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A novel radioguided surgery (RGS) technique for cerebral tumors
using B~ radiation is being developed. Checking for a radiotracer
that can deliver a B~ emitter to the tumor is a fundamental step in
the deployment of such a technique. This paper reports a study of
the uptake of °0Y-DOTATOC in meningiomas and high-grade glio-
mas (HGGs) and a feasibility study of the RGS technique in these
types of tumor. Estimates were performed assuming the use of a 3~
probe under development with a sensitive area 2.55 mm in radius to
detect 0.1-mL residuals. Methods: Uptake and background from
healthy tissues were estimated on 88Ga-DOTATOC PET scans of 11
meningioma patients and 12 HGG patients. A dedicated statistical
analysis of the DICOM images was developed and validated. The
feasibility study was performed using full simulation of emission and
detection of the radiation, accounting for the measured uptake and
background rate. Results: All meningioma patients but one with an
atypical extracranial tumor showed high uptake of DOTATOC. In
terms of feasibility of the RGS technique, we estimated that by
administering a 3 MBag/kg activity of radiotracer, the time needed
to detect a 0.1-mL remnant with 5% false-negative and 1% false-
positive rates is less than 1 s. Actually, to achieve a detection time
of 1 s the required activities to administer were as low as 0.2-0.5
MBg/kg in many patients. In HGGs, the uptake was lower than in
meningiomas, but the tumor-to-nontumor ratio was higher than 4,
which implies that the tracer can still be effective for RGS. It was
estimated that by administering 3 mBag/kg of radiotracer, the time
needed to detect a 0.1-mL remnant is less than 6 s, with the ex-
ception of the only oligodendroma in the sample. Conclusion: Up-
take of °°Y-DOTATOC in meningiomas was high in all studied
patients. Uptake in HGGs was significantly worse than in meningi-
omas but was still acceptable for RGS, particularly if further re-
search and development are done to improve the performance of
the B~ probe.
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Radioguided surgery (RGS) helps the surgeon evaluate the
completeness of a tumor resection while minimizing the amount
of healthy tissue removed (/). The surgeon is provided with vital
and real-time information on the location and extent of the lesion
and can assess the resection margins. The technique uses a radio-
labeled tracer preferentially taken up by the tumor to discriminate
cancerous tissue from healthy organs, as well as a probe (2) sen-
sitive to the emission released by the tracer to identify in real time
the targeted tumor focus. The radiopharmaceutical is administered
to the patient before surgery.

Current clinical applications of RGS are radioimmunoguided
surgery for colon cancer (3,4), complete sentinel-node mapping
for malignant melanoma (5) and breast cancer (6,7), and detection
of parathyroid adenoma (8) and bone tumors (such as osteoid
osteoma). There are also clinical studies on applications in neu-
roendocrine tumors (9,10).

Established methods use a combination of a y-emitting tracer
with a y-radiation—detecting probe (//,/2). Because <y radiation
can traverse large amounts of tissue, any uptake of the tracer in
nearby healthy tissue represents a non-negligible background
level, often preventing the use of this technique.

To overcome these limits and extend the range of RGS
applications, it has been suggested (/3) that pure 3~ -emitting
radioisotopes be used instead of y-emitting tracers. 3~ radiation
indeed penetrates only a few millimeters of tissue, with essentially
no <y contamination, since the bremsstrahlung contribution, which
has a 0.1% emission probability, can be considered negligible.
This novel approach allows development of a handy and compact
probe, which, by detecting electrons and operating with a low
radiation background, better delineates the margins of the lesion.
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This approach also requires less activity than traditional RGS
approaches to detect tumor remnants, and because of the lower
absorbed dose (/3) and short range of electrons, the radiation
exposure of medical personnel becomes almost negligible.

For this novel technique to be applicable, tracers capable of
delivering pure 3 ~-emitting radionuclides are needed. Among the
existing tracers, those used for molecular radiotherapy, in partic-
ular peptide receptor radionuclide therapy with °°Y, are the first
candidates to be considered. Furthermore, neurosurgery is one of
the fields that would profit most from RGS, given the importance
of complete lesion removal. Finally, presurgical imaging is
scarcely effective in the search for remnants because the operative
field changes substantially during brain tumor resectioning. These
considerations make °Y-DOTATOC an optimal candidate tracer
for a first application of RGS with B~ radionuclides in brain
tumors: meningioma has long been known to have substantial
uptake of DOTATOC (/4-17), and there are recent studies
showing that high-grade glioma (HGG) also has somatostatin
receptors (18).

