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Abstract

The present study aimed to assess gadoxetate disodium contrast-enhanced (CE)
positron emission tomography (PET)/magnetic resonance imaging (MRI) with ®®Ga-
DOTATOC and *C-5-Hydroxy-tryptophan (*'C-5-HTP) in comparison with iodine CE
68Ga-DOTATOC-PET/computed tomography (CT) for neuroendocrine tumour imag-
ing. Detection rate and reader's confidence were evaluated for each separate image
volume: CE-CT, CE-MRI including diffusion-weighted imaging, %8Ga-DOTATOC-
PET performed at PET/CT, 8Ga-DOTATOC-PET performed at PET/MRI and *'C-5-
HTP-PET, and for the three combined hybrid examinations %8Ga-DOTATOC-PET/
MRI, C-5-HTP-PET/MRI and ®®Ga-DOTATOC-PET/CT. In 11 patients, 255 lesions
were depicted. °®Ga-DOTATOC-PET performed at PET/MRI depicted 72.5%, ¢®Ga-
DOTATOC-PET performed at PET/CT depicted 62.7%, 'C-5-HTP-PET depicted
68.2% and CE-CT depicted 53% of lesions. %8Ga-DOTATOC-PET performed at
PET/MRI (P < 0.001) and PET/CT (P = 0.02), 'C-5-HTP-PET (P < 0.001) and MRI
(P < 0.001) were superior to CT. ®8Ga-DOTATOC-PET/MRI and ''C-5-HTP-PET/
MRI detected 92.5% and 92% of lesions, respectively, and both outperformed *Ga-
DOTATOC-PET/CT (65%) (P < 0.001). For liver metastasis imaging, MRI alone was
unsurpassed (P < 0.01) and ®®Ga-DOTATOC-PET/MRI and *'C-5-HTP-PET/MRI out-
performed %8Ga-DOTATOC-PET/CT (P < 0.001). For lymph node metastasis diag-
nosis, ®®Ga-DOTATOC-PET performed at PET/MRI and PET/CT and *'C-5-HTP-PET
detected 94%, 94% and 94% of lesions, respectively, and outperformed MRI and CE-
CT alone (P < 0.001). For bone metastasis imaging, ®®Ga-DOTATOC-PET performed
at PET/MRI and PET/CT and **C-5-HTP-PET performed equally well (P = 0.05) and
better than MRI. Reader's confidence was better for ®8Ga-DOTATOC-PET/MRI and
H1C-5-HTP-PET/MRI than for °8Ga-DOTATOC-PET/CT. The tumour maximum stand-
ardised uptake value and tumour-to-liver ratio were both approximately twice as
high as for ®®Ga-DOTATOC than for *'C-5-HTP. ®Ga-DOTATOC-PET/MRI and **C-
5-HTP-PET/MRI provided the highest detection rates and reader's confidence and
were both superior to %8Ga-DOTATOC-PET/CT, mainly because of the MRI compo-
nent. The imaging contrast with ¢3Ga-DOTATOC was superior to that of *'C-5-HTP.
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1 | INTRODUCTION

Neuroendocrine tumours (NETs) constitute a rare heterogeneous
group of slow-growing and mainly well-differentiated tumours
with potential secretory capacity, and may produce a variety of
peptide hormones and biogenic amines.>? In the USA, the inci-
dence rate is approximately seven cases per 100,000 and vyear,
and, according to a population-based study, the incidence rates
increased by 6.4-fold between 1973 and 2012,%* partly because
of an improvement in diagnostic methods. NETs often arise spo-
radically and frequently originate in the gastrointestinal tract, in-
cluding the pancreas (62%-67%), so-called gastroenteropancreatic
NETs, and in the bronchopulmonary tract (22%-27%).> NETs are
divided into functioning NETs that give rise to hormonal symptoms
and non-functioning NETs that do not. The latter usually present
with nonspecific symptoms, such as weight loss, stomach discom-
fort and pain because of the tumour's mass effect. Conversely,
because of the hormonal symptoms, patients with functioning
tumours present earlier. Because of the often vague initial symp-
toms, several years of patient and doctor delay is frequent, and
60% of patients present with metastasis.*®” Depending on their
proliferation, Ki-67 index, NETs are graded as G1 (Ki-67 < 3%), G2
(Ki-67 3%-20%) and G3 (Ki-67 > 20%) and the G3 tumours are
further divided into well-differentiated G3 NETs and poorly dif-
ferentiated G3 neuroendocrine cancer.®

The wide variations of clinical NET-manifestations make the
choice of diagnostic methods and imaging procedures challenging.
Because surgery is the only curative of NET treatment, it is crucial
to accurately localise the primary tumour and its extent and to de-
tect regional and distant metastases to decide whether surgery is
feasible. In locally advanced and/or metastatic disease, systemic
treatment is instead initiated. This may be combined with debulking
surgery and ablation of liver metastases, before which accurate imag-
ing is also important.” Positron emission tomography combined with
computed tomography (PET/CT) with ®®Ga-DOTA-somatostatin an-
alogues (SSA) is the recommended modality for nuclear medicine im-
aging used in many centres for the management of NETs, especially

10,11

in the diagnosis of well-differentiated NETs with high sensitivity,

usually > 90% and often even higher for well-differentiated G1 and
G2 NETs with high somatostatin receptor (SSTR) expression.'?*> A
representative meta-analysis, including 17 papers, showed a pooled
lesion-based sensitivity of 93% and a specificity of 85% for %8Ga-
DOTATOC-PET in the detection of NETs.'® ¢3Ga-DOTA-SSA-PET
is especially valuable for visualising small lymph node metastases
that often escape detection on CT and magnetic resonance imaging

(MRI), or are falsely characterised as normal as a result of inadequate

size criteria (short-axis diameter < 10 mm).** Similarly, bone metas-
tases, often missed by CT, and are better detected by *®Ga-DOTA-
SSA-PET/CT with mean sensitivity and specificity ranging between
97%-100% and 92%-100%, respectively.}”*®

PET/MRI has recently been introduced as a novel hybrid imaging
tool, and several studies have evaluated the diagnostic accuracy of
PET/MRI compared to PET/CT. A retrospective study that evaluated
the impact of PET/MRI in different cancer types did not support the
application of PET/MRI as an alternative to PET/CT in the clinical
practice, but suggested that PET/MRI should be preferred over PET/
CT in some cancers such as melanoma.?’

