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   Foreword   

 My own journey into radioguided surgery began in the late 1970s. Two prin-
ciples were the basis for further developing this technology. First, surgery 
should be based upon more science and less emotion. Second, it is not what 
is removed at the time of cancer surgery that is important, but it is what is left 
behind (residual cancer) that is most impactful. Based upon these two prin-
ciples, I have spent the past 40 years attempting to improve surgical out-
comes. Therefore, it is most apropos that Chapter   1     of this book succinctly 
professes “radioguided surgery provides the surgeon with critical and real-
time information regarding the exact location of disease and the overall extent 
of disease burden, as well as allowing the surgeon to minimize the degree of 
surgical invasiveness associated with many commonplace diagnostic and 
therapeutic surgical procedures, while still maintaining maximum treatment-
directed benefi ts to the patient.” 

 Radioguided surgery requires a signifi cant amount of technology for its 
implementation. Surgeons and nuclear medicine physicians should have 
knowledge and expertise relevant to this technology that extends beyond 
standard training. Likewise, nuclear medicine technologists, operating room 
personnel, and pathologists should be very familiar with this technology. 
Therefore, appropriate resources are needed that adequately describe all 
aspects of radioguided surgery. This book fully addresses all of the basic 
principles of radioguided surgery and provides a comprehensive overview of 
the technical details of various radioguided surgical procedures for a variety 
of malignancies. As a resource, this book is invaluable. 

 This book includes 29 chapters written and edited by well-known experts 
in the fi eld of radioguided surgery. Chapter   2     provides essential knowledge 
for understanding the basic principles of radiodetection. The terminology and 
explanations target a wide array of audiences. The contents of this chapter 
should prove intelligible and understandable. 

 Complete resection of all tumor-containing tissues is critical for the best 
survival potential for cancer patients. During radioguided surgery, radiode-
tection with handheld gamma detection probes can provide the surgeon with 
real-time information regarding the location of the target lesions and helps 
confi rm accurate lesion resection. With limitations to handheld gamma detec-
tion probes, intraoperative gamma cameras have been designed to further 
facilitate radioguided surgery. These gamma camera imaging systems must 
meet several requirements to be employed in the operating room: (1) a por-
table and mobile design, (2) no delay between image acquisition and display, 
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and (3) the possibility for continuous monitoring, spatial orientation on 
screen, real-time quantifi cation, and display of radioactive count data. Such 
systems should also have an adequate spatial resolution, sensitivity, and fi eld 
of view. Chapter   3     provides an in-depth description of this technology. 

 The proper use and handling of radioactive substances for radioguided 
surgery requires adherence to strict principles of radiation safety in order to 
limit the risk to patients and staff, including those in the nuclear medicine 
department, the operating room, and the pathology department. The knowl-
edge of proper disposal of radioactive waste is of utmost importance. Chapter 
  6     stresses the importance of all these principles. 

 The histologic status of the axillary lymph nodes remains one of the most 
important prognostic indicators in breast cancer and impacts recommenda-
tions for adjuvant therapies. Axillary lymph node dissection, once considered 
the standard of care for diagnostic axillary staging in all breast cancer patients, 
has been largely replaced by sentinel lymph node biopsy in patients with a 
clinically negative axilla and in a select group of patients with node-positive 
breast cancer. This has reduced the extensive morbidity of full axillary lymph 
node dissection. Chapter   7     reviews the lymphatic drainage patterns of the 
breast, the technical aspects of sentinel lymph node biopsy (with particular 
attention to the radioguided surgical aspects), and the clinical implications of 
the fi ndings. The development of radioguided sentinel lymph node biopsy is 
truly one of the greatest success stories in contemporary surgical oncology. 

 The role of surgery in the treatment of cancer has not changed appreciably 
over the past 100 years. With cancer being the second leading cause of death, 
it is clear that there is a need for a more scientifi c approach to the removal of 
cancer. Updated technology in the operating room is needed to enhance the 
surgeon’s ability to identify the extent of disease and perform a more com-
plete resection of the cancer. Staging and grading of malignant disease plays 
a signifi cant role in determining prognosis. Chapter   24     nicely describes the 
history of radioimmunoguided surgery and its invaluable role in improving 
the ability to accurately stage tumors. Hopefully, as we continue to learn how 
to better integrate this technology into future radioguided surgical approaches, 
it will become a more recognizable method for improving our ability to fore-
cast prognosis. 

 As discussed in this book, fully integrated whole body preoperative 
nuclear medicine imaging and intraoperative radioguided detection of a 
radiotracer (using a single injection dose) is the most effective way to per-
form radioguided surgery. This allows the nuclear medicine physician and 
surgeon to jointly generate a virtual navigation roadmap regarding the loca-
tion of the expected and unexpected lesions, including locations of distant 
metastatic disease. The navigation concept can provide the operating special-
ist with information regarding the location and margins of target lesions dur-
ing surgery and as such can help improve the accuracy of the surgical 
procedure. This enhanced radioguided surgery technology has the potential 
to signifi cantly impact upon the success of cancer operations and improve 
long-term survival for our patients. 
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 It is very evident that radioguided surgery has a long history dating back 
to the late 1940s, with signifi cant groundbreaking contributions from many 
individuals. Therefore, the collective expectations of this book are to show 
exactly how the wide variety of current applications and future innovative 
directions of radioguided surgery can impact all disciplines within the clini-
cal practice of surgery. Clearly, the co-editors of this book, Prof. Ken 
Herrmann, Prof. Omgo E. Nieweg, and Dr. Stephen P. Povoski, have fully 
met these expectations. As radioguided surgery moves forward through the 
twenty-fi rst century, we envision further growth of its current technological 
platforms along with the development of other innovative methods. 

 Edward W. Martin Jr. 
 Division of Surgical Oncology,   Department of Surgery 

 Arthur G. James Cancer Hospital and Richard J. Solove Research 
Institute and Comprehensive Cancer Center 

 The Ohio State University 
 Columbus,   USA  

Foreword



 



xi

 Radioguided surgery, a concept dating back to the late 1940s, is simply a surgi-
cal procedure which incorporates the use of some sort of radiation detection 
device, in a real-time fashion, for the identifi cation of a radioisotope that has 
been administered to a patient prior to the time of attempted detection and for the 
sole purpose of guiding the successful performance of the surgical procedure. Its 
successful undertaking requires a collaborative interplay of the disciplines of 
surgery and nuclear medicine, and its clinical application has dramatically 
impacted upon our current surgical management of cancer patients. 

 The purpose of this book is to provide the readership (including surgeons, 
surgical technologists, nuclear medicine physicians, nuclear medicine tech-
nologists, and various trainees) with a comprehensive overview of the state- 
of- the-art practice of radioguided surgery. This includes chapters devoted to 
discussing the basic physics principles for detection and imaging, radiation 
detection device technology, principles of surgical navigation, radionuclides 
and radiopharmaceuticals, and radiation safety. Likewise, this includes chap-
ters devoted to discussing a wide range of clinical applications of radioguided 
surgery for a variety of malignancies, including breast cancer, melanoma and 
other cutaneous malignancies, gynecologic malignancies, head and neck 
malignancies, thyroid cancer, urologic malignancies, colon cancer, gastro-
esophageal cancer, lung cancer, bone tumors, parathyroid adenomas, and 
neuroendocrine tumors. The editors have enlisted the talents of over 65 
authors, each considered an expert in his or her own fi eld. For each clinical 
application, the recommended methodological approaches are discussed, and 
the available cumulative clinical experiences of investigators from across the 
globe are reviewed. A conscious effort is made to bring forth and highlight 
recent developments and innovative approaches within each clinical area. 
Interesting cases and novel approaches are further highlighted by the presen-
tation of a series of selected case reports at the end of the book. 

 It is our hopes that the information provided in this book will allow sur-
geons and nuclear medicine physicians alike to gain a broad-based under-
standing of the basic yet essential procedural skills and clinical acumens that 
are necessary for incorporating radioguided surgery technologies into the 
care of their cancer patients.  

    Würzburg ,  Germany      Ken     Herrmann    
   North Sydney ,  NSW ,  Australia      Omgo     E.     Nieweg     
   Columbus ,  OH ,  USA      Stephen     P.     Povoski       

  Pref ace   
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      The History of Radioguided 
Surgery: Early Historical 
Milestones and the Development 
of Later Innovative Clinical 
Applications                     

     Stephen     P.     Povoski     

     Abstract  

  Radioguided surgery involves utilizing a 
 radiation detection device within the operating 
room in a real-time fashion to identify a radio-
isotope that has been administered to a patient 
prior to the time of attempted detection and 
for the sole purpose of guiding the successful 
performance of the surgical procedure. Since 
its fi rst description in the late 1940s, radiogu-
ided surgery has expanded tremendously and 
has become a well-established discipline 
within the practice of surgery. It has been 
investigated and applied to the surgical man-
agement of numerous solid malignancies and 
has most signifi cantly impacted upon the sur-
gical management of breast cancer,  melanoma, 
and parathyroid disease. Radioguided surgery 
provides the surgeon with critical and real-
time information regarding the exact location 
of the disease and the overall extent of disease 
burden, as well as allows the surgeon to mini-
mize the degree of surgical invasiveness asso-
ciated with many commonplace diagnostic 
and therapeutic surgical procedures, while 
still maintaining maximum treatment-directed 
benefi ts to the patient. As we move forward 
through the twenty-fi rst century, we envision 
further growth of the current technological 
platforms of radioguided surgery, with a con-
tinued emphasis upon promoting integration 
of handheld radiation detection devices and 
advanced nuclear medicine molecular  imaging 
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for guiding and optimizing the intraoperative 
detection and resection of conditions affecting 
both cancer and noncancer patients.  

1.1         Overview: Conceptualization 
and Realization 
of Radioguided Surgery 

 Radioguided surgery is simply the general con-
cept of utilizing a radiation detection device 
within the operating room in a real-time fashion 
to identify a radioisotope that has been adminis-
tered to a patient prior to the time of attempted 
detection and for the sole purpose of guiding the 
successful performance of the surgical proce-
dure. Since its fi rst description in the late 1940s, 
the use of radioguided surgery has expanded tre-
mendously and has evolved into a well- 
established discipline within the practice of 
surgery [ 1 ]. Its use has been investigated and 
applied to the surgical management of numerous 
solid malignancies and has most signifi cantly 
revolutionized the surgical management of breast 
cancer, melanoma, and parathyroid disease. 
Radioguided surgery has proven impactful on 
many levels in the surgical management of vari-
ous disease entities and has most signifi cantly 
contributed to providing the surgeon with critical 
and real-time information regarding the exact 
location of the disease and the overall extent of 
disease burden. Furthermore, radioguided sur-
gery allows the surgeon to minimize the degree 
of surgical invasiveness associated with many 
commonplace diagnostic and therapeutic surgical 
procedures, while still maintaining maximum 
treatment-directed benefi ts to the patient.  

1.2     The Early Years: Historical 
Milestones in Radioguided 
Surgery 

 The fi rst reported description in the literature of uti-
lizing a radiation detection device within the oper-
ating room to identify a radioisotope administered 
to a patient dates back to 1949 and comprises the 
work performed by Bertram Selverstone and 

his colleagues from Massachusetts General 
Hospital and Harvard Medical School (Boston, 
Massachusetts, USA) [ 1 – 3 ]. The radiation detec-
tion device utilized in this fi rst reported description 
of radioguided surgery [ 2 ,  3 ] was a Geiger-Müller 
counter, a device that non- discriminately detects 
ionizing radiation, including alpha, beta, and 
gamma radiation, and for which the development 
of this practical electron counting tube (i.e., Geiger-
Müller tube) was fi rst realized in 1928 by Hans 
Geiger and Walther Müller at the University of 
Kiel (Kiel, Germany) [ 4 ]. 

 In their initial published reports, Selverstone 
et al. [ 1 – 3 ] from Massachusetts General Hospital 
and Harvard Medical School (Boston, 
Massachusetts, USA) utilized a portable hand-
held gas-fi lled Geiger-Müller counter device to 
intraoperatively detect ionizing radiation during 
brain tumor surgery emitted from phosphorus-32 
( 32 P), a pure beta-emitting radionuclide with a 
physical half-life of 14.3 days. The characteristic 
constraining feature of beta emissions, such as 
those from  32 P, is their ability to only travel a few 
millimeters within biologic tissues. In their 
cumulative reported experience, Selverstone 
et al. [ 3 ] described a series of 33 patients with 
suspected brain tumors (as determined preopera-
tively by neurologic examination, electroenceph-
alography, and ventriculography) that were 
intravenously injected with 0.95–4.2 millicuries 
(35.2–155.4 megabecquerels) of  32 P in a buffered 
sodium phosphate solution at a time interval of 
1.8–186.8 h prior to the surgical procedure. They 
utilized a prototype sterilizable handheld argon- 
ethyl acetate gas-fi lled Geiger-Müller counter 
device (possessing a 2 or 3 mm diameter cannula- 
like shaft containing the radiation-sensitive por-
tion of the device for more easily penetrating the 
brain tissue) which was connected to either a pre-
amplifi er and a standard binary scaling unit or an 
analog-display counter ratemeter located outside 
of the sterile surgical fi eld. At surgery, after the 
appropriate area of the cerebral cortex was 
exposed by way of a craniotomy, the cannula-like 
shaft of the handheld Geiger-Müller counter 
device was then placed on the surface of the brain 
in the area of the suspected brain tumor and 
advanced at successive 1 cm increments beneath 
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the surface, to a maximum depth of up to approx-
imately 6 cm, with count data (corrected counts 
per minute) taken at the location. A similar pro-
cess for count data collection was performed on 
an area of presumed normal brain tissue away 
from the location of the suspected brain tumor. In 
selected cases, following successful location of 
the brain tumor, attempts were made to demar-
cate its tumor boundaries using the Geiger-Müller 
counter. Of 33 evaluated patients, 28 brain tumors 
(including 14 glioblastomas, 4 astrocytomas, 3 
unclassifi ed gliomas, 2 metastatic carcinomas, 1 
medulloblastoma, 1 astroblastoma, 1 oligoden-
droglioma, 1 ependymoma, and 1 angiosarcoma) 
were localized using the handheld Geiger-Müller 
counter device, of which 23 brain tumors were 
located beneath the surface of the brain. In 12 
patients, the handheld Geiger-Müller counter 
device was used to attempt to demarcate the 
tumor boundaries in order to facilitate total extir-
pation of tumor. In four patients, tumor was not 
localized by means of the handheld Geiger- 
Müller counter device, including two false- 
negative results that were attributed to the 
inability to correctly place the handheld Geiger- 
Müller counter device in close proximity to the 
tumor, one patient with diffuse infi ltration of the 
entire cerebral hemisphere with tumor that pre-
cluded distinguishing it from normal adjacent tis-
sue, and one patient in which no tumor was 
correctly identifi ed. 

 Shortly thereafter in 1950–1951, Selverstone 
and his colleagues from Massachusetts General 
Hospital and Harvard Medical School (Boston, 
Massachusetts, USA) [ 5 – 7 ] also applied this 
technique of radioguided brain mapping during 
brain tumor surgery not only to  32 P in 114 pre-
sumed brain tumor patients but also to potassium-
 42 ( 42 K) in 36 presumed brain tumor patients. 
The radionuclide  42 K has a physical half-life of 
12.4 h, and its emission profi le was described by 
Selverstone et al. [ 6 ] as including “more ener-
getic beta particles” that could “theoretically be 
detected at distances of up to 1.8 cm through the 
brain,” as well as gamma emissions that were 
relatively ineffi cient in being counted by their 
handheld Geiger-Müller counter device. Sweet 
[ 7 ], who noted that  42 K not only had a propensity 

to accumulate in brain tumors but also avidly 
accumulated in the muscle surrounding the cal-
varium, emphasized that the gamma emission 
capabilities of  42 K “permits external localization 
through the intact skull in many cases.” 

 It was then not until 1956, when C. Craig 
Harris and his colleagues at the Oak Ridge 
National Laboratory and Oak Ridge Institute of 
Nuclear Studies Medical Hospital (Oak Ridge, 
Tennessee, USA) reported the fi rst description in 
the literature of radioguided surgery utilizing a 
gamma scintillation detection device, and, most 
specifi cally, a portable handheld gamma detec-
tion probe system, with the specifi c application 
of the identifi cation of thyroid tissue [ 1 ,  8 ]. This 
system described by Harris et al. [ 8 ] consisted of 
a handheld gamma detection probe, utilizing a 
thallium-activated cesium iodide (CsI(TI)) scin-
tillation crystal. There were two separate nickel 
probe head confi gurations which were designed 
with platinum collimation, including one probe 
head measuring 1/4 in. in diameter and 3 5/8 in. 
in length and containing a CsI(TI) scintillation 
crystal of 0.22 in. in diameter and 3/8 in. in length 
and another probe head measuring 1/8 in. in 
diameter and 3 1/2 in. in length and containing a 
CsI(TI) scintillation crystal of 0.10 in. in diame-
ter and 1/4 in. in length. These two probe head 
designs were mounted to a handheld 
photomultiplier- preamplifi er and connected by a 
coaxial cable to a metal box unit containing the 
power supply, an analog-display counter rateme-
ter, and speaker/volume control to elicit an audi-
ble signal (i.e., “howler”). In their published 
report, Harris et al. [ 8 ] described the evaluation 
of a patient with a history of thyroid cancer who 
had previously undergone a total thyroidectomy 
some 3 years earlier and who had persistent 
iodine uptake in the neck region. The patient was 
intravenously injected with 0.25 millicuries (9.25 
megabecquerels) of iodine-131 ( 131 I), a radionu-
clide gamma emitter with a physical half-life of 
8.04 days, which has a minority of gamma emis-
sions (representing approximately 10 % of its 
energy, with 81 % of gamma emissions being at 
364 keV) and which has a majority of beta emis-
sions (representing approximately 90 % of its 
energy, which travel only up to 2 mm in biologic 
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tissue, and are  responsible for its tissue damage 
effect as a form of radiotherapy). At surgery, 
using this handheld gamma detection probe, they 
were able to localize a discrete solitary area of 
signifi cant radioactivity situated along the left 
side of the trachea, and this allowed for the suc-
cessful identifi cation and successful excision of a 
5 × 5 × 2 mm nodule near the entrance of the left 
recurrent laryngeal nerve that was subsequently 
histologically proven to represent an area of 
residual thyroid tissue. 

 Then, in the late 1950s, the principles of 
radioguided surgery using gamma detection 
devices were fi rst applied in the development of 
techniques for continuous monitoring of sys-
temic leakage during performance of regional 
isolated perfusion for locally advanced and unre-
sectable malignancies [ 1 ,  9 – 12 ]. Early on in the 
development of regional isolated perfusion tech-
nologies, John Stehlin and his colleagues at the 
University of Texas M.D. Anderson Hospital and 
Tumor Institute (Houston, Texas, USA) recog-
nized two important considerations in achieving 
the highest possible dose of chemotherapeutic 
agent for attaining maximum clinical effi cacy 
from regional isolated perfusion [ 9 – 12 ]. These 
considerations were (1) “local tissue tolerance” 
(i.e., the maximum amount of chemotherapy 
agent which normal tissues can tolerate without 
being permanently damaged) and (2) the “leak-
age factor” (i.e., the extent of “cross-circulation” 
between the isolated circuit of the perfused region 
and the systemic circulation). John Stehlin and 
his colleagues believed that the “leakage factor” 
represented the most serious limitation to achiev-
ing a successful regional isolated perfusion pro-
cedure, and were the fi rst to recognize the 
potential benefi cial utility of radioguided tech-
nologies for monitoring of systemic leakage dur-
ing regional isolated perfusion, and investigated 
radioguided monitoring techniques during 
regional isolated perfusion for locally advanced 
and unresectable malignancies, such as malig-
nant melanoma, sarcoma, squamous cell carci-
noma, basal cell carcinoma, and adenocarcinoma, 
which were confi ned to the extremities, as well as 
a small number of cases which were confi ned to 
the pelvic region and head region. Stehlin et al. 

[ 10 ,  11 ] injected 2–10 microcuries (0.074–0.370 
megabecquerels) of  131 I-labeled human serum 
albumin intravenously into the patient for deter-
mination of a calibration count baseline and 
injected approximately tenfold more  131 I-labeled 
human serum albumin, consisting of 20–100 
microcuries (0.74–3.70 megabecquerels) of 
 131 I-labeled human serum albumin into the arte-
rial line leading from the perfusion pump to the 
isolated perfusate circuit for eventual calculation 
of the percentage systemic leakage factor. For 
monitoring of the systemic leakage during the 
regional isolated perfusion procedure, they uti-
lized a single, small fi eld-of-view scintillation 
crystal detector probe unit with a built-in photo-
multiplier tube and preamplifi er and with 1.25 in. 
thickness of lead side shielding for detection of 
gamma emissions. The single, small fi eld-of- 
view scintillation detector unit was mounted 
overhead on a wheel-based pole tower apparatus 
for easy mobility and positioning during the 
regional isolated perfusion procedure and was 
positioned over the heart for lower extremity 
cases or positioned over the groin for upper 
extremity cases. The single, small fi eld-of-view 
scintillation detector unit was connected by way 
of a 30 ft coaxial cable to an analog-display 
counter ratemeter and a rectilinear pen recorder 
for quantifying and recording the results of the 
systemic leakage of  131 I-labeled human serum 
albumin from the isolated perfusate circuit. 

 Although some 30 years later, the same prin-
ciples of radioguided monitoring of systemic 
leakage during regional isolated perfusion, which 
were fi rst established by John Stehlin [ 10 – 12 ] 
using an overhead-mounted small fi eld-of-view 
scintillation detector unit, were later adapted to 
the use of a handheld semiconductor gamma 
detection system [ 1 ,  13 ]. This system, described 
in 1989 by Sardi et al. [ 13 ] at the Ohio State 
University (Columbus, Ohio, USA), consisted of 
two commercially available handheld gamma 
probes, each consisting of a Neoprobe® 1000 
gamma detection probe (formerly Neoprobe 
Corporation, Dublin, Ohio, USA), which each 
employed a cadmium zinc telluride (CdZnTe) 
semiconductor crystal of 11 mm in diameter and 
15 mm in length. One of the handheld gamma 
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probes was positioned over the precordial area, 
and the other handheld gamma probe was 
 positioned over the distal aspect of the thigh. 
Patients received 0.8 millicuries (29.6 megabec-
querels) of technetium-99 m ( 99m Tc) pentetate 
through the isolated perfusate circulation.  99m Tc 
is a radionuclide gamma emitter with a physical 
half-life of 6.04 h, which has a predominant 
gamma emission at 140 keV. The percentage of 
 99m Tc pentetate leakage was calculated by a 
simultaneous reading of the two gamma detec-
tion probes at 1 min intervals, as well as deter-
mined by the standard method of intermittent 
simultaneous blood sampling from the isolated 
perfusate and systemic circulations at 15 min 
intervals using a gamma well counter. An essen-
tially identical percentage of systemic leakage 
was detected by the minute-by-minute monitor-
ing of the two handheld gamma probe system as 
compared to that determined by the intermittent 
(every 15 min) blood sampling method from the 
isolated perfusate and systemic circulations. 
Nevertheless, the minute-by-minute monitoring 
of the two handheld gamma probe system pro-
vided the surgeon with a more instantaneous and 
real-time indication of any fl uctuations in the per-
centage of systemic leakage than did the inter-
mittent (every 15 min) blood sampling method 
from the isolated perfusate and systemic circula-
tions, thus allowing the surgeon to make more 
immediate intraoperative decision-making dur-
ing regional isolated perfusion procedure.  

1.3     Innovative Clinical 
Applications of Radioguided 
Surgery in the 1980s 

 During most of the 1960s and 1970s, the applica-
tion of radiation detection devices for guiding 
surgical procedures within the operating room 
fell into some level of dormancy. However, start-
ing in the early 1980s, successful clinical appli-
cation of innovative radioguided surgery 
techniques began to develop at a more acceler-
ated rate. This included the development of clini-
cal applications of radioguided surgery directed 
toward the biopsy and resection of suspicious 

bone lesions, the identifi cation of parathyroid tis-
sue, and the  development of antigen-directed 
intraoperative radioimmunodetection for the 
radioguided localization and resection of tumors 
(i.e., radioimmunoguided surgery) [ 1 ]. 

 It was in 1981 that the application of radiogu-
ided surgery was fi rst applied to the biopsy and 
resection of suspicious bone lesions [ 1 ,  14 ,  15 ]. 
At that time, Harvey et al. [ 14 ] at the Presbyterian 
Hospital of Dallas (Dallas, Texas, USA) fi rst 
reported the application of a sterilizable proto-
type handheld scintillation gamma detection 
probe for intraoperative radioguided biopsy of 
benign and metastatic bone lesions in four 
patients using an intravenous injection of 2–20 
millicuries (74–740 megabecquerels) of  99m Tc- 
methylene diphosphonate in three cases and 5 
millicuries (185 megabecquerels) of gallium-67 
( 67 Ga) citrate in one case.  67 Ga is a radionuclide 
gamma emitter with a physical half-life of 78.3 h, 
which has predominant gamma emissions at 
93 keV (37.8 % abundance), 184 keV (20.1 % 
abundance), and 300 keV (16.8 % abundance). 
This system consisted of a prototype handheld 
gamma detection probe containing a 0.64 × 
2.54 cm thallium-activated sodium iodide 
(NaI(TI)) scintillation crystal housed in a stain-
less steel housing (16.5 cm in length × 1.5 cm 
diameter) with 2 mm of lead side shielding for 
collimation (formerly Harshaw Chemical 
Company, Solon, Ohio) and which was coupled 
to a 38 mm bialkali (antimony reacted with potas-
sium and cesium) photomultiplier tube 
(Hamamatsu Photonic K.K., Hamamatsu City, 
Shizuoka Prefecture, Japan), via a fl exible fi ber- 
optic cable which was attached to an audible 
count-rate indicator. Additionally, in 1981, 
Ghelman et al. [ 15 ] at the Hospital for Special 
Surgery (New York, New York, USA) also 
reported the application of another prototype 
handheld scintillation gamma detection probe for 
intraoperative radioguided resection of a single 
patient with a benign bone tumor (i.e., osteoid 
osteoma) using an intravenous injection of 15 
millicuries (555 megabecquerels) of  99m Tc- 
methylene diphosphonate. This system consisted 
of a prototype handheld gamma detection probe 
containing a nonspecifi ed thallium-activated 

1 The History of Radioguided Surgery



8

sodium iodide (NaI(TI)) scintillation crystal 
housed in a stainless steel housing (18.2 cm in 
length × 1.6 cm diameter) and enveloped in a 
cylindrical lead shield for collimation measuring 
20.5 cm in length and with an 8 mm distal end 
aperture (formerly Harshaw Chemical Company, 
Solon, Ohio, USA) and which was attached to a 
digital-/analog-display scaler/counter ratemeter 
(Lundlum Measurements, Inc., Sweetwater, 
Texas, USA) for count recording. 

 It was in 1984 that the application of radiogu-
ided surgery was fi rst applied to the identifi cation 
of parathyroid tissue [ 1 ,  16 ]. At that time, Ubhi 
et al. [ 16 ] at Queen’s Medical Centre/University 
Hospital (Nottingham, England, UK) reported the 
application of a sterilizable handheld gamma 
semiconductor gamma detection probe for identi-
fi cation and radioguided resection of an ectopic 
mediastinal parathyroid adenoma within a patient 
undergoing neck exploration with the fi nding of 
two normal left neck parathyroid glands and only 
one normal right neck parathyroid gland after a 
1.6 millicuries (60 megabecquerels) intravenous 
injection using of thallium-201 ( 201 Tl) thallous 
chloride. This system consisted of a handheld 
gamma detection probe containing a cadmium 
telluride (CdTe) semiconductor crystal connected 
to a digital-display counter ratemeter for count 
recording.  201 Tl has a physical half-life of 73.0 h, 
and decays predominantly by electron capture, 
emitting Hg X-rays (in the 70–80 keV range), and 
has gamma photon emission at 167 keV of 10 % 
abundance and at 135 keV of 3 % abundance. 

 However, it was not for another decade until 
further refi nements in radioguided surgical tech-
niques for the identifi cation of parathyroid tissue 
were reported in the literature and thus subse-
quently leading to the adoption of this technol-
ogy for the surgical management of primary 
hyperparathyroidism [ 1 ,  17 ,  18 ]. Specifi cally, in 
1995, Martinez et al. at [ 17 ] the Ohio State 
University (Columbus, Ohio, USA) fi rst reported 
the use of  99m Tc-methoxyisobutylisonitrile 
(MIBI) for the radioguided surgical detection of 
parathyroid gland pathology in three patients. 
The patients were intravenously injected with 
0.4–2.0 millicuries (14.8–74 megabecquerels) of 
 99m Tc- MIBI. Then, approximately 2–6 h after 
 99m Tc-MIBI administration, patients  underwent 

intraoperative radioguided localization of abnor-
mal parathyroid glands using the commercially 
available handheld Neoprobe® 1000 gamma 
detection probe (formerly Neoprobe Corporation, 
Dublin, Ohio). Then, in 1997, Norman and 
Chheda [ 18 ] at the University of South Florida 
(Tampa, Florida, USA) reported on their fi rst 
series of 15 patients undergoing minimally inva-
sive radioguided surgery using  99m Tc-MIBI for 
the surgical management of primary hyperpara-
thyroidism. This report by Norman and Chheda 
[ 18 ] was followed by many other publications by 
the Norman group, and led to the popularization 
and widespread application of minimally inva-
sive radioguided parathyroidectomy using  99m Tc- 
MIBI for the surgical management of primary 
hyperparathyroidism, and which today remains 
an important mainstay in parathyroid surgery. 

 The year 1984 also marked the inauguration 
of the radioguided surgical concept of radioim-
munoguided surgery [ 1 ]. The idea of utilizing 
antibodies directed against cancer-specifi c anti-
gens for intraoperative radioimmunodetection, 
localization, and resection of tumors was pio-
neered at the Ohio State University (Columbus, 
Ohio, USA) by a surgical oncologist, Dr. Edward 
W. Martin, Jr., and a professor emeritus of electri-
cal engineering, Dr. Marlin O. Thurston [ 1 ]. 
Their initial experimental animal model testing 
and human application of intraoperative radioim-
munodetection were fi rst reported in 1984 by 
Aitken et al. [ 1 ,  19 ,  20 ]. In their initial experi-
mental animal model testing, they grow subcuta-
neous tumor implants of CEA-producing human 
colonic adenocarcinoma cells (CX-1) on the 
fl ank in Swiss nude mice and demonstrated the 
feasibility of handheld gamma probe detection of 
 131 I-labeled baboon anti-CEA polyclonal anti-
body within these subcutaneous tumor implants, 
with greater sensitivity of the handheld gamma 
detection probe as compared to gamma camera 
imaging for small tumor implants [ 1 ,  19 ,  20 ]. In 
their fi rst clinical application of intraoperative 
radioimmunodetection, they intravenously 
injected a single patient with rectal carcinoma 
with 1.9 millicuries (70.3 megabecquerels) of 
 131 I-labeled baboon anti-CEA polyclonal 
 antibody at a time of 3 days prior to the planned 
surgical procedure and intraoperatively utilized a 
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prototype handheld gamma detection probe sys-
tem (consisting of a single CdTe semiconductor 
crystal housed within a 16 mm diameter lead col-
limator with a 4 mm aperture, and connected to a 
preamplifi er, and an amplifi er with a digital- 
display counter) for radioactive count recording 
[ 1 ,  20 ]. The prototype handheld gamma detection 
probe intraoperatively detected an increased level 
of the  131 I-labeled baboon anti-CEA polyclonal 
antibody in the rectal tumor as compared to nor-
mal sigmoid colon, ileum, abdominal wall, and 
anal verge. Shortly thereafter in 1985, Martin 
et al. [ 1 ,  21 ] reported the results of the fi rst radio-
immunoguided surgery clinical series involving 
28 patients with primary ( n  = 12) and recurrent 
( n  = 16) colorectal cancer and using the same pro-
totype handheld gamma detection probe system. 
Each patient was intravenously injected with 2.2 
millicuries (81.4 megabecquerels) of  131 I baboon 
anti-CEA polyclonal antibody at approximately 
48–72 h prior to the planned surgical procedure. 
Preoperative whole-body scintillation imaging 
correctly localized tumor in only 33 % of the 
patients with primary colorectal cancer and only 
64 % of patients with recurrent colorectal cancer. 
In contrast, intraoperative radioimmunodetection 
with the prototype handheld gamma detection 
probe was successful in all 28 patients, with a 
mean tumor-to-background ratio of 3.97:1 in pri-
mary lesions and 4.18:1 in recurrent lesions. 
Thereafter, nearly all subsequent radioimmu-
noguided surgery clinical trials conducted at the 
Ohio State University (Columbus, Ohio, USA) 
used various monoclonal antibodies targeted 
against tumor-associated glycoprotein-72 (TAG- 
72), a mucin-like, extracellular antigen overex-
pressed by many adenocarcinomas, which were 
radiolabeled with iodine-125 ( 125 I) [ 1 ].  

1.4     Innovative Clinical 
Applications of Radioguided 
Surgery in the 1990s 

 Beginning in the early 1990s, there was a further 
acceleration in the development of successful 
clinical applications for radioguided surgery. 
This included the development of radioguided 
sentinel lymph node biopsy for melanoma and 

breast  cancer, as well as radioguided lesion local-
ization for the surgical excision of non-palpable 
breast lesions seen on breast imaging [ 1 ]. 

 The generalized concept of a so-called “senti-
nel node” in our modern medical literature was 
fi rst coined by Ernest A. Gould and his colleagues 
from the Washington Hospital Center 
(Washington, DC, USA) in 1960 in their descrip-
tion of a lymph node that was routinely “noted at 
the junction of the anterior and posterior facial 
vein” at the time of surgery for parotid gland can-
cer [ 1 ,  22 ]. In their landmark report, Gould et al. 
[ 22 ] stated “The lymph node that is now used 
routinely for frozen section assay is easily found. 
After the skin incision has been made and the 
fl aps refl ected, the inferior posterior surface of 
the parotid is separated from the anterior margin 
of the sternomastoid muscle. The anterior facial 
vein curves downward and posteriorly at the 
lower edge of the gland to meet the posterior 
facial vein to form the common facial truck. It is 
in the area of the angle formed by the junction of 
these 2 veins that this “sentinel node” is always 
found. It may be removed easily, and the parotid 
dissection may progress during the pathologist’s 
study of the node”. They concluded by remarking 
that “routine excision of this angular node be 
done for frozen section study.” However, it was 
not until almost two decades later in 1977 that the 
“sentinel node” concept reappeared in the mod-
ern medical literature and was more notably 
attributed to the work of Ramón M. Cabañas at 
the National University of Asunción (Asunción, 
Paraguay) in the area of penile squamous cell 
carcinoma [ 1 ,  23 ]. This reappearance of the “sen-
tinel node” concept was based upon the careful 
work and meticulous description of lymphade-
nography of the dorsal lymphatics of the penis 
which was previously published by Manuel 
Riveros, Ramiro Garcia, and Ramón M. Cabañas 
at the same university in 1967 [ 1 ,  24 ]. In his land-
mark report, Cabañas [ 23 ] stated “A 5-cm inci-
sion is made parallel to the inguinal ligament, 
two fi nger-breadths (4.5 cm) lateral and two fi n-
ger-breadths (4.5 cm) distal to the pubic tuber-
cle….. This lies over the greater sapheno-femoral 
junction. By inserting the fi nger under the upper 
fl ap towards the pubic tubercle, the SLN is 
encountered….. The SLN corresponds to the 
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lymph nodes associated with the superfi cial epi-
gastric vein….. The position of the SLN in rela-
tionship to the superfi cial epigastric vein may 
vary but never by a distance greater than 1 cm.” 
Cabañas concluded by remarking that 
“Anatomically, clinically, and pathologically it 
was found that the SLN is the fi rst site of metas-
tasis and may be the only lymph node involved….. 
If SLN biopsies are negative for metastases, no 
further surgical therapy is immediately indi-
cated.” In their landmark reports, the strict defi ni-
tion of the “sentinel node” by both Gould in 1960 
[ 1 ,  22 ] and Cabañas in 1977 [ 1 ,  23 ] was based 
solely upon its proximity to a static, predefi ned 
anatomical landmark (i.e., the angle of the con-
fl uence of the anterior and posterior facial veins, 
as described by Gould, and the superfi cial epigas-
tric vein, as described by Cabañas), and this defi -
nition of the “sentinel node” was not based upon 
actual variations in the pattern of lymphatic 
drainage observed within patients undergoing 
any sort of individualized, real-time, intraopera-
tive lymphatic mapping procedure at the time of 
surgery. 

 The actual concept of intraoperative lymphatic 
mapping for selective identifi cation and removal 
of sentinel lymph nodes at the time of surgery was 
fi rst introduced into the modern medical literature 
in 1992 for melanoma by Donald L. Morton and 
his colleagues at the John Wayne Institute for 
Cancer Treatment and Research (Santa Monica, 
California, USA) using intradermally injected 
vital blue dyes alone in a total of 223 melanoma 
patients [ 25 ]. Sentinel lymph nodes were success-
fully identifi ed in 194 of the 237 lymph node 
basins evaluated. However, it was not until 1 year 
later in 1993 that David N. Krag, James C. Alex, 
and colleagues at the University of Vermont 
(Burlington, Vermont, USA) published the fi rst 
reports of intraoperative radioguided identifi ca-
tion of sentinel lymph nodes in both melanoma 
and breast cancer patients using  99m Tc-sulfur col-
loid and a handheld gamma detection probe [ 26 , 
 27 ]. Alex et al. [ 26 ] reported on ten melanoma 
patients who were intradermally injected with 0.4 
millicuries (14.8 megabecquerels)  99m Tc-sulfur 
colloid in 0.5 milliliters of normal saline, under-
went preoperative lymphoscintigraphy between 

10 min and 150 min after injection, and subse-
quently underwent a sentinel lymph node biopsy 
procedure approximately 2.5–5.0 h after injection 
utilizing a handheld gamma detection probe. The 
handheld gamma detection probe contained a NaI 
scintillation crystal coupled to a photomultiplier 
tube, and both contained within a tungsten-alloyed 
housing and connected to a preamplifi er and a sig-
nal processor with a digital and analog readout for 
radioactive count recording (C-Trak, Care Wise 
Medical Products, Morgan Hill, California, USA). 
Sentinel lymph nodes were successfully identifi ed 
in all ten patients. Krag et al. [ 27 ] reported on 22 
breast cancer patients who were injected with 0.4 
millicuries (14.8  megabecquerels)  99m Tc-sulfur 
colloid in 0.5 milliliters of normal saline into the 
normal breast tissue adjacent to the lesion or the 
biopsy site and subsequently underwent a sentinel 
lymph node biopsy procedure approximately 
1–9 h after injection utilizing the same previously 
described handheld gamma detection probe sys-
tem. Sentinel lymph nodes were successfully 
identifi ed in 18 of the 22 patients injected. It is 
realistic to assert that the introduction of radiogu-
ided sentinel lymph node biopsy to the surgical 
management of melanoma and breast cancer by 
Krag and Alex [ 26 ,  27 ] represents the single most 
impactful advancement that radioguided surgery 
has had on reshaping the surgical management of 
any given disease entity. 

 The concept of radioguided localization of 
non-palpable breast lesions was fi rst introduced 
into the literature in 1996 by Charles E. Cox and 
colleagues from the H. Lee Moffi tt Cancer Center 
and Research Institute (Tampa, Florida, USA) 
[ 28 ]. In their initial case report, Cox et al. [ 28 ] 
described a breast cancer patient intravenously 
injected 1 h prior to surgery with 18 millicuries 
(692 megabecquerels) of  99m Tc-MIBI and subse-
quently performed radioguided excision of the 
breast cancer using a handheld gamma detection 
probe. This initial report laid the groundwork for 
the subsequent development of two variations in 
the technique of radioguided localization and 
excision of non-palpable breast lesions utilizing 
mammographic or ultrasound-guided placement 
of a radionuclides into the region of the non- 
palpable breast lesion. Starting in 1998, Alberto 
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Luini and Umberto Veronesi from the European 
Institute of Oncology (Milan, Italy) reported the 
fi rst series of papers on the radioguided occult 
lesion localization (ROLL) technique, which 
involved an intratumoral injection (using prior- 
day mammographic or ultrasound guidance) of 
0.1 millicuries (3.7 megabecquerels) of  99m Tc- 
colloidal human serum albumin in 0.2–0.3 milli-
liters of normal saline, followed by next day 
radioguided excisional breast biopsy using vari-
ous handheld gamma detection probes [ 29 – 31 ]. 
Their reported cumulative success rate was 
99.5 % among 647 patients [ 31 ]. Similarly, start-
ing in 1999, Emilia L. Dauway, Charles E. Cox, 
and Richard J. Gray from the H. Lee Moffi tt 
Cancer Center and Research Institute (Tampa, 
Florida, USA) reported the fi rst series of papers 
on the radioguided seed localization (RSL) 
 technique, which involved placement of a 0.29 
millicuries (10.7 megabecquerels)  125 I-labeled 
titanium seed (4.5 mm × 0.8 mm in dimension) 
up to 5 days prior to surgery, followed by radiogu-
ided excisional breast biopsy using a handheld 
gamma detection probe [ 32 – 34 ]. Their reported 
cumulative success rate was 100 % among 51 
patients [ 34 ].  

1.5     Concluding Remarks 

 It is very evident that radioguided surgery has a 
long and rich history dating back to the late 
1940s, with signifi cant groundbreaking contri-
butions from many individuals and with far too 
many contributions of signifi cance to even begin 
to be discussed within this introductory chapter 
alone. Therefore, the collective expectations of 
this current textbook are to show exactly how the 
many current applications and future innovative 
directions of radioguided surgery can impact 
upon all discipline within the clinical practice of 
surgery. As we move forward through the 
twenty- fi rst century, we envision further growth 
of the current technological platforms of 
radioguided surgery, with a continued emphasis 
upon promoting integration of handheld radia-
tion detection devices and advanced nuclear 
medicine molecular imaging for guiding and 

optimizing the intraoperative detection and 
resection of conditions affecting both cancer and 
noncancer patients.     
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Abstract

Radioguided surgery requires a significant 
amount of technology for its implementation. 
As a result, surgeons working in this field 
must have a basic know-how that extends 
beyond the standard surgical training and cov-
ers the relevant physics. Within this chapter 
we have tried to synthesize the background 
knowledge needed for a complete understand-
ing of the most important aspects and pro-
cesses. The terminology and the explanations 
target people just starting in the field, and the 
contents should prove readily intelligible as 
long as the complete chapter is read.
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2.1  Radioactivity

Radioactivity is a manifestation of the weak force 
or the weak nuclear force, one of the four funda-
mental physical interactions.1 Radioactivity,2 also 
known as radioactive decay or nuclear decay, is a 
process in which a nucleus of an unstable atom 
(the “parent”) transforms into a more stable one 
(the “daughter”) by releasing energy in the form 
of particles and/or γ rays. The way in which this 
energy is released depends on the internal struc-
ture of the parent nucleus. This structure is under-
stood as the amount of protons and neutrons of 
the nucleus as well as its level of excitation. In 
order to distinguish atoms of the same chemical 
element with a different nuclear structure and 
energy content, reference is commonly made to 
nuclides.

The officially accepted nomenclature for 
nuclides is denoted by the mass number A, i.e., 
the sum of protons and neutrons, using one of the 
following forms:

• Z-A, e.g., In-111, F-18
• AZ, e.g., 68Ga, 123I

Commonly only one level of energy excitation 
of a nucleus exists; however, some atoms may 
have different so-called metastable levels of exci-
tation (levels that are sufficiently stable to be 
detected). In order to refine the nomenclature just 
presented, such nuclides are designated by the 
letter “m” following their mass number A, e.g., 
Tc-99m is a different nuclide from Tc-99 since 
the former has a higher level energy. If there are 
several metastable levels of energy, then an inte-
ger is added to the “m,” i.e., m2, m3, etc.

1 Today’s physics distinguishes four major independent 
interactions: gravitation, electromagnetism, and the two 
nuclear forces (the weak and the strong).
2 The term “radioactivity” derives from Marie Curie [1], 
who discovered this process in radium, which was among 
the first elements to be discovered by her and her husband, 
Pierre, at the turn of the nineteenth century.

In general, nuclides that eventually undergo 
nuclear decay are termed radioactive or, in 
nuclear technology jargon, radionuclides. On the 
other hand, nuclides that do not decay for a sig-
nificant amount of time are termed stable.

A common representation of stable and unsta-
ble nuclides is the mass/atomic number plot 
(Fig. 2.1), where all existing nuclides are plotted 
and marked according to the main decay modes. 
Normally the nuclides with a lower mass number 
than the stable nuclides are β+ emitters, while 
those with a higher mass number than the stable 
nuclides are β− emitters.

2.2  Half-Life

Radioactive decay is a random process, which, as 
such, cannot be predicted or triggered by any 
external condition.3 According to quantum the-
ory, the probability that a single radioactive atom 
will decay follows an exponential law. This 
means that independently of how long a radioac-
tive atom has existed, the likelihood p that it will 
decay within a certain period doubles at constant 
time intervals. One of these intervals is called a 
half-life, denoted T1/2:

 
2 21 2 1 2´ ( ) = ´( )p T p T/ /  

In practice this means that for a given radionu-
clide, the number of radioactive atoms N will 
diminish on average by half within one 
half-life:

 
N T

N
1 2

0

2/( ) = ( )
 

3 As mentioned above, radioactivity is an independent fun-
damental interaction.
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Fig. 2.1 Mass/atomic number plot for the first 15 elements 
of the periodic table. The x-axis shows the atomic number, 
which is the number of protons in the nucleus; the y-axis 

shows the mass number, the sum of protons and neutrons. 
The color indicates the main decay modes of the correspond-
ing nuclide (Table generated using data extracted from [2])
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In general the number of radioactive atoms N(t) at 
a time t, with an amount N (t0) at a time point t0, is 
given by

 
N t N t e N t eT

t
t( ) = ( ) × = ( ) ×

−
−

0

2

0
1 2

ln

/ l

 

The rate of decays per second (λ) of a radioactive 
material is its radioactivity and is characteristic 
for each nuclide. The SI unit used to describe one 
decay per second is a Becquerel,4 Bq. Some 
countries still use the unit Curie,5 Ci and 
1 Ci = 3.7 × 1010 Bq. Common radioactivity val-
ues in radioguided surgery are kBq to MBq or 
μCi to mCi.

2.3  Decay Modes

Depending on the nuclear structure and internal 
energy of a nuclide, different types of radioactive 
decay are likely. The most common or best 
known are α, β, and γ decay; however, these are 
not the only types. The types of decay most rele-
vant to radioguided surgery are explained below.

2.3.1  β+ Decay

β+ decay (Fig. 2.2) is fundamental to the develop-
ment of positron emission tomography (PET) and 
the use of PET nuclides in radioguided surgery. 
Within a β+ decay, a proton p in the nucleus of the 
decaying atom converts into a neutron, emitting a 
positively charged electron e+ (also known as a 
positron or antielectron) and a neutrino ν:

 p n e→ + ++ n  
An example of this decay is F-18, the workhorse 
for PET imaging, which emits a positron in 
96.7 % of cases and converts into a negatively 
charged O-18:

 
18 18F O e® + +- + n  

4 The unit Becquerel honors the discoverer of radioactiv-
ity, Henri Becquerel [1].
5 In honor of Marie and Pierre Curie, pioneers in the 
understanding of radioactivity

Following the law of conservation of energy, the 
energy released in this nuclear decay is divided 
between the positron, the neutrino and the daugh-
ter nuclide. As a result the positron has a continu-
ous spectrum of energy with a fixed maximum 
[3] (Fig. 2.3). In the case of F-18, the maximum 
energy is 633.5 keV.

If the resulting nucleus after the decay is a 
short-lived metastable state, the β+ decay can be 
followed by a prompt (almost immediate) γ decay 
(see below, isomeric transition).

2.3.2  β− Decay

β− decay (Fig. 2.4) is commonly used in nuclear 
medicine for therapy as these particles deposit 
their energy very close to the place where they 
have been emitted. Nevertheless, secondary γ 
rays or bremstrahlung X-rays emitted can be 
used for radioguided surgery, as in the case of 
I-131, a nuclide used for therapy and imaging.

F-18

e+

νO-18

Fig. 2.2 Example of β+ decay: F-18 decays to 97 % in 
O-18 with a half-life of 109.77 min and a β+ maximum 
energy of 633.5 keV (Data from [2])
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Fig. 2.3 Schematic shape of positron emission spectrum 
as a function of the energy of the emitted positron. The 
average energy of a positron is roughly two-thirds of the 
maximum energy
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Similar to β+ decay, where a charged particle 
is expelled from the nucleus, in β− decay an elec-
tron e− is emitted. During this process a neutron n 
transforms into a proton p, an electron e−, and an 
antineutrino n :

 n p e v® + +-

 
In I-131 different energy states are possible, 
resulting in a variety of β− decays, each with a 
different maximum energy. The most frequent 
(89.9 % of all decays) maximum energy is 
606 keV [2]:

 
131 131I Xe e v® + ++ -

 
As in the β+ decay, there is no rule for the distri-
bution of energy between electron, antineutrino, 
and daughter nuclide, resulting in a spectrum 
with a similar bell shape to that in Fig. 2.3.

Also, it is possible for a β− decay to be fol-
lowed by an almost immediate (prompt) γ decay, 
as happens during the β− decay of I-131, when 
several γ rays are emitted, the most relevant being 
at 364 keV.

2.3.3  Electron Capture

A more interesting and complex decay mode is 
the so-called electron capture [4] or inverse β 
decay (Fig. 2.5).

Nuclei like F-18 also may become more stable 
by capturing an electron from the inner orbits and 
making a neutron out of it and a proton. A neu-
trino is also emitted in this case:

 p e n+ ® +- n  

In the case of F-18, 3 % [2] of all decays are elec-
tron captures, which are described by

 
18 18F O® +n  

The drop in energy of the nucleus in this process 
is emitted in the form of γ rays or is passed to an 
electron. In the particular case of F-18, there is 
one γ ray emission at 1.34 MeV.

Electron captures commonly result in addi-
tional radiation, since X-rays or light are also 
frequently emitted. The explanation for this is 
that the missing (captured) electron in the inner 
orbit will then cause higher orbit electrons to fall 
into the lower orbit, emitting characteristic 
X-rays or light (Fig. 2.5). Alternatively the 
energy may be passed to another outer shell elec-
tron, which is then expelled from the atom 
(Auger effect6) [5].

A relevant example of an electron capture in 
radioguided surgery is Co-57, used for the cali-
bration of detectors, as described below:

 
57 57Co Fe® +n  

The decay of Co-57 produces at least three γ rays 
of relevance and a wide spectrum of characteris-
tic X-rays (Table 2.1).

2.3.4  γ Decay

The γ decay provides the foundation for 
single- photon emission computed tomography 
(SPECT).

There are two relevant types of γ emission in 
radioguided surgery. The simplest derives from 
an isomeric transition. In this case, a nucleus in 
an excited state releases energy in the form of γ 
rays but its nuclear structure remains unchanged. 
The excited state is normally denoted by a “*” to 
the right of the element symbol:

 
A AZ Z* ®  

In the particular case when the excited state does 
not generate a prompt emission but rather a 

6 Effect named after Pierre Auger, who in 1923 discovered 
it independently from Lise Meitner, who was the first to 
report on it shortly beforehand in 1922 [5]

I-131

e-

ν
Xe-131

Fig. 2.4 Example of β− decay: I-131 decays to 89.9 % in 
Xe-131 with a half-life of 8.02 days and a β– maximum 
energy of 606 MeV (Data from [2])
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delayed emission, one speaks of a metastable state, 
which is denoted by an “m,” as explained above:

 
Am AZ Z®  

Tc-99m is an example of a pure γ decay produc-
ing several γ rays, the 142-keV γ ray being the 
most relevant.

2.4  Nuclides Used 
in Radioguided Surgery

To close this section, Table 2.2 lists the most rel-
evant nuclides in radioguided surgery.

2.5  Interaction of Radiation 
and Matter

After a radioactive decay, the emitted particles 
interact with matter. These interactions play a rel-
evant role in the way in which the radioactive 

source is detected during the surgical procedure 
and also how and whether the radiation reaches 
the detector. Commonly a distinction is drawn 
between interactions of charged particles (β+ and 
β− particles) and γ or X-rays.

2.5.1  γ or X-Ray Interactions

When a γ or an X-ray (a photon) hits an atom, its 
energy can be transferred to the atom and in par-
ticular to its electrons. There are two major inter-
actions that need to be considered at the levels of 
energy used in radioguided surgery.

The first interaction takes place when the energy 
of an incident photon is completely absorbed by an 
electron. In this case one speaks of the photoelectric 
effect7 (Fig. 2.6). In the photoelectric effect, as the 
energy of the photon is completely transferred, the 
photon disappears (complete absorption). Further, 
the electron that has received this energy is expelled 
from the atom. This effect commonly occurs if the 
incident photon hits a lower shell electron.

The expelled electron is commonly called a 
photoelectron, and it carries the kinetic energy 
resulting from the energy of the incident photon 
minus the binding energy of the electron when it 
was in the atom. As a result a photoelectric effect 
can only happen if the incident photon has suffi-
cient energy to free an electron in the given atom.

7 The first explanation of the photoelectric effect in 
terms of currently accepted physics comes from Albert 
Einstein [6].

Table 2.1 The most frequent γ rays and characteristic 
X-rays of Co-57

γ rays Characteristic X-rays

E (keV) P (%) E (keV) P (%) X-ray

14.4 9.16 0.7 0.56 Fe Lα1

122.1 85.60 0.72 0.42 Fe Lβ1

136.5 10.68 6.39 16.40 Fe Kα2

692 0.16 6.4 32.60 Fe Kα1

7.06 1.99 Fe Kβ3

7.06 3.88 Fe Kβ1

Data taken from [2]

X-ray

F-18 O-18 O-

Fig. 2.5 Example of electron capture: F-18 decays to 
3 % in O-18 [2], capturing an electron from the K shell. A 
neutrino is also emitted in the first step (not shown). The 

K shell electron hole is replaced by an L shell electron, 
resulting in the emission of a characteristic X-ray or an 
Auger electron
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Of major relevance is the fact that if an elec-
tron expelled is from a low shell, it is common for 
a characteristic X-ray or light to be emitted, as 
described in the section on γ decay.

If a photon is not completely absorbed by an 
atom, one speaks of the Compton8 effect 
(Fig. 2.7). Therein only part of the energy of a 
photon is transferred to an electron. As a result, a 
lower energy photon is scattered in a direction 
which can be calculated from its final energy. As 
in the photoelectric effect, the electron absorbing 

8 In honor of Arthur H. Compton, who first observed and 
reported this in 1923 [7]

the energy is expelled from the atom. Commonly 
this electron is called a Compton recoil electron. 
This effect takes place with higher shell electrons 
that are loosely bound.

Given an energy E0 of the incident photon, a 
final energy E (θ), and a scattering angle θ, one 
has

 

E
E m c

m c E
e

e

q
q

( ) =
+ -( )

0
2

2
0 1 cos

 

In the above formula, the constant me is the mass 
of an electron and c the speed of light. The con-
stant mec2 is commonly given as 511 keV.

Table 2.2 Most frequent nuclides used in radioguided surgery for both intraoperative detection and calibration

Nuclide Half-life
Main decay 
modes

γ, X, or max. β 
energy

Probability of 
emission (%) Use

C-11 20.4 min β+ 960 keV 100 PET

F-18 109.7 min β+ 633 keV 97 PET

Na-22 2.60 a EC (γ) 1.27 MeV 100 None

β+ 546 keV 90 Calibration/QC

Co-57 271.8 days EC (γ) 122 keV 86 Calibration/QC

EC (γ) 136 keV 11 Calibration/QC

Ga-68 67.6 min β+ 1.90 MeV 88 PET

β+ 2.92 MeV 9 PET

Zr-89 78.4 h EC (γ) 909 keV 100 None

β+ 902 keV 23 PET

Tc-99m 6.01 h IT 142 keV 89 SPECT

In-111 2.80 days EC (γ) 171 keV 90 SPECT

EC (γ) 245 keV 94 SPECT

I-123 13.3 h EC (γ) 158 keV 83 SPECT

EC (X) 27 keV 72 None

EC (X) 31 keV 12 None

I-124 4.18 days EC (γ) 602 keV 63 None

EC (γ) 722 keV 10 None

EC (γ) 1.69 MeV 11 None

β+ 1.53 MeV 12 PET

β+ 2.14 MeV 11 PET

I-125 59.4 days EC (γ) 35 keV 7 Marker

EC (γ) 27 keV 100 Marker

EC (γ) 31 keV 20 Marker

I-131 8.02 days IT 364 keV 82 SPECT

IT 637 keV 7 None

β- 333 keV 7 Therapy

β− 606 keV 90 Therapy

Data taken from [2]
PET nuclides are used for direct β+ detection or detection of annihilation photons. SPECT nuclides are used for γ detec-
tion. In particular I-125 is used for solid markers implanted in tissue interventionally to guide surgical resection
QC quality control, EC electron capture, IT isomeric transition
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Following this formula the scattering can 
be in any direction. Photons that are scattered 
by 180° or “backscattered” lose the most 
energy.

