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Current electron detectors are either unable to image in vivo or
lack sufficient spatial resolution because of electron scattering
in thick detector materials. This study was aimed at developing
a sensitive high-resolution system capable of detecting electron-
emitting isotopes in vivo. Methods: The system uses a lens-
coupled charge-coupled-device camera to capture the scintillation
light excited by an electron-emitting object near an ultrathin
phosphor. The spatial resolution and sensitivity of the system
were measured with a 3.7-kBq 2°Y/°0Sr B-source and a 70-pm
resin bead labeled with 9™Tc. Finally, we imaged the %°mTc-
pertechnetate concentration in the mandibular gland of a mouse
in vivo. Results: Useful images were obtained with only a few
hundred emitted 8 particles from the °°Y/°0Sr source or conver-
sion electrons from the 9°™Tc bead source. The in vivo image
showed a clear profile of the mandibular gland and many fine de-
tails with exposures of as low as 30 s. All measurements were
consistent with a spatial resolution of about 50 wm, correspond-
ing to 2.5 detector pixels with the current camera. Conclusion:
Our new electron-imaging system can image electron-emitting
isotope distributions at high resolution and sensitivity. The sys-
tem is useful for in vivo imaging of small animals and small, ex-
posed regions on humans. The ability to image B particles,
positrons, and conversion electrons makes the system applica-
ble to most isotopes.
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Direct imaging of electron emissions from radionu-
clides is valuable in biodistribution and microdosimetry
studies, but most current electron detectors are unable to
image in vivo because of either the physical configuration
or insufficient sensitivity. Others have either compromised
spatial resolution or limited sensitivity due to their design
tradeoffs; thin detector materials lack sensitivity, and thick
materials cause sufficient scatter of the electrons to impair
resolution.
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Film-based autoradiography is capable of micrometer-
scale resolution because of the thin emulsions used, but film
is limited by its narrow linear response range and rela-
tively low sensitivity, requiring long exposure times. Digital
autoradiography systems improve linearity and sensitivity
over film with a variety of thicker detector materials.

Arrays of gas detectors with dedicated readout elec-
tronics can provide spatial information (/—4). One of the
better systems, the Beta Imager 2000 (LabLogic Systems
Limited), has been reported to achieve 100- to 300-pm
resolution.

Double-sided silicon detectors with orthogonal readout
electrodes can achieve 115 pm in full width at half maxi-
mum (FWHM) (5). Other solid-state detectors used for this
application include charge-coupled devices (CCD), com-
plementary metal-oxide semiconductor arrays, and hybrid
detector technologies (6-8). Their limited sensitivity usu-
ally requires tens of hours per exposure.

Scintillators and phosphors can be used in combination
with digital light sensors such as CCD and complementary
metal-oxide semiconductor cameras. One approach to achieve
sufficient sensitivity is to use thick scintillators to improve
light production (9-117), and another is to amplify the ex-
cited light signals, such as by multiple microchannel plates
(12-14). Photostimulable phosphor plates can store the
deposited energy of electrons, and an image is later read out
digitally by laser scanning. Intraoperative 3-imaging probes
have recently been developed using scintillators; Hoffman
et al. described one based on a microcolumnar CsI(T1) scin-
tillator and a fiberoptic bundle (75).

The system described in the present paper uses a lens to
couple the light produced by an ultrathin phosphor directly
to a CCD. Though almost all of the electrons pass through
the phosphor, each deposits some small portion of its
kinetic energy there and produces light. With modern
CCDs having large sensors, low noise, and high quantum
efficiency, and with lenses of high effective numeric aper-
ture, this tiny amount of light is sufficient for 3 imaging
with excellent sensitivity and resolution. Many {3 detectors
described in the literature (4,8,16,17) are based on the
assumption that it is necessary to absorb most or all of the
electron energy in the detector. This leads to detector
thicknesses and pixel sizes on the order of 1 mm. By
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contrast, the approach described here uses a much thinner
detector and consequently gets far better spatial resolution
in situations where the detector can be placed in contact
with the object. Little or no loss in counting efficiency
results from the thin detector if the optical system is
sufficiently sensitive.

MATERIALS AND METHODS

System Configuration

The CCD (VersArray 1300B; Roper Scientific) in our electron-
imaging system has 1,300 x 1,340 pixels, each 20 pm x 20 pm.
The detecting area of the CCD chip is thus about 25 mm X 25 mm.
The CCD is cooled to —100°C, at which temperature its dark
current is essentially negligible (4 electrons/h) (I8). Its readout
noise level is also reduced to 4 electrons per pixel at the slower
readout speed of 50 kHz (I8).