Existing studies (/4) focus on the uptake characteristics needed
for molecular radiotherapy. This paper instead studies, in meningi-
oma and HGG, aspects that are critical for RGS when the admin-
istered activities are significantly lower and the required tumor-to-
nontumor ratio (TNR) is smaller.

MATERIALS AND METHODS

Estimate of DOTATOC Uptake

The first goal was to assess uptake of *°Y-DOTATOC in meningi-
oma, HGG, and nearby healthy tissue. We have examined Ga-
DOTATOC PET scans of the 2 diseases (/9), with the reasonable
assumption that gallium and yttrium are chemically similar enough not
to alter the kinetics of the tracer. Patients were injected with a 3 MBg/kg
dose of %8Ga-DOTATOC. After a 50-min uptake period, whole-body
imaging was performed on a bismuth germanium oxide—equipped
Discovery 600 PET/CT scanner (GE Healthcare) using a standard
vertex-to-pelvis protocol. The CT acquisition protocol included low-
dose CT (120 kV, automatic amperage, noise index < 25, pitch of
1.375, and 3.75-mm slice thickness) for attenuation correction fol-
lowed by a whole-body PET scan (3 min per bed position). The
PET scans were acquired in 3-dimensional mode in a 256 x 256
matrix (voxel size, 2.73 x 2.73 x 3.17 mm). Images were recon-
structed using VUE Point HD (GE Healthcare) attenuation-weighted
ordered-subsets expectation maximization (2 iterations, 16 subsets)
followed by a postreconstruction smoothing gaussian filter (5 mm in
full width at half maximum).

We retrospectively analyzed, with AMIDE software, DICOM
images of 11 patients with meningioma and 12 with HGG and
estimated mean tumor uptake and uptake in nearby healthy tissues (the
nontumor estimate needed to compute TNR). All patients gave written
informed consent to participate in the clinical research, and the Ethics
Committee (institutional review board) approved this retrospective

TABLE 1
Results for Meningioma Patients

Patient no. Njes. Weight (kg) A.am (MBQ) V*T (Hz) vnT (H2) tF’§’,Z,’be*+ (s) AT (MBa/kg) Diagnosis Previous treatment
MO1 1 63 220 32.2 1.9 0.2 0.7 Atypical S
MO02 1 80 160 17.6 2.6 0.6 1.9 Atypical S/RT/PRRT
MO03 3 95 305 33.7 3.5 0.3 0.9 Likely atypical S/RT
50.3 3.5 0.3 0.5
76.8 3.5 0.1 0.3
M04 1 48 200 89.4 4.5 0.1 0.2 Atypical S/RT/CT
MO05 3 57 130 66.7 4.4 0.2 0.3 Relapse S/RT/CT/PRRT
53.2 4.4 0.2 0.5
57.6 4.4 0.2 0.4
MO06 2 90 145 107.6 1.8 0.1 0.1 Unknown PRRT
56.1 1.8 0.2 0.4
MOQ7 1 74 237 50.2 3.9 0.2 0.5 Anaplastic S/RT
M08 3 105 223 55.7 3.6 0.2 0.5 Atypical S/RT
31.2 3.6 0.2 0.9
29.6 3.6 0.4 0.9
M09 2 48 145 13.4 2.4 0.9 2.7 Atypical S/RT
15.1 2.4 0.7 2.5
M10 1 70 240 14.6 1.2 0.6 1.8 Atypical S/RT
12.6 1.2 0.8 1.9
M11 1 75 220 12.7 3.8 1.6 5.0 Atypical Unknown

*Data assume 12 h between administration of °°Y and surgery.

fEstimations assume that reference activity A,er = 3 MBg/kg is administered.

Nies. = number of lesions; A.gm =
rate expected on probe in each lesion;
to be administered to have 77,
therapy.

administered activity; v
tm/'n
probe

= time needed to identify a 0.1-mL residual; A7

signal rate expected on probe in each lesion; vyr = nontumor

Ta" = the minimum activity that needs

=1 s; S = surgery; RT = radiotherapy; PRRT = peptide receptor radionuclide therapy; CT = chemo-
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TABLE 2

Results for HGG Patients

Patient no. Weight (kg) Aagm (MBq) Vv (Hz) vnaT (H2) tg;'gbe*'r (s) AT (MBa/kg) Diagnosis Previous treatment
GO1 97 246 16.5 1.4 0.5 1.5 HGG S/RT/CT/PRRT
G02 68 223 5.2 1.1 2.6 8.5 HGG RT/CT/B

