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Abstract

Purpose of the Report Paediatric diffuse high-grade gliomas (PDHGG) are rare central nervous system neoplasms lacking
effective therapeutic options. Molecular imaging of tumour metabolism might identify novel diagnostic/therapeutic targets.
In this study, we evaluated the distribution and the dosimetry aspects of [**Cu]CuCl, in PDHGG subjects, as copper is a key
element in cellular metabolism whose turnover may be increased in tumour cells.

Material and Methods Paediatric patients with PDHGG were prospectively recruited. [**Cu]CuCl, PET/CT was performed
1 h after tracer injection; if the scan was positive, it was repeated 24 and 72 h later. Lesion standardised uptake value (SUV)
and target-to-background ratio (TBR) were calculated. Tumour and organ dosimetry were computed using the MIRD algo-
rithm. Each patient underwent an MRI scan, including FLAIR, T2-weighted and post-contrast T1-weighted imaging.
Results Ten patients were enrolled (median age 9, range 6—16 years, 6 females). Diagnoses were diffuse midline gliomas
(n=38, 5 of which with H3K27 alterations) and diffuse hemispheric gliomas (n=2). Six patients had visible tracer uptake
(SUV:1.0+£0.6 TBR: 5+3.1). [64Cu]CuC12 accumulation was always concordant with MRI contrast enhancement and was
higher in the presence of radiological signs of necrosis. SUV and TBR progressively increased on the 24- and 72-h acquisi-
tions (p <0.05 and p < 0.01, respectively). The liver and the abdominal organs received the highest non-target dose.
Conclusions [®*Cu]CuCl, is a well-tolerated radiotracer with reasonably favourable dosimetric properties, showing selective
uptake in tumour areas with visible contrast enhancement and necrosis, thus suggesting that blood—brain barrier damage
is a pre-requisite for its distribution to the intracranial structures. Moreover, tracer uptake showed an accumulating trend
over time. These characteristics could deserve further analysis, to determine whether this radiopharmaceutical might have
a possible therapeutic role as well.
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Introduction

Paediatric gliomas are the most common central nervous
system neoplasms in children [1]. Unlike their adult counter-
parts, paediatric-type diffuse high-grade gliomas (PDHGG)
are rare, accounting for only 5-20% of all gliomas [2—4].
The prognosis of these forms is dismal, with median overall
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survival ranging between 9 and 16 months for PDHGG and
less than 1 year for diffuse intrinsic pontine glioma (DIPG)
[3,5-9].

Complete surgical resection of these infiltrative tumours
is virtually impossible, and surgery is typically not attempted
in patients with DIPG, owing to the location of the tumour
[10-12]. Concurrent adjuvant radiotherapy, in combination
with chemotherapy, is the standard of care for newly diag-
nosed PDHGG, but still less than 5% of patients survive
longer than 5 years post-diagnosis [13, 14]. Since no chem-
otherapeutic drugs have proven effective in the treatment
of DIPG, radiation therapy is the current standard regimen
[15-18].
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Despite dramatic improvements in the genetic and epi-
genetic analyses of PDHGG [4], we are still in the early
stages of developing gene-targeted therapies. An alterna-
tive approach is to focus on the tumour cell metabolism;
in this context, molecular imaging could provide additional
information on the biological behaviour of the tumour and
possibly identify new targets for a tailored approach [19,
20]. Copper is a key element in cellular turnover, being a
vital co-enzyme in a number of cell functions, including
mitochondrial respiration [21, 22]. Unsurprisingly, this
element plays a major role in tumorigenesis and in cancer
metabolism; more specifically, it has been found that copper
is linked with mitogen-activated kinase stimulation and, in
particular, with BRAF and K-RAS [23-25]. Moreover, cop-
per is involved in cancer mitochondria-dependent energy
production [26], tumour invasiveness, and even chemother-
apy resistance [27]. By contrast, the normal brain paren-
chyma has little need for this element. Imaging aggressive
brain neoplasms with a copper radioisotope might provide
a favourable target-to-background ratio.

In particular, ®*Cu could play both diagnostic and thera-
peutic roles, as its decay scheme entails the production of
positrons, high-energy beta particles and Auger electrons
with high linear energy transfer (LET) [28-30]. Indeed, this
high-LET radiation could play the most important role in
the theranostic effect of [("‘Cu]CuCI2 [31]. This tracer [**Cu]
CuCl, PET/CT has been proposed as a promising procedure
for identifying adult high-grade gliomas, which often display
intense tracer uptake [32].

