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Abstract. Gamma probes have been used for sentinel
lymph node biopsy in melanoma and breast cancer.
However, these probes can provide only radioactivity
counts and variable pitch audio output based on the in-
tensity of the detected radioactivity. We have developed
a small semiconductor gamma camera (SSGC) that al-
lows visualisation of the size, shape and location of the
target tissues. This study is designed to characterise the
performance of the SSGC for radioguided surgery of
metastatic lesions and for other imaging applications
amenable to the smaller format of this prototype imaging
system. The detector head had 32 cadmium telluride
semiconductor arrays with a total of 1,024 pixels, and
with application-specific integrated circuits (ASICs) and
a tungsten collimator. The entire assembly was encased
in a lead housing measuring 152 mm×166 mm×65 mm.
The effective visual field was 44.8 mm×44.8 mm. The
energy resolution and imaging aspects were tested. Two
spherical 5-mm- and 15-mm-diameter technetium-99m
radioactive sources that had activities of 0.15 MBq and
100 MBq, respectively, were used to simulate a sentinel
lymph node and an injection site. The relative detectabil-
ity of these foci by the new detector and a conventional
scintillation camera was studied. The prototype was also
examined in a variety of clinical applications. Energy
resolution [full-width at half-maximum (FWHM)] for a
single element at the centre of the field of view was
4.2% at 140 keV (99mTc), and the mean energy resolution
of the CdTe detector arrays was approximately 7.8%.
The spatial resolution, represented by FWHM, had a
mean value of 1.56±0.05 mm. Simulated node foci could
be visualised clearly by the SSGC using a 15-s acquisi-

tion time. In preliminary clinical tests, the SSGC suc-
cessfully imaged diseases in a variety of tissues, includ-
ing salivary and thyroid glands, temporomandibular
joints and sentinel lymph nodes. The SSGC has signifi-
cant potential for diagnosing diseases and facilitating
subsequent radioguided surgery.

Keywords: CdTe – Gamma camera – Semiconductor –
Sentinel lymph node biopsy – Radioguided surgery
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Introduction

Radioguided surgery is being used at many cancer insti-
tutions and teaching hospitals. This relatively new proce-
dure involves accumulation of a radiopharmaceutical in-
to a target tissue, which allows detection of the lesion or
cancer by a radiosensitive probe. Radioimmunoguided
procedures have also been used in colorectal applications
to enable the surgeon to detect lesions or target tissues
more accurately [1]. Sentinel lymph node biopsy is the
most established of the radioguided surgical procedures
and is becoming the standard of care for patients with
melanoma [2, 3]. Many surgeons are also applying this
technology to breast cancer surgery [4, 5].

To date, a hand-held gamma probe has been used to
identify one or more sentinel lymph nodes. However, a
gamma probe can only provide radioactivity counts and
variable pitch audio output based on the intensity of the
detected radioactivity. We suggest that direct visualisa-
tion of the spatial distribution of the increased radioac-
tivity would allow more accurate delineation of the sur-
gical field, thereby facilitating surgery.

A gamma camera that is miniaturised or hand-held of-
fers easier application in the restricted space of an oper-
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ating field. A solid-state detector is suitable for this pur-
pose. Because a solid-state detector can transduce gam-
ma photons directly into a digital electronic signal, there
is no need for the cumbersome two-step process required
when employing more conventional gamma cameras.
The older technology requires initial conversion of the
gamma ray to light in a sodium iodine scintillation crys-
tal followed by changing of the light into an electric
charge by passing it through the photomultiplier tube. 
In general, semiconductor detectors suffer poorer intrin-
sic detector sensitivity for gamma emitters in the
100–200 keV range compared with inorganic scintilla-
tors such as sodium iodide and caesium iodide. Howev-
er, the recent introduction of new technologies makes it
feasible to use semiconductors such as cadmium tellu-
ride (CdTe) and cadmium zinc telluride (CdZnTe) to de-
tect gamma rays more efficiently [6, 7, 8, 9, 10, 11,12,
13]. They exhibit better energy resolution, better spatial
resolution and very thin entry windows. This last-men-
tioned feature allows for detection of very low-energy
beta and gamma rays. Hence, a CdTe or CdZnTe semi-
conductor appears to be the technology of choice for de-
velopment of a prototype intraoperative imaging system
[14, 15, 16, 17]. Several previous attempts at developing
medical imaging devices using CdTe or CdZnTe in ex-
perimental settings have been reported [18, 19, 20, 21,
22, 23, 24]. Hand-held small gamma cameras are also
under development for intraoperative lymphoscintigra-
phy [25, 26, 27, 28]. Two other small gamma cameras
employing semiconductors were recently described: one
is for CdTe [29] and one for CdZnTe [30].

