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Background
 Imaging of therapeutic drugs is essential for effective treatment

 131I

• Thyroid cancer
• particles
• Gamma ray: 364 keV

 225Ac

• Prostate cancer
• particles
• Gamma ray: 440 keV

 [198Au]AuNP

• Drug carrier
• Gamma ray: 412 keV

Szumowski et al. 
Sci. Rep., 2021 Kratochwil et al. J. Nucl. Med., 2016

68Ga-PET/CT

225Ac 225Ac


198Au

1-100 nm
Gold nanoparticles

(AuNPs)

Drug

Koshikawa et al., Appl. Phys. Lett., 2022

High-quality imaging with gamma rays
in the range of several hundred keV is needed

1. Introduction
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Activation imaging of gold nanoparticles (AuNPs)

 Gold nanoparticles (AuNPs)
...Promising drug carrier

 Accumulation in tumors
 High biocompatibility
 Easy surface modification

Distribution varies with size, shape, etc.
→ Visualization of AuNPs is important

 [198Au]AuNPs

Neutron + 197Au → 198Au
Stable Radioactive

198Au

Gamma rays
(412 keV)

Koshikawa et al., Appl. Phys. Lett., 2022

198Hg

1088 keV

412 keV

Ground state

𝜷ି

412 keV (96%)𝜸

198Au (Half life: 2.7 days)

Tumor

1. Introduction

2-100 nm

Drug
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Imaging devices
 Compton camera

cos 𝜃 = 1 − 𝑚௘𝑐ଶ ଵ

ாమ
−

ଵ

ாభାாమ

𝜃

𝐸ଵ
𝐸ଶ

 SPECT (Single-photon emission 
computed tomography)

Scintillator

Collimator

Imaging in the hundreds of keV range
No collimator required → Wide FOV
Limited spatial resolution

High spatial resolution
Widely used in clinical settings
Imaging in high-energy region
→ Thick collimator required
→ Sensitivity decreases

Scatterer Absorber

1. Introduction
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1. Introduction

Objective:
Develop a high-resolution (a few mm), 
high-sensitivity SPECT detector for imaging 
gamma rays in the several-hundred keV range.
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Hourglass hole collimator

Collimator

 Achieve high sensitivity while keeping spatial resolution

v v

Parallel 
hole

Hourglass-
shaped hole

2. New imaging system
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Detector configuration

Light-shielding
case

MPPC array
(Photodetector)

 Overall configuration

 Scintillator

• GAGG
(Gd3(Ga,Al)5O12(Ce))

• Pixel pitch: 1×1 mm2

• 90×90 array
• Thickness: 5 mm
• Energy resolution:

7.5%(FWHM)@662 keV

 Collimator (Toray Precision Co., Ltd)

• Tungsten
• Pixel pitch: 1×1 mm2

• 98 mm
• Height: 20 mm

1.1 mm

0.4 mm

v v

1.1 mm

0.6 mm0.4 mm

2
0

 m
m

Parallel hole Hourglass hole

100 mm

2. New imaging system

Scintillator

100 mm

20 mm
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Hole-size optimization
2. New imaging system

 Geant4 simulation

X = 0.1, 0.2, 0.3, 0.4, 0.5, 0.6 

X mm

v

X mm

2
0

 m
m

1.1 mm 0.6 mm

ROI

Source
Energy: 412 keV
Position: (-15, 0) mm
Size: 3 mm

Pixel value inside ROI / All pixel value 

Prototype

Parallel hole
Hourglass hole

X=0.6
Parallel hole Hourglass hole
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MLEM analysis
2. New imaging system

Obtain Cij w/ Geant4

Apply MLEMMaximum-likelihood expectation 
maximization

Feedback

Image Detector
response

(Comparison w/ measured data=𝒚𝒊)

7

Projection

𝒚𝒊
(𝒌)

Measured response

Calculated response
Sensitivity matrix

ImageNumber of
iteration

70 mm

50
 m

m

*Virtual
source 

distribution
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Experimental demonstration

1. Imaging of activated gold (198Au) 2. In vivo imaging of [198Au]AuNPs

3 mm

2 mm

1 mm

3 mm 3 mm

3 mm

• Comparison between
Compton camera,
Parallel-hole SPECT,
HC-SPECT(hourglass hole)

