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A. Introduction. 

Thomas Jefferson National Accelerator Facility and two SURA universities: West Virginia University and the 
University of Virginia propose to collaborate on the development of a prototype surgical/biopsy guidance system using a 
hand-held high resolution imaging probe with an accompanying positron emission tomography (PET) imaging panel 
detector. The particular focus of this project is prostate PET probe for guidance of biopsy of prostate lesions as well as 

for tumor staging, which is critical for identification of appropriate therapeutic strategy. The technical methodology we 
intend to develop is based on a JLab patent application to the US Patent Office submitted in 2007[1].  This medical 
instrumentation project is a “reduction to practice” of that concept. Surgeons and urologists at both universities have 
already expressed interest in this technique. The proposed device would put a new high performance imaging hand-held 
probe in the hands of surgeons during different types of nuclear medicine assisted surgeries, in cases such as breast 
cancer, melanoma, gliomas of brain, etc. In addition, the proposed device could result in a novel method to guiding 
prostate biopsy procedures. Presently, prostate needle biopsies are done with very limited accuracy under ultra sound (US) 
probe guidance, US is very non-specific to cancer and thus requiring multiple intrusive and often ineffective (high false 
negative results) procedures. 

Surgeons now use hand-held surgery guiding instruments such as non-imaging intra-operative probes to assist 
with surgical removal of cancerous lesions. Prior to surgery, patients are injected with radioisotope-labeled biomarker that 
preferentially accumulates in cancer cells. By scanning the probe in close vicinity to the suspected tissue and searching for 
the strongest signal, the location of the lesion is obtained, directly correlated with the anatomical detail, as seen by the 
surgeon. Once located, the surgeon removes the tissue and continues with the procedure until all tissue producing 
detectible radioactive signal is excised. This procedure suffers from low probe sensitivity, limited spatial resolution 
(typically 5-10mm) and thus poor cancer margin determination. There were many attempts to address the issue of 
providing better, faster and more accurate cancer tissue position information by constructing small imaging probes. 
However, all these instruments obstruct the surgeon’s view of the surgical field and are limited in determining location of 
the tissue to be surgically removed. Moreover, these mini-imagers are not actually easily “hand-held” because their 
weight is usually in the range of 1-3 pounds. While mechanical support systems were designed to support the imaging 
probes in place, this leads to viewing field obstruction issues.  

In the proposed solution, the imaging scan of the larger surgical field, and therefore much more accurate guidance 
in cancer removal or biopsy extraction, is provided by offering different levels of imaging capability while maintaining 
the same hand-held convenient small size of the light-weight intra-operative probe. This is achieved by adding a second 
detector, a panel imager, to form a coincidence guidance system with the hand-held probe. This approach is focused on 
detection of positron emitting biomarkers with two 511 keV gamma rays accompanying positron emissions from the 
radiolabeled nuclei. The typical PET radiopharmaceutical is 2-Fluoro-2-deoxy-D-glucose (FDG) which uses the positron 
emitter F-18. In prostate imaging other biomarkers such as C-11/F-18-Cholin are now being considered due to higher 
uptake of Cholin that FDG in diseased prostate. A combination of specialized imaging tools and new biomarkers is 
expected to greatly improve early cancer detection, diagnosis and treatment.  
 
B. Description of the Concept 

The proposed positron surgical/biopsy guidance system is composed of three major components: 
o compact high resolution hand-held detection probe manipulated by the surgeon/operator  
o coincidence panel imager operating in conjunction with the hand-held probe and placed on the opposite side of the 

probe, behind the organ, or body of the patient 
o location system for absolute and relative position location of the probe relative to the imager and to the organ 
 
B.1 Surgical Assist 

The figure below indicates one possible use in which the patient is prone on a table and the handheld probe is placed near 
the suspected site of the cancer.  In the proposed system, the geometry of a small size probe sensor and a relatively large 
imaging detector on the opposite side of the organ or patient body, the sensitivity of the system (defined by number of 
coincidences) decreases quickly with distance from the probe sensor. This effect limits substantially the signal because of 
radiation background from radiation distributed in tissue behind the cancer tissue. 



