blood cell count and primary tumor uptake have
been reported as predictive factors of hematotoxicity in pre-
vious works.? Our population does not cover a wide range
of ages and is centered around 70 years (cutoff considered
in previous studies), which probably explains the negativity
of this parameter. The uptake of the primary tumor is at the
limit of significance, probably due to a lack of power in the
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study. This phenomenon probably also explains the lack of
predictive value of white blood lines levels. Extensiveness/
total metabolic tumor volume, one of the last predictive fac-
tors reported in the literature, was not assessed in our study:
its measurement was not possible due to the absence of whole-
body SPECT acquisitions. However, we may have indirectly
captured part of this factor via the “Tumor sink effect,”!'¢!7!
that refers to the phenomenon by which high burden tumors
can lead to a decrease in the uptake of healthy organs by
tracer sequestration.

Limitations of our study include the small number of
patients and its retrospective monocentric design. The coex-
istence of 2 acquisition protocols may limit the reproducibil-
ity of measurements but this problem was addressed by using
a validated harmonization method.®'$! This harmonization
corrected the SUV values of 10/33 patients (reconstruction
protocol 2). However, the identified predictive factors were
unchanged whether using harmonized or non-harmonized
data. We did not consider prior treatments such as chemother-
apy. Although the concomitant use of alkylating agent do not
greatly affect the incidence of toxicity,!'”) more recent studies
suggest that heavily pretreated patients could increase this
risk.["I The heterogeneity of previous treatments and the small
number of patients made it impossible to integrate this factor.

5. Conclusions

The study of splenic uptake, measured on quantitative post-treat-
ment SPECT could predict and anticipate subacute anemic com-
plications after Lutathera treatment. Larger studies are needed
to confirm these results.
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