Regarding NETs, there are few published reports with large heter-
ogenicity in the study designs and patient populations, making it dif-
ficult to draw firm conclusion from their results. Some studies argue
favourably for the use of PET/MRI, particularly in the detection of liver
metastases, and the superiority of PET/MRI in those studies has been
attributede to the MRI component because of its superiority to CT
for detecting metastases to the liver, bone and brain.'*’ MRI with
diffusion-weighted sequences [diffusion-weighted imaging (DWI)] is
sensitive for restricted diffusion in hypercellular malignant tumours,?°
and provides high lesion-to-background contrast, which, together with
the lesion characterisation in the apparent diffusion coefficient map,
facilitates lesion detection and helps to distinguish malignant from
benign tumours. Moreover, because hepatocyte-specific MRI contrast
media are available, this provides an additional advantage of MRI over
CT for imaging of hepatic metastases.?*?2

1¢-5-Hydroxy-tryptophan (1C-5-HTP) is a PET-tracer that was
developed and established as a primary nuclear medicine imaging
method for NETs before the advent of ¢Ga-DOTA-SSA-PET/CT.?®
Its application is based on amine precursor uptake and decarbox-
ylation (APUD) process where it accumulates in the neuroendo-
crine tumour cells (APUDomas) and undergoes decarboxylation
yielding 5-hydroxy-tryptamine (serotonin), which is subsequently
transported into vesicles of the NET cytoplasm.?* Several com-
parative studies have shown that this is universally valid in NETs,
except for poorly differentiated NETs, which show no or low up-
take of 1*C-5-HTP.?° However, a comparative PET study with 'C
5-hydroxy-tryptophan and ¢®Ga-DOTATOC has not previously
been performed.

In the present prospective study, the combined hybrid imaging
techniques PET/MRI with ¢8Ga-DOTATOC and *'C-5-HTP and PET/
CT with ®®Ga-DOTATOC were compared in terms of detection rate
and reader's confidence. In addition, the imaging capacity of the five
individual components (CE-CT, CE-MRI, 8Ga-DOTATOC in conjunc-
tion with PET/MRI, ®®Ga-DOTATOC in conjunction with PET/CT and
1C.5-HTP-PET) were also investigated.
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2 | MATERIALS AND METHODS
2.1 | Patients

Between August 2015 and April 2017, twelve consecutive adult pa-
tients, with histopathologically verified G1 and G2 NETs, except for
one patient (patient 2), who was not biopsied, were prospectively in-
cluded. One patient withdrew from the study and was excluded. The
demographic and clinical characteristics are summarised in Table 1.
The patients underwent a clinically indicated *®Ga-DOTATOC-
PET/CT. Whole-body *'C-5-HTP-PET/MRI and whole-body 8Ga-
DOTATOC-PET/MRI were then performed for research purposes on
the same day within 1-9 days (mean 2.6 days) of PET/CT. The study
was approved by the local ethics committee (No. 2014/239) and

written informed consent was obtained from all patients.

2.2 | Radiopharmaceutical production

Good manufacturing practice (GMP) compliant production of e
5-HTP was conducted as reported previously.?® Automated GMP
production of °8Ga-DOTATOC was performed on a synthesis plat-
form (Modular PharmLab; Eckert & Ziegler, Seneffe, Belgium) using a
disposable cassette system (C4-Ga68-PP) and pharmaceutical grade
%8Ge/%®Ga generator (GalliaPharm®; Eckert & Ziegler). The prod-
uct was formulated in sterile saline and sterile-filtered in-line. The
quality control in terms of radiochemical purity, chemical purity and
quantity was conducted using high-performance liquid chromatog-

raphy with ultraviolet- and radiodetectors connected in series.

2.3 | PET/CT and PET/MRI

Whole-body PET/CT ranging from the base of the skull to the
proximal thighs was performed on a General Electric Discovery ST
PET/CT scanner (GE Healthcare, Chicago, IL, USA) in patients 1-7
(Table 1) and on digital time-of-flight General Electric Discovery Ml
digital PET/CT scanner (GE Healthcare) in the remaining patients
8-11 (Table 1). The PET/CT and PET/MRI scanners were all cross-
calibrated. Approximately 2 MBq kg™ body weight ®®Ga-DOTATOC
was administered i.v. as a bolus, and PET/CT was performed about
60 minutes following the injection. The Discovery ST and MI PET/CT
scanners provided 15.7 cm and 20 cm axial coverage, respectively,
and whole-body examinations were performed with 3 and 2 minutes
PET-acquisition per bed position, respectively. The PET images were
reconstructed with standard OSEM (ordered subset expectation
maximisation) settings recommended by the manufacturer (three
iterations/16 subsets and a 5-mm gaussian post-processing filter). A
low-dose CT was performed for attenuation correction of the PET
images (120 kV, auto mA 10-100 mA, noise index 28, rotation time
0.5 seconds, full spiral, slice thickness 3.75 mm, pitch 1.53:1). A di-
agnostic intravenously contrast-enhanced CT was performed in ac-

