
ORIGINAL ARTICLE

Ultrahigh-resolution Cerenkov-light imaging system for positron
radionuclides: potential applications and limitations

Seiichi Yamamoto • Tadashi Watabe • Hayato Ikeda •

Yasukazu Kanai • Hiroshi Watabe • Yoshimune Ogata •

Katsuhiko Kato • Jun Hatazawa

Received: 2 June 2014 / Accepted: 29 July 2014 / Published online: 8 August 2014

� The Japanese Society of Nuclear Medicine 2014

Abstract

Objective Cerenkov-light imaging provides inherently

high resolution because the light is emitted near the posi-

tron radionuclide. However, the magnitude for the high

spatial resolution of Cerenkov-light imaging is unclear. Its

potential molecular imaging applications also remain

unclear. We developed an ultrahigh-resolution Cerenkov-

light imaging system, measured its spatial resolution, and

explored its applications to molecular imaging research.

Methods Our Cerenkov-light imaging system consists of

a high-sensitivity charged-coupled device camera (Ham-

amatsu Photonics ORCA2-ER) and a bright lens (Xenon

0.95/25). An extension ring was inserted between them to

magnify the subject. A *100-lm-diameter 22Na point

source was made and imaged by the system. For applica-

tions of Cerenkov-light imaging, we conducted 18F-FDG

administered in vivo, ex vivo whole brain, and sliced brain

imaging of rats.

Results We obtained spatial resolution of *220 lm for a
22Na point source with our developed imaging system. The
18F-FDG rat head images showed high light intensity in the

eyes for the Cerenkov-light images, although there was no

accumulation in these parts in the PET images. The sliced

rat brain showed much higher spatial resolution for the

Cerenkov-light images compared with CdWO4 scintillator-

based autoradiography, although some contrast decrease

was observed for them.

Conclusion Even though the Cerenkov-light images

showed ultrahigh resolution of *220 lm, their distribution

and contrast were sometimes different from the actual

positron accumulation in the subjects. Care must be taken

when evaluating positron distribution from Cerenkov-light

images. However, the ultrahigh resolution of Cerenkov-

light imaging will be useful for transparent subjects

including phantom studies.
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resolution � CCD camera � Positron � Molecular imaging

Introduction

Cerenkov-light imaging [1, 2] is a relatively new molecular

imaging technology that images the distribution of radio-

nuclides that emit positrons or electrons using a high-sen-

sitivity optical camera. The positrons or electrons emit a

small amount of light called Cerenkov light when their

energies exceed a threshold level that is determined by the

refractive index of the materials [3]. In Cerenkov-light

imaging of molecular imaging, such light distribution is

imaged by a high-sensitivity cooled charge-coupled device

(CCD) camera. Some small animal images using Ceren-

kov-light imaging have already been reported [1, 2, 4–12].

Figure 1 shows a schematic drawing of the relation of

the positron range and the emission of Cerenkov light. The

range of the beta or the positron is determined by the

distance from the positron radionuclide to the point of

annihilation (when the beta or positron energy becomes

zero). The Cerenkov light is emitted when the positron’s
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energy exceeds the threshold level (*260 keV for biologic

tissue [13, 14]). Since Cerenkov light’s intensity is higher

for greater positron energy, the gravity of Cerenkov-light

emission approaches the radionuclide. Higher spatial res-

olution can be obtained with Cerenkov-light imaging than

positron emission tomography (PET). For 18F, the line

spread function was reported to be *350-lm FWHM with

a width of 200-lm 18F positron line source [4].

Although high spatial resolution is expected with

Cerenkov-light imaging, the precise measurement of spa-

tial resolution has not been reported yet, probably because

of the difficulty of the preparation of the small diameter

positron source. Its potential applications to molecular

imaging are also unclear. To clarify these points, we

developed an ultrahigh-resolution Cerenkov-light imaging

system, measured its spatial resolution, and explored its

applications to molecular imaging research. We conducted

Cerenkov-light imaging for phantoms as well as 18F-FDG

administered in vivo and ex vivo rat studies for this

purposes.

