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Abstract

Scintimammography shows strong potential in detecting and differentiating breast cancer. This scintigraphic

technique, using a standard gamma camera, allows high sensitivity and specificity values (>95%) for detected tumors

more than 1 cm size. However, the sensitivity of scintimammography using conventional gamma cameras is

considerably less (40–50%) for tumors with smaller size. Recently, the authors demonstrated how the use of a small

FOV dedicated gamma camera (Single Photon Emission Mammography, or SPEM camera), with very high intrinsic

spatial resolution (1.7 mm FWHM), working with breast moderately compressed and positioned close to the breast

tumor (i.e., analogously to X-ray mammography) increased sensitivity up to 80% for tumors sized between 0.5 and 1 cm

(T1b). The aim of this paper is to demonstrate how the reduced breast thickness can play a primary role in small cancer

detection. Five different methods were taken into account: clinical measurements, comparing tumor SNR values

obtained from the same patients in prone scintimammography and in SPEM, comparing SNR values between

compressed and uncompressed breast in craniocaudal projection, breast phantom measurements, Monte Carlo

simulations and simplified theoretical model. Results confirm that the mechanism for the improvement in visualizing

sub-centimeter lesions due to compression is a reduction of lesion–detector distance. As a result of this reduced distance

there is a less reabsorption of signal by interposed breast tissue, and improved detector intrinsic spatial resolution.

r 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Diagnosis and treatment of cancer at early stage
of development increases outlook of long-term
survival.
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Currently, X-ray mammography represents the
principal method of detecting breast cancer.
Unfortunately, X-ray mammography is not an
ideal examination, because its diagnostic accuracy
is below 100% and therefore many patients are
submitted to unnecessary biopsies. Several
studies estimated that only 10–40% of all
biopsies performed on the basis of X-ray mammo-
graphy are positive. Therefore, improvement in
patient comfort and health care costs can be
achieved if some of these unnecessary biopsies are
avoided.

We believe that some unnecessary biopsies can
be avoided by exploiting capabilities of 99mTc-
MIBI Scintimammography (SM) [1,2]. Previous
works have demonstrated that 99mTc-MIBI is
preferentially taken up by cells with characteristics
of malignancy due to increased metabolic turn-
over. The present standard scintimammographic
technique was introduced for the first time by
Khalkhali in 1993 [1]. It is named Prone
ScintiMammography (PSM). It consists of posi-
tioning a gamma camera in lateral view of body
with the patient in prone position and the breast
pendulant. It was recently shown as, by combining
results from X-ray mammography and SM, a
significant increase of diagnostic accuracy was
achieved [3]. We would like to further increase the
improvement by increasing the sensitivity of SM to
lesions with diameter less than 1 cm (T1a and T1b
cancers).

Our group has been the first to conceive and
realize a high spatial resolution detector specifi-
cally dedicated to SM, the Single Photon Emission
Mammography (SPEM) [4–7] camera. This cam-
era uses position sensitive photomultiplier tubes,
coupled to an array of scintillating crystal. Other
detectors for SM have been considered for
commercial applications [8–11]. The examination
by SPEM camera is typically performed in
craniocaudal view, with the breast moderately
compressed. Clinical results with this SPEM
camera have demonstrated an increase of diag-
nostic sensitivity of SM in T1b tumors (80% vs.
50% with PSM) [12–18], while the results obtained
in smaller lesions (T1a) remain unsatisfactory. The
aim of this paper is to demonstrate how the
reduced breast thickness can play a primary role in

small cancer detection. Five different methods
were taken into account:

1. clinical measurements, comparing tumor SNR
values obtained from the same patients in prone
scintimammography and in SPEM, comparing
SNR values between compressed and uncom-
pressed breast in craniocaudal projection;

2. breast phantom measurements;
3. Monte Carlo simulations;
4. simplified theoretical model.

2. Equipment and method

2.1. Clinical measurements

A standard gamma camera (GE Starcam) and a
SPEM camera were utilized for image acquisition.
The SPEM camera consists of a 500 Position
Sensitive PhotoMultiplier Tube (Hamamatsu
R3292) coupled to a CsI(Tl) scintillating array
where each individual pixel is 2� 2� 3mm3 in
size. A detailed description of the SPEM camera is
reported elsewhere [4,7]. All purpose collimators
were used for both cameras: a GE H2503DF with
2.5 mm hole diameter, 41 mm hole length, 0.3 mm
septa, and a Nuclear Fields collimator with 1.5 mm
hole diameter, 22 mm hole length, 0.2 mm septa,
respectively. Both collimators, currently utilized
for breast clinical measurements, allow approxi-
mately the same spatial resolution values, but
different sensitivity values: 362 and 600 cpm/mCi
(for GE and Nuclear Fields, respectively). A
breast/torso phantom was placed in front of both
collimators to analyze the influence on SNR of
breast thickness and different intrinsic spatial
resolution (3.5 and 1.7 mm FWHM) and energy
resolution values (10% and 20% FWHM) of GE
and SPEM cameras, respectively. The energy
resolution values for SPEM Camera were obtained
after a correction of pulse height uniformity
response, using a lookup table based on the
spectra acquired on each pixel of the digitalized
image.