The likelihood that a photon will undergo a 
photoelectric or a Compton effect depends on 
its energy and the material through which it 
passes. A way to model this takes into account 
the fact that, given a certain path through a 
material, the likelihood that a photon will be 
absorbed follows an exponential law. An 
amount I0 of gamma rays or X-rays passing a 
distance x of a material is absorbed, resulting 
in a diminished amount I(x), as shown in 
Fig. 2.8:

 
I x I e l lx x( ) = - -

0
t s

 

The coefficient τl is the linear attenuation coeffi-
cient due to the photoelectric effect, and σl is the 
linear attenuation coefficient due to the Compton 
effect.

Commonly one uses the linear attenuation 
coefficient μl due to both interactions:

 m t sl l l= +  

The distribution between the photoelectric effect 
and the Compton effect depends on the material 
and the energy of the incident photons (see 
Fig. 2.9 as example for water).

Photon

Fig. 2.6 Photoelectric 
effect, where a photon 
is completely absorbed 
by an atom. Its energy 
is transferred to an 
electron, which is then 
expelled from the atom

photon of
energy E0

θ

photon of
energy E(q )

Fig. 2.7 The Compton effect, wherein a photon is scattered by a loosely bound electron of an outer shell, losing energy 
and freeing the electron with which it collided

x
I0 I(x)

Fig. 2.8 Attenuation of intensity of γ rays crossing a dis-
tance x of a material
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The quantity used in Fig. 2.9 is the mass atten-
uation coefficient μm, which can be derived from 
the linear attenuation coefficient μl and the den-
sity of the material ρ.

2.6  Interaction of β Particles

β+ and β− are charged particles. As a result, their 
interactions with matter are mainly dominated by 
their charge and the interaction of it with elec-
trons or the nucleus. In these interactions the 
charged particles lose energy. Among these inter-
actions, the particular case of β+ annihilation 
plays an important role in radioguided surgery.

2.6.1  Interactions with Electrons

There are two main interactions of β particles 
with electrons: collision with an orbital electron 
and orbital electron excitation.

In the collision with an electron, the charged 
particle passes energy to the orbital electron, 
expelling it from its orbit. This expelled electron is 
frequently referred to as a secondary electron 
(Fig. 2.10). As explained in the section on γ decay, 
the fact that an electron is expelled can cause emis-
sion of a characteristic X-ray.

Even if the β particle does not collide with an 
orbital electron, it may still pass energy to it, 
bringing it to a higher excitation level. In this 
case, of course, the β particle still loses energy 
and slows down, but no secondary electron is 
generated.

2.6.2  Interactions with the Nucleus

A β particle can interact not only with electrons 
but also with the nuclei of the atoms in its path. 
This interaction normally results in a major 
change in the trajectory of the β particle and the 
emission of photons. These photons are known as 
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Fig. 2.9 Relative 
value of mass 
attenuation coefficient 
for the photoelectric 
and the Compton 
effect for water as a 
function of the energy 
of the incident photon 
(Data taken from [8])

Incident β
particle Slower β

particle

Secondary
electron

Fig. 2.10 Collision 
between a β particle 
and an electron, 
generating a secondary 
electron and slowing 
down the β particle
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bremsstrahlung, from the German “braking radi-
ation” (Fig. 2.11).

The likelihood (percentage PBremsstrahlung) that 
bremsstrahlung will occur relative to collisions or 
excitation is roughly approximated by an equa-
tion involving the maximum energy of the β par-
ticle (Eβ) and the atomic number Z of the material 
through which the β particle passes [9]:

 
P

ZE
Bremsstrahlung MeV

≈ b

3000  

2.6.3  β+ Annihilation

If a β+ loses its complete kinetic energy (or comes 
close to doing so), it will combine with an elec-
tron in an atomic matter–antimatter reaction. 
This reaction will convert both particles to pure 
energy. Due to the law of conservation of energy 
and momentum, the energy will then be dissi-
pated in the form of two 180° oriented photons, 

each with the energy equivalent to the mass of the 
electron/positron, i.e., 511 keV (Fig. 2.12).

If the positron has not been completely 
stopped, the two photons may display a small 
deviation from the 180° orientation, canonically 
explained in physics books.

2.6.4  Penetration of β Particles 
in Tissue

Unlike γ rays, β particles do not follow an expo-
nential law in terms of penetration. Rather, owing 
to the complexity of the interactions and the fact 
that their emission energy is not a line but a spec-
trum, empirical formulas have to be used.

A common approach is the use of the formula 
given by Katz and Penfold [10], where the tissue- 
independent range R in g/cm2 of a β particle of an 
energy E in MeV is given by

 

R
E E

E E

E

=
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2.7  Detection of Radiation

In the previous sections, the basic principles of 
radioactivity and its interaction with matter have 
been discussed. These principles govern the way 
in which radiation is emitted and “comes out of 
the patient.” They also explain the process of 
detection, a key part of radioguided surgery. 
Within this section, only the most relevant tech-
nologies for detection will be considered.

Incident β
particle

Bremsstrahlung

Fig. 2.11 Bremsstrahlung caused by a strong change in 
the trajectory of a β particle passing close to a nucleus

β+ particle
Photon of 511 keV

Photon of
511 keV

Fig. 2.12 Annihilation 
of β+ and orbital 
electron. The energy of 
the mass of both 
particles is emitted in 
the form of two 
photons at almost 180° 
to each other
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2.7.1  Scintillator Crystals and Light 
Detection

During the early days of X-ray imaging, it was 
realized that some crystals will shine if they are 
placed close to a radioactive source. This effect 
was termed scintillation and crystals behaving in 
this way were called scintillators.

In scintillation, a γ ray or a β particle interacts 
with electrons by the effects described above in 
such a way that either free electrons or photons 
are emitted. They on their own interact again and 
eventually a significant amount of the energy is 
deposited in the material and then re-emitted in 
the form of light. The total generated light inten-
sity is proportional to the energy deposited in the 
crystal. If the emitted light is visible, humans will 
be able to see the scintillation.

If used for detection of radiation, this effect is 
very convenient as photon-counting techniques 
are widely available. The ones most commonly 
used in radioguided surgery are explained below.

2.7.2  Photomultiplier Tubes

Photomultiplier tubes (PMTs) are still the most 
used technology in nuclear medicine for photon 
counting.

Their mechanism of action consists first in 
converting an incident light photon into an 

 electron using a photocathode, a thin-layer vapor- 
deposited conducting material. The reason why a 
photocathode emits an electron is explained by 
the previously described photoelectric effect.

The photoelectron is amplified by the use of 
a strong electric field (voltages in the range of a 
few thousand volts) and so-called dynodes 
(Fig. 2.13). Dynodes are nothing more than 
electrodes each at a higher potential than the 
previous one. They enable an iterative process. 
In practice the first photoelectrons are acceler-
ated to the first dynode, which they hit, generat-
ing secondary electrons. These are then 
accelerated to the next dynode, where they gen-
erate more secondary electrons as they arrive. 
After several steps the initial light and small 
amount of photoelectrons reaches several orders 
of magnitude so that when the last electrode (the 
anode) is hit, a clear electrical peak can be 
measured.

The amplification process of a PMT takes 
~50 ns. A normal design of a PMT has ~10 dyn-
odes, each generating ~5 secondary electrons per 
incident electron. As a result, a typical amplifica-
tion factor is 107 [11].

It is important to note that due to variations in 
construction, voltages, temperature, inpurities, 
PMTs coupled to scintillators only reach energy 
resolutions in the range of 8.5–50 % at 122 keV 
[11]. On the other hand, due to the large differ-
ences in crystals, their area of application is wide.

incoming
photon

photo
electron dynodes

resulting electrical pulse

pulse
reader

anode

photo
cathode

voltage

time
voltage
source

Fig. 2.13 Schematic representation of a PMT. The incom-
ing photon is converted into a photoelectron in the photo-
cathode. This is then accelerated to the first dynode. When 
the dynode is hit, several secondary electrons are gener-

ated. They are then accelerated to the next dynode and the 
process is repeated. Once the cascade of electrons reaches 
the anode, a pulse is detected
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2.7.3  Silicon Photomultipliers

Silicon photomultipliers (SiPMs) have been 
developed during the past two decades. They 
essentially combine several avalanche photodi-
odes (APDs) in arrays for linear light amplifica-
tion. Their main advantages over PMTs are a 
reduced size, the need for significantly lower 
voltages (<100 V), a higher speed, and immunity 
to electromagnetic fields. Gains are in ranges 
similar to those achieved by PMTs [8].

A SiPM consists of up to 1000 APDs per 
square millimeter working in Geiger mode. This 
makes it possible to detect up to that amount of 
photons simultaneously per area unit. The 
moment a photon hits an APD, it will fire, result-
ing in a pulse. If more photons arrive at the same 
time, the pulse will be proportional to the amount 
of incident photons [8].

2.7.4  Scintillating Crystals

PMTs and SiPMs are only one way to convert 
light into electrical signals. They always require a 
scintillator, a scintillating crystal, to convert radi-
ation to light. A commonly used nomenclature 
for crystals employs their chemical formula, e.g., 
NaI – sodium iodine, followed by any type of 
doping used to change their basic characteristics 
in parenthesis, e.g., NaI(Tl) – thallium-doped 
sodium iodine.

The most important characteristics of these 
crystals are

 1. Density: The denser a crystal, the higher the 
likelihood that it will detect higher energy 

radiation. As a result, in order to detect the 
511 keV annihilation photons, crystals like 
BGO or LYSO are commonly used, whereas 
for the 140 keV of Tc-99m, NaI(Tl) is nor-
mally sufficient. The thickness at which the 
crystal can be manufactured also plays an 
important role here.

 2. Hygroscopic character: Some crystals tend to 
absorb moisture from the air, resulting in a 
deterioration of the crystal in the long term. 
NaI(Tl) is a material for which this property is 
problematic; as a result, NaI(Tl) crystals are 
only used when well sealed from the exterior 
world.

 3. Light yield: The greater the light yield from a 
crystal, the higher will be the sensitivity and 
the better the energy resolution. As a result, 
crystals like CsI(Tl) and LYSO are preferred 
for SPECT and PET, respectively, as they 
have a better light yield than comparable 
materials.

 4. Primary decay time: If many photons are to be 
detected simultaneously or if coincidences are 
to be measured, a fast response is desirable.

A list of the main characteristics of the most 
important scintillators is displayed in Table 2.3.

2.8  Direct Radiation Detection

Semiconductors can also be used for radiation 
detection. As radiation passes through a semicon-
ductor, it ionizes the material, which can be mea-
sured directly (Fig. 2.14).

In radioguided surgery in particular, CdTe and 
CdZnTe (CZT) alloys are commonly used. These 

Table 2.3 The most relevant scintillating crystals in radioguided surgery: thallium-doped sodium and cesium iodine 
[NaI(Tl) and CsI(Tl)], sodium-doped cesium iodine [CsI(Na)], bismuth germanate (BGO), and lutetium-yttrium oxyor-
thosilicate (LYSO)

NaI(Tl) CsI(Tl) CsI(Na) BGO LYSO

Density [g/cm3] 3.67 4.51 4.51 7.13 7.15

Hygroscopic Yes Slightly Yes No No

Light yield [photons/MeV 
γ]

38 × 103 54 × 103 41 × 103 9 × 103 32 × 103

Primary decay time [μs] 0.25 1 0.63 0.3 0.041

Data taken from [12]

T. Wendler et al.
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are very versatile and possess a major advantage 
over scintillator detectors in that they have a sig-
nificantly higher energy resolution (~5 % versus 
~9–10 % for properly tuned scintillator detectors 
[13]). In practice this plays a role in image qual-
ity and scatter rejection. A well-calibrated CZT 
detector will not detect much of a Co-57 source if 
it has been tuned for Tc-99m, while a scintillator 
detector will detect most γ rays emitted from 
Co-57 in its Tc-99m window.

2.9  Collimation and Radiation 
Shielding

Radiation detectors are not particularly useful for 
radioguided surgery if they are not properly shielded 
and collimated. Shielding entails surrounding part 
of the detector with a strong absorbing material 
such that no or only a little radiation is detected 
from regions at which the detector is not pointing.

For γ rays, the materials most commonly used 
for shielding are W (wolfram) and Pb (lead). The 
choice between these materials depends mainly 
on cost, weight, thickness, shape to be built, and 
the fact that Pb is toxic, so that it needs to be 
properly covered for use in medicine. Table 2.4 
compares the two materials.

Shielding is much easier for β particles: only a 
few millimeters of Al (aluminium or aluminum) 
are sufficient to stop most β particles used in 
radioguided surgery.

Collimation is used to shape the radiation- 
sensitive region in front of a radiation detector. 

Depending upon whether the detector to be used 
is a single detector (a probe) or a 2D array of 
detectors (a camera), the collimation can have 
different shapes and different aspects need to be 
considered. Collimation is used in radioguided 
surgery in the context of the detection of γ rays, 
since β particles follow random paths and as such 
cannot be “collimated” (i.e., it is almost impos-
sible to determine their origin, and shaping the 
region where they are detected is highly 
complex).

For gamma probes the choice of collimator 
entails a trade-off between sensitivity and spatial 
resolution. The sensitivity is commonly given as 
the counts per second (CPS) detected by the 
gamma probe from a source of 1 MBq situated at 
a certain distance. The spatial resolution is 
 frequently given as the full-width half maximum 

Fig. 2.14 Charges are distributed relatively homoge-
neously within the semiconductor; however, as a γ ray 
passes through it, negative and positive charges (electrons 

and holes) are separated and flow to the anode and cath-
ode, respectively. This results in an electrical pulse, as 
explained in the section on PMTs

Table 2.4 Comparison of W and Pb as shielding 
materials

W Pb

Density [g/cm3] 19.25 11.34

Half-length [mm] @ 140 keV 0.23 0.3

Half-length [mm] @ 511 keV 2.6 3.7

Bulk modulus [GPa] 310 46

Data taken from [14, 15]
W has a stronger “stopping power”(as seen from the half- 
lengths in Table 2.4, a thinner layer of tungsten is needed 
to stop the same amount of γ rays than lead) than Pb; it is 
also harder and denser. However, it is significantly more 
expensive and harder to process. Half-length is the depth 
that a γ ray has to pass through the said material before 
losing half of its intensity
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of a source at a certain distance, i.e., the displace-
ment that the source has to have on the perpen-
dicular axis for the detector to report half the 
counts (Fig. 2.15).

An example of the relation between spatial 
resolution and sensitivity for a standard gamma 
probe optimized for Tc-99m detection is given in 
Fig. 2.16.

In the case of gamma cameras, collimation is 
a far more complex issue owing to the availability 
of different collimator options. In general, two 
types are used: parallel hole collimators and pin-
hole collimators.

Pinhole collimators use the concept of a 
 “camera obscura”; as a result, they produce 
 high- resolution images of close objects and mag-
nify them, while far objects are depicted as small 
spots (Fig. 2.17). The main problems with these 
collimators are their lack of sensitivity and the 
distortion effect, which may induce difficulties in 
interpretation.

Parallel hole collimators are used more fre-
quently as they do not introduce any distortion. 
On the other hand, they have a limited field of 
view as only objects directly in front of them are 
seen, and these objects are “clipped” if they are 
partly outside this field of view (Fig. 2.18).

As with gamma probes, in gamma cameras, 
the collimator characteristics are also dependent 
on each other. Here, spatial resolution and sensi-
tivity again play a role. In the particular case of 
parallel hole collimators, since only parallel 
incoming rays are considered, sensitivity is 
almost not a function of distance.

2.10  Measuring Radiation 
in the Human Body

In order to avoid injuries to incorrect structures 
and unnecessary extension of the search for hot 
lesions, it is vital that surgeons have an 
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Fig. 2.15 Definition of spatial resolution in terms of full-width half maximum at a certain distance between source and 
probe
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Fig. 2.16 Spatial resolution (in terms of full-width half 
maximum of a point source: the larger this number, the 
worse the resolution) as a function of sensitivity (the higher 
the better) for a standard gamma probe and a source at 
30 mm. For this plot a cylindrical crystal of 6 mm diameter 
and 8 mm length and 2 mm tungsten shielding were 

assumed. If a high resolution is desired (e.g., 10 mm), the 
sensitivity is very poor, at 1000 CPS/MBq. On the other 
hand, a high sensitivity of 18,000 CPS/MBq yields a resolu-
tion of only 46 mm. A good trade-off (and common design 
in commercial gamma probes) would be a sensitivity of 
10,000 CPS/MBq which generates a resolution of 33.5 mm
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 understanding of the major effects of radiation in 
the body and the potential pitfalls arising from 
the underlying physics.

2.10.1  Interactions of Radiation 
with Tissue

As described in the section on the interactions of 
radiation with matter, different interactions may 
occur, primarily depending on the type of radia-
tion. Since the task of radioguided surgery is to 
detect radioactive sources in the human body, the 
effects to be considered can be distinguished 
according to the type of emission traced.

The effect of geometry is, however, common 
for all types of radiation. Approximately, the 
amount ID of radiation that a detector of diameter 
D receives from a source of intensity I0 placed at 
a distance d is proportional to the quotient of 
their squares:

 
I I

D

dD µ ´0

2

2
 

Put another way, the farther away the source is, 
the less radiation will be detected. It is still 

 necessary for the surgeon to know approximately 
how deep he/she needs to go as small faint 
sources of activity may be detectable only at a 
close distance. This effect is purely geometric 
and is called, in the radioguided surgery jargon, 
the “solid angle effect.”

2.10.2  γ or X-Ray Detection

Almost all radioguided procedures are based on γ 
or X-ray detection, since β particles have a short 
penetration in tissue. Independent of the origin of 
the γ or X-rays (γ decay, radioactive-related 
X-ray emissions, bremsstrahlung, or annihilation 
of β+ particles) or the type of detector (γ probe or 
γ camera), the main interactions of γ or X-ray 
radiation with matter are absorption and scatter.

Absorption due to the photoelectric effect and 
geometry explains why sources in tissue farther 
away from the detector seem less active than 
closer sources with the same activity and solid 
angle. In tissue, attenuation due to this effect is 
not as high as in shielding material, collimators, 
or even the detector itself (the density of tissue is 
significantly lower than the densities of the 

pinhole
collimatordetectorimage produced

close source

far source

Fig. 2.17 Image produced 
by a gamma camera with a 
pinhole collimator. The 
close square object is 
depicted magnified as it is 
very close to the pinhole. 
The round object, on the 
other hand, is only a small 
dot in the camera image

parallel hole
collimatordetectorimage produced

close source

far source

Fig. 2.18 Image produced 
by a gamma camera with a 
parallel hole collimator. 
The objects are depicted in 
their original shape, but 
there is clipping of the 
round object
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 collimator and detector materials), but it still 
exerts a major impact on the search for radioac-
tive sources.

In tissue, Compton scatter is the predominant 
contributor to scatter in the energy range consid-
ered, causing photons to change trajectory and 
lose energy. In practice this means that if a γ 
detector is pointed at a structure which is not 
radioactive, it may still show a response to radia-
tion due to photon scatter from a nearby struc-
ture. Appropriate choice of the energy window 
may reduce this effect but it cannot be completely 
eliminated (Fig. 2.19).

2.10.3  β Detection

If β particles are to be detected next to the solid 
angle effect, the sum of all interactions that the 
particle undergoes can be seen as the penetration. 
As mentioned in a previous section, penetration 
of β particles cannot be modeled easily in tissue, 
but a good approximation is the empiric formula 
of Katz and Penfold.

It needs to be borne in mind that β particles 
have a continuous energy spectrum. In most 

cases, this spectrum will have an average energy 
at approximately one-third of the maximum 
energy. As a consequence, for most relevant 
nuclides the penetration will be only a few milli-
meters. A thin layer of tissue can thus cover a 
radioactive source, so care should be taken not to 
overlook radioactive target tissue if a complete 
resection is needed.

2.11  Pitfalls during Radioguided 
Surgery

2.11.1  Fast Measurements, Fast 
Movements

First, there is one effect common to both γ or 
X-ray detection and β detection which influences 
detection, namely, the statistical nature of the 
radioactive decay coupled with the speed of 
detection (the speed of the electronics and espe-
cially the integration time of the detector).

As explained above, radioactive decays are 
random in nature and are independent of all phys-
ical effects around them. This forces to integrate 
measurements over a period of time, i.e., all 
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Fig. 2.19 Typical energy spectrum of a Co-57 source as 
seen by a CZT detector (here averaged over 256 pixels). The 
major peak consists mostly of “true” counts of the 122-keV 
peak of Co-57. Counts at lower energies result from elec-
tronic noise and, mainly, scatter (at lower energies). Counts 

at higher energy may also be attributable to electronic noise 
but mainly with the 136-keV peak of Co-57. An appropriate 
choice of the energy window would be to set the limits 
slightly below and slightly above the main peak to reduce 
most of the influence of electronic noise and scatter
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events detected within a sampling time are added. 
This is relevant to radioguided surgery as 
 normally only minimal amounts of radioactivity 
are used and integration times are in the range of 
0.5–10 s.

In practice, the structures for which the sur-
geon is looking commonly have count rates in the 
range of 10–30 CPS. In this case, a faint source 
can easily be overlooked if the detector is moved 
rapidly above it. For example, if a source emit-
ting 30 CPS is pointed at the source for 1 s and 
there is a background activity of 20 CPS, there is 
an almost 50 % chance that a surgeon will miss it 
if he/she is using a discrimination threshold of 10 
CPS. Even if the discrimination threshold is only 
5 CPS, the likelihood of missing the source is 
about 15 %.

On top of this problem, it must be considered 
that rapid movement can also “smear” the radio-
activity over an area, making it impossible for the 
user to distinguish a faint spot over a larger low- 
radioactivity area.

The solution is to move the detector slowly, if 
possible remaining for a few seconds above 
structures that potentially have activity. If it is 
expected that a low activity will be detected, then 
a longer integration time should be used and the 
detector should be held steady in the same posi-
tion for the duration of this integration time.

2.11.2  Shine-Through

When performing a sentinel lymph node biopsy 
in a breast cancer patient, a procedure in which a 
radioactive lymph node is extracted from the 
axilla, it is not uncommon for the surgeon to 
remove a lymph node that he/she believes con-
tains radioactivity only for measurement outside 
the body to reveal that this is not the case. 
Frequently the real radioactive lymph node lies 
directly behind it and slightly deeper.

This problem is called “shine-through.” It is 
explained by the fact that due to improper han-
dling of the detector, one structure is thought to 
be radioactive while the true radioactive structure 
is shining through it (Fig. 2.20).

The structure that shines through does not 
have to be the target structure. In procedures like 
sentinel lymph node biopsy, it is also possible for 
the injection site to be the source of the counts.

The way to avoid this pitfall is to try to point the 
gamma detector at the structure being analyzed from 
different angles so as to ensure that the radioactive 
structure is detected (cf. Fig. 2.20). Additionally, use 
of preoperative imaging, e.g., planar scintigraphy or 
SPECT/CT, or 3D intraoperative imaging such as 
freehand SPECT may help the surgeon to obtain a 
clearer view of the source of the radiation and thus 
avoid resection of a nonradioactive structure.

true source

non-radioactive
structure

field of view of detector

Fig. 2.20 Example of shine-through and how to avoid it. 
Left: Two structures are within the field of view of the 
detector, but only the deeper one is radioactive. Right: In 
order to avoid potential resection of a nonradioactive 

structure, the angle of the detector has to be changed such 
that it points away from potential sources, thereby ensur-
ing that the structure is indeed radioactive
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2.11.3  Shadowing

Almost the opposite effect of shine-through is the 
shadowing effect. Here, a faint radioactive source 
is missed by the surgeon since it is too close to a 
hot radioactive source which “shadows” it.

This is an extremely common occurrence in 
radioguided surgery as the biological uptake of 
structures such as the liver or activity at the injec-
tion site (in the case of sentinel lymph node 
biopsy) may disguise small structures that con-
tain less radioactivity and are potentially of more 
importance than the shadowing structure.

In this case, proper use of the gamma detector, 
as well as the use of more highly collimated detec-
tors, freehand SPECT, or preoperative informa-
tion, may help the surgeon to avoid overlooking a 
structure of clinical relevance (Fig. 2.21).

 Conclusions

Within this chapter we have tried to explain all 
relevant aspects of the physics underlying 
radioguided surgery to provide a sound basic 
understanding for users of γ probes, β probes, 
or γ cameras.

Pitfalls, recommendations, and content 
have been chosen based on our experience 
gained over many years in radioguided surgery 

in different organs, with different nuclides, and 
a wide variety of radiation detectors.

In general, a deeper understanding of the 
physics of radioguided surgery enables a good 
surgeon to become a good radioguided sur-
geon, ensuring excellent performance to the 
benefit of patients.
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  Abstract  

  Intraoperative small and large fi eld of view 
gamma cameras and handheld gamma cam-
eras, when used in conjuction with standard 
handheld gamma detection probes, can help 
further facilitate the successful performance of 
various radioguided surgery procedures. A 
variety of prototype and commercially avail-
able intraoperative gamma cameras have been 
clinically evaluated in radioguided surgery. 
Such intraoperative gamma cameras: (i) must 
be portable and stable in design; (ii) have no 
delay between image acquistion and display: 
(iii) provide continuous monitoring, spatial ori-
entation on screen, real-time quantifi cation, and 
display of the counts recorded; and (iv) have an 
adequate spatial resolution, sensitivity, and 
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fi eld of view. Intraoperative gamma cameras 
have been clinically applied to many disease 
entities, most commonly including breast can-
ceer, melanoma, head and neck malignancies, 
parathyroid surgery, urogenital malignancies, 
and bone tumors. The application of intraopera-
tive gammma cameras to radioguided sentinel 
lymph node (SLN) biopsy procedures is most 
advantageous in diffi cult SLN biopsy cases, 
such as: (i) when the SLNs are located near the 
primary injection site, (ii) when the SLNs are 
deeply located within the region of interest, or 
(iii) when SLNs have a relaively low level of 
radiotracer uptake.     

3.1      Background 

 In most centers, radioguided surgery relies on 
preoperative imaging in combination with intra-
operative handheld gamma probe guidance. A 
handheld gamma probe provides count rate dis-
play and variable-pitch audio output based on the 
local radioactivity concentration. Radioguided 
surgery requires rapid and precise detection, as is 
generally provided simply by handheld gamma 
detection probes. There are however several limi-
tations: (1) gamma probes do not provide image 
documentation for the medical record, (2) its use-
fulness is dependent on correct gamma probe 
positioning and thus highly operator dependent, 
(3) deeply located sentinel lymph nodes (SLNs) 
may be missed due to low count statistics as a 
result of tissue attenuation, and (4) when SLNs 
are located in close proximity to the radiotracer 
injection site, the high radioactive background 
signal may hamper the ability to intraoperative 
distinguish the SLNs from the radiotracer injec-
tion site. This is referred to as the “shine-through” 
effect. 

 With these limitations to handheld gamma 
detection probes, intraoperative gamma cameras 
have been designed to facilitate radioguided sur-
gery. These systems must meet several require-
ments to be employed in the operating room: (1) 
a portable and stable design, (2) no delay between 
image acquisition and display, and (3) the possi-
bility for continuous monitoring, spatial orienta-
tion on screen, real-time quantifi cation, and 

display of the counts recorded. Last, such 
systems should also have an adequate spatial res-
olution, sensitivity, and fi eld of view [ 1 ]. 

 Real-time imaging with an intraoperative 
gamma camera provides a larger fi eld of view 
than a gamma probe can cover and visual assis-
tance in localization and verifi cation of resec-
tion of the targeted tissue. Its position can be 
adjusted to also show SLNs near the radiotracer 
injection site or to distinguish between two 
radiolabeled tissues, which can easily be over-
looked by using a conventional handheld 
gamma probe. Still it is advised to use an intra-
operative gamma camera in conjunction with a 
handheld gamma probe for most radioguided 
surgery procedures, because both systems have 
their added value. 

 Intraoperative maneuverability determined by 
the outer dimensions and weight of the detector 
head is one of the most important characteristics 
of such intraoperative gamma cameras. 
Intraoperative gamma cameras can be divided 
into two categories: handheld gamma cameras 
and portable/mobile gamma cameras. Small 
gamma cameras weighing about 1 kg or less can 
be physically held and positioned by the average 
person for the time necessary to achieve the 
required image, 10–60 s on average. These sys-
tems are referred to as handheld gamma camera. 
However, those gamma cameras weighing 2 kg or 
more cannot be easily held by the average person 
and need some sort of adjunct stabilization/ 
support system. These systems are referred to as 
portable gamma cameras (PGCs). Finally, the 
term “small fi eld of view” (SFOV) gamma cam-
era applies to those systems having a fi eld of view 
that is 5×5 cm 2  or smaller in size, while gamma 
cameras with a larger fi eld of view are considered 
“large fi eld of view” gamma cameras.  

3.2     History 

 The fi rst prototype handheld gamma camera, the 
“imaging probe,” was patented by Soluri et al. in 
1997 [ 2 ]. The imaging probe was a small gamma 
camera having a fi eld of view of 22.8 × 22.8 mm 2 . 
Advancements in the development of position- 
sensitive photomultiplier tubes (PS-PMTs) 
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allowed for new gamma cameras designs with 
improved high resolution (spatial resolution 
smaller than 4 mm). As example, a prototype 
gamma camera, “preoperative”, compact imager 
(POCI), was developed by Menard et al. and the 
fi rst clinical results of both systems in sentinel 
lymph node (SLN) procedures were published in 
1999 [ 3 ,  4 ]. These early systems used  conventional 
continuous thallium-doped cesium iodide CsI(Tl) 
or sodium-doped cesium iodide CsI(Na) scintil-
lation crystals linked to a PS-PMT or 
PS-photodiode (PD). The main problems with 
these early units were their SFOV and the result-
ing large number of images required to scan the 
whole surgical fi eld. 

 In 2001, Soluri et al. improved the spatial res-
olution and sensitivity of their imaging probe by 
integrating the crystals into the collimator holes 
[ 5 ]. A prototype large fi eld of view PGC, 2020tc 
imager, based on CsI(Tl)-photodiode coupling, 
was tested in minimally invasive radioguided 
parathyroidectomy by Kitagawa et al. in 2002 
[ 6 ]. Pitre et al. improved the POCI system by 
reducing the weight and increasing its detector 
fi eld of view and sensitivity in 2003 [ 7 ]. In the 
same year, the fi rst prototype solid-state cameras 
were presented by two different groups [ 8 ,  9 ]. 
These solid-state systems were based on 
 crystal- photodiode coupling or semiconductors 
crystals, such as cadmium telluride (CdTe) or 
zinc cadmium telluride (CdZnTe). 

 Thereafter, commercially available SFOV 
gamma cameras were developed and clinically 
evaluated. While the fi rst prototypes were heavy 
handheld devices, the newer commercially avail-
able SFOV gamma cameras were either lighter 
handheld gamma camera systems or were PGCs 
equipped with a stabilization/support system 
[ 10 ]. The pioneering of the commercially avail-
able systems has led to their commonplace appli-
cation to many aspects of radioguided surgery, 
including radioguided parathyroidectomy, as 
well as radioguided SLN biopsy procedures for 
melanoma and breast cancer. Additionally, the 
clinical application of PGCs and handheld 
gamma cameras has been described for radiogu-
ided bone surgery [ 11 ] and for radioguided SLN 
biopsy procedures for head/neck cancers [ 12 ] 
and for urogenital cancers [ 13 ,  14 ].  

3.3     Device Characteristics 

 Several prototype or commercially available intra-
operative gamma cameras have been clinically 
evaluated in radioguided surgery. SFOV PGCs 
(Fig.  3.1 ) and handheld (Fig.  3.2 ) gamma cameras 
are optimized for the detection of  technetium- 99 m 
( 99m Tc), having an energy photopeak of 140 keV; 
however, such devices have a global energy range 
from 30 to 250 keV. This energy range enables 
detection of multiple other low- and medium-
gamma photon energy- emitting radiotracers, such 
as cobalt-57 ( 57 Co), gallium-67 ( 67 Ga), indium-111 
( 111 In), iodine-123 ( 123 I), and  125 I. Nevertheless, the 
technology used for the different cameras is very 
heterogeneous (Table  3.1 ). Performance charac-
teristics were obtained using widely differing 

  Fig. 3.1    Portable small fi eld of view gamma camera 
“Sentinella S102” (Provided courtesy of Oncovision 
GEM Imaging S.A., Valencia, Spain)       
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    Table 3.1    Technical characteristics of portable and handheld gamma cameras   

 Camera (manufacturer) 
 Handheld or 
portable  Collimator  Detector 

 Size detector 
head (mm 3 )  Weight (kg) 

  Small fi eld of view  

 Sentinella S102 a  [ 17 ] 
(Oncovision, Spain) 

 Portable  Pinhole (2.5 and 
4.0 mm) 

 CsI (Na) 
PS-PMT 

 154 × 82 × 
80 

 1.3 

 Minicam II a  
 (Eurorad, France) 

 Handheld  Parallel hole  CdTe  70 × 170 × 
250 

 0.7 

 CrystalCam [ 96 ] (Crystal 
Photonics, Germany) 

 Handheld  Parallel hole  CdZnTe  60 × 60 × 
140 

 0.8 

 NODE VIEWTM a  [ 97 ] 
(Intra-Medical Imaging, 
USA) 

 Handheld  Parallel hole  NaI(Tl) 
PS-PMT 

 64 × 64 × 76  1.1 

 IP Guardian II [ 98 ] 
(Li-Tech, Italy) 

 Handheld  Parallel hole  CsI (Tl) 
PS-PMT 

 – b   1.2 

 eZ-SCOPE [ 8 ] (Anzai 
Medical, Japan) 

 Handheld  Parallel hole  CdZnTe  77 × 73 × 
212 

 0.8 

 CGC a  [ 99 ] (Gamma 
Technologies, UK) 

 Handheld  Pinhole 
(0.5 mm) 

 CsI(Tl) CCD  Ø 95 × 200  1.0 

 GammaCAM/OR [ 34 ] 
(Gamma Medica, USA) 

 Portable  Parallel hole  NaI(Tl) 
PS-PMT 

 – b   10 

 CarolIReS [ 35 ] (prototype, 
France) 

 Portable  Parallel hole  Gd2SiO5 (Ce) 
PS-PMT 

 78 × 78 × 
275 

 2.5 

 POCI [ 7 ] (Prototype, 
France) 

 Handheld  Parallel hole  CsI (Na) 
PS-PD 

 Ø 95 × 90  1.2 

  Large fi eld of view  

 Ergo a  [ 81 ] (Digirad, USA)  Portable  Parallel hole  CsI(Tl) PS-PD  421 × 284 × 
102 

 193 

 Mobile gamma camera 
[ 55 ] (prototype, USA) 

 Portable  Parallel hole  NaI(Tl) 
PS-PMT 

 – b   – b  

   a Updated information was obtained from commercial brochure or corresponding author 
  b Missing information  

  Fig. 3.2    Small fi eld of view handheld gamma cameras; ( a ) 
compact gamma camera “CGC” (Provided courtesy of John 
E.W. Lees Space Research Centre, University of Leicester, 

Leicester, United Kingdom), ( b ) CrystalCam, ( c ) Minicam 
II (Provided courtesy of Dr. Juan I. Rayo, Complejo 
Hospitalario Universitario de Badajoz, Badajoz, Spain)       

experimental designs, and therefore, a precise 
comparison is not always possible. For example, 
different source-to-collimator distances will affect 
the sensitivity and spatial resolution of each sys-
tem. A uniform standard to examine performance 
characteristics is required for precise comparison. 

Existing National Electrical Manufacturers 
Association (NEMA) protocols for assessing the 
performance characteristics of conventional large 
fi eld of view gamma cameras can be inappropriate 
and require modifi cation for use with SFOV 
gamma camera systems [ 15 ,  16 ].
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3.3.1         Detectors 

 The development of high-resolution gamma 
 cameras resulted in four different detectors 
 technologies: (1) scintillation crystals coupled with 
a PS-PMT, (2) scintillation crystals coupled with 
photodiodes, (3) scintillation crystals coupled with 
a CCD detector, and (4) semiconductor crystals 
(CdTe and CdZnTe, whose charge is directly read 
by dedicated electronics). Scintillation-based 
detection devices are cheaper than semiconductors-
based detection devices. Semiconductors are direct 
converters of photons to energy, with no light con-
version. Because of this, there is no spread of light 
and corresponding cross talk, as occurs with scin-
tillating crystals. Semiconductors show less periph-
eral problems (e.g., reduced peripheral dead zones) 
than scintillation crystals coupled with a 
PS-PMT. The main difference is that semiconduc-
tors have a better energy resolution than most scin-
tillators, while scintillators have a higher sensitivity. 
Photodiodes can offer the advantages of semicon-
ductors, such as reduced peripheral dead zone and 
high energy resolution, and the benefi ts of the 
PS-PMTs, such as a high sensitivity. Finally, scin-
tillators coupled with a CCD detector have natu-
rally a better spatial resolution due to the smaller 
pixel size than the other detectors. Most of the cam-
eras listed in Table  3.1  are built with scintillators.  

3.3.2     Field of View 

 Another important feature is the detector’s fi eld 
of view, which is the actual patient region of 
interest that can be scanned in one image by the 
gamma camera. The fi eld of view depends on the 
type of collimator and on the detector dimen-
sions. Some systems are equipped with inter-
changeable collimators. It is important to choose 
an appropriate collimator for the specifi c surgical 
application, secondary to the trade-off between 
sensitivity and spatial resolution. If the fi eld of 
view is too small, it may be diffi cult to com-
pletely encompass the targeted region of interest 
and multiple images will be needed. On the other 
hand, a large detector with a large fi eld of view 
may not allow optimal maneuverability during 
any given surgical procedure. Systems using a 
parallel-hole collimator have a fi xed fi eld of view 

limited to the detector dimensions. A pinhole col-
limator enables imaging with a fi eld of view 
larger than the detector dimensions, which is 
ideal for scanning the whole surgical fi eld using 
only a small camera system. When the camera is 
moved further away from the patient, increasing 
the source-to-pinhole collimator distance, the 
image fi eld of view will become larger. However, 
a larger source-to-pinhole collimator distance 
will drastically lower the spatial resolution and 
sensitivity of the system, reducing the overall 
image quality. Most of the cameras listed in 
Table  3.2  are SFOV systems (5×5 cm or smaller) 
even those using pinhole collimators, enabling 
larger fi eld of view imaging, since the classifi ca-
tion is based on the detector dimensions.

3.3.3        Sensitivity 

 Sensitivity is expressed as counts per second per 
unit activity (cps/Bq) and depends on the 
collimator- detector geometry (geometrical effi -
ciency) multiplied by the detector effi ciency. The 
sensitivity increases as the square of the collima-
tor hole size and decreases as the square of the 
hole length. Source-to-collimator distance is 
inversely quadratic related to the sensitivity of 
pinhole collimators. The sensitivity of a parallel- 
hole collimator is in theory independent of 
source-to-collimator distances, but in reality a 
minimal decrease in sensitivity due to scattering 
will be detected at larger distances. A high sensi-
tivity is important in the operating room to image 
low activities. Image acquisition times can be 
reduced using high-sensitivity systems, which 
means that the surgeon does not lose too much 
time looking for radiotracer tissue uptake in the 
areas of interest. All sensitivity values in Table  3.2  
are based on  99m Tc 140 keV measurements.  

3.3.4     Spatial Resolution 

 The spatial resolution of a system can be 
expressed as intrinsic and extrinsic resolution. 
Intrinsic resolution refers to how well the detector 
localizes an interaction in the scintillator or semi-
conductor crystals. Extrinsic resolution is a com-
bination of the intrinsic resolution and  collimator 
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resolution. In practice, the intrinsic  resolution of 
a detector is small compared to the extrinsic reso-
lution. For this reason, a comparison of extrinsic 
spatial resolution provides a better indication of 
how a camera will behave in clinical practice. 
Spatial resolution, expressed as the full width at 
half maximum (FWHM), is linear inversely 
related the source-to-collimator distance for both 
pinhole and parallel-hole collimators. At short 
distances, gamma camera systems fi tted with a 
pinhole collimator have a higher resolution than 
when parallel collimators are used.  

3.3.5     Energy Resolution 

 As mentioned above sensitivity partly defi nes the 
image acquisition time. But a good quality image 
is also related to the capacity of the detector to 
reject diffuse (scattered) photons whose trajecto-
ries do not point back to the initial source and 
therefore must be eliminated. This is done by 
applying a proper energy window that mainly 
selects the direct gamma photons coming from the 
source. The energy resolution of the detector is 
expressed as the FWHM of the  99m Tc or  57 Co pho-
topeak, 140 or 122 keV, respectively, and plays an 
important role: the lower (better) it is, the stricter 
the selection in photon energy can be. In conclu-
sion, a large energy window is needed for detectors 
having a broad energy photopeak (large FWHM) 
to retain the sensitivity of the detector. However, a 
larger energy window will misinterpreted scattered 
photons for direct photons and therefore reduce the 
contrast and overall quality of your image.  

3.3.6     Advanced Camera Features 

 The above mentioned technical performance 
characteristics are the major determinates for any 
given gamma camera in the clinical setting. 
However, there are some additional features that 
might infl uence the performance of any given 
radioguided surgery procedure. For example, the 
Sentinella S102 camera has evolved over the 
years from a handheld device to an articulated 
system with a stabilization/support arm, thus 

enabling stable imaging over longer image acqui-
sition times [ 14 ,  17 ]. A laser pointer is included in 
the supporting structure and displays a red cross 
over the patient’s skin (Fig.  3.3 ). The position of 
this red cross is virtually visible on the computer 
screen of the camera. If the virtual laser pointer 
matches the radioactive hotspot signal on screen, 
this indicates that the radiolabeled tissue has been 
precisely localized. The laser pointer facilitates 
the image interpretation for the surgeons, who 
must relate the output image of the portable 
gamma camera (PGC) to the visible surface of the 
surgical fi eld. An additional advantage is that the 
camera can be easily positioned in the same posi-
tion for comparing pre- and post- excision images.

   All systems should have software tools for 
fl exible display windowing, convenient region- 
of- interest defi nition, and rapid image analysis. 
These features should be readily available and be 
easily controlled by the individual positioning 
the camera. For example, the Sentinella S102 
camera has copied some software tools (dynamic 
imaging, dual-isotope imaging, and virtually 
shielding the highly radioactive injection site) 
from conventional large fi eld of view gamma 
cameras; however, these tools are still unique 
among the SFOV devices. Dynamic imaging can 
facilitate SLN detection by imaging directly after 
radiotracer injection in situations when an intra-
operative injection is performed. Dual-isotope 
imaging can be helpful in those radioguided 
interventions using two different radioisotopes, 
such as in the simultaneous use of an  125 I seed to 
guide breast-conserving tumor excision and 
 99m Tc-nanocolloid for SLN biopsy in breast can-
cer [ 18 ]. In the clinical scenario in which the 
SLNs are located near the radiotracer injection 
site, visualization of the SLNs can be hampered 
by the background radioactivity from radiotracer 
injection site, even when the PGC is pointing at 
the most optimal angle. Thus, in this diffi cult 
clinical scenario, covering the radiotracer injec-
tion site with a software tool that simulates a lead 
shield (masking the injection activity) can facili-
tate SLN visualization [ 19 ]. 

 Up until recently, all SFOV PGCs and hand-
held gamma cameras have been based on just one 
single imaging modality (gamma imaging), which 

3 The Use of Intraoperative Small and Large Field of View Gamma Cameras for Radioguided Surgery



42

provides no correlative anatomical information, 
thus sometimes hampering image interpretation. 
In order to overcome this limitation, new multi-
modality system confi gurations have been 
described that combine optical and gamma imag-
ing. Haneishi et al. were the fi rst who proposed a 
parallel optical and gamma camera confi guration 
[ 20 ,  21 ]. This portable hybrid camera system 
projects the obtained gamma image onto an opti-
cal image. Later Lees et al. described an optical 
camera upgrade for a handheld compact gamma 
camera enabling fused optical and gamma imag-

ing with a matched image fi eld of view [ 22 ,  23 ]. 
Hellingman et al. were the fi rst who evaluated a 
prototype portable hybrid camera for preoperative 
lymphatic mapping in SLN procedures in 2015 
[ 24 ]. Fused optical and gamma imaging makes it 
easier to relate the position of the radioactive 
hotspots and the image fi eld of view with the real-
life situation (Fig.  3.3 ). 

 Another interesting development is the naviga-
tion system called “declipseSPECT” (SurgicEye, 
München, Germany), which expands the applica-
tions of radioguided interventions. declipseSPECT 

  Fig. 3.3    Lateral ( a ) planar lymphoscintigraphic image 
showing SLNs caudal from the site of 99mTc-nanocolloid 
injection around a preauricular-located melanoma. These 
SLNS are displayed on 3D volume rendering SPECT/CT 
( b ) for a better anatomical recognition. The PGC upgraded 
with an optical camera module was placed above the lym-
phatic fi eld to obtain an image at a distance of approxi-

mately 12 cm. The red laser pointer cross is pointing 
towards a near the highly radioactive injection site located 
SLN. Combined optical and scintigraphic imaging visual-
izes the image fi eld of view and two anatomical SLN loca-
tions ( white arrows ) ( c ). A second combined optical and 
scintigraphic image visualizes the SLN cluster in the 
lower part of the neck ( d )       
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is another type of imaging system that integrates a 
positioning system attached to a conventional 
gamma probe [ 25 ]. A freehand single-photon 
emission computed tomography (SPECT) scan, 
few minutes of manual scanning using an optically 
tracked gamma probe, can provide additional 
depth information using a 3D reconstruction of the 
radioactive target lesions (Fig.  3.4 ). The position 
of the gamma probe relative to the attached device 
is tracked by infrared technology, and the output of 
the gamma probe is co-registered in the surgical 
fi eld (depicted by a video camera) and displayed 
on a monitor where the surgeon can easily check 
the location and depth of the foci of radioactivity. 
A unique  feature of the “CrystalCam” is the pos-

sibility to integrate this SFOV handheld gamma 
camera into the declipseSPECT system. Freehand-
SPECT scans can be made using the CrystalCam, 
which has a higher resolution and sensitivity than 
a conventional gamma probe. The fi rst clinical 
reports of this feature were reported by Freesmeyer 
et al. in 2014 [ 26 ,  27 ].

3.4         Experiences in Breast Cancer 

 SFOV and large fi eld of view PGCs and handheld 
gamma cameras have been widely utilized in 
radioguided breast cancer procedures. Part of 
these experiences has been reported in a recent 

  Fig. 3.4    Preoperative SPECT/CT scan of patient 
 visualized as video overlay on the live video of the patient 
( a ). Pre-incision freehand SPECT acquisition using a 
position- tracked gamma probe ( b ). Subsequently, the 

gathered data is reconstructed to visualize the radioactive 
foci projected onto the live video of the patient ( c ) and in 
a ( d ) 3D virtual reality view from the perspective of the 
gamma probe       
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review [ 28 ]. The use of these systems in the sur-
gical management of breast cancer has included: 
preoperative and intraoperative lymphatic map-
ping in SLN procedures, radioguided occult 
lesion localization (ROLL), sentinel node and 
occult lesion localization (SNOLL), and breast 
cancer detection using  99m Tc-mikusestamibi. 

3.4.1     Sentinel Lymph Node Biopsy 

 In most centers, preoperative planar lymphoscin-
tigraphy is performed using a large conventional 
gamma camera to visualize lymphatic drainage 
from the radiotracer injection site. Sequential 
planar images will show successive stages of 
drainage and thereby help to determine the num-
ber and location of SLNs. Goto and colleagues 
studied the ability to perform preoperative lym-
phatic mapping using a large fi eld of view PGC 
and compared the results with conventional lym-
phoscintigraphy [ 29 ]. Concordant results were 
obtained in 15/19 patients with both cameras. In 
four (21 %) patients, axillary SLNs were cor-
rectly detected using the PGC whereas these hot 
spots could not be seen with the conventional 
lymphoscintigraphy. According to the authors, 
the better performance of the PGC is due to a 
combination of a close imaging distance and a 
better signal-to-noise ratio that allows the PGC to 
distinguish SLNs located near the injection site. 
Kerrou and colleagues were the fi rst who com-
pared a SFOV handheld gamma camera with 
conventional lymphoscintigraphy in 138 patients 
[ 30 ]. Multiple images were needed using this 
SFOV device to scan the whole axillary and 
extra-axillary region. Although the handheld 
gamma camera was used after conventional lym-
phoscintigraphy, benefi ting from a longer radio-
tracer migration, fewer SLNs were detected with 
this handheld gamma camera in 34 of the 138 
(25 %) patients. Concordant results were obtained 
in 54/138 patients and more SLNs were detected 
in 50/138 (36 %) patients using the handheld 
camera. Another study was performed using a 
SFOV PGC fi tted with a pinhole collimator to 
overcome the need to make multiple images due 
to the limited fi eld of view [ 31 ]. The PGC was 

placed at 18 cm distance to cover a 20×20 cm 
fi eld of view. SLN visualization was seen in 39 of 
52 patients (75 %) using the PGC, while conven-
tional lymphoscintigraphy showed SLN visual-
ization in 49 of 52 patients (94 %). When a lead 
shield was used to mask the injection activity, 
conventional lymphoscintigraphy and the PGC 
visualized a SLN in 41 of 43 patients (95 %) and 
38 of 43 cases (88 %), respectively. The poor per-
formance of the PGC was attributed to the low 
spatial resolution and sensitivity at this large 
source-to-collimator distance. 

 Scopinaro and colleagues published the fi rst 
intraoperative breast cancer SLN studies includ-
ing only a limited number of patients [ 32 ,  33 ]. 
The fi rst validation of new portable and hand-
held gamma cameras generally occurs in breast 
cancer SLN procedures [ 7 ,  32 ,  34 ,  35 ]. In intra-
operative setting, portable and handheld gamma 
cameras are often compared to conventional 
gamma probes to evaluate their clinical value. 
Although most studies include only a small 
number of patients (<20 patients), these reports 
describe clearly the usefulness of intraoperative 
imaging. Firstly, high-resolution imaging using 
portable or handheld gamma cameras facilitates 
the detection of near the injection site located 
SLNs which are missed by preoperative lympho-
scintigraphy or gamma probe screening [ 14 ,  32 , 
 36 ]. Secondly, they provide detection of SLNs 
(deeply located or low tracer uptake nodes) 
which were initially missed by gamma probe 
screening [ 7 ,  14 ,  36 – 40 ]. Thirdly, intraoperative 
imaging provides more confi dence about SLN 
localization and excision using pre- and post-
excision images [ 33 ,  34 ,  41 ]. Additionally, some 
studies demonstrated that intraoperative imaging 
reduces operating time since SLNs are faster 
found and excised compared to procedures in 
which only a gamma probe is used [ 42 ,  43 ]. In 
this sense, the application of intraoperative 
imaging in the parasternal area overcomes the 
problem of very faint uptake of these tiny nodes 
and helps the surgeon to precisely localize the 
correct intercostal space to make the incision 
[ 15 ]. Finally, Goñi and colleagues conducted a 
retrospective study using a prospective database 
of 754 patients who had undergone a SLN biopsy 
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between January 2003 and December 2011 [ 44 ]. 
All patients were divided into two groups to ana-
lyze whether the introduction of the PGC, since 
October 2009, had improved the SLN identifi ca-
tion rate. Group 1 consisted of 501 patients in 
which the procedure was performed using only a 
gamma probe (January 2003 to October 2009). 
Group 2 consisted of 253 patients in which the 
SLN biopsy was performed using both the PGC 
and a gamma probe (October 2009 to December 
2011). In group 1 the SLN identifi cation rate was 
94.6 %, while in group 2 identifi cation rate, it 
was 99.2 %. Chronologically, the improvement 
of the SLN identifi cation rate during the study 
period has been observed. The authors con-
cluded that this can be explained by the experi-
ence gained by the surgical team and that the 
introduction of the PGC played an important 
role as well. 

 One of the most important benefi ts of intraop-
erative imaging described for this surgical proce-
dure is the assessment of remaining activity in 
the surgical fi eld at the end of the procedure, in 
order to attempt to identify any missed SLNs. A 
strict intraoperative protocol is necessary to study 
how many additional SLNs are found by 
 intraoperative imaging. First, the surgeon 
removes the SLNs by localizing them using only 
the gamma probe. When no further radioactive 
nodes are detected by the gamma probe (negative 
gamma probe screening), the surgical fi eld is 
scanned using the portable or handheld gamma 
camera searching for possible “missed” radioac-
tive lymph nodes. Olcott et al. found two addi-
tional SLNs in 11 patients [ 39 ]. Chondrogiannis 
et al. found fi ve additional SLNs in 16 patients 
[ 40 ]. Of course the goal is not to harvest more 
nodes but to not miss tumor-positive nodes unde-
tected by the gamma probe. SLN biopsy is a 
diagnostic procedure used to determine whether 
breast cancer has spread to those nodes. In the 
study of Chondrogiannis et al., one of the fi ve 
additional SLNs was tumor positive and pre-
vented a false- negative procedure in that patient. 
Finding an additional tumor-positive node, which 
was initially missed by gamma probe screening, 
using intraoperative imaging has been reported 
before [ 14 ,  37 ]. Unfortunately, these “true” 

 additionally found SLNs and their pathology are 
often not described in studies; therefore, the ben-
efi t of intraoperative imaging in breast cancer 
SLN biopsy is still a matter of debate [ 45 ]. Larger 
prospective (multi)center studies are needed to 
access the real value of intraoperative imaging 
using portable or handheld gamma cameras in 
breast cancer. Based on the available evidence, it 
can be concluded that such systems are useful 
under the following conditions: (1) when no con-
ventional gamma camera is available for preop-
erative lymphoscintigraphy, (2) in diffi cult cases 
when the SLN is located near the injection site 
(i.e., internal mammary chain (parasternal) or 
intramammary nodes), and (3) deeply located 
nodes or nodes with a low radiotracer uptake. 
The opportunity to obtain different images with 
such devices can solve the majority of these prob-
lems [ 46 ].  

3.4.2     Radioguided Occult Lesion 
Localization and Concurrent 
Sentinel Node Biopsy 

 Radioguided occult lesion localization (ROLL) is 
an alternative to wire-guided localization for 
guiding surgical excision of non-palpable breast 
lesions and breast cancers. Paredes and colleagues 
were the fi rst who evaluated the usefulness of a 
PGC to assess the resection of non-palpable breast 
lesions in 42 patients [ 47 ]. In this study, the major 
tool to guide the surgeon has been the handheld 
gamma probe, and the PGC was validated on the 
ex vivo specimens. Pathologic examination dem-
onstrated tumor-free margins in 14/23 cases when 
radioactivity was found in the center of the breast 
specimen based on the PGC image. Involved mar-
gins were found in 11/19 non-centered cases (i.e., 
when radioactivity was observed near the speci-
men border). These results show a concordance of 
60 % (25 of 42) between pathologic results and 
the PGC images. 

 SNOLL is a combination of two procedures, 
SLN biopsy and ROLL. Lombardi and colleagues 
studied 186 consecutive patients with breast can-
cer scheduled for SNOLL using a gamma probe 
and a handheld gamma camera [ 48 ]. Radioguided 
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axillary SLN biopsy was possible in 184/186 
patients (99 %). In 22 (12 %) of patients, a sec-
ond operation was required for close or tumor- 
positive surgical margins. A second study 
evaluated the performance of another handheld 
gamma camera in 15 SNOLL procedures [ 49 ]. 
The authors reported that the handheld gamma 
camera was considered to be easy to use and does 
not increase operating time.  

3.4.3     Breast Tumor-Seeking 
Radiotracers 

 Soluri et al. performed the fi rst radioguided biop-
sies of breast lesions using a handheld gamma 
camera and  99m Tc-sestamibi in 2003 [ 50 ]. High- 
resolution handheld gamma camera images were 
able to guide biopsy toward breast cancer in 7 out 
of 10 patients. Thereafter, the same group mounted 
the handheld gamma camera on an x-ray guided 
vacuum biopsy device and fused the high-resolu-
tion scintigraphic images with the stereotactic 
mammographic images. In fi ve patients, a biopsy 
was taken from the breast tissue with the low, 
intermediate, and high uptake of  99m Tc- Bombesin, 
which is taken up by the Bombesin receptors. 
Authors describe that the highest uptake region 
corresponded to the breast cancer region with the 
highest number of microvessels, which is the most 
important tumor zone to analyze [ 51 ]. Later simi-
lar conclusions were drawn by the same group in a 
study with ten patients [ 52 ]. 