cordance with a clinical standard NET examination protocol used in
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the radiology department, including scanning of the liver in the late
arterial contrast-enhancement phase and the neck, thorax, abdomen
and pelvis in the venous phase (120 kV, auto-mA 85-560 mA, noise
index 15, dose reduction 40%, rotation time 0.5 seconds, collima-
tion 3.75 mm, pitch 0.95, reconstruction 0.6 mm transverse, 3-mm
multi-reformatted transverse, coronal, sagittal). An iodine-based
contrast medium (lomeprol 400 mgl mL?; Bracco Imaging, Milan,
Italy) 0.6 gl kg™* body weight, was injected intravenously at 5 mL s,
utilising SmartPrep bolus tracking software (SmartPrep, Miinchen,
Germany) to adjust the scanning in relation to contrast injection
start to acquire the late arterial and venous contrast-enhancement
phases, respectively.

PET/MRI with both ®®Ga-DOTATOC and *'C-5-HTP were per-
formed on a General Electric SIGNA PET/MRI 3.0 T system (Siemens
Healthcare, Erlangen, Germany). The MRI component comprised a 60-
cm bore 3 T magnet, gradient coils and transmit/receive body coils.
The attenuation correction was performed using information from a
LAVA-Flex scan (water only, fat only, in-phase and out-phase images).
First, 1*C-5-HTP-PET/MRI was performed because of the shorter half-
life of 'C (20 minutes), followed by *®Ga-DOTATOC-PET/MRI 4 hours
later. The patients fasted for at least 4 hours before the examinations.
Carbidopa (200 mg) was given perorally 1 hour before the injection
of C-5-HTP. Carbidopa is a peripheral aromatic -amino acid decar-
boxylase enzyme inhibitor that decreases the decarboxylation rate for
1C-5-HTP and, consequently, its excretion by the kidneys.?’” This pro-
vides a longer plasma half-life for 5-HTP, increasing its availability and
thereby the tumour uptake. Approximately 5 MBq kg™ bodyweight of
1C-5-HTP was injected iv. and PET acquisition was started 20 min-
utes later. An anti-peristaltic drug (Buscopan; Boehringer Ingelheim,
Barcelona, Spain) was administered before the examinations to mini-
mise the bowel movements and thereby reduce motion-induced MRI
artifacts. The MRI sequences obtained concurrently with PET were:
(i) transversal whole-body DWI with (b-values 0, 50, 800); (ii) trans-
versal 3D LAVA flex sequence (water-only, fat-only, in-phase and
out-phase images) performed during one breath-hold, including water-
only, fat-only reconstructed by applying a two-point Dixon method;
(iii) sagittal T1-weighted, T2-weighted and T2-STIR turbo spine echo of
the cervical, thoracic and lumbar spine; (iv) coronal T1-weighted, T2-
weighted turbo spin-echo of the lower abdomen and the pelvis; and (v)
dynamic contrast-enhanced sequence in the transversal plane using a
hepatocyte-specific contrast medium gadoxetate disodium (Primovist;

Bayer-Schering Pharma, Berlin, Germany).

2.4 | Imaging analysis

The examinations were initially interpreted separately by two readers,
one with basic radiological training and a senior consultant radiologist
with 27 years of experience, who were blinded for all clinical and imag-
ing information, except that the patients suffered from NET disease.
In a second joint session, image analysis was performed by the two
readers together in consensus. A workstation connected to the hospi-

tals' picture archiving and communication system was used for image
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review. The five image volumes were analysed in the same manner in
the separate and in the subsequent joint review session, with the read-
ing performed in sequence and in the order: (i) contrast-enhanced CT;
(i) MRI including DWI and contrast-enhanced MR of the liver; (jii) °®Ga-
DOTATOC-PET in conjunction with PET/CT; (iv) %8Ga-DOTATOC-PET
in conjunction with PET/MRI; and (v) 'C-5-HTP-PET in conjunction
with PET/MRI. All lesions depicted on PET were checked for morpho-
logical correlation on CT/MR. Because of the sequential review, the
readers were not blinded for the findings on the first imaging volume
(CT) when preceding to the second volume, and so forth.

For each of the five image volumes, the evaluation was per-
formed in two steps: first, to determine whether the respective mo-
dality depicted a lesion or not (detection/ no detection) and, second,
by scoring the reader's confidence for lesion depiction according to
a five-point scale from O to 4 as: O, not depicted; 1, low suspicion;
2, moderate suspicion; 3, strong suspicion; and 4, definite tumour
finding. Lesions depicted by the morphological modalities (CT/MRI)
achieved score 4 only when they showed a typical unequivocal
appearance. Lesions depicted by PET achieved score 4 only when
morphological correlation on CT/MRI was verified. Because patient
7 (Table 1) did not undergo ¢8Ga-DOTATOC-PET/MRI, including CE-
MRI and DWI-MRI, data from this patient were not included in the
analysis of the detection rate and reader's confidence.

Furthermore, to assess the tumour uptake in the different PET-

volumes, the maximum standardised uptake value (SUV__ ) for

max
selected lesions with the highest tracer uptake was obtained by
drawing spherical volumes of interest of variable diameter to in-
clude the respective tumours. For each of the three PET-volumes,
the SUV, . was measured in three lesions in the organs: liver, lymph
nodes, bone, pancreas, intestine, lung, peritoneum and breast. To
calculate the tumour-to-background contrast in the different PET-
volumes, the SUV,

diameter region of interest in the posterior part of the right liver lobe,

mean IN NOrmal liver was obtained by drawing a 2 cm
and the tumour-to-normal liver ratio (TLR) was calculated by dividing
the tumour SUV,_, by the normal liver SUV,
were obtained from all patients, including patient 7.

mean- PET measurements

It was not possible in this type of study to achieve histopatho-
logical verification for every depicted tumour lesion. Therefore, all
lesions diagnosed in at least one of the five image volumes consti-
tuted the ‘gold standard’. For a few selected lesions, when needed,
verification of the image findings was obtained by correlation with

subsequent serial imaging follow-up during at least one year.