This pilot trial aimed to evaluate the potential diagnostic
role of [**Cu]CuCl, PET/CT in patients with PDHGG by
comparing PET images with MRI. We aimed to estimate
kinetics, tumour/background ratio (TBR) over time, the
absorbed dose of [**Cu]CuCl, in gliomas and in organs, as
well as the effective dose.

Material and Methods
Radiopharmaceutical

Copper-64 dichloride ([64Cu]CuC12, average specific activ-
ity, 3700 MBq/pg, radiochemical purity >99%, radionuclide
purity >99%) was produced according to a procedure previ-
ously reported [32, 33]. Briefly, ®*Cu was produced by bom-
barding an electroplated *Ni target using a proton current
of 18 pA and energy of 14.6 MeV. Following bombardment,
%4Cu was purified from other contaminants by means of
chromatography and an ion-exchange column (Biorad Labo-
ratories). The radioisotope was eluted with concentrated HCI
and sieved through a 0.2-um filter (Merck Millipore). Radio-
nuclide purity and **Cu half-life were measured by means of
an HPGe detector (Ortec), by identifying the characteristic
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511, 1022, and 1345.8 keV photopeaks. A radionuclide
purity >99.5% was considered acceptable. Radiochemical
purity (RCP) was assessed by having [64Cu]CuCl2 react with
the tetraazacyclotetradecane-N, N', N”, N'"-tetraacetic acid
ligand; a purity >99% was deemed acceptable.

Patient Population and Diagnostic Protocol

The local ethics committee (Comitato Etico Regionale Ligu-
ria Registration Number: 076/2019) and the “Agenzia Itali-
ana del Farmaco” (Italian Drug Agency) approved this study.
All children’s legal guardians signed a written informed con-
sent form. The trial was registered in the European Clinical
Trial Database (EudraCT number 2018-004,667-30). The
neuro-oncological departments of three Italian children’s
hospitals (Istituto G. Gaslini in Genoa, Bambino Gesu Chil-
dren’s Hospital in Rome and AORN Santobono-Pausilipon
Hospital in Naples) prospectively enrolled patients with
recurrent/progressive PDHGG according to the inclusion/
exclusion criteria (Table 1).

[64Cu]CuC12 was injected into a cubital vein (median
activity: 179 MBq, range 113-280 MBq, corresponding
to a median of 3.9 MBq/kg, range 2.4-9.4 MBq/kg). Brain
PET/CT acquisition was started 60 min thereafter and
lasted 30 min. Subsequently, whole-body PET acquisition
was started. Further acquisitions (i.e., brain and whole-
body) were performed 24 and 72 h after the injection. In
all patients, an MRI examination, including fluid attenu-
ation inversion recovery (FLAIR), T2-weighted and pre-
and post-contrast (0.1 mmol/kg, macrocyclic ionic agent)
T1-weighted images, was performed. All patients were
acquired on a Discovery ST PET/CT device (General Elec-
tric Healthcare Technologies, Milwaukee, WI, USA) and
on a 1.5 Tesla MRI scanner (Intera Achieva, Philips, Best,
the Netherlands).

Image Analysis: Registration and Voi Segmentation

PET/CT images were evaluated visually and semi-quantita-
tively in a patient-by-patient and lesion-by-lesion analysis
after fusion of the images with MRI images (T1, T2 and
FLAIR). Fusion was obtained automatically by means of
a commercially available image-registration software tool
(AW Server, General Electric Medical Systems). As previ-
ously described [31], volumes of interest (VOIs) were con-
structed on the L4-L5 vertebral bodies to assess the biokinet-
ics and dosimetry of the active bone marrow. Subsequently,
the active bone marrow in the whole body was calculated
as a function of body weight [34]. VOIs were also deline-
ated at the venous access site, to estimate the net activity
administered.

