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ABSTRACT. Large field of view gamma cameras are widely usegdrform lymphoscintigraphy in the
sentinel lymph nodes (SLN) procedure in case oadireancer. However, they are not specified far thi
application and their sizes do not enable theiringbe operative room to control the excision ted all
SLN. We present the results obtained with a prp@tyf a new mini gamma camera developed especially
for the operative lymphoscintigraphy of the axileairea in case of breast cancer. This prototype is
composed of 10 mm thick parallel lead collimatof enm thick GSO:Ce inorganic scintillating crystal
from Hitachi and a Hamamatsu H8500 flat panel rantide (64 channels) photomultiplier tube
(MAPMT) equipped with a dedicated electronics. dttual field of view is 50 x 50 mm2. The gamma
interaction position in the GSO scintillating plaseobtained by calculating the center of gravitythe
fired MAPMT channels. The measurements performet this prototype demonstrate the usefulness of
this mini gamma camera for the pre, per and postaifve identification of SLN's and how its
complementary role with an intraoperative handhgglthma probe enables to improve the efficiency of
this practice. A 100 x 100 mm? field of view caméesignated to cover the entire axillary area ideun
investigation.

KEYWORDS Gamma camera, SPECT, PET PET/CT, coronary CTography (CTA);
Medical-image reconstruction methods and algorittoomputer-aided so .
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1. Introduction

The sentinel lymph node (SLN) procedure consistiénlocalization, excision and pathological
examination of the first nodes to which lymphatraidage from epithelial cancer cells occurs.
The pathological analysis allows determining if 8ieNs are cleaned or not of metastasis cells.
At the present, the detection of SLNs is performasithg a periareolar or peritumoral injection
of a radiotracer (a colloidal suspension of 15 SoNBq of *™Tc emittingy-rays of 140 keV
energy), the day before surgery or, sometimesdgyeof the surgery. A lymphoscintigraphic
image, made by the Nuclear Medicine Departmentalloounting the SLNs number. During
surgery, the search of SLN is done by an intradperahandheld gamma probe. Under
controlled study conditions, the SLN procedure ptbvo be a reliable method for the
evaluation of the axillary nodal status in patienith early-stage invasive breast ca [1].

The use of an intraoperative gamma camera coulelexate the SLNs localization thanks
to pre and peroperative lymphoscintigraphic imaayes control, with a postoperative image, the
complete axillary clearance. In order to improveNStletection, some intraoperative gamma
cameras were tested. They are based on two clakseaterials, semi conductors: zinc tellure
(CdznTe) [2]J[[4], cadmium tellure (CdTE) |5], ordrganic long decay time scintillating crystal:
sodium doped cerium iodide (Csl:l\lg_)_|[6] tallium @dpsodium iodide (NaI:TIm]. Most of
these devices have a too small field of view to rtiap entire axillary area. In addition, the
choice of semi conductor as photodetector reachasoa detection efficiency leading a long
acquisition time.
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Figure 1. Design of the mini Gamma Camera prototype.

Figure 2. Picture of the mini Gamma Camera prototype witlagisociated computer.

The Institut Pluridiscipplinaire Hubert Curien (IBH developed an operative gamma
camera named CarollReS based on a fast decay rionganic scintillating crystal allowing a
good sensitivity and a short image acquisition tiffteis device is an additional tool to help the
surgeon in the search of SLNs and will not repthesintraoperative prolje [8].

2. Materials and methods

The studied prototype of the mini gamma cameramposed of a parallel lead collimator, a
single fast decay time inorganic scintillating d¢afsa multi channel photomultiplier tube, a
fully dedicated electronics and a software treatnfienthe image building] (figure] 1). The field
of view (FOV) of the device is 50 x 50 mm? and es@nts one quarter of the surface of the
final mini gamma camera design. Figute 1 showsauge of the mini gamma camera prototype
connected to the PC needed for the software tredtamsl imaging.

2.1 The collimator

The gamma camera is equipped with a 10 mm thicklledtead collimator weighting 360 g.
The hole diameter is 2.0 mm and the septa size2isnth. The collimator features have been
chosen in order to find a good compromise betwgatiad resolution and detection efficiency.