• Performance evaluation of HC-SPECT
• Large-area imaging of Derenzo phantom

8
 c

m

Tumor

Intravenous 
injection of
[198Au]AuNPs

• Imaging of [198Au]AuNPs 
distribution in tumor-bearing mouse
(preliminary results)

3. Experiments
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Detectors for comparison

• Pixel pitch: 1×1 mm2

• 45×45 array
• Scintillator Thickness:

Scatterer: 3 mm
Absorber: 5 mm

Scatterer Absorber

40 mm

GAGG
scintillator

MPPC array 50 mm

20 mm GAGG
scintillator

MPPC array
50 mm

20 mm

1.1 mm

0.4 mm

v v

1.1 mm

0.6 mm0.4 mm

• GAGG / collimator pixel pitch: 1×1 mm2

• 45×45 array (*1/4 size prototype)
• Scintillator Thickness: 5 mm

Compton camera Parallel-hole SPECT HC-SPECT

3. Experiments
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Comparison b/w detectors
3. Experiments

Compton camera Parallel-hole SPECT HC-SPECTSample

3 mm

198Au 70 kBq / hole MLEM
Maximum likelihood expectation maximization

R
ela

tive inte
nsity39k evt 66k evt

High contrast

R
ela

tive inte
nsity

Accumulation in
Incorrect position

Measurement time: 1 h
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Parallel hole vs. hourglass hole

P
ix

el
 v

a
lu

e

5

4

3

2

1

0

×106

[mm]
0 20－20

Parallel-hole SPECT
HC-SPECT

Peak / Valley
Parallel-hole SPECT: 2.6
HC-SPECT: 6.9

×2.7

Parallel-hole SPECT

HC-SPECT
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Performance evaluation of HC-SPECT 12

3. Experiments

3 mm

2 mm

1 mm

551k evt

• 198Au 210 kBq (total)
• Measurement time: 10 h
• Energy window: 402-442 keV

[mm]
－20 0 200

15

P
ix

e
l v

a
lu

e

×106

*Distance b/w holes is
diameter×2

Hourglass hole

2 mm

3 mm
1 mm

2 mm

 Imaging of Derenzo phantom

551k evt R
e

la
tive

 in
te

n
sity



Large-area imaging w/ HC-SPECT
3. Experiments

8
 c

m

𝜙10 mm
8

6

5

4

3

Compton camera

X [mm]

Y
 [m

m
] Φ3

mm

Φ5 mm

• Activity: 78 kBq (total)
• Measurement time: 16 h

476k evt

HC-SPECT
(Full size: 10×10 cm2)

X [mm]

Y
 [

m
m

]

Φ5 mm

Φ3
mm

• Activity: 2,190 kBq (total)
• Measurement time: 14 h

65M evt

Sample:
Radioactive gold (198Au)

plates 3-10 mm
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In vivo imaging of [198Au]AuNPs (Preliminary)

• Intravenous injection of [198Au]AuNPs (1.42 MBq)
• Measurement time: ~1 h
• Measured daily up to 2 days after injection

[198Au]AuNPs

HC-SPECT

Heater

Anesthesia

Tumor

98 mm

Results

• Gradual accumulation in liver
(Confirmed by radioactivity of organs)

Day 0 Day 1 Day 2

3. Experiments
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Summary
4. Summary

Summary

• A high-resolution, high-sensitivity imaging device for gamma rays
in the several-hundred keV range is needed

• We proposed hourglass hole collimator to achieve high sensitivity 
while keeping high resolution

• Hourglass hole collimator showed higher signal-to-noise ratio than 
parallel hole collimator / higher spatial resolution than Compton camera

412 keV
198Au

Future prospects

• In-vivo imaging of 211At-[198Au]AuNPs 
for high-precision investigation of the 
dynamics of drug-labeled AuNPs

211At


Thank you for your attention!
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Appendix



Overlapping

d

h

2r

2R

𝑟: ℎ = 𝑅 − 𝑟 : 𝑑 ⇒ 𝑑 =
ℎ(𝑅 − 𝑟)

𝑟

ℎ = 10 mm
𝑟 = 0.3 mm

𝑅 = 0.55 mm

2ℎ = 20 mm
2𝑟 = 0.6 mm
2𝑅 = 1.1 mm

𝒅 = 𝟖. 𝟑𝟑 𝐦𝐦

It might affect spatial resolution when 
imaging an actual mouse…?
→ We plan optimization
(more than 10 mm would be certain?)