Materials and methods

Cerenkov-light imaging system

For imaging Cerenkov light from positron radionuclide

distribution, we used a high-sensitivity cooled CCD camera

(ORCA2-ER, Hamamatsu Photonics, Japan) operated in

minus 60 �C. We show a schematic drawing of a developed

Cerenkov-light imaging system in Fig. 2. A bright lens

(Xenon 0.95/25) was mounted on the camera and placed in

a black box. Signals from the CCD camera were fed to the

controller and a personal computer (PC). An extension lens

was inserted between the camera and lens to take magnified

images. We show a photo of the CCD camera and the black

box that contained the high-sensitivity CCD camera in

Fig. 3a, b. The parameters of the CCD camera for Ceren-

kov-light imaging were under the following imaging

conditions—gain: 2, light mode: 0, scan speed: 1, and

2 9 2 binning of the pixels.

One technical problem in Cerenkov-light imaging is the

noise spots from the direct detection of gamma photons by

the CCD sensor (direct noise). Normally, cosmic rays and

environmental gamma photons are the main sources of

direct noises, but the gamma photons from the positron

radionuclide injected into the subject are a much bigger

noise source. Direct noises have much higher intensity than

Cerenkov-light images and create serious noises on them.

We reduced the noise using noise removal outlier pro-

cessing of ImageJ software on the Cerenkov-light images.

The processing replaces a pixel by the median of the pixels

in the surrounding if it deviates from the median by more

than a certain value (the threshold) [15, 16]. It is useful for

correcting hot pixels or dead pixels of a CCD camera.

Because it had high intensity and a spot shape, most were

eliminated by the software.

Performance evaluation of Cerenkov-light imaging

system

1. Spatial resolution One possible advantage of Cerenkov-

light imaging is higher spatial resolution. Thus, we first

imaged a small point source of 22Na using our Cerenkov-

light imaging system to evaluate the spatial resolution. We

used 22Na source because of the long half-life and similar

maximum positron energy as 18F (22Na: 0.55 MeV, 18F:

0.64 MeV). We made a 100-lm-diameter 22Na point

source using a 100-lm-diameter ion exchanging resin to

Fig. 1 Schematic of relation between Cerenkov-light emission and

range for positron emitting radionuclide

Fig. 2 Schematic drawing of the developed Cerenkov-light imaging

system
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accumulate the 22Na solution. After the accumulation of
22Na, the point source’s diameter was measured using an

optical microscope (Olympus, IMT-2, Japan). We show an

optical photo and a microscopic image of the point source

in Fig. 4a, b.

The point source, which has 400-kBq activity, was

placed in a 0.2-mm-thick sheet and sandwiched between

2-mm-thick acrylic plates. It was set *10 mm from the

lens surface of the CCD camera to measure the Ceren-

kov light. We imaged the point source for 10 s and set

the profile on the image to evaluate the spatial

resolution.

Fig. 3 High-sensitivity CCD camera for Cerenkov-light imaging (a) and black box used for measurements (b)

Fig. 4 Optical photo (a) and microscopic image (b) of a 100-lm point source

Fig. 5 Optical photo of the slit phantom

Fig. 6 Optical photo of the NU phantom
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We also evaluated the spatial resolution by a slit phan-

tom that contained 22Na (Fig. 5). This slit phantom imag-

ing is mainly for the demonstration of the high spatial

resolution of Cerenkov-light imaging. The phantom’s slits

were 500 lm wide, and the separation was also 500 lm.

The phantom contained 27 kBq of 22Na solution.

2. Imaging of character source phantom Next, we

measured the Cerenkov-light images of a distributed

character phantom, which has the characters NU in which

the 22Na solution was contained. The purpose of this ‘‘NU’’

phantom imaging is not for evaluating the spatial resolu-

tion, but for the evaluation of image quality of the

Cerenkov-light images including the signal to noise (S/N)

of the images. An optical photo of the NU phantom, which

contained 72 kBq of the 22Na solution of the phantom’s

characters, is shown in Fig. 6. NU stands for Nagoya

University. The dimension of the ‘‘NU’’ phantom is

25 mm 9 15 mm and made of acrylic resin. We measured

the Cerenkov-light images for 30–120 min to compare the

image quality.