 Evangelista et al. evaluated in 18 patients 
the feasibility of a PGC for guiding surgical 
treatment in locally advanced breast cancer 
after neo- adjuvant chemotherapy [ 53 ]. PGC 
imaging was more accurate than conventional 
scintimammography for the detection of resid-
ual breast cancer (sensitivity: 50 vs. 26.6 %, 
respectively). Still, a clear benefi t for guiding 
breast tumor surgery after neo-adjuvant che-
motherapy is not shown. Breast surgery is 
always recommended in these patients, even if 
no clinical or radiological lesion is detected. 
The use of PGC does not avoid preoperative 
tumor localization by wire-guided or radiogu-
ided localization [ 54 ].   

3.5     Experiences in Melanoma 
Sentinel Lymph Node Biopsy 

 The usefulness of PGCs and handheld gamma 
cameras for melanoma surgery is clearly more 
obvious than for breast cancer surgery secondary 
to the greater degree of unpredictability of the 
lymphatic drainage from the primary site of mel-
anoma than from the primary breast cancer site. 
Vidal-Sicart et al. were the fi rst who described 
the use of a PGC in fi ve diffi cult melanoma cases. 
In this group, 4 of 5 patients had a primary lesion 
in the head region, and the remaining patient had 
a lesion on a lower limb. In total, 12 SLNs were 
detected using only the gamma probe, and two 
additional SLNs were found by the PGC [ 14 ]. 
Dengel et al. used a prototype large fi eld of view 
PGC and compared its performance with preop-
erative conventional lymphoscintigraphy and 
intraoperative gamma probe fi ndings in 20 mela-
noma patients [ 55 ]. Preoperative lymphoscintig-
raphy detected 29 node basins containing SLNs, 
while the pre-incision PGC images detected only 
27 node basins. The explanation given by the 
authors was that this had to do with a delay of 
more than 20 h from injection to PGC imaging 
and relatively low radiotracer activity in those 
nodes. Intraoperative use of the gamma probe 
ultimately detected 46 SLNs in total, but two of 
them were missed on initial gamma probe screen-
ing. Thus, intraoperative imaging detected two 
additional nodes in 2/20 (10 %) of the patients. 

 In 2012, Stoffels et al. included 60 patients (38 
melanoma, 22 other cutaneous malignancies) for 
a SLN procedure using a SFOV PGC [ 56 ]. The 
PGC visualized all 126 preoperatively identifi ed 
SLNs by SPECT/CT. More importantly, 23 addi-
tional SLNs in 15 patients (25 %) were identifi ed 
using the PGC, and intraoperative imaging 
extended the operating time with up to 5 min. 
Two of these additional nodes showed metastatic 
involvement preventing a false-negative proce-
dure in two patients. Olcott and colleagues 
showed in 39 patients that intraoperative imaging 
using a handheld gamma camera successfully 
visualized 86 of the 92 SLNs detected by the 
gamma probe and detected 12 additional nodes 
that were missed by the gamma probe [ 39 ]. 
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In some cases, intraoperative imaging helped 
determine that the signal picked up by the gamma 
probe was in fact produced by the radiotracer 
injection site. 

 Recently, a study has started to evaluate the 
above mentioned fi ndings in 100 melanoma 
patients [ 57 ]. Intraoperatively, the SLN biopsy 
will be performed using only a gamma probe 
guided by the preoperative SPECT/CT images. 
At the end of the surgery, intraoperative imaging 
by a PGC will verify whether any SLNs are 
missed. The main endpoints of the study are: the 
number of additional SLNs with corresponding 
pathology detected using intraoperative imaging 
and the extended surgery time due to intraopera-
tive imaging.  

3.6     Experiences in Head 
and Neck Sentinel Lymph 
Node Biopsy 

 The procedure of SLN biopsy in the head and 
neck region is challenging because of the unpre-
dictable lymphatic drainage and presence of sev-
eral vital structures and often SLNs are located 
close to the primary lesion. For melanoma, the 
results from SLN biopsy are often less successful 
in this area, with higher false-negative results 
compared to other sites [ 58 ]. Unfortunately, the 
high radioactive signal of the radiotracer injec-
tion site can cause diffi culty in localizing nearby 
SLNs. In 2005, the fi rst head and neck cancer 
case was published using a PGC by Tanaka and 
colleagues [ 12 ]. Preoperative conventional lym-
phoscintigraphy visualized an increased activity 
near the radiotracer injection site, which was not 
clearly identifi able as a SLN. High-resolution 
images obtained with the PGC clearly visualized 
this node separate from the radiotracer injection 
site. Later, more case reports demonstrated that 
high-resolution imaging with a PGC is able to 
visualize near the injection site located SLNs 
missed by preoperative lymphoscintigraphy and 
SPECT/CT [ 59 ] or gamma probe localization 
[ 60 ]. Hellingman et al. showed in a phantom 
model that SLNs can be detected at a distance of 
3 mm from the radiotracer injection site. Routine 

use of the PGC did prevent a false-negative pro-
cedure thanks to the detection of an additional 
tumor-positive SLN [ 61 ]. 

 In 2008, Tsuchimochi et al. compared the 
detection of SLNs by a SFOV PGC with that of 
conventional lymphoscintigraphy in eight oral 
cancer patients [ 62 ]. The number of detected 
SLNs was the same for both systems, but conven-
tional lymphoscintigraphy required a longer 
acquisition time to produce the same quality 
images. In 2010, Vermeeren et al. published the 
results of intraoperative imaging in 25 patients 
(10 oral cancer and 15 head neck melanoma 
cases) [ 63 ]. The PGC visualized all 70 SLNs 
which were preoperatively identifi ed on SPECT/
CT. SLNs at diffi cult sites could be localized 
more effi ciently, and in six patients, nine addi-
tional nodes (one tumor positive) were identifi ed 
by post-excision intraoperative imaging. 
Figure  3.5  shows an example of comparing pre- 
and post-excision images until all preoperatively 
indicated SLNs are removed.

   Two other studies evaluated the use of a hybrid 
tracer, both fl uorescent and radioactive, in head 
and neck procedures. Intraoperatively, a gamma 
probe, a PGC, and a fl uorescence camera were 
used in order to locate the SLNs. Van den Berg 
and colleagues demonstrated that detection with 
the gamma probe was hampered due to the high 
background signal coming from the injection site 
in 4 out of 14 oral cavity cancer patients. Although 
the PGC was able to distinguish these SLNs from 
the injection site, fl uorescence imaging proved to 
be the most accurate technology for the identifi -
cation of these nodes during surgery [ 19 ]. Later 
the same group showed in another study ( n  = 25) 
that the PGC detected nine additional SLNs 
missed by the gamma probe in 8/25 patients [ 64 ].  

3.7     Experiences in Urogenital 
Sentinel Node Lymph Biopsy 

 Besides the classical applications of lymphatic 
mapping, experiences are gained in urogenital 
SLN biopsies [ 65 ]. Urogenital procedures can be 
divided into open (penile and vulvar cancer) and 
laparoscopic (prostate, testicular, kidney, cervix, 
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and endometrial cancer) procedures. The fi rst 
reported use of a SFOV PGC fi tted with a pinhole 
collimator during laparoscopic urological sur-
gery was in 2009 [ 13 ]. A total of 59 SLNs were 
found and the PGC enabled real-time identifi ca-
tion in 18/20 patients (90 %). In the other two 
patients, SLNs could be localized with the lapa-
roscopic gamma probe, but no identifi cation with 
the PGC could be accomplished. This PGC does 
not allow overall visualization of the whole lym-
phatic drainage in wide areas such as the abdo-
men due to the limited fi eld of view. Therefore, 
intraoperative imaging combined with preopera-
tive conventional gamma camera imaging (and, 
especially in the abdomen, SPECT/CT images) is 
absolutely needed. The PGC is capable to detect 
two different signals using the dual-isotope imag-
ing mode: the signal of  99m Tc-nanocolloid for the 
visualization of the SLNs, plus the signal of an 
 125 I-seed which can be placed on the tip of the 

laparoscopic gamma probe. Location of the 
 125 I-seed can be identifi ed as a green circle on the 
screen. When the green circle and the radioactive 
 99m Tc hot spot matches on the screen, the SLN is 
correctly identifi ed. The same group used this 
approach in 18 patients (6 renal cell carcinoma, 8 
prostate, and 4 testicular cancer) with drainage to 
para-aortic nodes. SPECT/CT visualized SLNs 
in all patients, while the PGC enabled intraopera-
tive SLN visualization in 15/18 patients. Two 
patients had also non-visualization on preopera-
tive conventional lymphoscintigraphy, and one 
had a very weak hot spot. Authors concluded that 
although intraoperative imaging was of no addi-
tional value to preoperative SPECT/CT imaging, 
it offered the main advantage of monitoring SLN 
excision in the para-aortic region [ 66 ]. Once the 
pattern of lymph drainage is correctly identifi ed, 
the use of the PGC increases the sensitivity in the 
SLN detection. Especially those closely located 

  Fig. 3.5    Planar lymphoscintigraphy ( a ) after 2 h depicted 
the injection site and 5 radioactive hotspots corresponding 
three SLNs ( red arrows ) and two higher echelon nodes. A 
pre-incision PGC image ( b ) visualizes all fi ve hotspots. 
After the excision of the fi rst SLN, a new PGC image was 

obtained ( c ), which shows that the most cranial SLN was 
removed. The following PGC images ( d ,  e ) were taken 
after the removal of fi ve other lymph nodes until all three 
SLNs ( red dashed circles ) were removed and only resid-
ual radioactivity was left of the higher echelon nodes ( f )       
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in areas of high physiologic activity, such as the 
liver (for para-aortic nodes) or the radiotracer 
injection site (e.g., parametrial nodes in cervical 
cancer) [ 14 ]. Furthermore, Brouwer and col-
leagues demonstrated in nine patients with tes-
ticular cancer that the PGC detected all 21 
identifi ed SLNs on SPECT/CT plus fi ve addi-
tional SLNs [ 67 ]. In a larger study with 55 pros-
tate cancer patients, the PGC was not able to 
detect 29/178 (16 %) SLNs detected by SPECT/
CT [ 68 ]. However, intraoperative imaging was 
useful for localizing nodes in 15 patients (27 %), 
because localization with only the gamma probe 
was not successful. More importantly, 17 addi-
tional SLNs (two tumor-positive nodes) were 
detected by post-excision imaging. 

 Finally, a SFOV PGC was used in two other 
studies including 15 vulvar and 65 penile cancer 
patients. The main endpoint of both studies was 
to evaluate the use of a hybrid tracer, which was 
both fl uorescent and radioactive. Although the 
PGC was used before and after SLN, its perfor-
mance was not mentioned in the vulvar cancer 
study [ 69 ]. In the penile study, however, a remain-
ing SLN was identifi ed in 6/65 patients using the 
PGC after no residual activity was detected dur-
ing initial scanning with the gamma probe. One 
of those additional SLNs was tumor positive and 
prevented a false-negative procedure [ 70 ].  

3.8     Experiences in Minimally 
Invasive Radioguided 
Parathyroidectomy 
in Primary 
Hyperparathyroidism 

 Primary hyperparathyroidism is caused by inap-
propriately high secretion of parathyroid hor-
mone (PTH) by one or more enlarged parathyroid 
glands. Preoperative scintigraphic identifi cation 
of a solitary parathyroid adenoma characterized 
by clear  99m Tc-sestamibi uptake is the main inclu-
sion criterion for radioguided minimally invasive 
parathyroidectomy. Conventional gamma probe 
guidance enables the surgeon to perform a rather 
small incision and intraoperative parathyroid 
adenoma localization. Kitagawa et al. were the 

fi rst who detected a parathyroid gland with a 
large fi eld of view PGC in 2002 [ 6 ]. They specu-
lated that this intraoperative imaging approach 
can result in smaller incisions, lower postopera-
tive complications, and less operative time than 
do traditional techniques. In a following case 
report, the same group reported that after the 
excision of some tissue, intraoperative imaging 
revealed still an abnormal uptake in vivo. 
Radioguided surgery was continued and an 
abnormal parathyroid gland behind the right 
carotid artery near the right recurrent laryngeal 
nerve was identifi ed [ 71 ]. This fi nding suggests 
that radioguided parathyroidectomy using intra-
operative imaging is useful for localizing ectopic 
parathyroid tumors, which is later confi rmed by 
case series from other groups [ 72 – 74 ]. 

 Ortega and colleagues reported in their pre-
liminary experience ( n  = 5 patients) that use of 
the gamma probe can be avoided if a SFOV PGC 
is available [ 75 ]. Other studies confi rmed this 
based on their experiences using a handheld 
gamma camera in 7 and 11 patients [ 38 ,  76 ]. The 
main advantage of intraoperative imaging is the 
morphological expression of anatomical struc-
tures and the possibility of obtaining special 
angle (lateral) views which provide more infor-
mation than is acquired using a gamma probe. 
Moreover, incomplete washout of the isotope 
from the thyroid may produce misleading records 
from the gamma probe. In 2007, Ortega and col-
leagues speculated in the same preliminary report 
that it would even be possible to replace the pre-
operative conventional  99m Tc-sestamibi scans and 
the intraoperative determinations of PTH, 
although larger studies were needed to confi rm 
this [ 75 ]. Other groups pointed out that it would 
be diffi cult to perform minimally invasive 
radioguided parathyroidectomy without preoper-
ative imaging, because it enables surgical plan-
ning and a better selection of patients suitable for 
minimally invasive radioguided parathyroidec-
tomy [ 77 ]. Two years later, the hypothesis that 
intraoperative imaging eliminates the need for 
intraoperative PTH measurements was tested in 
15 patients. Intraoperative imaging located all 
parathyroid adenomas, without the use of a 
gamma probe, and post-excision images 
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 confi rmed complete removal of the pathologic 
tissue. Again, these fi ndings suggested that intra-
operative determinations of PTH might not be 
needed when intraoperative imaging is used [ 78 ]. 

 In 2012, Fujii and colleagues used a handheld 
gamma camera in 16 patients to proof that intra-
operative PTH measurements are not needed in 
selected cases of single adenomas with a positive 
preoperative  99m Tc-sestamibi scan [ 79 ]. Estrems 
and colleagues prospectively studied 29 patients 
with primary hyperparathyroidism, comparing 
the diagnostic effectiveness of intraoperative 
imaging using a PGC with the results obtained 
from preoperative techniques (ultrasound scan 
plus  99m Tc-sestamibi scintigraphy). Results of 
this study show that the sensitivity and specifi city 
of intraoperative PGC imaging were superior to 
those of the preoperative techniques. Preoperative 
techniques had a 79 % sensitivity and 93 % speci-
fi city for locating the pathologic parathyroid 
glands by side, while intraoperative PGC imag-
ing showed sensitivity and specifi city values of 
90 and 96 %, respectively [ 80 ]. 

 Recently, in 2015, Hall and colleagues evalu-
ated the use of a large fi eld of view PGC for 
radioguided parathyroid adenoma removal 
(Fig.  3.6 ). Intraoperative imaging did not show 
increased uptake of  99m Tc-sestamibi in 13/20 

patients after initial specimen excision. In the 
remaining 7/20 patients, residual neck activity 
and/or absent ex vivo specimen activity prompted 
excision of additional tissue, ultimately leading 
to complete parathyroid adenoma resection in 
20/20 (100 %) patients. More interesting, the 
data showed that the operating time could be 
reduced with 22 min on average using intraopera-
tive imaging instead of intraoperative PTH 
assessment [ 81 ]. Finally, in 2015, Casáns-Tormo 
and colleagues pointed out that intraoperative 3D 
imaging using freehand SPECT, providing addi-
tional information about depth, might be useful 
for minimally invasive radioguided parathyroid-
ectomy as well [ 82 ].

   It can be concluded that intraoperative gamma 
camera imaging has the potential to replace the 
use of conventional handheld gamma probes dur-
ing radioguided parathyroid surgery, although the 
available evidence is limited to a small number of 
studies which each contain less than 30 patients. 
Furthermore, initial speculations of Kitagawa 
and colleagues that intraoperative imaging using 
a portable or handheld gamma camera might 
facilitate smaller incisions and less operative 
time have been proved in later studies. 
Nevertheless, intraoperative gamma camera 
imaging cannot replace preoperative gamma 

  Fig. 3.6    Digital photo 
demonstrating the 
intraoperative large 
fi eld of view PGC 
(Ergo, Digirad) setup 
for a pre- incision 
intraoperative neck 
image of the 
parathyroid adenoma 
(Provided courtesy of 
Dr. Nathan C. Hall, The 
Ohio State University 
Wexner Medical 
Center, Columbus, 
USA)       
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camera imaging, since preoperative imaging is 
important for establishing appropriate patient 
selection for radioguided parathyroid surgery.  

3.9     Experiences in Radioguided 
Bone Lesion Localization 

 The principle of radioguided bone lesion localiza-
tion is that after preoperative bone scintigraphy, a 
handheld gamma probe is used intraoperatively 
for tumor localization. Radioguided surgery is a 
good option when the bone tumor is diffi cult to 
localize, and completeness of the tumor excision 
can be estimated based on the gamma probe read-
ings. Intraoperative imaging using bulky large 
fi eld of view PGCs in radioguided bone lesion 
localization was described since 1980 [ 83 – 87 ]. In 
2002, D’Errico and colleagues were the fi rst who 
described the use of a SFOV handheld gamma 
camera for radioguided bone tumor biopsy in fi ve 
patients [ 11 ]. These authors concluded that high- 
resolution intraoperative imaging over conven-
tional gamma probe readings had the advantage 
that it detects bone lesions faster and more clearly 
than a gamma probe, especially when bone lesions 
are deeply located or near other radioactive 
sources, e.g., urine in the bladder. In 2010, Infante 
and colleagues mentioned that both the informa-
tion of a handheld gamma camera and the use of a 
gamma probe are complementary to each other 
[ 88 ]. Intraoperative imaging provides visual con-
fi rmation of the bone lesion excision, while hand-
held gamma probe readings help to exactly localize 
the lesion. These results were later confi rmed in a 
study with 12 patients [ 89 ].  

3.10     Experiences in Other Clinical 
Applications 

 SFOV PGCs and handheld gamma cameras have 
been used for other applications in radioguided 
surgery (colon and thyroid) as well as in monitor-
ing fusion throughout different body systems 
(brain, heart, and bone grafts). However, only 
limited experience has been gained in these par-
ticular fi elds. Preoperative imaging cannot be 

performed when an intraoperative radiotracer 
injection is needed. In these situations, intraop-
erative imaging using a portable or handheld 
gamma camera has even more value such as in 
colon SLN procedures [ 90 ]. 

 Frontado-Morales et al. described the fi rst 
radioguided surgery procedure for the treatment 
of locoregional lymph node recurrences in per-
sistent differentiated papillary thyroid cancer 
using a SFOV PGC in 2012 [ 91 ]. Preoperatively, 
a radiotracer was injected directly into the lesions 
by ultrasound guidance. Later Bellotti and col-
leagues adopted this procedure using a handheld 
gamma camera in 22 patients. In total, 39 patho-
logic nodes were injected and 61 nodes were 
removed. Among the removed nodes, 22 (36.1 %) 
were additional radioactive nodes [ 92 ]. 

 Bedside scintigraphic imaging can also be 
helpful to monitor blood perfusion after injecting 
a radiotracer in the vascular system. Therefore, 
the feasibility of SFOV PGCs is evaluated in: (1) 
cerebral perfusion scintigraphy for the diagnosis 
of brain death [ 93 ], (2) intraoperative assessment 
of bone graft vascularization [ 94 ], and (3) con-
tinuous monitoring of blood leakage in isolated 
limb perfusion [ 95 ].  

    Conclusions 

 Intraoperative small and large fi eld of view 
gamma cameras and handheld gamma cam-
eras have the potential to be used more widely 
in radioguided surgery. As advancing molecu-
lar imaging technologies will broaden clinical 
indications, these intraoperative cameras will 
probably be used and integrated with other 
imaging modalities (e.g., fl uorescence imag-
ing) in the near future. The feasibility and 
clinical safety of these systems have been 
proved in many publications. Preoperative 
lymphatic mapping with a conventional large 
fi eld of view gamma camera remains the 
modality of choice. Intraoperative small and 
large fi eld of view gamma cameras and hand-
held gamma cameras are mainly useful as 
intraoperative imaging tool in conjunction 
with handheld gamma detection probes. The 
usefulness of intraoperative real-time imaging 
is clear: (1) when no conventional gamma 
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camera is available; (2) when an intraoperative 
radiotracer injection is needed; and (3) in diffi -
cult SLN cases such as near the injection site, 
deeply located SLNs, or nodes with a low 
radiotracer uptake. Intraoperative pre- and 
post-excision imaging has demonstrated that 
this approach is able to detect SLNs initially 
missed by gamma probe screening, which in 
rare cases prevent false-negative procedures. 
Unfortunately, these fi ndings are based on sin-
gle-center experiences with a limited number 
of patients. As for future studies, the added 
value of intraoperative imaging has to be 
proven in multicenter studies. A strict surgical 
protocol is critical to investigating the impact of 
intraoperative imaging on the detection of addi-
tional SLNs and the potential resultant fi nding 
of nodal metastases in such additional SLNs.     
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   Abstract  

  Anatomical and/or functional imaging modali-
ties like computed tomography (CT), magnetic 
resonance imaging (MRI) and ultrasound, often 
combined with contrast agents, and molecular 
imaging modalities like single-photon emission 
computed tomography (SPECT) and positron 
emission tomography (PET) have become stan-
dard tools to aid in the diagnosis, monitoring and 
 treatment of disease or injury. Yet, translating 
this wealth of detailed preoperative imaging 
information into better surgical treatment and 
clinical outcome is an ongoing challenge. Patient 
scans usually provide a 3D map of the disease, 
often placed in the context of the patient’s anat-
omy, that surgeons can use as a reference to 
guide them during an intervention. It would be 
very convenient for the surgeon to know exactly 
where surgical tools are on this map relative to 
the target location or, even better, to be provided 
with an optimal path from the tools towards the 
target.  

4.1         Introduction 

 An analogy can be made between surgical navi-
gation and global positioning system (GPS)-
based navigation apps available on smartphones 
and similar devices, as illustrated in Fig.  4.1 . 
Smartphone navigation shows a map of our 
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 surroundings, analogous to a patient scan 
(Fig.  4.1a ). It shows our current location on this 
map (using GPS tracking), analogous to showing 
where surgical tools are in the image of the 
patient (Fig.  4.1b ). The user can mark the objec-
tive on the map, analogous to marking the loca-
tion of the surgical target (e.g. tumour, lymph 
node; Fig.  4.1c ). Subsequently, the navigation 
app then suggests an optimal route between our 
current location and the objective, analogous to 
suggesting an optimal trajectory of the surgical 
tools to the target (Fig.  4.1d ).

   Navigation is a collective term that describes 
any workfl ow where patient scans, real-time 
tracking, and, occasionally, computer-aided plan-
ning are combined into real-time spatial informa-
tion that provides orientation (Fig.  4.1b, c ) and 
sometimes even guidance to reach the target loca-
tion (Fig.  4.1d ) during an intervention. The main 
 benefi t of this technology is the possibility to pre-

cisely indicate where structures of interest are 
located relative to the surgical tools in 3D. This is 
possible even when the structures of interest are 
covered by tissue and cannot be seen during sur-
gery. Although surgical navigation technologies 
have not yet reached full maturity, clinical evi-
dence already suggests it is of benefi t to many 
clinical applications. Navigation promises to 
bring machine precision to clinical interventions, 
and will likely contribute to the emergence of 
more precise, less invasive and, hopefully, more 
effective procedures. 

 This chapter starts with the presentation of a 
typical navigation workfl ow and the methodologies 
behind this approach. Subsequently a broad over-
view of navigation in various clinical fi elds, includ-
ing radioguided surgery, is provided. We close the 
chapter with a short discussion on the presented 
applications and the general developments we may 
expect in the upcoming years.  

a b

c d

  Fig. 4.1    Analogy between surgical navigation and 
 smartphone navigation apps. ( a ): Raw 3D map of the 
region of interest (Depicted: Shibuya Station, Tokyo). 
( b ) Current location of the surgical tools on the map, 
 analogous to GPS localisation. ( c ): The target location for 

navigation, i.e. the objective, can be marked on the map. 
( d ): Guidance of surgical tools to the target along optimal 
path ( in green ), whilst avoiding damage to nearby critical 
structures. Images generated with Google Earth, satellite 
images provided by USGS/NASA Landsat       
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4.2     Navigation Workfl ow 

 The tracking systems (Fig.  4.2 ⑤) are an essential 
component in all navigation workfl ows as they 

defi ne the intraoperative coordinate system dur-
ing an intervention. They are used to estimate the 
position and orientation of specially marked 
objects (Fig.  4.2 ⑦, ⑧). These estimates, com-

Preoperative imaging and planning

Registration
c

b

a

Intraoperative navigation
- Tracked tools can be navigated on scans and planning
- (Optional) intraoperative scans for added precision
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- Perform patient scans
- Fusion of scans
- Computer aided planning of
  intervention

- Patient tracker visible in
  preoperative patient scans
- Tool and patient trackers
  visible to the tracking system
  in the operating room
- Patient tracker visible in both
  locations, making
  registration possible

  Fig. 4.2    Overview of a typical navigation workfl ow; 
( a ) uses optical tracking and ( b ) uses electromagnetic 
 tracking. ( c ) describes the sequence of steps in a typical 
workfl ow.  ①  Patient with tracker,  ②  multiple patient scans, 
 ③  computer-aided planning,  ④  tracker visible in preoperative 

and intraoperative coordinate systems,  ⑤  tracking  system, 
 ⑥  navigation platform,  ⑦  tracked tools,  ⑧  patient with tracker 
on OR table. CAD models of dummy human male (by Leon 
Maryasin) and hospital bed (by Felipe Ospina Ochoa) found 
in the community library of grabcad.com       
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bined with registrations, enable the placement of 
tracked tools, patient scans and, if available, 
(computer-aided) planning in the same coordi-
nate system. For object tracking, there are a num-
ber of different techniques available, e.g. 
near-infrared (NIR) optical tracking, electromag-
netic (EM) tracking, mechanical tracking and 
acoustic tracking [ 1 – 4 ]. Of these techniques, NIR 
optical tracking and EM tracking are by far the 
most commonly used in clinical practice and will 
therefore be of main focus for this book chapter.

   With NIR optical tracking systems 
(Fig.  4.2a ⑤), the emission and detection of NIR 
light is used to determine the position of track-
ers in space. To obtain stereo-vision, thus depth 
optical perception, this NIR light has to be cap-
tured by at least two cameras in a known spatial 
confi guration. NIR optical tracking can only 
work when enough fi ducial markers (small 
objects that each approximate a point and jointly 
representing three noncollinear points of a 
tracker; see next section) are in the line of sight 
of these NIR cameras. Marker occlusion, e.g. by 
surgical staff standing between the tracking sys-
tem and the fi ducials, is a limitation of this 
tracking technique and of optical tracking in 
general. 

 EM tracking systems (Fig.  4.2b ⑤), on the 
other hand, rely on variations in the magnetic 
fi eld generated by a dedicated fi eld generator to 
determine the position of sensor coils present on 
the tracker relative to the generator. The varying 
magnetic fi eld induces current and potential in 
the coils. Usually, multiple coils are combined 
into a single tracker, and the combined readings 
from these coils provide enough information to 
estimate the position and orientation of the 
tracker in space. Unlike NIR tracking, EM track-
ing systems do not require a direct line of sight 
to the trackers, but they have different limita-
tions: (1) Nearby metal objects can distort the 
magnetic fi eld, leading to incorrect position and 
orientation estimations, and (2) the working vol-
ume of current EM tracking systems is usually 
smaller than that of NIR optical tracking 
systems. 

4.2.1     Tracking 

4.2.1.1     Patient Tracking 
 In most navigation workfl ows, the purpose of 
tracking surgical tools is to determine their posi-
tion relative to the patient’s anatomy and the dis-
eased tissue therein (as in Fig.  4.1b ) as such to 
better guide the surgeon during the procedure. 
The typical navigation workfl ow will make use of 
preoperative imaging, meaning that the preopera-
tive imaging data set (Fig.  4.2 ①–③) has to be 
coupled to the interventional intraoperative coor-
dinate system (Fig.  4.2 ⑤–⑧). The trick used to 
achieve this preoperative and intraoperative co-
registration is to place a special tracker (Fig.  4.2 ④) 
at the same position on the patient during preop-
erative imaging and during the intervention. This 
tracker is, by design, both visible to the tracking 
system and easily segmented from the preopera-
tive scan. Once segmented, the position of the 
tracker relative to the patient can be calculated, 
leading to a registration between the coordinates 
of the patient and the tracker. 

 To use the patient scan as a 3D map that is 
accurately positioned in the intraoperative coor-
dinate system, the patient-to-tracker registration 
has to be coupled to the tracked position of the 
tracker in the intervention room. Essential 
requirements for precise registration are the iden-
tical placement of the tracker during preoperative 
imaging and during the intervention, and as little 
tissue deformation as possible between imaging 
and the intervention. 

 A tracker is an object that is visible to the 
tracking system and holds enough information 
for the tracking system to unambiguously estab-
lish all six degrees of freedom of the tracker in 
3D space (three degrees of freedom for the posi-
tion and three for the orientation). Trackers can 
be attached to surgical tools or to portions of the 
patient’s anatomy, enabling their tracking 
(Fig.  4.2 ⑦, ⑧). To accomplish tracking, the posi-
tion of at least three noncollinear points must be 
monitored, as we illustrate in Fig.  4.3 . Most 
trackers are designed to be clearly visible to the 
tracking system and easy to segment from patient 
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scans, as seen in Fig.  4.2 ④. Such trackers are 
 visible both in the preoperative and in the intra-
operative coordinate systems, providing the link 
between them and making registrations possible.

   The composition of a tracker is dependent on 
the tracking technology that will be used during 
the procedure. For example, NIR optical trackers 
(Figs.  4.2a ④ and  4.3 ) consist of a rigid frame 
holding multiple (usually three noncollinear, 
sometimes more) fi ducial markers. A fi ducial 
marker is small object that approximates a point. 
Most NIR fi ducial markers are both clearly visi-
ble in preoperative scans and clearly visible to the 
tracking system. On the other hand, a modern 
EM tracker usually consists of a bundle of sensor 
coils inside a small case (around 0.5 cm 3 ) attached 
to a cable (wireless variants exist [ 5 ], but are 
uncommon) (as an example, the small black box 
attached to the surgical tools on Fig.  4.2b ⑦ is an 
EM tracker). An EM tracker variant that is visible 
in patient scans (see Fig.  4.2b ④) consists of a 
standard EM tracker attached to a frame that is 
large enough to be easily segmented in the patient 
scans. 

 The (EM and NIR optical) trackers described 
above provide a simple way to perform tracking 
and registration to the patient scans; of course, 
more complicated alternatives exist. For exam-
ple, instead of a tracker, multiple loose fi ducial 
markers can also be used to track the position and 
orientation of an object, provided at least three 
fi ducials are noncollinear. This is equivalent to 
using a tracker, since both approaches provide 
enough measurements to cover the six degrees of 

freedom. Some authors report the use of fi ducials 
which are visible in the patient scans, but not to 
the tracking system. For example, Krücker et al. 
[ 6 ] reported placing such fi ducials on the patient’s 
skin. During the intervention, the position of the 
fi ducials then had to be marked by a tracked 
pointer, thus providing the connection between 
patient scans and tracking system.  

4.2.1.2     Tracking of Surgical Tools 
 A similar, but simpler, approach is used to deter-
mine the position of the surgical tools in the intra-
operative coordinate system. For this, a tracker is 
attached to the surgical tool that needs to be navi-
gated. Here it is crucial that this tracker is placed 
at a predefi ned position on the surgical tool (see 
Fig.  4.2 ⑦), and that the tool is calibrated relative 
to the navigation platform. This calibration, in 
combination with the tracking information of the 
surgical tool tracker, allows tracking of the tip of 
the tool (or of any other part of the tool that is 
relevant during the intervention) thereby provid-
ing navigation from the perspective of the tip of 
the surgical tool. Tools like needles are routinely 
tracked using the methods described above. 
Some authors even report tracking tools to aid in 
implant placement [ 7 – 9 ]. Aside from surgical 
tools, it is also possible to track (handheld) imag-
ing systems (e.g. ultrasound probes, gamma 
probes, portable gamma cameras and portable 
fl uorescence imaging systems) as will be dis-
cussed later. A tracked scanning procedure per-
formed with a handheld imaging system is 
referred to as “tracked freehand imaging”.  

a b c

  Fig. 4.3    Fiducial markers on a rigid tracker. ( a ): one fi ducial, no orientation information ( b ): two fi ducials, orientation 
around dotted line unknown ( c ): three noncollinear fi ducials, unambiguous position and orientation       
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4.2.1.3     Limitations and Implicit 
Assumptions of Tracking 

 Most navigation workfl ows make an implicit 
assumption about the body that is being tracked, 
namely, that it is a rigid body, i.e. that it has 
exactly the same shape any time during preopera-
tive imaging and during surgery. If a body does 
not deform, it is suffi cient to track the position 
and orientation of a tiny portion of it to know 
where the rest is. This is the justifi cation for only 
placing a single tracker and/or a minimal amount 
of fi ducial markers on a patient to track his or her 
position and orientation. Of course, the rigid 
body assumption may sometimes be unrealistic 
and can lead to mistakes. If the object being 
tracked is not a rigid body, the tracking approaches 
described in this text are, in general, inadequate. 
For example, a patient may change pose between 
preoperative imaging and the intervention with-
out affecting the relative positions of the fi ducial 
markers; in this case, the change in shape would 
not be detected by the tracking system. Surgeons 
must be aware of the implicit rigid body assump-
tion of tracking systems and of the entailing limi-
tations. In particular, it is always sensible to 
verify the precision of any registration between 
preoperative and intraoperative coordinates prior 
to and during an intervention, especially if a 
change in the shape of the patient is likely. 

 Current tracking systems work by tracking a 
relatively small number of points in 3D; in gen-
eral this is not suffi cient to deal with arbitrary 
deformations. Some authors, e.g. Krücker et al. 
[ 6 ] for thoracic and abdominal cavity interven-
tions and Matziolis et al. [ 10 ] for navigated total 
knee arthroplasty, report the use of a redundant 
amount of fi ducials/trackers, providing more 
information than necessary to obtain the six 
degrees of freedom of a rigid body. As a conse-
quence, more than one rigid body could be 
tracked in such a workfl ow. This can accommo-
date some kinds of movement, e.g. the movement 
of the tibia relative to the femur. Still, these multi- 
rigid, landmark-based, arrangements also make 
implicit rigidity assumptions on the patient’s 
shape, like the single rigid body case, and cannot 
accommodate arbitrary deformations particularly 
well. This said, redundant fi ducials/trackers can 

be used to measure body deformation; if the spa-
tial confi guration changes during tracking, this 
information can be useful to correct, or at least 
explain, tracking errors during navigation. In 
addition, such fi ndings may allow for elastic reg-
istrations which are a promising approach to 
handle body deformation (briefl y discussed later 
in this chapter). Another reason for a redundant 
amount of fi ducials, specifi c to optical tracking 
techniques, is that some fi ducials may not lie in 
the direct line of sight of the tracking system; a 
large amount of fi ducials reduces the chance that 
less than three noncollinear fi ducials are visible. 

 On the other hand, images acquired with 
tracked freehand imaging are, due to tracking, 
automatically located in the intraoperative coor-
dinate system; this means such images are already 
in the same coordinate system as the tracked sur-
gical tools, rendering a registration between pre-
operative and intraoperative coordinates 
unnecessary. As a consequence, navigating tools 
in tracked freehand imaging scans is fairly 
straightforward. Such workfl ows are already 
reported in literature [ 11 – 13 ]. In the absence of 
specialised (and expensive) operating rooms with 
integrated MRI or CT scanners, tracked freehand 
imaging is often the only kind of 3D imaging that 
can be made available in the operation room. 
Intraoperative imaging can also be used to help 
verify the progress of a procedure, to cope with 
patient movement and sometimes even to quickly 
perform 3D intraoperative scans of the region of 
interest [ 11 – 14 ]. Tracked freehand ultrasound 
[ 15 ] is already available. An interesting novelty, 
especially for radioguided surgery, is tracked 
freehand SPECT, a SPECT generated from a 
tracked portable gamma camera [ 12 ,  13 ,  16 – 18 ].   

4.2.2     Registration and Fusion 

 In the previous section, we explained how two 
coordinate systems (preoperative with patient 
scans and intraoperative with tracking informa-
tion) can be connected via tracking of trackers, 
allowing objects from both coordinate systems to 
be shown in a single coordinate system. This con-
nection between coordinate systems is called a 
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registration. Since combining the complementary 
information of different patient scans allows for a 
more complete model of the patient, e.g. in the 
form of PET and MRI data, the registration con-
cept described in the previous section should be 
expanded to more than two coordinate systems. 
This is readily possible using image registration. 
In fact, it is possible to register an arbitrary number 
of coordinate systems in a chain of registrations. 

 In a typical navigation workfl ow, all preopera-
tive scans (Fig.  4.2 ②) are registered to each other. 
In at least one of these preoperative scans, the 
patient has to be outfi tted with a tracker 
(Fig.  4.2 ①); this scan is then used to register the 
preoperative and intraoperative coordinate sys-
tems. With this registration, all other preoperative 
scans are also (indirectly) registered to the intra-
operative coordinate system and can be navigated 
on. Registered patient scans are sometimes 
shown in composite views, where information 
from multiple scans is condensed into a single 
“fused” visualisation, as illustrated in Fig.  4.5 . 
Note that registering multiple patient scans (i.e. 
performing image registrations) is often a com-
plex and error-prone task, especially when there 
is deformation in the patient’s anatomy between 
scans. For this reason image registrations should 
always be critically evaluated for errors and 
imprecisions prior to their use for navigation 
(or planning). 

 Registration methods can be separated into 
two types: rigid and elastic. A registration that 
consists exclusively of a composition of rotation 
and translation is called a rigid registration (see 
Fig.  4.5a ). Rigid registrations can always be 
described by a transformation matrix. The vast 
majority of registrations currently performed in 
clinical practice, including most registrations 

using trackers or fi ducials, are rigid. Rigid regis-
trations are relatively easy to understand, fairly 
simple to verify, correct, and often precise enough 
for the intended application. But rigid registra-
tions are, by defi nition, limited in the degrees of 
freedom that they can accommodate. 

 A very common example of rigid registrations 
is a SPECT and CT registration (see Fig.  4.4 ). 
Here a hybrid imaging device combines a mea-
sure of the distribution of a radiotracer (SPECT) 
with a scan of (CT) the patient’s anatomy in a 
single imaging session; no signifi cant patient 
movement is assumed during imaging, so the 
transformation matrix for this rigid registration is 
the identity matrix. Since many clinical applica-
tions only require a good alignment inside a small 
region of interest, rigid registrations will often be 
suffi cient, even if a correct rigid alignment of the 
whole scans is not possible. In the cases where 
rigid registrations are not adequate to align scans 
as a result of extensive tissue movement, e.g. 
breast MRI scans [ 19 ] or preoperative to intraop-
erative brain scan alignment [ 20 ,  21 ], other types 
of registration are required.

   Registrations that can handle arbitrary defor-
mations, meaning random tissue movements, are 
called elastic or deformable registrations (see 
Fig.  4.5b ). Elastic registrations cannot be 
described by a transformation matrix, due to their 
complexity. Instead, they are described by defor-
mation fi elds. Elastic registrations are the topic of 
image analysis papers for decades already, but 
their use in clinical practice has been very limited 
thus far. The main reason for this is that there is a 
trade-off between fl exibility, the ability to handle 
arbitrary deformations, and robustness, the  ability 
to consistently yield reasonably precise registra-
tions. There is not one sweet spot between 

CT SPECT Fusion

  Fig. 4.4    Image fusion: CT and SPECT are registered, which enables a fused visualisation       
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 fl exibility and robustness that works for all clini-
cal applications, meaning an elastic registration 
algorithm has to be fi ne-tuned for each specifi c 
application. This, combined with the diffi culty of 
fi nding an elastic registration method that works 
for the target application in the fi rst place, greatly 
lowers the appeal of this technology, compared to 
the more generally applicable rigid registrations.

4.2.3        Computer-Aided Planning 

 Tracking and registration enable us to see the 
position of the tracked surgical tools overlaid on 
patient scans. The distance or the preferred route 
towards the target cannot be established with this 
information alone. Computer-aided planning 
software provides the navigation platform with 
the additional information needed to achieve both 
distance and route (Fig.  4.1c ) estimates. To 
enable such planning, it is necessary to segment 
(i.e. defi ne the boundaries of) the target structure 
in the patient scans and provide this segmentation 
to the navigation platform. For some surgeries, 
damage to critical structures must be avoided at 
all costs; in such cases, navigation from point A 
to B in a straight line does not suffi ce (Fig.  4.1c ). 

Here navigation can be further improved to navi-
gation along a path that avoids damage to nearby 
critical structures, as schematically shown in 
Fig.  4.1d . In order to provide such a “smart” 
route towards the target structure, it is also neces-
sary to segment all critical structures that need to 
be avoided. To further clarify this approach, we 
illustrate how computer-aided planning fi ts into a 
navigation workfl ow by considering the resection 
of a kidney lesion (see Fig.  4.6 ). The starting 
point is the patient scan shown in Fig.  4.6a . If 
computer- aided planning is used, the kidney 
lesion and nearby critical structures are seg-
mented (Fig.  4.6b ). This segmentation can then 
be used to compute an optimal trajectory to the 
target (Fig.  4.6c ). This plan is transferred to the 
navigation platform and can be used to position 
the surgical tools along the computed optimal 
path.

   In computer-aided planning, manual and 
semi-automatic segmentations are currently the 
tools of choice in clinical practice. Manual seg-
mentations, as their name implies, require man-
ual drawings of the contours and interior of all 
structures that have to be segmented. The main 
advantage of manual segmentations is that the 
user has complete control over what label each 

a

b

  Fig. 4.5    Types of registration. ( a ): rigid registration, a composition of rotation and translation. ( b ): elastic registration, 
a deformation fi eld is applied to warp the square into a circle       
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voxel in the 3D preoperative scan gets. However, 
manual segmentations can be extremely time 
consuming, especially for high-resolution 3D 
scans. Among all segmentation methods, manual 
segmentations, unsurprisingly, also suffer from 
the highest interobserver variability. A semi- 
automatic segmentation is a manual segmenta-
tion with some automatic assistance. For 
example, a drawing tool that automatically fi lls 
surrounding voxels of a similar colour, or, for 
example, a tool for vessel segmentation, where 
only the start and endpoint of the segment have to 
be defi ned manually. Semi- automatic segmenta-
tions require far less user input and can be per-
formed signifi cantly faster and with higher 
reproducibility than manual segmentations. On 
the other hand, the user partially surrenders the 
segmentation process over to the computer, 
thereby reducing his or her personal touch. 
Automatic segmentations, and in particular atlas-
based segmentations [ 22 ], have improved a lot in 
recent years and are slowly gaining more 
acceptance. 

 A fully automatic segmentation is a segmenta-
tion that requires no user interaction. The obvi-
ous advantage of automatic segmentations is that 
they neither need to be performed nor supervised 
by a trained medical specialist. Experienced 
human operators, whilst usually superior to auto-
matic methods, are subject to time constraints 
and susceptible to boredom, unlike machines. 
These time and boredom constraints are not lim-
iting when a single segmentation of a target 
structure has to be performed, but can become an 

issue when repetitive or more extensive segmen-
tations are required. For  example, segmenting all 
bones in thousands of full- body scans for an anat-
omy experiment would certainly yield interesting 
insights, but very few experts would volunteer for 
such a tedious task. Computers do not get bored; 
as a consequence they can provide much more 
extensive  segmentations than could reasonably 
be expected from a human expert. It goes without 
saying that automatic segmentations always have 
to be critically evaluated by an expert.   

4.3     Clinical Applications 
of Navigation 

 Attempts at surgical navigation have already 
been reported as early as the year 1889 [ 23 ]; 
these involved stereotactic frames combined with 
generic atlases (i.e. maps) of the anatomy, used as 
reference during the procedure. Due to the ana-
tomical variation found in humans, generic 
atlases cannot be correct for all anatomical 
regions of all patients; hence, they are often not 
reliable for precise guidance. Patient-specifi c 
approaches to navigation, where patient scans are 
used instead of generic atlases, only became real-
istic with the development of 3D imaging tech-
nologies like CT and MRI, that became 
commercially available in the 1970s [ 24 ] and 
1980s, respectively. We focus on patient- specifi c 
navigation approaches in this chapter and do not 
delve further into publications from before the 
time of 3D imaging. 

a b c

  Fig. 4.6    Computer-aided planning in the treatment of a 
kidney lesion. ( a ): raw patient scans ( b ): segmentation of 
kidney lesion ( yellow ), nearby critical structures ( orange ) 

and nearby bones ( pink ) ( c ): optimal paths to lesion 
( green dotted lines ); as short as possible whilst avoiding 
damage to critical structures       
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 Neurosurgery is one of the pioneering fi elds 
in surgical navigation; 3D navigation experi-
ments are reported as early as 1986 [ 4 ]. 
Additional neuronavigation systems and studies 
are reported in the 1990s, e.g. by Germano et al. 
[ 25 ] and Gumprecht et al. [ 26 ], among many 
others. The navigation workfl ow described in 
these works corresponds to the “typical” navi-
gation workfl ow seen in clinical practice today, 
namely, navigation of the surgical tools in pre-
operative patient scans. The most important 
limitation of this approach can be seen when the 
intraoperative reality signifi cantly deviates from 
the anatomy depicted in the preoperative scans. 
In this case the estimated position of the tracked 
tools relative to the patient’s anatomy can be off 
by many centimetres, negating the precision 
benefi ts navigation is supposed to bring. Outside 
its application in neurosurgery and in external 
beam radiation therapy (not discussed in this 
chapter; see Khan et al. [ 27 ] for a review on 
radiation therapy), navigation is not very wide-
spread in clinical practice thus far, even though 
many other clinical applications could greatly 
benefi t from a well- thought- out navigation 
workfl ow. Mounting evidence of navigation’s 
benefi ts for particular types of treatment, ideally 
combined with a greater awareness of what is 
technically feasible, should slowly change this 
state of affairs. To grant the reader a short over-
view of how navigation can be applied in vari-
ous clinical fi elds and what the current 
limitations are, the remainder of this section 
presents selected research on needle placement, 
navigated resections, and navigation in ortho-
paedic surgeries. 

4.3.1     Needle Placement 

 The objective of a needle placement procedure is 
to insert a needle into the patient so that the tip of 
the needle is as close as possible to the target 
location. Needles can be used to obtain biopsy 
samples, radio- frequency (RF) ablations, micro-
wave ablations and electrode placement, among 
many other clinical applications. Some of these 
applications require a very precise needle place-

ment, and it is expected that these will benefi t 
most from navigation. The main challenge 
encountered during needle placement is that both 
the target location defi ned on imaging and, once 
the insertion begins, the needle tip are not visible 
to the physician. To compound these diffi culties, 
the tissue (or needle) may deform during or as a 
result of the needle placement. 

 Needle navigation workfl ows combine patient 
scans with needle tracking. With tracking (and 
registration of the tracking system to the patient 
scans), the estimated (3D) position of the needle 
tip in the anatomy can be shown in real-time on 
all patient scans. In most needle navigation work-
fl ows, the target location is marked on one of the 
registered patient scans, as in Fig.  4.1c ; this way 
the navigation platform can indicate the current 
needle trajectory or estimate the shortest route 
from the needle tip to the target location. A more 
sophisticated workfl ow could also incorporate 
the segmentation of critical structures along the 
possible paths of the needle, allowing for the 
selection of an optimal path towards the target 
location whilst avoiding damage to critical struc-
tures, as shown in Fig.  4.6c . 

 Stereotactic needle navigation is already used 
for decades to aid in the placement of electrodes 
for deep brain stimulation [ 28 ]. For more sophis-
ticated navigation procedures, needles are usu-
ally tracked with the NIR optical or EM tracking 
systems. NIR optical tracking requires the 
tracker to be in direct line of sight of the cam-
eras, meaning the tracker must be attached to a 
portion of the needle that is not inserted into the 
patient. Depending on the precision of the track-
ing system, and the distance from the tracker to 
the needle tip, aggravated by the possibility of 
needle bending, estimates of the needle tip posi-
tion using NIR optical tracking may be some-
what imprecise. EM tracking does not possess 
the direct line of sight limitation, and trackers 
could be attached anywhere on or inside the nee-
dle. A particularly interesting recent develop-
ment are miniaturised EM trackers with less than 
1 mm in diameter, i.e. narrow enough to be 
placed inside needles. As a consequence, EM 
tracking can now be used to directly track the tip 
of a needle [ 29 ]. Additionally, multiple EM 
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 trackers can be used to monitor the bending of 
needles [ 30 ]. 

 Müller et al. [ 31 ] investigated needle naviga-
tion for soft tissue biopsies, using NIR optical 
tracking. Navigated and conventional CT-guided 
liver needle biopsies were compared in fi ve pigs, 
with a total of 20 tumours biopsied. The authors 
report that the navigated biopsies, on average, 
involved signifi cantly fewer CT scans ( p  = .01) 
and lower dose length products ( p  = .001) com-
pared to the conventional biopsies. Krücker et al. 
[ 6 ] describe the navigation of needles for biop-
sies and RF ablations, mostly targeted at liver and 
kidney lesions. Their trial involved 51 navigated 
needle placements in 40 procedures with a work-
fl ow consisting of segmenting the needle target 
location in preoperative CT scans, sometimes 
combined with PET scans. During the interven-
tion, navigation of the (EM) tracked needle was 
combined with conventional ultrasound and 1–5 
intraoperative CT scans, to make a correct place-
ment more likely. Both during registration and 
needle placement, the patient needed to hold his 
or her breath, to minimise registration errors. The 
authors compared the precision of conventional 
image guidance with that of navigation for 19 tar-
gets (liver, kidney, neck and paracardiac medias-
tinum). The authors report a signifi cantly 
( p  = .0006) better precision using navigation: 
range [0.4–12.1 mm] with median 2.5 mm, 
against range [3.3–81.9 mm] with median 
14.8 mm. Additionally one interventional radiol-
ogist assessed the utility of all 51 placements: 22 
of the placements (43 %) would be very diffi cult 
or impossible to perform without navigation and 
an additional 24 placements (47 %) were facili-
tated by navigation. This study puts needle navi-
gation in a very positive light, though the authors 
point out that the number of patients was rela-
tively small and that a statistically meaningful 
comparison of outcomes with a control group 
was not performed. 

 Ungi et al. [ 11 ] propose a radiation-free, 
ultrasound- only workfl ow for navigated facet 
joint injections. The assumption is that this work-
fl ow yields the same clinical outcome as alterna-
tives using fl uoroscopy or CT imaging, whilst 
minimising radiation exposure of the patient and 

surgical crew. The suggested method would work 
as follows: (1) a tracked freehand ultrasound scan 
of the spine segment to be treated is performed 
prior to needle insertion; (2) after imaging, the 
target location is segmented in the reconstructed 
3D ultrasound volume; and (3) the tracked needle 
is then navigated to the target. Recall that both 
tracked tools and images acquired with tracked 
freehand imaging are in the intraoperative coor-
dinate system, so, in this case, no registration step 
is required prior to navigation. A particular prob-
lem in conventional ultrasound- guided needle 
placement is that the ideal needle path is often 
blocked by the transducer during insertion. 
Hence, separating the imaging and needle inser-
tion steps is a sensible approach. The authors per-
formed 100 facet joint injections in cadaveric 
lamb models, 50 using the conventional ultra-
sound-guided method and 50 with the suggested 
(navigated) method. This increased the insertion 
success rate 94 % vs. 44 % and signifi cantly 
shortened insertion times.  

4.3.2     Navigated Resections 

 The surgical removal of all, or part, of an organ, 
tissue or structure is often performed to treat dis-
eases like cancer. To avoid recurrences, it is 
important to remove all tumorous tissue during 
surgery. Ideally the tumour should not be pierced 
during surgery, to avoid the spillage and possible 
spread of tumour cells. To accomplish both a 
thorough tumour removal and minimise spillage, 
surgeons usually defi ne a safety margin sur-
rounding the tumour and perform the resection 
around this margin; all tissue inside the safety 
margin is removed. The resected specimen is 
then sent to pathology to check for positive mar-
gins, i.e. the presence of tumour cells in the edges 
of the excised specimen. Ideally, pathology 
should confi rm negative specimen margins in all 
tumour resections. Unfortunately this is not 
always the case; for example, Jacobs [ 32 ] cites 
reports of positive margin fi ndings ranging from 
20 % to as high as 70 % for partial mastectomies. 
Identifi cation of the boundary between the dis-
eased and healthy tissues can be addressed by the 
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use of tracers, especially radionuclides, as 
described in detail in other chapters of this book. 
Imprecise surgical resection, can probably be 
improved by navigation.   For example, navigation 
is widely used to resect brain tumours; some of 
the fi rst navigation systems were designed for 
neurosurgery applications [ 2 ,  25 ,  26 ]. On the one 
hand, the brain is quite susceptible to damage, so 
surgical interventions should be as precise and 
minimally invasive as possible, yielding good 
disease treatment whilst minimising the chance 
of permanent neurological damage. Moreover, 
the brain is embedded in a rigid bone case (the 
neurocranium), meaning it does not deform sig-
nifi cantly between imaging and surgery. This 
strong need for precision combined with the 
favourable rigidity of the target anatomy led to 
the development of clinically and commercially 
successful neuronavigation systems (using NIR 
optical tracking), which make use of preoperative 
CT or MRI scans. Over the years, attempts to 
integrate many neurosurgery specifi c tools, like 
pointer tools or even entire surgical microscopes 
[ 3 ,  26 ], have been reported. 

 Many resections, including brain tumour 
resections, involve signifi cant tissue deforma-
tion during surgery, making traditional preoper-
ative scan-based navigation on progressively 
more imprecise. To counter this, intraoperative 
CT and MRI systems have been suggested [ 33 , 
 34 ]. Due to their relatively high price, compli-
cated logistics, large volume, and relatively long 
acquisition times, it is questionable if these 
imaging systems will fi nd widespread adoption 
in clinical settings. Tracked freehand imaging 
may prove to be a more viable intraoperative 
imaging solution. Unsgaard et al. [ 14 ] describe 
a modern neuronavigation workfl ow for brain 
tumour resections with preoperative MRI for 
initial planning and multiple intraoperative 
tracked ultrasound scans to monitor the progress 
of the resection and to cope with brain shift 
[ 20 ]. The system used by the authors simultane-
ously shows the position of the tracked instru-
ments side-by-side on the preoperative MRI and 
on the latest ultrasound volume. Whenever sig-
nifi cant tissue changes occurred, a new ultra-
sound scan was performed and the navigation 

procedure was adapted. In addition to more 
accurate navigation, the authors report that 
intraoperative ultrasound was very useful in 
detecting residual tumour after the planned 
resection was performed. In their subjective 
experience, in over half of the 91 procedures 
investigated, residual tumour was discovered in 
resections that were otherwise considered to be 
complete. The system described by the authors 
used NIR optical tracking. 

 Radioguided interventions are interventions 
that make use of tracers, especially radioactive 
tracers that allow for SPECT and PET imaging; 
fl uorescent and hybrid fl uorescent-radioactive 
tracers are also used for some applications 
[ 35 – 37 ]. Tracers mainly aid in the detection of 
target structures (like tumours or lymph nodes) 
and in more precise refi nement of their borders. 
Tracers can be of use both preoperatively, 
enabling SPECT/CT (Fig.  4.5 ) and PET/CT 
scans, and intraoperatively, providing real-time 
acoustic or visual feedback from radiation or 
fl uorescence readings [ 38 – 41 ]. 

 SPECT, and to a lesser extent PET, scans are 
generally used to preoperatively identify the 
lesions that should be taken out during surgery 
using specialised imaging devices, like gamma 
probes (1D) or gamma/fl uorescence cameras 
(2D) [ 42 ,  43 ]. A logical evolution of this is to 
track the intraoperative devices, allowing navi-
gation of them on the preoperative images, pos-
sibly reducing the time needed and increasing 
the accuracy of the intraoperative radioactive 
hotspot localisation. Brouwer et al. [ 44 ] suc-
cessfully navigated a tracked gamma probe in 
preoperative SPECT/CT images towards senti-
nel lymph nodes in ten patients with penile car-
cinoma. Here preoperative SPECT/CT-based 
navigation was combined with the intraopera-
tive acoustic feedback produced by the tracked 
gamma probe. Tracked gamma probes can be 
used even more extensively in navigation work-
fl ows, for the generation of freehand SPECT 
[ 16 ] scans, that can be created during both the 
pre- and intraoperative process. Freehand 
SPECT scans have a smaller fi eld of view and 
may have lower resolution than traditional 
SPECT scans, but they can be performed with 
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cheaper and signifi cantly less bulky devices. A 
particular advantage of freehand SPECT is that 
multiple scans can be performed during surgery 
if necessary, allowing the surgeon to double- 
check his or her work thereby decreasing the 
chance of incomplete resections. Rahbar et al. 
[ 45 ] performed navigated parathyroidectomy 
combining both preoperative SPECT/CT and 
freehand SPECT. Other authors report perform-
ing navigated sentinel lymph node biopsies on 
freehand SPECT scans in, for example, breast 
[ 12 ] and head and neck cancer [ 13 ,  46 ]. 
Recently, Engelen et al. [ 47 ] reported on the 
use of the freehand SPECT technology in com-
bination with a mobile gamma camera. 
Compared to the gamma probe-based proce-
dure, the use of a mobile camera could speed up 
the generation of the freehand SPECT, and the 
sensitivity of the camera might help improve 
lesion resolvability. All freehand SPECT works 
cited here used NIR optical tracking to track the 
gamma probes. 