Measurement time

Hourglass hole
(evt: 11 Hz)

Parallel hole
(evt: 18 Hz)

15 min 30 min 60 min 90 min

• 15 min may be sufficient to obtain a rough visualization of the sources using 
an hourglass-hole collimator.



GAGG scintillator

 Large light output

 Fast decay time

 Non-hygroscopic

Energy resolution
[%]

Light output
[photon/MeV]

Decay time
[ns]

Density
[g/cm3]

Scintillator

6.360,000886.63Ce:GAGG

4.222,000206.7Pr:LuAG

128,0003007.13BGO

926,000407.4Ce:LSO

5.645,0002303.67Tl:NaI

5.756,0001,0504.53Tl:CsI
*Cs-662, 5 mm cubic crystal



Multi-pixel photon counter （MPPC）

• 50 m pitch MPPC
16×16 array
（Pixel number: 3,531）

A resistor-divider circuit
determine the interaction position 

through centroid calculation

• Each APD detect
whether a photon
came or not

• Output:
number of the photons

• Multiple photons in
a APD -> worse linearity

Geiger-mode 
APD pixel

Quenching 
resistor



Intake of 198Hg?
• In 2003, a study conducted by the Ministry of Health, Labour

and Welfare of Japan reported that the total daily mercury 
intake from food for Japanese people was 8.1 μg/day.

• Question:
If 200 MBq of 198Au is administered to the human body, how 
much mercury (Hg) would be produced?
200 MBq = 

୪୬ ଶ

ఛ
𝑁 ⇒ 𝑁 = 6.73 × 10ଵଷ = 1.1 × 10ିଵ଴ mol

1.1 × 10ିଵ଴ mol × 198 = 2.2 × 10ି଼ g = 𝟐. 𝟐 × 𝟏𝟎ି𝟐 μg（22 ng）

• The amount of mercury generated is negligible.



Photon detection efficiency of MPPC

• GAGG: 520-540 nm
Detection efficiency: ~40%



Detection efficiency & spatial resolution (@412 keV)

【Detection efficiency】

Number of events used for image 
reconstruction

Number of photons 
incident to the detector

【Spatial resolution】

Compton camera: Angular resolution (ARM) = 9°
(FWHM). Source–detector distance 
assumed to be 3 cm. 

HC-SPECT: Detector resolution estimated from the 
FWHM of the accumulated activity 
profile when imaging a φ3 mm source.

Spatial resolution [mm]Detection efficiencyDetector

4.71 × 10ିଷHybrid Compton camera

Same as HC-SPECT2 × 10ିସParallel-hole SPECT

1.44 × 10ିସHC-SPECT



Performance evaluation of HC-SPECT
 Phantom with different concentrations

133 kBq

66 kBq

33 kBq

3 mm

• Concentration ratio
A:B:C=4:2:1

• 198Au 232 kBq (total)
• Measurement time: 2.4 h

A

B

C

Hourglass hole

A

B

C

141k evt

Concentration ratio
A/B = 1.88±0.09
B/C = 2.52±0.22
Sample adsorption onto the pipette?

R
e

la
tive

 in
te

n
sity



How to make AuNPs?

Purification Dilution

Stir Stir Stir

Ultra pure
water

NaBH4
(Na3C6H5O7 aq.)



EPR effect

 Gold  nanoparticles (AuNPs)
...Promising drug carrier

Tumor

Blood 
vessel 100-200 nm

AuNP Drug

Surface
modification

EPR effect

 Accumulation in tumors
through the enhanced 
permeability and retention 
(EPR) effect

 High biocompatibility
 Easy surface modification

Distribution varies with size, shape, etc.
→ Visualization of AuNPs is important

1~100 nm
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