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We have developed a scintillation gas detector to localize
electrons emitted by 99mTc.This type of detector allows direct

quantification of images and so provides a clear advantage over
autoradiographic film. We have optimized the device to give an
image spatial resolution that closely approximates that of typical
autoradiographic film. To improve this resolution, it was neces
sary to select only low-energy electrons (2 and 15 keV) and to
devise novel detection and localization techniques for the ioniz
ing particles. Methods: A parallel-plate proportional avalanche

chamber is subject to a uniform electrical field and amplifies the
number of released electrons through collisions of ionizing
particles in the gas mixture. Light emitted by the gas scintillator
during the avalanche process is collected by a highly intensified
charge coupled device camera. The centroid of each resulting
light distribution is calculated, resulting in a quantitative mapping
of the sample's activity. Insertion of the sample within the gas

volume improves the efficiency and so provides a method that is
both very sensitive and linear. Results: We have shown that in a
parallel-plate structure, the application of a high electrical field to
the surface of the sample and the selection of appropriate light
spots, according to their morphology, can overcome localization
errors due to the particles' trajectories. We have obtained a
resolution of the order of 30 urn, using electrons from 99mTc.

Conclusion: This detection technique allows considerable im
provement in image resolution. This "electron camera" is a

serious rival to existing autoradiographic techniques, because it
provides certain other advantages, including direct quantifica
tion, linearity, high dynamic range and low noise levels. Thus,
new perspectives are made available in quantitative double
tracer autoradiography, because electrons can be selected for
imaging as a function of their energy.
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echnetium-99m is extensively used in nuclear medi

cine. Most investigations in vivo use this tracer because of
its short physical half-life and its emission of 140-keV

gamma rays. Therefore, many research groups are actively
investigating the radiolabeling of a variety of molecules or
cellular components with this radioactive tracer (/-^).
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The development of these radiolabeled molecules and the
necessary pharmacokinetic studies require autoradiographic
techniques. These normally use ÃŸemitters such as 3H or 35S.

However, these autoradiographic techniques, in principle,
also can be performed with emitters such as WmTc,because

this radionuclide emits many low-energy electrons while

decaying.
A novel imaging system has been developed to localize

electrons emitted by "Tc. The detector is a gas chamber,

using technology developed in recent years by Charpak et al.
(5-7) and Peskov et al. (8). However, this chamber has been
greatly modified for use with electrons emitted by 99mTcand

to provide optimal performance using this radionuclide.
Optimization of this detector was especially directed toward
spatial resolution of images.

The aim of this study was to describe the detector, its
mode of operation and performance in terms of sensitivity,
linearity and spatial resolution.

A comparative study with other tracers, such as 3H and I4C

is presented. Images obtained in a rabbit, using two common
nuclear medicine radiopharmaceuticals, hexamethyl propyl-

eneamine oxime (HMPAO) and dimercaptosuccinic acid
(DMSA), allow the performance of this imaging device to be
evaluated.

METHODS AND MATERIALS

Aspects of 99mTcRadiation
The decay scheme of 99mTcis relatively complicated, as this

radionuclide emits gammas, x-rays and monoenergetic electrons

(conversion electrons and Auger electrons). Investigation of the
electron emission shows that the electrons which are able to escape
from a slice of tissue can be classified into three groups, whose
energies (Table 1) are close to 2, 15 and 120 keV (9). The 2-keV

electrons are strongly absorbed in the biologic specimen, in
comparison with the 120-keV electrons. On the other hand, the 2-

keV electrons have a much greater probability of emission (0.991
compared with 0.0843). Thus, for a thin slice, as shown in Figure 1,
the number of low-energy electrons (2 and 15 keV) that escape

from the slice is on the order of 10%. The efficient detection and
selection of these low-energy electrons are the most important

criteria for improving spatial resolution.
The relative ranges in water and various gases, of electrons

emitted by the most commonly used radionuclides in this field, are
shown in Table 2.
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TABLE 1
Average Electron Energies (EÂ¡)in keV and Yields (nÂ¡)

per Decay

99mTc

E,0.3340.04290.1160.2261.822.052.322.6615.317.8119122187140n,1.980.01930.7471.100.9910.08680.01370.00120.01260.00470.08430.00590.01360.0062

Description of Device
A parallel plate proportional avalanche chamber, under the

influence of a uniform electrical field, multiplies the electrons
released by passage of an ionizing particle through the gas mixture
composed of argon and a low percentage of triethy lamine. The light
emitted by the gas scintillator during the avalanche process is
detected by an intensified charge coupled device (CCD) camera.
The count and localization by a centroid calculation of each light
distribution creates the quantitative cartography of the activity in
the sample.

