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“...functional imaging strategies ... have undergone rapid
development and are being explored as molecular imaging
biomarkers for a wide variety of malignancies.”

Medical imaging technology plays a critical
role in the management and care of cancer
patients. Diagnostic imaging is currently
used for screening, diagnosis, staging and
restaging of disease, as well as monitoring
response to therapy. Historically, morpho-
logic imaging strategies, such as computed
tomography (CT), have provided useful
information on size and extent of disease, as
well as tumor size measurements for assessing
response to therapy [1]. More recently, func-
tional imaging strategies, such as combined
PET/CT using '®F-fluorodeoxyglucose
(FDG), have undergone rapid develop-
ment and are being explored as molecular
imaging biomarkers for a wide variety of
malignancies [2-5].

The utility of functional imaging, spe-
cifically F-FDG PET/CT diagnostic
imaging, has been widely demonstrated for
diagnosis, staging and restaging, as well
as monitoring response to therapy for a
variety of cancer types [6]. These advances
have significantly improved the physician’s
ability to determine the most appropriate
therapeutic approach for cancer patients
and may ultimately lead to a reduction
in morbidity to cancer patients by avoid-
ing unnecessary invasive procedures and
pharmacologic therapies that may not be
of real benefit. Despite the rapid growth
of evidence-based medicine surrounding
functional imaging technology, there are
relatively few data describing the utiliza-
tion of functional imaging for guiding real-
time therapy decision-making. For example,
while ®F-FDG PET/CT diagnostic imag-
ing is extensively used for preoperative
planning, we have not seen evidence of this

functional imaging being utilized in a real-
time fashion, within the operating room, for
making critical surgical treatment decisions.
However, we are now beginning to see this
technology utilized in such a fashion.

The primary goal of cancer surgery is
complete resection of all known disease.
Postoperatively, the most frequently asked
question by both patients and their fami-
lies is “Did you get it all?”. If the surgeon
knows that there is tumor left behind in
the patient, then the answer is simply “No”.
Commonly, the honest answer would be
“I think so” or “T hope so”, but less com-
monly can the surgeon definitely answer
“Yes”. Too often, days after the operation
has been performed, the final pathology
report will describe the finding of a positive
margin on the surgically resected specimen.
In many of these cases, it is evident that
the patient underwent an invasive surgical
procedure which may not have provided
maximal benefit. If, however, surgeons had
access to intraoperative real-time informa-
tion regarding the precise location of all
disease and had a real-time assessment of
surgical resection margins, they would be
able to intervene immediately to accomplish
a complete resection without subjecting the
patient to subsequent additional surgical
procedures. In addition to these advantages,
tangible confirmation of complete tumor
resection on the day of surgery would be of
potential psychological benefit to patients
and their families. Therefore, it is impera-
tive to utilize our current medical imaging
technologies and design future imaging
technological approaches for intraoperative
real-time applications.
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While it is well-established that "F-FDG PET/CT diagnostic
imaging is a powerful tool for assisting in the diagnosis as well as in
the staging/restaging and monitoring of therapeutic response for a
variety of solid malignancies, one of its main limitations relates to
the standard practice of utilizing preoperative image acquisition at
the time of the initial evaluation of cancer patients for the surgical
planning of such patients. Such a preoperative image acquisition
approach does not adequately translate into real-time information
that is available within the operating room, biopsy suite or pathol-
ogy department. It is frequently very difficult for the surgeon to
intraoperatively localize ®F-FDG-avid abnormalities that were
previously evident on preoperative images acquired at the time
of the initial work-up. As a consequence, this may result in the
inability to detect occult sites of disease and may lead to incomplete
surgical resection of tumor at the time of definitive cancer surgery.
Furthermore, similar limitations also exist with respect to the local-
ization of suspicious tissue for diagnostic biopsy, as well as to local-
ize malignant cells within a surgically resected specimen or a biopsy
specimen once it has been obtained. All of these limiting variables
may ultimately be responsible for delay in diagnosis, disease pro-
gression or disease recurrence, thus impacting negatively upon long-
term patient outcomes. Thus, providing the operating surgeon,
the physician performing a diagnostic biopsy and the pathologist
access to imaging and metabolic information at the time of their
intervention has great potential to significantly improve overall suc-
cess of the management of these cancer patients and may ultimately
impact positively upon long-term patient outcomes.