To achieve the necessary optical coupling efficiency, we use 2
F/1.2 camera lenses of 50-mm focal length in a telecentric con-
figuration shown in Figure 1. The first lens collimates the light
from a point source, and the second refocuses it to the detector.
The resulting magnification is unity, and the light-collecting cone
is as large as it can be with these lenses; if a single F/1.2 lens were
used at unit magnification, the effective F-number would be 2.4,
and the coupling efficiency would be reduced by a factor of 4.

The ultrathin phosphor consists of a monolayer of 3-um P47
phosphor powder coated on a 3-pm-thick clear Mylar foil (Ap-
plied Scintillation Technologies). The phosphor is always placed
near the radioactive object being imaged, usually in contact.

The entire system is enclosed in a light-tight box. A white-light
source can be coupled into the box from outside whenever nec-
essary. When the white-light source is turned off, the ambient
background in the box is negligible (/8).

System Performance
We first imaged a 3.7-kBq °°Y/°°Sr standard B source (Isotope
Products Lab) produced by evaporating a radioactive salt solution
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FIGURE 1.

Schematic layout of our electron-imaging system.

1142 THE JOURNAL OF NUCLEAR MEDICINE ¢ Vol. 49 e

on a 3-mm-diameter area of a 23.8-mm-diameter 6.4-pum-thick
Mylar foil. A second identical Mylar foil was used as a cover slip,
and the 2 were clamped together by a removable aluminum ring
holder seen in Figure 2A. In our experiments, the ultrathin
phosphor was placed directly on the surface of the cover slip.

We then imaged a 70-pm-diameter anion-exchange resin bead
(BioRad), with 814 Bq of **™Tc attached to it. A micrograph of
the dried bead under a regular microscope is shown in Figure 3A.
During imaging, the bead was placed on a glass slide, covered
with a phosphor.

Finally, we imaged a very narrow tungsten slit using the same
optical imaging components in the electron-imaging system. The
nominal width of the slitis 10 wm. A white-light source illuminated
the slit from the bottom. During imaging, there was no phosphor on
the slit top, and no radioactive source was used.

In Vivo Imaging

In this experiment, we imaged in vivo an anesthetized normal
mouse 30 min after intravenous administration of 74 MBq of
99mTe-pertechnetate (which accumulates in glandular tissues)
in 0.2 ml of solution. Before imaging, the overlying skin on the
mouse chest was retracted to expose its mandibular glands. During
imaging, we placed an ultrathin phosphor and then a glass slide on
the surface of the glands. Pressure was applied to flatten the surface.
The animal’s body temperature was regulated by a heating pad.
Exposure times ranged from 0.5 to 5 min.

RESULTS

Resolution

Figures 2B and 2C show the electron images of the
90Y/9Sr source. Although the source was manufactured to
be a point source, imaging by our high-resolution system
reveals an annular distribution of the radioactivity with a
diameter of 1.6 mm. The nonuniform distribution of the
activity along the circumference is also confirmed in the
images. Outside the annulus, a tiny spot of activity is evident
and appreciated at all exposure times, even as low as 0.1 s.
The size of the image of this spot was measured at 60 pm
(FWHM) on the image shown in Figure 2B. The actual size
of the spot is unknown, but if it were a true point, this result
would give an overall system resolution of 60 pwm.

FIGURE 2.

(A) Photograph showing point B source on left,
ultrathin phosphor at bottom, and quarter on right for size
comparison. Images of B source at 5-min exposure (B) and 0.1-s
exposure (C).
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FIGURE 3. (A) Micrograph of ion-ex-
change resin bead labeled with 99mTc-
pertechnetate. Conversion-electronimages
of bead at 10-min exposure (B) and 2.5-s
exposure (C). Profiles of conversion-elec-
tron image in x direction (D) and y direction
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The conversion-electron image of the °™Tc-labeled resin
bead is shown in Figure 3B. The FWHM of the profile of the
electron image is about 90 pm in both x and y directions
(Figs. 3D and 3E). A micrograph of the same dried bead was
taken with a regular microscope (Fig. 3A), on which the bead
measures 70 wm across. Because the bead diameter is much
larger than the phosphor thickness, the conversion electrons
from the bead have spread wider than 70 wm and distributed
more densely in the central area than on the outer rims when
they reach the phosphor. The bead actually created an
electron disk source with a complicated profile wider than
70 wm. If the FWHM of the disk were 70 wm, the result
would also give a consistent overall system resolution of
50 pwm, corresponding to 2.5 CCD pixels.

An optical image of the narrow slit produced by the
system is given in Figure 3F. The FWHM of the profile of
the optical image is about 30 wm, which is a measurement
of the optical resolution of the lens assembly and CCD
camera.