We selected CdTe for our detector because to date it
has not been possible to manufacture a more uniform
CdZnTe crystal compared with the CdTe crystal. Fur-
thermore, CdZnTe has poorer hole collection than CdTe.
Holes tend to be trapped by impurities in the crystal
structure. These disturbances of hole mobility reduce ef-
ficiency, especially in terms of energy resolution of the
detector. We developed a small gamma camera using a
CdTe semiconductor to enable direct imaging of suspect
tissues. This could facilitate more accurate and less muti-
lating surgical procedures. The purpose of this study was
to fabricate a small, high-resolution prototype semicon-
ductor gamma camera (SSGC) specifically designed for
use in sentinel node biopsy and related surgical applica-
tions and to perform preliminary tests on it.

Materials and methods

Design of the SSGC. We employed a CdTe semiconductor array to
image gamma rays. The camera head consisted of a pixelised
CdTe module attached to a collimator, the corresponding readout
electronics and a housing of lead shielding (Fig. 1A). The CdTe
module (Acrorad Co. Ltd., Tokyo, Japan) had 1,024 pixels with 32
rows. The CdTe crystal was grown by the traveling heater method
and processed for manufacturing the semiconductor array as de-
scribed previously [12, 31]. Each row consisted of 32 individual

elements that had the effective dimensions of 1.2 mm×1.2 mm and
a height of 5 mm. The detector thickness was optimised for detect-
ing 141-keV photons of technetium-99m. The rate of 141-keV en-
ergy absorption in a 5-mm thickness of CdTe is theoretically about
88%. The element fabrication was based on a Schottky CdTe de-
tector (In/CdTe/Pt electrode system) that uses the low work func-
tion and high work function metals, indium (In) and platinum (Pt),
respectively, to form ohmic contacts [10]. The spaces between
neighbouring pixels and rows were 0.2 mm, and the field of view
was 44.8 mm×44.8 mm. The outer dimensions of the camera head
were 152 mm×166 mm×65 mm, and its weight was 2.7 kg. The
collimator (Acrorad Co. Ltd., Tokyo, Japan) had a thickness of
10 mm, which comprised a stack of 100 pieces of 0.1-mm-thick
tungsten mesh sheets, each having 1.2 mm×1.2 mm square open-
ings and a space of 0.2 mm to fit the geometry of CdTe pixels. The
alignment of the 100-piece tungsten mesh stack was confirmed by
direct X-ray examination. For operation, a bias voltage of 500 V
was applied to each element through In and Pt electrodes. The
high-bias voltage afforded a decreased polarisation phenomenon
[11]. As shown in Fig. 1B, an edge-on geometry was used to im-
prove the detection of gamma rays. This geometry had a smaller
distance between electrodes than that seen with a face-on geome-
try, which allowed application of the high-bias voltage necessary
for high sensitivity and high energy resolution. The readout elec-
tronics consisted of eight pieces of application-specific integrated
circuits (ASICs) [Integrated Detector and Electronics A.S. (IDE
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Fig. 1. A SSGC head. B Schematic of the CdTe arrays



AS), Hovik, Norway], each containing 128 channels to process an-
alog output signal from each CdTe pixel. The energy and position
signals were digitised by analog-digital converters and transferred
to a personal computer (OptiPlex Gx 110, Dell Computer Corpo-
ration, Round Rock, Texas). Data acquisition was controlled by
software using the LabVIEW (National Instruments, Inc., Austin,
Texas) graphical programming environment.