2.5 | Statistical analysis

Data were compiled in Excel (Microsoft Corp., Redmond, WA, USA).
R, version 4.0.2 (R Foundation for Statistical Computing, Vienna,
Austria) was used for statistical analysis. A chi-squared test of in-
dependence and Fisher’s exact test (when the lesion number was
< 5 per cell) were applied to evaluate the difference in the detection
rates, as well as the reader's confidence between the five imaging

volumes and the three hybrid modalities. Both multiple analyses

and pairwise comparisons were performed. The Wilcoxon signed-
rank test was used to compare SUV__on ®®Ga-DOTATOC-PET in
conjunction with PET/CT, ¢8Ga-DOTATOC-PET in conjunction with
PET/MRI and on *'C-5-HTP-PET/MRI. P < 0.05 was considered sta-

tistically significant.

3 | RESULTS

All patients underwent all of the examinations successfully, except
for patients 4 and 6 (Table 1), who did not undergo CE-MRI, and
patient 7 (Table 1), who did not undergo ®®Ga-DOTATOC-PET/MRI.
Because the results of MRI were based on the combined findings
from CE-MRI and DWI-MRI, patients 4 and 6 could still be included

in the comparison between the modalities.

3.1 | The five morphological and functional image
volumes: Detection rate

The number of diagnosed lesions and detection rates for the five im-
aging volumes and on the three PET/CT and PET/MRI hybrid imaging
sets are summarised in Table 2. In total, 255 lesions were depicted,
of which 187 (73.3%) were liver metastases, 17 (6.6%) were lymph
node metastases, 19 (7.4%) were bone metastases, 21 (8.2%) were
peritoneal metastases and 11 (4.3%) were lesions detected in other
anatomical positions, including one lung metastasis, two breast me-
tastases, and eight primary tumours comprising six small-intestinal
NETs and two pancreatic NETSs.

8Ga-DOTATOC-PET in conjunction with PET/MRI, visual-
ised most lesions (72.5%), followed by C-5-HTP-PET (68.2%),
MRI (67.8%) and ¢8Ga-DOTATOC-PET in conjunction with PET/CT
(62.7%), and were all superior to CT (P < 0.001, P =0.02, P < 0.001,
P < 0.001), which, detected the least lesions (53%). ¢®Ga-DOTATOC-
PET in conjunction with PET/MRI performed better than in con-
junction with PET/CT (P = 0.01). Patients 2 and 3 were negative on
1C-5-HTP-PET (Figures 1 and 2).

MRI was superior to the other four imaging modalities (P < 0.01)
with respect to detecting liver metastases (85%), followed by %8Ga-
DOTATOC-PET in conjunction with PET/MRI (68.4%) and UC-HTP-
PET (60.4%). ®®Ga-DOTATOC-PET in conjunction with PET/CT and
CT visualised 53.45% and 48.6% of the lesions, respectively. *®Ga-
DOTATOC-PET in conjunction with PET/MRI was better than %8Ga-
DOTATOC-PET at PET/CT (P = 0.02) and ®®Ga-DOTATOC-PET in
conjunction with PET/MRI and *'C-5-HTP-PET were better than CT
(P =0.001 and P = 0.02, respectively).

Lymph node metastases were equally well detected by %®Ga-
DOTATOC-PET in conjunction with PET/MRI and ¢®Ga-DOTATOC-
PET in conjunction with PET/CT, as well as by ™C-5-HTP-PET (94%),
which all were superior to MRI (P < 0.001) and CT (P < 0.001), which
detected 17.6% (MRI) and 41% (CT) of lesions, respectively.

Bone metastases were predominantly depicted on *C-5-HTP-
PET (89.4%), followed by ®®Ga-DOTATOC-PET in conjunction with



TABLE 2 Number of lesions detected on each of the five imaging volumes and on the three hybrid imaging volumes

1C-5-HTP-PET/

MRI

68Ga-DOTATOC-PET/

CT

$8Ga-DOTATOC-PET/

MRI

RI

Ue-5-HTP M

PET

%8Ga-DOTATOC-PET

(PET/CT)

%8Ga-DOTATOC-PET

(PET/MRI)

CT

(CE + DWI)

255
173

56.6%)

166
106

92.5%)
95.7%)

174
113
16
12
19
9

62.7%)
53.5%)

160
100

72.5%)
68.4%)

185
128

Liver metastases

Lymph node metastases
Bone metastases
Peritoneal metastases
Other locations

All lesions

Note: Detection rate (%).
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FIGURE 1 73-year-old woman with a metastatic pancreatic
neuroendocrine tumour (NET) (Patient 2). A + B, Maximum
intensity projection, anterior view. A, %8Ga-DOTATOC-PET shows
a lymph node metastasis (black arrow). B, On 11C-5-HTP-PET, no
lesions are detected. C, Transaxial fused ¢Ga-DOTATOC-PET/
MRI in liver level shows a pancreatic NET (long white arrow), tracer
uptake in the gastric wall (short white arrow) and physiological
tracer uptake in the uncinate process of the pancreas (white star).
D, Transaxial *'C-5-HTP-PET/MRI fusion shows no lesions

(») (B)