G03 80 152 9.6 1.9 1.4 4.3 HGG S/RT/CT

G04 93 198 22.4 3.7 0.6 1.8 HGG S/RT/CT/PRRT
G05 90 192 4.6 2.0 7.4 23.6 HGG S/RT/CT/PRRT
G06 60 185 4.4 1.6 5.8 20.0 HGG S/RT/CT

G07 63 194 4.8 1.7 5.1 17.6 HGG S/RT/CT

G08 70 266 21 0.8 — 40.0 HGG RT/CT

G09 85 255 3.7 1.1 5.3 17.6 HGG S/RT/CT

G10 80 224 2.2 1.6 — — Oligodendroglioma S/RT/CT/I

G11 70 234 51 2.0 5.5 18.8 HGG RT/CT

G12 15 38 5.0 2.0 5.9 18.8 Pontine glioma RT/CT/PRRT

*Data assume 12 h between administration of °°Y and surgery.

fEstimations assume that reference activity A,.s = 3 MBa/kg is administered.

Njes. = number of lesions; A.gm =
expected on probe in each lesion; 717,
ini min
admwstergd to have tpr.obe
B = bevacizumab; | = immunotherapy.

administered activity; v = signal rate expected on probe in each lesion; vy = nontumor rate
= time needed to identify a 0.1-mL residual; AT" = the minimum activity that needs to be

1s

=1 s; S = surgery; RT = radiotherapy; CT = chemotherapy; PRRT = peptide receptor radionuclide therapy;

study. The characteristics of the meningioma and HGG patients are
summarized in Tables 1 and 2, respectively.

To estimate mean tumor uptake, for each meningioma patient we
considered several PET slices and defined in each a region of interest
(ROI) containing only lesioned tissue on the basis of the CT scans
(Fig. 1, left). If there were several lesions, each was considered sepa-
rately. In HGG, there was often a necrotic area between areas of uptake
(center of Fig. 1) because of previous treatments. In such cases, an ROI
comprehensive both of uptake areas and of interstitial areas was chosen.

For each of the N slices (Fig. 2), the effective number of voxels (N}),
the mean value w; (i = 1, ..., Ny), and the SD o; of the voxel-specific
activity were measured. From this information, the mean value of the
tumor-specific activity . and the corresponding uncertainty o, was es-
timated with a weighted average:

:Z[Wf“‘i o = 1

38 Mo )
LW \/ 2wi
N
where w; = o5

Figure 3 shows typical values of p; for different slices and their average.
Each slice in the DICOM images is 3.27 mm thick. The effects on the
margins of the tumor are masked by the spatial resolution of approx-
imately 3 mm. Such a resolution causes a systematic underestimation

Eq. 1

of the activity concentration, an effect known as the partial-volume
effect. We conservatively avoided correcting for it.

To take into account differences in the activity administered to
patients, the standardized uptake value (SUV) was estimated by
normalizing the measured p by the administered activity per unit of
patient mass, after having rescaled this activity at the time of the PET scan:

ww
—0.693Atpsr [Te)

Ga

SUV =
Aztdme

Eq. 2

where A, is the administered activity, W the mass of the patient,
Atpgr the elapsed time between administration and PET scan, and Té{f
the %8Ga half-life.

FIGURE 1. Example of ROI definition for meningioma (left), HGG (cen-
ter), and nontumor (right).

DOTATOC UPTAKE IN MENINGIOMA AND GLIOMA

FIGURE 2. Example of ROI definition in several slices of PET scan of
meningioma patient.
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ity in tumor (w'¢) and nontumor (w;%.) at the

by =
5.000 -

E E o

O 4,000 o

m + o

= 3000 = 1,000

3 =3

500

T time of surgery for each patient:

ref —0.695At 5, 12
; Wil = SUVun/Arge " /T, Eq. 3

where T}/? is the Y half-life. A, = 3 MBg/kg
is a reference administered activity per unit

N slice

N slice

mass, chosen as the activity injected for a
typical PET scan.

FIGURE 3. Example of p; estimated in different slices in case of meningioma (left) and glioma

(right).

For healthy tissue, several ROIs on several slices of the scan were
chosen. Because 3~ radiation is local, the ROIs were chosen by means
of the CT information, close to the tumor margins, as shown in Figure 1
(right). A weighted average was used to evaluate pyz; onp and the
corresponding SUV yr, where NT is normal tissue.