In our analysis, the [64Cu]CuC12 PET detection rate
(DR) was defined as the ability to detect at least one
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Table 1 Inclusion and exclusion criteria of the population

Inclusion criteria

Pathologically confirmed PDHGG. DIPG according to clinical and MRI criteria (T1 hypointense and T2 hyperintense diffusely infiltrating

lesion arising in and involving > 50% of the pons)
At least one morphologically measurable lesion (1-cm main axis)
Karnofsky performance status > 60
Expected survival >3 months

Age between 5 and 18 years

Normal bone marrow function (absolute neutrophil count> 1.5 x 109/L; platelets > 150/nl; haemoglobin >9 g/L)

Adequate hepatic function, i.e.: (a) liver enzymes <2.5 times the upper normal limit, direct bilirubin < 1.5 times the upper normal limit; (b)

normal ALP values; (c) normal coagulation parameters

Normal renal function (creatinine < 1.5 mg/dl or creatinine clearance > 60 ml/min)

Undetectable hCG in fertile female subject or proven inability to conceive

Written informed consent (must be signed before any study-related procedure)

Full capacity to understand the study procedures

Exclusion criteria

Findings not compatible with PDHGG on pathology or with DIPG on imaging

Contraindications for MRI contrast medium
Copper metabolism disorders (e.g., Wilson’s or Menkes’ disease)

Uncontrolled concomitant systemic condition (e.g., active infection, congestive heart failure, unstable angina pectoris, cardiac arrythmias,
psychic conditions affecting patients’ compliance, uncontrolled diabetes)

Pregnancy or breastfeeding
Sexually active subjects not using birth control

HIV-positive subjects; patients with acquired immunodeficiency syndrome or HBV/HCV-positivity

pathological finding in each individual subject. The char-
acteristics and extent of the tumour on conventional MRI
were also correlated with [64Cu]CuC12 PET uptake. Given
the diffuse nature of the disease, tumour extent was delin-
eated on the basis of T2/FLAIR MRI signal abnormali-
ties. Any area of contrast enhancement within each lesion
was also reviewed and correlated with [64Cu]CuC12 PET
uptake.

PET/CT was rated as positive if tumours identified on
MRI exhibited tracer uptake above the level of the corre-
sponding contralateral or remote normal brain tissue.

Kinetics of Tumours and Organs

The activity concentration of [**Cu]CuCl, (as a percentage
of injected activity/ml) in VOIs of tumours and organs for all
PET datasets was recorded and fitted to a mono-exponential
function or with the trapezoidal methods [35]. Hence, the
time-integrated activity and its coefficient were determined.
The mean activity concentration inside the tumour was cor-
rected for the partial volume effect (PVE), as previously
described [31]. The protocol is based on numerical recov-
ery coefficients that are experimentally derived by using
radioactive phantoms. Finally, the average standardised
uptake values (SUV) in tumours over time was calculated
and expressed as mean =+ standard deviation.

Tumour/Background Ratio (TBR)

The tumour-to-background ratio (TBR) of all lesions was
defined as the relation between the mean activity concen-
tration of the lesion and the one of the background tissue;
it was expressed as mean + standard deviation. The back-
ground radioactivity concentration was obtained by calcu-
lating the mean value of VOIs drawn at 1-cm distance from
each detectable lesion, at the four cardinal points.

Dosimetry of Tumours and Organs

Tumour and organ dosimetry was carried out by calculating
the absorbed dose coefficient (absorbed dose per adminis-
tered activity) according to the Medical Internal Radiation
Dose (MIRD) system [36, 37]. The OLINDA/EXM dosim-
etry software was used to calculate mean organ absorbed
doses based on reference anatomic models, including the
reference newborn, 1-year-old, 5-year-old, 10-year-old,
15-year-old, and adult female and adult male [38]. Tumour
dosimetry was calculated with the dose factors of sphere-
shaped phantoms. Finally, the absorbed dose coefficients
were obtained by multiplying the dose factors by the time-
integrated activity coefficients. The effective dose was cal-
culated on the basis of the tissue weighting factors of the
organs (ICRP protocols 60 and 103) [39, 40].
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Results
Patient Population

We prospectively enrolled ten patients (median age 9, range
6-16 years, 6 females), according to the inclusion criteria
(Table 1). All patients had a Karnofsky performance status
above 80%. Injection of the radiopharmaceutical was well
tolerated, and no immediate or late side DIPG was estab-
lished on the basis of clinical and MRI criteria, in accord-
ance with RAPNO guidelines [41]. In two subjects with dif-
fuse high-grade hemispheric gliomas, the WHO grade was
determined according to histological features, owing to the
lack of molecular information. Most patients (n=8) were
affected by diffuse midline gliomas (five H3K27-altered).