FIGURE 2 Maximum intensity projection, anterior view. A,
%8Ga-DOTATOC-PET image shows a duodenal neuroendocrine
tumour (NET) (black arrow) in a 51-year old man (Patient 3). B, *'C-
5-HTP-PET shows no lesions

PET/MRI (63%) and %8Ga-DOTATOC-PET in conjunction with PET/
CT (63%), although this was only borderline significant (P = 0.05).
This is illustrated in patient 9 in Figure 3. ®®Ga-DOTATOC-PET in
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FIGURE 3 Maximum intensity projection, anterior view. A,
%8Ga-DOTATOC-PET on a 60-year-old woman with metastatic small
intestinal neuroendocrine tumour (NET) (Patient No 9). B, *'C-5-
HTP-PET shows more lesions [lymph node metastases (red arrow)
and bone metastases (black arrows)] detected with 1*C-5-HTP
compared to ®®Ga-DOTATOC

conjunction with PET/MRI (P < 0.01) and PET/CT (P < 0.01), as well
as 1'C-5-HTP-PET (P < 0.001), were all superior to MRI. However,
21% of lesions were visualised on MRI, which was better than CT
(P =0.03), which missed all bone metastases.

%8Ga-DOTATOC-PET in conjunction with PET/CT detected all
peritoneal metastases followed by *'C-5-HTP-PET and CT, which
performed equally well (90.4%), and ®Ga-DOTATOC-PET in con-
junction with PET/MRI (85.7%). These four modalities were superior
to MRI (P < 0.001), which detected only 19% of lesions.

3.2 | The five morphological and functional image
volumes: Reader's confidence

Lesions scored 2 points or more were considered as positive findings
and were included in the analysis of the reader's confidence for lesion
detection. Overall, the reader's confidence was similar for all five imag-
ing volumes when all metastases were included (P = 0.5) and for bone
metastases (P = 0.2) (Table 3). For liver metastases detection, the read-
er's confidence was better for MRI than for 8Ga-DOTATOC-PET in
conjunction with PET/MRI (P =0.001) and PET/CT (P < 0.001), and also
better than for 'C-5-HTP-PET (P < 0.001) (Table 3). ®®Ga-DOTATOC-
PET in conjunction with PET/MRI and PET/CT, as well as *C-5-HTP-
PET, showed similar results (P > 0.05). The reader's confidence for
detecting lymph node metastases was similar for °®Ga-DOTATOC-PET
in conjunction with PET/MRI and PET/CT, and also for 'C-5-HTP-PET
(P > 0.05), but were for all three imaging volumes higher than that for
CT (P <0.001). For peritoneal metastases, ®®Ga-DOTATOC-PET in con-
junction with PET/MRI (P = 0.01) and **C-5-HTP-PET (P = 0.01) were
superior to MRI. %8Ga-DOTATOC-PET, in conjunction with PET/CT,
showed a higher reader's confidence than that for ®®Ga-DOTATOC-PET
in conjunction with PET/MRI (P < 0.001) and *'C-5-HTP-PET (P =0.01).

3.3 | The hybrid imaging modalities: Detection rate

Detection rates for the three hybrid imaging combinations are shown
in Table 3. Overall, PET/MRI with ®®Ga-DOTATOC and 'C-5-HTP
showed similar detection rates, at 92.5% and 92%, respectively, and
were both superior to *®Ga-DOTATOC-PET/CT (65%) (P < 0.001).
Liver metastases were detected similarly well by 68Ga-DOTATOC-
PET/MRI(95.7%) and 1*C-5-HTP-PET/MRI (92.5%) (P = 0.1), and both
performed better than ®Ga-DOTATOC-PET/CT (56.6%) (P < 0.001).
All three hybrid modalities detected the same number of lymph node
metastases (94%).°3Ga-DOTATOC-PET/MRI, ¢8Ga-DOTATOC-PET/
CT and 'C-5-HTP-PET/MRI performed equally well for bone metas-
tases (P = 0.1) and peritoneal metastases (P = 0.2).

3.4 | The hybrid imaging modalities:
Reader's confidence

In the overall comparison of all lesions, the reader's confidence was
higher for ®8Ga-DOTATOC-PET/MRI than for *C-5-HTP-PET/MRI
(P = 0.01) and higher for both 8Ga-DOTATOC-PET/MRI (P = 0.01)
and C-5-HTP-PET/MRI (P < 0.001) than for ®®Ga-DOTATOC-PET/
CT. For detection of liver metastases, the reader's confidence was
higher for 8Ga-DOTATOC-PET/MRI (P = 0.005) and 'C-5-HTP-
PET/MRI (P = 0.001) than on ®®Ga-DOTATOC-PET/CT but similar to
that for ®®Ga-DOTATOC-PET/MRI and *C-5-HTP-PET/MRI (P = 0.9)
(Table 3). For peritoneal metastases the reader's confidence was
higher for ®®Ga-DOTATOC-PET/CT than for ®®Ga-DOTATOC-PET/
MRI (P = 0.002) and *'C-5-HTP-PET/MRI (P = 0.01). The three hy-
brid imaging modalities showed similar reader's confidence for de-
tection of lymph node metastases and bone metastases (P =0.7) and
(P =0.05), respectively.