The insertion of the samples inside the gas volume renders this
method exceptionally efficient for very low-energy particles, such
as 3H ÃŸelectrons or the 2-keV conversion electrons in WmTc.Each

particle emerging from the sample creates at least one primary
ionization electron, which initiates an avalanche of about IC^-IO5

electrons after acceleration by the electric field. This process
creates about the same quantity of photons, and the scintillation
light recorded by the intensified CCD camera allows detection and
localization of the particle (Fig. 2). The spatial resolution of the
device is determined by that of the gaseous detector itself and that
of the optical readout system.

Since the detection region is limited by parallel planes of
electrodes, the multiplication of electrons (G) in the gas under the
effect of an electric field increases exponentially with the distance x
of the electron from the anode plane: G = exp(ax), where I/a is the

mean free path for an electron. Under these conditions, the
electrons nearest to the cathode give rise to the largest electron
multiplication. The localization of this maximum of light intensity
with the camera overcomes much of the localization error that
results from the trajectories of the particles in gas. Moreover, the
calculation of the centroid of the light distribution of the spot on the
CCD allows us to locate the emission point of the ÃŸparticule with a
spatial resolution better than that of the CCD.

A Two-Stage Structure to Improve Detection

The effect described above increases with the electrical field
intensity near the sample, but is limited by a maximum number of
electrons between the electrodes. To overcome this limitation, we
introduced an additional grid between the sample and the anode
(Fig. 3). This allows application of a higher field to the surface of

the sample, so creating a high electron amplification in the first
stage, whereas the electric field in the second stage is lower and
therefore more favorable to the creation of light. This two-stage

structure, that we call the high amplification mode, offers both a
better resolution for the gaseous detector as a result of the high
electrical field near the sample and a better resolution of the optical
reading system because of larger light emission.

Spot Selection
Every luminous spot resulting from each particle emerging from

the surface of the sample in the gas volume of the detector is
recorded by the camera. The examination of these spots according
to their morphology-size (number of CCD pixels: n), intensity,
shape (ellipticity: e)-allows us to separate the particles detected

according to their energy. This can be used to separate tracers of
different energies and to reject the more energetic particles. The
result is impovement in spatial resolution. In the case of WmTc,we

then can reject 120-keV electrons and create an image of the
sample using only 2- and 15-keV electrons.

RESULTS

Noise
The noise from this device is mainly the result of its

detection of cosmic rays. The amplification within the
parallel plate structure leads to a decrease in electron
multiplication by a factor (e) every distance ( I/a) away from
the cathode. We can then define a skin layer (d = I/a) at the

surface of the sample outside which a primary ionization
will have a low effect. We can then consider that the
sensitive volume of the detector is approximately limited to
the skin layer (<200 urn thick). The cosmic rays detected are
virtually limited to those interacting in this skin layer. We
have measured a noise lower than 0.1 cpm/cm2 in the high

amplification mode.
This skin layer also has an advantage of improved
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FIGURE 1. Electrons emerging from biologic tissue sample
labeled with 99mTc.
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TABLE 2
Actual Range of Electrons Emitted by Commonly Used Tracers

Tracer32p33p14Ã‡3H99mjcEnergy(keV)Emax

1710Emean

695Emax

248Emean

76.9Emax

156Emean

49Emax

18.6Emean

5.7215120Actual

Range
(mg/cm2)790256658.6128.263.970.7500.0980.0160.51818.357(mm)

Water
(1g/cm3)7.9022.5687.9020.0860.2830.0400.00750.00100.00020.00520.1836(mm)

Argon 1 bar
(1.66mg/cm3)4758154639152170244.5140.5900.0973.118110.558(mm)

Xenon 1 bar
(5.49mg/cm3)1439468118165171.3650.1790.0290.94333.437

FIGURE 2. General principleof detection.
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FIGURE 4. Linearity measurements us
ing short half-life of 99mTc.

resolution in the case of "mTc labeling, because the detector

has a very low sensitivity to long-range gamma rays.