 
Left: Diagram of a patient on surgical table with an imaging detector under the table. Right: The system of probe/panel 

detector is capable of detecting the location of a scintillation events produced by pairs of 511 keV coincident photons resulting 

from positron decays in the tumor. Right: Special case: breast cancer surgery. Diagram of a patient with an imaging panel 

detector outside the breast and hand-held probe inserted into the cavity left after the tissue specimen with cancer was 

removed. The system of probe/panel detector will be detecting the location of residual  activity in the cavity, to assure that the 

margin is free of cancer.  
 

 
In addition, in contrast to standard non-imaging probes, the handheld probe has a high resolution (~1mm) spatial 
resolution capability, while maintaining the efficiency of the probe, by pixellating the scintillation sensor. This is 
described below. 
 
B.2 Prostate Cancer Biopsy Assist 

In the implementation of the concept to prostate cancer, the small probe will be endorectally inserted in the patient and 
placed behind (or under – see figure below) the prostate gland to provide high sensitivity and high spatial resolution in 
mapping prostate cancer tissue and assist in defining possible cancer margins to guide the needle biopsy procedure.  The 
function can be two-fold: to guide the surgeon before and during cancer surgery, and to provide feedback if the cancerous 
tissue is entirely removed, while assuring minimal damage to healthy surrounding tissue. Through the proximity of both 
detectors to the organ, the detection sensitivity is highly maximized. In this case the fact that we are proposing a high 
resolution handheld probe is very important, as imaging a small organ such as prostate, requires this type of performance 

to be useful [2, 3, 4]. 
Diagram of possible placement of imaging detector and endorectal probe 

while imaging prostate. 

 
The prostate imaging variant will therefore utilize a small endorectal high 
resolution imaging probe inserted under the prostate and an imaging 
coincident panel detector above the patient, placed as close as practical to 
the patient’s pelvis region to maximize detection sensitivity. 
 

C. Initial Demonstrations of the Concept 

In one study a small probe made of ~ 3mmx3mmx10mm BGO scintillator crystal attached to a R1635 
Hamamatsu PMT was tested. The imaging panel detector was a 20cm x 15cm imager based on 12.5mm thick 
NaI(Tl) pixellated (3mm pixels) plate coupled to an array of 3x4 Hamamatsu H8500 PMTs. During a two 
minute acquisition using a small positron (Na22) source, the total number of counts was determined in the 
region of interest (ROI) corresponding to the “lesion” (5mm Na22 source embedded in plastic). Count rate 

curves were thus measured while moving (scanning) the probe close to the 
source-lesion. Both single mode and coincidence modes of operation were used.  
 
The observed sharper position definition (see plot) is caused by a coincidence 
effect between the probe and the region in the imager. This demonstrates the 
enhanced guidance capabilities of the system, as compared to a simple 
gamma/beta probe. 
 
Plots obtained from scan data. Blue curve – signal in coincidence with the full detector.  

Red- single rate.  Green - in coincidence with a selected ROI sector in the imaging detector. 



 
D. Proposed Prototype Instrument and Technical Information 

The proposed prototype instrument is based on the earlier described IP concept, and in a sense will present the reduction 
to practice of the above idea. The prototype device will consist of a small field of view (6” x 6”) imager detector based on 
JLab developed position sensitive PMT technology using Hamamatsu flat panel position sensitive photomultiplier tubes 
(PSPMTs) and 2mmx2mmx15mm LYSO arrays. It will be placed outside of the patient. The compact hand-held probe is 
based on the latest Silicon Photomultiplier (SiPM) technology, as developed by the JLab/WVU collaboration in 
collaboration with Hamamatsu and SensL. The main components of the planar detector are 9 Hamamatsu H8500 PSPMTs 

coupled to LYSO scintillator arrays as shown below. 
 

Component layout for panel detector showing arrangement of the 

PSPMTs and the scintillator arrays. A photograph of the PSPMT 

is also shown. 

 
While the main instrument to be built will be the panel imager, 
the focus of the technical development and the main challenge 
is the handheld compact imaging probe. It requires very 
compact design and implementation of two features: Depth of 
Interaction (DOI) of the scintillation event in the crystal 
capability and a reference positioning system.  
 