 With the introduction of hybrid tracers, that 
contain both a radioactive and a fl uorescent label 
(e.g. indocyanine green (ICG)- 99m Tc-nanocolloid 
[ 38 ,  39 ,  48 ]), the fi eld of radioguided surgery fur-
ther expanded. These tracers can extend naviga-
tion workfl ows based on SPECT/CT and freehand 
SPECT with intraoperative fl uorescence image 
guidance. Brouwer et al. [ 49 ] presented a proof 
of concept via navigation of a tracked fl uores-
cence laparoscope towards the hybrid tracer-con-
taining sentinel lymph node seen on preoperative 
SPECT/CT. Here, as soon as the fl uorescence 
laparoscope was near enough to the sentinel 
lymph node, fl uorescence imaging could be per-
formed to complement the navigation. A require-
ment for a successful hybrid workfl ow is that 
navigation leads the laparoscope to less than 
1 cm from the target location, since fl uorescence 
signal depth penetration is only around 1 cm in 
human soft tissue [ 50 ]. The benefi t provided by 
the fl uorescence imaging is that a real-time visual 
feedback of the tracer with respect to the local 
anatomy is provided. This real-time feedback can 
be used to better cope with potential inaccuracies 
in the SPECT/CT-based navigation, e.g. due to 
patient movement and tissue deformation.  

4.3.3     Navigated Orthopaedic 
Surgeries 

 Orthopaedic surgeries are performed to treat 
fractures and congenital musculoskeletal malfor-
mations and to replace worn out joints with 
implants, among many other applications. Many 
orthopaedic surgeries, especially procedures 
involving implant placement, are focused on 
bones, making them particularly promising can-
didates for navigation. Bones, unlike soft tissue, 
usually do not deform. This rigidity should, 
therefore, lead to precise registrations and, as a 
consequence, precise navigations. The assump-
tion is that the machine precision provided by 
navigation leads to a faster and more precise 
implant placement. This increased implant place-
ment accuracy may lead to a better clinical out-
come, e.g. increased range of motion, better joint 
stability, increased implant longevity and later 
onset of arthritis. 

 Rambani et al. [ 51 ] reviewed numerous appli-
cations of navigation in orthopaedic surgery, with 
an emphasis on navigated total knee arthroplasty 
(TKA) and total hip arthroplasty (THA). The 
authors pointed out that both for TKA and THA, 
correct implant alignment is essential to increase 
implant longevity and to achieve a good func-
tional outcome. It was assumed that navigation 
may improve implant alignment compared to 
conventional TKA and THA. However, a recent 
meta-analysis involving 3423 patients (33 stud-
ies) concluded that navigated TKA brings no 
clear benefi ts in clinical outcome compared to 
conventional TKA, whilst at the same time, the 
mean duration of surgery was increased by 23 % 
[ 52 ]. On the other hand, a meta-analysis of three 
THA studies ( n  = 250) concluded that navigation 
in THA improves the precision of acetabular cup 
placement [ 53 ]. Taking both these studies into 
account, the authors conclude that the potential 
benefi ts of navigation both for TKA and THA are 
not yet clearly proven or disproven and suggest 
multicentre randomised controlled trials with 
long-term follow-up for these procedures. 

 Larson et al. [ 7 ] described the navigated place-
ment of pedicle screws in paediatric patients 
with congenital spine deformity. Their workfl ow 
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 consisted of an initial planning of the screw 
placement performed on preoperative CT scans. 
Then, during surgery, one or more intraoperative 
CT scans of the spine, with an optical tracker 
screwed onto the patient, were used for surgical 
navigation (as in Fig.  4.1b ). This form of naviga-
tion allowed the authors to measure the width and 
depth of each screw tract, allowing screw dimen-
sions to be custom fi t to each pedicle. Results of 
14 patients were presented (four cases of isolated 
hemivertebra and ten cases of complex spinal 
deformations), with a total of 142 screws placed. 
In this study, a 99.3 % success rate was achieved, 
even though the majority of screws was placed in 
vertebrae with congenital deformities. The 
authors report that comparable precision for ped-
icle screw placement without navigation was 
obtained in other studies [ 54 ], albeit for patients 
without congenital spine deformity. 

 Both Rana et al. [ 9 ] and Gander et al. [ 8 ] 
describe the reconstruction of unilateral orbital 
fractures combining the use of selective laser- 
melted patient-specifi c implants (PSIs) and navi-
gated implant placement. Gander et al. point out 
that inadequate implant shape and imprecise 
implant placement may lead to visual disturbance 
and aesthetically poor results. It is assumed that 
PSIs have a shape that better fi ts to the fractured 
anatomy and that navigation improves the preci-
sion of the implant placement. The workfl ow 
starts with a CT scan of the patient, depicting 
both the fractured and the uninjured orbits, fol-
lowed by a computer-aided planning step to 
determine the desired shape of the implant. PSIs 
are outfi tted with ridges and landmarks, which 
enable navigated placement. The implants are not 
tracked directly; instead a tracked pointer is man-
ually placed along the implant’s ridges and land-
marks during navigated insertion. Once the 
implant is in place, the tracked pointer can be 
used to verify that the implant placement is pre-
cise enough, potentially avoiding the need of 
additional scans to verify the implant placement 
after surgery. The navigation is performed on the 
preoperative CT scan. Both groups proceed to 
analyse if the proposed workfl ow is superior 
to the more traditional (manually) pre-bent tita-
nium mesh (PBTM) implants. Based on their 

 experiments, both groups suggest PSIs are supe-
rior to PBTM implants. Unfortunately, none of 
the groups directly measured the impact 
 navigation had on the procedure or on the clinical 
outcome; navigation was simply used in all pro-
cedures, presumably under the assumption that 
this would lead to more precise (or equally pre-
cise, but faster) implant placement.   

4.4     Discussion 

 In this chapter we described surgical navigation 
methods and their clinical applications over a 
broad range of medical fi elds. Navigation prom-
ises to bring machine precision to the operating 
room. Most authors reported a positive opinion of 
navigation, usually backed by experimental 
results from (small) clinical studies. Additionally, 
many authors expressed the subjective opinion 
that navigation was benefi cial or helpful for their 
respective application; Krücker et al. [ 6 ] go as far 
as stating that “procedures were facilitated that 
would have otherwise been diffi cult or impossi-
ble to perform without this technology”. These 
results place navigation in a good light, but there 
are some issues that still need to be considered. 

 We identifi ed three navigation workfl ow vari-
ants in clinical practice. The fi rst variant is navi-
gation on preoperative scans alone, which is 
usually seen in interventions with no signifi cant 
tissue deformation during surgery, for example, 
the navigated reconstruction of unilateral orbital 
fractures [ 8 ,  9 ]. The same type of navigation can 
also be used to bring surgical instruments close to 
the target location in (laparoscopic) surgeries, as 
reported by Brouwer et al. [ 49 ]. Navigation on 
preoperative scans is the most straightforward 
and probably most widely used navigation vari-
ant. In some cases, however, the navigation based 
on preoperative scans alone can become quite 
imprecise, especially in the later stages of an 
intervention, where signifi cant tissue deforma-
tion and patient movement may have taken place. 
To date tissue deformation and patient movement 
between imaging and surgery present signifi cant 
challenges to navigation on preoperative scans. 
Fortunately, many creative solutions to detect and 
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deal with deformation are already reported in lit-
erature. Krücker et al. [ 6 ], who investigated navi-
gation in the thoracic and abdominal cavities, 
mentioned breath holding and respiratory gating 
to minimise deformations. Using a redundant 
amount of fi ducials, non-rigid movement could 
be detected. A second navigation variant com-
bines navigation on preoperative scans with 
intraoperative scans. In this variant, the naviga-
tion on preoperative scans only provides rough 
guidance, and, whenever more precision is 
needed, intraoperative scans are taken. Such 
workfl ows are described in [ 6 ,  7 ,  14 ]. Navigation 
workfl ows using preoperative scans alone are 
unsuitable for many clinical applications. With 
the integration of intraoperative imaging into a 
workfl ow, such navigation can, however, be 
applied in a much broader range of settings. The 
fi nal navigation variant is navigation on intraop-
erative scans alone. This variant has become 
practical with the recent emergence of tracked 
freehand imaging. Recall that both tracked tools 
and images from tracked freehand imaging are in 
the same coordinate system, meaning no registra-
tion between patient scans and surgical tools is 
required, thus leading to a simpler navigation 
workfl ow. This navigation variant is already 
reported by a few groups [ 11 – 13 ], and we expect 
this list to grow signifi cantly with the more wide-
spread adoption of tracked freehand imaging 
systems. 

 Regarding tracking technologies, both EM and 
NIR optical tracking are widely used both for 
freehand imaging and navigation. Both technolo-
gies work well most of the time. Tracker occlu-
sion is the main drawback of NIR optical tracking; 
distortion of the magnetic fi eld due to metallic 
objects and small working volume are the draw-
backs of EM tracking. It is not yet clear which 
technology will become dominant. However, with 
the advent of miniaturised EM trackers, that fi t 
inside needles and can directly track the tip [ 29 ], 
it seems EM tracking has an advantage, at least, in 
needle placement interventions. 

 Most navigation workfl ows presented in this 
chapter compared favourably to their conven-
tional, non-navigated alternatives. This, however, 
is not suffi cient evidence to make blanket state-

ments about the usefulness of navigation in gen-
eral. In fact, there also is evidence suggesting that 
navigation provides no tangible benefi ts during 
some types of surgery; for example, Bauwens 
et al. [ 52 ] pointed out that navigation seems to 
bring no benefi ts to TKA surgeries. Another 
important issue is the amount of evidence pre-
sented to back up the claims of the benefi ts of a 
navigation workfl ow. Randomised controlled tri-
als (RCT) involving large numbers of patients, the 
current gold standard for clinical trials, have not 
been performed for any of the reported methods. 
An open question is how much and what kind of 
evidence is considered suffi cient to prove the ben-
efi ts (or lack thereof) of a navigation workfl ow. It 
is unclear how the alleged benefi ts of a particular 
navigation workfl ow compared to an equivalent 
non-navigated alternative should be measured. 
Perhaps precision should be measured directly, as 
reported by Krücker et al. in [ 6 ], where the needle 
angle insertion is measured both for the navigated 
and non-navigated workfl ows; based on these 
measurements, estimates of the procedures’ pre-
cision can be calculated and compared. Or per-
haps the clinical outcome after a number of years 
should be evaluated instead, as in the meta- 
analysis of TKA and THA clinical studies 
reported by Rambani et al. in [ 51 ]. Alternatively 
the subjective opinion of an expert [ 6 ,  14 ] may 
also provide a relevant measure. Should the expe-
rience of a surgeon also infl uence the measure? If 
so, how should one combine results from multiple 
surgeons with different skill sets? The lack of a 
consensus on how to measure the benefi ts of a 
navigation workfl ow surely stands in the way of 
large clinical trials. It is unclear when, or even if, 
a consensus on this measure will emerge. Even if 
a consensus measure emerges, one should con-
sider if RCTs are the ideal type of trial for naviga-
tion workfl ows. Can clinical equipoise, i.e. the 
existence of a general uncertainty in the expert 
medical community over whether a technique is 
benefi cial or not, be assumed for all navigation 
workfl ows? If a surgical team strongly believes a 
navigation workfl ow is superior to the alternative 
for a specifi c type of surgery, is it acceptable to 
perform non-navigated surgery just for the sake of 
a more statistically sound trial? Given all these 
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questions, chances are RCTs will not be per-
formed for many current and future navigation 
workfl ows. Alternative ways of gathering con-
vincing evidence should probably be investigated. 
It should be pointed out that convincing evidence 
of the clinical benefi ts of a technique is a precon-
dition for reimbursement by health insurance 
companies in many countries, so providing such 
evidence for navigated workfl ows is essential for 
them to become mainstream. 

 Whilst navigation is not (yet) the ultimate 
solution to improve surgical outcomes across the 
board, it does seem to be genuinely benefi cial in 
various types of surgery. Evidence suggesting 
better clinical outcomes in these cases combined 
with ever lower barriers to its adoption leads us to 
believe that the use of navigation will be much 
more widespread in the near future, hopefully 
contributing to better clinical outcomes for ever 
more patients.   
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   Abstract  

  Radioguided surgery (RGS) allows a surgeon 
to intraoperatively identify the lesions of 
interest. This technique relies on the accumu-
lation of a radiotracer in the lesion(s) of 
interest. Such accumulation can occur via the 
local administration of the radiotracer, fol-
lowed by local staining or passive drainage 
via the lymphatic system, or can occur via 
the systemic administration followed by 
retention or targeted accumulation of the 
radiotracer. The range of radiotracers applied 
in RGS varies from the radioactive isotope 
itself, to small molecules, peptides, antibod-
ies, and colloids. The choice of the radionu-
clide depends on various factors, such as 
half-life, desired radiation type and energy, 
and (chemical) means to attach it to an active 
entity. An often overlooked factor is the radi-
ation burden for the patient and the medical 
personnel. The introduction of optical imag-
ing technologies, such as fl uorescence and 
Cherenkov imaging, expands the utility of 
RGS.     

5.1      Introduction 

 The concept of radioguided surgery (RGS) can 
provide the operating specialist with information 
regarding the location and margins of target lesions 
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during surgery and as such can help improve the 
accuracy of the surgical procedure (Fig.  5.1 ). RGS 
requires two things: (1) the availability of a tracer 
emitting a nuclear signal (possibly accompanied by 
and optical signal) that accumulates at the site of 
interest and (2) (portable) detectors that can detect 
the tracers nuclear signal, thereby providing the 
surgeon with acoustic or visual feedback regarding 
its location. Fully integrated whole body preopera-
tive (nuclear) imaging and intraoperative RGS 
using the same radiotracer (single injection) is the 
most superior way to perform RGS as it allows the 
nuclear medicine physician and surgeon to jointly 
generate a (virtual) roadmap regarding the location 
of the lesions, thereby also enabling the identifi ca-
tion of unexpected lesions at distant locations 
(Fig.  5.1 ). During the intervention, radioguidance, 
possibly in combination with an optical compo-
nent, can provide the surgeon with real-time infor-
mation regarding the location of the lesions and 
helps confi rm accurate lesion resection. In 
 combination with state-of-the-art  navigation equip-
ment, the preoperative nuclear information can 
provide additional (virtual) intraoperative guidance 
to improve RGS (Fig.  5.1 ) [ 1 ]. The technical 
approach and the detectors required for RGS will 
be discussed in further chapters.

   This chapter discusses the radio- and hybrid 
tracers applied in the fi eld of RGS. Hereby we 
only focus on tracers that have been used in a 
clinical setting.  

5.2     General Categories 
and Routes of Administration 
for Radiotracers 

 The radiotracers applied in RGS can roughly be 
divided into four general categories: (1) radiocol-
loids (Fig.  5.2 ), (2) small molecules (Fig.  5.3 ), (3) 
peptides (Fig.  5.4 ), and (4) antibodies and antibody 
fragments (Fig.  5.5 ). Radiotracers can be adminis-
tered locally, e.g., when using a radiocolloid for 
sentinel lymph node (SLN) biopsy, or intrave-
nously, e.g., when using targeted antibodies.

5.2.1          Local Administration 

 The most widespread application of RGS is the 
SLN biopsy procedure. For this application, 
radiolabeled colloid particles (Fig.  5.2 ) are 
injected into or directly surrounding the primary 
tumor, from which they drain via the local lym-
phatic pathways to the SLN(s). These lymph 
nodes can then be removed via RGS to be exam-
ined at pathology for the presence of metastases. 
Although the mechanism may differ, upon reach-
ing the SLN(s), these radiocolloids become 
entrapped via interaction with macrophages and 
histiocytes lining the sinuses of the nodes [ 2 ]. In 
SLN identifi cation applications, movement of the 
tracer to the SLN is a physical phenomenon 
driven by lymphatic fl ow. Hence, when the 

  Fig. 5.1    Schematic representation of the possibilities with radio- and hybrid tracers       
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 lymphatic fl ow is abundant, e.g., following the 
injection of a large volume of tracer, saturation of 
the SLN can occur, leading to overfl ow into 
higher- echelon nodes. This effect is similar to 

pouring a bottle of champagne on a pyramid of 
champagne glasses. Initially only the fi rst glass 
will fi ll up, but when more champagne is added, 
eventually all glasses will fi ll up. However, when 

  Fig. 5.2    Radiocolloids applied in RGS       

  Fig. 5.3    Small-molecule radiotracers applied in RGS       
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  Fig. 5.4    Peptide-based radiotracers applied in RGS       

  Fig. 5.5    Radiolabeled antibodies and antibody fragments applied in RIGS       
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the injected volume is limited and the SLN pro-
cedure is combined with dynamic imaging, reten-
tion of radiocolloid allows for accurate 
identifi cation of the SLN(s). 

 For the radioguidance toward the sentinel 
lymph node in SLN biopsies in various cancer 
types,  99m Tc-labeled radiocolloids are widely 
applied (Fig.  5.2 ). Radiocolloid labeling occurs 
via the complexation of  99m Tc via various donor 
atoms in the colloids. The size of the colloidal 
particles is probably the most important variable 
and determines the tracer dynamics. Particles 
with a  diameter above 500 nm show very limited 
drainage via the lymphatic system [ 3 ]. On the 
other side, particles between 5 and 12 nm can 
penetrate the capillary membranes and rapidly 
migrate through the lymphatic system and thus 
require targeting mechanisms using, e.g., man-
nose to be retained in the SLN [ 4 – 6 ]. Obviously 
here the chance of overfl ow to higher-echelon 
nodes is greatest. Medium-sized colloidal parti-
cles ranging between 10 and 200 nm are reported 
to show the best balance between drainage kinet-
ics via the lymphatics and retention in the SLN(s) 
[ 2 ,  7 ]. An overview of the different SLN tracers 
and their sizes has been provided by van den 
Berg et al. [ 8 ]. 

 A local injection, guided by ultrasound or 
X-ray imaging, with, e.g., (large)  99m Tc-labeled 
colloidal particles, can also be used to mark non- 
palpable (breast) tumors, essentially providing 
temporary radioactivity–based tattoos. This 
approach was shown a valid alternative to wire- 
guided localization (WGL), in which a hooked 
wire is placed preoperatively to locate the tumor 
during surgery [ 9 ]. The procedure that applies 
radioactive signatures of a radiocolloid to intra-
operatively excise the tumors under RGS is called 
radioguided occult lesion localization (ROLL) 
[ 10 ]. A similar procedure, where a radioactive 
titanium seed is placed to locate the tumor, is 
called radioguided seed localization (RSL). If 
this procedure is performed with a radiolabeled 
colloidal particle that also drains to the SLN(s), 
ROLL can be combined with a SLN biopsy pro-
cedure, which has been named sentinel node and 
occult lesion localization (SNOLL) [ 10 ,  11 ].  

5.2.2     Intravenous Administration 

 The class of small molecule-based radiotracers is 
the oldest and most diverse class of tracer used in 
medicine. It consists of radiolabeled molecules 
mimicking hormones, such as metaiodobenzyl-
guanidine (MIBG) [ 12 ]; amino acids, such as 
3,4-dihydroxyphenylalanine (DOPA) [ 13 ], glu-
cose, such as fl uorodeoxyglucose (FDG) [ 14 ]; 
and mimicking building blocks, such as bisphos-
phonates (Fig.  5.3 ) [ 15 ]. In general these tracers 
are widely available and/or easy to prepare 
locally. After distribution through the patients’ 
venous system, these tracers show increased 
uptake in diseased areas based on the increased 
metabolism and/or increased proliferation of 
malignant cells in comparison to healthy tissue. 

 Although somewhat larger than the small mol-
ecules, the relatively small size of receptor target-
ing peptides (Fig.  5.4 ) means that they have 
favorable kinetics. Since they can be produced 
synthetically, this class of compounds is rela-
tively cheap compared to, e.g., antibodies. 
Moreover, the variety in which peptide sequences 
can be produced, and thus the variety of receptors 
that can potentially be targeted using such com-
pounds, is endless. 

To introduce a radionuclide in peptide tracers, 
in most tracers a bifunctional linker is introduced 
(Fig.  5.4 ). Such a bifunctional linker consists of 
donor atoms or groups that can form a complex 
with the radionuclide and a reactive group to 
allow conjugation to the targeting peptide. The 
introduction of the isotope can be performed just 
before applying the radiotracer. Generally recep-
tor targeted peptides are injected intravenously to 
allow distribution via the blood circulation and 
fi nally targeting of a disease specifi c receptor. 

 In radioimmunoguided surgery (RIGS), radio-
labeled antibodies or antibody fragments (Fig.  5.5 ) 
are used to target receptor molecules expressed on 
the lesion(s) of interest. Such antibodies are raised 
against a specifi c biomarker that is overexpressed 
in certain malignancies. The advantages of using 
an antibody as targeting moiety are their high 
specifi city, affi nity, and avidity for the biomarker it 
has been raised against. Conversely, nonspecifi c 
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uptake in organs such as the liver and spleen may 
increase the radiation burden for the patient. At the 
same time, long circulation times of antibodies 
demand a long time interval between administra-
tion and imaging and/or RIGS. This interval can 
vary signifi cantly from 2 to 24 days to allow suf-
fi cient clearance of unbound antibodies [ 16 – 18 ]. 
Several options are available to deal with the circu-
lation times: (1) use of isotopes with a long half-
life such as  89 Zr,  111 In, or  125 I, to ensure the presence 
of a radioactive signal after multiple days; (2) pre-
targeting, which is the use of a reactive or bivalent 
antibody, followed after a couple of days with the 
(reactive) radioisotope [ 19 ,  20 ]; and (3) use anti-
body fragments that show an increased clearance 
rate [ 21 ]. To introduce a radionuclide in the anti-
bodies, three options are available. Either the 
radionuclide is complexed by donor atoms of the 
antibody itself (e.g.,  99m Tc) via covalent conjuga-
tion to amino acids in the antibody (e.g.,  125 I) or via 
the before mentioned bifunctional linkers (e.g., 
 111 In) (Fig.  5.5 ). 

 To accommodate an additional optical signal, 
any one of the above tracer types may be con-
verted into hybrid entities that include dyes [ 22 ]. 
Alternatively, the generation of Cherenkov light 
by beta-emitting isotopes can also enable optical 
guidance [ 23 ].   

5.3     Radionuclides 

 Numerous radionuclides are available, or can be 
produced, for applications in nuclear imaging, 
RGS, radiotherapy, or combinations hereof. The 
choice for the (ideal) radionuclide is based on 
the availability of the radionuclide and the appli-
cation for which it will be used. Ideally, a bal-
ance between the clinical demands (e.g., 
half-life, radiation type, radiation energy) and 
the ability to (chemically) attach the radionu-
clide to the tracer is found. Table  5.1  contains the 
physical characteristics of the radionuclides 
applied in RGS to date.

   Table 5.1    Characteristics of radionuclides clinically applied for RGS   

 Radioisotope  Half-life  Radiation  Energy 
 Example of use during 
RGS 

  18 F  110 min  β +   634 keV  Desai et al. [ 14 ] 

  32 P  14.3 days  β −   690 keV  Selverstone et al. [ 24 ] 

  57 Co  271.8 days  β −   14 keV  Woolfenden et al. [ 25 ] 

 γ  122, 136 keV 

  67 Ga  3.26 days  β −   84 keV  Schattner et al. [ 26 ] 

 γ  93, 184, 300 keV 

  68 Ga  67.7 min  β +   1.90 MeV  Kaemmerer et al. [ 27 ] 

  89 Zr  78.4 h  β +   389 keV  Heuveling et al. [ 28 ] 

 γ  909 keV 

  90 Y  64 h  β −   2.3 MeV  Collamati et al.[ 29 ] 

  99m Tc  6.0 h  γ  141 keV  Gommans et al.[ 30 ] 

  111 In  2.80 days  γ  171, 245 keV  Panareo et al.[ 31 ] 

  123 I  13.2 h  β −   23, 127 keV  Gallowitsch et al.[ 32 ] 

 γ  27, 31, 159 keV 

  124 I  4.18 days  β +   1.5, 2.1 MeV  Strong et al. [ 33 ] 

 γ  603, 1.69 MeV 

  125 I  60.1 days  γ  27, 35 keV  Hinkle et al. [ 34 ] 

  131 I  8.02 days  β −   606 keV  Jager et al. [ 35 ] 

 γ  364 keV 

  201 Tl  73 h  γ  71, 167 keV  Ubhi et al. [ 36 ] 

  Emissions >10 keV and abundance >5 % are included  
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   For the selection of an isotope, radiation expo-
sure of the patient and the medical personnel is 
also a major factor that needs to be taken into 
account. Not only is it necessary that the (long- 
term) benefi ts for the patient outweigh the  possible 
side effects of radiation exposure, the dose 
received by the surgical staff during the interven-
tion may also limit the amount of procedures that 
they can perform on a yearly basis. Table  5.2  con-
tains the range of radiation doses both patients 
and medical personnel receive upon a RGS proce-

dure with a certain radionuclide. Although this 
table shows the upper limits and possibly overes-
timates the dose, it clearly illustrates the differ-
ences between various radionuclides.  

 The patient dose clearly increases upon 
increased gamma-radiation energy (0.94 mSv for 
100 MBq  99m Tc compared to 8.1 mSv for  111 In) or 
by applying β-particle emitting isotopes (7.0 mSv 
for 370 MBq  18 F and 13 Sv for 550 MBq  131 I). 
The patient dose is generally justifi ed by the ben-
efi ts the patient obtains from accurate imaging, 

             Table 5.2    Radiation exposure of patient, surgeon, and non-nuclear personnel   

 Radionuclide 

 Injected dose per 
procedure 
(MBq (Farmacon)) 

 Effective 
dose per 
patient 
(mSv) 

 RGS time 
postinjection 
(h) 

 Effective dose 
personnel 
(µSv h −1  (vh 
postinjection)) 

 Max. 20 mSv 
yearly dose 
(h years −1 ) 

 Max. 5 mSv 
yearly dose 
(h years −1 ) 

 Max. 1 mSv 
yearly dose 
(h years −1 ) 

  18 F  370 (FDG)  7.0  1  35.0  571  143  29 

 6  5.3  3779  945  189 

 700 (FDG)  13.3  1  66.3  302  75  15 

 6  10.0  1998  499  100 

  32 P  –  –  –  –  –  –  – 

  57 Co  37 
(cyanocobalamin) 

 77.7  24  2.3  8696  2174  435 

  67 Ga  150 (citrate)  15  6  3.7  5357  1339  268 

  68 Ga  180  –  2  6.3  3175  794  159 

  89 Zr  37 (mAb)  22.2  72  3.4  5897  1474  295 

  90 Y  200 (mAb)  –  12  12.3  1627  407  81 

  99m Tc  100 (nanocolloid)  0.94  1  1.9  10,335  2584  517 

 24  0.14  147,322  36,830  7366 

 700 (nanocolloid)  6.6  1  13.6  1476  369  74 

 24  0.95  21,046  5261  1052 

  111 In  150 
(pentetreotide) 

 8.1  24  10.1  1973  493  99 

 48  7.9  2527  632  126 

  123 I  100 (MIBG)  1.3  4  3.6  5506  1377  275 

 24  1.3  15,738  3935  787 

  124 I  180 (mAb)  –  168  9.6  2094  523  105 

  125 I  7 (albumin)  1.5  48  0.2  86,039  21,510  4302 

  131 I  100 (MIBG)  14  2  6.5  3058  764  153 

 550 (sodium 
iodide) 

 13.10 3   24  33.2  602  150  30 

 4000 (sodium 
iodide) 

 96.10 3   120  171  117  29  6 

  201 Tl  70 (TlCl)  15.4  1  1.2  16,101  4025  805 

  # for the calculation, an average dose based on literature procedures was used. Data for the effective dose (mSv.MBq −1 ) 
and for the effective dose rate (µSv.m 2 .(h.MBq) −1  were obtained from literature 
 The physical half-life was taken into account, not the biological half-life. Personnel were estimated to be on 1 m of the 
patient on average, and 1 m 2  of the personnel was exposed to the source  
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radiation therapy (e.g.,  131 I), and/or RGS. 
Nevertheless, the choice for the radionuclide 
should be made carefully. For instance, the choice 
for applying  89 Zr results in a considerable radia-
tion dose (22.2 mSv for 37 MBq  89 Zr). 
Radionuclides emitting β − -particles only show a 
high radiation burden for the patient, because this 
radiation has a very limited penetration. 
Radionuclides emitting β + -particles and gamma- 
emission also generate a radiation burden for the 
medical personnel. 

 The radiation dose received by the medical 
personnel, e.g., the surgeon and the OR personnel, 
upon RGS, also deserves careful consideration. In 
contrast to the justifi cation for the patient, medical 
personnel has no obvious benefi t from the chosen 
procedure or radionuclide used during the proce-
dure except for achieving an accurate resection. 
Nevertheless during the, generally long, surgical 
procedures (multiple hours), they stand in close 
proximity to the patient and expose themselves to 
the tracer-based radiation. Based on the level of 
training, medical personnel is allowed to be 
exposed to certain levels of radiation, generally 
divided in maximum exposures of 20, 5, and 
1 mSv per year; general surgeons and OR person-
nel belong to the last group. Because these values 
represent the upper limits of radiation exposure 
that is legally allowed, this may infl uence the 
amount of procedures that can be performed on a 
yearly basis. For example, RGS with  18 F 
(370 MBq at 1 h postinjection) results in 35 μSv.
h −1 . This means that personnel not trained in radi-
ation hygiene can only be present at the operation 
table for 29 h a year (Table  5.2 ). An average oper-
ation to remove malignant lesions takes 4 h, which 
means that this person can only perform/attend 
seven procedures a year. A similar procedure with 
 99m Tc (100 MBq at 1 h postinjection) allows 
untrained personnel to attend 129 4-h procedures 
per year (Table  5.2 ). An important factor in these 
calculations is the half-life of the isotope used and 
the time between injection and the RGS proce-
dure. When the accumulation of the radiotracer 
allows a longer time between injection and RGS, 
a large reduction in the radiation exposure for 

medical personnel can be obtained (Table  5.2 ). 
This said, often a strong signal is required during 
surgery to allow for RGS. 

5.3.1     Gamma-Radiation 

 The workhorses of nuclear medicine, and in par-
ticular RGS, are radionuclides that emit 
γ-photons (Fig.  5.6 ). Gamma-emitting radionu-
clides allow whole body imaging using planar 
scintigraphy and/or single-photon emission 
tomography (SPECT). Especially isotopes that 
emit low-to- medium energy (27–245 KeV) pho-
tons, such as  99m Tc,  111 In, and  125 I, have been 
widely used for RGS. Reasons for their popular-
ity are: (1) availability, (2) compatibility with 
clinically available gamma detectors, (3) well-
developed (chemical) procedures for introducing 
these nuclides into radiotracers, and (4) energy-
dependent tissue attenuation. A high-energy 
γ-emitter has a higher tissue penetration, improv-
ing the accuracy of preoperative imaging, but 
also results in a higher chance of background 
signals during RGS. Furthermore, high-energy 
γ-emissions demand a thickly shielded detector 
to improve the spatial resolution. The combina-
tion of low-to-medium energy photon emission 
with a short-to-medium half-life of the radionu-
clide results in a limited radiation burden for 
both the patient and medical personnel.

5.3.1.1       99m-Technetium 
 By far the most widely applied and available 
radioisotope is  99m Tc.  99m Tc has a half-life of 6 h 
and emits γ-photons of 141 keV, which is in the 
ideal range (100–200 KeV) for γ-detection by 
commercially available detectors. Due to this 
medium energy γ-radiation, the radiation burden 
for both patient and medical personnel is 
 relatively low (Table  5.2 ). Pertechnetate 
( 99m TcO 4  − ) can be collected from  99 Mo/ 99m Tc gen-
erators by elution with saline and there is a range 
of possibilities for conjugation of this isotope to 
generate the desired radiotracers [ 37 ,  38 ]. 
Labeling of most  99m Tc-based radiotracers is 
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performed by reducing the pertechnetate obtained 
from the generator with Sn(II)-based reducing 
agents in the presence of the coordinating agent 
of choice. Technetium can be stabilized through 
coordination to several donor atoms, e.g., N, O, P, 
S, and As [ 38 ]. Direct metal coordination can be 
achieved by small molecules that form the radio-
tracer together with  99m Tc (such as hexakis-2-
methoxy-2-methyl-  isonitrile complex (MIBI) 
(Fig.  5.3 )) [ 39 ], or it can be the functional part of 
a peptide, protein, or inorganic tracer itself (such 
as  99m Tc-UBI 29–41  [ 40 ],  99m Tc-nanocolloid, and 
 99m Tc-sulfur colloid (Fig.  5.2 ) [ 30 ,  41 ]). Other 
than direct metal coordination, metal coordina-
tion can also occur through bifunctional chelates, 
for example, by applying hydrazinonicotinic acid 
(HYNIC) and diethylene triamine pentaacetic 
acid (DTPA) [ 42 ,  43 ]. 

 Numerous materials have been applied to 
form radiocolloids for local injection, resulting 
in a large size range. Several inorganic particles 
are clinically applied for SLN biopsy and 
SNOLL applications such as  99m Tc-sulfur col-
loid (15–5000 nm unfi ltered or 15–400 nm fi l-

tered) [ 7 ,  11 ,  44 ,  45 ] (the United States) and 
 99m Tc-antimony trisulfi de (3–30 nm) [ 7 ,  45 ,  46 ] 
(Australia and Canada) (Fig.  5.7 ).  99m Tc–tin col-
loids have also been applied, mainly in Japan. 
Their size can be controlled by the concentra-
tion of stannous chloride and  99m Tc, resulting in 
particles of 50–1500 nm (Fig.  5.7 ) [ 45 ]. In some 
cases, like with  99m Tc-rhenium sulfi de (NanoCis) 
(20–100 nm), the stability and the formation of 
micro aggregates have limited use of the tracer 
[ 7 ,  46 ,  47 ]. Also organic-based colloid particles 
are applied for radioguided SLN biopsies. 
 99m Tc- phytate particles (Fig.  5.2 ) are formed by 
the interaction of stannous phytate with Ca 2+  
present in serum. The size of these particles 
depends on the calcium concentration and 
in vitro experiments showed a size range of 
150–1500 nm [ 45 ]. In Europe,  99m Tc-labeled 
human serum albumin (HSA)-based colloids are 
most widely used for SLN biopsy procedures. 
HSA-nanocolloid (Nanocoll; mean diameter 
20 nm; range 10–100 nm, Fig.  5.2 ) has shown to 
provide a superior retention in the SLN com-
pared to radiolabeled HSA (vasculosis; mean 

  Fig. 5.6    Application of γ-emitters in RGS. ( i ) Whole body 
nuclear imaging by SPECT; ( ii ) intraoperative gamma trac-
ing with acoustic gamma probe; ( iii )  intraoperative gamma 

imaging with gamma camera; ( iv ) virtual navigation based 
on preoperative SPECT imaging or intraoperative freehand 
γ-detection       
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diameter 7 nm) and is therefore widely applied 
[ 6 ,  30 ]. Next to the SLN biopsy, Nanocoll is also 
often used for ROLL and SNOLL procedures 
[ 48 ], sometimes in combination with large 
 99m Tc-labeled albumin aggregates (e.g.,  99m Tc-
MAA (10–90 μm) for-tumor demarcation [ 10 ]. 
Even the larger HSA- nanocolloid (SentiScint; 
mean diameter 205 nm; range 100–600 nm; 
Fig.  5.2 ) has shown  promising results during 
SLN procedures [ 49 ,  50 ].  99m Tc-labeled dextran-
based nanoparticles (14 nm) have been used for 
lymphatic mapping in, e.g., colon and breast 
cancer [ 51 ,  52 ]. A small dextran-based colloid 
(7 nm) with DTPA and mannose moieties conju-
gated to its structure has been developed for 
SLN mapping (Tilmanocept) (Fig.  5.2 ) [ 53 – 55 ]. 
This tracer is claimed to show faster clearance 
from the injection site and to have a stronger 
interaction with phagocytes [ 42 ].

   Next to local administration,  99m Tc-labeled 
compounds can also be administered intrave-
nously. The most simple form herein is the ability 
of “free”  99m Tc-pertechnetate to accumulate in 
the thyroid, due to its resemblance to iodine. 
Next to thyroid scintigraphy to evaluate for hot/
cold nodules, pertechnetate can also be used for 
radioguidance during thyroidectomy [ 56 ]. 

 Conjugated to six methoxyisobutylisonitrile 
ligands,  99m Tc forms the hydrophobic and posi-
tively charged  99m Tc-sestamibi (Fig.  5.3 ), which is 
rapidly taken up by mitochondria in (hyper)active 
cells. Next to its common application in cardiac 
imaging [ 57 ],  99m Tc-sestamibi was also shown to 
allow the evaluation of tumor margins in patients 
with breast cancer showing promising results for 
the detection of small foci [ 58 ]. Furthermore, the 
normal distribution of  99m Tc- sestamibi was evalu-
ated in 5 volunteers followed by the RGS of one 
patient suspected of a brain tumor.  99m Tc-sesta-
mibi-based RGS resulted in the accurate detection 
and removal of the brain lesions diagnosed as 
metastases of renal cell carcinoma [ 59 ]. Due to its 
uptake in (hyper)active cells,  99m Tc-sestamibi has 
also been applied in the detection of abnormalities 
in the (para)thyroid [ 60 – 64 ]. 

  99m Tc-dimercaptosuccinic acid (DMSA) 
(Fig.  5.3 ) is believed to accumulate in tumors due 
to their acidic environment [ 65 ]. Therefore, 
 99m Tc-DMSA has been applied for the detection 
of thyroid cancer. In a study it was compared in 
25 patients to  111 In-pentetreotide (see below) 
[ 66 ]. Although better results were found for 
 99m Tc-DMSA, it is no longer commercially avail-
able [ 67 ]. 

  Fig. 5.7    Various size 
ranges of radiocolloids 
applied in RGS       
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 Bisphosphonates have a high affi nity for 
hydroxyapatite, the mineral present in bones. 
Bisphosphonates especially tend to accumulate 
in sites of active bone formation, which occurs in 
bone lesions. Therefore,  99m Tc-labeled bisphos-
phonates have been applied for radioguided biop-
sies and surgery of bone lesions. RGS based on 
 99m Tc-medronic acid (MDP) and  99m Tc- oxidronate 
(HDP) (Figs.  5.3  and  5.8 ) was shown to reduce 
the procedure time and to improve the localiza-
tion of the lesions [ 15 ,  68 – 70 ].

   Coordinated by HYNIC and ethylenediamine 
N,N’-diacetic acid (EDDA),  99m Tc has also been 
conjugated to receptor targeting peptides such as 
the somatostatin analogue octreotate (Fig.  5.4 ). 
Upon intravenous administration, the peptide tar-
gets the somatostatin receptors,  commonly overex-
pressed on neuroendocrine tumors. This radiotracer 
was used for RGS of four carcinoids and fi ve pan-
creatic neuroendocrine tumors, resulting in accu-
rate detection of the lesions and an increased 
detection of lymph node metastases [ 43 ]. 

  99m Tc has also been used to label antibodies, 
e.g., SM3 against polymorphic epithelial mucin 
and H17E2 against placental- and germ cell alka-
line phosphatases; both are biomarkers that are 
overexpressed in ovarian cancer (Fig.  5.5 ). In 16 
patients (1 patient for H17E2 and 15 patients for 
SM3), these labeled antibodies were shown to 
allow detection of ovarian cancer, both in vivo 

and in excised tissue specimens [ 71 ]. An  99m Tc- 
labeled antibody fragment against carcinoembry-
onic antigen (CEA) (IMMU 4-Fab) (Fig.  5.5 ) 
was applied for RIGS in 65 patients with colorec-
tal tumors resulting in more accurate diagnosis 
and in determining the extent of the lesion and 
possible lymph node intrusion [ 72 ].  99m Tc labeled 
anti-CEA antibody fragment F023C5 was unsuc-
cessful in the detection of lesions in one lung 
cancer patient, but did show an increased uptake 
of radioactivity ex vivo [ 67 ,  73 ].  

5.3.1.2     111-Indium 
  111 In is a γ-emitter with a half-life of 2.8 days. 
Similar to  99m Tc, the photon energies of  111 In 
(171 and 245 keV) are in the optimum range for 
commercial gamma cameras. Due to the higher 
energy γ-radiation and the longer half-life, the 
radiation burden for patients and medical per-
sonnel is higher compared to  99m Tc (Table 2). 
 111 In is produced by proton irradiation of  112 Cd 
and can be incorporated in radiotracers via 
bifunctional chelates such as DTPA and 
1,4,7,10-tetraazacyclododecane-1,4,7,10- 
tetraacetic acid (DOTA), which can be chemi-
cally conjugated to targeting moieties such as a 
peptides, antibodies, and proteins. 

 For the RGS toward, e.g., neuroendocrine 
tumors, thyroid carcinomas, and meningiomas, 
 111 In-labeled somatostatin analogues are widely 

  Fig. 5.8    Patient with a sternal metastasis, resected via  99m Tc-MDP RGS       
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applied (Fig.  5.4 ) [ 31 ,  66 ,  74 – 78 ]. The mecha-
nism of tracer uptake is based on intravenous 
administration of the tracer, followed by specifi c 
binding to the somatostatin receptor. Panareo 
et al. reported that use of  111 In-DTPA-D-Phe 1 -
octreotide ( 111 In-pentetreotide) resulted in the 
excision of non-palpable neuroendocrine breast 
tumors that were not detected by conventional 
imaging techniques [ 31 ]. The use of a gamma 
probe in  111 In-DTPA-D-Phe 1 -octreotide RGS 
towards midgut carcinoid and endocrine pancre-
atic tumors in 21 patients allowed detection of all 
tumor lesions >5 mm, while SPECT failed to 
detect lesions <9 mm [ 75 ]. 

 Intravenous administration of  111 In-labeled 
anti-TAG72 (a tumor-associated glycoprotein) 
antibodies has been used for RIGS of colorectal 
carcinoma (37 patients) and ovarian cancer (5 
patients). This resulted in the detection of several 
lesions that would have been missed by standard 
surgical exploration [ 79 ,  80 ]. RIGS towards 
prostate- specifi c membrane antigen (PSMA) 
using the antibody  111 In-capromab pendetide has 
been reported in one patient, which resulted in 
the excision of a tumor positive lymph node 
(Fig.  5.5 ) [ 81 ]. RIGS with  111 In has also been per-
formed via a pretargeting approach [ 20 ]; in 13 
patients with thyroid carcinoma, approximately 4 
days after injection of a bivalent antibody directed 
against CEA and DTPA,  111 In-di-DTPA-tyrosyl-
lysine was injected [ 82 ]. 3 ± 1 days after injection 
of the radiotracer, patients underwent RGS. Small 
lesions with a diameter below 0.3 cm could be 
detected successfully using this approach [ 19 ].  

5.3.1.3     57-Cobalt 
  57 Co is mainly a γ-emitter that emits photons of 
122 and 136 keV. This radionuclide has a long 
half-life of 271.8 days. Due to its long half-life 
and the emission of low-energy β − -particles, the 
radiation burden for the patient is high (Table 2). 
This radioisotope is produced by proton irradia-
tion of natural iron and nickel. Bleomycin, a 
cytostatic, was labeled with  57 Co via complex-
ation of the bivalent cobalt ion by the molecule 
itself. 21 lung cancer patients were injected intra-
venously with bleomycin (Fig.  5.3 ), which was 
labeled via complexation of the divalent  57 cobalt 

ion [ 83 ]. Bleomycin itself binds and damages 
DNA and is therefore most active against fast 
dividing cells, such as in malignant tissue. 
 57 Co-labeled bleomycin was shown to allow the 
detection of lung tumors that would otherwise be 
missed [ 25 ]. However, the long half-life of  57 Co 
prevented dissemination of this technology.  

5.3.1.4     67-Gallium 
  67 Ga is a γ-emitter (93, 184, and 300 keV) with a 
half-life of 3.26 days. Due to its medium half-
life, high γ-energy emission (300 keV), and β − -
emission, the use of  67 Ga results in a considerable 
radiation burden for the patient (Table  5.2 ).  67 Ga 
is produced by the irradiation of  68 Zn by charged 
particles, e.g., protons. After production the gal-
lium is coordinated with citric acid to form gal-
lium citrate (Fig.  5.3 ), which in itself is 
administered as radiotracer.  67 Ga-citrate is often 
used as radiotracer to detect infl ammatory 
lesions, based on the transchelation of the  67 Ga to 
lactoferrin and siderophores released by leuko-
cytes and microorganisms located at the site of 
infection [ 84 ,  85 ].  67 Ga citrate has also been 
reported by Schattner et al. in the RGS toward 
extranodal lymphoma in one patient, where accu-
mulation in the lesion was most likely caused by 
necrotic tissue and infl ammatory responses [ 26 ].  

5.3.1.5     123-Iodine 
  123 I is mainly a γ-emitter that emits photons of 
27, 31, and 159 keV. Also this radionuclide emits 
β − -particles of 23 and 127 keV. The isotope has a 
half-life of 13.2 h. Due to its short half-life, the 
radiation burden caused by using this isotope is 
relatively low, although it is higher than  99m Tc 
(Table  5.2 ).  123 I is produced by proton irradiation 
of  124 Xe, resulting in  123 Xe that subsequently 
decays to  123 I. Radioiodination, with all isotopes 
of iodine, is mainly performed by electrophilic 
substitution, which requires the (in situ) genera-
tion of I +  species. These species can be obtained 
by the generation of mixed halogen species. 
Examples of applied oxidizing reagents that can 
generate mixed radiohalogen species are chlora-
mine-T, iodogen, and N-chlorosuccinimide [ 86 ]. 
Mixed radiohalogen species (XCl) readily react 
with activated aryl compounds, such as phenols, 
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resulting in mono- or disubstitution at positions 
ortho to the hydroxyl group. Proteins can be 
radioiodinated due to the presence of tyrosine 
residues, although also histidine, tryptophan, 
and cysteine are sensitive to radioiodination 
[ 86 ,  87 ]. Non-activated aryl compounds can be 
radioiodinated via isotopic exchange, in which a 
non-radioactive iodine isotope is exchanged for 
a radioactive isotope, or via the electrophilic 
substitution of a stannylated precursor [ 88 ,  89 ]. 
Finally also radioiodine-labeled prosthetic 
groups can be added to the targeting moiety via 
a selective reaction, for instance, via conjugation 
to amine reactive groups [ 86 ,  87 ]. 

  123 I has been used for RGS of thyroid cancer, 
both as Na 123 I and as  123 I-MIBG (Fig.  5.3 ) 
[ 32 ,  90 ]. Injection of Na 123 I will result in the 
accumulation in hyperactive regions of the thy-
roid, while  123 I-MIBG will accumulate in adren-
ergic tissue such as thyroid tumors. Because  131 I 
(see below) is less expensive, better available, 
and also often used for therapy, this isotope often 
replaces  123 I in thyroid-related procedures [ 67 ]. 
 123 I-MIBG has been applied for RGS-based 
detection of neuroblastoma (41 procedures) 
[ 12 ,  91 ] and for the detection of neuroendocrine 
tumors (4 patients) [ 66 ,  92 ].  

5.3.1.6    125-Iodine 
  125 I is a γ-emitter with a half-life of 60.1 days that 
emits low-energy photons (35 keV). The low-
energy photon emissions makes this isotope less 
suitable for whole body imaging, but well suited 
for RGS due to its low background radiation.  125 I 
is produced by neutron  irradiation of  124 Xe, which 
leads to  125 Xe that then decays to  125 I. The label-
ing chemistry for this isotope essentially is iden-
tical to that of  123 I. 

 For RGS using the sodium salt to detect thy-
roid malignancies, generally other iodine iso-
topes are applied.  125 I has been used for the 
labeling of MIBG (Fig.  5.3 ). In a direct compari-
son between  123 I-MIBG (36 cases) and  125 I-MIBG 
(30 cases) for RGS in neuroblastoma patients, 
 125 I-MIBG showed a higher specifi city. This dif-
ference can be explained by the low-energy emis-
sion of  125 I, which resulted in a lower background 
signal from surrounding tissue [ 91 ,  93 ]. 

 There are also examples where iodination was 
used in combination with targeting peptides. For 
example, the somatostatin analogue  125 I-Lanreotide 
was used in 13 patients with breast carcinoma 
resulting in accurate positive margin resection 
[ 94 ]. Furthermore it was applied in 2 patients with 
gastrinomas, which are gastrin- secreting tumors 
that also overexpress the somatostatin receptor 
[ 95 ]. A different somatostatin analogue,  125 I-Tyr 3 -
octreotide, was applied in 12 patients suspected of 
neuroendocrine tumors or gastrinomas showing 
promising results in tumor- specifi c accumulation 
and intraoperative detection (Fig.  5.4 ) [ 96 ]. 

 The long half-life of  125 I makes it ideal for 
RIGS with complete antibodies (Fig.  5.5 ). Most 
clinical radioiodinated RIGS studies using  125 I 
have been performed with antibodies targeting 
the tumor-associated glycoprotein 72 (anti- 
TAG- 72), e.g., primarily in colorectal cancer but 
also in gastric, pancreatic, ovarian, lung, prostate, 
and breast cancer. It started with the murine 
B72.3 antibody, followed by the second- 
generation antibodies: CC49 and the humanized 
HuCC49 (for an extensive review, see ref. [ 67 ]). 
Alternatively, A 5 B 7  (52 patients) [ 97 ] and CL58 
(29 patients), targeting the carcinoembryonic 
antigen (CEA), resulted in the detection of 
colorectal cancer lesions [ 98 ].  125 I-labeled F(ab’) 2  
antibody fragments, containing both binding 
domains of a whole antibody without the Fc 
region, directed against CEA (F023C5) were 
explored for RIGS. In a small patient group, 
F023C5 was used to identify breast and colorec-
tal cancer. However, due to a low tumor detection 
rate during RGS (40 %), the investigators advised 
the use of more specifi c antibodies [ 99 ,  100 ]. 
Antibodies against the tumor-associated antigen 
17-1A (EpCAM) has been radiolabeled with  125 I 
and applied in multiple patients to assist in locat-
ing non- palpable colorectal tumors or aiding in 
determining the resection margins [ 101 – 103 ]. 
Wang et al. intravenously injected  125 I-labeled 
antibodies (3H11) against human gastric cancer 
cells in 35 patients and showed high specifi city 
and accuracy in detecting the lesions [ 67 ,  104 ]. 

 Although little chemistry is involved, a com-
pletely different application of  125 I can be found 
in  125 I-labeled titanium seeds [ 105 – 107 ]. In a 
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 procedure called radioguided seed localization 
(RSL), these seeds are placed under ultrasound or 
X-ray guidance to mark non-palpable breast 
tumors. It can be considered an alternative to 
WGL and ROLL and is of particular interest for 
use in a neoadjuvant setting. The systemic treat-
ment, applied in the neoadjuvant setting to reduce 
the tumor volume before surgery, demands a con-
siderable time (several weeks) between tumor 
localization and the actual surgery. WGL and 
ROLL are not ideal as they require the insertion 
of a twisted marker before treatment and/or the 
injection of  99m Tc-labeled colloids just before 
surgery.  125 I-labeled seeds require only one pro-
cedure to place them and they remain detectable 
after >30 weeks [ 108 ]. Studies evaluating RSL 
showed a reduction in reoperations due to posi-
tive tumor margins and an increased patient 
 convenience compared to the WGL [ 9 ,  109 ]. 
In comparison with ROLL, RSL showed the 
same surgical outcome in breast-conserving sur-
gery [ 108 ].  

5.3.1.7    131-Iodine 
  131 I emits both γ- and β − -radiation of 364 and 
606 keV, respectively, and has a half-life of 8 
days.  131 I is produced by neutron irradiation of 
natural tellurium. The labeling chemistry for this 
isotope resembles that of  123 I.  131 I induces a large 
radiation burden for the patient, as a result of its 
β − -emission. This, in combination with the 
 accumulation of sodium iodide in the thyroid, has 
led to the therapeutic use of this isotope against 
thyroid malignancies. Due to the γ-emission, the 
isotope can be used for RGS, but caution is nec-
essary with respect to the exposure of the medical 
personnel due to the large dosages (>1 GBq) used 
for therapeutic applications. 

 One of the fi rst RGS studies reported in the 
literature applied  131 I-labeled diiodofl uorescein 
(Fig.  5.3 ) to locate brain tumors [ 110 ,  111 ]. 
Fluorescein was shown to distribute throughout 
the body, but was slower cleared form the malig-
nant tissue, which resulted in a detectable signal 
from the tumor between 3 and 8 h postinjection 
[ 112 ]. This observation led to the development of 
radioiodinated fl uorescein. In 340 patients sus-
pected of a space-occupying brain lesion, the 

detection of diiodofl uorescein by a Geiger-Müller 
tube had an accuracy of 95 % [ 111 ]. 

  131 I is the most used isotope to treat abnormali-
ties of the thyroid and RGS towards, thyroid can-
cer [ 113 – 115 ]. However, after iodine-based 
therapy, many recurrent thyroid cancers are 
iodine insensitive and therefore other tracers have 
to be used for imaging and RGS (such as  99m Tc-
MIBI and  99m Tc-DMSA). For the detection of 
neuroendocrine tumors, the use of  131 I-MIBG 
(Fig.  5.3 ) was shown feasible [ 116 ]. However, 
hepatic clearance can result in high background 
signals overshadowing the lesion of interest, 
which limits the application of all iodine-labeled 
MIBG tracers for the detection of neuroendo-
crine tumors in the area of the adrenal gland [ 66 ]. 

  131 I has also been used for labeling of antibod-
ies and antibody fragments, which resulted in the 
accurate detection of small lesions and allowed 
the evaluation of the resection margins (Fig.  5.5 ) 
[ 16 ,  35 ,  117 ,  118 ]. However, due to its β − -
emission and relatively high-energy γ-photons, 
 131 I has been replaced by other iodine isotopes, 
such as  125 I, for RIGS applications.  

5.3.1.8    201-Thallium 
  201 Tl is a γ-emitter that emits photons of 71 and 
167 keV. T and the isotope has a half-life of 73 h. 
 201 Tl causes a considerable radiation dose for the 
patient, although the exposure for the medical 
personnel is relatively low (Table  5.2 ). 

 The  radionuclide is produced by proton irra-
diation of  203 Tl, which yields  201 Pb that then 
decays into  201 Tl. An intravenous injection of 
 201 Thallous chloride (TlCl; Fig.  5.3 ) has been 
used in one RGS case towards parathyroid ade-
noma [ 36 ]. Since  201 Tl showed an increased 
uptake in areas of high cellular density with 
increased regional blood fl ow, the authors claim 
it allowed removal of the tumor, which was not 
detected by visible inspection.   

5.3.2     Positron Radiation 

 A prominent part of nuclear medicine, and radio-
chemistry, focuses on radionuclides that emit β + -
particles or positrons in combination with 
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positron emission tomography (PET). The emit-
ted positrons travel a maximum of a couple of 
millimeters through human tissue before they 
reach thermal energies and annihilate with an 
electron [ 119 ]. This annihilation results in the 
emission of two high-energy photons of 511 keV, 
which travel in opposite direction from the point 
of annihilation (180 ± 0.25°). Compared to 
SPECT imaging, PET imaging has a higher sen-
sitivity and spatial resolution in whole body 
imaging. Because of these advantages, and their 
abundant clinical use, positron emitters have also 
been explored for RGS (Fig.  5.9 ).

   Unfortunately, the advantages that apply for 
whole body imaging cannot be directly translated 
to RGS. Accurate localization of high-energy 
photons requires extensive shielding of the detec-
tors, which generally converts them into heavy 
(and relatively large) devices. An interesting 

alternative is the selective detection of the posi-
trons themselves. Due to the very limited range 
of positrons in tissue (<2 mm), this may yield a 
superfi cial detection technique that could allow 
for the accurate delineation of tumor margins. 
The fact that it is not straightforward to detect β + -
particles over the background of high-energy 
photons is underlined by the fact that there are 
only few reports that describe the intraoperative 
use of a β + -selective probe [ 33 ,  120 ]. 