3.5 | Quantitative analysis: PET measurements

The tumour uptake of %8Ga-DOTATOC was similar on PET in con-
junction with PET/MRI and in conjunction with PET/CT: SUV,__
(mean + SD) 22.8 + 17.2 and 22.0 + 15.4, respectively (P = 0.6). This
was almost twice as high as for 1 C-5-HTP-PET, with tumour SUV, .,
(mean + SD) 12.0 + 7.5 (P < 0.001) (Figure 4). A higher tumour-
to-liver ratio was found on ®Ga-DOTATOC-PET/MRI 7.0 + 4.6
(P < 0.001) and ®3Ga-DOTATOC-PET/CT 7.6 + 4.8 (P < 0.001) than
on 1C-5-HTP-PET/MRI 3.3 + 2.0 (Figure 5). In liver metastases, the
8Ga-DOTATOC uptake (mean + SD) SUV__ was 27.5 + 22.5 and
24.7 + 18.5 on PET/MRI and PET/CT, respectively, which was higher
than that on 'C-5-HTP-PET/MRI 13.0 + 6.4 (P < 0.001) (Figure 4).
Also, the %8Ga-DOTATOC tumour-to-liver ratio for liver metastases
on PET/MRI (mean + SD) (9.1 + 6.2) and on PET/CT (8.7 + 5.0) was
higher than for C-5-HTP (3.6 + 1.6) (P < 0.001) (Figure 5). The dif-
ferences in PET tracer uptake were also found for the other types of
metastases (Figures 4 and 5 and Table 4), except for peritoneal me-

tastases and bone metastases, in which SUV,_ . and tumour-to-liver
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ratio were similar, despite the values for ®®Ga-DOTATOC being more
than twice those for 1'C-5-HTP (Table 4).

4 | DISCUSSION

Whole-body imaging of NET patients has widely expanded as a re-
sult of its essential role in the diagnosis and management of NETs.
The present study demonstrates that the overall tumour detection
rate and reader's confidence on PET/MRI with ¢8Ga-DOTATOC
and 1C-5-HTP were superior to that of *3Ga-DOTATOC-PET/CT.
However, for liver metastases, MRI as a separate imaging method
showed superior results, exceeding those on 68Ga-DOTATOC-PET,

1 1
68Ga-DOTAOTC-PET in PET/CT
68Ga-DOTAOTC-PET in PET/MRI

11C-5-HTP-PET

Lymph node metastases

12
° P<0.05
°

TLR

=

°

o N B O

68Ga-DOTATOC-PET in PET/CT
68Ga-DOTATOC-PET in PET/MRI

11C-5-HTP-PET

1C-5-HTP-PET and CE-CT (Figure 6). The vast majority of pub-
lished comparisons of PET/CT and PET/MRI with ¢3Ga-DOTA-
SSA-preparations have been performed following a single tracer
injection, where, generally, a clinical PET/CT has preceded the PET/
MRI study examination.?! This means that these comparisons
have favoured PET/MRI because of the considerably longer time
provided for tracer accumulation in the tumours. By contrast, in the
present study, PET/CT and PET/MRI were performed after separate
tracer injections, and with a similar uptake time before scanning,
aiming to provide a non-biased comparison in this aspect and consti-
tuting a major methodological advantage compared to several previ-
ous studies.?®3! Also, PET/CT and PET/MRI were performed close in
time, being only 1-9 days apart.
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TABLE 4 Tumour uptake (mean + SD) of ®®Ga-DOTATOC and *'C-5-HTP on PET/CT and PET/MRI

%8Ga-DOTATOC- PET/MR

SUV, ..
All metastases 22.8+172
Liver metastases 275+ 225
Lymph node metastases 20.1 +13.8
Bone metastases 17.0 £ 10.2
Peritoneal metastases 12.6 +4.2
Metastases in other locations 23.7+13.0

TLR
All metastases 70+ 4.6
Liver metastases 91+6.2
Lymph node metastases 57+24
Bone metastases 5.6+28
Peritoneal metastases 50+4.2
Metastases in other locations 57+31

Abbreviations: SUV

max’

%8Ga-DOTATOC- PET/CT 1¢C-5-HTP- PET/MR

22.03+154 120+ 7.5
24.7 +18.5 130+ 6.4
19.7 + 111 13.8 +10.0
18.7+12.5 75+3.2
11.6 +3.5 94 +26
253+16.5 10.8 +8.7

7.6 +4.8 3.3+2.0
8.7+51 3.6+1.6
6.3+23 3.7+2.7
7.5+4.8 2.2+0.8
4.8+1.3 27+07
83+71 3.0+23

maximum standardised uptake value; TRL, tumour-to-liver ratio.

FIGURE 6 Showing the better detection of liver metastases on MRI than on ®®Ga-DOTATOC-PET. The combined PET/MRI hybrid
imaging increases the lesion detection and the reader's confidence compared to each imaging modality alone. A, Transaxial contrast-
enhanced MRI, 20 minutes after the administration of a hepatocytespecific contrast medium, shows three of the liver metastases which also
were detected on ®®Ga-DOTATOC-PET (white arrows) and three of the liver metastases which were only detected on MRI (red arrows). B,
Transaxial fused ®®Ga-DOTATOC-PET/MRI shows high uptake in the same lesions as in a (white arrows) but several of the lesions diagnosed

on MRI show no %8Ga-DOTATOC uptake

As a singular imaging method, *8Ga-DOTATOC-PET performed in
conjunction with PET/MRI provided the highest overall tumour de-
tection rate (72.5%) and outperformed **C-5-HTP-PET (68.2%), MRI
(67.8%) and contrast-enhanced CT, the latter of which not unexpect-
edly showed the worst performance (53%). By contrast to our results,
Ruf et al®? reported a higher detection rate for CE-CT (77.1%) than for
8Ga-DOTATOC-PET (72.8%), which may be partly explained by the
more heterogeneous patient cohort in their study. Another retrospec-
tive study comparing ¢8Ga-DOTATOC-PET/CT and whole-body MRI
noted a higher detection rate for MRI (91%) than for 68Ga-DOTATOC-
PET (64%) and CE-CT (81%).3° However, some NETs in that study were
SSTR-negative, and when only SSTR-positive NETs were evaluated,
the detection rate was higher for ®®Ga-DOTATOC-PET than for CT,
although still lower than for MRI. In the present study, the detection
rates were better on hybrid ¢8Ga-DOTATOC-PET/MRI (92.5%) and
HC-5-HTP-PET/MRI (92%) than on *®Ga-DOTATOC-PET/CT (65%).