Two types of devices are possible candidates for the probe: 
SensL 16ch arrays, or Hamamatsu’s 16ch arrays. After 

extensive comparative studies, a SensL solution was selected for this project, as their current implementation is more 
compact and therefore it is more applicable to some of the anticipated applications, such as in endorectal probe for 
prostate cancer biopsy guidance. Due to lack of space we will include here only the most relevant results obtained with the 
SensL sensors. 

 
Left: top view of 16ch SPMArray2 Three Side Tileable array, 

available from SensL. Right: a prototype DOI module using two 

SensL array coupled to both sides of a pixellated LYSO 

scintillator sensor. Both views are shown against a 1mm scaled 

background to provide scale for the probe.  
 

  

 

Initial single-sided results from a single SensL 

SPMArray2 Three Side Tileable SiPM Detector 

obtained with 18x18mm 1mm step, 10mm thick LYSO 

array  (Proteus). 
22

Na single pixel energy spectrum with 

~16-17% FWHM  @511 keV (dry optical coupling) is 

shown at right.  

 

           
Left: Simplified geometry of prostate imaging with an outside limited field of view imaging panel detector placed in front of 

the patient torso and an endorectal probe placed behind and in close proximity to the prostate gland. Center: side view of the 

probe and prostate, panel detector is at top outside of the field of view (prior Monte Carlo simulations) Right: small PET 

probe operating with a TRUS ultrasound probe to guide prostate biopsy. 

 



Two localization systems assisting with the probe position relative to patient’s organs will be implemented. For the 
endorectal (prostate) probe case we propose to use the well-established FDA approved TRUS (TRansrectal Ultrasound 
Probe) probe, as seen below. For all other cases we propose to use the 3D positioning system to obtain relative location of 
the handheld probe to the panel detector. The JLab Detector Group is acquiring an infrared based tracking system capable 

of providing the 6 degrees of freedom of a moving source from a company 
called 3rdTech. Our intention is to use this system to provide positioning 
information to use in the PET reconstruction. The 3rdTech device uses a 
ceiling installed IR–LED grid which is used by a compact IR sensitive unit 
called the HiBall-3100 to provide positional information. We have developed 
iterative reconstruction algorithms that use position information to do 
tomographic image reconstruction of a moving radioactive source [5 & 6]. 

Sensor and the LED grid manufactured by 3rdTech [7]. 
 

E. Preliminary DOI validation studies 
We were able to perform preliminary demonstration studies confirming that our assumed DOI performance should be 
possible. To attain ~1mm resolution, for the example in the critical prostate imaging case where spatial resolution is very 
important, we have to achieve about 2-3mm in-depth spatial resolution in our 1mm LYSO scintillation arrays to correct 
for the depth involve 20-30mm long arrays, and not the compact 10mm arrays, as is our case. 

Left: Double-sided readout corrects for uncertainty of the 

depth of interaction of the 511 keV gamma within the 

scintillation array. Two probe variants are at the bottom, with 

the panel coincidence detector at top. Assuming parallax 

angle of <30°, the PET resolution of the probe can be restored 

to 1mm even for inclined gamma trajectories in the dual-side 

DOI type readout. Right: The test DOI module implemented 

with Hamamatsu SiPM units shown here during comparative 

pilot DOI tests with a sample 3x3 array of 2x2x15mm LSO 

pixels painted with white BC-620 reflective paint. A narrow 

511 keV beam in the DOI module was selected by coincidence between the LSO and 

array a 1cm cube LYSO scintillator.  

To demonstrate this DOI definition potential we have performed pilot studies using 
2mmx2mmx15mm LSO arrays, with white paint applied to rough cut sides. The obtained very preliminary results shown 
below demonstrate that we should be able to achieve better than 2mm DOI resolution using custom designed 1mm LYSO 
arrays from Proteus. In this case with our limited coincidence angle between the probe and the panel detector our goal of 
1mm clinical PET resolution, never achieved before in clinical practice, we believe is indeed attainable. In the study, a 
collimated 511 keV annihilation gamma beam was obtained by using a second coincidence detector based on a 1cm 
square PMT coupled to a 1cm cube LYSO scintillator and operating in coincidence with the DOI module. 