5.3.2.1    18-Fluorine 
 The most widely used β + -emitter is  18 F, which 
emits β + -particles of 634 keV and has a half-life of 
110 min. Although high-energy photons 
(511 keV) are generated by the annihilation of the 
β + -particles, the effective dose for the patient is 
relatively low. However, the high- energy photons 
result in a relatively high radiation burden for the 

  Fig. 5.9    Application of β-emitters in RGS. ( i ) Whole 
body nuclear imaging by PET; ( ii ) intraoperative gamma 
and beta tracing with acoustic probes; ( iii ) virtual 

 navigation based on preoperative PET imaging or intraop-
erative freehand β-detection       
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medical personnel (Table  5.2 ).  18 F is generated by 
proton irradiation of H 2  18 O or  18 O 2  [ 121 ] and can 
be covalently incorporated in radiotracers via 
nucleophilic or electrophilic introductions, for 
which multiple reagents have been developed, 
e.g., [ 18 F]-F − -kryptofi x [ 121 ]. An alternative 
approach would be to incorporate  18 F (in the form 
of aluminum fl uoride) in a chelate (NOTA), 
thereby allowing labeling of tracers by simple 
mixing just before administration [ 122 ]. 

 2-Deoxy-2-( 18 F)fl uoro-D-glucose ( 18 F-FDG) 
(Fig.  5.3 ), a glucose in which the hydroxyl group 
at the 2-position is replaced via nucleophilic sub-
stitution by  18 F, is the most widely applied tracer 
in modern nuclear medicine and can be used to 
highlight areas with a high metabolic activity. 
 18 F-FDG has also been applied for RGS 
approaches because of its widespread use and 
tumor accumulating characteristics. Yet, due to 
its short half-life, the interval between tracer 
administration and surgery is limited. Furthermore 
certain (metabolic active) organs and tissues are 
known to accumulate  18 F-FDG, e.g., the heart, 
brains, and bladder, which may obscure detection 
of lesions in these anatomies. 

 Early  18 F-FDG RGS studies have been per-
formed with non-optimized gamma cameras 
(detection windows around 124, 150, 200, and 255 
KeV), resulting in low-radiation detection [ 14 ]. 
More optimized high-energy gamma detectors 
have later been used to locate, e.g., colorectal 
tumors and lymphoma, which resulted in the 
removal of non-palpable and diffi cult to locate 
lesions [ 120 ,  123 – 125 ]. Next to high-energy 
gamma detectors, also β-sensitive probes were 
applied [ 120 ]. Although the authors claim the 
selective detection of β-particles, the detection up 
to 6 cm raises some questions about the selectivity 
of the probe [ 120 ]. 

 A case study has also been reported regarding 
RGS with  18 F-L-DOPA (Fig.  5.3 ). Increased 
uptake of  18 F-L-DOPA in tumors is caused by the 
upregulation of amino-acid transporters, to sup-
ply the malignancy in their demand for nutrients. 
The application of  18 F-L-DOPA in RGS with a 
high-energy gamma detector resulted in the suc-
cessful removal of multiple neuroendocrine 
tumors and metastases [ 13 ].  

5.3.2.2    68-Gallium 
  68 Ga is a positron emitter that emits β + -particles of 
1.9 MeV and has a half-life of 67.7 min. We were 
not able to fi nd information about the effective 
dose for patients; a high radiation burden can be 
expected based on the high-energy β + -particles 
and the 511 keV photons generated by positron 
annihilation. For the medical personnel the radia-
tion burden is caused by the 511 keV photons and 
is therefore similar for most β + -emitters (Table  5.2 ). 
 68 Ga can be eluted from a  68 Ga-generator; a sta-
tionary phase with absorbed  68 Ge is eluted with an 
acidic mobile phase, which takes the generated 
 68 Ga with it. Such a generator can be maintained at 
location, e.g., a nuclear facility in a medical center. 
For RGS applications similar advantages and dis-
advantages can be expected as described above for 
 18 F. From the chemical perspective,  68 Ga can, how-
ever, be more easily incorporated in a radiotracer 
via chelation by a bifunctional chelate conjugated 
to the targeting moiety. DOTA has been the chelate 
of choice in the clinically used  68 Ga-based radio-
tracers, although other and possibly better chelates 
are available, e.g., NOTA and TRAP [ 126 ,  127 ]. 
Due to the requirement of a chelate in combination 
with a short half-live,  68 Ga has been predominantly 
used in combination with peptide constructs. For 
RGS applications,  68 Ga was incorporated in 
the somatostatin analogues DOTA-NOC and 
DOTA-octreotate (DOTA- TATE) (Fig.  5.4 ). These 
 radiotracers have been successfully used for RGS 
towards gastroenteropancreatic neuroendocrine 
tumors. In 9 patients, the RGS approach with a 
high- energy gamma detector allowed detection of 
94 % of lesions (up to 5 mm tumors) compared to 
69 % by preoperative PET imaging and 50 % by 
surgical palpation [ 27 ].  

5.3.2.3    89-Zirconium 
  89 Zr has both β + - and γ-emissions of 389 and 
909 keV, respectively, and has a half-life of 
78.4 h. Due to the high- energy emissions and 
medium half-life,  89 Zr causes a considerable radi-
ation burden for the patient. Also the radiation 
dose for the medical personnel is slightly higher 
compared to other β + -emitters due to the addi-
tional γ-emission.  89 Zr is produced by proton irra-
diation of  89 Y and can be incorporated in a 
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radiotracer via the bifunctional chelate 
desferrioxamine. 

 In a pilot study with  89 Zr-desferioxamine- 
nanocolloid (Fig.  5.2 ) for SLN mapping by 
Heuveling et al., a higher resolution in the pre-
operative nuclear imaging (PET vs SPECT) 
was observed [ 28 ]. The authors claim that, 
by using a β-selective probe, RGS based on 
 89 Zr-desferrioxamine-nanocolloid should pro-
vide a similar or better intraoperative detection, 
compared to  99m Tc-nanocolloid, especially for 
localization of a SLN near the injection site. 
This was however not (yet) shown.  

5.3.2.4    124-Iodine 
  124 I is a γ- and β + -emitter that emits photons of 0.6 
and 1.7 MeV and β + -particles of 1.5 and 2.1 MeV. 
 124 I has a half-life of 4.18 days. Due to its little 
use in (clinical) research, we were not able to fi nd 
information about the effective dose for patients. 
A high radiation burden can be expected based 
on the high-energy emissions and long half-life. 
The exposure for medical personnel is consider-
able (Table  5.2 ).  124 I is produced by proton irra-
diation of  124 Te. The conjugation chemistry for 
this isotope is similar to that of the other iodine 
isotopes reported above. 

 Although  124 I is mainly used for PET imaging, 
this isotope has been applied in RIGS tracing 
both the positrons and the high-energy photons 
(511 keV) originating from  124 I-labeled antibod-
ies against A33 transmembrane glycoprotein 
(huA33) and against carbonic anhydrase IX 
(cG250) [ 33 ]. Detection was performed by both a 
high-energy gamma detector and a β-selective 
detector. In four patients a high correlation 
between γ- and β + -detection was determined and 
the authors claim that the β-probe showed a 
higher tumor to background signal compared to 
the high-energy gamma probe.   

5.3.3     Electron Radiation 

 β − -particle or electron-emitting radionuclides 
have been applied for RGS for two reasons. The 
fi rst reason is the clinical application of β − -
emitters for radiotherapy, which allows RGS 

toward the residual lesion based on other emis-
sions of the radionuclide. The second reason for 
using a (pure) β − -emitter in combination with a 
β − -specifi c detector for RGS is the very limited 
range of β − -particles in tissue. Any uptake in 
nearby healthy tissue or radiation of a nearby 
injection site is attenuated before reaching the 
detector. This would result in a lower background 
and a better delineation of the margins around the 
lesion of interest. Unfortunately a (pure) β − -
emitter does not allow preoperative whole body 
imaging for surgical planning and an approxi-
mate location of the lesion of interest has to be 
known to be able to locate it with a β − -specifi c 
probe. 

5.3.3.1    32-Phosphorus 
  32 P emits β − -particles of 690 keV and has a half-
life of 14.3 days. Due to its limited use in clinical 
research, we were not able to fi nd information 
about the effective dose for patients or medical 
personnel.  32 P is produced by neutron irradiation 
of  32 S. One of the fi rst studies on RGS reported 
on in 1949, applying a Geiger-Müller device, was 
performed with  32 P-PO 4  2−  (Fig.  5.3 ). The accu-
mulation and turnover of the phosphate ion were 
found higher in tumor tissue compared to healthy 
brain tissue, thereby allowing the identifi cation 
of cerebral gliomas in 14 patients [ 24 ]. Due to its 
β − -emission,  32 P has not been widely applied for 
RGS, but for research purposes, multiple meth-
ods are available to label all kind of tracers with 
this isotope [ 128 ,  129 ].  

5.3.3.2    90-Yttrium 
  90 Y emits β − -particles of 2.3 MeV and has a half-
life of 64 h. The high-energy β — emission results 
in a high radiation burden for the patient, and 
therefore, this isotope is mainly used for thera-
peutic purposes. However, the additional X-ray 
generation and the use of high therapeutic dos-
ages cause considerable radiation exposure for 
the medical personnel.  90 Y is a decay product of 
 90 Sr, which is produced upon uranium and pluto-
nium fi ssion in nuclear power plants. Small-
scale  90 Y generators based on  90 Sr have been 
developed, which can be used for the production 
of  90 Y with high specifi c activity [ 130 ]. These 
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generators can be operated at the local nuclear 
facility of medical centers. Although  90 Y is 
almost purely a β − -emitter, SPECT imaging has 
been performed based on Bremsstrahlung, which 
originates from the loss of kinetic energy from 
the high-energy electrons (β − ) resulting in the 
emission of photons [ 131 ]. Also PET imaging is 
possible due to the rare (1 in 32 million transi-
tions) β − /β + -pair formation, of which the β +  can 
subsequently annihilate with an electron to pro-
duce two photons of 511 keV [ 132 ,  133 ].  90 Y can 
be incorporated in radiotracers by binding it to 
the bifunctional chelate DOTA, which can be 
conjugated to a variety of targeting moieties. 

 Recently the use of a β − -specifi c probe in com-
bination with the  90 Y-labeled somatostatin ana-
logue DOTA-TOC (Fig.  5.4 ) was suggested for 
the detection of meningioma and high-grade gli-
oma [ 29 ]. In this study, PET imaging was per-
formed with  68 Ga-DOTA-TOC and provided 
quantitative information about the uptake of the 
tracer. Based on this information, the required 
dosage of  90 Y-DOTA-TOC was calculated to dis-
criminate the lesion of interest from the sur-
rounding healthy tissue with a β − -specifi c probe 
[ 29 ]. Based on this preoperative  68 Ga-based 
imaging and calculations, the authors concluded 
that RGS based on  90 Y-DOTA-TOC should be 
possible [ 29 ].    

5.4     Hybrid Imaging 
and Detection Platforms 
(Table  5.3 ) 

    Hybrid imaging combines two imaging 
modalities, e.g., nuclear and luminescence imag-
ing, in a single approach.  It was already intro-
duced in 1948 by Moore et al. who radiolabeled 
diiodofl uorescein, resulting in a tracer that has 
both a nuclear and a fl uorescent component. 
Luminescence imaging in the clinic has been per-
formed based on fl uorescence and Cherenkov 
luminescence (CL) and can provide high-resolu-
tion imaging in the operating theatre to aid the 
surgeon in detecting the lesion of interest 
(Fig.  5.11b ). The advantage of luminescence-
guided surgery over radioguided surgery lies in 

the limited tissue attenuation of visible light 
[ 138 ]; like with β − -particle or electron-emitting 
radionuclides, imaging of optical signals is less 
hindered by background signals originating from 
the injection site or from tracer accumulation in 
the vicinity of the lesion of interest. However, 
due to the limited tissue penetration of light 
(<1 cm) [ 138 ], luminescence imaging is not suit-
able for whole body imaging. Therefore, the 
application of a radio- and luminescent tracer 
combines the best of both worlds.

   Two subclasses of hybrid tracers have been 
reported for clinical use, being the combination 
of a radionuclide and a fl uorescent label on a 
single tracer (Fig.  5.11a ) or the detection of the 
Cherenkov luminescence (CL) emitted by β + /β − -
emitting isotopes (Fig.  5.11b ). Fluorescence 
imaging is based on the excitation of a fl uorescent 
label with light, which results in the emission of 
light of a longer wavelength. The advantage of 
fl uorescence imaging is that it provides real-time 
high- resolution information. Yet, fl uorescence 
imaging requires the addition of a fl uorescent 
label to the imaging tracer, the excitation light has 
to be blocked from reaching the camera, and 
background fl uorescence can occur originating 
from endogenous fl uorophores. 

 Cherenkov photons (Cherenkov 
Luminescence; CL) originate from charged par-
ticles (β+ /β− ) that travel through a medium 
faster than the speed of light in that same medium. 
CL occurs in tissue when the emitted charged 
particles have energies higher than 0.21 MeV. 
The intensity of CL is around three orders of 

   Table 5.3    Optical characteristics of clinically applied 
hybrid tracers   

 Optical component 
 λ exc  
(nm) 

 λ em  
(nm) 

 Example of 
use during 
RGS 

 Diiodofl uorescein  488  515  Moore 
et al. [ 134 ] 

 I-Methylene blue  670  680  Cundiff 
et al. [ 135 ] 

 ICG-nanocolloid  780  820  van der 
Poel et al. 
[ 136 ] 

 Cherenkov 
luminescence 

 na  >200  Spinelli 
et al. [ 137 ] 
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magnitude lower than that obtained with fl uores-
cence imaging, but during the decay of the iso-
tope, it provides a continuous spectrum with peak 
emission in the UV range [ 140 ]. The advantage 
of CL is that no additional label is required next 
to the β -particle emitting radionuclide and that 
there is virtually no background signal because 
no external excitation light is required. However, 
since the CL intensity is tracer dose dependent, it 
may negatively infl uence the dose received by the 
patient and surgical staff [23 ]. Furthermore, low 
signal intensity means long acquisition times and 
absolute darkness are needed to generate an 
image and thus real-time guidance is not 
possible. 

    The earliest example of a hybrid tracer of the 
fi rst subclass is  131 I-diiodofl uorescein (Fig.  5.10 ), 
which was reported by Moore et al. in 1948. 
Fluorescein was already reported for the detec-
tion of malignant tissue by UV-light irradiation 
and visible detection of the fl uorescence 
(λ em  = 520 nm) by eye [ 112 ]. By radioiodination, 
this fl uorescent tracer could be detected using a 
Geiger-Müller tube [ 110 ,  111 ]. Both the radio-
signal and the fl uorescence detection could be 
used to localize brain lesions [ 134 ]. 

 The radioiodinated ( 123 I,  125 I, and  131 I) deriva-
tive of methylene blue (Fig.  5.10 ), a blue dye 
commonly used for optical visualization of the 
lymphatic ducts, has been used for lymphatic 

a b

  Fig. 5.11    Application of hybrid tracers in RGS. 
( a ) Hybrid tracers combining nuclear imaging with fl uo-
rescence imaging: ( i ) whole body nuclear imaging; ( ii ) 
intraoperative tracing with acoustic probe; ( iii ) intraopera-
tive fl uorescence imaging. Real-time fl uorescence over-
laid with white-light image. ( b ) Hybrid imaging based on 

Cherenkov luminescence emitted by β + /β − -emitting iso-
topes: ( i ) whole body nuclear imaging; ( ii ) intraoperative 
tracing with acoustic probe; ( iii ) intraoperative optical 
imaging. CL images overlaid with white-light photo-
graph.  With kind permission from Springer Science and 
Business Media  [ 139 ]       

  Fig. 5.10    Hybrid imaging tracers applied in RGS       
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mapping and RGS toward SLN(s), which resulted 
in the successful removal [ 135 ,  141 – 143 ]. 
Although methylene blue was shown to possess 
fl uorescence properties [ 144 ], these were not 
exploited within the clinical studies. 

 For SLN biopsy procedures, the hybrid radio-
active and fl uorescent tracer indocyanine green 
(ICG)- 99m Tc-nanocolloid was introduced 
(Fig.  5.10 ). The tracer was formed via the non- 
covalent interaction between the near-infrared 
fl uorescent dye ICG and the albumin components 
of  99m Tc-nanocolloid [ 6 ,  136 ]. An early reproduc-
ibility study showed the behavior of the hybrid 
tracer being identical to its parental compound 
 99m Tc-nanocolloid [ 145 ]. Next to preoperative 
SLN mapping, intraoperative radioguidance and 
fl uorescence guidance to the SLN(s) were facili-
tated. The latter allowing the optical verifi cation 
of the location of the SLN, which was not possi-
ble with the parental compound [ 146 ,  147 ]. The 
addition of real-time fl uorescence imaging during 
the RGS procedure was considered especially 
valuable during the detection of SLNs close to the 
injection site of the radiocolloid [ 148 ], and 
enabled optical detection of SLN(s) failed to 
accumulated the traditionally used blue dye [ 146 ]. 

 Cherenkov photons originate from charged 
particles (β + /β − ) that travel through a medium 
faster than the speed of light in that same medium. 
CL occurs in tissue when the emitted charged par-
ticles have energies higher than 0.21 MeV. The 
intensity of CL is around three orders of magni-
tude lower than that obtained with fl uorescence 
imaging, but during the decay of the isotope, it 
provides a continuous spectrum with peak emis-
sion in the UV range [ 140 ]. The advantage of CL 
is that no additional label is required next to the 
β-particle emitting radionuclide and that there is 
virtually no background signal because no exter-
nal excitation light is required. However, since the 
CL intensity is tracer dose dependent, it may neg-
atively infl uence the dose received by the patient 
and surgical staff [ 23 ]. Furthermore, low signal 
intensity means long acquisition times and abso-
lute darkness are needed to generate an image and 
thus real-time guidance is not possible. 

 For CL imaging, all β + - and β − -emitters used 
in clinical practice can potentially be used. This 

said, the amount of clinical reports on CL 
 imaging is limited. Recently clinical studies with 
 131 I (for thyroid) and  18 F-FDG (for various malig-
nancies) have been reported, showing the clini-
cal feasibility of CL imaging [ 137 ,  139 ,  149 ]. In 
these studies superfi cial lesions were visualized 
through the skin. Technical camera development 
for CL imaging is moving toward endoscopic 
use and a laparoscopic camera for CL imaging 
was recently evaluated in four patients with 
colorectal cancer [ 139 ].  

5.5     Future Perspectives 

 Although this chapter discusses radiotracers that 
have already been applied for RGS in patients, in 
principle all clinically used radiotracers can be 
applied for RGS. This includes also the tracers 
that are currently investigated for diagnostic 
imaging purposes, such as  18 F-fl uorothymidine 
( 18 F-FLT; visualizes cell proliferation),  18 F- and 
 99m Tc-annexin V (visualizes cell apoptosis/necro-
sis),  68 Ga-prostate-specifi c membrane antigen 
ligand ( 68 Ga-PSMA; visualizes the prostate-spe-
cifi c membrane antigen),  99m Tc-etarfolatide 
(visualizes epithelial tumor cells), and various 
antibodies labeled with  89 Zr [ 150 – 152 ]. Also in 
the preclinical fi eld, several promising radio- and 
hybrid tracers are being developed that might be 
applicable in RGS and image-guided surgery 
[ 153 – 158 ]. Although the recent reemergence of 
image-guided surgery has boosted the preclinical 
activities regarding tracer development for this 
application, the “from molecule to man” transla-
tion of these activities remains limited. 

 Interesting recent developments in the choice 
of radionuclides for RGS are the steps toward 
the application of β + - (e.g.,  18 F and  89 Zr) and β − -
emitters ( 90 Y) for RGS. Especially the selective 
detection of the β-particles can potentially 
improve the resolution in RGS. However, the 
application of these radionuclides increases the 
radiation dosages obtained by patients (both β − - 
and β + -emitters) and medical personnel (mainly 
β + -emitters). This aspect needs to be resolved in 
order to implement such RGS procedures in an 
everyday clinical practice. One suggestion would 
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be to improve the specifi city and especially the 
sensitivity of the imaging modalities, both 
nuclear and optical, which would allow the appli-
cation of lower dosages of these radiotracers.  

5.6     Concluding Remarks 

 As can be concluded from the described applica-
tions of radioisotopes in RGS, the most used 
radioisotopes are  99m Tc (radiocolloids and  99m Tc- 
sestamibi),  111 In ( 111 In-somatostatin analogues), 
and  125 I ( 125 I-MIBG and  125 I-labeled antibodies). 
This originates mainly from their easy availabil-
ity, their preferred medium to low-energy photon 
emission, and their ease of incorporation into 
radiotracers. Interesting new developments are 
focusing on surgical guidance toward β- emitters 
and the inclusion of optical guidance methods. A 
critical point in the development of new RGS 
procedures and the use of certain radionuclides is 
the radiation exposure of the surgical staff. 
Especially the need for isotopes with high- energy 
emissions may limit the clinical application due 
to restrictions in the radiation exposure of the 
medical personnel.     
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Abstract

The use of radioactive substances for senti-
nel lymph node (SLN) biopsy needs consid-
eration on how to optimize radiation safety 
issues. In this chapter an overview on basic 
radiation-related quantities, definitions, and 
on patient dosimetry is given. Values of 
absorbed and effective doses are provided 
for patients, the staff in the operation theater 
and in the pathology department, and for 
waste disposal. For radiolocalization of 
SLN with Tc-99m, the dose to the patients 
and the exposure of the staff are low; for 
radiopharmaceuticals with longer half-lives 
and/or positron emitters, individual moni-
toring of staff exposure and contamination 
should be considered for larger patient 
numbers.

6.1  Introduction

The use of radioactive substances for sentinel 
lymph node (SLN) biopsy needs the optimization 
of radiation safety issues for patients, for the staff 
in nuclear medicine departments, in the operating 
theater, pathology laboratories, and also the dis-
posal of radioactive waste.
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6.2  Basic Quantities 
and Definitions

6.2.1  Absorbed Dose (D)

In a lot of publications in nuclear medicine, the 
term “dose” is used for describing the adminis-
tered activity as well as the “absorbed dose.” It is, 
however, mandatory to distinguish between these 
two terms. The appropriate term for the quantity 
of interest in radiation protection and dosimetry, 
however, is “absorbed dose” (D), expressed in 
units of gray (Gy) [1].

According to ICRP103 [1], the absorbed dose 
is defined as the mean energy dε imparted to mat-
ter of mass dm by ionizing radiation:

 
D d

dm
=

e

 
(6.1)

The SI unit for absorbed dose is joule per kilo-
gram (J kg−1), and its special name is gray (Gy) 
[1]. In nuclear medicine, dε represents the num-
ber of radionuclide disintegrations in a particular 
volume multiplied by the energy emitted per dis-
integration of the radionuclide and multiplied by 
the fraction of emitted energy that is absorbed by 
a particular (target) mass.

The concept of absorbed dose is only applica-
ble in a macroscopic scale as it is generally done 
in nuclear medicine dosimetry. In “macrodosim-
etry”, one considers mean parameters (mean 
doses). It should be noted that the mean absorbed 
dose can be calculated for a large (i.e., organ) 
volume or at the microscopic level, as long as the 
criteria applicable to macrodosimetry are met. 
The energy deposition, however, is a stochastic 
process and shows inherent statistical fluctua-
tions. If particle flux-and energy deposition-is 
large enough, then the mean absorbed dose is rel-
evant as the standard deviation due to stochastic 
fluctuations is small.

6.2.2  Dosimetry in Nuclear 
Medicine

Methods for calculating the absorbed dose from 
administration of a radiopharmaceutical were 

first standardized in the 1960s by the Medical 
Internal Radiation Dosimetry (MIRD) commit-
tee, with the initial aim of estimating average 
doses to critical organs resulting from diagnostic 
procedures [2]. Essentially this methodology 
allows the calculation of absorbed dose using the 
simplified version of the basic equation [3]:

 
D r r S r rAk h h k h←( ) = ←( )∼

 
(6.2)

D r rk h¬( ) : the mean absorbed dose to a target 
region rk from the cumulated activity in source 
region rh.

Ãh: the cumulated activity (i.e., the integral of the 
activity-time curve from zero to infinity) in a 
given target region rh.

S r rk h¬( ) : the radionuclide-specific S factor for 
target region rk and source region rh per unit 
cumulated activity in source region rh.

Ã denotes the total number of radioactive 
decays occurring within an organ in which a 
radiopharmaceutical accumulates (the “source 
organ”). The MIRD S factor accounts for the 
energy released from each radioactive decay and 
the relative geometry of the source organ and the 
organ for which the absorbed dose is to be calcu-
lated. Thus, the cumulated activity is dependent 
on biological parameters, while the S factor deals 
with the physical components of the absorbed 
dose.

There is no assumption made concerning the 
source or target, other than that the radioactive 
distribution is homogeneous in the source h: the 
source and target can be of any size or composi-
tion. Theoretically, if the activity in the source 
has a heterogeneous distribution, it is possible to 
subdivide the source into smaller volumes in 
which the activity can be considered to be 
homogeneous.

As the cumulated activity constitutes the sum 
of all radioactive emissions during the time con-
sidered, the energy deposition rate with time is 
not taken into account, although the absorbed 
dose rate (Gy s−1) is known to impact on the bio-
logical consequences of the irradiation. The rele-
vance of this is indicated by the fact that the aim 
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of most dosimetric studies is to relate a physical 
parameter (i.e., energy absorbed per unit mass) to 
the observed biological effect: the relation 
between these two parameters may not be simple, 
and scientifically sound dosimetric protocols are 
simply a prerequisite for subsequent radiobio-
logical studies.

6.2.3  Effective Dose (E)

For a risk assessment of medical diagnostic pro-
cedures involving ionizing radiation and radia-
tion protection, the concept of the effective dose 
(E) has been widely adapted [1, 4]. The risk asso-
ciated with the effective dose is based on assump-
tions such as the concept of considering the risk 
to the general public or to workers. This does not 
necessarily reflect the situation for patients in 
nuclear medicine as, particularly in patients with 
cancer, the life expectancy is likely to be different 
of that of the general public or of workers. 
Another aspect is the strong age and sex depen-
dency of the radiation risk, which is not included 
in the effective dose. Therefore, the effective 
dose should not be used for individual risk- 
benefit assessments in patients; instead, the rele-
vant quantity is the equivalent dose or the 
absorbed dose to irradiated organs. However, for 
comparing different medical procedures, effec-
tive dose is a useful quantity [1]. It is defined as

 
E H

T
T T= åw

 
(6.3)

where ωT is the tissue weighting factor for the tis-
sue T and represents the radiation sensitivity for 
stochastic radiation damage of each tissue con-
sidered. The sum over all tissue weighting factors 
is 1: ΣT ωT = 1. HT is the organ dose (unit: Sv) 
caused by internal or external exposure. For 
nuclear medicine applications using beta and 
gamma emitters, the organ doses are calculated 
by multiplying the absorbed dose (unit: Gy) by 
the radiation weighting factor for photons and 
electrons (=1 Sv/Gy). According to ICRP103 [1], 
the effective dose E is then the arithmetic mean 
of the gender-specific organ doses HM

T (male) 
and HF

T (female):
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T
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T
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+åw
2  

(6.4)

Table 6.1 summarizes the tissue weighting fac-
tors according to ICRP103.

According to ICRP103 [1], the occupational 
exposure in planned exposure situations should 
be limited to an effective dose of 20 mSv per 
year, averaged over defined 5-year periods 
(100 mSv in 5 years), with the further provision 
that the effective dose should not exceed 50 mSv 
in any single year. For public exposure in planned 
exposure situations, ICRP recommends that the 
limit should be expressed as an effective dose of 
1 mSv in a year. The annual exposure of the 
hands and feet should not exceed 500 mSv (organ 
dose) in occupational exposure; no values are 
provided by the ICRP for the general public.

6.2.4  External Exposure

The absorbed dose D imparted by the external 
exposure of a point source and by penetrating 
radiation, an activity A at a distance r, an expo-
sure rate constant Γ (dependent on the isotope), 
and an exposure duration Δt is described by 
Eq. 6.5:

 
D

A t

r2
= Γ ⋅ ⋅∆

 
(6.5)

An overview of the most common exposure rates, 
exposure durations, distances, activities to be 

Table 6.1 Tissue weighting factors according to 
ICRP103 [1]

Tissue ωT ΣT ωT

Bone marrow (red), colon, lung, 
stomach, breast, remainder tissuesa

0.12 0.72

Gonads 0.08 0.08

Bladder, esophagus, liver, thyroid 0.04 0.16

Bone surface, brain, salivary glands, 
skin

0.01 0.04

Total 1.00
aRemainder tissues: adrenals, extrathoracic (ET) region, 
gall bladder, heart, kidneys, lymphatic nodes, muscle, oral 
mucosa, pancreas, prostate (male), small intestine, spleen, 
thymus, uterus/cervix (female)
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expected, and potential exposure scenarios and 
exposures in SLN procedures is provided in 
Table 6.2 (data taken from Delacroix et al. [5]). 
With the exception of the application of PET 
nuclides and In-111, the exposure scenarios do 
not exceed 0.06 mSv for the hands and 0.005 mSv 
for body exposure. For comparison, the total 
effective dose to individual members of the pub-
lic should not exceed 1 mSv per year [1]. 
Concerning contamination of the hands, the dose 
rate after contamination with a droplet of 0.05 ml 
and an activity of 1 kBq leads to an exposure 
dose rate of 9 μSv/h, 0.06 mSv/h, and 0.8 mSv/h 
for Tc-99m, In-111, and F-18, respectively [5].

Reported radiation exposures for Tc-99m- 
based procedures were less than 0.4 mSv for the 
surgeon hands and 0.02 mSv for the surgeon 
body [6]. In procedures involving Tc-99m and in 
typical quality assurance procedures, therefore, 
the exposure by external irradiation is low. 
Special precaution measures, however, might 
need to be considered when applying SLN diag-
nostics after the use of PET-tracers such as F-18.

6.3  Patient Dosimetry for SLN 
Diagnostics with Tc-99m

6.3.1  Patients

As has been stated in the EANM-EORTC general 
recommendations for sentinel lymph node diag-
nostics in melanoma [7], lymphoscintigraphy is a 
procedure involving low activities. The estimated 
local radiation dose varies depending on the 
administered activity, injection site, volume of 
tracer, the application of multiple injections, and 

retention time [8]. The different radiopharmaceu-
ticals used for SLN imaging are associated with 
minor differences in dosimetry. The local 
absorbed dose at the injection site with respect to 
the most common radiocolloids is less than 
50 mGy/MBq [8–10].

For breast cancer, Waddington et al. estimated 
the mean absorbed dose to the tissue of the affected 
breast to be 0.72 mGy/MBq resulting in an 
absorbed dose of 11 mGy for a tracer administra-
tion of 15 MBq [8]. The sentinel lymph node itself 
will receive an absorbed dose between 0.44 and 
2.5 mGy/MBq depending on the size of the lymph 
node, assuming 1.0 % uptake of tracer and physi-
cal half-life. Taking all other organs that are also 
irradiated into account, Waddington et al. estimate 
the effective dose for SLN diagnostics in breast 
cancer to 0.3 mSv for an injection of 15 MBq 
Tc-99m-colloids [8]. For this procedure, dosime-
try data were also published by Law et al. [11]. 
These authors report an effective dose of 5.1 μSv/
MBq, a value which is significantly lower than the 
21 μSv/MBq reported by Waddington et al. [8]. 
Values from Waddington et al. are also systemati-
cally higher with respect to the upper limit of 
breast absorbed dose (720 vs 35 μGy for the 
injected breast). Cremonesi et al. [12] estimated a 
mean of 0.8 mGy/MBq at the injected breast and 
0.05 mGy/MBq at the sentinel lymph node. 
Extensive calculations performed at the Memorial 
Sloan Kettering Cancer Center have confirmed the 
safety of the procedure for breast cancer by report-
ing an effective dose around 0.2 mSv [13].

Melanoma originates from skin tissue that is 
relatively less radiosensitive than many other 
 tissues; the tissue weighting factor defined by the 
International Committee of Radiation Protection 

Table 6.2 External exposure rates and exposures for typical SLN applications

Isotope Tc-99m In-111 F-18 Co-57

Exposure rate 22 μSv m2/(GBq h) 87 μSv m2/(GBq h) 37 μSv m2/(GBq h)* 15 μSv m2/(GBq h)

Typical activity 10 MBq 150 MBq 75 MBq <1 MBq

Exposure for 2 h 
at a distance of 
0.3 m

0.005 mSv 0.03 mSv 0.1 mSv** <0.0003 mSv

Data taken from the radionuclide and radiation protection handbook [5]
*Similar exposure rate constants for many other PET nuclides
**4 h after administration of 300 MBq F-18-FDG
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(ICRP) for the determination of effective dose is 
0.01 for skin compared to 0.05 for breast accord-
ing to ICRP60 [4] or 0.12 according to ICRP103 
[1]. Hence, in patients with melanoma, the local 
radiation dose contributes little to the effective 
dose. In melanoma patients, the radiolabeled col-
loid migrates minimally throughout the blood-
stream or reticuloendothelial system (RES) or 
beyond the SLN and second-echelon lymph 
nodes. Assuming that 20 % of the administered 
activity has been absorbed in the RES systemi-
cally, the effective dose is calculated as 2 μSv/
MBq in a “worst-case” calculation [7, 14]. This 
corresponds to 0.04 mSv after an injection of 
20 MBq of 99mTc-labeled small colloid.

Although no dose values have been reported 
for other applications besides breast cancer and 
melanoma, it can be safely assumed that the 
absorbed doses and effective doses for these pro-
cedures are in the same range [15, 16].

It should be noted that adoption of SPECT/CT 
imaging protocols for SLN in melanoma will 
increase both local radiation dose and effective 
dose due to inclusion of the CT procedure, the 
dosimetry being dependent upon both the site of 
the melanoma and the CT acquisition parameters 
selected. A low-dose CT scan with a field of view 
limited to avoid radiosensitive tissues can help to 
keep the effective dose to a minimum. For a low- 
dose CT for attenuation correction, for patients 
undergoing a sentinel lymph node lymphoscin-
tigraphy in breast cancer, an effective dose of 
2.4 mSv has been reported [11]. The total expo-
sure in such cases is the emission-generated dose 
plus the transmission-generated effective dose.

6.3.2  Pregnancy

Pregnant patients could be offered the SLN biopsy 
after careful counseling regarding the safety and 
efficacy of the procedure. According to interna-
tional guidelines, the risk to the fetus is consid-
ered negligible for investigations exposing a fetus 
to <1 mSv. Gentilini et al. report in breast cancer 
patients that the estimated absorbed dose to the 
embryo/fetus per unit activity is 5 μGy/MBq [17]. 
As reported also for melanoma [7], the dose to the 

fetus from a SLN examination will generally be 
below the 1 mSv limit for increased stochastic 
risk generally applied to fetal radiation hygiene. 
Only in a melanoma located rather close to the 
fetus (over the lower abdomen or back) the theo-
retical risk of exceeding 1 mSv is a relevant ques-
tion. In such a case, the two important 
modifications that may reduce fetal radiation 
exposure will be (1) to reduce activity injected, 
preferably less than 30–40 MBq, and to collect 
the image data twice the normal duration and (2) 
short time interval—always following a 1-day 
protocol—from injection to operation [7].

6.3.3  Lactating Women

The presence of 99mTc in breast milk has not been 
reported, but it has been recommended in some 
publications that lactation be suspended for nurs-
ing mothers for 24 h after radiopharmaceutical 
administration, since radiocolloid will be excreted 
from the breast milk during this period [18, 19].

6.4  Patient Dosimetry for Other 
Isotopes

In case of other isotopes (e.g., In-111 or F-18), 
data for the patient exposure can be taken from the 
corresponding ICRP tables ICRP [20–22] or from 
the review article of Eberlein et al. [23]. For an 
administered activity of 350 MBq F-18, the effec-
tive dose is 6.6 mSv, for 185 MBq In-111 10 mSv.

6.5  Staff Exposure for SLN 
Diagnostics with Tc-99m1

6.5.1  General Rules

Within the EU, national implementations of the
following EU Directives apply with respect to

1 This chapter is taken from the “EANM-EORTC general 
recommendations for sentinel node diagnostics in mela-
noma” [7] and is reprinted with kind permission 
of Springer Science + Business Media.
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radiation protection aspects of the clinical prac-
tice of nuclear medicine. Applying the 1990 
Recommendations of the ICRP [4], the Basic 
Safety Standards Directive (Council Directive 
97/43/EURATOM 20072) enforces a general 
radiation protection framework to ensure the 
safety of employees and the public. The Medical 
Exposures Directive (Council Directive 96/29/
EURATOM 20063) reinforces the need for justifi-
cation, optimization, and limitation of all expo-
sures and places additional specific requirements 
on stated duty holders, especially in respect to the 
practical aspects of a medical exposure—its 
referral, individual justification, and execution—
including the training and competence of all staff 
whose actions contribute to the procedure(s) 
performed.

6.5.2  Staff in Nuclear Medicine 
Department

To comply with regulatory requirements, includ-
ing those mandated by the Medical Exposures 
Directive within the EU and those in force else-
where [24], radiocolloid administration and pre-
operative diagnosis will be performed by trained 
nuclear medicine personnel working in con-
trolled environments. The administered activities 
in lymphoscintigraphy are low compared with 
those used in most other nuclear medicine proce-
dures. Any increase in the occupational exposure 
of nuclear medicine staff due to a SLN procedure 
will be minimal as they are already categorized 
as radiation workers. The highest doses received 
by the hands of the staff have been recorded for 
the physician who administers the tracer [25]; 
however, it is far below the ICRP annual dose 
limits for the extremities of a radiation worker 
[4]. One potential cause of significant exposure 
exists however—if transmission imaging using a 
radioactive 57Co flood source is performed, the 

2 Replaced by Council Directive 2013/59/EURATOM
2013.
3 Replaced by Council Directive 2013/59/EURATOM
2013.

source must not be held directly during image 
acquisition.

6.5.3  Staff in Operating Room

Radiation exposure to operating room personnel 
arising from the handling of radioactive speci-
mens from SLN procedures is minimal. Studies 
demonstrate that the occupational doses are 
insignificant, the mean whole body dose received 
by surgical staff has been measured to be <1 μSv 
per operation [8, 26–28], with the maximum 
effective dose to the surgeons involved reported 
to be <2 μSv [8, 29] [30] . The radiation dose to 
the hands of the surgeon has been estimated to be 
5–94 μSv per patient [14]. When the surgical pro-
cedure is performed 24 h after injection, the 
absorbed doses to the hands of the medical staff 
may potentially be minimized [25, 31]. The mon-
itoring of operating room personnel for occupa-
tional exposure to radiation is unnecessary during 
sentinel lymph node biopsy. Additional shielding 
and monitoring devices are not required in the 
operating room.

6.5.4  Pregnant Staff 
in Operating Room

One circumstance requiring specific consider-
ation is that of the pregnant female surgeon or 
scrub nurse regularly performing or assisting the 
procedure. A pregnant surgeon who participates 
in <100 SLN operations will stay below the limit 
of radiation exposure as recommended for preg-
nant women [28].

6.5.5  Staff in Pathology 
Department

The pathology staff usually spends a shorter time 
manipulating the radioactive tissue specimens 
than the does the surgeon and at a longer time 
interval after injection; their exposure will there-
fore be lower. Even personnel performing an 
unusually high number of procedures receive 
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radiation doses well below established limits for 
members of the general public [32]. Under any
circumstances, radiation exposure to the pathol-
ogy staff is low and should not normally require 
badge monitoring.

6.5.6  Radiation Safety Precautions

Labeling the pathology specimens – When trans-
porting the specimens to the laboratory, many 
institutions seal them in suitable containers with 
outer labels indicating radioactive content [31]; 
however, labeling is not required if the surface 
dose rate is <5 μGy/h [33]. Even if an institution 
does not label specimens, all personnel handling 
them must be properly trained and authorized 
and the specimens should be transferred promptly.

6.5.7  Radioactive Clinical Waste

While surgical instruments and pathology slides 
appear to stay at background radiation levels, 
measurable contamination of absorptive surgical 
sponges and other materials used in the handling 
of radioactive tissues is observed, especially 
when they are used in the vicinity of the injection 
site [8, 34]. Although a negligible contamination 
hazard, this would constitute radioactive clinical 
waste. It is advisable to monitor these materials 
for contamination, and if contaminated, the trash 
should be held for decay-in-storage before 
disposal.

6.6  Staff Exposure for Other 
Isotopes

As discussed previously, the radiation exposure 
to personnel from low activities of Tc-99m for 
sentinel lymph node procedures is low. These 
results should not be applied to the use of other 
radiopharmaceuticals and considerably higher 
activities of Tc-99m.

For F-18-FDG, Povoski et al. [35] report on 
the occupational radiation exposure to intraoper-
ative and perioperative personnel from F-18- 

FDG-radioguided surgical procedures after 
administration of around 700 MBq.4 The authors 
report on a mean effective dose per case of 
0.2 mSv received by the surgeon. Lower doses 
are reported for the anesthetist, scrub technolo-
gist, postoperative nurse, circulating nurse, and 
preoperative nurse. This exposure is, on a per 
case basis, rather low. However, for larger patient 
numbers, individual monitoring of exposure and 
contamination should be considered.

For In-111-labeled compounds, there are, 
unfortunately, at present no systematically col-
lected exposure data available for SLN proce-
dures. Therefore, one should also consider 
monitoring the staff in this case (see also 
Table 6.2).

6.7  Discussion and Conclusion

Radiolocalization of SLN with Tc-99m is associ-
ated with low levels of radiation exposure. 
Radiation exposure monitoring or limitation of 
the number of performed SLN procedures as well 
as additional shielding is not required for staff in 
the operating room and pathology department. In 
principle, there is no contraindication for SLN 
biopsies in pregnant patients; it is, however, com-
mon to reduce the activity. For radiopharmaceuti-
cals with longer half-lives and/or positron 
emitters, individual monitoring of staff exposure 
and contamination should be considered for 
larger patient numbers.
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   Abstract  

  The histologic status of the axillary lymph 
nodes remains one of the most important 
prognostic indicators in breast cancer and 
impacts recommendations for adjuvant ther-
apy. Axillary lymph node dissection, once 
considered standard care for axillary staging 
in all patients with breast cancer, has been 
largely replaced by sentinel lymph node 
(SLN) biopsy in patients with a clinically neg-
ative axilla and in a select group of patients 
with node- positive breast cancer. The SLN 
can be mapped using radioisotope, blue dye, 
or a combination of both, utilizing a variety of 
injection techniques with comparable results 
and similar false-negative rates. In this chap-
ter, we will review the lymphatic drainage pat-
terns of the breast, the technique of SLN 
biopsy (with particular attention to the radio-
surgical aspects), and the clinical implications 
of the results.  

7.1         Introduction 

 The histologic status of the axillary lymph 
nodes remains one of the most important prog-
nostic indicators in breast cancer and impacts 
recommendations for adjuvant therapy. 
Axillary lymph node dissection (ALND), once 
considered standard care for axillary staging in 
all patients with breast cancer, has been largely 
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replaced by sentinel lymph node (SLN) biopsy 
in patients with a clinically negative axilla and 
in a select group of patients with node-positive 
breast cancer. A study-level meta-analysis of 
eight randomized controlled trials comparing 
SLN biopsy to ALND demonstrated no differ-
ence in overall survival (hazard ratio 
[HR] = 1.07), disease-free survival (HR = 1.00), 
or regional lymph node recurrence (odds ratio 
[OR] = 1.65) between SLN biopsy and ALND 
[ 1 ], rendering ALND obsolete in clinically 
node-negative breast cancer patients. The SLN 
can be mapped using radioisotope, blue dye, or 
a combination of both, utilizing a variety of 
injection techniques with comparable results 
and similar false-negative rates [ 2 ,  3 ]. In this 
chapter, we will review the lymphatic drainage 
patterns of the breast, the technique of SLN 
biopsy (with particular attention to the radio-
surgical aspects), and the clinical implications 
of the results.  

7.2     Lymphatic Drainage Patterns 
in the Era of Modern 
Lymphoscintigraphy 

 Modern techniques of lymphoscintigraphy 
have defi ned the lymphatic drainage of the 
breast with a new degree of precision. Estourgie 
et al. have reported on 691 clinically node-neg-
ative breast cancer patients in whom 700 SLN 
biopsy procedures were done, preceded by 
lymphoscintigraphy using technetium 
99m-nanocolloid injected directly into the 
tumor. They observed axillary drainage in 
95 %, internal mammary (IM) drainage in 
22 % (usually in combination with axillary), 
isolated IM drainage in 0–5.8 %, infraclavicu-
lar drainage in 2.7 %, interpectoral drainage in 
2.2 %, supraclavicular drainage in 0.5 %, and 
no lymphatic drainage in 3 % (Fig.  7.1 ) [ 4 ]. 
Axillary and IM drainage were observed from 
all quadrants of the breast, but IM drainage 
was more frequent and axillary drainage less 
frequent from the lower inner quadrant 
(Table  7.1 ) [ 5 ]. Uren et al. have reported on 
217 breast cancer patients in whom isotope 

was injected peritumorally; 93 % had axillary 
drainage, but 50 % had non-axillary drainage 
(most of these IM), and 7 % had  isolated non-
axillary drainage [ 6 ]. Like Estourgie, Uren 
found drainage to the IM nodes from all four 
quadrants of the breast, suggesting that tumor 
location alone is not the sole determinant of 
non-axillary lymphatic drainage [ 6 ].

7.3         Isotope Mapping Agents 

 Technetium 99m—widely available, inexpen-
sive, and with a low radiation dose—has become 
the isotope of choice for SLN mapping in breast 
cancer. A wide variety of carrier particles have 
been used, as reviewed by Wilhelm et al. [ 7 ]. 
Technetium 99m sulfur colloid (Tc 99m sulfur 
colloid) is the only registered radiopharmaceuti-
cal for lymphoscintigraphy in the United States 
and therefore is the predominant radioisotope 
used. Tc-99m-nanocolloidal albumin is widely 
used in Europe and Tc-99m-antimony trisulfi de 
colloid in Australia; both provide accurate local-
ization of the sentinel node, but neither agent is 
commercially available in the United States.  

7.4     Particle Size 

 The large particle size of Tc 99m sulfur colloid 
(mean = 300 nm) raises theoretical concerns that 
movement of this tracer beyond the injection 
site into lymphatic vessels and nodes may be 
limited. To overcome this potential liability, 
many have advocated using “fi ltered” Tc 99m 
sulfur colloid that has been passed through a 
220 nm fi lter. A multi-institutional study by 
Martin et al. demonstrated that the use of fi l-
tered or unfi ltered technetium sulfur colloid had 
no impact on the number of sentinel nodes iden-
tifi ed, indicating that passage of the unfi ltered 
colloid into the  lymphatic system was not com-
promised by its larger particle size [ 8 ]. 
Moreover, in a study of 134 breast cancer 
patients, Linehan et al. reported a superior sen-
tinel node identifi cation rate with unfi ltered ver-
sus fi ltered isotope (88 % vs. 73 %, respectively; 
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 p  = 0.03) [ 9 ]. The most frequent reason for failed 
localization in the fi ltered group was a diffusely 
“hot” axillary bed, not the failure to fi nd a single 
“hot” node [ 9 ].  

7.5     Technique of Isotope 
Injection 

 A wide variation in isotope technique has been 
reported in the literature with seemingly similar 
success and false-negative rates. Technique var-
ies with respect to volume, timing, location 
(intraparenchymal, subareolar, or intradermal), 
and depth of injection, although early sentinel 
node studies reported similar outcomes despite 
this wide variation [ 2 ]. 

7.5.1     Volume of Injection 

 The volumes of radioisotope injection reported in 
the literature range from 0.05 to 16 mL, suggest-
ing that the optimal volume for injection has not 

2.7 %‡

21.8 %†

0.5 %∗∗

5.0 %∗∗∗

95.3 %∗

n = 678

2.2 %

2.4 %∗∗∗∗

  Fig. 7.1    Drainage patterns of the breast identifi ed by 
scintigraphy, showing overall lymphatic drainage ( n  = 678) 
(Adapted from Estourgie et al. [ 4 ]) *axillary; † internal 

mammary; ‡infraclavicular; **supraclavicular; ***lateral 
intramammary region; ****medial intramammary region; 
→ interpectoral       

   Table 7.1    Lymphatic drainage pattern to the axilla and 
internal mammary nodes by tumor location in early-stage 
breast cancer patients ( n  = 678)   

 Tumor 
location 

 Axillary 
drainage (%) 

 IMN 
drainage (%) 

 IMN drainage 
only (%) 

 UOQ  96  10  2 

 UIQ  93  32  3 

 LOQ  98  30  1 

 LIQ  88  52  6 

 Central  100  24  0 

  Adapted from Estourgie et al. [ 5 ] 
  IMN  internal mammary node,  UOQ  upper outer quadrant, 
 UIQ  upper inner quadrant,  LOQ  lower outer quadrant, 
 LIQ  lower inner quadrant  
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been determined [ 10 ]. Proponents of low-volume 
injection argue that the normal lymphatic physi-
ology is not disrupted by the small volume, with 
Tanis et al. reporting an identifi cation rate of 
99 % with 0.2 mL volume of tracer [ 10 ]. 
Advocates of larger-volume injection report 
higher identifi cation rates [ 11 ], although many 
have observed that the larger injection site “hot 
spot”/”blast zone” may interfere with both lym-
phoscintigraphy and with the identifi cation of 
nearby SLNs at surgery. Regardless of volume, 
SLN identifi cation rates in large contemporary 
studies are high (93–98 %), and there is no stan-
dard for volume of injection [ 10 ].  

7.5.2     Timing of Injection 

 Blue dye travels quickly from the injection site to 
the SLN and is therefore injected in the OR 
immediately prior to surgery. Radiocolloid can 
be observed in lymphatics and nodes within min-
utes of injection, but scintigraphic images are 
typically taken within 30 min to 2 h of injection. 
Lymphatic mapping need not be done on the day 
of surgery. Winchester et al. reported improved 
sentinel node identifi cation with day-before map-
ping compared to same-day mapping (97 % vs. 
83 %) and a comparable number of SLNs 
obtained (2.8 vs. 3.8) [ 12 ]. McCarter et al. com-
pared day-before with same-day isotope injection 
and found no difference in the SLN identifi cation 
rate or number of SLNs obtained, but observed 
that  day - before injection must account for the 6 - h 
half - life of Tc 99m ; by giving 0.5 mCi to day- 
before and 0.1 mCi to same-day patients, the 
authors observed comparable isotope counts at 
surgery [ 13 ].  

7.5.3     Location of Injection 

 Location of injection varies widely among institu-
tions, with studies reporting intradermal, subder-
mal, subareolar, peritumoral/intraparenchymal, 
and intratumoral injections. A nonrandomized 
study of 298 patients comparing intradermal 
( n  = 164) to intraparenchymal ( n  = 134) isotope 

injection at our institution demonstrated a higher 
sentinel node identifi cation rate with intradermal 
versus intraparenchymal injection (98 % vs. 
89 %) [ 14 ]. A recent meta- analysis of 183 sentinel 
node articles, which included patients with a 
pathologically negative SLN followed by a com-
pletion ALND, compared 4 single-site injection 
locations (peritumoral, subareolar, intratumoral, 
and intradermal) and 3 multiple site injection 
locations (peritumoral and intradermal, peritu-
moral and areolar, and intradermal and areolar) 
and analyzed false-negative rates by injection 
location. No signifi cant variation in false-negative 
rate was identifi ed between these location catego-
ries ( p  = 0.95) [ 3 ]. Although there was a trend 
toward a lower numerical false- negative rate with 
intratumoral (2.5 %) and intradermal (5 %) injec-
tion, there were too few cases to establish signifi -
cance, and therefore no “best” location site for 
injection could be recommended [ 3 ]. Two ran-
domized studies have compared localization of 
the SLN by injection route. Povoski et al. random-
ized 400 breast cancers to intradermal (ID) 
( n  = 133), intraparenchymal (IP) ( n  = 134), or sub-
areolar (SA) ( n  = 133) injection with approxi-
mately 0.4 mCi of fi ltered Tc 99m sulfur colloid. 
SLN localization by preoperative lymphoscintig-
raphy was signifi cantly higher in the ID group 
compared to the IP and SA group [95 % (ID) vs. 
62 % (IP) vs. 72 % (SA);  p  < 0.001]. Intraoperative 
SLN identifi cation was also signifi cantly higher 
in patients receiving ID injection (100 %) com-
pared to IP (90 %) or SA (95 %). Mean time to 
fi rst localization and time to harvest fi rst SLN was 
signifi cantly decreased with the ID injection route 
compared to IP and SA routes, confi rming the 
superiority of the ID injection route for SLN 
biopsy in breast cancer patients [ 15 ]. The 
FRANSENODE trial prospectively randomized 
449 early-stage (T0–T1) breast cancer patients to 
peritumoral injection (PT) versus periareolar (PA) 
injection with unfi ltered Tc 99m sulfur colloid. 
The authors reported a higher SLN detection rate 
by lymphoscintigraphy with PA injection [85 % 
(PA) vs. 73 % (PT);  p  = 0.03]; however, no signifi -
cant difference in intraoperative SLN identifi ca-
tion was noted by method of injection ( p  = 0.16). 
It should be noted that the method of PA injection 
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(subareolar vs. intradermal) was not specifi ed by 
the authors, which limits interpretation of these 
results [ 16 ].  

7.5.4     Superfi cial versus Deep 
Injection 

 Although location of injection may result in com-
parable false-negative rates in the axilla, the deep 
and superfi cial lymphatics of the breast may not 
drain to the same axillary nodes. Furthermore, 
lymphatic drainage of the breast is not always to 
the axilla, as demonstrated by Estourgie et al. and 
Uren et al. [ 5 ,  6 ]. Depth of injection affects drain-
age to IM nodes; intradermal or superfi cial iso-
tope injections achieve high success rates in the 
axilla but rarely drain to IM nodes, which require 
a deeper intraparenchymal injection. Martin et al. 
imaged IM nodes in only 1.2 % of patients fol-
lowing intradermal injection compared to 9 % 
after intraparenchymal injection [ 14 ]. In com-
parison, Estourgie et al. documented internal 
mammary node drainage in 21.8 % of patients 
after intraparenchymal injection [ 5 ]. A recent 
meta-analysis of superfi cial versus deep injection 
of radioactive tracer and blue dye for SLN map-
ping in breast cancer patients showed no signifi -
cant difference in axillary sentinel node 
identifi cation rate on lymphoscintigraphy 
( p  = 0.19) or during surgery ( p  = 0.54), but found 
signifi cantly more non-axillary drainage on lym-
phoscintigraphy with deep injections (OR = 3.00, 
95 % confi dence interval [CI] 1.92–4.67, 
 p  < 0.001) [ 17 ]. Clearly, if the goal is to map IM 
and other non-axillary sites, then deeper injec-
tions are required, but whether it is necessary to 
do so remains unclear.   

7.6     Isotope Versus Blue Dye 

 The SLN literature to date supports the use of 
isotope alone, blue dye alone, or both. A meta- 
analysis published in 2005 which included 69 
trials demonstrated a higher SLN identifi cation 
rate with dual mapping (91.9 %) compared to 
isotope alone (89.2 %) or blue dye alone 

(83.1 %) ( p  = 0.007). Although on univariate 
analysis, the false-negative rate was lower for 
dual mapping than for blue dye alone ( p  = 0.047), 
the use of tracer was not an independent predic-
tor for lowered false-negative rate on multivari-
ate analysis [ 18 ]. A more recent study-level 
meta-analysis published in 2012 demonstrated 
the highest false- negative rate with the use of 
blue dye alone (8.6 %, 95 % CI 6.7–10.8 %). 
The largest difference in false-negative rate was 
between blue dye alone and blue dye + isotope 
( p  = 0.018); comparison of single-agent dye ver-
sus single-agent isotope did not result in a sig-
nifi cant difference in false-negative rates 
( p  = 0.37) [ 3 ].  

7.7     Technique of SLN Biopsy 

 Lymphoscintigraphy images, if taken, should be 
present in the OR, and the surgeon must aim to 
identify at least as many axillary SLNs with the 
handheld gamma probe as are seen by the gamma 
camera; even if SLNs are not seen on the lym-
phoscintigram, they will still be found by the 
handheld gamma probe in a substantial majority 
of cases. 

 Counts are typically taken of the injection site 
in the breast and over the axilla. After making 
the axillary incision and entering the clavipec-
toral fascia, the dissection is directed by the 
identifi cation of blue lymphatics and/or blue 
nodes (if dye is used), and by “hot spots” as 
identifi ed by the gamma probe, taking care not to 
pick up false counts by inadvertently “looking 
back” toward the injection site in the breast. All 
blue and/or “hot” nodes are removed and sub-
mitted as SLNs. 

 As defi ned by blue dye, the SLN is a node 
which is blue or contiguous with a blue lym-
phatic, and as defi ned by isotope, the SLN is a 
node which meets a threshold value, typically 
expressed as a ratio [ 19 ]. McMasters et al. have 
popularized the “10 % rule” in which all nodes 
with counts ≥ 10 % of the “hottest” node are sub-
mitted as SLNs, and Martin et al. have found that 
among SLN-positive patients, the “hottest” SLN 
is the positive node 80 % of the time [ 2 ]. Of note, 
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it is not suffi cient to remove only the “hottest” 
node: Martin et al. projected a false-negative rate 
of 13 % if only the “hottest” node had been 
removed ( p  = 0.01) and also observed that there 
was no single count ratio which identifi ed the 
positive SLN in all cases [ 8 ]. 