This was in contrast to Sawicki et al,”® who reported almost similar
detection rates for ®®Ga-DOTATOC-PET/CT and ®8Ga-DOTATOC-
PET/MRI, 93.9% and 92.9%, respectively. However, also in their study,
a higher number of correctly classified NETs was found on ®%Ga-
DOTATOC-PET/MRI than on ®Ga-DOTATOC-PET/CT. Most of the
lesions missed on ®®Ga-DOTATOC-PET/CT in the present study were
liver metastases that neither ®®Ga-DOTATOC-PET, nor CT could visu-
alise, which may explain the difference in detection rates between the
three modalities.

The present study includes the first PET imaging comparison be-
tween *C-5-HTP and ®3Ga-DOTATOC, showing that PET/MRI with
%8Ga-DOTATOC and C-5-HTP achieved similar lesion detection
rates, both overall and for the various types of metastases. However,
as a singular imaging method, ®Ga-DOTATOC-PET was superior to
UC-5-HTP-PET. Interestingly, the lesion visualisation results with
UC-5-HTP-PET and ¢®Ga-DOTATOC-PET varied between patients,
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in the sense that, in some subjects, one tracer was superior and vice
versa. A notable finding in the present study was that !C-5-HTP-
PET/MRI detected additional bone metastases that were not visu-
alised by either ®®Ga-DOTATOC-PET/CT or “®Ga-DOTATOC-PET/
MRI. This illustrates the advantage of having the alternative tracer
1C-5-HTP available, especially for staging of occasional patients
with low-grade (G1-2) tumours that show low or no ®®Ga-DOTATOC
uptake. Conversely, two of our patients (patients 2 and 3) were *'C-
5-HTP negative. A similar result was found by Orlefors et al,?* who
reported 'C-5-HTP-negativity in two out of 38 patients, with a
pancreatic neuroendocrine cancer and a non-functioning pancreatic
NET, respectively. In a more recent study by Orlefors et al,3 Yc-5-
HTP-PET was negative in six out of 38 patients undergoing surgical
resection (two non-functioning pancreatic NET, two insulinomas,
two pancreatic NETs in MEN-I patients). These findings demonstrate
that the APUD-system is not always expressed and may be less well-
developed, or down-regulated, in some tumours. Unfortunately, the
data did not allow us to assess any relation between He-5-HTP pos-
itivity/negativity and tumour proliferation (Ki-67 index), for which
additional studies are needed. Nevertheless, 11C-5-HTP constitutes
a valuable problem-solving tracer in the few patients who are har-
bouring tumours escaping detection by ¢®Ga-DOTATOC-PET.

Before the era of PET/CT with ®®Ga-DOTA-somatostatin ana-
logues, 1C-5-HTP, and ¥ F-DOPA mainly constituted the PET-tracers
for NET imaging and were found to be superior to somatostatin re-
ceptor scintigraphy using *!In-octreotide,?#2>3435 detecting addi-
tional tumours, particularly small lesions and primary tumours that
were missed on morphological imaging. In accordance with the liter-
ature,?* 'C-5-HTP-PET was found to detect more lesions than CE-
CT in the present study.

Concerning the reader's confidence, this was similar for the five
separate image volumes. However, the hybrid imaging modalities
8Ga-DOTATOC-PET/MRI and *'C-5-HTP-PET/MRI showed better
reader's confidence both for overall tumour detection and for di-
agnosing liver metastases. This may be partly related to the larger
number of lesions detected on MRI than on CT, and also because
morphological correlation on MRI was required to achieve a four-
point score, according to our evaluation criteria.

Because the detection rate for liver metastases on °®Ga-
DOTATOC-PET/CT has previously been shown lower than on MRI,%
and because the liver is the main organ for distant NET metasta-
ses, the combination of CE-MRI together with °®Ga-DOTATOC
PET/CT has been suggested.®*3¢%” We found MRI to be superior
to the other imaging modalities with a detection rate of 85%. This
is in line with Hope et al,>® who demonstrated higher sensitivity
for CE-MRI (99%) and DWI-MRI (83%) than for ®®Ga-DOTATOC-
PET in conjunction with PET/CT (63%) and PET/MRI (61%). Also, in
accordance with our findings, and not unexpectedly, CE-CT alone
showed the lowest sensitivity, at merely 46%. DWI-MRI provides
higher tumour-to-background contrast, but is still less sensitive than
gadoxetate-enhanced MRI that may visualise small sub-centimeter
liver lesions below the resolution limit of PET, or which lack suffi-

22

cient SSTR expression~*; accordingly, the combination of DWI-MRI

and gadoxetate-enhanced MRI previously showed a higher accuracy
than each imaging technique alone.?!

For the hybrid modalities, and in line with previous studies,
%8Ga-DOTATOC-PET/MRI was found to be superior to ¢Ga-
DOTATOC-PET/CT.%" For lymph node metastases, hybrid imaging
by “®Ga-DOTATOC-PET/MRI, ¢8Ga-DOTATOC-PET/CT and **C-5-
HTP-PET/MRI yielded similar detection rates and reader's confi-
dence and they were superior to MRl and CT alone. This in line with
the literature,?®%° although Berzaczy et al®! by contrast reported
a higher sensitivity for *Ga-DOTATOC-PET/MRI (100%) than for
68Ga-DOTATOC-PET/CT (78.6%). This also illustrates the advantage
of functional modalities to provide means for lesion detection and
characterisation,'® whereas, on CT/MRI, small lymph node metas-
tases, with short-axis < 1 cm, may be missed or misinterpreted as
normal.