GSO YAP BrilLanCe™ 380 BrilLanCe™ 350 LSO PreLude™ 420
Gd,SiCs:.Ce | YAIO3;Ce | LaBrz:Ce LaCl;:Ce Lu,SiOs:CellLuy gY o.5SiOs:.Ce
p (g.cni®) 6.71 5.37 5.29 3.79 6.50 7.10
wp (cm2.gY) 0.854 0.319 0.652 0.704 1.250 1.442
1/u (cm) 0.17 0.58 0.29 0.37 0.18 0.10
Z ot 58 36 47 46 65 65
n 1.85 1.95 1.88 1.90 1.82 1.81
1 (ns) 56 25 26 28 40 41
X (nm) 430 370 380 350 420 430
Light Yield
. | 9000 18000 63000 49000 30000 32000
(photons.MeV)
Hygroscopic no no yes yes no no
p: density n: refractive index
u: linear attenuation coefficient at 140 keV . decay time constant
p/p: mass attenuation coefficient at 140 keV A: Scintillation wavelength at maximum
Zq. effective Z number emission

Table 1. Features of different fast decay inorganic sctiiflg crystals.

The spatial resolutioR. of a parallel collimator and its geometrical effiocy¢. are given by
the formulas:

R =12 2.1)
B e ) 22)
¢ 8m\ H,Oe+9 '

whered is the distance between the source and the eptsmun€ace of the collimatoH. the
effective thickness of the collimator defined lds= H -2ju (n = 2.28 mnit is the lead linear
attenuation coefficient for 140 keV gamma rays Hnigd the real thickness of the collimatog),

the hole diameter arglthe septa dimension (thickness of the materiakben the holes). The
three geometrical parametegsH ands have been calculated to obtain the best compromise
betweenR; ande.. The values oB=2 mm ands= 0.2 mm lead ta. = 2.1210° R.= 6.1 mm
andR. = 11 mm at distancg = 0 andd = 50 mm respectively.

2.2 Inorganic scintillating crystal

The requirements for an inorganic scintillatingstay to be used as tA&"Tc 140 keV detector,
are a high density, high Z and high light yield alidition, the crystal should be chosen between
the fast decay time crystals in order to be corbpativith the use of our fully developed
electronics| Table|1 summarizes the available ciaels. LSO and LYSO crystals have been
rejected because of their lutetium natural radivigtand afterglow. (The'’®Lu emits §°
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Figure 3. Schematic of the mini Gamma Camera dedicated elscs.

particles at 1.19 MeV with 3.7B0* of half-life andy-rays emissions with a maximum intensity
at 88.4 keV). The best candidate in the differeghfilense and non hygroscopic crystals, is the
cerium doped orthosilicate of gadolinium (Sts:Ce or GSO). Taking into account its
interaction length of 1.7 mm, a thickness of 2 miioves 70% conversion of the 140 ke
rays. Its scintillation wavelength at maximum oé tpectra emissior, € 430 nm), is optimum

for the quantum efficiency of a photomultiplier &ulbialkali photocathode. In spite of its
relatively low scintillation yield, such a crystahables to propose a compact system with a
reduction of the photons spread out reaching tlégolathode. In our application, the detection
efficiency or the spatial resolution defined astbparation power between close SLN, are more
important parameters compared to the energy resoluthe 50 x 50 mm? GSO all polished
crystal faces were provided by Hitachi Chemical C®D (Japan). Its entrance surface and
edges were covered byuin thickness reflective layer of aluminum by the @ryCompany
(Turnov, Czech Republic). Moreover, a 1 mm coppgetl is added between the collimator and
the crystal entrance surface in order to absorb ©%%he reemitted fluorescence X-rays
produced in the lead collimator.

2.3 The multianode photomultiplier tube

The crystal is coupled to a HAMAMATSU H8500 flatrd multianode photomultiplier tube
(MAPMT) with a 52 x 52 x 28 mfrdimensional outline and an effective photocathawa af
49 x 49 mm2. The MAPMT is composed of a 1.5 mmkiorosilicate glass window, a bialkali
photocathode, 12 stages metal dynodes per chamd@&4aanode pixels (matrix of 8 x 8 pixels).
The maximum quantum efficiency of the photocathimcated at a wavelength of 420 nm,
well adapted to the 430 nm emission peak of the G&@tillating crystal. The anode size is
5.8 x 5.8 mm2 with a 6.08 mm pitch. The weight led MAPMT is 145 g. The working high
voltage of -800 V, has been chosen to obtain a g&irl(, in good agreement with the
recommended high voltage given by the manufactuherthe data sheet provided by
HAMAMATSU, the gain dispersion of the 64 channedsli3. Due to the fact that a common
trigger value is applied to the 64 channels, elegitrgain corrections, in a range from 0 to 4
(coded by a 6 bits DAC placed directly in the elecics) are used to make the channels
responses uniforms. The assembly of the crystaheMAPMT window using optical silicone
has been performed by the Crytur Company (Turn@ec@ Republic).