 Nodes which are replaced by tumor may not 
pick up dye or isotope, and a fi nal element of 
SLN biopsy is careful palpation of the axilla, 
submitting any palpably suspicious nodes even if 
they are neither blue nor “hot”; we have observed 
a reduction in false-negative rate from 14 % to 
4.6 % by doing so [ 14 ]. 

7.7.1     Extra-axillary Drainage 

 Although the axilla remains the primary drainage 
site for the breast, drainage to extra-axillary sites, 
particularly the IM nodes, is well recognized. 
Based on the experience of the 1950s and 1960s 
with extended radical mastectomy (which rou-
tinely removed IM nodes), IM node metastases 
were found in as many as 18–33 % of patients 
with early-stage breast cancer [ 20 ], although a 
randomized trial found no survival advantage for 
extended radical versus radical mastectomy at 30 
years follow-up [ 21 ]. In recent years when IM 
nodes have routinely received no local treatment, 
they are the fi rst site of treatment failure in <1 % 
of cases [ 20 ]. In six contemporary series of IM 
SLN biopsy (Table  7.2 ) [ 4 ,  22 ,  23 ,  24 ,  25 ,  26 ], 
only 1 % of patients had isolated IM node metas-
tases (Table  7.2 ). IM node metastases have a 
prognostic importance comparable to that of axil-
lary nodes, but in an era when the decision for 
adjuvant systemic therapy and node fi eld radio-
therapy is increasingly based on the characteris-
tics of the primary tumor, IM node status would 
rarely change systemic and local treatment. There 
may be a role for IM node mapping and SLN 
biopsy in patients with locally recurrent breast 
cancer, for whom prior axillary surgery (SLN 
biopsy or ALND) has altered the lymphatic 
drainage of the breast and in whom we have per-
formed reoperative SLN biopsy and observed a 
signifi cant increase in non-axillary lymphatic 
drainage [ 27 ]. Of note, this is a clinical setting in 

which systemic  adjuvant therapy would be given 
regardless of regional node status.

7.7.2        SLN Biopsy after Neoadjuvant 
Chemotherapy 

 Following neoadjuvant chemotherapy (NAC), 
the success rate of SLN biopsy is somewhat 
lower (~90 %) and the false-negative rate some-
what higher (~10 %) than for SLN biopsy in gen-
eral [ 28 ]. Since about 40 % of node-positive 
patients become node negative (“ypN0”) follow-
ing NAC, it is logical to ask whether SLN biopsy 
would allow them to avoid ALND, and two recent 
prospective trials, ACOSOG 1071 [ 29 ] and 
SENTINA [ 30 ], have addressed this issue. Both 
confi rm lower success rates (80–93 %) and higher 
false-negative rates (12.6–14.2 %) than for SLN 
biopsy in general, and both emphasize the 
 importance of technique. The false-negative rate 
was minimized by the use of dual-agent 
(dye + isotope) versus single-agent mapping 
(9–11 % vs. 16–20 %) and by the removal of at 
least 3 SLNs (5–9 % vs. 24–31 % if only 1 SLN 
was removed) [ 29 ,  30 ].   

    Table 7.2    Internal mammary sentinel lymph node 
biopsy   

 Author 

 IMN 
imaged 
(%) 

 IMN 
found 
(%) 

 IMN 
positive 
(%) 

 IMN-only 
positive 
(%) 

 Van der Ent 
(2001) 
( n  = 256) 

 25  16  4  1.2 

 Estourgie 
(2003) 
( n  = 691) 

 22  19  3  1.3 

 Farrús 
(2004) 
( n  = 120) 

 17  12  1.6  0 

 Leidenius 
(2006) 
( n  = 984) 

 14  11  1.8  0.8 

 Madsen 
(2007) 
( n  = 506) 

 22  17  4  1 

 Heuts (2009) 
( n  = 1,008) 

 20  14  3  0.9 

   IMN  internal mammary node  
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7.8     The Memorial Sloan 
Kettering Cancer Center 
Approach 

 Our current, standard technique of SLN biopsy 
involves a single intradermal injection of 
0.1 mCi of unfi ltered Tc 99m sulfur colloid in 
0.05 mL of isotonic saline directly over the 
tumor site on the morning of surgery (or 0.5 mCi 
the afternoon before) [ 13 ]. In our experience, 
intradermal injection has resulted in a higher 
identifi cation rate when compared to intraparen-
chymal injection (Table  7.3 ) [ 14 ], and we have 
consciously elected to maximize our success in 
the mapping of axillary SLN with the under-
standing that we will identify IM nodes less 
often. Static lymphoscintigraphy is performed 
on all patients 30 min to 2 h following isotope 
injection to evaluate the lymphatic drainage pat-
tern. For early-stage breast cancer, we have 
found lymphoscintigraphy to be far less useful 
than for melanoma, where it is critical in identi-
fying unexpected patterns of lymphatic 
drainage.

   We continue to map SLN with blue dye and 
isotope, fi nding in our early experience that this 
maximized our success rate (97 %) and mini-
mized our false-negative rate (5 %) [ 2 ,  31 ]. 
Among 255 patients with  positive SLNs , we have 
shown that 11 % were found by either blue dye 
alone or isotope alone and would have been 
missed by reliance on a single modality [ 32 ]. 
With experience, our success in isotope mapping 
has increased and the marginal benefi t of blue 
dye has declined; among our more recent patients 
with positive SLN, only 2 % were found by  blue 
dye alone  [ 33 ]. 

 We remove a median of 2–3 SLNs per proce-
dure. No absolute number of SLN is required, 
 except for node - positive patients following NAC ,  in 
which case we require the removal of at least 3 . We 
always aim to remove the “hottest” SLN and have 
found that for additional “hot” SLNs, an SLN-to-
background count ratio of 4:1 optimizes the false-
negative rate. Since 98 % of positive SLNs are 
found within the fi rst 3 SLNs removed, and 99 % 
within the fi rst 4, we rarely remove more than 3–4 
[ 34 ]. At the end of the procedure, we routinely 
remove any palpably suspicious nodes as well. 

 Under this algorithm, the radiation dosage of 
0.1 mCi of Tc 99m sulfur colloid is trivial—
approximately 0.4 % of that given for a bone 
scan—and only a small fraction of this dose 
reaches the SLN. Accordingly, we use no special 
radiation precautions during surgery or in the 
handling of the surgical specimens [ 35 ].  

    Conclusion 

 SLN biopsy is one of the great success sto-
ries in contemporary surgical oncology, and 
radioisotope has played a major role. 
Lymphoscintigraphy has given us a detailed 
understanding of the  lymphatic drainage 
patterns of the breast, demonstrating the 
ipsilateral axilla to be the primary drainage 
site but identifying non-axillary sites as 
well. Isotope mapping has helped to maxi-
mize the success and minimize the false-
negative rates of SLN biopsy and has 
performed well despite wide variations in 
technique. For SLN biopsy done after NAC, 
an expanding paradigm for drug develop-
ment, isotope will remain a crucial  element 
in maintaining performance characteristics. 

   Table 7.3    Comparison of intradermal and intraparenchymal isotope injection   

 Intradermal injection 
( n  = 164) (%) 

 Intraparenchymal injection 
( n  = 134) (%)   p  value 

 Isotope success  93  84  0.04 

 Blue dye success  82  72  0.08 

 Total success (isotope and/or blue dye)  98  89  0.008 

 Isotope/dye concordance a   92  93  NS 

  Adapted from Martin et al. [ 14 ] 
  NS  non-signifi cant 

  a Includes cases with isotope and blue dye found in axilla (intradermal,  n  = 125; intraparenchymal,  n  = 86)  
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 There are some challenges. We are entering an 
era in which treatment decisions for breast cancer 
are increasingly based on the molecular profi le of 
the primary tumor, in which systemic therapy 
clearly contributes to  local and distant  control of 
disease, and in which locoregional relapse occurs 
less often than it has historically. The next genera-
tion of surgical trials will compare SLN biopsy to 
no axillary surgery at all, and in this setting, the role 
of lymph node staging will continue to decline.     
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   Abstract  

  Because of several disadvantages, alternatives to 
wire localization (WL) for surgery of non-palpa-
ble breast lesions have been widely pursued. 
Radioactive seed localization (RSL) is a tech-
nique that has gained acceptance in many prac-
tices throughout the world and has been shown 
to be a safe, effective alternative to WL. RSL 
allows the localization procedure to be sched-
uled on a different day from the operative proce-
dure, the operative incision to be planned with 
no regard for the entry point used for localiza-
tion, and ongoing feedback as to the location of 
and distance from the lesion throughout the 
operation. Herein we describe the procedure, the 
available evidence of its effectiveness and safety, 
and the key issues in starting a RSL program.  
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8.1          Introduction 

 Screening mammography has led to the more fre-
quent detection of non-palpable breast lesions 
and non-palpable breast cancers. Therefore, 
radiologic localization of such lesions remains an 
important part of the breast surgeon’s armamen-
tarium. For decades the standard procedure for 
pre-excision localization has been wire localiza-
tion (WL), in which a hooked wire is placed 
under mammography, ultrasound (US), or mag-
netic resonance imaging (MRI) guidance 
(Fig.  8.1 ). Unfortunately, WL has several persis-
tent disadvantages. Localization takes place 
almost exclusively the same day as the operation, 
producing scheduling challenges in coordinating 
the placement of the wire and the operative pro-
cedure. In most practices this coordination elimi-
nates the ability to perform a WL breast operation 
as the fi rst case of the morning. In addition, wires 
can be displaced at post-localization mammogra-
phy or transport [ 1 – 8 ] and have been transected 
during operative excision [ 1 ,  2 ,  4 ,  5 ,  7 ,  9 – 11 ]. 
The ideal entry site for localization of the lesion 
is often far from the location of the ideal incision 
for the operative excision of the lesion. This may 
result in a compromise at one of these sites or 

extensive subcutaneous dissection to retrieve the 
wire into the incision. Finally, the surgeon’s abil-
ity to perceive the position of the lesion intraop-
eratively is based on the trajectory of the wire and 
a mental reconstruction of the available imaging. 
This leads to diffi culty in maintaining dissection 
planes an appropriate distance from the lesion 
and in estimating the distal end of the wire. As a 
result, the reported rates of inadequate margins of 
excision for patients undergoing WL breast sur-
gery are often greater than 30 % and as high as 
73 % when the histology is unknown [ 12 – 15 ].

   Radioactive seed localization (RSL) is an 
alternative to WL that overcomes many of these 
disadvantages. RSL utilizes a titanium seed mea-
suring 4.5 mm by 0.8 mm containing an I-125 
dose of 0.100–0.150 mCi which is placed at the 
site of the non-palpable lesion by mammographic 
or US guidance (Figs.  8.2  and  8.3 ). These I-125 
seeds are commonly used in prostate 
 brachytherapy. The surgeon is able to use a 
gamma probe set to detect I-125 to guide the 
excision of the targeted lesion. This source of the 
low-energy gamma photon of I-125 (35 keV) can 
be detected as a distinct source from the Tc-99-
labeled sulfur colloid (140 keV) used for sentinel 
lymph node (SLN) mapping and biopsy by 
selecting the appropriate energy range on any 
commercially available gamma probe [ 16 ]. 
Because the I-125 seed is contained within the 
breast, it is not subject to displacement and the 
localization procedure can be performed days in 
advance of the planned operation, thus uncou-
pling the schedules of the radiological localiza-
tion and the operation. In some practices, RSL 
has even been placed prior to neoadjuvant 

  Fig. 8.1    Post-localization mammogram showing wire 
localization         Fig. 8.2    Radioactive I-125 seed       
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 chemotherapy with a gap of as long as several 
months between the localization and the opera-
tive excision [ 17 ]. The localization procedure can 
utilize the simplest angle of approach without 
consideration of the skin entry site, and the sur-
geon does not need to take into consideration the 
entry point in planning the incision as one would 
with WL. The gamma photon activity of the 
I-125 seed can be detected transcutaneously, 
allowing the skin incision to be more precisely 
placed while still allowing for a distant incision 
to be chosen for improved cosmesis if desired. 
The continuous gamma count and/or audible 
feedback allow constant reorientation during the 
procedure which may translate into better man-
agement of margins.

8.2         History of Radioactive Seed 
Localization 

 RSL was fi rst described by two of us (CEC, ED) 
in a pilot study of 25 patients at the University of 
South Florida/H. Lee Moffi tt Cancer Center [ 18 ] 
including establishing radiation safety and reli-
ability of localization using these I-125 seeds 
[ 18 ]. This was followed by the fi rst randomized, 
prospective trial which demonstrated improved 
margin management when compared to WL with 
no signifi cant difference in operative time or 
excision volume [ 19 ]. Prospective validation of 
RSL was next reported in single-site studies from 
the University of South Florida/H. Lee Moffi t 
Cancer Center and the Mayo Clinic in Arizona 
[ 20 ,  21 ]. RSL was then further validated in an 
expanded series including all three Mayo Clinic 
sites [ 22 ]. Since that time, multiple series have 
reported on RSL from worldwide institutions, all 
of which reported RSL to be preferred over WL 
or other techniques (Table  8.1 ).

8.3        Methods of Radioactive 
Seed Localization 

8.3.1     Radiologic Localization 

 The RSL procedure begins with accurate place-
ment of the seed at the site of the targeted breast 
lesion. The I-125 seed passes through an 
18-guage needle, and early reports utilized a spi-
nal needle with the tip occluded by bone wax for 
delivery of the I-125 seed to the lesion of interest. 
The seed is deployed by insertion of a stylette 
through the tip of the needle and bone wax 
[ 18 – 21 ]. Commercially available, preloaded nee-
dles are now offered for the localization proce-
dure. Other than the different device itself, the 
localization procedure is performed the same as 
for WL and can be accomplished under US 
or mammographic guidance. Currently, MRI-
guided deployment of an I-125 seed is not recom-
mended due to the inability to use radiation 
detection equipment in these rooms, so clip 
placement by MRI followed by mammographi-
cally guided seed localization is utilized. 

  Fig. 8.3    Post-localization mammogram showing radio-
active seed ( arrow ) and prior biopsy marking clip 
( arrowhead )       
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 After local anesthesia is administered to the 
chosen skin entry site, the lesion is visualized by 
US or mammogram and the needle containing 
the I-125 seed is advanced to or into the lesion. 
The stylette is then advanced to deploy the I-125 
seed and the needle pulled back slightly to allow 
confi rmation that the I-125 seed has separated 
from the needle and has not remained adherent to 
the occlusive material. The needle is withdrawn 
and mammography is used to confi rm accurate 
deployment of the I-125 seed (Fig.  8.3 ). Similar 
to wire localization, more than one I-125 seed 
can be placed to bracket the area of intended 
excision (Fig.  8.4 ). Bracketing may be useful for 
patients with a lesion and associated microcalci-
fi cations, a broad area of microcalcifi cations, or a 
lesion with additional satellite lesion(s). It can be 
critical in the performance of oncoplastic  excision 
of large volumes of breast tissue for such 
indications.

   The approximately 60-day half-life of I-125 
allows the localization procedure to occur well in 
advance of the planned operative excision [ 17 ], 
but in the United States, owing to the principle of 
the lowest possible radiation dose, the gap 

between these  procedures is generally 5 days or 
fewer [ 16 ,  28 ]. This time frame results in a radia-
tion dose to the residual breast tissue that is equal 

   Table 8.1    Studies of radioactive seed localization versus other methods   

 Study (year)   N   Study type 

 Lesion 
retrieval rate 
for RSL (%)  Margins 

 Operative 
time 

 Localization 
time 

 Specimen 
volume 

 Gray (2001) 
[ 19 ] 

 97  Randomized vs. 
WL 

 100  Favor RSL  Not 
different 

 NR  Not 
different 

 Gray (2004) a  
[ 21 ] 

 199  Cohort vs. WL  100  Favor RSL  NR  NR  NR 

 Hughes 
(2008) a  [ 22 ] 

 482  Cohort vs. WL  100  Favor RSL  NR  NR  NR 

 Mariscal 
Martinez 
(2009) [ 23 ] 

 134  Randomized vs. 
WL 

 100  Not 
different 

 Not 
different 

 Favor RSL  Not 
different 

 Rao (2010) 
[ 24 ] 

 88  Cohort vs. WL  100  Not 
different 

 NR  NR  NR 

 Lovrics 
(2011) [ 25 ] 

 305  Randomized vs. 
WL 

 100  Not 
different 

 Favor RSL  Not 
different 

 Not 
different 

 Murphy 
(2013) [ 26 ] 

 687  Cohort vs. WL  100  Not 
different 

 Favor WL  NR  Not 
different 

 Donker 
(2013) b  [ 27 ] 

 154  Cohort vs. 
ROLL 

 100  Not 
different 

 NR  NR  NR 

   RSL  radioactive seed localization,  WL  wire localization,  ROLL  radioguided occult lesion localization,  NR  not reported 
  a Some patients overlapped in these studies 
  b Included neoadjuvant chemotherapy patients only  

  Fig. 8.4    Post-localization mammogram after bracketing 
radioactive seed localization       

 

R.J. Gray et al.



129

to or less than the skin dose from screening mam-
mography [ 16 ]. The radiation doses from the 
I-125 seed to the patient, healthcare providers, 
the patients’ family or friends, the general public, 
and even a breast- feeding infant are so low that 
no special precautions or labeling is necessary 
while the seed remains in place [ 16 ].  

8.3.2     Surgical Excision 

 The surgical excision of a lesion after seed local-
ization is accomplished using a standard hand-
held gamma probe that most surgeons use for 
SLN detection. These gamma probes have set-
tings available for the detection of specifi c iso-
topes, including I-125 used for RSL and Tc-99 
sulfur colloid used for SLN mapping and biopsy. 
Setting the probe to I-125 allows for the selective 
detection of the position of the radioactive seed, 
though some Compton scatter from a strong dose 
of Tc-99 (such as at the SLN injection site within 
the breast) will cause some gamma photon activ-
ity to be detected even at the I-125 setting 
(Fig.  8.5 ). Guided by the post-localization mam-
mography, the gamma probe is scanned over the 
breast until the focus of most intense activity is 
detected (Fig.  8.6 ). This is the skin site closest to 

the site of the lesion which is often the best site 
for the incision, but any site may be used. Once 
an incision site is chosen and the incision is 

  Fig. 8.5    Gamma photon energy detection for I-125 radioactive seed versus Tc-99 sulfur colloid used for sentinel 
lymph node biopsy       

  Fig. 8.6    Transcutaneous localization of I-125 seed with 
gamma probe       
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made, the gamma probe is used to guide the sur-
geon to the lesion. The gamma counts and/or 
audible feedback from the gamma probe allows a 
judgment as to the distance from the I-125 seed 
(and therefore the lesion) from any angle so that 
planes of dissection can be developed and main-
tained at an appropriate distance from the lesion 
without excessive normal breast tissue. The sur-
geon is clearly aware when he or she is deep to 
the seed and can safely come under the lesion 
based on this feedback (Fig.  8.7 ). The dissection 
through the breast tissue should be performed 
preferably with a scalpel or electrocautery device, 
rather than scissors. However, if scissors are 
used, then care should be taken not to cut through 
the titanium encasement of the I-125 seed. Since 
the surgeon should be aware of the location of the 
I-125 seed throughout the dissection with the use 
of the probe, this is unlikely and has yet to be 
reported.

     The gamma probe is also used to confi rm that 
the I-125 seed is contained within the resected 
specimen and that no remaining I-125 activity 

remains within the breast (except minor Compton 
scatter from Tc-99 as applicable) and to judge the 
adequacy of the margins of excision based on the 
level of gamma activity at each. The excised tis-
sue specimen is then submitted for specimen 
radiography, providing additional confi rmation 
that the targeted lesion and I-125 seed have been 
excised and maintaining documentation of this 
(Fig.  8.8 ). The seed-containing surgical speci-
men is transported for pathologic assessment 
with radioactive material labeling to alert the 
pathology providers that an I-125 seed is present 
and needs to be recovered for appropriate decay 
and disposal.

8.3.3        Pathologic Processing 

 The pathology staff retrieve the I-125 seed during 
the gross examination, sectioning, and process-
ing of the surgical specimen [ 29 ]. Because of the 
low dose of radiation from the I-125 seed, there is 
no need for radiation protective equipment, and it 
is unnecessary for radiation badges to be worn by 
the pathology staff [ 16 ,  29 ]. After standard ink-
ing of margins, the specimen is serially sectioned 
and the I-125 seed located. Identifi cation of the 
I-125 seed can be aided with the use of a gamma 
probe or other radiation detection device as 
needed [ 29 ]. If properly positioned, the location 

  Fig. 8.7    Intraoperative assessment of depth of I-125 
seed/lesion with gamma probe       

  Fig. 8.8    Specimen radiograph with I-125 seed and 
biopsy clip       
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of the I-125 seed within the specimen assists the 
pathology personnel in identifying the breast 
lesion. Once identifi ed, the I-125 seed is placed 
into a lead container and returned to nuclear med-
icine for long-term decay. Some have employed 
permanent containers within the pathology suite 
for decay, but this is not common and the required 
period of decay before disposal is approximately 
2 years [ 16 ,  29 ]. If pathologic review is per-
formed at a different institution than the institu-
tion that placed the I-125 seed, the I-125 seed can 
be removed prior to transporting the specimen. 
Otherwise, the pathology laboratory receiving 
the I-125 seed and specimen must be authorized 
to receive and handle radioactive materials 
including disposal of the I-125 seeds. Written 
protocols must be in place to ensure tracking of 
I-125 seeds throughout the process.   

8.4     Evidence and Outcomes 
in Radioactive Seed 
Localization 

 RSL has been consistently shown to be an effec-
tive alternative to WL that is preferred by physi-
cians and patients. Many studies have demonstrated 
other advantages, less consistently including lower 
rates of inadequate margins of excision, smaller 
specimen volumes and/or weights, shorter opera-
tive times, less pain for patients, and greater patient 
convenience. 

8.4.1     Early Studies in the United 
States 

 The pilot study of RSL by Dauway et al. reported 
in 1999 found that the operative time from inci-
sion to specimen removal was 4.60 ± 0.49 min 
(range, 1–8 min) and specimen radiography and 
pathologic examination confi rmed the retrieval of 
the I-125 seeds and lesions in all cases [ 18 ]. The 
fi rst randomized, prospective trial by Gray et al. 
of 97 patients with non-palpable breast lesions 
randomized to RSL or WL demonstrated that 
RSL was associated with fewer patients requiring 
margin re-excision (26 % vs. 57 %,  p  = 0.02) [ 19 ]. 

There were no signifi cant differences between 
RSL and WL in mean times for operative exci-
sion (5.4 vs. 6.1 min, respectively) or radiograph-
ical localization (13.9 vs. 13.2 min, respectively). 
There were also no signifi cant differences in the 
subjective ease of the procedures as rated by sur-
geons, radiologists, and patients [ 19 ]. 

 In 2003, Cox and colleagues reported on 124 
patients undergoing RSL breast procedures and 
found that it would be feasible to eliminate speci-
men radiography in 79 % of the cases based on 
intraoperative detection of gamma activity and 
pathologic gross identifi cation of the targeted 
lesion [ 20 ]. As would be expected, avoiding spec-
imen radiography reduced operative times. No 
seed migration was documented, and the I-125 
seeds were again retrieved in 100 % of cases [ 20 ]. 
In a 2004 prospective validation of RSL in which 
100 patients were compared to the immediately 
preceding cohort of 100 WL patients, Gray and 
colleagues reported that RSL was associated with 
lower rates of inadequate (<2 mm) margins of 
excision (10 % vs. 24 %, respectively,  p  = 0.01) 
and was rated as more convenient by patients if 
the localization was at least 1 day prior to the 
operation [ 21 ]. There were no differences in the 
patients’ ratings of pain or the SLN identifi cation 
rates which were 100 % in both groups [ 21 ]. In 
an expanded series including all three Mayo 
Clinic sites, RSL was again shown to be associ-
ated with better margin management with the 
margins of the fi rst specimen being >2 mm in 
73 % of RSL patients versus 54 % of WL patients 
( p  < 0.001) and a second operation for margins 
being required in 8 % of RSL patients versus 
25 % of WL patients ( p  < 0.001). This series also 
found improved patient ratings of convenience 
with RSL but no difference in patient pain [ 22 ].  

8.4.2     European Studies 
of Radioactive Seed 
Localization and Use 
after Neoadjuvant Therapy 

 The fi rst European trial of RSL was reported 
from Barcelona in 2009 and was a prospective 
randomized study of RSL versus WL for 134 
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breast cancer patients undergoing breast- 
conserving surgery and SLN biopsy [ 23 ]. All 
lesions were successfully excised and the mean 
time needed for radiologic localization was sig-
nifi cantly shorter for RSL ( p  < 0.001). No statisti-
cal differences were found for the other 
parameters studied including specimen volume, 
rates of negative margins, and the rates of SLN 
identifi cation [ 23 ]. This report was quickly fol-
lowed by a report from Catharina Hospital in the 
Netherlands on 325 consecutive women undergo-
ing RSL breast surgery for histologically proven 
malignancy [ 30 ]. Complete tumor removal was 
achieved in 95 % of these procedures. The same 
group also reported that 47 consecutive patients 
had successful RSL when undergoing I-125 seed 
placement before starting neoadjuvant chemo-
therapy. The operations were performed after a 
mean of 170 days (range, 70–220) from localiza-
tion to surgery and the rate of positive margins 
was 6 % [ 17 ]. 

 The Netherlands Cancer Institute compared 
the results of RSL after neoadjuvant chemother-
apy ( n  = 71) to radioguided occult lesion localiza-
tion (ROLL,  n  = 83) and found no differences in 
the rates of reoperation for inadequate margins, 
the median closest margin measurement, or the 
weight of specimens. They concluded that RSL 
simplifi ed scheduling and was preferred [ 27 ]. 
RSL has also been utilized at the Netherlands 
Cancer Institute to localize lymph nodes with 
known metastases prior to neoadjuvant chemo-
therapy which they dubbed the MARI (marking 
the axilla with radioactive iodine seed) proce-
dure. After neoadjuvant chemotherapy, the 
marked lymph nodes were removed followed by 
complete axillary lymph node dissection, and 
among the 15 patients studied, the pathologic 
response to chemotherapy in the RSL-marked 
lymph node was indicative of the overall response 
[ 31 ]. In a separate report, this group assessed the 
reliability of the positioning of I-125 seed radio-
logically and found that after a mean time in situ 
of 59 days (range 3–136 days), the mean seed 
migration was 0.9 mm. No differences in migra-
tion were found based on lesion type, days in 
situ, type of surgery, or radiologic method used to 
guide I-125 seed placement [ 32 ].  

8.4.3     Evidence from Implementation 
Studies 

 Experiences with RSL program implementation 
and complications over time have also been 
reported [ 24 ,  26 ,  28 ]. In an initial experience 
with RSL in a US public healthcare system, Rao 
and colleagues reported no seed migration and 
100 % success excising the targeted lesions 
[ 24 ]. They found on a matched-pair analysis 
that there was a 12 % lower rate of inadequate 
margins of excision (42 % for RSL vs. 54 % for 
WL), but this was not signifi cant ( p  = 0.46), per-
haps due to small sample size. Importantly, this 
group reported on the serious consequences of 
misplacing an I-125 seed after it was removed 
from a patient; this resulted in the regulatory 
authorities temporarily suspending the RSL 
program [ 24 ]. 

 In a retrospective review of 1000 consecutive 
RSL procedures performed at a single institu-
tion, 14 % of patients had more than one I-125 
seed placed for a given procedure, 97 % of 
patients achieved negative margins at the fi rst 
operation, and SLN identifi cation was successful 
in 99.8 % of cases [ 28 ]. Adverse events included 
three I-125 seeds (0.3 %) not deployed correctly 
on the fi rst attempt and 30 I-125 seed (2.6 %) 
displaced from the breast specimen during exci-
sion of the targeted lesion. All I-125 seeds were 
successfully retrieved, with no radiation safety 
concerns. When outcomes were analyzed by sur-
geon experience, there was no evidence of a 
learning curve [ 28 ]. 

 In 2013 the group at Memorial Sloan 
Kettering Cancer Center reported their initial 
6-month experience with 432 RSL procedures 
and compared the outcomes to the 256 WL pro-
cedures of the preceding 6-month period [ 26 ]. 
Positive margins were present in 7.7 % of RSL 
versus 5.5 % of WL patients, and an additional 
16.9 % of RSL versus 19.9 % of WL had mar-
gins <1 mm ( p  = 0.38). The median operative 
time was longer for lumpectomy and sentinel 
lymph node biopsy in the RSL group (55 vs. 
48 min,  p  < 0.0001). There was no signifi cant dif-
ference in the volume of tissue excised between 
groups [ 26 ].  
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8.4.4     Canadian Randomized Trial 
of Radioactive Seed 
Localization 

 The largest prospective, randomized trial of RSL 
versus WL was a multi-institutional trial in 
Canada [ 25 ]. A total of 305 women with invasive 
or in situ carcinoma underwent randomization 
that was centralized, concealed, and stratifi ed by 
surgeon. The procedures were performed at three 
sites, by seven surgeons. Using intention-to-treat 
analysis, there were no differences in positive 
margins rates for RSL vs. WL (10.5 % and 
11.8 %, respectively,  p  = 0.99) or for margins 
<1 mm (RSL 19 % and WL 22 %;  p  = 0.61), 
though there was a signifi cantly higher propor-
tion of multifocal disease in the RSL group. 
Mean operative time was signifi cantly shorter for 
RSL and surgeons rated RSL as signifi cantly 
easier. Specimen volume, weight, reoperation 
rates, localization times, and radiologists’ rank-
ing of ease were similar for the two groups [ 25 ].  

8.4.5     Systematic Review and Meta- 
Analysis of Radioactive Seed 
Localization 

 A systematic review [ 33 ] and a meta-analysis 
[ 34 ] of RSL studies have been published. The 
systematic review compared the outcomes of 
RSL versus standard WL in the management of 
non-palpable breast cancers. Eight studies were 
considered clinically relevant to the study. The 
analysis demonstrated an overall combined odds 
ratio (OR) of 0.51 (95 % CI, 0.36–0.72;  z  = 3.88; 
 p  = 0.0001) for involved surgical margin status, 
an OR of 0.47 (95 % CI, 0.33–0.69;  z  = 3.96; 
 p  < 0.0001) for reoperation rates, and mean dif-
ference (MD) of −1.32 (95 % CI, −2.32, −0.32; 
 z  = 2.58;  p  = 0.01) for operative time favoring 
RSL over WL. There was no signifi cant differ-
ence found for volume of tissue excised [ 33 ]. In 
the meta–analysis, 4280 patients in 16 articles 
were considered eligible for inclusion for exami-
nation of the rates of positive margins and reop-
eration. After contacting the authors and 
exclusion of duplicate patient reports, 3168 

patients were analyzed. Margins of resection, 
though reported differently by different institu-
tions (0–2 mm from resection margin), were pos-
itive/inadequate in 10.3 % (range, 3–30 %) of the 
patients having RSL resections. This resulted in a 
fi nal re-excision rate of 14.2 % (range, 4–42 %).  

8.4.6     Summary of Evidence 

 The available individual studies, meta-analysis 
[ 34 ], and review articles [ 33 ,  35 – 37 ] demonstrate 
that RSL is clearly safe, feasible, and effective for 
the localization and surgical excision of 
 non- palpable breast lesions. It is at least as effec-
tive as WL (and ROLL) in achieving negative 
margins of excision for malignant lesions without 
compromising localization times, operative times, 
specimen volumes, or the patient experience. In 
many of the studies, these factors were better for 
RSL and in no study was WL superior to RSL in 
any of these measures except operative time in 
one study of early experience. On the basis of this 
evidence, RSL should be considered at least the 
equal of what is widely considered the “gold stan-
dard” for the localization of breast lesions while at 
a minimum providing more fl exible scheduling 
procedures for patients and providers.   

8.5     Issues in Establishing 
a Radioactive Seed 
Localization Program 

 While having a RSL program has many advan-
tages, starting a program involves signifi cant 
effort in achieving multidisciplinary coordination 
and regulatory compliance. The most signifi cant 
obstacles have been reported to be administrative 
barriers, billing and coding, not having a multi-
disciplinary team that is supportive of RSL, and 
radiation safety/regulatory issues. 

8.5.1     Administrative Barriers 

 The identifi cation and coordination of a multidis-
ciplinary team to plan a RSL program, gain 
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 regulatory approval, and produce institutional 
changes in procedural fl ow and billing require 
considerable effort. Physicians interested in RSL 
have been able to drive such change but not with-
out institutional support. Thus it is important for 
a breast care team to assure institutional adminis-
trative support early in RSL program planning to 
assure success. The ability to achieve improved 
scheduling fl exibility and higher patient satisfac-
tion [ 21 ,  22 ,  36 ] is important to institutional 
administrators and helps achieve buy-in for these 
efforts. RSL program institution often requires 
many months of planning which is best sustained 
through administrative support to the physician 
leaders of these programs. 

 In many practices, the place where radiologic 
localization occurs is different from where the 
operative excision occurs which may also be dif-
ferent from where the pathologic processing 
occurs. In such circumstances, the administrative 
leadership for each site must be willing to coordi-
nate their efforts in achieving regulatory approval 
when operating under separate licenses. Some 
programs have required creative protocols to 
avoid licensure confl icts such as the surgeon ink-
ing and serially sectioning the specimen in order 
to retrieve the radioactive seed before submitting 
the specimen to another site for pathologic assess-
ment. Such protocols, however, can only be 
achieved if the administrative and regulatory 
issues are identifi ed appropriately, usually through 
strong administrator-physician partnership.  

8.5.2     Billing and Coding 

 Billing and coding for RSL has become simpli-
fi ed in recent years. In the United States, the 
Current Procedural Terminology (CPT) codes 
used for the RSL radiological localization proce-
dure and surgical excision procedure are now the 
same as those used for WL procedures. It is 
important, however, to consult with one’s billing 
and coding personnel to assure the appropriate 
transition to such billing to avoid miscoding or 
the use of miscellaneous codes that may reim-
burse at lower rates. RSL programs appear to be 
cost-effective [ 38 ].  

8.5.3     Multidisciplinary Support 

 RSL programs are often desired by surgeons, but 
the procedure requires willing partners in breast 
imaging, nuclear medicine, pathology, and radia-
tion safety. Failures in attempts to establish RSL 
programs are often precipitated by a lack of coor-
dinated effort from each of these disciplines. 
Successful efforts generally involve planning 
meetings of individuals from each of these 
 disciplines with an agreement that all judge the 
effort in establishing a RSL program to be worth-
while. Each participant must be invested since 
each plays a crucial role in assuring nuclear regu-
latory approval, realistic and safe protocols, and 
the needed communication lines required if 
unexpected events or problems arise. Even after 
the RSL program begins, follow-up assessments 
can assure that all procedures are working prop-
erly and any safety or “near-miss” events are 
addressed among all the disciplines to avoid risks 
of nuclear regulatory noncompliance [ 24 ].  

8.5.4     Radiation Safety and Nuclear 
Regulatory Compliance 

 For the clinicians involved, part of the beauty of 
transitioning to a RSL program is that no new 
skills or capital equipment are required. The team 
must, however, be trained in safe handling of the 
I-125 seeds and in procedures for identifi cation 
of I-125 seeds to assure safe return. The surgeon 
involved may need certifi cation from the radia-
tion safety offi cer or committee on the safe han-
dling of radioactive material. He or she also plays 
an important role in developing a fail-safe plan 
for identifying and recovering each I-125 seed. 

 Nuclear medicine physicians and radiation 
safety offi cers are valuable partners in develop-
ing a RSL program because of their knowledge 
of nuclear regulatory compliance and the facili-
ties and protocols available for receipt, storage, 
and decay of radioactive materials. Similarly, a 
process for tracking the I-125 seeds must be 
established including receipt by the institution, 
distribution for the localization procedure, 
retrieval from the pathology department, and 
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return to nuclear medicine for decay or return to 
the vendor. In the United States, the use of I-125 
seeds for breast lesion localization is performed 
under the direction of the diagnostic authorized 
users of radioactive material. 

 Post-localization mammogram and specimen 
radiographs are strongly advised for all RSL 
cases to document I-125 seed placement in the 
patient and I-125 seed removal from the patient, 
respectively. That the source is no longer in the 
patient can also be documented by identifi cation 
of the I-125 seed by the pathologist based on 
institutional practice [ 20 ]. One must document a 
proper nuclear survey if these requirements are 
not met. These records must be available for 
review to meet nuclear safety regulations. 
Radiation safety requirements vary by country 
and state. It is therefore essential that your radia-
tion safety offi cer investigate the necessary steps 
within your country and state to gain this 
approval. RSL has been endorsed by the US 
Nuclear Regulatory Commission which has pro-
vided guidance at its website. In Europe, there 
are generally nuclear regulations for each coun-
try in addition to those of the European Union 
which must be met. 

 The institutional protocol should include steps 
to ensure safety and that no I-125 seed will be mis-
placed or lost. In general, it is required (and is wise 
regardless of regulatory requirement) to mark the 
specimen with a radioactive material label to 
assure every handler is aware of the presence of a 
radioactive device within the specimen. The low 
dose of the I-125 seed means there is no need for 
providers or patients to undergo any special moni-
toring or labeling [ 16 ]. The radiation exposure to 
the residual breast tissue from the I-125 seed after 
a typical dose, exposure time, and lumpectomy 
volume is similar to the peak skin dose from a 
standard two-view mammogram [ 16 ].  

8.5.5     Lost I-125 Seed Protocol 

 Developing a fail-safe I-125 seed identifi cation 
procedure in case of a lost I-125 seed is essen-
tial. If the plane of surgical dissection passes 
through the plane of the I-125 seed or a  hematoma 

containing the I-125 seed, it can become free in 
the surgical fi eld and then lost into suction 
devices, sponges, or elsewhere [ 24 ,  28 ]. The sur-
geon must use the gamma probe intraoperatively 
to assure the I-125 seed is within the excised 
specimen before passing the specimen off the 
fi eld and must also assure no remaining I-125 
activity is within the breast (other than minor 
background gamma activity detected from the 
Compton  scatter of the Tc-99 used for the SLN 
injection). If the I-125 seed is not identifi ed 
within the specimen, the gamma probe should be 
used to scan the lumpectomy cavity for the dis-
placed I-125 seed. If not identifi ed, the gamma 
probe should be used to scan the suction device, 
suction tubing, suction canister, surgical sponges, 
surgical drapes, and even the operating room 
fl oor to identify the I-125 seed. If the I-125 seed 
remains lost, a radiation safety team should sur-
vey the operating room and any other necessary 
location to fi nd the missing I-125 seed. No per-
sonnel, specimens, or other items should leave 
the operating room until this has been accom-
plished. Failing to properly identify all I-125 
seeds can threaten one’s nuclear regulatory 
license [ 24 ] and result in a threat to not only 
maintaining a RSL program but an institutional 
radioactive license.   

    Conclusions 

 RSL for non-palpable breast lesions is effec-
tive, safe, and provides important fl exibility in 
scheduling that improves the patient experi-
ence and institutional effi ciency. It is at least 
as effective as WL in achieving negative mar-
gins of excision for malignant lesions without 
compromising localization times, operative 
times, specimen volumes, or the patient 
experience. 

 RSL does, however, require coordinated 
efforts from a multidisciplinary team to imple-
ment. The actual technical procedures are 
easy to learn and familiar to breast imagers 
and surgeons. Breast surgeons’ familiarity 
with radioguided surgery makes the procedure 
intuitive and welcomed. RSL is a most attrac-
tive alternative to WL for non-palpable breast 
lesions.     
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   Abstract  

  The incidence of non-palpable breast cancer is 
rising since national screening programs were 
introduced. More than 25 % of the radiological 
suspicious breast lesions are considered clini-
cally occult or non-palpable. Surgical removal 
of non-palpable breast tumors requires a spe-
cifi c approach. The main challenge of resecting 
non-palpable lesions is to ensure clear margins 
while minimizing the resection of healthy tissue 
and cosmetic damage. Radioguided occult 
lesion localization (ROLL) using a radioactive 
tracer (e.g., technetium 99m; half-life of approx-
imately 6 hours) was developed in 1996 and is 
nowadays used in several institutes as a reliable 
alternative for wire-guided localization. The 
commonly used radiotracer is technetium 99m 
(Tc 99m) macroaggregate albumin (MAA) with 
a particle size of 10–150 μm, which can be 
detected by the surgeon using a gamma probe. 
The tracer is administered by an intratumoral 
injection, and accordingly, this site is surgically 
excised at the operating room while using a 
gamma probe. At the moment more than 29 
peer-reviewed articles have emerged about 
ROLL. The general consensus is that ROLL, 
using Tc 99m, is preferable over wire-guided 
localization with the main advantages: the 
patient comfort, positive margins, and localiza-
tion time. Furthermore, the procedure can be 
combined with a sentinel lymph node biopsy.  
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9.1          Background and Clinical 
Application  

9.1.1     General Background 

 The incidence of non-palpable breast cancer is ris-
ing since national screening programs were intro-
duced. Breast cancer screening has changed the 
type and stage of detected breast cancer lesions. 
More than 25 % of the radiological suspicious 
breast lesions are considered clinically occult or 
non-palpable [ 1 ]. This includes small invasive 
lesions, ductal carcinoma in situ (DCIS), or 
smaller clusters of microcalcifi cations. The surgi-
cal removal of non-palpable breast tumors requires 
a specifi c approach. The main challenge of resect-
ing non-palpable lesions is to ensure clear margins 
while minimizing the resection of healthy tissue 
and cosmetic damage [ 2 ]. For this purpose, mostly 
three different techniques are used for intraopera-
tive tumor localization: wire-, ultrasound (US)-, 
and radioguided localization (i.e., guided by a 
radioactive tracer or radioactive marker). At pres-
ent, wire-guided localization (WGL) is still the 
most commonly used technique for non-palpable 
breast cancer (75 %) [ 1 ,  3 ]. Nonetheless, wire 
placement is a cumbersome technique for both the 
surgeon and the patient. The limitations of WGL 
include (1) technical complications such as wire 
dislodging [ 4 ,  5 ], migration [ 6 ,  7 ], kinking or frac-
ture; (2) logistic challenges as the wire is to be 
placed a maximum of one day in advance of sur-
gery; (3) higher patient discomfort as opposed to 
alternative techniques [ 8 ,  9 ]; and (4) poor cosmetic 
outcome [ 10 ,  11 ]. Dislodging and poor localiza-
tion are causes for relatively high irradicality rates 
for WGL ranging from 10 to 50 % [ 1 ,  5 ,  12 – 17 ]. 
Radioguided occult lesion localization (ROLL) 
using a radioactive tracer (e.g., technetium 99m) 
was developed in 1996 and is nowadays used in 
several institutes as a reliable alternative for WGL 
[ 1 ,  16 ,  18 – 22 ]. A relatively newer and still less fre-
quently used localization technique is the ROLL 
technique using a radioactive marker (e.g., iodine 
125 ( 125 I) marker), named radioactive seed local-
ization (RSL) [ 23 ,  24 ]. One study describes the 
use of ROLL as an addition to WGL [ 25 ]. In this 
setting, the tumor localization was guided by the 

Tc 99m and the wire was used to guide intratu-
moral blue dye injection. Afterward the results of 
the WGL + ROLL were compared with WGL only.  

9.1.2     Tracer Administration 

 The principle of the ROLL technique using a 
radioactive tracer consists of an image-guided 
intratumoral injection of this radioactive tracer. 
The most frequently used techniques to visualize 
the tumor are ultrasound and/or stereotaxis. The 
radiotracer that is commonly used is technetium 
99m (Tc 99m) macroaggregate albumin (MAA) 
with a particle size of 10–150 μm, which is 
retained within the tumor without any signifi cant 
migration to lymph nodes and can be detected by 
the surgeon using a gamma probe. The dosage of 
radiolabeled MAA varies from 1 MBq to 
123 MBq in literature [ 26 – 28 ]. 

 Both the ultrasound-guided and the stereotactic- 
guided administration routes enable real-time 
feedback about the needle tip position and the 
tumor location. By real-time validation of this 
location, a secure intratumoral injection is facili-
tated (Fig.  9.1 ). The injected suspension consists 
of 0.5 μg MAA radiolabeled with Tc 99m in a vol-
ume of 0.2 ml. When the lesion can be accurately 
visualized with both stereotaxis and ultrasound, 
the preferred injection method is the ultrasound-
guided technique because of better needle tracking 
[ 29 ]. For both stereotaxis and ultrasound, a spinal 
needle (22 gauge) is recommended in order to 
facilitate the connection of the syringe with the 
radioactive tracer. Usually the radiologist intro-
duces the needle into the tumor under continuous 
monitoring by ultrasound. Subsequently, the 
nuclear physician connects the syringe containing 
the radiotracer to the needle. A 1 ml tuberculin 
syringe with Luer-Lok connection is strongly rec-
ommended in order to prevent leakage of the tracer 
during injection. A 0.1 ml air bubble, positioned 
behind the radioactivity volume, in the syringe 
may help to fl ush the tracer rest from the needle. 
Figure  9.2  illustrates stepwise the procedure. 
Pitfalls during the tracer administration are spill on 
the skin (contamination), missed localization, and 
spillage to the liver by puncturing a blood vessel.
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9.1.3         Combining ROLL with SLNB 

 To combine ROLL with a sentinel lymph node 
biopsy (SLNB), two different approaches have 

been described in literature. For the fi rst approach, 
Tc 99m MAA is injected intratumorally and Tc 
99m albumin nanocolloid for the SLNB is injected 
subdermally at the level of the lesion [ 30 ,  31 ]. The 

a b

  Fig. 9.1    Injection techniques. ( a ) Ultrasound-guided tracer injection. The needle is positioned in the lesion. ( b ) 
Stereotactic-guided tracer injection. The tip of the needle is positioned at the site of the tumor marker       

a b

c d

  Fig. 9.2    Tracer administration procedure. ( a ) Ultrasound- 
guided needle tip position in the lesion. ( b ) A 1 ml tuber-
culin syringe with Luer-Lok connection in order to 
prevent leakage. ( c ) The syringe with an attached lead 

cover for radiation protection. ( d ) US-guided Tc 99m 
injection. A 0.1 ml air bubble, positioned behind the 
radioactivity volume, in the syringe may help to fl ush the 
tracer rest from the needle       
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second approach combines the two procedures in 
one injection using Tc 99m albumin nanocolloid 
into the tumor. This tracer has a particle size of 
5–80 nm, and a small fraction of the radioactivity 

migrates from the tumor to the lymph nodes 
which enables the use of the tracer for combined 
ROLL and SLNB in one session; the procedure is 
also called SNOLL procedure (SN + ROLL) [ 2 , 

Li Lat 15 min

a b

Ant 15 min

  Fig. 9.3    Nuclear imaging. ( a ) A lateral and ( b ) an anterior view of the tracer deposit in the tumor       

a b

dc

  Fig. 9.4    Sentinel node + radioguided occult lesion local-
ization (SNOLL). ( a ) anterior image with the injection 
site. ( b ) Lateral image with an SN. ( c ) Axial CT scan with 

the tumor maker indicated with the  arrow . ( d ) Axial 
SPECT/CT scan with the radioactivity deposit at the site 
of the tumor marker       
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 19 ,  32 – 35 ] (Figs.  9.3  and  9.4 ). The advantage of 
using Tc 99m MAA is that it acts more as a point 
source compared to the Tc 99m albumin nanocol-
loid, which partially diverges into the lymphatics. 
The advantage of using only one tracer for both 
procedures is a more simplistic procedure with 
only one injection.

9.1.4         Imaging 

 Gamma camera imaging for a ROLL procedure 
may be performed to ensure that the radioactive 
tracer stays locally in the breast lesion and does 
not disperse though the breast parenchyma or 
small vessels; it is also helpful to depict contami-
nations, for example, on the skin. Static scinti-
graphic imaging 10–15 min after administration 
is suffi cient to assess this. If contamination has 
occurred, skin decontamination is recommended 
to avoid spurious intraoperative fi ndings [ 2 ]. 
When wide spread of the radiotracer through the 
breast parenchyma is observed, another localiza-
tion technique (e.g., wire guided) should be con-
sidered; this happened in 4 out of 959 patients in 
a large study [ 2 ]. The necessity of gamma camera 
imaging after secure injection of the fl uid for 
ROLL is according to some authors not required 
or recommended [ 26 ]. In case of a SNOLL pro-
cedure, imaging can be accomplished according 
to standard SLNB gamma camera imaging. In 
our institute, we obtain planar static images 
15 min and 3 h after tracer injection followed by 
additional SPECT/CT imaging in case of incon-
clusive static images or aberrant drainage pat-
terns for SLNB procedures [ 36 ] (Figs.  9.3  and 
 9.4 ). When planar images are obtained, the 
patient contour can be visualized by means of a 
fl ood source positioned underneath the patient 
during the acquisition (Fig.  9.4 ).  

9.1.5     Surgical Localization 

 The radioactive tracer can be detected during 
operation with a gamma probe. There are many 
types of gamma probes available for intraopera-
tive localization [ 37 ]. Important properties are 
the sensitivity, side shielding, thickness of the 

gamma probe, and visualization possibilities 
(i.e., acoustic noise and numerical display). The 
fi rst three properties, which are mentioned, are 
all dependable on each other, and the end user 
should decide what parameters do best suit their 
needs. For example, a more focused beam, thanks 
to more side shielding, will result in a lower sen-
sitivity. The surgical excision of the lesion is per-
formed at the operating theatre. The highest Tc 
99m counts detected transcutaneous with the 
gamma probe give insight in the location and 
guide the placement of the incision. During the 
procedure, the probe guides the location of the 
tumor by measuring a count drop at the border of 
the marked tissue and the surrounding tissue. 
After excision, the rest of the cavity is searched 
for further radioactivity exceeding the back-
ground signal (Fig.  9.5 ). If there remains signal 
in the cavity exceeding the background signal, 
the excision should be enlarged.

9.1.5.1       Innovative Techniques 
 Another approach is to use a portable gamma cam-
era to localize the lesion and secure complete 
removal of the lesion. The portable gamma camera 
is used in conjunction with the conventional 
gamma probe. Paredes et al. proposed this method 
in 2008 (Fig.  9.6a ). In this study, it was demon-
strated on 43 patients that a pinhole portable 
gamma camera was capable of imaging the surgi-
cal bed and the specimen. There was 60 % congru-
ence between the images in terms of appropriate 
excision and centricity of the radioactivity com-
pared to histopathology [ 38 ,  39 ]. Freehand SPECT 
is another technique, which can be used to localize 
the radioactive lesion. This method consists of 
hovering an optically tracked gamma probe over 
the area of interest, and by measuring the radioac-
tivity from multiple directions, a radioactivity map 
is reconstructed. In this way, nearly real-time 
localization of radioactivity is facilitated, and at 
the same time, navigation with depth measure-
ments is possible [ 40 ] (Fig.  9.6b ).

9.1.6         Histopathology 

 Frozen section analysis of imprint cytology can be 
performed during the procedure for confi rmation of 
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appropriate excision. These rapid intraoperative 
methods of assessing the excised tissues during the 
operative procedure can reduce the need for a sub-
sequent second surgical procedure [ 41 ,  42 ]. 

Alternatively, standard postoperative permanent 
section analysis can be performed for assessing the 
fi nal status of the surgical resection margins, as well 
as for standard comprehensive evaluation of the pri-

a b c

d e

  Fig. 9.5    Surgical localization. ( a ) The maximum signal 
of Tc 99m is measured on the skin and marked. ( b ) The 
surgeon decides the best approach and accordingly places 

the incision. ( c ) Measurement after skin incision. ( d ) 
Wide excision of a large tumor. ( e ) Control for residual 
activity after excision       

a b

  Fig. 9.6    Innovative techniques. ( a ) ROLL procedure with 
a portable gamma camera (Paredes et al. [ 38 ]). The radio-
activity is imaged in a very short time interval. ( b ) 
Freehand SPECT navigation with declipse SPECT 

(SurgicEye GmbH, Munich, Germany) for a ROLL proce-
dure. The location of the radioactivity is superimposed 
over the breast of the patient       
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mary tumor and lymph nodes. At the moment, there 
is no  general consensus on how to manage mini-
mally involved surgical resection margins. Adjuvant 
radiation and chemotherapy might be equally good 
compared to secondary surgery [ 43 ,  44 ].   

9.2     Overall Results of ROLL 

 The fi rst ROLL procedures are described in 1998 
by Luini et al. [ 45 ], and, since then, ROLL rap-
idly increased in use. The rapid introduction was 
caused by the increased need for a proper local-
ization method for the increasing number of 
non- palpable lesions and the good fi rst results. 
At the moment, more than 29 peer-reviewed arti-
cles have emerged about ROLL, including mul-
tiple series of a thousand patients or more.  

9.3     Results Compared to Other 
Techniques 

9.3.1     ROLL-WGL 

 The largest meta-analysis comparing ROLL with 
WGL is the meta-analysis from Sajid et al. This 
study included four randomized controlled trials 
(RTCs) with a total of 449 patients randomized to 
either one of the procedures [ 1 ,  5 ,  18 ,  46 ]. The 
meta- analysis demonstrated a signifi cant favor-
able outcome considering positive margins and 
localization time for the ROLL procedure. The 
localization rate, reoperation rate, complication 
rate, duration, specimen weight, and specimen 
volume were all comparable for both techniques. 

 The same meta-analysis describes results 
from other non-RCTs. Seven of these studies 
describe similar results as the 4 RCTs on ROLL 
[ 5 ,  12 ,  26 ,  46 – 49 ]. Further the results on the 
 similarity of the excised volume and weight of 
the specimen concur with other publications 
[ 5 ,  18 ,  46 ]. Some retrospective studies do not 
concur with the results about the specimen vol-
ume and weight [ 49 ,  50 ]. Furthermore, the meta-
analysis mentions studies with a reduced degree 
of positive margins, with 75 to 100 % margin 
clearance [ 2 ,  19 ,  34 ,  47 ,  48 ,  51 ].  

9.3.2     ROLL-Ultrasound 

 Another localization method for non-palpable 
breast lesions is intraoperative ultrasound guid-
ance [ 52 ,  53 ]. Ultrasound guidance seems to have 
strong advantages compared to surgery by palpa-
tion only. However, in contrast to invasive breast 
cancer, DCIS lesions are usually not visible at 
ultrasound, and therefore, this method is not 
always applicable. This could be resolved by 
placing a nonradioactive marker that is visible on 
US, but this would be a cumbersome method. A 
study from Krekel et al. compared WGL, ROLL, 
and ultrasound-guided localization [ 13 ]. This 
study included non-palpable lesions but excluded 
in situ carcinomas and neoadjuvant treated 
tumors, and, for this selection, it demonstrated 
signifi cant favorable results for US-guided proce-
dures based on margin status not taking unex-
pected DCIS component into account. When 
taking the unexpected DCIS component into 
account, there was no signifi cant difference in 
margin status between the three groups. 
Altogether, intraoperative ultrasound use can be 
useful for tumor excision in certain groups, 
although an ultrasound-trained surgeon is 
required and this technique is only applicable for 
carcinomas visible on ultrasound.  

9.3.3     ROLL (Tc-99m)-RSL 
(I-125-Seed) 

 Ahmed et al. described the comparison between 
ROLL and RSL, and regarding the original study 
comparing the techniques from Donker et al. [ 54 , 
 55 ]. This study demonstrated comparable results 
between the ROLL-Tc99m technique and I-125 
seed localization when used to perform breast-
conserving surgery after neoadjuvant systemic 
treatment, although the preference was I-125 
seed localization because this does not require 
additional radiological localization shortly before 
surgery, and therefore, it simplifi es surgery 
scheduling. The largest study comparing ROLL 
with RSL is from Noordaa et al. [ 56 ]. In this 
study, 403 patient with either unifocal non-palpa-
ble DCIS or invasive carcinoma were retrospec-
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tively analyzed, 128 patients underwent RSL and 
275 patients ROLL. Margin status and re-exci-
sion rates were comparable for RSL and ROLL in 
patients with non-palpable breast lesions. A sig-
nifi cant lower weight of the resected specimen 
using RSL in the DCIS group was found. Because 
of the feasibility of position verifi cation of the 
I-125 seed and more convenient logistics, RSL 
was favored over ROLL for breast- conserving 
therapy.   

9.4     Discussion 

 The general consensus is that the main advan-
tages of ROLL, using Tc 99m, over WGL are the 
patient comfort, positive margins, and localiza-
tion time. The wire localization technique has 
disadvantages such as wire dislodging, worsened 
cosmetics, and wire migration which are all 
negated by the ROLL technique. The 6-hour half-
life of Tc 99m allows some fl exibility, up to 24 h, 
in planning the surgical procedure after the radio-
tracer injection. A possible limitation of injection 
of a liquid radiotracer, like Tc 99m, is the poten-
tial for dispersion of the radiotracer throughout  
the breast tissue. Therefore, the more recent 
development of RSL, using a I-125 seed,  repre-
sents a very promising alternative form of 
radioguided surgery for non-palpable breast 
lesions, and for which we expect the popularity 
of RSL to quickly grow [ 57 ]. 