All experiments on the SSGC were performed with collimation
because the SSGC was designed as a collimated gamma camera,
and the CdTe array module and collimator were assembled in a
block.

Resolution. Energy resolution was measured with an 18.5-MBq
99mTc point source in air, which irradiated the entire CdTe detector
from a distance of 100 cm. Energy resolution was defined as the
full-width at half-maximum (FWHM) of the peak photoresponse
divided by its mean amplitude.

All data were acquired by using ±5% energy windows about
the photopeak. The spatial resolution was measured with a 1-mm
inner diameter capillary tube containing 99mTc (0.37 MBq/mm; ac-
quisition time, 600 s) placed on the surface of the collimator at
distances of 2.5 cm, 5 cm and 10 cm from the surface, with or
without scatter material, and with acrylic resin plates between the
source and the detector surface. The plotted profiles were fitted
with a Gaussian function, and the FWHM of the fitted curves was
calculated as a measure of the spatial resolution.

Sensitivity. Sensitivity was established by using a 5-mm-diameter
point source of 99mTc. The source was placed directly on the sur-
face of the collimated detector.

Detector uniformity. The uniformity of the detector was determined
by measuring the response to uniform 99mTc irradiation. The colli-
mated detector was placed under an acrylic resin container
(85 mm×85 mm×15 mm) filled with 444 MBq aqueous 99mTc for
600 s. The distance between the surface of the collimator and the
aqueous radioactive source was 2 mm. The entire 1,024 pixels were
used for characterisation of the uniformity (±σ%), which was de-
fined as the variation in the counts per pixel over the field of view.

Phantom study. A variety of phantoms were used to test the imag-
ing characteristics of the prototype, including a point source phan-
tom, a line source phantom, a bar phantom and a custom 
“S-shaped” line source phantom. The point source was 104 MBq
aqueous 99mTc in a 5-ml glass vial covered with a lead shield that
had a 5-mm-diameter aperture. The line sources were 200-mm-
long tubes that had 1-mm (0.37 MBq/mm) and 2-mm
(0.71 MBq/mm) internal diameters filled with aqueous 99mTc.

Bar phantoms (Kyoto Kagaku Co. Ltd, Kyoto, Japan) had 1.8,
2.4, 3.0 and 3.6 mm widths for spaces, and the pitches of the bars
were 3.6, 4.8, 6.0 and 7.2 mm, respectively. A 99mTc source of
289 MBq was positioned 750 mm from each bar phantom, which
was positioned directly on the surface of the collimated detector.

A 20-mm-tall “S” figure phantom was made from a polyethyl-
ene tube with an inside diameter of 1 mm and filled with 30 MBq
of 99mTc.

Comparative scintigraphic images were acquired using an ordi-
nary scintillation gamma camera system [SNC-5100R, matrix size
512×512 pixels, field of view 51 cm×38 cm, NaI(Tl) crystal, ener-
gy resolution 10.4% (99mTc), spatial resolution 3.5 mm (99mTc)
(Shimadzu, Kyoto, Japan)]. Phantoms were placed directly on the
surface of the gamma camera, which was equipped with a parallel-
hole low-energy (high-resolution) collimator.

In all phantom studies, the SSGC was equipped with the same
collimator as described in the design section.

Phantom simulation study. We also used phantoms to simulate
sentinel lymph nodes. When a typical sentinel lymph node biopsy
is performed for breast cancer under clinical conditions, only a
very small amount of radiopharmaceutical accumulates in the sen-
tinel lymph node(s). Phantoms simulating cancerous breast tissues
under these conditions were constructed from acrylic resin-con-
taining spherically shaped holes with internal diameters of 5, 10
and 15 mm. For sentinel node simulation, two spheres (diameters:
5 mm, 10 mm) were filled with 0.15 MBq of 99mTc each and
placed at 0, 10, 30 and 50 mm below the water surface. The tested
node-to-node separations were 15, 20, 30 and 45 mm. All radioac-
tivity was counted for 15 s. The same spheres were imaged 18 h
and 24 h later, again using a 15-s integration time.