Early detection is an important variable in the successful man-
agement of all malignancies. Two confounding factors with regard
to accurately making the correct diagnosis
early on are the potential inaccuracy in tis-
sue sampling technique (i.e., sampling the
correct lymph node or the metabolically
active portion of a heterogeneous tumor)
and, subsequently, the potential sampling
error induced during pathologic evaluation
(i.e., a normal section of a specimen is ana-
lyzed while the tumor cells exist in another
section of the specimen). Incorporation of
radioguided molecular imaging and detec-
tion techniques has the potential for guiding
biopsy localization as well as pathologic tis-
sue sampling, and could ultimately have an -
enormous impact on our ability to diagnose ?‘“’-‘
cancer at an earlier stage than ever before.

For many malignancies, the risk of dis-
ease recurrence remains deceptively high
despite presumption of complete resection y
at the time of initial surgical management.
Therefore, incomplete resection of disease
at the time of surgery may be the main con-
tributor to high recurrence rates and resul-
tant increased mortality. The availability
of intraoperative radioguided molecular
imaging and detection to verify complete

iV

tumor resection and detection of occult disease would be of great
utility in improving the ability of the surgeon to achieve complete
extirpation of tumor at the time of the operative procedure.

Our group at The Ohio State University (OH, USA) has pub-
lished promising preliminary data with ®F-FDG for attempting to
improve the care of cancer patients by utilizing an integrated multi-
modal approach of radioguided molecular imaging and detection
technologies, as applied to colorectal cancer [7], breast cancer (8],
melanoma [9], ovarian cancer [10], lung cancer [11] and thyroid can-
cer [12]. This integrated multimodal approach involves administra-
tion of a radioactive tracer, specifically ¥F-FDG, prior to the surgi-
cal procedure. Perioperative "*F-FDG PET/CT diagnostic imaging
is generally performed just prior to the surgical procedure and then
again after the surgical resection, based on the same *F-FDG dose
administered prior to surgery (Ficure 1). Intraoperatively, detec-
tion and resection of "F-FDG-avid tissue is guided by a handheld
y-detection probe. The utilization of the intraoperative y-detection
probe in radioimmunoguided surgery has been previously and
extensively investigated with the non-positron emitting radiophar-
maceutical "I for a variety of malignancies, including colorectal,
gastric, ovarian and breast [13-16]. More recently, positron emitting
radiopharmaceuticals, such as '*‘ in radioimmunoguided surgery
for renal cell cancer [17] and *F-FDG in "*F-FDG-directed surgery
for colorectal cancer, breast cancer, melanoma, ovarian cancer,
lung cancer and thyroid cancer have been investigated [7-12]. The
safety of these ¥F-FDG-directed surgical procedures, with respect
to occupational radiation exposure to all involved intraoperative
and perioperative personnel, has been well characterized by our
group at The Ohio State University [15].
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Figure 1. (A) Preoperative '8F-fluorodeoxyglucose (FDG) PET/CT maximum intensity
projection and (B) cross sectional fused '®F-FDG PET/CT images of a colorectal cancer
patient demonstrating a solitary hypermetabolic focus in the sigmoid colon. (C)
Postoperative ®F-FDG PET/CT maximum intensity projection of the lower abdomen and
pelvis demonstrates no evidence of hypermetabolism in the region of the previously
resected sigmoid mass.
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Figure 2. (A) Digital photograph of a resected sigmoid colon specimen with magnified region of interest. Suture placed at suspected
tumor site based on intraoperative palpation and y-probe detection. (B) Fused '®F-fluorodeoxyglucose PET/CT image of the resected
sigmoid colon specimen. (€) Micro-PET/CT image of the specimen illustrates intense hypermetabolic activity at the tumor site and with

only diffuse tracer uptake in the surrounding normal colon tissue.

The comprehensive approach employed in our investigations
is novel and unique, and addresses many of the specific limita-
tions that are encountered with the current management of cancer
patients, including:

¢ The limited ability of imaging procedures to detect microscopic
metastatic disease;

* The limited ability to accurately sample tissue identified by
molecular imaging techniques (which may be morphologically
normal);

¢ The inaccurate correlation of preoperative imaging findings with
the actual anatomy of the patient within the operating room;

¢ The limited ability of the surgeon to localize tumor and meta-
static deposits intraoperatively based on the preoperative evalu-
ation and imaging;

* The lack of intraoperative real-time verification of complete
resection of disease;

* The inaccurate and noncomprehensive assessment of tumor
margins in real-time during the operative procedure.