 Working with radioactivity (tracers or mark-
ers) requires strict regulations at the nuclear 
medicine department and a close collaboration 
with the radiology department. The radiation 
dose for patients and involved staff is limited 
and comparable to SLN procedures, which are 
performed on a regular basis in most institutes. 
The radiation dose for patient and staff was 
 analyzed by Rampaul et al. and Cremonesi et al. 
The dose for patients was 0.45 mGy and after 
100 surgical procedures for surgeons 0.45 mGy. 
The mean effective dose was 0.09 mSv. 
These numbers did not exceed the limits estab-
lished by the commission on radiological pro-
tection [ 58 ,  59 ].  

    Conclusive 

 ROLL, using Tc 99m, is useful for localiza-
tion of non-palpable lesions in the breast; this 
includes invasive cancers, DCIS, or areas of 
microcalcifi cations. The general consensus is 
that ROLL is preferable over WGL. There are 
however some drawbacks considering the 
radiotracer distribution and decay, although in 
general the patient comfort, cosmetic out-
come, and the localization results outweigh 
the drawbacks. In the future, we expect an 
increase in the use of RSL using I-125 seeds 
that act more as a point source, allow position 
verifi cation by mammography, and allow 
more fl exibility in the logistics between radi-
ology and the surgical department.     
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   Abstract  

  Sentinel lymph node biopsy has developed 
into a routine procedure to stage patients 
with a clinically localized melanoma. The 
node can be found in almost every patient. 
The status of the lymph nodes is the most 
powerful prognostic factor. Although high 
false-negative rates are still being published, 
sentinel lymph node biopsy is reliable when 
performed by an experienced multidisci-
plinary team using a meticulous technique. 
The Multicenter Selective Lymphadenectomy 
Trial I has shown that the procedure leads to 
improved survival when combined with com-
pletion lymph node dissection in lymph 
node-positive patients with an intermediate 
Breslow thickness melanoma. The technique 
of sentinel lymph node biopsy continues to 
evolve and its importance will expand even 
further when adequate adjuvant systemic 
therapies become available.  
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10.1         Introduction 

 Approximately 1 in 50 individuals in Europe and 
the United States develops melanoma and 1 in 
18 in Australia [ 1 ]. Every year 4 % more people 
are diagnosed with the disease, making melanoma 
the cancer with the greatest increase in incidence 
[ 2 ]. At the time of diagnosis, there is usually no 
evidence of dissemination to other sites, but one 
in fi ve patients who present with a primary mela-
noma more than 1 mm in Breslow thickness has 
occult involvement of their regional lymph nodes. 
These nodal metastases are too small to palpate, 
and usually they are not detectable by ultrasound 
screening at this stage. If left undisturbed, such 
metastases later become evident. At that time, 
they may have generated metastases at distant 
sites, and these imply a dismal prognosis. 

 In melanoma patients, prophylactic regional 
node dissection had been the standard manage-
ment of the regional lymph nodes for many years 
until randomized studies revealed that there was 
no overall survival benefi t from this procedure 
[ 3 – 6 ]. However, improved survival compared to 
patients with palpable nodal disease was shown 
when prophylactic dissection of clinically nega-
tive lymph node fi elds did reveal metastases, and 
this was confi rmed in other studies [ 7 – 11 ]. This 
survival advantage is particularly evident in 
patients with melanomas of intermediate 
Breslow thickness. These lesions have a substan-
tial risk of lymph node involvement, while the 
risk of fatal blood-borne metastases to vital 
organs is still limited. Sentinel lymph node 
(SLN) biopsy was developed as a diagnostic 
technique to detect lymph node metastases at 
this early stage so that regional node dissection 
could be selectively carried out to gain this 
potential survival benefi t [ 12 ]. 

 The SLN concept of orderly progression of 
lymphatic metastases is logical and exciting. 
When fi rst introduced, it was therefore attractive 
to surgeons, and it quickly developed a momen-
tum that caused some to get carried away by their 
enthusiasm. The procedure was immediately 
embraced widely, and, like many other new sur-
gical procedures in the past, it quickly became 
standard management in patients with melanoma 

without much scientifi c evidence to support it. 
Since then, however, much research has been 
undertaken. Donald Morton, who introduced the 
modern SLN biopsy procedure, initiated two ran-
domized trials to assess the procedure in a scien-
tifi c fashion. The fi nal outcome of the fi rst of 
these two studies, the fi rst Multicenter Selective 
Lymphadenectomy Trial (MSLT-I), demon-
strated its value in various respects. 

 The purpose of this chapter is to present a bal-
anced summary of the current status of lymphatic 
mapping in melanoma and to speculate about its 
future, with special reference to the role of 
radioguided surgery. The discussion will be 
based largely on the data gathered at our 
institutions.  

10.2     Defi nition of a Sentinel 
Lymph Node 

 The SLN procedure is based on the concept that 
lymphatic fl uid draining from a primary tumor 
carries detached malignant cells through an affer-
ent lymph vessel to a particular lymph node, 
where they are trapped. Such a metastasis may 
then generate further nodal metastases down-
stream through the efferent lymph vessel or may 
disseminate to distant sites via the bloodstream 
[ 12 ]. Therefore, a SLN was initially defi ned as 
“the initial lymph node to which the primary 
tumor drains” [ 12 ]. In the beginning, the SLN 
was pursued by visualization of the afferent 
lymph vessel using the blue dye technique, i.e., 
by tracing the blue-stained lymphatics to the 
lymph node after intradermal injection of blue 
dye at the primary melanoma site. 

 When lymphoscintigraphy was introduced, the 
phasing of “ the initial lymph node to which the pri-
mary tumor drains ” led to confusion because it 
can be interpreted in different ways. For instance, 
the primary tumor may drain through two separate 
lymph ducts to two different lymph nodes that 
may not necessarily be visualized simultaneously, 
although both are directly at risk of receiving 
tumor cells. When the dynamic process is observed 
during lymphoscintigraphy, it became clear that a 
more general defi nition was needed to include all 
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eventualities. In 1994, our group described the 
SLN as “any lymph node receiving direct lym-
phatic drainage from the primary tumor site” [ 13 ]. 
This includes all possibilities including an obvious 
metastatic node in the draining node fi eld that was 
not seen on the lymphoscintigrams and was not 
staining blue. In the following years, many other 
defi nitions were put forward (Table  10.1 ) [ 14 – 17 ]. 
Most of these new defi nitions are based on the 
techniques used to fi nd the SLN, and they appeal 
because they are easier than having to scrutinize 
dynamic lymphoscintigrams from various angles 
or to carefully dissect a delicate blue lymphatic 
vessel to determine to which lymph node that ves-
sel takes the tumor cells [ 17 – 21 ]. However, the 
new defi nitions missed the pathophysiological 
foundation of the SLN concept. For instance, the 
defi nition of a SLN being a blue-stained node may 
lead to the removal of too many lymph nodes, 
because the blue dye is not retained in a lymph 
node and will also stain nodes downstream that are 
not directly at risk of harboring tumor cells (so-
called “second-tier” nodes). The defi nition of the 
SLN being the most radioactive node may lead to 
the removal of too few lymph nodes because sepa-
rate lymphatic vessels originating in a tumor may 
drain to two lymph nodes, and one is likely to con-
tain more of the tracer than the other.

   Our original defi nition refl ects the physiology 
of lymphatic drainage and the concept of step-
wise spread of cancer through the lymphatic sys-
tem, and this is the defi nition most experts now 
adhere to and that we advocate. This defi nition 
requires the nuclear medicine physician to 

 perform dynamic imaging to visualize the affer-
ent lymph vessel or vessels. The surgeon needs 
to have the skill and experience to fi nd and dis-
sect the fragile blue lymph duct through a small 
incision in a confi ned space in a lymph node 
basin that may be quite deep. Finding the correct 
node requires close cooperation from the nuclear 
medicine physician and the surgeon. Adherence 
to these principles appears to yield the best 
results [ 22 ].  

10.3     Imaging Technique 

 The technique of lymphatic mapping for SLN 
biopsy was proposed by Donald Morton (sur-
geon) and Ed Glass (nuclear medicine  physician) 
in the early 1990s, and the technique was subse-
quently refi ned by others, including ourselves, 
over the course of many thousands of proce-
dures. Various radiopharmaceuticals containing 
the radionuclide technetium-99m can be used for 
lymphatic mapping. The radionuclide is attached 
to a colloidal particle of a size that can enter the 
initial lymphatic capillary lumen. This occurs 
via the gap between the endothelial cells that 
line the wall of such initial lymphatics. This gap 
is 20 nm wide but can be wider when massage is 
applied to the injection site. The colloid particles 
can be of variable size and range from fi ve to 
hundreds of nanometers. Smaller particles enter 
the lymphatic capillaries more readily than the 
larger ones. After intradermal administration, 
the fl ow rate of the tracers is about 1.5 cm/min in 
the head and neck, 2.5 cm/min on the trunk, 
3 cm/min in the upper limb, and 10 cm/min on 
the lower limb [ 23 ]. However, there are multiple 
factors that infl uence the fl ow rate, including 
time of day, ambient temperature, medication, 
state of hydration, and exercise. There are sound 
reasons to assume that the lymphatic fl ow rate 
will be slower than usual during a surgical pro-
cedure. The retention of these colloidal particles 
in lymph nodes is not a simple mechanical fi ltra-
tion process. The particles are phagocytosed by 
macrophages and tissue histiocytes that line the 
subcapsular sinuses of lymph nodes, after they 
have been recognized as foreign to the patient. 

   Table 10.1    Alternative defi nitions of a sentinel 
lymph node [ 17 ]   

 Node closest to the primary lesion 

 First node depicted on the lymphoscintigraphy images 

 Node with the highest count rate 

 Any radioactive lymph node 

 Node with a count rate that is a certain factor higher 
than the background or compared to a non-sentinel 
lymph node 

 Node with a count rate that exceeds a certain fraction 
of the hottest lymph node 

 Any blue lymph node 

  The recommended defi nition is “any lymph node receiv-
ing direct lymphatic drainage from the melanoma site”  
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The percentage of the injected dose that is 
retained in the SLN varies with the radiopharma-
ceutical used with smaller particles reaching the 
SLN more easily than larger particles. The aim 
of lymphatic mapping is to identify only the true 
SLNs (receiving tracer directly from the lesion 
site), and therefore it is important to have enough 
particles in the collecting vessel so that it can be 
traced directly to the lymph node in question. 
Sometimes second-tier lymph nodes will be seen 
but these should not be removed. In patients with 
melanoma, an average of 0.82 % of the injected 
dose for nanocolloid (range 0.0013–6.8 %) is 
accumulated [ 24 ]. 

 The procedure is best done before wide local 
excision, as the risk of crossing a lymphatic water-
shed increases with increasing distance from the 
original melanoma site, and we know from experi-
ence that a different pattern of lymphatic drainage 
may result after wide local excision. A dose of 
30–100 MBq of the radiopharmaceutical is gener-
ally used in a volume of 0.1–0.2 ml/injection. 
Lignocaine may be added so that the injection vol-
ume becomes 0.2–0.4 ml. The dose may be 
adjusted to the interval between administration 
and operation, keeping in mind the 6-h physical 
half-life of the radionuclide. The tracer is injected 
immediately around the melanoma or the center of 
the excisional biopsy site. Since the tracer is 
intended to delineate the drainage pathway from a 
tumor located in the dermal layer of the skin, the 
tracer is injected intradermally. 

 Dynamic imaging is commenced immedi-
ately. The nuclear medicine physician observes 
the passage of tracer through lymphatic collect-
ing vessels and identifi es the SLNs as those 
nodes to which a lymphatic vessel drains. The 
number and location of SLNs are then recorded. 
SLNs (interval nodes) are found outside the 
established nodal regions in 7 % of patients 
[ 25 ]. These early images visualize the lym-
phatic collecting vessels and can distinguish 
SLNs from second-tier lymph nodes. Late ante-
rior, posterior, and lateral images are obtained 
1–2 h later, and other images are acquired when 
required. 

 Single-photon emission tomography com-
bined with computerized radiographic tomogra-

phy (SPECT/CT) has proved to be a major 
advance and has become part of the routine SLN 
imaging protocol in most major melanoma treat-
ment centers [ 26 ,  27 ]. This hybrid technology 
provides tomographic slices in every desired 
direction and enables visualization of nodes con-
taining tracer from any angle. The correction for 
attenuation and scatter results in improved SLN 
identifi cation. SPECT/CT shows SLNs that may 
go unnoticed with conventional imaging and pro-
vides important anatomic information about the 
location of nodes. Surgeons want to see the anat-
omy. Now they see the SLN in its anatomic habi-
tat, which is very helpful in diffi cult cases. An 
initial study of SPECT/CT was performed in 
patients with conventional lymphoscintigrams 
that were diffi cult to interpret. SPECT/CT 
showed additional SLNs in 8 % of the patients 
[ 28 ]. SPECT/CT had an added value in 35 % of 
the study population, resulting in modifi cation of 
the planned surgical procedure in terms of a lon-
ger or shorter incision, an incision at a different 
location, or an extra incision. The results were 
even better in a subsequent group of unselected 
melanoma patients undergoing routine SLN 
biopsy, with SPECT/CT providing additional 
useful information in 46 % of them and resulting 
in adjustment of the surgical approach in 29 % 
[ 29 ]. 

 The nuclear medicine physician can mark the 
location of a SLN on the overlying skin with the 
patient in the position used for surgery, providing 
valuable orientation for the surgeon. Now that its 
site is known, the SLN can be examined with 
ultrasound. Ultrasound occasionally suggests 
involvement with melanoma that can be con-
fi rmed by fi ne needle aspiration cytology, obviat-
ing the need for the actual biopsy. The location of 
a lymph node can also be marked with a small 
permanent dermal tattoo. In some patients a 
biopsy is not performed because of an excessive 
number of SLNs, the expected complexity of the 
procedure, or the age or poor general health of the 
patient. In such patients, these lymph nodes can 
be followed using repeat ultrasound examination 
every 3 or 4 months. The dermal tattoo spots facil-
itate their identifi cation among other lymph 
nodes.  
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10.4     Surgical Technique 

 There is a defi nite learning curve for this proce-
dure, but one cannot reliably establish how many 
cases this requires [ 30 ]. Once the technique has 
been mastered, the operation is usually simple to 
carry out [ 31 ]. A single-day admission is custom-
ary, and the operation is typically done using 
general anesthesia, although it can be performed 
using local anesthesia. The two established tech-
niques to fi nd the SLN are the blue dye technique 
and the gamma ray detection technique. Most 
experts combine the two methods as they fi nd this 
the easiest, quickest, and most reliable approach. 
We recommend that surgeons embarking upon 
lymphatic mapping acquire profi ciency in both 
techniques. The probe technique is easier to learn 
and has a higher success rate. When lymphoscin-
tigraphy leaves no doubt as to the number of 
SLNs, either technique is usually adequate. When 
multiple nodes light up and lymphoscintigraphy 
is not decisive, the blue dye can discern between 
a SLN on a direct drainage pathway and a sec-
ond-tier node. This cannot be accomplished with 
the probe, since the probe does not identify lym-
phatic channels. 

 When using blue dye, the margin for the wide 
local re-excision of the primary melanoma biopsy 
site is outlined with a marker pen before injection 
of the blue dye, since the dye may obscure a 
small biopsy scar. One milliliter of vital dye (iso-
sulfan blue, patent blue) is injected intradermally 
as close as possible to the melanoma site in the 
same manner as the radiopharmaceutical was 
administered. The dye is immediately taken up 
by the lymphatic system and stains the lymphatic 
channel within a few minutes. Vigorous massage 
of the injection site and the skin in the direction 
of the node fi eld for a few minutes stimulates the 
lymph fl ow. The skin mark made by the nuclear 
medicine physician preoperatively and localiza-
tion of the “hot” lymph node with a gamma ray 
detection probe through the intact skin guide the 
placement of the incision. When making the inci-
sion, the surgeon must bear in mind that formal 
regional lymph node dissection with excision of 
the SLN biopsy site may need to be performed at 
a later stage. An incision length of 2–4 cm is usu-

ally suffi cient. The subcutaneous tissue is gently 
explored in search of a blue-stained afferent lym-
phatic channel underneath Scarpa’s fascia or the 
blue-stained lymph node itself. If tracing a blue- 
stained lymphatic, it should be followed until it 
enters a blue-stained fi rst-echelon lymph node. 
Lymphatic channels are fragile, requiring a subtle 
surgical technique. Once the SLN is identifi ed, it 
is excised from the surrounding tissue while 
afferent and efferent lymph and blood vessels are 
ligated and divided. The biopsy cavity is obliter-
ated with absorbable sutures to prevent seroma as 
part of the wound closure process. 

 The technique using a gamma detection probe 
exploits the presence of radiopharmaceutical that 
persists in the SLN after the preceding lymphos-
cintigraphy. The radioactivity content of a SLN 
exceeds that of the surrounding tissues by a fac-
tor of 600 on average. The location of the lymph 
node can be determined through the intact skin 
using the gamma detection probe. The probe 
guides the direction of the dissection. The fea-
tures that we appreciate on a probe are a sound 
pitch that varies with the radioactive count rate 
and that has different ranges to accommodate for 
the great variability of count rates that may be 
faced. A collimator blocks gamma rays from the 
side and provides directionality. For some probes 
this can be removed during the operation to 
increase sensitivity when pursuing a minimally 
radioactive SLN in an area with a low back-
ground count rate.  

10.5     Identifi cation of Sentinel 
Lymph Nodes, Staging 
Information, and Morbidity 

 Using the above approaches, the SLN can be 
found in close to 100 % of cases and usually 
within 10 min [ 32 ]. SLN biopsy is a staging 
procedure. Staging provides prognostic infor-
mation and is needed to choose the appropriate 
therapy for each patient. The tumor status of the 
SLN has been found to be the most important 
prognostic factor in melanoma patients with 
clinically negative regional lymph nodes [ 33 , 
 34 ]. Based on these fi ndings, the American 
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Joint Committee on Cancer and the Union 
Internationale Contre le Cancer (AJCC-UICC) 
included the tumor status of the SLN in the 
staging classifi cation [ 35 ]. 

 The obvious advantages of the procedure 
need to be weighed against its disadvantages. A 
1-day admission and general anesthesia are 
usual. The radiopharmaceutical results in minor 
exposure to ionizing radiation. The morbidity of 
SLN biopsy is generally described as limited. A 
recent audit at Melanoma Institute Australia 
revealed a complication rate of only 1.8 %. 
Postoperative complications are generally 
minor, like seroma or infection, and tend to 
resolve completely. There was an initial sugges-
tion that SLN biopsy could lead to an increase in 
the incidence of in transit metastases, but sev-
eral subsequent studies have refuted this notion 
[ 36 – 38 ].  

10.6     False-Negative Rate 

 The capability of lymphatic mapping to detect 
nodal metastases is generally believed to be 
good, but often the rate of false-negative proce-
dures is calculated based on the entire group of 
patients or based on the group of SLN negative 
patients [ 39 ]. This is not correct because one 
cannot miss a nodal metastasis in a patient who 
does not have any metastases [ 40 ]. The sensitiv-
ity and the false-negative rate of a diagnostic test 
to detect disease should be examined in a popu-
lation of patients in whom this disease is present. 
In other words the false-negative rate should be 
calculated in relation to the total number of 
patients who are actually lymph node positive. 
Also, many studies have had a follow-up interval 
that was too short for many nodal recurrences to 
become apparent. The mean interval before a 
missed lymph node metastasis becomes manifest 
is 28 months (range 4.6–106 months) in a study 
with a mean follow-up duration of 
54 months [ 22 ]. In the Multicenter Selective 
Lymphadenectomy Trial (MSLT-I) that was car-
ried out by 17 melanoma centers worldwide, all 
patients were followed for 10 years and the 

false- negative rate was 20.3 % [ 32 ]. Early stud-
ies from reputable institutions and cooperative 
groups around the world revealed false-negative 
rates ranging from 16 to 38 %, when recalcu-
lated in the appropriate fashion [ 39 ]. Even a 
recent study with a median follow-up period of 
65 months resulted in a false-negative rate of 
38 % [ 41 ]. This means that the correct SLN was 
not removed in almost two of every fi ve patients. 
These numbers are considerably worse than the 
reported false-negative rates in breast cancer. A 
systematic literature review and meta-analysis of 
published studies in that disease yielded false- 
negative results between 0 and 3 % with a 
weighed combined sensitivity of 100 % [ 42 ]. At 
The Netherlands Cancer Institute, the poor 
results in melanoma were analyzed. The investi-
gators adhered to the correct defi nition of a SLN 
and meticulously used the combined detection 
technique. One of two melanoma surgeons per-
formed all the operations and once a week all 
procedures were evaluated in a multidisciplinary 
meeting. The results of 708 consecutive patients 
with a median follow-up of 54 months were ana-
lyzed starting with the very fi rst patient. The 
false-negative rate was 5.7 %. In the fi rst year 
after the SLN biopsy was introduced, this was 
29.4 %. In subsequent years, it dropped to 3.0 %. 
False-negative SLN biopsy procedures can be 
attributed to the nuclear medicine physician, the 
surgeon, or the pathologist, but in 25–50 % of 
cases no cause can be established [ 22 ,  43 ].  

10.7     Survival 

 After its early and rapid embracement as a rou-
tine procedure, unanswered questions soon 
became evident and SLN biopsy became the sub-
ject of a fi erce debate [ 44 – 46 ]. Opposing opin-
ions were vigorously debated, particularly 
concerning its impact on survival. Survival is 
indeed a fundamental issue. Although unusual 
for a diagnostic technique, it was felt that a ran-
domized study was warranted because of the 
clinical importance of the subject, because of the 
radioactivity involved, the expensive equipment 
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that is needed, and also because the procedure 
was a minimally invasive diagnostic test. A ran-
domized trial, MSLT-I, was initiated in 1994 and 
was the largest and longest-running surgical mel-
anoma trial ever. In total 2001 patients with a 
melanoma at least 1 mm Breslow thickness or 
with Clark level IV invasion were randomized to 
either SLN biopsy with subsequent completion 
lymph node dissection if the lymph node proved 
to be involved or to observation with lymph node 
dissection when a nodal metastasis became evi-
dent during follow-up. The last patient was 
enrolled in 2002. All patients were followed for 
10 years. 

 The fi nal results of MSLT-I have been pub-
lished and show that the two arms of the study 
were well balanced for the usual prognostic fac-
tors Breslow thickness, Clark level, ulceration, 
primary lesion site, age, and gender [ 32 ]. SLNs 
were found in 99.4 % of the individuals who 
underwent the procedure. Lymph node metasta-
ses were present in 21 % of the entire study popu-
lation. The incidence of nodal involvement was 
similar in the two arms of the study. The trial 
confi rmed that the tumor status of the SLN is the 
strongest predictor of survival. 

 The patients were divided into three prespeci-
fi ed groups, those with a thin melanoma, defi ned 
in the trial as less than 1.2 mm Breslow thickness, 
those with a melanoma of intermediate Breslow 
thickness of 1.2–3.5 mm, and those with thicker 
lesions. The patients with thin melanomas were 
not suffi ciently numerous to allow for a meaning-
ful analysis and their results were not reported. 
Ten-year disease-free survival in the patients 
with a melanoma with a Breslow thickness of 
1.2–3.5 mm was 71 % in the patients who under-
went SLN biopsy compared to 65 % in the obser-
vation group ( p  = 0.01). These percentages were 
51 % versus 41 % in patients with thick melano-
mas ( p  = 0.03). Most of this improvement 
refl ected fewer regional nodal recurrences in 
patients who underwent immediate lymphade-
nectomy for tumor-positive SLNs. So, these 
patients were spared a nodal recurrence. A recur-
rence often necessitates a more extensive opera-
tion, carries more morbidity, is associated with a 
longer hospital stay, results in a reduced quality 

of life, and may involve adjuvant radiotherapy 
[ 47 ,  48 ]. Also, the published risks of recurrence 
in a regional nodal basin range from 2 to 10 % 
when lymph node dissection is performed 
because of a positive SLN but increases to 20 to 
50 % when the procedure is done for palpable 
disease [ 49 – 52 ]. 

 The most important results of MSLT-I concern 
the 1270 patients with a melanoma of intermedi-
ate Breslow thickness, and these will be discussed 
here in more detail. An interesting question is 
whether the watch-and-wait observation period 
during which an occult nodal metastasis grows to 
palpable size permits metastatic spread to other 
nodes within the lymph node basin. The answer is 
yes, as the mean total number of involved lymph 
nodes in patients with a tumor-positive SLN in 
whom early lymph node dissection was per-
formed was 1.4, yet this number increased to 3.3 
by the time lymph nodes became palpable 
( p  = 0.0001). The number of involved lymph 
nodes is a powerful prognostic factor in the 
AJCC-UICC staging classifi cation, and this is 
clearly apparent when survival in the two lymph 
node-positive arms is compared [ 35 ]. Ten-year 
melanoma-specifi c survival rose from 41.5 % 
when nodal clearance was performed for palpable 
nodal disease to 62.1 % when early dissection was 
carried out because of an involved SLN ( p  = 0.006). 
This represents a very substantial improvement in 
10-year survival in patients who were found to be 
SLN positive and had an immediate completion, 
lymph node dissection. There was no survival dif-
ference for lymph node-positive patients with 
thicker melanomas, nor between the two random-
ized groups when the lymph node-negative 
patients were included. 

 Contemplating these outcomes, many melano-
mologists are excited about the exceptional 20.6 % 
absolute improvement in 10-year survival (from 
41.5 to 62.1 %), but not everybody shares this 
enthusiasm. Opponents emphasize the fact that the 
survival benefi t concerns a subgroup and point out 
that there is no statistically signifi cant melanoma-
specifi c survival difference between the entire 
SLN (81.4 %) and observation (78.3 %) arms in 
the patients with intermediate thickness mela-
noma, which was the primary aim of the trial [ 44 ]. 
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One obvious reason for the lack of such a differ-
ence is that the survival gain in the node-positive 
21 % target population was diluted by the other 
79 % of patients without metastases who could not 
benefi t from the procedure. Also, the number of 
deaths was smaller than predicted, which reduced 
the power of the study. The 20.3 % false-negative 
procedures had a similar effect. However, one 
should keep in mind that SLN biopsy is a staging 
test and that its purpose is not to improve survival 
per se. Its purpose is to identify patients with nodal 
involvement so that these patients subsequently 
can undergo a therapeutic procedure that should 
improve their chances to survive. And this is 
exactly what was found to be true. Other objec-
tions have been raised but the investigators have 
refuted these [ 46 ,  53 – 56 ]. Most of the objections 
appear to be based on little appreciation of the 
essence of the trial, which was to examine the 
impact on survival of the combination of SLN 
biopsy and lymph node dissection. In hindsight, it 
is clear that much of the confusion might have 
been prevented if melanoma-specifi c survival in 
the node- positive patients had been the designated 
primary aim of the trial.  

10.8     New Developments 

10.8.1     Need for Completion Node 
Dissection in Patients 
with a Metastatic 
Sentinel Lymph Node 

 Now that the MSLT-I has validated the role of 
SLN biopsy, the next important question is 
whether SLN-positive patients require further 
surgery. Completion lymph node dissection 
yields more nodal metastases in 12–20 % of 
patients. However, half of these patients harbor 
occult distant disease that leads to their demise, 
and a third of the remaining patients can still be 
cured when the lymph node dissection is carried 
out at the time that the lymph nodes become pal-
pable [ 57 ]. Also, it is not certain that every SLN 
metastasis inevitably progresses to clinically rel-
evant disease. Some observational studies indi-
cate the need for completion lymph node 

dissection in all patients found to be SLN posi-
tive while others suggest that this is not always 
required [ 58 ,  59 ]. The question is particularly 
pertinent in patients with minimal involvement of 
the SLN [ 60 ]. The observational prospective 
Minitub study (European Organisation for 
Research and Treatment of Cancer) and the ran-
domized MSLT-II study are currently addressing 
this question.  

10.8.2     New Tracers 

 New tracers have been developed that are dis-
cussed in detail elsewhere in this book. The tracer 
Lymphoseek, which is a mannosyl 
diethylenetriamine- pentaacetate dextran and tar-
gets the CD206 receptor that is present in the 
reticuloendothelial system including lymph 
nodes, has been approved by the US Food and 
Drug Administration. It has been suggested that 
it is more quickly resorbed from the injection site 
as the size of the molecule is about 7 nm and that 
it is better retained in the SLN, but its superiority 
over traditional radiopharmaceuticals remains to 
be established [ 61 ]. 

 Fluorescent tracers exploit a different type of 
radiation. They require a source of near-infrared 
light and a camera to detect the reemitted near- 
infrared light. The new generation of cameras 
combines the fl uorescence image with the stan-
dard video image so that the lymph node is visu-
alized in the surrounding tissue. The specifi c 
feature of the approach is the fact that the near-
infrared light can be discerned through a layer of 
tissue. In our experience, this layer is very thin 
and better tracers need to be developed for this 
approach to be useful in patients with melanoma. 
A hybrid tracer that is both radioactive and fl uo-
rescent has also been developed and explored in 
clinical studies [ 62 ,  63 ]. This tracer allows pre-
operative lymphoscintigraphy and probe detec-
tion and adds the option of intraoperative 
fl uorescence imaging. This approach appears to 
be useful in diffi cult cases [ 64 ,  65 ]. Such fl uores-
cent tracers would appear to offer greatest poten-
tial in cancers of visceral organs where injection 
of the usual radiocolloids preoperatively is tech-
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nically diffi cult and dynamic imaging not possi-
ble to identify the SLN receiving the lymphatic 
collector. Considerable effort is currently under-
way to apply this approach using fl uorophores in 
patients with lung cancer and gastrointestinal 
cancers.  

10.8.3     Innovative Imaging 
Technology 

 In addition to the near-infrared light camera, 
other new intraoperative imaging technologies 
have recently been introduced. A portable gamma 
camera for use in the operating theater can visu-
alize radioactive hot spots directly in the opera-
tive fi eld [ 66 ]. Freehand SPECT is another 
innovative intraoperative imaging technique [ 67 ]. 
This technique synchronizes information on 
position, orientation, and readings of the gamma 
ray detection probe. Intraoperatively, a three- 
dimensional nearly real-time image is con-
structed that guides the surgeon to the SLN [ 68 ].  

10.8.4     Clinical Need for New 
Technologies 

 There is usually excellent drainage of the 
injected radiopharmaceutical from the skin, and 
the associated nodal basins are typically on the 
outside of the body. Using the conventional 
techniques described earlier in this chapter, the 
SLN can be found in close to 100 % of cases 
and usually within 10 min. Therefore, we feel 
there is little need for more advanced technol-
ogy in most melanoma patients. That being 
said, these new technologies may be useful in 
diffi cult cases. SLN biopsy in the neck may be 
challenging [ 66 ]. SLN outside the usual nodal 
basin also come to mind. However, the main 
potential of these innovative diagnostic 
approaches as we see them is that they may 
facilitate SLN biopsy in other cancer types, 
cancers deeper inside the body, cancers with a 
more intricate anatomy, and cancer types with 
more complex lymphatic drainage than mela-
noma [ 69 ].  

10.8.5     New Drugs for Melanoma 
Patients with Inoperable 
Metastases 

 Various new drugs have been introduced and 
have been shown to improve survival in patients 
with inoperable regional and visceral melanoma 
metastases. It is only logical that the value of 
these drugs is now being examined in earlier 
stages of the disease, for example, as adjuvant 
therapies in patients with operable lymph node 
metastases. SLN biopsy appears preeminently 
suitable to identify these patients. Preliminary 
results of a trial of adjuvant immunotherapy with 
ipilimumab were presented in 2014 [ 70 ]. An 
improved recurrence-free survival was found in 
patients with lymph node metastases exceeding 
1 mm, but overall survival data were not available 
at the time of writing. The associated morbidity 
was considerable and fi ve patients (1.1 %) died 
from the treatment. However, other adjuvant 
studies are in progress evaluating newer, less 
toxic drugs that have been more effective than 
ipilimumab in treating established visceral mela-
noma metastases.   

10.9     Current Clinical Practice 

 Based on the currently available evidence, 
patients with melanomas with a Breslow thick-
ness of 1.2–3.5 mm that is clinically localized 
are candidates for SLN biopsy. Primarily, it 
provides accurate staging and a useful guide to 
prognosis but the procedure also reduces their 
risk of nodal recurrence, and lymph node-posi-
tive patients have a 20.6 % absolute improve-
ment in their 10-year survival. SLN biopsy can 
also be considered in patients outside the inter-
mediate thickness range for staging, for provid-
ing prognostic information, and for regional 
disease control. The number of patients with a 
melanoma thinner than 1.2 mm in MSLT-I was 
too small to allow proper analysis, and no sur-
vival benefi t was found if the melanoma was 
thicker than 3.5 mm. Only about 5 % of the 
patients with a thin melanoma have lymph node 
metastases. Routine SLN biopsy in these 
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patients would have a low yield, but there are 
many such patients and it appears reasonable to 
assume that early lymph node dissection would 
improve their prognosis because the risk of 
occult distant metastases is so small. The lack 
of evidence is keenly felt. At Melanoma 
Institute Australia, SLN biopsy is considered in 
patients with a thin melanoma in the presence 
of unfavorable features such as young age, 
ulceration, high mitotic rate, microsatellite 
metastases, or lymphovascular invasion. In 
such patients, if the ultrasound examination of 
the mapped SLNs is normal, this means that the 
metastasis if present is less than 2 mm in diam-
eter, and it is likely that a proportion of these 
patients will survive if the involved SLN is 
removed at the time of wide excision of the pri-
mary melanoma. 

 Patients with thick melanomas often have 
occult metastases to visceral organs and gener-
ally have a poor prognosis. Early treatment of 
their lymph node metastases does not improve 
their survival rate but does improve regional dis-
ease control. 

 Until further evidence becomes available, the 
practice at Melanoma Institute Australia is to rec-
ommend regional lymph node dissection to all 
patients with SLN metastases [ 71 ]. The prelimi-
nary results of adjuvant systemic therapy with 
ipilimumab do not warrant routine treatment with 
this agent for SLN-positive patients, but the 
results of trials of adjuvant therapy with other 
agents are awaited eagerly.  

    Conclusions 

 SLN biopsy is an accurate procedure to stage 
melanoma patients when performed by an 
experienced multidisciplinary team using a 
meticulous technique. The status of the lymph 
nodes is the most powerful prognostic factor. It 
is now clear that radioguided surgery really 
improves the survival rate, as MSLT-I has pro-
vided evidence that sentinel lymph node biopsy 
can identify lymph node-positive patients 
whose chance of survival at 10 years improves 
from 41.5 to 62.1 % with an immediate regional 
lymph node dissection. The technique of SLN  
biopsy continues to evolve and its importance 

will expand even further when adequate adju-
vant systemic therapies become available.     
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   Abstract  

  Oral cancer is one of the most common head 
and neck malignancies. As lymph node metas-
tases are one of the most important prognostic 
factors, an elective neck dissection (END) has 
been widely performed for accurate staging of 
the cervical lymph nodes. However, up to 
75 % of patients are overtreated and may suf-
fer from side effects of END. In 2001, the fi rst 
results and advantages of sentinel lymph node 
biopsy (SLNB) as an alternative for neck stag-
ing in clinically node negative patients with 
oral cancer were fi rstly discussed in an inter-
national conference. The high detection rate, 
sensitivity, and low false-negative rate of 
SLNB was demonstrated in multicenter stud-
ies. However, due to the complex lymphatic 
drainage and close vicinity of the injection 
site, SLNB in head and neck is challenging. 
The development of new tracers and technolo-
gies might facilitate the intraoperative detec-
tion of SLNs and improve results of SLNB.  

11.1         Introduction 

 Oral cancer is one of the most common head and 
neck cancers. A total of 30,260 new cases of oral 
cancer are estimated in the United States in 2015, 
and the incidence is rising [ 1 ,  2 ]. Squamous cell 
carcinoma is the most frequent tumor type in the 
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oral cavity and has a high propensity to metasta-
size through lymphatics to regional lymph nodes 
rather than to spread hematogenously. Moreover, 
regional metastasis at time of diagnosis is one of 
the most important prognostic factors. The pres-
ence of cervical lymph node metastasis roughly 
reduces survival by half [ 3 ]. Patients with multi-
ple contralateral or bilateral metastases in the 
neck have even a more markedly reduced sur-
vival. It is generally accepted that the neck has to 
be treated by surgery (i.e., neck dissection) and/
or radiotherapy with or without chemotherapy 
when lymph node metastases are present. 

 Unfortunately, there is no single noninvasive 
imaging technique, which could detect occult 
(clinically undetectable) lymph node metastasis 
reliably enough [ 4 ,  5 ]. Recently a meta-analysis 
comparing computed tomography (CT), magnetic 
resonance imaging (MRI), positron emission 
tomography (PET), and ultrasound (US) for the 
detection of cervical lymph node metastasis in 
head and neck cancer patients with a clinically 
negative (cN0) neck was performed by Liao et al. 
[ 6 ]. The pooled estimates for sensitivity on a per- 
neck basis were 52 % (95 % confi dence interval 
(CI): 39–65), 65 % (CI: 34–87), 66 % (CI: 47–80), 
and 66 % (CI: 45–77) for CT, MRI, PET, and US, 
respectively. The pooled estimates for specifi city 
were 93 % (CI: 87–97), 81 % (CI: 64–91), 87 % 
(CI: 77–93), and 78 % (CI: 71–83) for CT, MRI, 
PET, and US, respectively. In this study, US-guided 
fi ne-needle aspiration cytology (USgFNAC) was 
not included, because of several methodological 
reasons [ 6 ]. The reported sensitivity of USgFNAC 
in cN0 neck was between 42 and 73 % [ 5 ,  7 ]. 

 Consequently, the management of the cN0 neck is 
still a controversial issue. There is general agreement 
that elective treatment of the neck is indicated when 
there is a high likelihood of occult, i.e., clinically and 
radiologically undetectable, lymph node metastases. 
A neck dissection is generally performed when the 
neck needs to be entered to resect the primary tumor 
or to reconstruct the surgical defect. When the feasi-
bility of regular follow-up is questionable, the neck 
will be generally treated [ 4 ,  5 ]. The dilemma to treat 
the cN0 neck applies to most early-stage (T1-T2cN0) 
oral squamous cell carcinomas (OSCC). 

 The rationale for elective (prophylactic) treat-
ment is based on the following assumptions. First, 

occult metastases will inevitably develop into clin-
ically manifest disease. Second, even with watch-
ful waiting, some patients will develop extensive 
or even inoperable disease in the neck with a wait-
and-see policy. Third, if left untreated, disease in 
the neck may be associated with a higher incidence 
of distant metastases developing while the unde-
tected lymph node metastasis is growing to a clini-
cally detectable size. The arguments against 
elective treatment of the neck are as follows. First 
a large proportion of patients are subjected to the 
morbidity (e.g., shoulder dysfunction [ 8 ]) and 
costs of unnecessary treatment. Second, such 
treatment may remove or destroy a barrier to can-
cer spread and a route of cancer spread in case of 
local recurrence or second primary tumor.  

11.2     Sentinel Lymph Node 
Procedure 

 The standard sentinel lymph node (SLN) proce-
dure in OSCC consists of lymphoscintigraphy, 
biopsy, and histopathological examination of the 
SLN. In a 2-day protocol 40–100 MBq and in a 
same-day protocol 25–40 MBq of  technetium- 99m 
( 99m Tc)-labelled colloidal albumin divided over 4 
aliquots of 0.1–0.2 mL each is generally peritu-
morally submucosally injected (Fig.  11.1 ). In gen-
eral, directly after injections, dynamic and static 

  Fig. 11.1    Case of a patient with a paramedian cT1N0 fl oor 
of mouth carcinoma on the left side. ( a ) Peritumoral injection 
of  99m Tc-labelled nanocolloid. ( b ) Dynamic scintigrams. ( c ) 
Planar late scintigrams. ( d ) Peritumoral injection of  patent 
blue . ( e ) Gamma-probe-guided sentinel lymph node biopsy. 
( f )  Blue  coloration of sentinel lymph node. ( g ) Confi rmation 
of hot sentinel lymph node by activity counting           

a 

R. de Bree and C. Bluemel



169

b

c

Fig. 11.1 (continued)
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Fig. 11.1 (continued)

planar lymphoscintigraphy followed by single-
photon emission tomography/computed tomogra-
phy (SPECT-CT) imaging is performed [ 9 ]. Late 
imaging (2–4 h after injections) is generally only 
needed in patients with midline tumors and tumors 
in the oral cavity other than mobile tongue or lat-
eral fl our of mouth [ 10 ], or if no clear, SLN could 
be visualized in early imaging [ 9 ]. Based on the 
preoperative lymphoscintigraphy results, the posi-
tion of the SLN is marked on the skin [ 9 ].

   The main radiopharmaceutical used in Europe 
is  99m Tc-labelled nanocolloidal albumin with a 
mean particle size of 8–30 nm, whereas in the 
United States, this tracer is not approved, and 

 99m Tc-rhenium sulfi de colloid (mean particle size 
23–25 nm) and  99m Tc-sulfi de colloid (particle size 
<100–200 nm) are used. Since these radiopharma-
ceuticals are registered for breast cancer and mela-
noma, all these tracers have to be used off-label.  
99m Tc-labelled- tilmanocept ( 99m Tc-diethylenetri-
amine pentaacetic acid- mannosyl-dextran) [ 11 –
 13 ], a novel receptor-targeted radiopharmaceutical, 
recently received approval from the Food and Drug 
Administration (FDA) and positive statement of 
the European Medicines Agency (EMA) for use in 
SLNB for melanoma, breast cancer, and head and 
neck cancer. It is nonparticulate radiotracer that 
contains multiple mannose moieties with high 
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affi nity for the CD206 receptor found on macro-
phages and dendritic cells, enhancing targeting to 
these cells within the sentinel lymph node. In breast 
cancer and melanoma, it may have improved clear-
ance from the injection site and enhanced retention 
within the SLN [ 11 ,  12 ,  14 ]. This tracer has only 
recently been tested in early oral squamous cell 
cancer (OSCC) [ 15 ] and head and neck cancers 
[ 13 ]. There have yet to be any head-to-head studies 
comparing  99m Tc- labelled- tilmanocept to  99m Tc-
labelled colloids [ 9 ]. 

 Sentinel lymph node biopsy (SLNB) is per-
formed under general anesthesia, and intraopera-
tive detection of the SLN is possible by a 
combination of peritumorally injected blue dye 
(coloration) and a portable, handheld gamma 
probe (radionuclide detection). One or more blue 
and/or radioactive (‘hot’) SLNs are identifi ed and 
excised. Since the use of blue dye appeared to be 
of limited additional values, some surgeons do 
not use this dye anymore in head and neck can-
cers [ 16 ]. This was recently confi rmed by a sen-
sitivity of only 40 % found in 15 patients who 
received only intraoperative peritumorally injec-
tions of 1 % isosulfan dye [ 17 ]. 

 After surgical removal, the SLN is investi-
gated by meticulous histopathological examina-
tion using stepped serial sectioning and 
immunohistochemistry. Current best practice 
guidelines for the provision of SNB in early 
OSCC patients have been outlined, which pro-
vide a framework for the currently evolving rec-
ommendations for its use [ 9 ].  

11.3     Diagnostic Value of Sentinel 
Lymph Node Procedure 

 The feasibility of the SLN concept in OSCC was 
fi rst reported by Alex and Krag in 1996 [ 18 ] and 
has been validated in several studies in which all 
patients underwent an elective neck dissection 
(END) after SLNB [ 19 ]. The histopathological 
examination of the neck dissection specimen was 
used as reference (gold) standard. Although sev-
eral studies have validated the SLNB concept in 
OSCC, the American College of Surgeons 
Oncology Group (ACOSOG) performed a vali-

dation study (Z0360) with 140 patients in 25 
institutions and found a sensitivity of 90 % and a 
negative predictive value of 96 %, and these fi g-
ures were even better for experienced surgeons 
[ 20 ]. A recent meta-analysis of these validation 
studies with 631 OSCC patients showed a pooled 
sensitivity and negative predictive value of 94 % 
and 96 %, respectively [ 21 ]. A more recent meta- 
analysis of 35 studies in which all 1211 patients 
underwent a neck dissection revealed pooled sen-
sitivity and negative predictive value of 93 % and 
97 %, respectively [ 22 ]. Because routine histo-
pathological examination (and not step-serial 
sectioning and immunohistochemistry) of the 
neck dissection specimen was used as the refer-
ence standard, occult micrometastases might 
have been missed [ 23 ], potentially contributing 
to higher fi gures for sensitivity and negative 
 predicting value. Therefore, to investigate the 
accuracy and utility of SLNB only (without sub-
sequent neck dissection in all patients), follow-up 
should be used as reference standard [ 24 ]. 
However, when new tracers or instruments are 
tested, the validation concept using END as ref-
erence standard should be considered. 

 After initial studies to validate the SLN con-
cept in early OSCC patients, several prospective 
observational studies have been reported. In these 
studies, a neck dissection was performed only 
when the SLN contained a metastasis, while a 
watchful waiting strategy was followed when the 
SLN did not contain metastasis. In a European 
multicenter study of 134 cT1/2N0 OSCC patients, 
55 patients underwent SLNB followed by END, 
while 79 patients underwent SLNB as the sole 
staging tool [ 25 ]. In 125 (93 %) patients, the SLN 
was successfully harvested. For the two groups 
together, using a reference standard of 5 years 
follow-up after SLNB staging, a sensitivity of 
91 % and a negative predictive value of 95 % were 
found. In a large single center study ( n  = 103 
patients), no false-negative ipsilateral fi ndings 
were found. Lymphoscintigraphy revealed a hot 
spot in 98 %, the detection rate was 96 %, and a 
mean of 2.65 SLNs were harvested per patient 
[ 26 ]. In another single center study of 79 cT1/2N0 
patients with oral and oropharyngeal SCC, lym-
phoscintigraphy showed a hot spot in 95 %, the 
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perioperative detection rate was 99 %, and a mean 
of 2.7 SLNs were harvested for a sensitivity of 
91 % and a negative predictive value of 90 % [ 27 ]. 
A recent meta-analysis including 847 patients 
from 21 studies showed a pooled sensitivity of 
93 % (CI: 90–95 %) in oral cancer patients [ 28 ]. 
With neck dissection as reference standard, the 
sensitivity was 94 % (CI: 90–97 %), while when 
follow-up was the reference standard, a sensitivity 
of 91 % (CI: 84–95 %) was found. The vast major-
ity of the studies included were performed in 
patients with early OSCC. The negative predictive 
values ranged from 88 to 100 % [ 28 ]. More 
recently, a retrospective study of 90 previously 
untreated early OSCC patients with a clinically 
N0 neck who underwent SLNB (only neck dis-
section after positive SLNB) was reported: a lym-
phoscintigraphic identifi cation rate of 98 %, 
surgical detection rate of 99 %, and upstaging rate 
of 30 % were found. Using a median follow-up of 
10 months, the sensitivity was 93 % and the nega-
tive predictive value was 97 % [ 29 ]. 

 In a meta-analysis, Liao et al. [ 30 ] reported that 
the best negative predictive rate was the combina-
tion of CT or MRI followed by SLNB, when com-
pared to CT or MRI in combination with US, 
USgFNAC, or PET. Unfortunately, the combina-
tion of USgFNAC and SLNB (only when 
USgFNAC is negative) was not investigated, 
although USgFNAC was the second best diagnos-
tic technique after SLNB in this meta- analysis. 
Since SLNB is a more complex and invasive proce-
dure, it can be anticipated that the combination of 
USgFNAC and SLNB is the most sensitive combi-
nation for the detection of occult lymph node 
metastases with less burden to the patients com-
pared to SLNB only. This combination may be 
valuable also because gross lymphatic involvement 
potentially blocks and may alter the lymphatic 
drainage and reduce the accuracy of SLNB [ 31 ].  

11.4     Advantages of Sentinel 
Lymph Node Biopsy 

 Occult metastases can be missed by routine his-
topathological techniques in up to 15.2 % [ 21 ]. In 
SLNB, the lymph node with the highest risk is 

examined by step-serial sectioning and immuno-
histochemistry. Since the neck contains up to 
about 100–150 lymph nodes per side, it is practi-
cally impossible in daily clinical practice to 
examine all lymph nodes from a neck dissection 
specimen so rigorously. Therefore, it can be 
expected that SLNB or SLNB assisted neck dis-
section stage the neck more reliable than neck 
dissection without SLNB [ 32 ]. 

 The levels dissected during END depend on 
the expected drainage pattern of the primary 
tumor site. However, Civantos et al. [ 20 ] found in 
14 of the 103 (13.6 %) oral cavity carcinomas 
and head and neck cutaneous malignancies 
lymph node drainage patterns outside the 
expected lymph node basins. These unexpected 
SLN localizations include not only level IV and 
V and the contralateral neck but also in 4 of the 
43 oral cancer patients facial SLNs. Kovacs et al. 
[ 26 ] reported on the SLN distribution pattern in 
103 patients with T1/2N0 oral and oropharyngeal 
cancer. Besides SLNs in level IV (18/273) and 
level V (5/273), also SLNs in level VI (5/273) 
were found. In the ACOSOG Z0360 study, 40 of 
the 136 patients had drainage to lymph nodes in 
level IV and V, of whom 5 had drainage to level 
IV without level I–III. Twenty-seven patients had 
bilateral drainage on lymphoscintigraphy [ 33 ]. 
Flach et al. [ 34 ] found in pretreated necks unex-
pected lymphatic drainage in 67 %. These fi nd-
ings underline the strength of SLNB in assessing 
individual drainage patterns. 

 Recently, a report of a European multicenter 
study on 109 oral squamous cell carcinoma 
patients with positive SLNB showed additional 
(non-SLN) metastases in 34.4 % of the neck dis-
section specimens. The risk of non-SLN metasta-
ses outside the adjacent basins of the positive 
SLN was low (7.1 %), suggesting that in the vast 
majority of the patients with a positive SNB, a 
(super)selective neck dissection may be suffi -
cient [ 35 ]. It can be anticipated that using infor-
mation obtained from the SLNB procedure, neck 
dissections can be tailored to the individual 
patient. 

 SLNB is less invasive than an END. Murer 
et al. [ 36 ] compared shoulder morbidity and post-
operative complications between 33 SLNB only 
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and 29 END OSCC patients using questionnaires 
and objective measures of active shoulder func-
tion. SLNB was associated with a shorter inci-
sion, signifi cant less (no) complications, and 
signifi cant better (almost normal) shoulder 
 function. Although all the complications were 
minor, they all occurred in patients after END 
[ 36 ]. Schiefke et al. [ 37 ] also found a signifi cant 
minor disturbance of shoulder function in 24 
HNSCC patients receiving SNB only compared 
to 25 head and neck SCC (HNSCC) patients who 
underwent elective neck dissection assessed by 
patient symptom scores and objective measure-
ments. SNB was also associated with signifi cant 
less cervical skin numbness and less disturbance 
of protopathic (pain) sensitivity compared to 
END [ 37 ]. Hernando et al. [ 38 ] compared shoul-
der function, length of the surgical scar, degree of 
cervical lymphedema, neck hematoma and the 
presence of orocutaneous fi stula in 32 SLNB 
patients and 41 elective selective (levels I-III) 
patients with early oral cancer and found statisti-
cally signifi cant differences in shoulder function 
and average scar length. Neck hematomas and 
oro- cervical communications occurred only in 
the END group [ 38 ]. From these studies, it can be 
concluded that SNB presents less postoperative 
morbidity than END. 

 Apart from reducing neck dissection num-
bers, SLNB may reduce treatment costs. Using a 
treatment model derived from the European 
Sentinel Node Trial (SENT) information, 
O’Conner et al. [ 39 ] produced estimates for rela-
tive treatment costs between patients managed 
through a traditional END or SLNB pathway and 
found that the SLNB approach is cheaper rela-
tive to the traditional surgical approach in the 
centers from Spain, the United Kingdom, and 
the Netherlands. Kosuda et al. [ 40 ] showed that 
SLNB was also cost-effective (compared to 
END) using costs referred to billed costs based 
on the Japanese national insurance reimburse-
ment system. A recent cost-effectiveness study 
in which fi ve different strategies for manage-
ment of the clinically N0 neck (defi ned as N0 
after imaging and ultrasound- guided fi ne-needle 
aspiration cytology) in OSCC patients were 
compared predicted that the SLNB followed by 

neck dissection (if positive) or watchful waiting 
(if negative) is more cost-effective than END, 
watchful waiting, and gene expression proofi ng 
(GEP) followed by neck dissection (if high risk) 
and GEP and SN (in case of high risk GEP) 
 followed by neck dissection (if SNB positive) or 
watchful waiting [ 41 ].  

11.5     Limitations of Current 
Sentinel Lymph Node 
Procedure 

 From these data, it can be concluded that the intro-
duction of SLNB in early oral cancer has been suc-
cessful. This was recognized by the National 
Comprehensive Cancer Network (NCCN) and 
resulted in incorporation in the NCCN Clinical 
Practice Guidelines in Oncology of Head and 
Neck Cancers (version 2.2014): “Sentinel lymph 
node biopsy is an alternative to elective neck dis-
section for the identifi cation of occult cervical 
metastasis in patients with early (T1 or T2) oral 
cavity carcinoma in centers where experience for 
this procedure is available. Its advantages include 
decreased morbidity and improved cosmetic out-
come.” [ 42 ] However, in some subsites of the oral 
cavity, e.g., fl oor of mouth (FOM), these results 
are signifi cantly worse. With respect to FOM 
tumors, detection of the SLN appeared to be more 
diffi cult: SLN successfully harvested in 88 % vs. 
96 % and a signifi cantly lower sensitivity for FOM 
tumors compared to other sites (80 % vs. 97 %) 
[ 25 ]. This is probably due to the close spatial rela-
tion between the primary tumor and the fi rst drain-
ing lymph nodes (SLNs). The injection site 
(around the primary tumor) produces a large 
hotspot on lymphoscintigraphy possibly hiding 
SLN(s) in the close proximity of the primary 
tumor (“shine through”). It is therefore of utmost 
importance and challenging to improve SLNB in 
patients with early OSCC at these subsites. 
Technical improvements are needed to bring SNB 
for carcinoma of all subsites in the oral cavity to 
the same high level. More precise information on 
the localization of the SLN may reduce operating 
time and the risk of damaging vulnerable struc-
tures such as nerves and vessels in the neck 
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improving the safety during surgery. Less exten-
sive exploration will result in less fi brosis hamper-
ing an eventual subsequent neck dissection, 
resulting at the end in a reduction of complications 
and not- intended sacrifi ced structures in the neck.  

11.6     Improvements in Sentinel 
Lymph Node Procedure 

 Due to the anatomical complexity of the head and 
neck region, hybrid single-photon emission com-
puted tomography with integrated computed 
tomography (SPECT-CT) might be useful in the 
localization of SLNs and planning of surgery in 
patients with OSCC (Fig.  11.2 ). Although 
SPECT-CT has the potential to detect  preopera-
tively  more SLNs as compared to planar lympho-
scintigraphy, it still has some diffi culties in 
visualization of SLNs in close spatial relation to 
the injection site [ 43 ]. Other advantages of 
SPECT-CT might be reduction of the misinter-
pretation rate (e.g., skin contamination, injection 
site) and better anatomical localization. 
SPECT-CT can improve visualization of the rela-
tion of SLNs to several vital vascular and neural 
structures in order to be able to easily (reducing 
operating time) and more safely remove these 
nodes [ 44 ].

   Recently, a PET-tracer, zirconium-89 ( 89 Zr)-
nanocolloidal albumin, dedicated to lymphatic 
mapping and SLN detection using high- resolution 
PET-CT was developed. Compared to gamma- 
based techniques, improved detection and more 
precise localization of SLNs could be achieved 
on PET-CT in a recently performed clinical feasi-
bility studies. PET-CT was able to identify SLNs 
close to the injection site and lymphatic vessels, 
which were not visualized on SPECT-CT [ 45 ]. 

 Due to its particular nature and non- 
standardized variation in preparation, SLNB 
agents, i.e., radiolabelled colloids (100–1000 nm 
particle diameter) are retained for prolonged 
periods within the injection site, which in turn 
contributes to the phenomenon of the shine 
through effect. Recently, a receptor-targeted non-
particulate tracer,  99m Tc-tilmanocept, was intro-
duced, with smaller size and specifi c targeting 

the CD206 mannose receptors located on reticu-
loendothelial cells within lymph nodes permit-
ting rapid clearance from the injection site and 
stable retention in SLNs. These characteristics 
may enable identifi cation of SLNs close to the 
injection site and limit the visualization of sec-
ond echelon lymph nodes [ 13 ,  15 ]. 