Table 2 General characteristics of the patient population

Six of the ten patients had a positive [64Cu]CuC12 PET/CT
scan (all patients’ characteristics are reported in Table 2).
In all patients, no uptake was detected in the normal paren-
chyma, while intense uptake was observed in the structures
located outside the blood-brain barrier (e.g., choroid plexus
and hypophysis) (Fig. 1).

Diagnostic Evaluation and Lesion Analysis

On MR imaging, all gliomas showed increased T2/FLAIR
signal intensity and variable (iso- to hypointense) appear-
ance on T1-weighted imaging. After administration of con-
trast material, six tumours displayed contrast enhancement
[eight contrast-enhancing areas, five of which exhibited
signs of necrosis (ring-shaped enhancement)].

Subjectno Sex Age Weight Adm. activity Diagnosis Location MRI contrast MRI cucl,
y) (kg (MBq) enhancement necrotic  uptake
areas
1 F o6 21 180 DPHGG, H3-wildtype, and IDH-wildtype Pons Y N Y
2 F 6 22 206 DMG, H3 K27-altered Pons N N N
3 F 15 56 231 DPHGG, H3-wildtype, and IDH-wildtype Th N N N
4 F 9 46 280 Diffuse hemispheric glioma, NOS* R/F-P Y Y Y
5 M 16 65 154 Diffuse hemispheric glioma, NOS* R/F-P Y N Y
6 M 15 48 177 DMG, H3 K27-altered Pons Y Y Y
7 F 7 31 113 DMG, H3 K27-altered Pons N N N
8 M 15 76 186 DMG, H3 K27-altered Mes Y Y Y
9 F 28 145 DIPG Pons N N N
10 M 40 115 DMG, H3 K27-altered Spinal cord 'Y Y Y

DPHGG, diffuse paediatric-type high-grade glioma; Y, intense uptake; N, no uptake; DMG, diffuse midline glioma; DIPG, diffuse intrinsic pon-

tine glioma; Th, thalamus; R, right; F, frontal; Mes, mesencephalon
“Molecular analyses were not available

Fig.1 a, b [**Cu]CuCl, PET/
MR imaging fusion. Physiologi-
cal uptake of [64Cu]CuCl2 in
normal brain structures outside
the blood-brain barrier (pitui-
tary gland and choroid plexus).
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Regarding [**Cu]CuCl, PET/MR imaging fusion,
increased uptake was concordant with areas of contrast
enhancement in all lesions, which, in some cases, was
associated with ring enhancement. Infiltrative components
without contrast enhancement did not show increased uptake
(Table 2, Fig. 2). The [**Cu]CuCl, uptake pattern was het-
erogeneous. Specifically, the highest avidity for [**Cu]CuCl,
was displayed in tumour areas with contrast enhancement
along the margins of necrotic components (Fig. 3). Three
non-necrotic contrast-enhancing areas displayed low uptake.

Five patients, with a total of seven areas with increased
tracer uptake, underwent at least one further PET, 24 h after
tracer injection; two of these five subjects (four lesions
in total) underwent a third PET acquisition 72 h after the

Fig.2 a FLAIR image. b Post-
contrast T1-weighted image. ¢
[**Cu]CuCl, PET/MR imaging
fusion. Subject 9. Absence of
tracer uptake in a non-enhanc-
ing diffuse intrinsic pontine
glioma (arrows, a—c).

Fig. 3 a Post-contrast
T1-weighted image. b, ¢ [*Cu]
CuCl, PET/MR imaging fusion.
Subject 4. Necrotic component
displaying ring enhancement
(arrow, a) with intense tracer
uptake (arrow, b) in a diffuse
hemispheric glioma. On later
imaging 24 h after injection, the
tracer intensity within the lesion
had increased (arrow, c).

injection. In all these patients, the mean SUV increased over
time (0.9+0.5,1.2+0.7 and 1.8+ 0.9 at the first, second and
third time points, respectively). Likewise, mean TBR mark-
edly increased over time (5.1 +£3.5,6.8+3.7, and 11.3+9.6).
Subject 10’s lesion, which was located in the thoracic spinal
cord, had a lower TBR than the others, although the uptake
was about average, owing to the higher background uptake
caused by the proximity to the liver. See Table 3 for details.