The potential benefits of exploring and integrating these func-
tional imaging approaches include the ability to address the
logistical difficulties of completely and comprehensively evaluat-
ing a surgical resection specimen for evidence of tumor based
on limited time and resources, as well as overcoming potential

sampling error issues based on restrictions in the ability to evalu-
ate only a limited portion of the entire submitted surgical resec-
tion specimen. Resolving these issues may lead to more accurate
intraoperative real-time assessment of surgical resection margins,
especially when the final pathology report can take days to be
completed. Developing these innovative and integrated multi-
modal approaches for radioguided molecular imaging and detec-
tion, and for surgical resection specimen evaluation in a real-time
environment may ultimately revolutionize diagnosis, operative
management and pathologic evaluation involved in the treatment
of cancer patients. Such integrated radioguided molecular imag-
ing and detection techniques could improve complete response
rates and prolong disease-free survival for a wide variety of malig-
nancies. The downstream effects of this could translate into better
quality of life and significant reduction in the costs associated
with the healthcare of cancer patients. Molecular imaging guid-
ance allows for more directed pathological evaluation of tissue
specimens and could improve the accuracy of appropriate tissue
sampling in patients with known or suspected malignancies. This
technology requires development of detection devices that would
work in conjunction with biopsy instrumentation. Development
and implementation of this technology would improve the ability
to sample the most appropriate lymph nodes, as well as sample
the most appropriate portions of soft tissue masses that have the
highest likelihood of containing tumor cells versus other portions
that may only contain necrotic tissue.
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Figure 3. (A) Digital photograph of cut section of a portion of a resected liver tumor after
preoperative injection of '®F-fluorodeoxyglucose. (B) Corresponding PET imaging of the
same portion of the resected liver tumor, with dark spot representing resected liver tumor
and surrounding lighter area representing normal liver tissue. Digital photograph (C), PET
image (D), CT image (E) and fused PET/CT image (F) of the same portion of the resected
liver tumor after it was divided into multiple small pieces. The metabolic activity quantified

in the specimen pieces correlates well with the tumor burden.

Molecular imaging of surgical specimens provides another
unique opportunity for the utilization of state-of-the-art imaging
technology to improve the treatment of cancer patients. Assessment
of surgical resection specimens with radioguided molecular imag-
ing and detection techniques, in both a perioperative and intra-
operative fashion, will complement the patient imaging techniques
described previously, as well as provide new mechanisms for assist-
ing the pathologist in performing directed pathology for the most
accurate sampling and evaluation of these surgical resection speci-
mens. Such surgical specimens, removed from the patient by the
standard surgical procedures, can be imaged with PET/CT (either
by a standard clinical scanner unit or by a micro-PET/CT scanner
unit). These microimaging systems have the potential for being
easily transported into the operating arena, allowing for the pos-
sibility of surgical resection specimen scanning in the operating
room at the time of resection. This concept of specimen scan-
ning would allow for immediate evaluation of the entire surgical
resection specimen. Such a technique, as illustrated by Ficure 2,
would allow for complete evaluation of the surgical resection mar-
gins before the operative procedure is completed, and potentially
overcome some of the limitations of the current standard frozen
section analysis for evaluating the surgical resection margins at
the time of surgery. The benefits of utilizing molecular imaging

technology to evaluate surgical resection
specimens includes assessment of the suc-
cess of the surgical procedure by verify-
ing tumor resection and negative surgical
margins, assisting pathology in accurate
sampling of surgical specimens to increase
sensitivity and accuracy for locating tumor
cells within a specimen and assessing tumor
margins, and potentially assisting pathol-
ogy in evaluation of lymph nodes resected
during surgery by identifying lymph nodes
that have the highest probability of contain-
ing tumor cells. An example of the imaging
schema for the assessment of the surgical
resection margin for a resected liver tumor
specimen is shown in Ficure 3.

The integration of molecular imaging
and intraoperative radioguided detection
into a multimodal technologic approach
has the potential to significantly improve
and revolutionize the practice of surgical
oncology for the care of cancer patients.
BE-FDG PET/CT imaging has demon-
strated significant promise in assisting the
surgeon for intraoperatively localizing and
completely resecting primary and recur-
rent tumors, as well as occult disease. If
medical imaging technology is further
advanced with the development of intra-
operative imaging devices for imaging both
the patient as well as the resected surgical
specimens, then postresectional intraopera-
tive imaging could provide immediate information to the surgeon
regarding any tumor that may remain within the patient and will
provide the opportunity for immediate and further surgical inter-
vention and complete resection of disease prior to the patient leav-
ing the operating room. This intraoperative real-time feedback
will improve the ability of the surgeon to accomplish complete
surgical extirpation of disease at the initial time of definitive can-
cer surgery. Therefore, it is clear that the further development of
medical imaging technology and detection strategies that can be
integrated in the operating room environment, as well as develop-
ment of more cancer-specific radioactive tracers, will have a great
potential for significantly improving the sensitivity for detecting
and resecting primary/recurrent tumors and identifying occult
metastatic disease and may ultimately translate into better care
and improved outcomes for cancer patients.
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