3. Imaging of small animals We measured the Ceren-

kov-light images of rats that were administered 18F-FDG

for in vivo and ex vivo studies. These studies were per-

formed under the guidelines of the Laboratory Investiga-

tion Committee of the Osaka University Graduate School

of Medicine. For in vivo rat studies, we conducted 18F-

FDG imaging on two nude rats with skin tumors. We also

conducted head imaging on two normal rats without

tumors. In the first study on nude rats with skin tumors,

40 MBq of 18F-FDG was injected and Cerenkov-light

imaging was conducted for 20 min, from 2 h after the

injection. The imaging was done from the side of the rat.

The second study on normal rats without skin tumors was

conducted for 30 min, 1 h after the injection of 100 MBq
18F-FDG. Imaging was conducted of the head and body

parts from the rat’s upper side.

In the first study on a normal rat without a tumor, we

injected 150 MBq of 18F-FDG and conducted Cerenkov-

light imaging for 20 min, 2 h after the injection. Imaging

was done from the upper side of the rat. In the second study

on a normal rat without a tumor, imaging was conducted

80 min after the injection of 110 MBq of 18F-FDG and

measured for 30 min. Imaging was done for the head and

body parts from the rat’s upper side. For comparison, small

animal PET imaging was conducted for the rat using Sie-

mens Invion [17] for 10 min.

For all measurements except the last study, optical photo

images were fused with Cerenkov-light images using

ImageJ software. In the last study, we made fused images

with Cerenkov light and a maximum intensity projection

image of PET using ImageJ software.

For the ex vivo rat studies, we conducted two brain

studies on rats that were administered 18F-FDG: whole

and sliced brain studies. Ex vivo whole brain Cerenkov-

light imaging was conducted on a normal rat that was

administered 150 MBq of 18F-FDG, 2 h after the injec-

tion, and measured for 20 min. The ex vivo Cerenkov

imaging of the sliced brain was conducted for 120 min,

2 h after the injection of 150 MBq 18F-FDG, in 2-mm-

thick slices. For comparison, imaging with a CdWO5

(CWO) scintillator (0.1-mm thick) was conducted 5 h

after the injection for 5 min. We set profiles for both

images using ImageJ software to compare the sharpness

of the edges.

Results

Performance evaluation of Cerenkov-light imaging

system

1. Spatial resolution We show the image and the profile of

a 22Na 100-lm point source in Fig. 7a, b. The spatial

resolution was estimated to be 220-lm FWHM (Fig. 7c).

Assuming the spatial resolution distribution and source

distribution are Gaussian, the spatial resolution of Ceren-

kov-light image corrected for the point source size

(100 lm) is estimated to be *200 lm.

Figure 8 shows the Cerenkov-light image and its profile

of the slit phantom. All 500-lm slits were resolved.

2. Imaging of distributed character phantom We show

Cerenkov-light images of the NU phantom with different

measurement times in Fig. 9. At 120 min, we obtained a

high-resolution image of the phantom.

3. Imaging of small animals We show Cerenkov-light

images of the tumor model rat in Fig. 10. We distinguished

the accumulation of the 18F-FDG in the tumor.

We show another study of the Cerenkov-light image of

a model rat’s tumor in Fig. 11. The accumulations of

tumors were moderate. High accumulation of 18F-FDG in

the eyes and the brain were observed in the Cerenkov-

light image.

We show Cerenkov-light images of a normal rat in

Fig. 12. A high accumulation of 18F-FDG in the eyes was

observed. We show another study of Cerenkov-light ima-

ges of a normal rat in Fig. 13a. We also observed the

accumulation of 18F-FDG in the eyes. We show a PET

image of the rat in Fig. 13b. Accumulations of 18F-FDG

were observed on both sides of the Harderian gland and the

brain. The fused image shows the difference of the high

Cerenkov-light emission area and the FDG accumulation

measured by PET.

We show the Cerenkov-light image of the rat’s whole

brain in Fig. 14. We observed some structures of the brain

in the Cerenkov-light image.
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We show an optical photo of a rat brain’s slice in

Fig. 15a and a Cerenkov-light image and a positron image

with a CWO scintillator in Fig. 15b, c.