[**Cu]CuCl, Distribution in Normal Organs
and Tumours

Among the organs considered, the liver showed the highest
uptake (mean percent injected activity: 38.9%). By contrast,

Table 3 Mean SUVmean and

. Patient identifier Volume (mL) Site SUV can TBR

target-to-background ratio of all

8*CuCl, positive lesions Lh 1d 3d Lh 1d 3d
Subj. 1 6.8 Pons 0.4 0.8 1.2 34 4.5 4.5
Subj. 4 1.7 Hemi 14 2.1 2.5 10.0 12.0 18.0
Subj. 5 3.7 Hemi 0.3 0.3 - 32 3.8 -
Subj. 6 12.2 Pons 1.1 1.4 - 8.9 9.5 -
Subj. 8 1.1 Mes 0.8 1.1 - 34 4.1 -
Subj. 10 15.1 Med 1.3 - - 1.6 - -
Mean 4.7 0.9 1.1 1.9 5.1 6.8 11.3
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all other organs displayed less marked tracer affinity, rang-
ing from 0.17% (salivary glands) to 2.1% (kidneys). See
Supplemental Fig. 1 for an outline. We also observed that
the specific concentration depended on the patient’s body
weight, as can be seen from the decreasing trend in uptake
with increasing weight in all organs (Fig. 2).

In general, the tumours showed moderate copper avidity,
which was lower than that of most of the normal organs,
except for the active bone marrow and the cerebral paren-
chyma. Figure 4 depicts the specific concentration of
[("‘Cu]CuCl2 in the organs of all patients and the tumour
concentration.

Dosimetry Estimates in Organs and Tumours

The liver displayed the highest normalised absorbed
dose coefficient (6.39E-1 mGy/MBq), followed by the
other abdominal organs (gallbladder, pancreas, kid-
neys and spleen). By contrast, the tumours received only
3.44E-2 mGy/MBq. However, the tumour dose coefficient
was widely variable, ranging from 2.80E-5 (in a hemispheric
DPHGG, H3-wildtype and IDH-wildtype) to 7.5E-2 mGy/
MBq (in two pontine DPHGG, H3-wildtype and IDH-
wildtype). Supplemental Fig. 2 and Table 4 depict these
data.

The mean effective dose, according to the estimates pro-
vided by the ICRP protocols 60 and 103, was 6.51E-2 mSv/
MBq and 6.10E-2 mSv/MBgq, respectively.

Discussion

The present data are the result of what is, to the best of
our knowledge, the first attempt to evaluate the potential
diagnostic role, the biodistribution and the dosimetry of
[64Cu]CuC12 PET/CT in paediatric patients with diffusely

infiltrating gliomas. In PDHGG, including diffuse pon-
tine lesion, this radiopharmaceutical shows a character-
istic distribution within tumours. Increased uptake was
observed in paediatric gliomas with contrast-enhancing
foci on MRI, and, in some cases, correlated with radio-
logical evidence of tumour necrosis on MR imaging. This
pattern is in line with previous preclinical and clinical
studies performed by Péres et al. [42] and Tateishi K et al.
[43]. However, the extent of MRI contrast-enhancing areas
with concomitant [64Cu]CuC12 increased uptake was lim-
ited in comparison with non-enhancing infiltrative com-
ponents (T2/FLAIR tumour extension), and four out of
ten subjects (40%) with entirely non-enhancing high-grade
gliomas did not show increased tracer uptake. Indeed, this
radiopharmaceutical underestimates the overall extent of
PDHHG in comparison with amino-acid PET tracers such
as 'F-DOPA [44-46]. However, the kinetic characteristics
of [**Cu]CuCl, make this element potentially suitable for
late imaging, dosimetry and targeted therapy.

In positive lesions, the [**Cu]CuCl, uptake pattern
was mixed. This could be due to differences in tumour-
specific biological variables, and might indicate a hetero-
geneous oxygen micro-environment [43[]. At the same
time, since [64Cu]CuC12 uptake was concordant with con-
trast enhancement on MRI, blood-brain barrier damage
seems to be a potential prerequisite for the concentration
of this tracer within lesions. Nevertheless, the significant
increase in mean SUV over time in positive lesions sug-
gests that a simple passive mechanism of uptake due to
loss of integrity of the blood-brain barrier is unlikely.
The contrast-enhancing MRI pattern seen in our popula-
tion is in line with the findings of previous multicentre
studies of both paediatric non-brainstem high-grade glio-
mas (HERBY study) [47] and DIPG [48], in which imag-
ing showed little or no enhancement in 33% and 36% of
lesions, respectively.