 

           1)     2)            A)  

               3)               4)                  B)  

Results with Hamamatsu SiPMs. (1) fraction of the summed scintillation signal measured at the left end of the DOI module for 

un-collimated 511 keV beam, (2) same as in (1) but for ~2mm collimated beam, (3) relationship between the left and right 

scintillation outputs for the un-collimated 511 keV beam, (4) same as in (3) but for collimated beam. For comparison, results 

obtained for 1.5mmx1.5mmx10mm LYSO array from Proteus optimized for overall light output and not DOI operation is 

shown at the right column. The histogram A and plot B were obtained for an un-collimated gamma-ray beam. It can be seen 

that practically no DOI information can be extracted from such constructed arrays.  



      

  
 

 

DOI results with SensL SiPMs. Top row left to right: Two setups, a) with a needle (Na22 source), and b) with a series of 

parallel 0.8mm i.d. capillaries filled with F18 solution (the coincidence 1cm cube LYSO detector is placed in front of the 

sources at about 10cm distance). c) ratio of left output to sum (left+right) signal for three capillaries, spaced at 5mm; d) scatter 

plot of left versus right scintillation outputs for the same three capillaries; e) ratio of left output to sum (left+right) signal for 

five capillaries, spaced at 2.5mm; f) scatter plot of the left versus the right scintillation outputs for the same five capillaries. 

The separation is better visible in the left-right signal plot. Estimated DOI resolution < 2mm FWHM. Bottom row: examples 

of summed left+right signals energy spectra with the needle source placed so that the beam position was g) 1.5mm from the 

left scintillator edge (FWHM = 17.1%), and h) for beam in the center (FWHM =19.1%).  

 

In summary, the pilot DOI tests show that both Hamamatsu and SensL solutions should perform well in the proposed high 

resolution PET probe. The SensL solution in its current mechanical implementation is more compact and is therefore our 

prime choice, however we will also pursue the Hamamatsu solution and work with the company on more compact 

packages.  

 

F. Research Plan 

As mentioned before, the main purely technical task would be acquiring components and assembly of the coincidence 
panel imager. We will follow our well-established procedure used in several built before imagers [8, 9, 10, 11, 12 & 13], 
including two types of breast imagers used in clinical trials at UVa (single gamma) and WVU (PET). We will obtain the 
PSPMTs from Hamamatsu and scintillator arrays from Proteus designed for high DOI resolution to assemble a panel 
detector using existing amplifier boards and a shell to house the imager. The DOI and energy performance of the 
prototype probe will be the main R&D challenge of this project. The WVU partner is actively involved in development of 
the prostate PET probe, and will contribute to this project with the materials necessary to build several probe prototypes. 
For example, four already acquired SensL SiPM array modules will be offered to this project and also several LYSO 
scintillation arrays with different surface treatments. We will make use of already existing Detector Group’s FPGA based 
data acquisition system to develop and validate the prototype coincidence probe system. While waiting for delivery of the 
panel imager components (up to 6 months) we will be optimizing the PET probe function and its mechanical/electronic 
design and testing its operation with the positioning system. Once the panel detector is available, we will perform a series 
of coincidence studies using sources as well as realistic phantoms with a “prostate” and PET probe inside a torso 

phantom, defining efficiency and spatial resolution of the probe-panel system. Breast cancer surgeon Dr. Hannah Hazard 

from West Virginia University and urologist and prostate surgeon Dr. Daniel Theodorescu from University of Virginia 

Medical School will provide clinically relevant input to our project. We will discuss our plans with these medical 

professionals at the beginning of our project, to assure high level of practical relevance of even our prototype 

instruments. 

 

G. Leveraged Support and Commercialization Potential 
The leveraged support anticipated for this project would come from the Jefferson Lab, from WVU and from the UVa. 
Jefferson Lab would contribute ~$30K for JLab staff: Weisenberger 5%, Stolin 10%, McKisson 5%, TBN Eng/Tech. 
10%. WVa would contribute ~$30K staff Majewski 5% and materials and UVa would contribute ~$17,000 for UVa Staff: 
Williams 5% effort, and Tracey Krupski, MD 5% effort. The prototype development described here could lead to a 
marketable device for surgeons particularly since a patent application has already been filed. As was the case for breast 
cancer detection specific devices targeting prostate cancer could prove to be very marketable. 
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August 10, 2009 g

Drew Weisenberger, PhD
Jefferson Lab
12000 Jefferson Avenue

Newport News, VA 23606

Dear Dr. Weisenbeger:

I am writing this letter in support of your project to develop a hand-held PET imaging
system for intraoperative guidance for the resection of primary breast tumors.