To analyze the improvement introduced by
SPEM gamma camera, the same patients were
imaged by prone SM and SPEM, respectively.
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Breast images and tumor SNR values were then
compared. Furthermore, some patients were im-
aged with breast compressed and uncompressed
under craniocaudal projection in SPEM obtaining
7.5+0.5 cm and 5.0+0.2 cm mean thickness va-
lues, respectively.

Fourteen patients were enrolled for in vivo
measurements, where five patients with breast
tumors sized between 5 and 7mm, were correctly
diagnosed with the SPEM camera, as compared to
2
5

� �
by prone SM. The results have been analyzed,

using the histological findings as a gold standard.

3. High spatial resolution detector

To evaluate if tumor detectability could be
improved by an imager with very high spatial
resolution, a small gamma camera with higher
performance than SPEM was specifically as-
sembled. It is based on pixellated detector being
able to carry out images with a very good crystal
pixel identification and allowing an effective
correction of the spatial response. This Small
Gamma Camera (SGC) was arranged using a
metal channel dynode position sensitive photo-
multiplier (Hamamatsu R7600–C8) [8,9] coupled
to different CsI(Tl) scintillator arrays and with the
same SPEM collimator. This kind of photomulti-
plier drastically reduces the charge spread improv-
ing performance of the imager. The dimension of
the CsI(Tl) arrays were the same of the photo-
multiplier active area (22� 22 mm2). To realize the
very high intrinsic spatial resolution, a look-up
table was employed to accurately correct the gain
and spatial non-uniformities. To study the poten-
tial dependence of crystal pixel size on tumor
SNR, a number of CsI (Tl) scintillating arrays
were tested. Crystals were 5 mm thick, dead zone
was 0.25 mm thick, and single crystal side ranged
between 2.0 and 4.2 mm. The SGC camera readout
is made of eight preamplifiers directly connected to
each wire anode. A weighted summing circuit was
built to compute the charge distribution centroid.
The acquisition system consists of a 7074 Quad
ADC module connected to a multiparameter
FAST MPA/WIN. The MPA acquisition card is
plugged in a PC/Pentium [8,9].

4. Phantom studies

To perform a SNR analysis of different tumor
size, a breast/torso phantom was built. It consists
of a cylinder with 9 cm diameter and 15 cm height,
filled with technetiated water at 3, 6 and 9 cm to
simulate different breast compression thickness.
Three tumor sizes were taken into account,
corresponding to the clinical staging criteria of
T1b (greater than 5mm, less than or equal to 1 cm)
and T1c. The T1b hot spots were 6mm and 8mm
diameter cylinders with 0.5 cc volume. The T1c
(10 mm diameter) had 1 cc volume. The tumor
depth was 0.5 and 3 cm (Source Collimator
Distance—SDC). A box of 30� 30� 20 cm3, also
filled with technetiated water, was placed close to
the breast phantom to simulate the torso emission
(see Fig. 1). Radioactivity concentration values
were chosen to obtain about the 1:1 torso:breast
ratio of clinical image (100 nCi/cc concentration).
About the tumor phantom we used for the tumor–
breast ratio (tum/bck) 10:1 for 6 and 8mm tumor
while 8:1 for 10 mm tumor.

A craniocaudal projection was simulated as
function of different breast thickness with tumors
in a fixed position. We are aware that this
experimental set up does not correspond to the
usual Anger camera scintimammographic techni-
que (PSM), but it would further enhance Anger
camera imaging performance by reducing tumor-
to-collimator distances to better evaluate the

Breast phantomBreast phantom

Torso Torso 

phantomphantom

Fig. 1. Breast phantom.
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advantages offered by dedicated detectors. Image
acquisition conditions were the same as during
SPEM clinical measurements and radioactivity
concentration values were chosen to obtain about
the same pixel count of clinical images.

4.1. Breast phantom simulation

The breast phantom was fully simulated as well
as all interaction processes in the gamma camera.
The Monte Carlo code used is EGSnrc, the latest
version of the EGS family. Simulations include all
the physical processes available with EGS, as
Compton and Rayleigh scattering, photoelectric
absorption with emission of fluorescence photons
or Auger electrons. In order to emulate a clinical
examination, the number of simulated photons
was calculated from an imaging time of 10 min and
a background activity of 100 nCi/cc. We simulated
three different spherical tumors (5, 8, 10 mm
diameter), located at various depths (0.5, 3 cm
from the collimator); the tum/bck considered was
10:1. Unlike the experimental phantom measure-
ments, here tumor volumes scaled with spherical
ones. The simulated camera included the same
SGC lead collimator and CsI-pixellated crystals.

4.2. Geometrical model

To further evaluate the influence of gamma
camera positioning on tumor SNR values with
respect to gamma energy transport, a simple
mathematical model was performed. Tumor radio-
activity amount is assumed strictly related to the
tumor size (sphere volume) as for Monte Carlo
simulation. ROI tumor is related to geometrical
projection only, of the tumor on the image, taking
into account intrinsic spatial resolution of the
gamma camera, collimator characteristics, tumor
to collimator distance and image pixellation.