We tested the so-called shine-through effect by conducting a
simulation to determine the minimum separation between node
and injection site that could be resolved by the SSGC. The shine-
through effect is the phenomenon in which a large volume of ra-
dioactivity in the injection site interferes with counting of the
smaller radioactivity of sentinel nodes in close proximity to the in-
jection site. Two spheres measuring 5 mm and 15 mm in diameter
represented the sentinel node (0.15 MBq) and injection site
(100 MBq), respectively. A simulated sentinel lymph node was
positioned at the following depths under water: 0, 10, 30 and
50 mm. A sphere representing the injection site was placed at
10 mm under water. The distance between the centres of the injec-
tion site and the sentinel lymph node were adjusted over the fol-
lowing ranges: 15, 20, 30 and 45 mm.

Two researchers who were blinded to the locations of simulat-
ed nodes interpreted images independently with respect to visibili-
ty of nodes. When the two observers agreed that the node was vis-
ible, the node was evaluated as resolved. Regions of interest
(ROIs) over the simulated nodes and background, of the same size
as the node region, were established to quantify the uptake. Radio-
activity in each ROI was counted for 15 s. The radioactivity was
expressed as the ratio of the node to the background counts
(node/BG ratio). The count profiles of images were drawn through
the nodes and injection sites in a test of the shine-through effect.

Patient study. 99mTc-phytate [32] was injected 24 h before surgery
in a 71-year-old woman who had known intraductal papillary car-
cinoma of the right breast. Radionuclide studies are preferentially
performed using small colloids, which have limited availability in
Japan. Four 37-MBq injections were made intradermally above,
below and on each side of the primary site. The patient underwent
total mastectomy and axillary lymphatic dissection. The excised
en bloc breast and axillary lymph tissue was imaged immediately
after surgery with the SSGC and conventional scintillation gamma
camera for comparison.

In another clinical example, dynamic blood flow images were
taken in a patient with oral cancer who was studied by bone scin-
tigraphy. The SSGC was placed on the forearm of the patient to
obtain serial images of the injection site every 0.5 s immediately
after intravenous injection of 99mTc-methylene diphosphonate.

Six other patients were also studied. They had the following
conditions: oral squamous cell carcinoma (two cases), thyroid ade-
noma (one case), osteomyelitis of the mandible (one case), sialad-
enitis of the parotid gland (one case) and temporomandibular joint
dysfunction (one case). Clinical images were produced 4 h after
intravenous administration of 99mTc-MDP or 99mTc-pertechnetate
using the SSGC and conventional scintillation camera to provide
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test and control data, respectively. Written informed consent was
obtained from all eight patients after the nature and possible risks
of their voluntary participation had been explained. The ethics
committee of the Nippon Dental University School of Dentistry at
Niigata approved all research involving the patients.

Results

Resolution

The energy spectrum obtained with 99mTc (140 keV) is
shown in Fig. 2A. The measured energy resolution
(FWHM) for a single element at the centre of the field of
view was 4.2%, and the energy resolution of the CdTe
detector was 7.8%. The results documented variation in
energy resolution among elements. Insufficient energy
calibration in this prototype setting accounts for the vari-
ation between individual elements of the device. The
spatial resolution, represented by FWHM, had a mean
value of 1.56±0.05 mm when the capillary tube was
placed on the surface of the detector. Image profiles of
line sources are shown in Fig. 2B. The FWHM was

3.89±0.09 mm, 6.31±0.25 mm and 11.21±0.42 mm with-
out scatter material and 4.06±0.27 mm, 7.24±0.58 mm
and 12.63±0.39 mm with scatter material at distances of
2.5 cm, 5 cm and 10 cm, respectively.

Sensitivity

The detection efficiency of the SSGC was 0.30 counts/s
per kBq (99mTc). For purposes of comparison, we used
the scintillation camera with a parallel-hole low-energy
(high-resolution) collimator in all phantom and clinical
imaging studies. The detection efficiency of this scintil-
lation camera was 0.08 counts/s per kBq (99mTc) on the
same geometry as for SSGC.

Detector uniformity

The average count per pixel of the entire 1,024 pixels in
the detector was 30,195±1,348. The uniformity (±σ%)
was 4.5%.