The TNR was estimated as the ratio between p and pyz

The B~ Probe

A critical element in the development of the proposed RGS method
is the 3~ probe, which exploits the low penetration power of the 3~
radiation by reducing the size of the lateral shielding. Furthermore,
we found that we could minimize the sensitivity to vy radiation using
an organic scintillator with low density but high light yield (p-ter-
phenyl (20)). The prototype used as the reference in this study has
a sensitive cylinder of p-terphenyl with a radius of 2.55 mm and a
3-mm depth (Fig. 4). To maximize the accuracy of the direction of
incoming radiation, the sensitive region is screened by 3 mm of
polyvinyl chloride. The scintillation light is transported to a photo-
multiplier tube (Hamamatsu H10721-210 in the prototype) through 4
optical fibers.

Expected Performance of RGS with B~ Decays

From the measured specific activities, we also predicted the
potential of RGS with B~ decays. As previously detailed (/3), this
technique exploits the fact that more DOTATOC is taken up by
tumor than by healthy tissues: the patient scheduled for surgery is
injected, several hours in advance, with *°Y-DOTATOC. From the
DICOM images, properly accounting for the radionuclide half-lives
and assuming that administration of the radiotracer is At,,,, = 12 h
before the intervention, we can estimate the expected specific activ-

FIGURE 4. Photograph of probe prototype.

After removing the bulk of the tumor, the
surgeon explores the site with a 3~ probe to
check the completeness of the resection. The
probe responds to the presence of 3~ radia-
tion with a signal whose rate (v) depends on the presence of radio-
nuclides, their spatial distribution, and the probe characteristics. When
the surgeon is probing for possible tumor residuals, a threshold on the
number of counts in a given time interval has to be set to discriminate
between healthy and lesion tissues.

To judge the feasibility of this approach, the measured specific
activities “?;57) need to be converted into the corresponding probe
rates voyr. To this aim, we performed a full simulation, including
all interactions of particles with matter, using the FLUKA (21,22)
Monte Carlo software. In this simulation, the background was repre-
sented by an extended region with a specific activity W of °0Y,
whereas the residual tumor used as a benchmark is a cylinder with
aradius of 3 mm and a height of 3.5 mm for a total volume of 0.1 mL.
These are indeed the dimension of typical residual tumor that has to be
identified by the probe. The tumor region is assumed to have a specific
activity w'¢ of 20Y.

The FLUKA software, fully simulating nuclear decay and the
interactions between radiation and tissues, was used to estimate
energy deposited inside the active volume of the probe by the emitted
radiation. The conversion factor between the deposited energy and the
electronic signal issued by the probe was determined in laboratory
tests with a pointlike source of %°Sr of known activity. When the esti-
mated electronic signal overcame a threshold that was determined in the
same laboratory tests, the probe was considered to have issued a count.

From this simulation, we could then extract the signal rates that we
expect to measure with a realistic B~ probe in the presence of a tumor
residual (v) or only healthy tissue (vy7). These estimates, such as
and w7 that are used as input depend on the administered activity of
tracer.

From the measured detector rates we can estimate the time needed
by the probe to identify a tumor residual of 0.1 mL with a given
probability of false-positives or false-negatives. For a fixed acquisition
time of the probe (#,,,.) the false-positives and false-negatives are
defined as follows:

N =1
False-positive =1 — > 2, . (N) Eq. 4
NZo
Ny — 1
False-negative = %, . (N), Eq. 5
N=o

where 7, (N) indicates the Poisson probability of having N if the
mean is ., and Ny, is the threshold in counts that we expect to set
on the probe signal.

The minimum time that a surgeon needs to spend on a sample
to evaluate whether it is healthy, ;”,";’he, is determined by finding
the minimal value of ¢,,,p, for which there exists a value of N, such that
false-negatives are less than 5% and false-positives are less than 1%.

RGS can be practical only if, when the reference activity (3 MBq/kg)

is administered, the time t;"jgbe is not significantly longer than
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0.2 g/mL; that is, administering 3 MBq/

kg would yield a specific activity of
about 0.6 kBq/mL. The TNR was always
at least 4 and was twice as high in a third
of the cases. The only case in which uptake

SUV (g/mL)

wX

+
+
X IXqe

10 15
ID lesion

z ) 7 2
ID lesion

was marginal was the only oligodendroma
in the sample.
We calculated the information relevant

for RGS with B~ decays (Table 2) and

FIGURE 5. Measured SUV (left) and TNR (right) on all studied meningioma lesions. Lesions from
same patient share same symbols. ID = sequential number identifying a lesion.

1 s—a reasonable time lapse in the surgical environment. Otherwise,
an increase in activity would be needed. In contrast, if ll’j’,flo"ht, is shorter
than 1 s there are margins to reduce the administered activity. We
therefore also calculated the minimum activity that needs to be ad-
ministered (A,,;,) 12 h before surgery to achieve false-negatives less
than 5% and false-positives less than 1% in 7, =1 s.