Linearity
To check the linearity of the detector, we used the 6.02 h

short half-life of "mTc (Fig. 4). Measurement of the counting

rate every 6.02 h shows a saturation of more than 2000 cpm,
mainly as a result of computer calculation limits that should
soon be increased. We also observed an unexpected over-
counting after about 10 half-lives. Emissions from the
mother of "mTc provide the explanation: "Mo emits elec

trons of energies 1.23 MeV and 0.45 MeV with a half-life of

67 h. A rapid calculation of the linearity deviation of the
measures gives 0.06% of "Mo traces in the "mTc solution at

the time when the sample was taken. The correction of the
activities for the calculated traces of "Mo activity shows a
good linearity of 99mTcdetection at low activities (with less

than 5% deviation).
We also measured the linearity of the detector with a

tritium-labeled sample composed of 14 blood deposits with

activities increasing incrementally by a factor of 2 and
measured with a liquid scintillation detector. Figure 5
illustrates the excellent linearity of the system over about
four decades.

Spatial Resolution
Special Sample for Resolution Measurements. To obtain

quantitative measurement of the resolution, we designed a
special sample consisting of labeled biologic gelatin placed
in engraved lines on a microscope slide (Fig. 6). The
separation power and resolution of the detector could then
be measured by the full width at half maximum of a labeled
line (Figs. 7 and 8).

The direct light detection from ultraviolet scintillation of
the gas, using a wide diameter ultraviolet transmitting lens
(40 mm f/2) and a small optical demagnification factor
(reduction by a factor of 5 leading to a readout surface of
24 X 32 mm2), gave resolutions of the order of 80 and 50
urn, with raw data recorded using 3H and "mTc, respectively.

By selecting the luminous spots according to their morphol
ogy, these resolutions were improved to 50 and 30 urn,
respectively. Meanwhile, under the same detection condi
tions, these resolutions were of the order of 130 and 110 urn
for 32Pand 14C,respectively (Table 3).

In the case of the tritium-labeled sample, the improve

ment was the result of rejection of the most energetic part of
the ÃŸenergy spectrum. In the case of 99mTc,it was the result

of rejection of 120-keV conversion electrons. Resolution

10
10' 104 10Â° 10'

Liquid scintillation counts (cpm'g)

10' 10' FIGURE 5. Linearity measurements with
3H; limit of sensitivity after indicated expo

sure time.

DETECTORTOLOCALIZEELECTRONSEMITTEDBY"MTc â€¢Barthe et al. 871



FIGURE 6. Special sample for resolution
measurements.

1,5mm 300 \m 200 urn 500 um 1 mm
labelled gelatine

engraving = 70 um x 20 urn

engraved microscope slide

was better with "mTc, because of the very short range of 2-

keV electrons compared with those of the tritium ÃŸelectrons
of 5.7-keV average energy.

Under the most favorable condition for our optical
readout device, these measurements show the very good
intrinsic resolution of our gaseous detector. In these condi
tions, the readout surface is limited to 24 X 32 mm2. Our

studies show that the same resolution may be expected with
a much larger surface, by using an intensified CCD camera
with a larger intensifier.

Application to Biologic Samples. To validate the results
obtained for the spatial resolution of the samples labeled
with 99mTc,20-um-thick transverse rabbit kidney and brain

sections, previously injected with this tracer, were imaged
and compared with the equivalent autoradiographic film
(Fig. 9).

DISCUSSION

The main advantage of a gas scintillation chamber,
compared with other methods for autoradiography such as
photographic film and phosphor screens, is the direct
recording of every particle. As with gamma cameras, these
"electron cameras" are particularly suitable for quantitative

measurements.
Our method of directly counting each particle emerging

from the sample involves strict intrinsic linearity over a large

FIGURE 7. Spatial resolution measure
ments for 14C and MmTc. Comparison of

results obtained from raw data and after
spot selection.
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FIGURE 8. Spatial resolution measure
ments; comparison of results for 3H and
99mTc.

dynamic range limited by noise for low activities and by
saturation for the highest activities.

The first reason for saturation is the result of the readout
CCD camera, which has an image rate of 50 per second. If
two particles are emitted from positions very close to each
other during one frame and the luminous spots become
superimposed, they will be detected as only one. Therefore,
the discrete limit is about 30,000 cpm/cm2.

The second reason for saturation concerns the time
necessary for the computer to process the data for each video
frame on line. If the quantity of information in a frame is too

high to be treated in 20 ms, the next frame is lost. This limit
is improved about every 6 mo with improved computer
technology. In any case, it has no influence on linearity for
measurements during one acquisition, but only for the
comparison of different acquisitions. This is because the loss
of efficiency resulting from the lost frames is global, i.e., for
the total image.

For high activities, then, there is a phenomenon of
saturation, as with gamma cameras. However, such high
activities are not usually found with common radiotracers
such as 3H, 14Cand 15S.With WmTc,saturation might occur.