Point source

The 5-mm diameter point source of 99mTc, with an activi-
ty of 104 MBq/ml, was placed directly on the prototype
detector surface. Images produced by the point source
were easily resolved from the background with acquisi-
tion times of as short as 2 s.

Line source

The 200-mm-long line sources, with 2 mm and 1 mm 
diameters, also were easily resolved by the SSGC after 
a 2-s acquisition time.

Bar phantom

Resolution estimates were produced from images of four
types of bar phantom. Images produced by the SSGC in-
tegrated over an exposure time of 2 s allowed visual res-
olution of the bars produced with the most challenging
phantom (slit dimension 1.8 mm, pitch 3.6 mm). The
conventional scintillation camera could not resolve the
bars of the phantom irrespective of the amount of time
used for integration (Fig. 3A).

Moire effects were not apparent in bar phantom stud-
ies with different bar angle projections.

“S” figure phantom

We compared test and control images of the “S” figure
phantom, which was placed directly on the surface of
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Fig. 2. A The mean energy resolution of the SSGC was 7.8%
(99mTc, 140 keV). The energy resolution was computed from the
FWHM and the energy of the photon E. The resolution of a single
element situated in the centre of the detector was 4.2%. B The
spatial resolution was measured with a line source of 99mTc, and
plotted profiles were fitted with a Gaussian function. The FWHMs
of the fitted curves are shown, with an average FWHM of
1.56 mm



each camera under the same conditions. After 2 s of inte-
gration time, the image obtained by the SSGC resolved
much more easily than that produced by the conventional
scintillation camera, which was serving as the control
(Fig. 3B).

Simulation study

The SSGC reliably detected the simulated nodes at up to
a 30-mm water depth over 18 h of decay. Even after
24 h, two of the simulated sentinel nodes were recogni-
sable in a water depth of up to 10 mm after employing
the same integration time of 15 s (Fig. 4A). Node/BG ra-
tios of all visually recognised nodes were greater than 10
(Table 1).

The two sources of radioactivity in the shine-through
effect simulation could not be reliably distinguished
when their horizontal centre-to-centre distance was
15 mm, irrespective of water depth, at an integration
time limited to 15 s. However, when the distance was in-
creased horizontally to 20 mm, the two sources resolved
using SSGC (Fig. 4B). Count profiles are shown in
Fig. 4C. Ratios of the peak count of the simulated node
to the bottom count, which was the lowest count between
the injected site and the node (shine-through count),
were 11.4 and 30.0 at 20-mm and 30-mm separation, re-
spectively. The ratio at 15-mm separation was 1.8, with
difficulties in resolving activities spatially. Activities
could be resolved spatially after 24 h when the foci were
30 mm and 45 mm apart at water depths of 10 and
30 mm using the same 15-s integration time, but not at
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Fig. 3. A Images of the bar
phantoms (upper left to lower
left, clockwise): slit dimension
3.6 mm, pitch 7.2 mm; slit 
dimension 3.0 mm, pitch
6.0 mm; slit dimension 2.4 mm,
pitch 4.8 mm; and slit dimen-
sion 1.8 mm, pitch 3.6 mm.
The conventional scintillation
camera could not resolve the
bars of the phantom, especially
at the slit dimension 1.8 mm,
pitch 3.6 mm, irrespective of
the amount of time used for
integration. B Images obtained
from a 20-mm-tall “S” figure
phantom made from a 1-mm-
diameter polyethylene tube and
filled with 30 MBq 99mTc, that
was placed directly on the sur-
face of each camera with a 2-s
acquisition time. The image 
obtained by SSGC (left) is
much clearer than that obtained
with a conventional scintilla-
tion camera (right)

Table 1. Node to background
ratios (node/BG ratios) of the
simulated sentinel nodes

Depth 0 h 18 h 24 h

φ 5 mm φ 2.5 mm φ 5 mm φ 2.5 mm φ 5 mm φ 2.5 mm

0 mm 32.2 48.5 11.8 12.2 10.9 11.2
10 mm 27.2 48.0 11.8 12.3 10.0 10.7
30 mm 26.6 32.9 11.0 11.7 8.3 8.5



closer separations or deeper source depths with shine-
through counts lower than 10.