Fig.4 [**Cu]CuCl,-specific 0.07
uptake (% activity/mL) in

organs and tumours.
0.06

0.05

1A(%/ml)

0.03

0.02

0.01

0.00

21 kg* 22 kg 28 kg
subj. 9

subj. 1 subj. 2
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Pt4 Pt5 Pt6 Pt 8 Mean

Table4. Absorl bgzd dose Organ Absorbed dose coefficient (mGy/MBq)
coefficients of [*"Cu]CuCl,.

Mean values over the patients Pt 1

are also displayed, together with F21kg

F46kg M65kg M48kg M76kg

the standard deviation

Adrenals 948E-02 5.24E-02 3.70E-02 5.22E-02 3.27E-02 5.38E-02+2.45E-02
Brain 1.06E-02  5.84E-03 2.80E-03 5.08E-03 3.77E-03 5.62E-03+3.03E-03
Breasts 549E-02 231E-02 1.95E-02 2.95E-02 1.66E-02 2.87E-024+ 1.54E-02
Gallbladder wall 6.44E-01 2.52E-01 9.89E-02 1.87E-01 8.57E-02 2.54E-01+2.29E-01
LLI wall 5.69E-02  2.13E-02 2.05E-02 3.10E-02 1.79E-02 2.95E-02+1.61E-02
Small intestine 7.28E-02  3.07E-02 2.53E-02 3.79E-02 2.15E-02 3.77E-02+2.06E-02
Stomach wall 7.69E-02  3.35E-02 2.63E-02 3.87E-02 2.32E-02 3.97E-02+2.16E-02
ULI wall 7.94E-02 3.62E-02 2.74E-02 4.05E-02 2.34E-02 4.14E-02+2.23E-02
Heart wall 7.71E-02  3.85E-02 2.84E-02 4.20E-02 2.39E-02 4.20E-02+2.10E-02
Kidneys 2.94E-01 1.08E-01 8.97E-02 1.54E-01 1.28E-01 1.55E-01+8.16E-02
Liver 1.08E400 6.94E-01 3.34E-01 5.88E-01 5.02E-01 6.39E-01+2.78E-01
Lungs 6.77E-02  3.29E-02 2.56E-02 3.74E-02 2.18E-02 3.71E-02+1.82E-02
Muscle 5.74E-02 2.39E-02 2.12E-02 3.16E-02 1.81E-02 3.04E-02+1.59E-02
Ovaries 6.23E-02 2.45E-02 - - - 4.34E-02 +2.67E-02
Pancreas 391E-01 1.79E-01 1.10E-01 1.94E-01 1.46E-01 2.04E-01+1.09E-01
Red marrow 5.03E-02 3.07E-02 1.37E-02 1.60E-02 1.60E-02 2.54E-02+ 1.55E-02
Osteogenic cells 8.39E-02 4.03E-02 3.10E-02 4.42E-02 2.76E-02 4.54E-02+2.25E-02
Skin 4.89E-02 1.90E-02 1.75E-02 2.65E-02 1.50E-02 2.54E-02+1.38E-02
Spleen 1.62E-01  5.62E-02 3.74E-02 5.55E-02 4.28E-02 7.07E-02+5.14E-02
Testes - - 1.80E-02 2.74E-02 1.52E-02 2.02E-02+6.39E-03
Thymus 5.67E-02  2.30E-02 2.11E-02 3.15E-02 1.78E-02 3.00E-02+1.57E-02
Thyroid 5.39E-02 1.94E-02 1.90E-02 2.93E-02 1.60E-02 2.75E-02+1.56E-02
Urinary bladder wall 5.63E-02  2.04E-02 2.01E-02 3.00E-02 1.75E-02 2.89E-02+1.61E-02
Uterus 6.21E-02 241E-02 - - - 4.31E-02 +2.69E-02
Salivary glands 6.46E-02 2.61E-02 1.38E-01 3.23E-02 2.74E-02 5.77E-02+4.76E-02
Total body 9.39E-02 4.68E-02 3.15E-02 4.64E-02 2.72E-02 4.92E-02+2.65E-02
Effective dose ICRP 60  1.19E-01  6.35E-02 3.82E-02 5.94E-02 4.51E-02 6.51E-02+3.19E-02
(mSv/MBgq)

Effective dose ICRP 103 1.13E-01  5.84E-02 3.66E-02 5.66E-02 4.07E-02 6.10E-02+3.05E-02
(mSv/MBgq)

