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Development of a SPECT prototype 
for dose measurements in BNCT



The problem: dose verification by online imaging of B10-
capture prompt gamma rays

T. Kobayashi et al. Med Phys. 2000.

B. Considerations for a practical PG-SPECT system
for BNCT

From the viewpoint of online dose estimation, a short
measurement time is desirable. Thus, it is sensible to collect
the data under conditions of favorable geometry using high-
efficiency detectors. It is straightforward to improve the geo-
metrical detection efficiency by shortening the distance be-
tween the detector and the irradiation volume. However, for
high-resolution SPECT images, it is better to have a smaller
field of view, which is realized by both reducing the aperture
and lengthening the detector collimator. These requirements
are in opposition. Thus, an optimization study of the colli-
mators and the radiation shield for the detectors is essential
for the design of a practical PG-SPECT system. The activa-
tion of the collimators and detectors due to neutrons must
also be considered. The various design objectives are
strongly interrelated because !1" the PG-SPECT system for
BNCT must measure the prompt gamma rays from the pa-
tient under a high-level background of gamma rays and neu-
trons during a BNCT clinical irradiation, and !2" the data
accumulation should be performed using a large number of
detectors arranged around the patient.

C. Feasibility of the PG-SPECT system for BNCT

On the basis of our experience with BNCT at the KUR-
HWNIF, the feasibility of a PG-SPECT system was consid-
ered using typical parameters from current BNCT clinical
practice. Table I shows some assumed measurement condi-
tions for a PG-SPECT system for BNCT. The data sampling
time is assumed to be 30 min, because most clinical irradia-
tion times are approximately 1 h or greater. At the position
of the detector assemblies for the PG-SPECT system, the
gamma-ray dose rate will be a few hundred mSv/h during a
clinical irradiation. Though the optimization study for the

radiation shield of the detector has not yet been carried out, it
is empirically assumed that the gamma-ray shielding of the
detector is made with tungsten of 20 cm thickness, and the
distance from the center of the irradiation volume to the
shielding surface is 30 cm, considering patient positioning.
The image quality in SPECT improves as the voxel size is
made smaller. The voxel size is assumed to be 1!1!1 cm3,
which is thought to be the maximum size for practical use.
The aperture size of the detector collimator is determined
from the correlation between spatial resolution, density reso-
lution, and voxel size for the SPECT image. In this analysis,
the collimator aperture size is assumed to be 4!4 mm2, be-
cause the center of the object region of the 1!1!1 cm3 is
covered by the view field of its size.
For the SPECT system to obtain 3D images, the total

number of data projections should be greater than the total
number of voxels. However, a two-dimensional 2D study for
one slice is sufficient for a conceptual study, and even 2D
data would be clinically useful, if available. The number of
projections for a single slice image is assumed to be 18!18
"324, because a slice of a standard-human head would be
typically contained within a rectangle of 18!18 cm2. Figure
3 illustrates the arrangement of a full ring detector assembly
for a patient head. A movable half-ring assembly will pro-
vide more flexibility in patient positioning. The incident neu-
tron direction is perpendicular to the plane of the figure. In
Fig. 3, a maximum of nine detector assemblies with 18 de-
tectors at 1 cm intervals can be arranged around the patient,
and 18!9"162 data points can be obtained from a single
measurement. Additional measurements are performed by re-
volving the detector assemblies to obtain the required data.
As a criterion for the feasibility of the PG-SPECT system

for BNCT, it is assumed that one detector must measure 100
counts !10% statistical error" due to prompt gamma rays iso-
tropically generated at the deepest tumor location and the
smallest volume of 1 cm3. It is important to obtain accurate
dose measurements in the deepest part of the tumor since the
doses in these regions are thought to be strong interactions of
clinical efficacy. The requirements for the deepest tumor re-
gions in current typical BNCT practice are that the thermal
neutron flux be at least 5!108 n/cm2/s and that the 10B con-
centration be greater than 10 ppm. Thus, the yield rate for the

TABLE I. Assumed measurement conditions for the PG-SPECT for BNCT.

Sampling time 30 min.
Voxel size 1!1!1cm
Minimum thermal neutron flux 5!108 n/cm2/s
Minimum 10B concentration 10 ppm
Minimum gamma-ray yield from 10B(n ,#$)7Li 1.1!106 n/s

FIG. 3. An arrangement of a patient
head and detector assemblies for the
PG-SPECT system.