We show the vertical direction profiles of the Cerenkov-

light and positron images with a CWO scintillator in

Fig. 16a, b. Also, we show the horizontal direction profiles

of the Cerenkov-light and positron images with a CWO

scintillator in Fig. 16c, d. The edges were steeper in the

Cerenkov-light image, but the image contrast was higher in

the CWO scintillator images.

Discussion

We successfully developed a Cerenkov-light imaging sys-

tem and conducted imaging for phantoms as well as 18F-

FDG administered in vivo and ex vivo rat studies. The

spatial resolution of the Cerenkov-light imaging is 220 lm,

which is much higher than that of the ultrahigh-resolution

PET system [18] and probably higher than that of scintil-

lator-based positron autoradiography. Such high resolution

will be useful for distinguishing smaller parts of the sub-

jects. In fact, the edges of the ex vivo rat brain showed

sharper edges in the Cerenkov-light images than scintilla-

tor-based autoradiography (Fig. 16).

Another advantage of Cerenkov-light images is that a

relatively simple and lower cost detector is needed for

imaging the positron’s distribution. A high-sensitivity CCD

camera is easier to use and cheaper than PET systems.

However, the biggest disadvantage of Cerenkov-light

imaging is that its distribution is different from the

actual positron distribution. A typical example is the 18F-

FDG studies of rat heads, in which the Cerenkov light

was detected in the rat’s eyes, while the actual distri-

bution was in the Harderian glands (Figs. 12, 13). This

phenomenon can be explained: since the Harderian

glands are located just behind the eyeballs, the Cerenkov

light in the Harderian glands enters and passes through

the eyeballs and is emitted from them. Such discrepan-

cies might occur in other parts of the body in Cerenkov-

light images.

Another disadvantage of Cerenkov-light images is

that Cerenkov-light imaging can only image the distri-

bution of positrons on the surface or areas surrounded

by transparent materials. Consequently, the spatial res-

olution of the Cerenkov-light images and the signal to

noise (S/N) are degraded due to the light’s spread and

absorption. We need to apply smoothing to Cerenkov-

light images to reduce the statistical noise in the surface

Fig. 7 Photo of 100-lm-diameter 22Na point source (a), profile for the point source (b), and point spread function of the point source (c)

Fig. 8 Cerenkov-light image of the slit phantom (upper) and profile

of the slits (lower)
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Fig. 9 Cerenkov-light image of the NU phantom with different measurement times

Fig. 10 Optical photo of model rat’s tumor (a), Cerenkov-light image (b), and fused image (c): color parts are from Cerenkov-light image

Fig. 11 Optical photo of a model rat’s tumor (a), Cerenkov-light image (b), and fused image (c): color parts are from Cerenkov-light image

Fig. 12 Optical photo of a model rat’s tumor (a), Cerenkov-light image (b), and fused image (c): color parts are from Cerenkov-light image
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images (Figs. 10, 11), which also degrades their spatial

resolution. Another disadvantage is the low contrast that

we mainly observed in the ex vivo studies, where the

sliced images had significant background intensity

(Figs. 14, 15). This is probably because the Cerenkov

light, which was produced in the deeper position of the

slice detected on the surface of the slice, decreased the

contrast of the images. A very strict light shield for the

measurements is another disadvantage of Cerenkov-light

imaging. Cerenkov light is so weak that subjects must

be set inside a black box.

Conclusion

We could successfully develop a Cerenkov-light imag-

ing system and image various types of subjects with the

system to explore the usefulness of the system. We

found that although Cerenkov-light images showed

ultrahigh resolution of *220 lm for phantom studies,

their distribution and contrast were sometimes different

from the actual positron accumulation in rat in vivo and

ex vivo studies. Even though the spatial resolution on

the surface is high, care must be taken when evaluating

Fig. 13 Cerenkov-light image of rat (a), small animal PET image (b), and fused image (c): color parts are from Cerenkov-light image

Fig. 14 Whole brain of a rat: optical photo (a) and Cerenkov-light image (b)

Fig. 15 Optical photo of a rat brain slice (a), Cerenkov-light image (b), and positron image with CWO scintillator (c)
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the position distribution for Cerenkov-light images.

However, the ultrahigh resolution of Cerenkov-light

imaging will be useful at least for transparent subjects

including phantom studies.
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