The spherical source simulating the injection site was
visualised on images not as circular, but rather as dia-
mond shaped. Because of the difference in thickness 
of accumulated collimator septa, photon penetration
changed at different projections (Fig. 4B).

A few of dead or black-out pixels that appeared in the
images (Fig. 4B) were due to the prototype setting in
which some pixels did not adequately contact ASICs.
Similar black-out pixels appeared in other images
(Fig. 7A).
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Patient studies

When the SSGC was placed on the surface of the excised
bloc specimen of the right breast and axillary lymphatic
tissue excised from the breast cancer patient, a secondary
radioactive focus (later confirmed to be a sentinel node)
located in the axillary region was resolved. Figure 5
shows the performance differences between the SSGC
and the conventional scintillation camera, used as a con-
trol, under similar conditions. Using comparable or even
shorter integration times and 180 s of imaging, the activ-
ity of 99mTc-phytate accumulated in the newly discov-
ered sentinel node was depicted more clearly by the

Fig. 4. A Images of the sentinel node-to-sentinel node separation,
with 15 mm between the centres of the nodes (simulated). Each
99mTc image was acquired for 15 s. The top row of images was
taken at 0 mm underwater depth from the surface of the collimator
immediately after preparation of 0.15 MBq of 99mTc (left), at 18 h
after preparation (middle) and at 24 h after preparation (right). The
middle row shows results at an underwater depth of 10 mm, and
the bottom row, results at an underwater depth of 30 mm, over the
same time course as in the top row. B Images of a pair of lesions
simulating a 100-MBq injection site (INJ) and a 0.15-MBq senti-
nel lymph node (SN). Each image was acquired for 15 s. The INJ-
to-SN separation is 15 mm (left column), 20 mm (middle column)
and 30 mm (right column). Images are from underwater depths of
0 mm (top row), 10 mm (middle row) and 30 mm (bottom row). A
15-mm-diameter sphere simulating the INJ was placed at a depth
of 10 mm underwater. C The corresponding profiles of the shine-
through test images. The profiles were drawn through the line over
the SN and INJ with 15-mm, 20-mm and 30-mm separations and
0-mm depth images shown in B



SSGC than by the scintillation camera, even 30 h after
injection.

Another clinical example demonstrated even more
subtle changes. Images of the injection site were ob-
tained every 0.5 s by positioning the SSGC on the fore-
arm of a patient who underwent bone scintigraphy. Serial
analysis of the resulting images clearly indicated the dy-
namics of blood flow of 99mTc-MDP in the median ce-
phalic vein (Fig. 6). We found several black-out pixels in
the bloodstream images only when a large amount of ra-
dionuclide was imaged. This may have been due to a
large amount of radionuclide affecting proper function-
ing of the ASICs.

In another patient, 99mTc-pertechnetate images showed
a cold region in the left lobe caused by a thyroid adeno-
ma, as well as thyroid accumulation of the tracer. SSGC
images were taken for 2, 15, 30 and 60 s. The 15-, 30-

and 60-s SSGC images revealed more details than the
conventional scintillation camera images (Fig. 7). The
SSGC clearly showed the right parotid gland in sialo-
scintigraphy, clearly demarcated the mandible and docu-
mented the difference in intensity in the region of osteo-
myelitis that was shown with bone scintigraphy. The ac-
cumulation of 99mTc-MDP in the right temporomandibu-
lar joint was revealed much more clearly by SSGC than
by the conventional scintillation camera.

Discussion

To date, CdTe and CdZnTe are the detectors of choice,
despite some drawbacks. The polarisation phenomenon
with CdTe is the major cause of energy resolution degra-
dation and reduced peak efficiency [33]. Fortunately, this
phenomenon can be resolved by operating at either low
temperature or high-bias voltage or, most practically, by
temporarily shutting down the bias voltage [10]. CdZnTe
has low mobility/lifetime of holes compared with elec-
trons [34]. The hole trapping can be a serious disadvan-
tage for signal collection. Large-scale production has
been achieved, but quality control for maintenance of
highly uniform CdZnTe production remains difficult.
This impurity renders a large amount of hole trapping in
cracks or contaminated ingredients. However, new tech-
nologies have excellent potential as substitutes for ordi-
nary scintillation detectors in clinical imaging.