2.4 The €lectronics

The dedicated front end electron [9] developedthis device allows the readout of the
MAPMT 64 channels[(figure]3). In this way, the sit;ifrom all the channels can be more
easily calibrated than using a resistive currem’ldé'r. The 64 signals from the anodes are
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Figure 4. Mini gamma camera trigger rate in Hz versus theghold in mV. The red dotted line
indicates the chosen working value correspondingBt8 photoelectrons.

divided in 2 groups (32 channels each) processeghiallel by 2 identical daughter boards
plugged into a mother board. For each dedicateditauboard, a Specified Integrated Circuit
designed for our Application (ASIC) named OPERA—R, including gain adjustment,
discrimination and shaping, performs triggering ammse signal extracting. The electronic
integrates all the necessary components to crégitaldlata from the measured charges and to
send them to an acquisition PC through a USB Ilihko Field Programmable Gate Arrays
(FPGA) drives the segmental signals outputtinghaf two ASICs and conversion with two
Analog to Digital Converters (ADC). A multichann8ligital to Analog Converter (DAC)
handles the trigger threshold and the high volteyel. A digital Signal Processor (DSP)
controls this electronic and communicates withabeguisition PC. The high voltage is provided
by a small DC-DC converter circuit. The triggempi®vided by an OR between the two trigger
signals from the daughter boards. Each triggerasiggnproduced in the OPERA-ROC chip and
corresponds to the OR of the 32 channels. Whesaat bne pixel is fired, the deposited charges
in all the channels are read. The trigger level basn fixed measuring the count rate in
presence of a non collimatétCo source illuminating uniformly the activated gaencamera
surface. I4, the trigger rate in counts gerond (Hz) has been plotted as a function of
the applied threshold. The threshold must be platdue plateau region beyond the noise count
region. Applying this criterion, the threshold valbhas been fixed to 1320 mV. The amplifier
gain is 400 mV / photoelectrdn [11], so, we dedithze our trigger level value is equivalent to
~3.3 photoelectrons.

3. Calibration

To perform the measurements presented in this ehaie gamma camera was not equipped
with its lead collimator. The intrinsic spatial obgtion of 3 mm has been measured using a
collimated®Co located placed at 1 mm distance from the engrandace of the crystal [12].

3.1 Energy calibration

To calibrate in energy each MAPMT channel, a cailiaa®'Co source mounted on an X-Y table,
was successively presented in front of each pikelsituate the X-Y table in relation to the



T (b) A
210 ’ \ - 210 7‘“-.-.\—
¥ 190 ¥ 190
> 170 @ f \
E 450 /f \& LI / \
£ 6.08 E 150
§ - f mm \ § . f > 6.08 mm
110
90 J L 110 4
70 90
50 T T T 70 T T T \_
15 20 25 30 35 20 25 30 35 40
X (mmy) Y (mm)

Figure 5. Profiles of the pixel # 19 in X (a) and Y (b) axise dotted lines indicate the pixel size and the
arrow indicates its center.

Figure 6. Schematic of the three different areas of the gneadjbration with the channels number. In
white the central area, in blue the edge arealanddrner area in red.

gamma camera position, the determination of theeceof three pixels (#19, 22, 4B; figurg 6)
forming a 90 degrees angle is done by moving tharcgo by steps of 0.5 mm in two
perpendicular directions in front of the pixels.efhthe coordinates of the center of the cell are
extracted from the profiles as describefd in fici}fer the cell #19.

The region where the signal ratio is constant (#8) fis larger than the pitch (6.08 mm) of
the MAPMT. This is due to the spreading of the phstin the crystal thickness and their
refraction through the MAPMT window glass. Once ttheee orthogonal pixels centers
coordinates known, the collimated source was plaeeidont of the center of each pixel. For
each position of the source, a minimization is mgplto the clusters data file in order to
calibrate the ADC gaussian distributions to enadigyributions (clusters are defined as a group
of neighboring fired cells). Then, the energy dlisttions of the 64 clusters are centered at
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Figure 7. Energy spectrum fitted (black curve) k Nurmber of pixels per cluster

the sum of Compton contribution (green), tungsten

Kal ray emission at 59 keV (red), lead;Kay Figure 8. Distribution of the number of péls pe
emission at 75 keV (blue) and the 122 K&@oy- cluster, without cuts (black) and with the ¢
ray (pink). The dashed lines represent the energlefined in section 3.2 (blue).

window (90 keV to 200 keV).