Negative [64Cu]CuC12 PET/CT lesions were all located
in the midline. According to the 2016 and 2021 WHO clas-
sifications, these lesions are categorised as WHO grade 1V,
based on their molecular profile, including histologically
low-grade H3K27-altered diffuse astrocytomas. In this con-
text, accelerated cell proliferation could be variably present
[49, 50]. Therefore, midline tumours with mild-to-moderate
proliferation indices may not exhibit copper avidity, even
in the presence of a diffusely infiltrating indicating a dire
prognosis. On the other hand, the highest uptake was shown
by a hemispheric PDHGG with a histological diagnosis of
glioblastoma, which normally exhibits characteristics linked
with accelerated proliferation [51].

Our study adds further insight into copper kinetics, in
that the standardised uptake values increased over time, up
to 3 days after administration. This pattern suggests that

once incorporated, [64Cu]CuCl2 does not leave the tumour
cells; such a prolonged accumulation is probably typical of
gliomas since our previous experience with prostate cancer
documented rapid clearance in the first hour after the maxi-
mum uptake [31].

Overall, on the basis of this pilot study, we suggest that
[#*Cu]CuCl, PET/CT might be selectively used in paedi-
atric gliomas showing contrast enhancement in the whole
tumour volume; in such lesions, the prolonged accumu-
lation might constitute the rationale for potential thera-
nostic use. However, further larger studies are needed to
test this concept. Specifically, in paediatric patients with
BRAF V600E-mutant gliomas—a distinctive clinical-
biological group of paediatric gliomas which typically
present a contrast-enhancing MRI pattern—the role of
[**Cu]CuCl, in patients who do not respond to current
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treatment regimens [52] could be explored, given that
copper is required for oncogenic BRAF signalling and
tumorigenesis [23]. As demonstrated in a previous mul-
ticentre study of BRAF V600E-mutant paediatric high-
grade gliomas, new strategies beyond BRAF-inhibitor
monotherapy are needed [52].

From the dosimetry point of view, should a theranos-
tic approach be considered, the liver is the limiting organ.
Indeed, our analysis showed that, on average, the liver
received about twenty times more energy than the tumour
per MBq employed. However, previous evidence suggests
that the ®*Cu-mediated cell damage is dependent on the
emission of Auger electrons, with this specific component
delivering up to a 25-fold higher dose than beta radiation
[31, 53, 54]. Given the low range of Auger electrons, the
dose actually absorbed by the cell depends on whether the
radiopharmaceutical is absorbed into the cell nucleus or not
[55]. Should the tracer remain in the hepatic cell cytoplasm,
then the dose absorbed by the liver cell would be determined
by the beta components mainly, which could be less limit-
ing in the therapeutic use of the radiopharmaceutical, espe-
cially if we also consider the relative resilience of the liver
[56]. An ideal scenario for the theranostic application of
[64Cu]CuC12 would be one of intra-nuclear absorption in the
tumour cells and a cytoplasmatic distribution in non-target
tissue. Such an evaluation, however, requires the set-up of
targeted experiments.

Finally, the dosimetry information provided by this study
could be carried over to other disease settings. Particularly,
the potential of this tracer could be evaluated in neuroblas-
toma, which is the most frequent extracranial neoplasm and
whose cells express a copper transporter, playing a role in
chemotherapy sensitivity [57-59].

Some limitations of this study must be borne in mind.
Being a pilot, project aimed mainly at assessing the feasibil-
ity, tolerability and dosimetry of [64Cu]CuC12 in children, it
involved only a small number of patients. Moreover, as many
of these patients had a midline glioma, the amount of data
available on hemispheric glial tumours was limited. Finally,
we did not have information on the late phase of all lesions
in all patients, since ethics considerations prevented us from
carrying out repeated imaging in cases without visible tracer
uptake on the first examination.

Conclusions

[#*Cu]CuCl, is a safe tracer in the imaging of paediatric glio-
mas. It is selectively taken up by MRI contrast-enhancing/
necrotic tumours, suggesting that blood—brain barrier dam-
age is a prerequisite for tracer uptake. Moreover, this radiop-
harmaceutical shows excellent target-to-background contrast
and an accumulating pattern over time. The possibility of
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employing this radiopharmaceutical for therapeutic applica-
tions could represent the subject of further research.
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