The introduction of the Schottky electrodes made of
In allows our SSGC to be supplied with high voltage and
decreases leaking current. Furthermore, advances in
crystal growth technology, array technology with mini-
aturising pixels, multichannel front-end electronics and
data acquisition systems have made it possible for our
SSGC to achieve high energy and spatial resolution.

When a typical sentinel lymph node biopsy is per-
formed under clinical conditions, only a very small
amount of radiopharmaceutical accumulates in the senti-
nel node(s) of the patient who has a malignancy. Al-
though the injection methods and 99mTc-labelled parti-
cles differed, the average percentages of injected dose
per lymph node in various studies were 0.36%, 0.9% and
0.60% in patients with malignant melanoma, breast car-
cinoma and breast carcinoma, respectively [35, 36, 37].
In a study of 60 melanoma patients, uptake in the senti-
nel node ranged from 0.0013% to 6.8% of the injected
tracer dose [35]. In breast cancer, the range was 0.001%
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Fig. 5. Patient study for sentinel lymph node biopsy. Excised tis-
sue of the right breast and axillary tissue of a 71-year-old woman
with breast cancer was placed under the SSGC (left). Unlike in the
image obtained using a conventional scintillation camera with
600 s integration (right), the radioactivity of the sentinel node is
clearly shown by SSGC with a 180-s acquisition time, even at
30 h after injection of 100 MBq of 99mTc-phytate in the primary
lesion (middle)

Fig. 6. Dynamic images of blood flow in the forearm of a patient
who underwent bone scintigraphy. The serial images clearly dis-
play the blood flow of 99mTc-MDP in the median cephalic vein.
Note the small ramification vessel from the vein



to 2.5% [37, 38]. Some surgeons estimate the percentage
of injected dose per lymph node to be about 0.15%.
Hence, it is important to determine the reliability of the
SSGC in detecting such small concentrations of radioac-
tivity under simulated clinical conditions. The SSGC re-

liably detected small amounts of activity of the simulat-
ed nodes (0.15% of the injected 100-MBq dose) at up to
a 30-mm underwater depth after 18 h. Even after 24 h,
when the radioactivity had decreased to 1/16th of its ini-
tial value (0.0094 MBq), two of the simulated sentinel
nodes could still be recognised (Fig. 4A).

Too much radioactivity from the injection site inter-
feres with detection of a small amount of nodal radioac-
tivity situated close to the injection site when exploring
sentinel lymph nodes with the gamma probe. We tested
this phenomenon, which is referred to as “shine-
through,” by conducting a simulation to determine the
minimum separation between node and injection site that
could be resolved by the SSGC. The two sources of ra-
dioactivity could not be reliably distinguished when their
centre-to-centre distance was 15 mm or less, irrespective
of water depth, at an integration time of 15 s. However,
when the separation distance was increased to 20 mm,
the two sources could be resolved (Fig. 4B). After 24 h,
we could spatially resolve focal activities that were
30 mm and 45 mm apart at a water depth of 10 and
30 mm using the same 15-s integration time. In this 
situation, the activity of the simulated node was
0.0094 MBq and that of the injection site was 6.25 MBq
of 99mTc. In another simulation study for gamma probes,
the minimum node-to-injection site separation for all
tested probes was more than 78 mm, with the activity 
of a 30-mm deep node being 0.0125 MBq and that of a 
5-mm deep injection site being 2.5 MBq [39]. It is of 
interest that in typical clinical applications, a gamma
probe is relatively limited in its ability to isolate adjacent
signals. This fundamental limitation stems from the fact
that a blind probe cannot be designed with sufficient 
collimation to assure spatial resolution comparable to the
SSGC without unduly restricting its capacity to sample
clinically practical tissue volumes. Accordingly, radioac-
tivity near the injection site tends to mask accumulations
of radionuclide tracer into sentinel nodes and related tis-
sues when they lie in close proximity.