Currently, breast conservation surgery includes the resection of the primary tumor

followed by radiation therapy. Instrumental in the resection is achieving negative
margins prior to proceeding on to radiation therapy. At this point, there are a variety of
methods to analyze adequacy of the margins at the time of the surgical operation. These
include but are not limited to intraoperative ultrasound, specimen radiograph and frozen
section analysis of the specimen. Unfortunately, these have significant limitations and
despite these attempts, women may have to retum to the operatingroom for further
surgery weeks from their first operative intervention. The hand held PET imager would
assist in assessin

g 

the location of the ttmior as well as any function tumor left within the

lumpectomy bed thereby guiding the surgeon to further the margin of resection while in
the operating room. Tlieygoal would bevto remove just the tunior and

tissue around the tumor — maximizing the cancer resection while
distortion of the residual breast. -

a rim of normal
minimizing the

I look forward to providing clinical relevant input when possible to help develop a hand-

held system that will facilitate even move precise removal of the primary breast tumor

while minimizing the cosmetic affect on the remaining breast.

Please feel Hee to call if any additional information might be of assistance.
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Status of JSA Initiative Fund Project FY2009: Handheld Gamma Camera for Cancer Surgery: 

!Summary: In nuclear medicine, biomarkers used to indicate the presence of cancer are labeled with radioactive isotopes 
and are called radiopharmaceuticals. Typically the method used to detect and image these biomarkers in the patient uses 
large “gamma cameras” which scan the whole patient’s body. Recently smaller “application specific” gamma cameras 
have been devised. Jefferson Lab (JLab) detector technology has been used to develop such application specific gamma 
cameras to help in the diagnosis and treatment of breast cancer. In addition, clinicians would greatly benefit from the 
availability of compact handheld gamma cameras that could be used to assist surgery involving the excision of lymph 
nodes associated with cancers, for example in melanoma and in breast cancer. The condition (“involvement”) of lymph 
nodes, which are a part of the lymphatic system, is used for cancer staging. For example, lymph node metastasis is a strong 
predictor of melanoma-associated mortality. However, the false negative rate for sentinel lymph node biopsy has been 
reported as high as 24%. Critical to the good patient outcome is a procedure that involves the surgical excision of lymph 

nodes implicated in cancer spread. The procedure, called lymphoscintigraphy, is 
providing visualization of lymph drainage patterns by using radioactively labeled 
biomarkers. Using a new, low weight, compact imaging technology capable of 
replacing bulky photomultiplier tubes used in standard clinical gamma cameras, 
JLab in collaboration with S. Majewski at West Virginia University (WVU) and M. 
Williams at the University of Virginia (UVa) has built a mobile gantry-mounted 

gamma camera and used it in surgery. We are using JSA Initiative Fund FY 2009 funds to design and assemble a novel 
compact handheld gamma camera light enough so the surgeon 
can use it to better position the camera to trace the lymph 
nodes. The handheld detector is being built based on 

lightweight silicon photomultipliers (SiPMs). SiPMs are a new type of photon counting device 
utilizing an array of tiny avalanche photodiode pixels operated in Geiger mode. We built and tested 

the operation of a JLab prototype device made of the 3x3mm2 elements (Hamamatsu MPPC with 50 
micron microcell size) in a 4x4 array with a 5mm pitch. In further consultation with the surgeons 
using the JLab gantry mounted device we have designed a light >8 cm total diameter 
device. The handheld device is to be built from 80 Hamamatsu MPPC SiPMs arranged to 
make a 5 cm diameter active surface device. 
Status: We obtained funds to start the project in December 2008. In January Hamamatsu 
model S10931-050P(X) SiPMs were ordered and in May we obtained the SiPMs. From the 

supplied specifications on each device provided 
from Hamamatsu we were able to design and test 
prototype circuits with the appropriate gain 

balancing circuitry. WVU ordered the construction of the 
MPPC printed circuit board in May and they will be finished 