TABLE 3
Influence of Spot Selection on Resolution Data*

TracerSelection limitsResolution (um)Relative
efficiency

(%)High

amplification32p14C3H99mjcRaw

dataSelection
1Selection
2Raw
dataSelection
1Selection
2Raw
dataSelection
1Selection
2Raw
dataSelection
1Selection

210s

n100
s n s500100
s n s50010

sn50
s n s50050
s n s50010
sn200s

n s1000200
s n s100010s

n100
s n s500100
s n s 500Oses

10
s e s 0,2Os

e s 0,10
s e s10
s e s 0,20
< e s 0,10
s e s10
s e s 0,20
s e s 0,1Ose

s10
s e s 0,20
s e s 0,11951501301401301108060454540301002615100352110031251003722Normal

amplification3HRaw

dataSelection
1Selection

210s

n200s
n s1000200s
n s 10000

s e s10
ses0,20
s e s 0, 110090801005040

'Surface analysis: 24 x 32 mm2.

n = number of charge coupled device pixels in the spot; e = ellipticity of the spot (e = 1 for a circular spot and =0 for a long trace).

Resolution measured with different tracers in high amplification mode.
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FIGURE 9. Imagingof 99mTc-labeledanatomic sections(20 urn
thick). (A) Distribution of radioactivity of kidney in rabbit injected
with renal tracer (DMSA) labeled with 37 MBq 99mTc4 h before

kill. (B) Spatial resolution is similar to that obtained for proximate
section exposed to autoradiographic film. (C) Image of brain
radioactivity in rabbit injected 30 min before kill with HMPAO
labeled with 74 MBq 99mTc.

Thus, it is necessary to know the practical upper limit of the
dectector's counting rate. In this way, appropriate activities

can be used, thereby restricting application of the detector to
its region of linearity. As long as this phenomenon of
saturation is present, it will affect the complete detection
system. There will be no modification of distribution of the
tracer, and the comparative quantitative measurements will
remain unaltered. Yet this is not so for other detectors, which
can saturate at specific localized sites.

The very high sensitivity of the detector therefore is clear.

It is principally the result of the amplification of the gas
chamber and the quality of the method for image reading.
Virtually 100% of the particles that enter the chamber are
detected, including particles of very low energy, such as the
2-keV conversion electrons of "Tc. This sensitivity is

clearly superior to that of autoradiographic photographic
films, and a further advantage is that the acquisition times
are of the order of 1 h. Because the complete system is very
sensitive and linear over a wide dynamic range, it is well
suited for the imaging of isotopes with a short lifetime.

The noise level of this detector is also very low, enabling
autoradiographic studies to be performed with very small
activities.

The main goal in developing this imaging system was to
improve the spatial resolution of images, so as to approach
that of autoradiographic films, the current reference stan
dard. Thus, several original solutions to existing problems
were found: (a) the biologic sample was placed inside the
chamber; (b) use of the two-stage amplification process

improved detection of electrons created near the entry point
of the particle; and (c) particles were localized by calculat
ing the centroid of the distribution of the light signal
intensity. In addition, it is possible to select electrons from
99mTcwith energies of either 2 or 15 keV. This is a great

advantage in obtaining an image of high resolution, as
shown in Figure 7.

Limits on spatial resolution are dependent on the image-

reading procedure. This problem can be solved in part by
reducing the dimensions of the image field. However, other
technical solutions are also possible to ensure that the limits
of resolution of the image reading device are less than those
of the gas detector: the use of a large diameter quartz lens
and improved CCD cameras with large fields (1000 X 1000
or 2000 X 2000 pixels).

The maximum spatial resolution obtained with WmTcis of

the order of 30 urn. This is slightly better than that obtained
with tritium. As shown in Figures 8 and 9, the results
obtained with samples of direct relevance to nuclear medi
cine are comparable with those obtained using conventional
autoradiographic techniques.

CONCLUSION

The scintillation gas detector is an imaging device of
interest to many researchers, especially those studying the
radiopharmacology of molecules marked with 99mTc.

In addition, these original technological developments
allow other applications to be considered, (a) Simultaneous
autoradiography of two different radioisotopes, because it is
possible to select ÃŸparticles according to their energy. Initial
studies in this direction have proved very promising, (b)
Autoradiography of molecules containing positron emitters,
because high detection sensitivity will prove a major advan
tage for the imaging of short period radioÃ©lÃ©ments.
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