5. Results and conclusions

The results of clinical data are shown in Figs. 2
and 3. The SNR values obtained by SPEM with
breast compressed in craniocaudal projection are
higher than prone SM of about a factor two. In

particular, tumors less than1 cm sized, imaged by
SPEM, show SNR values largely distributed over
the visibility limit (SNR=5), between 7 and 20. On
the contrary, prone SM tumor SNR values ranged
between 3 and 10 confirming the lack of sensitivity
for tumors less than 1 cm in size. Fig. 3 shows an
interesting analysis about the mean counts on
image pixel obtained from the selected tumor
ROIs. The breast compression values ranged
between 4 and 5 cm. In the figure, values are
grouped for three different tumor sizes. It is
worthy to note how all values show approximately
the same variation range (i.e. between 10 and 40
mean counts/pixel for an image pixel size of
2.5 mm� 2.5 mm). This demonstrates the critical
resolution and sensitivity requirements. Further-
more, compression allows the separation of over-
lapped objects as it is clearly visible in the images
shown in Fig. 4 on 7mm tumor detection. A
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Fig. 2. Tumor SNR values obtained from clinical measure-

ments by SPEM camera (craniocaudal projection) and Anger
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further analysis on the effectiveness of breast
compression is in Fig. 5 where the detected spectra
are shown respectively. In this case the large tumor
size combined with the large variations in breast
thickness (4.5 cm) show an impressive counting
increasing of the signal (full energy peak) with
respect to Compton background.

The results of breast phantom analysis, obtained
by SGC camera with different crystal pixel size are
shown in Figs. 6–8, in comparison with the
analogous ones obtained by Anger Camera and
by Monte Carlo simulations. The analysis took
into account only the craniocaudal breast projec-
tion at 3 and 6 cm breast compression values.
Tumor SNR values obtained by Anger camera are

drawn as a function of breast thickness. As shown
in Fig. 6 the breast thickness at a fixed tumor–
detector distance reduces the tumor visibility down
to more than a factor two. Furthermore, taking
into account that tumors mostly differ in size than
in the amount of radioactivity, SNR values
resulted strongly affected by Anger camera spatial
resolution. In fact, the 6mm tumor resulted under
the visibility limit, differing up to a factor four
with respect to the 8mm tumor SNR at the same
breast thickness. The results of SNR values as
function of tumor size are show in Figs. 7 and 8.
The results obtained by SGC and by Monte Carlo
simulation are less affected by the noise introduced
from the breast thickness. Results confirm how
detector spatial resolution and tumor to collimator
distance play a fundamental role in small tumor
detection. In fact, the 6mm tumor visibility

Fig. 4. Right breast carcinoma 7 mm sized: SPEM camera 99mTc Sestamibi Scintimammograms with uncompressed breast (left) and

mildly compressed (right). Into the circle the lesion is shown as a more enhanced area of increased uptake of tracer.
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improved more than four times by SGC and in
particular reducing the crystal pixel size. The
Monte Carlo results roughly confirm the values
obtained by SGC taking into account the different
tumor radioactivity amount between theoretical
and experimental phantom. It shows also how
5mm tumor is at visibility limit when located at
3 cm depth.

The results obtained by geometrical model
confirm the clinical data about sensitivity, In fact
as shown in Fig. 9, prone SM is able to carry out
SNR values greater than 5 only for tumor size
greater than 1 cm. Fig. 10 shows good SNR values

for T1b tumors only at breast thickness values less
than 4–5 cm when imaged by a gamma camera
with very high intrinsic spatial resolution (less than
2 mm intrinsic spatial resolution and the same
collimator used in SPEM and SGC). Furthermore,
Fig. 10 shows how it is critical the detection of
tumor less than 5mm size for breast thickness
greater than 2.5 cm and at tumor–collimator
distance coinciding with this value. The SNR is
always under the visibility limit.

In conclusion, the adoption of breast compres-
sion with a dedicated imager can allow: improved
detector spatial resolution by reducing tumor to
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collimator distance; improved subject contrast by
reducing background radioactivity and single and
multiple photon scattering into the breast; im-
proved image statistics by reducing gamma ray
self-absorption into the breast; diminished motion
unsharpness due to breast immobilization; and
separation of overlapped objects and more uni-
form image.

Spot compression allows a further reduction of
the breast thickness with respect to the average
value obtained from vigorous compression in RX
mammography (4.4 cm in craniocaudal projec-
tion). Spot compression allows to overcome the
limitation offered from the long acquisition time

(10 min) in SPEM and the consequent use of the
breast moderate compression to avoid patient
discomfort. Skin elasticity is the primary limit to
breast compressibility and it is responsible of pain
during RX mammography. Reducing the com-
pression area it is possible to achieve an higher
compression with the minimum patient discom-
fort. X-ray mammography is currently applying
the spot compression to enhance contrast and
sensitivity of small lesions. The research group
considers the combining spot compression/dedi-
cated small FOV gamma camera the primary goal
to improve the sensitivity of scintimammography
for small tumors.
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