ST

122 keV by determination of energy calibration ¢icefnts which are defined into three areas
(figure §). The first area (white) contains theftisnts which have to be applied when events
happen in the center of the crystal. The secondefblwhen events interact in the edges of
crystal and the last (red) for events in the cafEigure ¥ shows the energy spectrum of a sum
of clusters for one of the 64 positions, well fittey the sum of the Compton contribution, the
tungsten 59 keV K ray emission, the lead 75 keV Kray emission and th&'Co y-ray
photopeak at 122 keV. The dashed lines represerdtits in energy made on the distribution in
order to select the 122 keV contribution. The epergsolution at 122 keV is 47%
(FWHM = 61 keV). The’’Co source emits two different gamma photons at i 137 keV
with a proportion of 86% and 11% respectively. Té®t one is not taking into account in the
minimization of the energy cluster because it carm@a priori separate in the cluster energy
spectra.

3.2 Theimage

The 64 readout signals are treated event by ew@ng @ clusterisation algorithm in order to
obtain the image (an event is defined as a sigmariag the discriminator with an amplitude
greater than the threshold). After the pedestairaation, the first step of the treatment consists
in the formation of cluster of fired cells, definad a group of neighboring pixels with a charge
greater than an ADC value fixed to 3 times the g.0f. the pedestal measured distribution.
Figure 8 shows the distribution of the number ofefs per cluster obtained with a non
collimated>'Co source located at a distance of 40 cm in frdrthe entrance surface of the
crystal (in black, without energy window cut). Irder to avoid considering events that are not
produced by the source, the low limit in valid gixaumber per cluster is set to 3 (this number
corresponds to the lowest number of pixels thatitluminated by the optical photons from a
y-ray conversion in the crystal). For the selectedters, the total energy is given by the sum of
the individual pixels contributions. So as to cdesionly the>’Co y-rays, an energy window
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Figure 9. Example of a plot with the profiles position of the pointike source. Each red “poir
(grey) of two®'Co phantoms. is the superposition of 8 iso-Y positions.

corresponding to 122 keV3% (figure ), is applied to the energy spectrum. e mean

number of pixels per cluster is equal to 12 + 5kfime on|figure B). After all these selections,
the X and Y positions of the-ray interaction in the crystal are calculated hg tveighted
centers of gravity of the cluster pixels signaltrdimition. The different events positions are
plotted in a 2D histogram with a 1 mm binning ircleairection as presentede 9in case
of two phantoms image. The cumulative projectidosa@the two axes allow obtaining the two
profiles of the histogram.

3.3 Linearity

The linearity of a gamma camera is defined as theelation between the position of the point-
like source ofy photons, in front of the crystal entrance surfeared the calculated photon
interaction position in the inorganic scintillatiogystal.

The collimated source has been first positionedront of the center of each MAPMT
channel[ Figure 10 represents the sum of the 8 linataining the 8 measured positions of the
interaction in the crystal X (mm) correlated with the real source positiop 6m). To
determine X, a gaussian fit is applied on the profiles of itlhages. The best fit to the data is
given by:

X, =-0.0002-X% + 0.0229-X¥ + 0.1674.X -25.7, with an r2 = 0.9994 correlation coefficient.

At the edges of the crystal, the linearity is regpected. The scintillating photons emitted near
the edges would be reflected and then events guaisdi will be calculated in wrong weighted
interaction positions. We measure a maximum of If8giation from the linearity in this
region.

To study in detall this distortion, a more accurdBeby 25 points scanning with a 2 mm
step in both directions has been performed on th@encrystal surface. The precise knowledge
of the real positions of the collimated source vaoobtaining 25 x 25 correction matrix
elements| Figure ]1a,b represent the 1250 calcuiateraction positions before and after the
application of the linearity correction matrix resgively.
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Figure 11. a) Measured positions of the 1250 scanning pointsrbdfoearity correction representec
the 2 x 2 mm? pixel population (left) and their odinates (right)b) Corrected positions ohé 125!
scanning points after application of the linearitatrix coefficients. Note the difference in colarde:
between the figures 11a and 11b.