by August 30. Based on experience with the JLab prototype the UVa partner designed a 
collimator. The compact 5.5mm thick parallel hole collimator and housing assembly for 
the gamma camera are being ordered as last part of the package from MikroSystems, Inc., 
Charlottesville, VA. It will be made of a tungsten-polymer composite material and have an active diameter of 60 mm with 
an overall collimator diameter of 75 mm and a housing outer diameter of approximately 80 mm. In addition, a second 
identical collimator will be made such that it can be stacked on the first, precisely aligned with it. The addition of the 
second collimator layer will improve the spatial resolution by ~2, but will decrease the efficiency by a factor of ~5. The 
second layer will be used where high spatial resolution is required and longer image acquisition times are acceptable. The 
scintillator to be used is a bright 6 mm thick LaBr3 scintillator plate, 5 cm in diameter. 
Synergy Between FY09 & FY10 Efforts to Improve Cancer Detection and Treatment: Both the JLab FY09 and the FY10 
efforts respond to the need for small nuclear medicine imaging devices in the operating room to assist with surgery and 
biopsies. The FY09 effort focuses on the use of single photon emitters such as Tc99m that has wide use for mapping 
lymph node involvement in cancer as well as in primary cancer detection. PET isotopes are also used for cancer detection 
and are often used as the basis of new procedures based on new molecular markers when high sensitivity is key. This is the 
case for prostate cancer research and the FY10 effort. Both efforts use the new photon detectors and the combined 
experience residing in JLab; and the WVU and UVa medical centers. We also helped organize a special international 
symposium this fall titled: “8th Topical Workshop on Intraoperative Imaging of Radioisotopes.” 
(http://indico.cern.ch/internalPage.py?pageId=0&confId=63951). This multidisciplinary meeting provides a unique forum 
to advance the technology related to our JSA surgical assistance projects. JLab Physics Division is providing $2500 of 
sponsorship support. 

Left: Imaging lymph nodes before surgery with 
JLab built gantry mounted gamma camera. Right: 

Imaging during surgery. UVa surgeons Dr. Craig 
Slingluff and Dr. Lynn Dengel. 

JLab prototype imaging 
device using Hamamatsu 

MCCP SiPMs. 

MPPC circuit board under construction. 

Handheld gamma camera. 
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Item Description Amount

* Salary

* Fringe Benefits

     Subtotal Salary & Fringes $0.00

Equipment A) 2" Hamamatsu H8500c PSPMTs (qnty:9) $26,955.00

B) 1" LYSO crystal scintillator arrays (qnty:36) $32,400.00

C) SiPM sensor (qnty 4) $10,260.00

     Subtotal Equipment $69,615.00

Travel

     Subtotal Travel $0.00

Supplies mechanical supplies $2,000.00

electronic supplies $1,500.00

materials for mechanical shells for PMTs and SiPMs $6,000.00

     Subtotal Supplies $9,500.00

Consultants/Subcontracts

electronics board construction $4,500.00

     Subtotal Consultants/Subcontracts $4,500.00

Other Expenses (including * Indirect Costs)

     Subtotal Other Expenses $0.00

Total Budget Proposal $83,615.00

Budget Justification (A) The main components for the panel detector PET are Hammamatsu H8500 flat panel PMTs 

which cost $2995/unit.

(B)The LYSO:Ce scintillator arrays made of 12x12 elements at pitch of 2 mm will be part of the panel detector.A total of  

36 ararys will be used to cover the area of nine 2"PMTs. Each 1" array costs $850.

(C) The Silicon PM sensors from SensL with input stage electronics will make up the handheld probe part of the system 

(two prototypes).

Both mechanical and electrical supplies including wiring will be needed to build the prototype, including shells for PMTs and

 SiPMs.

We will need to pay for electronics board construction for detector preamps

JSA Initiatives Fund Proposal

* Note:  The Initiatives Fund is not intended for salary support or for the payment of indirect costs, and the inclusion of these costs in a proposal 

will be a factor in the evaluation for award.

Attachment B - Budget Proposal

Jefferson Science Associates, LLC 

Thomas Jefferson National Accelerator Facility 

Attachment B: Budget Proposal 