2127 Kobayashi, Sakurai, and Ishikawa: A noninvasive dose estimation system 2127

Medical Physics, Vol. 27, No. 9, September 2000

B. Considerations for a practical PG-SPECT system
for BNCT

From the viewpoint of online dose estimation, a short
measurement time is desirable. Thus, it is sensible to collect
the data under conditions of favorable geometry using high-
efficiency detectors. It is straightforward to improve the geo-
metrical detection efficiency by shortening the distance be-
tween the detector and the irradiation volume. However, for
high-resolution SPECT images, it is better to have a smaller
field of view, which is realized by both reducing the aperture
and lengthening the detector collimator. These requirements
are in opposition. Thus, an optimization study of the colli-
mators and the radiation shield for the detectors is essential
for the design of a practical PG-SPECT system. The activa-
tion of the collimators and detectors due to neutrons must
also be considered. The various design objectives are
strongly interrelated because !1" the PG-SPECT system for
BNCT must measure the prompt gamma rays from the pa-
tient under a high-level background of gamma rays and neu-
trons during a BNCT clinical irradiation, and !2" the data
accumulation should be performed using a large number of
detectors arranged around the patient.

C. Feasibility of the PG-SPECT system for BNCT

On the basis of our experience with BNCT at the KUR-
HWNIF, the feasibility of a PG-SPECT system was consid-
ered using typical parameters from current BNCT clinical
practice. Table I shows some assumed measurement condi-
tions for a PG-SPECT system for BNCT. The data sampling
time is assumed to be 30 min, because most clinical irradia-
tion times are approximately 1 h or greater. At the position
of the detector assemblies for the PG-SPECT system, the
gamma-ray dose rate will be a few hundred mSv/h during a
clinical irradiation. Though the optimization study for the

radiation shield of the detector has not yet been carried out, it
is empirically assumed that the gamma-ray shielding of the
detector is made with tungsten of 20 cm thickness, and the
distance from the center of the irradiation volume to the
shielding surface is 30 cm, considering patient positioning.
The image quality in SPECT improves as the voxel size is
made smaller. The voxel size is assumed to be 1!1!1 cm3,
which is thought to be the maximum size for practical use.
The aperture size of the detector collimator is determined
from the correlation between spatial resolution, density reso-
lution, and voxel size for the SPECT image. In this analysis,
the collimator aperture size is assumed to be 4!4 mm2, be-
cause the center of the object region of the 1!1!1 cm3 is
covered by the view field of its size.
For the SPECT system to obtain 3D images, the total

number of data projections should be greater than the total
number of voxels. However, a two-dimensional 2D study for
one slice is sufficient for a conceptual study, and even 2D
data would be clinically useful, if available. The number of
projections for a single slice image is assumed to be 18!18
"324, because a slice of a standard-human head would be
typically contained within a rectangle of 18!18 cm2. Figure
3 illustrates the arrangement of a full ring detector assembly
for a patient head. A movable half-ring assembly will pro-
vide more flexibility in patient positioning. The incident neu-
tron direction is perpendicular to the plane of the figure. In
Fig. 3, a maximum of nine detector assemblies with 18 de-
tectors at 1 cm intervals can be arranged around the patient,
and 18!9"162 data points can be obtained from a single
measurement. Additional measurements are performed by re-
volving the detector assemblies to obtain the required data.
As a criterion for the feasibility of the PG-SPECT system

for BNCT, it is assumed that one detector must measure 100
counts !10% statistical error" due to prompt gamma rays iso-
tropically generated at the deepest tumor location and the
smallest volume of 1 cm3. It is important to obtain accurate
dose measurements in the deepest part of the tumor since the
doses in these regions are thought to be strong interactions of
clinical efficacy. The requirements for the deepest tumor re-
gions in current typical BNCT practice are that the thermal
neutron flux be at least 5!108 n/cm2/s and that the 10B con-
centration be greater than 10 ppm. Thus, the yield rate for the

TABLE I. Assumed measurement conditions for the PG-SPECT for BNCT.

Sampling time 30 min.
Voxel size 1!1!1cm
Minimum thermal neutron flux 5!108 n/cm2/s
Minimum 10B concentration 10 ppm
Minimum gamma-ray yield from 10B(n ,#$)7Li 1.1!106 n/s

FIG. 3. An arrangement of a patient
head and detector assemblies for the
PG-SPECT system.