Similarly, the three hybrid modalities, *®Ga-DOTATOC-PET/
MRI, ¢8Ga-DOTATOC-PET/CT and *'C-5-HTP-PET/MRI, performed
equally well in the detection of both bone metastases and peritoneal
metastases, and differences were only noted between the five sep-
arate imaging volumes.

Because most bone metastases are usually asymptomatic, they
generally remained undetected on CT and the development of func-
tional imaging with °®Ga-DOTA-SSAs has considerably improved
their visualisation.*®*! Our detection rates for bone metastases on
H1C-5-HTP-PET and on ®Ga-DOTATOC-PET in conjunction with
both PET/CT and PET/MRI were much higher than on both CT and
MRI, which is in line with earlier studies comparing ¢Ga-DOTATOC-
PET/CT and CT.284243 |n the literature, MRI has been described as
the most sensitive method for detecting bone metastases with up
to 100% sensitivity, and DWI-MRI has shown high sensitivity for
detection of non-NET bone metastases from other tumours than
NETs.*4*> Consistent with previous reports, we found MRI to be
superior to CT, which, in the present study, notably missed all bone
metastases.

DWI-MRI and gadolinium-enhanced MRI have in previous stud-
ies been reported as being superior to CT for the detection of perito-
neal metastases and overall staging because of the better soft-tissue
contrast. Particularly, small peritoneal metastases are missed on CT,
and, for peritoneal tumours < 1 cm, less sensitivity on CT (25%-50%)
was reported compared to 85%-95% when tumours of all sizes were
considered.**” In a previous comparison between CE-CT and *®Ga-
DOTATOC-PET/CT, more peritoneal metastases were detected on
PET/CT (78%) than on CE-CT (38%) alone, underlining the efficacy
of hybrid imaging.48 Conversely, in the present study, CT was found
to be superior to MRI and, furthermore, the reader's confidence was
better for ®®Ga-DOTATOC-PET/CT than for PET/MRI with ¢®Ga-
DOTATOC and 'C-5-HTP. These findings are not easily explained,
although parameters to be considered are the higher tumour uptake
of %8Ga-DOTATOC, typically twice as high as that for *'C-5-HTP,
with, consequently, a clearly better tumour-to-background contrast
for “8Ga-DOTATOC, and a less physiological normal tissue uptake
of 11C-5-HTP than that of ®®Ga-DOTATOC in the abdomen, creat-

ing more favourable conditions for the former tracer. Furthermore,
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it cannot be ruled out that, in the assessment of these lesions, the
recent comparison of CE-CT and ®8Ga-DOTATOC*® may have cre-
ated a training situation, particularly for CT detection of peritoneal
metastases.

%8Ga-DOTATOC showed very high tumour accumulation, clearly
exceeding that of UC-5-HTP, typically with a SUV,__  twice as high
as that for 1!C-5-HTP. Probably even more essential, given the high
abundance of liver metastases in NET patients, was the higher TLR
for ®8Ga-DOTATOC than for 1'C-5-HTP, facilitating detection of liver
metastases. The advantage of 1C-5-HTP-PET is its capacity to visu-
alise NETs regardless of the degree of SSTR expression. However,
because our cohort was limited to well-differentiated Gl and low G2
NETs, the efficacy of 'C-5-HTP in NETs with a higher proliferation
rate, for which !C-5-HTP may be less sensitive,?* could not be in-
vestigated and needs to be explored further in future studies.

An inherent limitation in this type of study is the lack of surgi-
cal and pathological confirmation of the image findings and, conse-
quently, of a ‘gold standard’. Because clinical and ethical standards of
patient management exclude repeated and multiple biopsies for his-
topathological confirmation, a modified standard of reference was
applied based on the combined imaging results from all modalities
and on clinical and imaging follow-up for at least 1 year. Furthermore,
this limited cohort of patients harboured well-differentiated Gl
and low G2 NETs, but no high-grade tumours. Another limitation
is that some patients underwent examinations on PET/CT scan-
ners with different PET components. Thus, 7/11 (64%) of patients
underwent PET/CT on the older Discovery ST and 4/11 (36%) on
the new Discovery MI PET/CT scanner. This most likely explains the
lower detection rates for PET performed in conjunction with PET/
CT than in conjunction with PET/MRI, equipped with the same PET-
component as the Discovery MI PET/CT scanner.

The imaging evaluation was strictly blinded in the sense that each
of the five imaging volumes was interpreted separately, although the
reading was performed sequentially, which may have introduced a
bias. A drawback, especially concerning *'C-5-HTP, is the compli-
cated synthesis, which limits its use to a few centres. The novelty
of the present study was the head-to-head comparison of the PET
tracers *C-5-HTP and %8Ga-DOTATOC, which has previously not
been performed, and, in addition, all comparisons were performed
for PET/CT and PET/MRI following separate tracer injections, rather
than performing PET/MRI as an add on following PET/CT after one
administration.

In conclusion, a high detection rate and reader's confidence were
found for ®Ga-DOTATOC-PET/MRI and 'C-5-HTP-PET/MRI, im-
plying that they should be preferred over PET/CT for NET imaging
as a result of the higher accuracy of DWI and CE-MRI, particularly
for detecting metastases to liver and bone. Because of the limited
number of patients in the present study, further comparative trials
in larger cohorts, also including also high G2 and G3 NET patients,
are warranted.
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