Scaling between activities neglects biologic washout from the
organs. Nevertheless, washout is faster in healthy tissues than in
tumors, which bind to the tracer. Tumors typically show constant
or increasing uptake in the first day after administration and a washout
after 24 h (23,24). Because the surgery, compared with the PET scan,
takes place after a longer time has elapsed, the TNR was most likely
underestimated and only conservative conclusions can be made about

this study.

RESULTS

Measurements on meningioma and HGG patients are shown in
Tables 1 and 2.

Meningioma Patients

The observed SUV and TNR for the meningioma patients is
shown in Figure 5. About 70% of the lesions had an SUV greater
than 2 g/mL, that is, administering 3 MBq/kg would yield a spe-
cific activity greater than 6 kBg/mL. The rest of the patients had
an SUV of half this value. The TNR was greater than 10 in almost
all cases and was usually above 20.

In terms of the feasibility of RGS with B~ emitters, Table 1
reports for each patient the signal and nontumor rate expected on
the probe; the time tl’,”y’;ﬁ’be needed to identify a 0.1-mL residual if an
activity A,.; = 3 MBg/kg is administered; and the minimum ac-
tivity, scaled to the time of the surgery, that needs to be adminis-

tered to have t;",.’;’be =1 s.

HGG Patients

The measured SUV and TNR for the HGG patients is shown
in Figure 6. About 60% of the lesions had an SUV of around

found that when 3 MBg/kg were adminis-
tered, the probe required about 5-6 s in many
cases to discriminate between lesion and
healthy tissue. In such cases, to reduce the
probing time to 1 s, a therapeutic activity of 20 MBg/kg would have
to be administered.

DISCUSSION

The novel RGS technique under development relies on the
possibility of efficiently and selectively delivering a 3~ emitter. To
this aim, this study examined uptake of “°Y-DOTATOC in 2
tumors of interest, meningioma and HGG.

Meningioma is known to have high receptivity to somatostatin
analogs and therefore is ideal for testing the proposed technique.
Nonetheless, it is important to determine whether there are
meningioma patients who do not express enough receptors and
what is the lowest administered activity for the technique to be
effective, in order to minimize the exposure of patients and
medical personnel. Only 1 of 11 meningioma patients did not
express enough receptors to allow detection of a residual of
0.1 mL in less than 1 s. However, in that patient the probing time
was less than 2 s. We can therefore conclude that the proposed
RGS can be applied to all patients. Furthermore, in 60% of the
patients the technique was estimated to be effective with
administration of only 0.5 MBg/kg. Finally, the Monte Carlo
approach developed here will be part of the protocol to determine
the activity of °°Y-DOTATOC to administer to patients, since
a %8Ga-DOTATOC PET scan will be acquired before surgery.

Regarding HGG, the literature has reported limited receptivity
to DOTATOC. It was therefore important to ascertain whether
uptake and TNR are sufficient for diagnostic use. Uptake was
significantly less than for meningioma, but TNR was usually
larger than 4, even with a conservative estimate. RGS with B~
decays is thus expected to be reliable if each possible residual is
examined for at most 5-6 s. Alternatively, to reduce the measure-
ment time, the sensitivity of the probe can be improved: more
sensitive devices can be used to collect scintillation light, and
crystals with a larger light yield can be considered, although at
the expense of having to develop a probe that requires more chal-

lenging engineering. Moreover, the esti-
mates are conservative because regions

between areas of good uptake are also in-

cluded in the ROI since it cannot be estab-
lished whether these regions represent
tumor (Fig. 1).

+
1.4
+
5 12 . 20
g 1.0 x 15
2 s z
> os + Ll +
) +
o) o4 + +
02 + o+ + + * & 4+t o+ * ok
+ * *
6 8 10 12 14 2 4 6 8 10 12 14
ID lesion ID lesion

CONCLUSION

We estimated uptake of DOTATOC in
meningiomas and HGGs in a feasibility

FIGURE 6. Measured SUV (left) and TNR (right) on all studied HGG lesions. ID = sequential

number identifying a lesion.
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study of a novel RGS technique exploit-
ing B~ decay. The results showed that, for
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meningioma, the uptake is so marked that the technique can work
even with administered activities much smaller than needed for
PET scans. The minimum required activity can be computed on
a patient-by-patient basis. The proposed technique can also work
for HGG, although the more limited receptivity requires a longer
probing time with the current version of the probe.
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