2127 Kobayashi, Sakurai, and Ishikawa: A noninvasive dose estimation system 2127

Medical Physics, Vol. 27, No. 9, September 2000

Detection of emitted 478keV gamma photons may let
to estimate 10B neutron captures and support 
therapeutic outcome (personalized dosimetry).

Main detector specifications:
• Good efficiency and energy resolution at 478keV 

(to separate it from 511keV annihilation photons)
• Spatial resolution: 5-10mm (limited by the collimator)

• Possibly, extended efficiency up to 2.2MeV (H-capture) for neutron flux estimation



Preliminary studies: the
BENEDICTE detector 
(Polimi)

LaBr3:Ce scintillator 
crystal matrix of 
8x8 Silicon Photomultipliers

4 custom 16-channels 
GAMMA ASICs.
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Matrix of 64 FBK NUV-HD SiPM
• 6mmx6mm pixel size
• 30𝜇mx30𝜇m cell size
• > 50% PDE at 385 nm

Electronics (ASICs+FPGA)



Preliminary studies: the BENEDICTE detector (Polimi)
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Measurements at TRIGA Mark II reactor, UNIPV

Unshielded Shielded



Spectroscopy under the neutron beam
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Boron neutron capture 478
Annihilation photons 511
Cadmium neutron capture 558

Cadmium neutron capture 651

Hydrogen neutron capture 2223



BNCT_SPECT: objects, structure and  goals
detection module

Work Packages

WP1 (INFN-MI): simulation of neutron fields and gamma+neutron fluxes on the detector; computational 
study of shieldings and collimators

WP2 (INFN-MI): development of the gamma-ray detector, electronics, collimation system

WP3 (INFN-MI): characterization measurements in laboratory: spectroscopy and imaging

WP4 (INFN-BA): BNCT dedicated tomographic reconstruction

WP5 (INFN-PV): beam tests at nuclear reactor and with accelerator-based BNCT sources (CNAO, 
Birmingham, Helsinki)



Worflow and milestones
Milestone 1-6m 7-12m 13-18m 19-24m 25-30m 31-36m
M1: simulations of field, signal, background

M2: first prototype 

M3: characterization of n-beam @ LENA

M4: first delivery of reconstrcution algortihms

M5: preliminary characterization and PGNAA test 
(including tomography)
M6: second delivery of reconstruction algorithms 
(BNCT-dedicated)
M7: addition of up to 3 modules and assembling in 
SPECT prototype system
M8: test in accelerator facilities (including BNCT 
dedicated tomography)

BNCT_SPECT: objects, structure and  goals



RN: C.Fiorini, Politecnico di Milano, Dip Elettronica, Informazione e Bioingegneria, 
INFN sezione di Milano

Unità partecipanti:

INFN-MI, INFN-PV, INFN-BA

BNCT_SPECT: team

INFN-MI, Polimi-DEIB FTE

C.Fiorini (RN, PO) 40%

A.Caracciolo (PhD) 100%

A.Bourkadi Idrissi (PhD) 100%

B.Pedretti (Post Doc) 100%

INFN-MI, Polimi-Energia FTE

D.Mazzucconi (RL, Post Doc) 20%

S.Agosteo (PO) 10%

D.Bortot (RTDb) 10%

A.Pola (PA) 20%

INFN-PV FTE

N.Protti (RL, PA) 30%

S.Altieri (PA) 30%

V.Pascali (PhD) 100%

INFN-BA FTE

G.Pugliesi (RL, PA) ?

G.Iaselli (PO) ?

D.Ramos (PhD) 100%



BNCT_SPECT: INFN-PV budget and workshop request

Capitolo di spesa (k€) Y1 Y2 Y3
Missioni  0,5 0,5 3,5
Inventario -- -- --
Consumo 5,0 -- --
Servizi (irraggiamenti@LENA) 5,0 7,5 2,5

TOTALE
10,5 8,0 6,0

24,5

- 1 mese uomo officina elettronica
- 1 mese uomo officina meccanica
- motivazione: in previsione delle campagne di misura presso canale B e PGNAA del 

LENA, necessità di supporto per adattamento al sistema di movimentazione 
automatica dei campioni