3.4 Unifor mity

The homogeneity of the channels responses isviasfied by comparison of the number of
events collected by each channel during the sartee atajuisition time, when the collimated
source is located in front of. The plot presentefligure 12a, contents the number of events
collected by each channel as a matrix of 8 x 8 wlksn The data are also presented as the
number of recorded events versus the channel nufipere 13b). The number of events
collected by the channel 16 is significantly lovilean the others. It could come from a default
on the crystal at this place (the crystal couldehlbeen broken or not well glued on the MAPMT
window). However, this first observation provedtttiee channels respond uniformly.
Nevertheless, to investigate in details the uniftymand the edges effects in the
scintillating crystal, a 20 minutes data acquisitioith the non collimated’Co source is
performed. The non collimated source is positioaed0 cm distance of the collimator to fairly
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Figure 13. Plot of the “uniform acquisition” before correction

obtain a uniformy photons flux reaching the crystal of 5 x 5 cm2efAfmaking the 2D plot as
described in section 3. (figure] 13) representiig ‘wniform acquisition”, the mean count rate
value of the 50 x 50 image pixels is calculatedsThean value is divided by the content value
of each pixel in order to obtain its uniformity oection coefficient. Then, a matrix of 2500
elements is created which has to be applied opritjection pixels contents values.

4. Phantom study

The gamma camera equipped with its lead collimatais been tested using acrylic glass
phantoms with similar SLNs activities. Then, thediphantoms activities are ranged from 5 to
30 kBq. These phantoms are made by depositgasolution at the center of an oval acrylic
glass of 15 x 8 mm axis length.

[Figure 14a represents the image of two phantords3oénd 9.8 kBq positioned in front of
the entrance surface of the collimator for a 2 n@awlata acquisition. The distance between the

-10-
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Figure 14. a) Image of two®'Co phantoms of 4.3 and 9.8 kBq separated by 20 . profile of the
figure 14a fitted by the sum of two gaussian cumaed a flat background (blue curves).

two phantoms is 20 mm. Because of the phantomsatgudsitions in the FOV, the linearity
and uniformity corrections are not really relevant.

In a recently published pader [13], we demonstréitedinear correlation between tHEo
phantoms image profiles FWHMs and their distancéhécollimator entrance face. On the Y
profile presented in thle figure JL4b obtained fréve phantoms imagé (figure]14a), the gaussian
fits have been applied in order to extract the FWefhe two phantoms profiles. These values
were correlated linearly to the distance to théimator with the parameters presentefi in [13].
The values of FWHM= 5.9 mm, FWHM = 5.0 mm, are in agreement with the 6.1 mm linear
function intercept, representing the spatial resaiuatd = 0 mm. This method is used to give
the depth of the SLNs during the preoperative in@ghe axillary area.

Taking into account that the 2 mm thick GSO crystaps 90% of the 122 ke)rays and
that the geometrical efficiency of the collimater2.210°, the calculated detection efficiency of
this prototype is 2 cpisBq™.

Using the three values given by the gaussian fitshe Y profile, we can extract the
number of events collected per second by the ganameera (30.9 +0.6 cps). The total activity
emitted by the two phantoms is equal to 14.1 +®d.kThen, the detection efficiency is
2.19 +0.05 cp&Bq™ in good agreement with the previous theoretickiutation.

5. Conclusions and per spectives

We presented a new intra-operative gamma cametactimbines high detection efficiency
(2 cpskBq?) and a good spatial resolution (10 mm for a 50 distance to the collimator). The
results presented here were obtained for a pratdtyst represents one quarter of the final FOV
gamma camera design. This camera has been evatiiatad a clinical trial with a series of 25
patients at théldpitaux Universitaires de Strasbouftd]] It has been installed on a mechanical
support to produce the postoperative scintigraphages in order to check the complete SLNs
clearance[(figure 15). These images can be usadjaslity control documents.

The images are preformed in 2 min. data acquistiioe. However, because of its reduce
FOV, the camera has to be moved to obtain four @maiy order to cover the whole surface of
the axillary area, with possible recovery. The tioh@cquisition is then multiply by four.

-11-



Figure 15. Picture of the mini gamma camera on its support.

The next step will introduce the new design of tl@mma camera with a FOV of
100 x 100 mrh This new prototype will be declined in two diféet configurations. The first
will use four GSO:Ce crystals of 50 x 50 x 2 fneach coupled to four MAPMTs H8500. The
second one will use an unique 100 x 100 x Zn@®$0:Ce crystal glued to four H8500
MAPMTSs. The performances of these two prototypes vd evaluated and compared on 100
patients in a new clinical trial during autumn 2007
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