Sensitivity

The system can produce a usable image of the °°Y/°°Sr
source at exposures as short as 0.1 s, shown in Figure 2C.
Only approximately 370 B particles are emitted from the
source in 0.1 s, of which 185 particles are emitted in the
direction of the phosphor. Of these, fewer than 10 electrons
are emitted from the tiny spot mentioned above, yet this
spot is clearly identifiable.
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(E). (F) Optical image of 10-um slit using

12.8 . .
the same imaging components.

An image of the **™Tc-labeled resin bead with a 2.5-s
exposure is shown in Figure 3C. Prior experiments in our
laboratory (/9) determined that most of the electron image
exposure using a *°™Tc¢ source arises from the 120-keV
conversion electrons produced in 10% of ?°™Tc decays.
The bead carried 814 Bq of activity; hence, during the 2.5-s
exposure, there were about 2,000 disintegrations and 2,000
high-energy conversion electrons, only half of which move
toward the phosphor. Even at this exposure, the signal from
the bead is still visible.

In Vivo Imaging

The conversion-electron images of the **™Tc¢ uptake in the
mandibular glands of a normal mouse are presented in
Figure 4. On the 5-min image, the gland is seen in sharp
relief to the background technetium uptake in normal

FIGURE 4.
exposure times of 5 min (A) and 30 s (B).

Images of mandibular glands of normal mouse for
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surrounding tissue. Many fine details within the gland are
also clearly visible, indicating that, at least for the superficial
few millimeters of gland reflected in the image, there is a
markedly nodular uptake of technetium 30 min after injec-
tion. In another experiment on this animal days earlier, an
internal jugular catheter had inadvertently lacerated the
superior lateral margin of the left gland. This area is seen
as an artifact from the earlier experiment. Even the 30-s
image reflects the separation between the 2 glands and the
laceration.

DISCUSSION

An energetic electron scatters very little when traversing a
3-pwm-thick phosphor, and the thinness of the phosphor also
reduces the scattering of the excited light. As currently
configured, the optics and the pixel size on the CCD camera
introduce about 30 wm of blur, but numerous methods exist
to improve this figure. Cameras with smaller pixels can be
used, or the lenses can be used to magnify the image of the
phosphor onto the camera. Even a microscope could be used
to obtain the full intrinsic resolution of the 3-wm phosphor,
albeit with a much reduced field of view. We estimate from
Monte Carlo studies (to be published separately) that the
intrinsic resolution of the phosphor with perfect optics would
be about 10 pm.

When we image thick objects such as organs or tumors,
some electrons from the activity deep in the object will reach
and interact with the phosphor. These deep electrons will
have scattered significantly within the object and deviated
far from their original locations, reducing the overall spatial
resolution compared with our measurements using relatively
thin radioactive sources. The resolution in each experiment
will then depend on the object thickness and composition.

The lens assembly has a large aperture, and the CCD is
cooled to reduce its electronic noise. The entire system is
therefore sensitive, even though only a small portion of the
electron energy is deposited in an ultrathin phosphor. High
sensitivity is critical for in vivo applications, because ani-
mals can be anesthetized for only a few hours without injury
or perhaps alteration of normal physiology. The system
sensitivity does not depend on the energy of an electron
because an electron deposits only a small portion of its
energy in the phosphor. When a phosphor is in contact with
an object, the deposited energy at the beginning is approx-
imately the same for electrons of different energies. The
3-pwm Mylar substrate does not reduce the sensitivity be-
cause the signal with the phosphor side up is basically the
same as that with the Mylar side up.

When imaging vy emitters such as °°™Tc, most of the
signal is from conversion electrons because y rays deposit
little energy in an ultrathin phosphor. Imaging conversion
electrons ensures high resolution and sensitivity of the
system to y emitters. Therefore, the electron-imaging system
can image many kinds of radioisotopes, opening the possi-
bility for using most radiopharmaceuticals.
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The ultrathin phosphor is flexible, lightweight, thin, and
biologically inert. These characteristics mean that it can be
placed in contact with the tissues, organs, or tumors of a
living organism without interfering with biological func-
tions or physiology. The rest of the system is detached from
the phosphor by a sufficient working distance. Potential
clinical applications include imaging the positrons pro-
duced by '3F-FDG uptake in human melanomas with
superior resolution, perhaps identifying the proper surgical
margins for resection of primary skin malignancies.

CONCLUSION

We have developed a sensitive high-resolution electron-
imaging system using an ultrathin phosphor and a lens-
coupled CCD camera. The system is able to image [3 particles
and positrons, as well as conversion electrons from y-emitting
isotopes with little contamination from <y rays, making the
system applicable to most isotopes. It will provide re-
searchers with a new method of screening potential thera-
peutic and diagnostic radiopharmaceuticals. The system can
also be a valuable tool for studying the biodistribution and
microdosimetry of radiopharmaceuticals.
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