The SSGC was able to resolve a sentinel node of a pa-
tient who had breast cancer 30 h after injection of 99mTc-
phytate (Fig. 5). The image taken by the SSGC was
much clearer than that obtained by a conventional scin-
tillation gamma camera at a shorter integration time.
These results confirm the potential for this new SSGC in
sentinel lymph node biopsy. However, we believe that
the conventional scintillation camera is still necessary
for localisation of sentinel node(s) during preoperative
lymphoscintigraphic study on a large field of the breast
or other regions, with the SSGC introduced into the sen-
tinel lymph node biopsy.

In a dynamic study of blood flow in the forearm, seri-
al images integrated at 0.5 s clearly documented the flow
of 99mTc-MDP in a small ramification of the median ce-
phalic vein (Fig. 6). This capability demonstrates the po-
tential of the SSGC to resolve diagnostically relevant in-
formation using relatively short image acquisition times,
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Fig. 7A, B. Imaging of a thyroid adenoma. A 99mTc-pertechnetate
images show a cold region in the left lobe, caused by the tumour,
and thyroid accumulation of the tracer, with images taken for 2,
15, 30 and 60 s (upper left, upper right, lower left and lower right,
respectively) acquisition times. B An image taken with the con-
ventional scintillation camera



which may make possible a variety of interactive appli-
cations requiring near real-time imaging capabilities.

99mTc-pertechnetate images obtained by SSGC
showed a cold region in the left lobe caused by a thyroid
adenoma, as well as thyroid accumulation of the tracer.
SSGC images revealed more detail than the conventional
scintillation camera image (Fig. 7). The SSGC also
clearly showed the parotid gland, mandible and temporo-
mandibular joint more clearly than did the conventional
scintillation camera. The size of the detector allows it to
be positioned close to small body parts or complex ana-
tomical regions. Accordingly, the SSGC holds potential
for application in the diagnosis of cervical, oral and
maxillofacial diseases. Researchers have applied small
CdTe probes in experimental dental, bone healing and
temporomandibular joint studies in dogs and in human
periodontal studies [40, 41, 42, 43]. The quality of high-
resolution images obtained with the SSGC offers prom-
ise for animal and clinical nuclear medicine studies in
the oral and maxillofacial region.

We encountered some minor imaging problems with
the detector. A small number of dead pixels and black-out
pixels in some images were due to the prototype setting in
which some pixels did not adequately contact ASICs. Be-
cause of rejected signals from pixels containing high leak-
age current, some pixels did not properly show the radio-
activity. The black-out pixels also appeared on the blood-
stream dynamic study (Fig. 6). This was due to a large
amount of radionuclide interfering with proper function-
ing of the ASICs. Furthermore, variation occurred in ener-
gy resolution among elements due to insufficient calibra-
tion. These problems will be addressed by improved tech-
nique in the future version of the SSGC designed for clini-
cal use. The new SSGC head will have a conformation
that aids in manoeuvrability at surgery. The size of the
SSGC detector dimension that faces the target tissue or
operative field will be reduced by architectural design for
the configuration of the detector and connecting ASICs.

In conclusion, we have developed a prototype, rela-
tively small, high-resolution, semiconductor gamma
camera intended for possible use in radioguided surgery.
The SSGC resolved small amounts of radioactivity con-
sistent with activities acquired by breast sentinel nodes
using relatively short acquisition times. Simulated senti-
nel nodes could be isolated from radioactivity at levels
consistent with accumulations typically measured at a
clinical injection site, even when nodes were situated a
short distance from the confounding source of radioac-
tivity, thus minimising the “shine-through” effect. The
SSGC may offer advantages over current techniques for
isolating sentinel lymph nodes for biopsy. It also might
aid surgeons in identifying target tissues when perform-
ing radioguided surgery. A further potential application
for this camera is in diagnosis, particularly of small, su-
perficial lesions situated in tissues or organs such as the
thyroid gland, parathyroid gland, jaws, facial bones, sali-
vary glands and joints.
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