 Also, intraoperative detection of SLNs close 
to the primary tumor is often found to be diffi cult, 
due to the high amount of radioactivity present at 
the injection site (i.e., primary tumor). Gamma 
probe detection may fail in reliable differentia-
tion between SLN and injection site. Blue dye 
particles follow lymphatic vessels and accumu-
late in the draining lymph nodes giving them a 
blue staining. Real-time detection of this blue 
staining is only possible if there is no overlying 
tissue. Moreover, blue dye consists of small par-
ticles with a very poor retention in the SLN and is 
therefore restraint to a short period of time. This 
is probably due to the fast lymphatic drainage in 
the head and neck area. As a consequence, the 
use of blue dye appeared to be of limited added 
value in the head and neck area [ 32 ]. 

 Technical innovations to improve intraopera-
tive SLN localization include intraoperative real- 
time imaging with portable gamma cameras or 
handheld SPECT and fl uorescence imaging. 
Intraoperative real-time imaging with the porta-
ble gamma camera provides an overview of all 
radioactive spots and can show SLNs near the 
injection site by adjusting its position. Another 
advantage may be the certainty it can provide 
about the completeness and accuracy of SLN 
excision by showing the remaining activity. This 
portable gamma camera was able to visualize 
SNs at diffi cult sites more effi ciently and identi-
fi es 9 additional SNs in 6 of the 25 head and neck 
melanoma or OSCC patients [ 46 ]. Handheld 
SPECT is designed to determine the position of 
the detector relative to the patient through which 
3D images are generated [ 47 ]. This provides the 
surgeon information about the direction and 
depth of the SLN in relation to the probe. The 
possibility of generating images in the operating 
room could be used again after the procedure but 
before closing the wounds, in order to confi rm 
harvesting of all hot spots. In this way remaining 
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  Fig. 11.2    Patient with T1 squamous cell carcinoma of 
the hard palate. ( a ) Static imaging from ventral ( A1 ) and 
lateral view ( right  lateral view,  A2 ) showing the injection 
site ( dotted arrow ) and one hot spot (SLN) on the left and 
right cervical region ( arrow ). ( b ) SPECT/CT for better 

anatomical localization showing the injection site ( dotted 
arrow ,  B1 ) and a cluster of sentinel lymph nodes ( arrow )  
in level II right ( B2  (axial view),  B3  (sagittal view)) and a 
single sentinel lymph node in level II left ( B2 ,  B4  (coronal 
view))       
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hot spots can be excluded. Promising results in 
OSCC patients have been reported [ 48 – 50 ]. 

 In head and neck cancer, initial studies 
described the feasibility of this technique. In 23 
patients with T1-T2cN0 OSCC, handheld SPECT 
was able to detect intraoperatively all but one of 
the SLNs detected by preoperative imaging 
 successfully (detection rate 98 %), including 
those in six patients with a tumor in the 
FOM. Using END as reference standard, a sensi-
tivity of 100 % was found [ 51 ]. A study in 66 
early oral OSCC patients confi rmed that the use 
of the freehand SPECT system is feasible in the 
intraoperative detection of SLNs in early-stage 
oral cancer. Moreover, handheld SPECT pro-
vides helpful information facilitating the SLN 
biopsy procedure in a quarter of cases. However, 
freehand SPECT could not detect all SLNs, 
which are located in the vicinity of the injection 
site [ 52 ]. A further development of freehand 
SPECT technology is the fusion of the 3D images 
of freehand SPECT with ultrasound. Freehand 
SPECT-US was able to guide fi ne-needle aspira-
tion cytology of SLNs in early-stage head and 
neck cancer [ 53 ]. 

 Near-infrared (NIR) fl uorescence imaging is 
also a very attractive option to facilitate intraop-
erative detection. NIR dyes have the advantage 
to exhibit reasonable tissue penetration of 
excited and emitted light with negligible auto-
fl uorescence, resulting in higher target-to-back-
ground contrast. NIR fl uorescence imaging 
provides high-resolution images which can be 
obtained in real time during the surgical proce-
dure, even if the structure of interest is covered 
by some tissue (in contrast to blue dye). Another 
advantage of NIR fl uorescence imaging is that it 
is much better suited for detection of SLNs 
close to the primary, because there is negligible 
infl uence of fl uorescence signal coming from 
the injection site. 

 Nowadays, the only FDA-approved NIR- 
fl uorescent compound that has been extensively 
evaluated for SLN detection is indocyanine green 
(ICG). Because ICG alone has a poor retention in 
SLN, it is combined with nanocolloidal albumin. 
The feasibility of near NIR fl uorescence-guided 
SLN detection has been demonstrated in HNSCC 

where fl uorescence imaging of ICG was used as 
fl uorescent tracer. Using ICG- 99m Tc-nanocolloidal 
albumin, in 4 of the 14 OSCC patients where the 
SLN was located close to the primary injection 
site, the SN could only be localized by fl uores-
cence imaging [ 54 ]. The combination of ICG and 
a radiopharmaceutical enables the identifi cation 
of SLNs more easily and rapidly than by using a 
radiopharmaceutical alone [ 55 ]. Other tracers 
with improved optical properties have been tested 
in HNSCC in preclinical settings [ 55 ]. 
Radiolabelled tracers other than colloidal albumin 
with other characteristics, e.g.,  99m Tc- tilmanocept, 
may improve intraoperative differentiation 
between SLN and injection site [ 13 ,  15 ]. A very 
recent multicenter validation study using  99m Tc-
tilmanocept for SLNB in head and neck squa-
mous cell carcinoma of the skin and (mainly) oral 
cavity showed an SN identifi cation rate of 97.6 %, 
a false-negative rate of 2.56 % and a negative pre-
dictive value of 97.8 %. At note, these high fi g-
ures were also obtained in FOM cancers [ 13 ].  

11.7     Conclusion and Outlook 

 SLNB is a reliable diagnostic staging technique 
of the clinically negative neck in early oral car-
cinoma and allows for personalized manage-
ment of the neck. Using SLNB, early-stage 
OSCC patients can avoid from unnecessarily 
END, which may reduce morbidity and costs 
and improve quality of life. However, there is 
room for improvement for tumor sites with 
close spatial relation of the potential SLNs as in 
FOM tumors. New tracers for gamma imaging, 
PET, and fl uorescence imaging, e.g.  89 Zr-, 
ICG-, and IRDye800CW-nanocolloidal albu-
min and  99m Tc- tilmanocept, have been devel-
oped and are currently being tested in early oral 
cancer patients as single or hybrid tracers. 
These improvements may increase the sensitiv-
ity of SLNB further and limit the exploration 
needed to harvest SLNs, reducing the risk of 
complications and operating time.     
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   Abstract  

  This chapter evaluates the “state-of-the-art” 
application of sentinel lymph node (SLN) pro-
cedure in patients with thyroid carcinoma. All 
PubMed/Medline listed papers including the 
key words “sentinel lymph node biopsy” and 
“thyroid carcinoma” published until January 
2015 are taken into consideration. Both vital 
blue dye and radioisotope techniques are used 
in thyroid cancer patients and are discussed in 
this chapter. The SLN identifi cation rates 
ranged from 0 to 100 % for blue dye, 64 to 
100 % for radioisotopes, and 98 to 100 % for 
the combination of both techniques, 
respectively. 

 In conclusion, there is suffi cient evidence 
to propagate the increasing use of the SLN 
technique in thyroid cancer. If the SLN is 
shown to consistently and accurately predict 
regional lymph node metastasis, a con-
trolled randomized multicenter trial evaluat-
ing the effectiveness of this technique in 
patients with suspected or proven PTC is 
warranted.  
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12.1         Rationale for Sentinel Node 
in Thyroid Cancer 

12.1.1     The Concept of Sentinel 
Lymph Node (SLN) in Thyroid 
Cancer 

 Thyroid cancer is rare, but the most common 
endocrine malignancy [ 1 ,  2 ]. Differentiated thy-
roid cancer (DTC) accounts for over 90 % of thy-
roid malignancies and arises from thyroid 
follicular epithelial cells. DTC includes papillary 
thyroid carcinoma (PTC) and follicular thyroid 
carcinoma (FTC) with PTC representing more 
than 80 % of DTC [ 3 ]. Approximately 15 to 50% 
of patients with PTC have clinical evidence of 
cervical lymph node metastases at presentation, 
with up to 80% having micrometastatic disease. 
FTC represents about 20 % of DTC, and lymph 
node metastases are rare and metastatic disease 
mainly located in the liver and lungs; moreover, 
the metastatic spread happens usually by blood in 
FTC. FTC is typically diagnosed histopathologi-
cally, and not at cytology as for PTC. 

 Locoregional lymph node metastases of PTC 
are described to be associated with a worse prog-
nosis, and extensive resection can improve the 
outcome of these patients. Therefore, correct 
identifi cation of SLN involvement in PTS is cru-
cial and impacts patient treatment and survival. 

 The SLN concept in DTC has been developed 
as an alternative to elective lymph node dissection 
in patients with clinically node-negative disease 
and was considered as an accurate technique for 
obtaining information about cervical lymph node 
involvement in patients undergoing thyroidec-
tomy [ 4 – 6 ]. One of the complicating aspects in 
neck surgery and specifi cally in thyroid surgery is 
that the lymphatic drainage pathways are quite 
intricate [ 7 ]. The lymphatic vessels usually 
accompany blood vessels and nerves in directions 
that are not always predictable. The intrathyroid 
capillaries drain the lymphatic fl uid to the lym-
phatic vessels associated with the capsule, poten-
tially cross-communicating with the isthmus and 
the opposite lobe. Usually the superior lymphatic 
vessels drain the isthmus and the medial superior 
portion of the thyroid lobes, ascending in front of 
the larynx and terminating in the subdigastric 

lymph nodes of the internal jugular chain. The 
media inferior lymphatic vessels descend with the 
inferior vein to the pretracheal nodes. The lateral 
collecting vessels drain superiorly to the anterior 
and superior nodes of the internal jugular vein. 
Numerous classifi cations have been proposed to 
describe the location and the anatomic boundaries 
of lymph node groups in the neck. The most com-
monly used classifi cations are the ones of the 
American Joint Committee on Cancer (AJCC) 
and the American Society of Head and Neck 
Surgery (AHNS) [ 8 ,  9 ].  

12.1.2     Lymph Node Metastases 
in Papillary Thyroid 
Carcinoma (PTC) 

 Patients with PTC frequently have lymph node 
metastases at the time of initial diagnosis and less 
frequently during successive follow-up. Incidence 
of metastasis is reported to range between 15 and 
50 %, but microscopic metastases have been found 
in even up to 80 % of patients with PTC [ 10 ]. The 
thyroid gland has an extensive network of draining 
lymphatic vessels, both intraglandular and extrag-
landular [ 5 ,  9 ,  10 ]. Not surprisingly, the central 
neck compartment (level VI) is involved in approx-
imately 90 % of patients with metastatic PTC [ 10 , 
 11 ]; however, lateral and mediastinal compartment 
disease is also common [ 8 ,  9 ]. 

 The involvement of lateral lymph nodes varies 
between 51 and 100 % in different series, with the 
caudal compartments involved more frequently 
than the cranial compartments [ 12 ]. Supraclavicular 
lymph nodes are the third site involved in terms of 
frequency, with a reported rate ranging from 10 to 
52 % [ 11 ,  13 ]. Contralateral lymph node involve-
ment is not rare with an incidence of up to 18 % for 
PTC [ 13 ,  14 ]. Mediastinal lymph node involve-
ment, mostly the anterosuperior mediastinal lymph 
nodes, is less frequent at 1.9–15 % [ 11 – 13 ]. 

 The distribution of locoregional lymph node 
involvement is poorly correlated to the site of the 
primary thyroid tumour. Even when the tumour is 
located in the upper third of the thyroid lobes, the 
subdigastric lymph nodes are often involved. 
Tumours located in the isthmus may cause bilateral 
cervical metastases with major risk of nodal recur-

I.M. Boschin et al.



185

rence on the contralateral neck side. The size of the 
primary tumour seems to have some importance: 
lymph node metastases in PTC <10 mm are usually 
found in the paratracheal area and rarely in the 
jugular nodes [ 8 ,  9 ]. It is important to mention that 
the reported incidence of regional lymphatic metas-
tases identifi ed in PTC patients varies according to 
the extent of nodal dissection performed [ 5 ,  15 ].  

12.1.3     Prognostic Signifi cance 
of Lymph Node Metastases 
in PTC 

 Surgical treatment is considered as the most 
effective therapy for patients with PTC. It remains 
controversial whether a prophylactic lymph node 
dissection improves the prognosis of PTC 
patients and whether the lymph node status pre-
dicts patient survival in PTC [ 4 ,  7 ,  10 – 13 ,  15 ]. 
Locoregional lymph node metastases of PTC are 
characterized by a worse prognosis, and exten-
sive resection can improve the outcome of these 
patients. Some authors reported that nodal 
involvement has little infl uence on long-term sur-
vival of PTC patients, which is in contrast with 
other reports that found the presence of cervical 
lymph node metastases related to a worse prog-
nosis due to an increased prevalence of locore-
gional recurrences; moreover, the fi nding of 
extracapsular invasion of lymph node metastases 
has been reported to be an indicator for the 
 development of distant metastases and poor 
 outcome [ 16 ,  17 ].  

12.1.4     Surgical Techniques 
for Staging Neck in PTC 

 Currently, the extent of lymph node dissection is 
based predominantly on the histological type, 
stage of the primary tumour and the preoperative 
knowledge of lymph node involvement [ 18 ,  19 ]. 
In the presence of gross lymph node involve-
ment, there is no debate about the need and prog-
nostic benefi t of a neck dissection in addition to 
total thyroidectomy. On the other hand, the man-
agement of a clinical N0 status node is generally 
much more conservative [ 4 – 7 ,  15 ]. 

 In the absence of evidence favoring of routine pro-
phylactic neck dissection, some surgeons perform 
“node picking”; while others perform lymphadenec-
tomy of the ipsilateral central compartments. A more 
aggressive approach of routine prophylactic neck dis-
section has been suggested by some surgeons for 
PTC clinically lymph node negative patients second-
ary to the known high rate of occult micrometastatic 
disease in up to 80% of such PTC patients and the 
higher rate of locoregional recurrence  of such 
patients who did not previously undergo routine pro-
phylactic neck dissection [ 4 – 7 ,  15 ]. However, a gen-
eral dissection of the central compartment may cause 
complications such as a damaged recurrent laryngeal 
nerve or higher hypoparathyroidism rates [ 7 ] and 
leads to overtreatment in patients with negative 
lymph nodes. The SLN procedure can avoid unnec-
essary lymph node dissection and reduce morbidity 
[ 7 ], identifying PTC patients with positive lymph 
nodes even if non-palpable or with a negative ultra-
sound (US) from true negative patients.   

12.2     Methods of Sentinel Lymph 
Node Biopsy in PTC 

12.2.1     Vital Blue Dye Technique 

 Early attempts of thyroid cromo- lymphoscintigraphy 
employed chlorophyll and Lipiodol UF in DTC, 
demonstrating the feasibility of the “sentinel lymph 
node concept” by showing coloured nodes to har-
bour metastasis [ 7 ]. Several studies have evaluated 
the vital blue dye technique for identifi cation of the 
SLN in PTC [ 20 – 45 ] (Table  12.1 ).

   At the time of surgery, the vital blue dye is 
injected intratumorally or around the tumour 
using a tuberculin syringe (Fig.  12.1 ). It is 
important not to mobilize the thyroid gland 
before blue dye injection to secure intact lym-
phatic drainage. The blue dye can usually be 
seen within seconds, sometimes only after 
1–2 min, passing through lymphatic vessels 
towards the SLN (Fig.  12.2 ). Blue-stained 
lymph nodes are then resected with extreme 
caution to avoid accidental removal of parathy-
roid glands that can also be blue coloured. 
After removal, the SLNs are submitted to his-
topathology for frozen section analysis. 

12 Radioguided Sentinel Lymph Node Mapping and Biopsy in Thyroid Cancer 
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Disadvantages of the vital blue dye technique 
include the following: (1) risk of disruption 
and interruption of the lymphatic channels 
from the nodule, (2) diffi culties in identifying 
SLN lying outside the central compartment; 
(3) need to identify the parathyroid glands 
prior to injection as they also take up the blue 
dye and (4) the technique is sometimes diffi -
cult and requires experience.

12.2.2         Lymphoscintigraphy 
and Intraoperative Gamma 
Probe Technique 

 To overcome some of these drawbacks, the use 
of preoperative lymphoscintigraphy with 

radiocolloids and intraoperative gamma probe 
detection was introduced (Table  12.2 ). 
Lymphoscintigraphy is an excellent method to 
visualize the lymphatic pathways and the 
SLN. It offers numerous  important advantages 
compared to the vital blue dye technique: (1) 
preoperative injection of radiopharmaceutical 
eliminates risk of lymphatic disruption during 
operation, (2) it allows identifi cation of SLN 
located outside the central compartment and 
(3) there is no physiological uptake in the para-
thyroid glands.

   Current techniques use intranodular injection 
of 15–37 MBq  99m Tc nanocolloid particles (par-
ticle size 20–80 nm) in a volume of 0.1–0.5 ml of 
saline. US-guided injection of the radionuclide is 
useful in small nodules located deep in the thy-
roid lobe (Fig.  12.3 ). Peritumoral injection should 
be avoided because of the high density of blood 
vessels in the thyroid gland with the risk of radio-
colloid spillage outside the gland. Lymphatic 
drainage from the thyroid gland is visualized by 
dynamic images (1 frame per 15s, 64 × 64 matrix) 
in the anteroposterior projection for up to 10 min 
after injection. Longer acquisition times have 
been proposed (Fig.  12.4 ). Additional 5-min 
static images in anterior, lateral, and oblique 
views are usually obtained (256 × 256 matrix) for 
up to 1–3 h post injection or until adequate accu-
mulation of the radiocolloid in the SLN is 
obtained. Surface localization of the SLN is 
marked with a water-resistant dye.

    After a variable time interval (2–24 h), the 
patient is taken to the operating room for a total 
or near-total thyroidectomy. Following the 
removal of the thyroid tissue, a handheld colli-
mated gamma probe is used to scan the central 
compartments (through the incision) and the lat-
eral compartments (through skin surface) for 
“radioactive” lymph nodes (Fig.  12.5 ). SLN 
detection has been reported to be feasible up to 
24 h post injection. A lesion-to-background ratio 
of 2:1 or greater is signifi cant for SLN 
 identifi cation, although a smaller threshold level 
of 10 or 20 % is acceptable in breast cancer and 
melanoma.

   The SLN(s) is (are) selectively excised, and 
the activity of the lymphatic bed is monitored 

  Fig. 12.1    The intranodular injection of vital blue dye at 
surgery       

  Fig. 12.2    The evidence of the lymphatic drainage by the 
vital blue dye at surgery       
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with the handheld gamma probe to verify com-
pleteness of surgical removal (Fig.  12.6 ). It is 
important to emphasize that the thyroidectomy 
must precede SLN detection to avoid interference 
from radioactivity in the primary tumour. Finally, 
the SLN(s) is (are) sent for histopathology to 
screen for occult metastasis.

12.2.3        Combination of Vital Blue Dye 
and Lymphoscintigraphy 
and Intraoperative Gamma 
Probe Techniques 

 The combination of vital blue dye, lymphoscin-
tigraphy, and intraoperative gamma probe tech-
niques was described fi rst in 2001 by Catarci 
et al. in 6 PTC patients (Table  12.3 ) [ 58 ]. They 
performed an intratumoral injection of 0.1 ml 
 99m Tc-labelled colloidal albumin to visualize the 
SLN 2 h prior to surgery. At surgery, 0.1 ml per 
cm tumour diameter of Blue Patent V (2.5 %) 
was injected directly into the tumour, identifi ed 
without dividing any structure in order to pre-
serve the lymphatic drainage.

   The SLN was identified by the flow and 
accumulation of the blue dye and the handheld 
gamma detection probe. SLN(s) was (were) 
correctly identified in all cases, suggesting 
that these techniques have a complementary 
role.   

  Fig. 12.3    The ultrasound-guided intranodular injection 
of  99m Tc nanocolloid before surgery       

A

B

  Fig. 12.4    An image at lymphoscintigraphy.  A : the injec-
tion site,  B : the SLN       

  Fig. 12.5    The localization of the SLN at surgery       

  Fig. 12.6    After the SLN is excised, the activity of the 
lymphatic bed is monitored with the probe to verify com-
pleteness of surgical extirpation       
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12.3     Summary of Available 
Studies 

12.3.1     Data Collection 

 A PUBMED search was performed on 20 January 
2015 for the MeSH headings “sentinel lymph 
node biopsy” and “thyroid carcinoma”. All origi-
nal articles (retrospective and prospective) that 
examined the SLN techniques in human thyroid 
carcinoma were reviewed. The full text versions 
of the studies were obtained for further detailed 
evaluation. 

 Articles were subdivided depending on the 
technique used for SLN detection: group 1 
included articles describing the vital blue dye 
technique, group 2 consisted of articles evaluat-
ing lymphoscintigraphy with radioisotopes and 
group 3 contained manuscripts involving both 
techniques for SLN detection. Extracted data 
included number of patients; preoperative diag-
nosis; postoperative diagnosis; SLN technique, in 
particular use of vital blue dye, isotope or both; 
volume and concentration; site of injection; time 
of injection; SLN detection rate; and metastatic 
SLN rate. 

 Reviews and letters were excluded [ 7 ,  59 – 63 ]. 
To avoid duplication of patient data in this chap-
ter, multiple articles from the same authors and 
institutions were evaluated carefully for possible 
duplication. If this was thought likely, only the 
most recent article was included. Moreover, we 
excluded the studies of Saliba et al. and Maniakas 
et al. [ 64 ,  65 ] as they did not report the SLN 
technique. 

 Saliba et al. performed a retrospective chart 
review of 96 low-risk PTC patients who under-
went a total thyroidectomy including SLN proce-
dure. Patients with a negative SLN had a 
signifi cantly lower postoperative thyroglobulin 
(Tg) level [ 64 ]. Maniakas et al. included 311 
patients undergoing a total thyroidectomy and 
SLN biopsy for well-differentiated thyroid carci-
noma in their retrospective chart review. Younger 
age (<45 years) and higher T category were 
found to be associated with a higher rate of posi-
tive SLNs [ 65 ].  

12.3.2     Results of Studies 

 A total of 41 articles about SLN detection in thy-
roid carcinoma provided valuable information. 
Twenty-six studies reported on vital blue dye, 12 
on SLN detection with radioisotopes and 3 on a 
combination of both techniques. The correspond-
ing studies are summarized in Tables  12.1 ,  12.2 , 
and  12.3  accordingly. 

12.3.2.1     Vital Blue Dye Technique 
 In the 26 studies [ 20 – 45 ] evaluating vital dye for 
SLN detection, the patient number ranged 
between 9 [ 29 ] and 300 [ 43 ]. Further information 
including the preoperatively suspected diagnosis, 
the type of vital blue dye employed, the injected 
volume and injection technique are displayed in 
Table  12.1 . The SLN was successfully visualized 
in a range between 0 % [ 29 ] and 100 % [ 20 ]. The 
SLN was positive for metastases in a range 
between 14 % [ 43 ] and 86 % [ 44 ].  

12.3.2.2     Lymphoscintigraphy 
and Intraoperative Gamma 
Probe Technique 

 Table  12.2  summarizes the studies employing 
radioisotope-guided SLN technique [ 15 ,  42 ,  46 –
 57 ] displaying in more detail the number of 
patients studied, the preoperative diagnosis and 
injection techniques. The SLN was successfully 
detected in a range of 64 % [ 51 ] to 100 % [ 15 , 
 46 – 49 ,  56 ,  57 ] with corresponding detection 
rates of 64–100 % for intratumoral injection and 
91–100 % for peritumoral injection, respectively. 
The identifi ed SLN was positive for tumour cells 
in a range of 16 % [ 55 ] to 100 % [ 47 ].  

12.3.2.3     Combination of Vital Blue Dye 
and Lymphoscintigraphy/
Intraoperative Gamma 
Probe Techniques 

 Only three studies were reported on the com-
bined use of vital blue dye and lymphoscintigra-
phy/intraoperative gamma probe techniques for 
SLN detection in thyroid carcinoma [ 34 ,  38 ,  58 ]. 
Corresponding patient numbers, preoperative 
diagnosis, the type of vital blue dye employed as 
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well as injection technique and volumes are sum-
marized in Table  12.3 . In all three studies, the 
detection rate of the SLN was very high with 
98 % [ 34 ] and 100 % [ 38 ,  58 ], respectively. 
Percentage of tumour-positive SLNs ranged 
between 50 % [ 34 ] and 67 % [ 58 ].    

12.4     Current Status of Sentinel 
Lymph Node in Thyroid 
Cancer 

 The SLN technique is well standardized in 
melanoma and breast cancer, providing impor-
tant information for patient treatment [ 7 ,  59 ]. 
The application of the SLN technique in DTC 
was fi rst proposed 17 years ago by Kelemen 
et al. [ 20 ]. Since then the value of SLN in thy-
roid cancer including indications, benefi ts and 
limitations has been controversially discussed 
[ 59 ,  60 ]. Identifi cation of the SLN is of partic-
ular value in PTC, as this tumour predomi-
nantly metastasizes lymphogenous, in contrast 
to the predominantly hematogeneous dissemi-
nation of FTC. Identifi cation and resection of 
the SLN allow for the detection of microscopic 
metastatic disease, thus potentially reducing 
patient morbidity by avoiding unnecessary 
complete nodal dissection [ 59 – 63 ]. A topic of 
controversy is the prognostic signifi cance of 
lymph node involvement in PTC and therefore 
whether accurate SLN detection is worthwhile 
and also questioning the indication of prophy-
lactic lymphadenectomy of the central neck 
compartment [ 60 – 62 ]. 

 SLN detection can be performed using vital 
blue dye, radioisotope-based lymphoscintigra-
phy and gamma probe detection as well as by the 
combined use of both techniques. Various studies 
reported in the literature have shown the isotopic 
procedure to be more precise (95–100 %) for 
SLN localization compared to vital blue dye (80–
90 %); however, the isotopic procedure also has 
detractors [ 59 – 62 ]. In respect to feasibility and 
accuracy, preoperative lymphoscintigraphy and 
intraoperative gamma probe offer important 
advantages over the vital blue dye technique: (i)

the injection of the radiopharmaceutical is done 
preoperatively, therefore eliminating disruption 
of the lymphatic vessels during the initial dissec-
tion; (ii) the use of the radiolabelled material per-
mits to disclose the SLN that lies outside the 
central compartment; and (iii) there is no false-
positive staining of the parathyroid glands. After 
identifi cation, SLNs are selectively excised, and 
the activity of the lymphatic bed is assessed with 
the handheld gamma probe to verify background 
activity only within the resection bed after com-
pletion of the SLN biopsy procedure. Some 
authors have suggested that a combination of 
both procedures provides an even better yield 
[ 34 ,  38 ,  58 ]. 

 Non-visualization of the lymphatics and of the 
SLN has been described for both techniques [ 59 –
 63 ]. Potential explanations include lymphatic 
disruption during resection of the thyroid nodule, 
blockage of lymphatics by tumour or lymphatics, 
leading to a non-accessible site such as a retro- 
oesophageal or retrothyroid location. SLNs may 
occasionally be located in areas that are relatively 
inaccessible via a collar incision; this has been 
reported for both the radioisotope and the blue 
dye techniques [ 34 ,  38 ,  58 ]. Specifi c for the 
radioisotope technique is the requirement to 
remove the thyroid gland before identifi cation of 
the SLN, because of the so-called “shine- 
through” effect. This is due to the close proximity 
of the central neck compartment lymph nodes to 
the thyroid nodes to the thyroid nodule where the 
radioisotope is injected. 

 The “shine-through” effect is especially prob-
lematic in the central neck compartment where 
the lymph nodes are located in close proximity to 
the thyroid. The “shine-through” phenomenon is 
also well known from SLN biopsy in oral cancers 
with reduced identifi cation rates in fl oor of the 
mouth tumours due to the location of the SLNs in 
close vicinity of the injection site [ 66 ,  67 ]. 
Therefore, hybrid tracers [ 68 ], more specifi c 
radioactive tracers [ 69 ], intraoperative gamma 
cameras [ 70 ], and intraoperative 3D imaging [ 71 ] 
have been investigated and a multimodality 
approach, including preoperative hybrid imaging 
(SPECT/CT), has been  proposed [ 72 ]. No cor-
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responding studies are so far available for DTC, 
but these new approaches may also solve the 
“shine-through” problem in thyroid cancer. A 
limitation of the radioactive technique is the fact 
that in the majority of countries, the intraopera-
tive use of radioactivity requires the existence of 
a Nuclear Medicine Unit and/or the presence of a 
nuclear medicine physician at surgery. 

 This chapter demonstrates that there is suffi -
cient preliminary evidence to suggest the more 
rigorous use of the SLN technique in thyroid can-
cer. The utilization of SLN biopsy for PTC 
patients allows one to identify lymph node metas-
tases more readily than based upon preoperative 
clinical exam [ 59 – 63 ]. Therefore, a controlled, 
randomized clinical trial evaluating the effi cacy 
of SLN biopsy for identifying lymph node metas-
tases in PTC patients and its resultant impact on 
management and long-term patient outcome 
seems warranted.     
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   Abstract  

  Radioguided parathyroidectomy is a helpful 
tool in the armamentarium of parathyroid 
surgeons and is applicable to nearly all 
patients. This chapter outlines the clinical 
utility of this method and provides an outline 
for appropriate patient selection. We also 
highlight many of the potential advantages of 
a radioguided approach, paying special atten-
tion to  pediatric and geriatric patients as well 
as focusing on challenges particular to para-
thyroid surgery including ectopically located 
glands, a history of previous neck explora-
tion, and parathyroid carcinoma. Focused 
detail is provided on the technical aspects of 
employing a radioguided approach, and we 
share practical pearls as well as discuss pre- 
and postoperative care for these patients. 
Lastly, we provide three clinical case exam-
ples in which a radioguided approach to 
parathyroidectomy was benefi cial.  
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13.1          Introduction 

 The surgical management of primary hyperpara-
thyroidism (PHPT) is shifting to a focused, more 
minimally invasive approach from routine bilat-
eral neck dissection [ 1 ]. As such, multiple tools 
have been developed to aid this focused approach 
both preoperatively and intraoperatively. These 
tools include improved imaging techniques to 
identify and localize parathyroid adenomas prior 
to surgery, rapid intraoperative parathyroid hor-
mone (ioPTH) measurements to indicate ade-
quate removal of hyper-functioning parathyroid 
tissue, and the detection of technetium 99m ses-
tamibi within the pathologic parathyroid gland(s) 
[ 2 ,  3 ]. These adjuncts have become particularly 
useful in the parathyroid surgeon’s armamentar-
ium and are often used for both directed and four- 
gland explorations. Radioguided parathyroid 
surgery is when technetium 99m sestamibi is 
used on the day of surgery for parathyroid gland 
detection. 

 Technetium 99m sestamibi was initially used 
in cardiac imaging due to its ability to concentrate 
in mitochondrial-rich tissues [ 4 ]. During the ini-
tial years of use, fi ndings of “hot spots” in the 
neck were described. These patients were noted to 

have PHPT, with adenomas located in the areas 
corresponding to the areas of increased activity. 
Recently, it has been confi rmed the mechanism of 
sestamibi uptake in enlarged human parathyroid 
tissue is indeed associated with mitochondria 
function [ 5 ]. Coakley fi rst described the use of 
technetium 99m sestamibi for preoperative local-
izing imaging in parathyroid surgery in 1989 [ 6 ]. 
The fi rst report of using a gamma probe to aid in 
intraoperative detection of parathyroid tissue was 
by Ubhi in 1984 [ 7 ], who employed the use of 
thallium chloride-201. Currently, technetium 99m 
is the most popular choice for intraoperative para-
thyroid localization. The fi rst use of technetium 
99m alone for intraoperative parathyroid localiza-
tion using a gamma probe was reported in a small 
case series by Martinez in 1995 [ 8 ]. Over the next 
decade, this isotope was further adapted for intra-
operative use, to employ gamma rays to guide dis-
section and confi rm the etiology of resected tissue 
[ 9 – 11 ], and this technique continues to be used 
today [ 12 ]. A selected overview of the current lit-
erature on radioguided parathyroidectomy is 
shown in Table  13.1 . Several early studies on the 
use of radioguided techniques included only 
PHPT patients who were successfully localized 
preoperatively. With increasing familiarity with 

     Table 13.1    Selected overview of the current literature on radioguided parathyroidectomy   

 Group 
 (year)  Inclusion criteria 

 Patient 
number 

 Dose of Tc 
99m 

 Additional 
adjuncts  Success rate a   Findings 

 Flynn [ 13 ] 
 (2000) 

 1HPT, 
untreated, 
recurrent, or 
persistent 

 39  20 mCi  Methylene 
blue, 
 ioPTH 

 89 %  MIRP decreases operative 
time, hospital LOS, and 
cost 
 Inability to localize 
abnormal gland with 
probe in patients with 
inconclusive or negative 
preoperative localization 
scans 

 Goldstein 
[ 14 ] 
 (2000) 

 1HPT, positive 
delayed scans 
prior to surgery 

 20  20 mCi  Frozen 
section 

 20/20 (100 %)  MIRP decreases operative 
time, hospital LOS, and 
cost 

 McGreal 
[ 15 ] 
 (2001) 

 1HPT  75  20 mCi  –  73/75 (98 %)  MIRP is a feasible 
alternative to bilateral 
dissection, allowing 
guided dissection and 
rapid confi rmation 
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Table 13.1 (continued)

 Group 
 (year)  Inclusion criteria 

 Patient 
number 

 Dose of Tc 
99m 

 Additional 
adjuncts  Success rate a   Findings 

 Shabtai [ 16 ] 
 (2003) 

 1HPT, excluded 
suspected MGD 

 140  15 mCi  Frozen 
section, 
 ioPTH 

 137/140 
 (98 %) 

 Success of MIRP for 
single-adenoma patients 
comparable to bilateral 
exploration 

 Takeyama 
[ 17 ] 
 (2004) 

 1HPT and 
 2HPT 

 27  5.4 mCi  Frozen 
Section 

 1HPT: 
 9/10 (90 %) 
 2HPT: 
 13/17 (76.5 %) 

 Intraoperative probe 
effective for 1HPT and 
2HPT and facilitate 
surgery for 2HPT 

 Rubello [ 18 ] 
 (2005) 

 1HPT, solitary 
adenoma found 
on preoperative 
imaging 

 277  1–3 mCi  ioPTH  268/277 
(96.8 %) 

 Low-dose Tc 99m is safe 
and effective in MIRP 
 Use of ioPTH can 
facilitate intraoperative 
detection of multigland 
parathyroid disease 

 Caudle [ 19 ] 
 (2006) 

 1HPT, localized 
on preoperative 
imaging 

 140  10 mCi  Frozen 
Section 

 135/140 
(96.5 %) 

 MIRP obviates ioPTH in 
well-localized patients, 
but benefi cial to 
non-localized patients 

 H. Chen [ 20 ] 
 (2009) 

 1HPT  769  10 mCi  ioPTH  757/769 
(98 %) 

 Radioguided technique 
equally effective in 
patients with negative 
preoperative localization 
 Probe helps detect 
ectopically located 
parathyroid glands 

 Norman [ 21 ] 
 (2009) 

 1HPT, excludes 
MEN patients 

 5,000  20–
25 mCi 

 –  4960/5000 
 (99.2 %) 

 Probe allows accurate and 
very rapid feedback of 
parathyroid physiology 
prior and/or after 
resection 

 Pitt [ 22 ] 
 (2009) 

 1HPT, 2HPT, 
3HPT with 
prior neck 
surgery 

 110  10 mCi  ioPTH  106/110 
(96 %) 

 Radioguided technique is 
safe and effective in the 
reoperative neck with 
similar cure rates as seen 
with initial 
parathyroidectomy 

 J. Chen [ 23 ] 
 (2014) 

 2HPT  25  20 mCi  –  24/25 (96 %)  Radioguided localization 
improves success rate of 
patients undergoing 
parathyroidectomy for 
2HPT 

 Somnay [ 24 ] 
 (2015) 

 3HPT, no 
previous neck 
surgery 

 80  10 mCi  ioPTH  80/80 (100 %)  Probe reliably localizes 
abnormal parathyroid 
tissue, including 
ectopically located glands 

   1HPT  primary hyperparathyroidism,  Tc 99m  technetium 99m,  mCi  millicurie,  ioPTH  intraoperative parathyroid hor-
mone,  MIRP  minimally invasive radioguided parathyroidectomy,  LOS  length of stay,  MGD  multiglandular disease, 
 2HPT  secondary hyperparathyroidism,  3HPT  tertiary hyperparathyroidism 
  a Success rate = ability of radioguided technique to identify gland(s) of interest  
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this technique, a radioguided approach has been 
expanded to include all patients with hyperpara-
thyroidism regardless of preoperative localization 
status.

13.2        Patient Selection 

 Before proceeding with radioguided parathyroid 
surgery, one must consider the additional cost of 
the isotope injection as well as the signifi cant 
coordination and cooperation required between 
various hospital departments. Patients arrive to 
the preoperative holding area on the day of sur-
gery; however, injections usually take place in 
nuclear medicine, optimally around 60–90 min 
prior to surgery [ 25 ]. Communication between 
preoperative holding, nuclear medicine, and the 
surgical team is paramount to ensure timeliness of 
travel between departments and the isotope 
administration. If the patient is taken to the 
 operating room too soon after injection, there may 
not be enough of a differential within the tissues 
to direct dissection. If you wait too long after 
injection, counts may become too weak to pro-
vide useful information. We have found that by 
routinely employing the radioguided technique, 
the teams involved develop familiarity with the 
workfl ow which helps to facilitate the process. 

13.2.1     Primary Hyperparathyroidism 

 The vast majority of patients undergoing radiogu-
ided parathyroidectomy have a diagnosis of pri-
mary hyperparathyroidism (PHPT). Regardless 
of preoperative sestamibi results or suspicion for 
a single-gland versus multigland disease, the use 
of technetium 99m on the day of surgery can pro-
vide helpful guidance in the operating room [ 9 , 
 20 ] Table  13.1 . When performing a parathyroid-
ectomy, the gamma probe provides the surgeon 
with immediate feedback that the excised tissue 
is parathyroid in origin, rather than lymph node, 
fat, thymus, or thyroid nodule [ 11 ]. This avoids 
the need to obtain a frozen section and hence can 
decrease total operative time.  

13.2.2     Secondary and Tertiary 
Hyperparathyroidism 

 Patients diagnosed with secondary or tertiary 
hyperparathyroidism generally have diffuse 
parathyroid gland hyperplasia due to long-
standing renal disease or other disorders of cal-
cium metabolism. While the underlying 
etiology of hyperplasia differs between these 
patients and those with PHPT, the concentra-
tion of sestamibi within the glands is equiva-
lent. For patients with secondary and tertiary 
hyperparathyroidism, the operative procedure 
of choice is bilateral neck exploration with 
either a subtotal or total parathyroidectomy. As 
both sides of the neck are to be explored, these 
patients often do not undergo preoperative 
imaging localization. These patients however 
often have supernumerary glands, and the 
probe is useful to ensure additional areas of 
increased activity are identifi ed and removed 
[ 24 ,  26 ] (Table  13.1 ).  

13.2.3     Contraindications 
to a Radioguided Approach 

 There are few contraindications to radioguided 
parathyroidectomy. Pregnancy at the time of 
parathyroidectomy is rare, and though not by 
itself a contraindication, the International Atomic 
Energy Association advocates for a strong justifi -
cation and exploration of alternative techniques 
prior to use of nuclear medicine techniques in 
this population [ 27 ]. As with any medication, 
patients who suffer an allergic reaction as a result 
of isotope injection should also not have this 
approach. Though the exact dose limitation for 
technetium 99m is unknown, patients felt to have 
large amounts of previous exposure based on 
annual radiation exposure limitations set forth by 
the United States Nuclear Regulatory 
Commission [ 28 ] should not undergo the proce-
dure. Relative contraindications include recent 
diagnostic imaging with technetium 99m, as it 
may take over 3 days to completely clear the iso-
tope from circulation and reinjection will lead to 
equivocal results.   
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13.3     Advantages 
of the Radioguided 
Approach 

 There are several advantages to radioguided para-
thyroidectomy. The method is equally effective in 
patients with negative preoperative localization 
[ 20 ] and allows a more focused skin incision. The 
dosing protocols for radioguided parathyroidec-
tomy are safe for both patients and the operative 
team [ 29 ,  30 ] (Table  13.2 ). Extremely high-vol-
ume centers may elect to cover the patient with a 
lead blanket to minimize the cumulative exposure 
to the operating room staff [ 21 ]. The radioguided 
approach is also especially helpful in the clinical 
situations described below.

13.3.1       Pediatric and Geriatric 
Patients 

 Radioguided parathyroidectomy has been stud-
ied at both extremes of age [ 31 ,  32 ], as poten-
tially decreasing the extent of resection is 
advantageous in these populations. The dose of 
technetium 99m sestamibi administered must be 
adjusted for pediatric patients, and lower dose 

protocols have been investigated for patients of 
all ages [ 33 ]. Regardless of technique, age should 
not be a deterrent of surgical management for 
PHPT. In the hands of an experienced, high- 
volume surgeon, excellent outcomes can be 
achieved at all ages [ 34 – 40 ].  

13.3.2     Ectopic Glands 

 When a missing gland is encountered during a 
four-gland exploration, or a supernumerary gland 
is suspected, in vivo counts with the gamma probe 
can detect glands in ectopic locations such as the 
retroesophageal groove and carotid sheath [ 41 ,  42 ]. 

 When a patient is noted to have a mediastinal 
gland on preoperative imaging, there is a laparo-
scopic gamma probe that provides excellent 
guidance for dissection of the mediastinum dur-
ing video-assisted thoracoscopy (VATS) [ 43 ,  44 ]. 
VATS is a minimally invasive alternative to open 
midline sternotomy and the probe additionally 
can provide measurements ex vivo which can 
immediately confi rm a parathyroid adenoma 
within the excised specimen.  

13.3.3     Obesity 

 Obesity is an operative challenge to all surgeons, 
and the neck is no exception. Excessive amounts 
of subcutaneous fat and tissue may limit the 
quality of preoperative imaging, although sev-
eral studies have shown equivalent performance 
of ultrasound and sestamibi when the studies are 
of high quality [ 45 – 47 ]. The large amount of soft 
tissue in the neck also obscures visualization and 
may necessitate a larger incision for adequate 
exposure [ 47 ]. In this diffi cult population, a 
radioguided approach can improve gland detec-
tion within a limited fi eld and discern parathy-
roid tissue from surrounding neck structures. 
Lastly, the weight of a large amount of soft tissue 
may raise concerns of perioperative airway 
safety and management [ 45 ,  47 ]. Radioguidance 
by potentially minimizing the total operative and 
thus anesthesia time can aid in mitigating these 
concerns.  

   Table 13.2    Radiation exposure to surgeon and staff dur-
ing radioguided parathyroidectomy, reported monitoring 
threshold dose limit in accordance with the US Nuclear 
Regulatory Commission [ 28 ]   

 OR team 
member 

 Exposure 
per case 
 (mrem) 
[ 29 ] 

 Number of 
cases to 
reach 
monitoring 
threshold 
(adult) a  

 Number of 
cases to 
reach 
monitoring 
threshold 
(minor or 
pregnancy) b  

 Surgeon or 
fi rst assistant 

 0.80  625  125 

 Anesthesia 
team 

 0.11  4545  909 

 Scrub nurse 
or medical 
student 

 0.46  1087  217 

   OR  operating room,  mrem  millirem 
  a Annual monitoring threshold for an adult = 500 mrem/
year 
  b Annual monitoring threshold for minors and pregnant 
women (throughout duration of pregnancy) = 100 mrem/year  
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13.3.4     Reoperative Neck 

 Patients with persistent/recurrent disease or 
extensive previous cervical operations are chal-
lenging due to dense scarring and disrupted tis-
sue planes. In addition parathyroid adenomas 
may be displaced from the typical locations as a 
result of previous exploration [ 22 ,  48 ]. For these 
reasons, precise localization is needed for opti-
mal success [ 49 ]. This can perhaps be achieved 
via preoperative imaging. However, intraopera-
tive detection with the gamma probe can limit the 
fi eld of dissection minimizing the amount of 
exploration through scar tissue helping to keep 
critical structures of the neck safe.  

13.3.5     Forearm Grafts 

 Extensive parathyroid resection via subtotal or 
total parathyroidectomy is indicated in familial 
causes of primary hyperparathyroidism, second-
ary hyperparathyroidism, and occasionally ter-
tiary hyperparathyroidism. These patients have 
an ongoing physiologic stimulus to the remnant 
parathyroid tissue or a genetic alteration leading 
to persistent proliferation and residual tissue can 
become hyperplastic over time. Many of these 
patients have forearm grafts, not only to differen-
tiate recurrent disease in the neck from graft 
hyperplasia but also to allow ease of access dur-
ing reoperation. If the graft locations are not 
clearly marked by clips or permanent suture at 
the time of graft placement, fi nding these grafts 
within the forearm musculature can be diffi cult 
[ 26 ]. Several groups have described the success 
of using radioguidance to aid in the resection and 
debulking of forearm grafts [ 50 – 52 ].  

13.3.6     Parathyroid Carcinoma 

 Though rare, parathyroid carcinoma commonly 
invades adjacent structures [ 53 ]. When parathy-
roid carcinoma is suspected or recognized, en 
bloc resection without disruption of the tumor 
capsule is critical in decreasing the incidence of 
local seeding. These deposits often vary in size 

and location at reoperation, and the gamma probe 
can help direct the surgeon to these residual areas 
and limit the degree of dissection through scar 
tissue [ 54 ].   

13.4     Performing a Radioguided 
Parathyroidectomy 

13.4.1     Preoperative Preparation 

 On the day of surgery, the patient will undergo 
injection of technetium 99m through a 
 peripherally placed intravenous catheter. Dosing 
protocols vary greatly ranging from 1 millicurie 
(mCi) to 25 mCi [ 9 ,  21 ,  31 ,  33 ]. Lower dosing 
protocols require a shorter time interval between 
injection and operation, while higher doses allow 
for both diagnostic imaging and a longer time 
frame before surgery [ 21 ,  33 ]. We favor a mid-
range dose of 10 mCi for adult patients to be 
injected approximately 60 min prior to surgery 
with no nuclear imaging the day of surgery [ 9 ]. 
Again, coordination within your healthcare sys-
tem is of utmost important to ensure timeliness 
between injection and surgery. Routine use of 
this technique creates familiarity, therefore mak-
ing delays and disruptions less likely. 

 The same probe that is used for sentinel lymph 
node biopsies in breast and melanoma cases can 
be programmed to be used in radioguided para-
thyroidectomy surgeries. Care should be taken to 
coordinate with the operating room to ensure 
there is enough equipment for all.  

13.4.2     Operative Technique 

 The patient is positioned on the operating room 
table in a supine, modifi ed beach chair position 
with a shoulder roll placed to allow moderate 
hyperextension of the neck. The amount of 
radiation emitting from the patient is low and 
rapidly deteriorates with distance; therefore, 
no  particular safety precautions are necessary 
for the operating room staff [ 29 ,  30 ]. This pro-
cedure may be safely performed under local 
anesthesia, local anesthesia with monitored 
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anesthesia laryngeal mask, or general anesthe-
sia with an endotracheal tube based on patient, 
surgeon, and anesthesia preferences [ 21 ,  55 ]. If 
within your practice, an ultrasound for confi r-
mation of localization and incision planning 
can be performed at this time. 

 As previously mentioned, the same probe 
used for sentinel lymph node biopsies in breast 
and melanoma can be used in radioguided para-
thyroidectomy. We use a wireless collimated 
12 mm neoprobe Gamma Detection System 
with Bluetooth (Devicor Medical Products, Inc, 
Cincinnati, OH). The gamma probe is fi tted 
with a sterile covering for use within the opera-
tive fi eld. After the patient is appropriated 
prepped and draped, the probe is held over the 
thyroid isthmus to obtain measurements of 
background emissions for the thyroid (Fig.  13.1 ). 
In patients without clear localization prior to 
surgery, measurements can quickly be obtained 
in the bilateral upper and lower neck. Areas of 
increased counts correspond to the likely loca-
tion of enlarged glands and can guide the initial 
incision [ 11 ].

   After incision, the probe may be inserted into 
the wound as needed to confi rm the direction and 
depth necessary for dissection to identify the 
enlarged gland(s). This is especially important 
when looking for ectopic glands. Tissue suspi-
cious for parathyroid adenomas have counts 
measured in vivo prior to resection [ 56 ]. After 
excision, ex vivo counts are obtained as a per-

centage of the initial background value obtained 
(Figs.  13.2  and  13.3 ). The excised tissue is 
placed directly on the tip of the probe and impor-
tantly also held away from the patient to mini-
mize any patient background emissions. Tissue 
with counts of at least 20 % of the initial back-
ground measurement is consistent with parathy-
roid tissue, while adipose, lymph nodes, scar, 
and thyroid nodules will emit counts in the sin-
gle digits [ 11 ,  57 ].

    We strongly encourage patients undergoing a 
directed or focused parathyroidectomy to have 
additional confi rmation to ensure resection of all 
hyper-functioning tissue and to minimize the risk 
of persistent disease [ 21 ,  56 ,  58 ]. We therefore 
draw a baseline ioPTH prior to gland excision. 
Surgeons who routinely perform bilateral explo-
ration with radioguidance however may choose to 
omit the use of any additional adjuncts [ 59 ]. Once 
the offending glands have been excised, it is in our 
practice to obtain 5, 10, and 15 min postexcision 
measurements of ioPTH. Our benchmark for cure 
is based on the Miami criterion in which we dem-

  Fig. 13.1    Measuring background counts over the thyroid 
isthmus       

  Fig. 13.2    Excised specimen placed on the tip of the 
gamma probe to obtain ex vivo counts       
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onstrate a 50 % decline in ioPTH from baseline at 
any time point [ 56 ,  60 ]. 

 While waiting for the ioPTH results, we use 
this time to inject long-acting local anesthetic 
and proceed to closure of the wound. Once the 
ioPTH has returned to confi rm no additional 
exploration is required, the patient is awoken and 
taken to recovery room.  

13.4.3     Practical Pearls 

 The gamma probe measures emitted gamma 
rays based on the direction of the tip; therefore, 
the surgeon must be cognizant of the angle and 
direction of the tip when it is within the surgical 
incision. Increase background from the salivary 
glands, carotid arteries, heart, and liver can lead 
to false-positive readings. This is especially 
important when taking in vivo readings of the 
thymus and when looking for an upper medias-
tinal adenoma from a cervical incision. In addi-
tion, thyroid tissue has inconsistent uptake of 
the isotope in nodular disease. Taking measure-
ments on the targeted tissue from various differ-
ent angles optimizes the reliability of in vivo 
counts. Increased surgeon familiarity and con-
sistent use of the probe also ensure more 
dependable results.  

13.4.4     Postoperative Care 

 Patients can generally be discharged home from the 
recovery room after meeting criteria. All patients 
have a parathyroid hormone level drawn in the post-
anesthesia recovery area. Based on these results, 
patients are kept on oral calcium ± vitamin D sup-
plementation. They are also given clear instructions 
on the symptoms of hypocalcemia and what to do in 
the event these symptoms are experienced. Pain 
control is achieved with oral analgesia, and patients 
are advised to use topical ice packs to the anterior 
neck both for pain and to decrease swelling [ 61 ]. At 
the fi rst postoperative visit, serum calcium and 
parathyroid hormone (PTH) levels are rechecked to 
document resolution of PTH elevation and hyper-
calcemia. These levels also help dictate the patient’s 
clinical course in the event of hypocalcemia. An 
additional calcium and PTH should be checked at 6 
months after surgery to document cure.   

13.5     Case Examples 

13.5.1     Case 1 

 A quadriplegic male in his 30s with a permanent 
tracheostomy has a history of multiple urinary 
tract infections and nephrocalcinosis. He is 

  Fig. 13.3    Base unit displaying ratio of target (ex vivo) count over initial background count. In this instance the excised 
gland measured 28.4 % (56/197), meeting the 20 % rule diagnostic for parathyroid tissue       

 

I. Lou et al.



205

diagnosed with primary hyperparathyroidism 
but experiences a delay to surgery due to his 
multiple medical comorbidities including mor-
bid obesity with a body mass index over 40 kg/
m 2 . In the operating room, the patient had a very 
short neck and excessive soft tissue. The gamma 
probe was able to focus the area of dissection, 
especially in light of previous scar tissue from 
his tracheostomy, and identify his parathyroid 
adenoma. Cure was confi rmed with ioPTH. He 
recovered well from anesthesia and was dis-
charged in excellent condition.  

13.5.2     Case 2 

 A 39-year-old otherwise healthy schoolteacher is 
diagnosed with primary hyperparathyroidism, 
with negative preoperative localization studies. 
She is taken to the operating room and the gamma 
probe identifi es a hot area in a high cervical posi-
tion, several fi ngerbreadths above the traditional 
collar incision. A small 3 cm transverse incision 
is made high in the neck based on the area of 
highest intensity of the gamma probe. The patient 
was found to have an undescended parathyroid 
gland, which was successfully identifi ed and 
removed with the aid of the probe via a mini-
mally invasive incision.  

13.5.3     Case 3 

 A 52-year-old female has a history of parathyroid 
carcinoma and as a result has had four previous 
neck operations. She is found to have local recur-
rence of her cancer necessitating another neck 
exploration. In the operating room, she has exten-
sive scar tissue and obscured tissue planes. With 
the aid of the gamma probe, an area of high inten-
sity signal was localized and resected from sur-
rounding scar, both focusing and limiting the 
extent of dissection.   

    Conclusion 

 There are several intraoperative adjuncts in 
parathyroid surgery; however, the availability 
of these options varies. Radioguided parathy-

roidectomy is a helpful tool in the armamen-
tarium of parathyroid surgeons and is 
applicable to nearly all patients. With practice 
and repetition, optimal results can be achieved. 
Familiarity with all of the available tools 
increases surgeon adaptability and acumen.     
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   Abstract  

  Thyroid cancer is the most common endocrine 
malignancy. The most frequent subtypes are 
differentiated thyroid cancer arising from the 
thyroid follicular epithelial cells and medul-
lary thyroid cancer. The overall prognosis of 
patients with thyroid cancer is good, but more 
than one-third of patients experience recurrent 
disease. Patients with local recurrence in the 
thyroid bed or cervical lymph node metastases 
are usually treated with surgery, which may be 
complicated by the distorted anatomy due to 
total thyroidectomy and lymph node dissec-
tion for primary treatment. Especially in 
recurrent disease, exact localization of the dis-
eased tissue or nodes may help to reduce the 
extent of the operative procedure. In this chap-
ter the role of radioguided surgery for comple-
tion thyroidectomy in patients with 
differentiated and medullary thyroid cancer, 
and for reoperation in cases of recurrence, will 
be discussed; both iodine-guided and non- 
iodine- guided procedures will be considered. 

 Radioguided surgery is a very useful tool to 
administer minimal-invasive surgery in thy-
roid cancer.  
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14.1          Introduction 

 Thyroid cancer is the most common endocrine 
malignancy and in recent decades its incidence 
has increased worldwide. Nevertheless, thyroid 
cancer is rare [ 1 ]. In the United States only 1.0–
1.5 % of all newly diagnosed malignancies are 
cancer of the thyroid [ 2 ]. The incidence in Europe 
is about 6.3 per 100,000 people per year [ 3 ]. 
Ninety percent of thyroid malignancies arise 
from the thyroid follicular epithelial cells. The 
papillary subtype accounts for 85 % of cases, the 
follicular subtype accounts for 10 %, and the 
remainder are Hürthle cell cancer and oxyphil 
tumors [ 4 ]. Papillary thyroid cancer (PTC) and 
follicular thyroid cancer (FTC) show a good 
overall prognosis, with the 10-year survival rate 
exceeding 90 % in cases of PTC [ 5 ,  6 ]. In more 
than 30 % of patients, however, locoregional 
recurrence occurs; recurrence is particularly fre-
quent in patients with primary lymph node metas-
tases and is predictive of long-term survival 
[ 7 – 10 ]. Especially lymph node recurrence is 
associated with a poor prognosis and such dis-
ease cannot be eradicated in 30 % of patients [ 7 , 
 11 ]. Patients with medullary thyroid cancer and 
Hürthle cell thyroid carcinoma have an overall 
reduced disease-specifi c 10-year survival rate 
[ 12 ,  13 ]. 

 As most recurrences in thyroid cancer occur 
within the neck, radical surgery is usually the pre-
ferred treatment [ 4 ]; it can, however, be challeng-
ing since most patients will have undergone 
surgery as primary treatment, including total 
extracapsular thyroidectomy with or without 
lymphadenectomy of the central/lateral compart-
ment for cervical lymph nodes. Owing to the com-
plex and distorted anatomy of the cervical region 
and the presence of scar tissue with possibly tena-
cious adhesions and fi brotic tissue, reoperations 
are accompanied by a higher complication rate 
and are often diffi cult even for skilled surgeons. 
Accordingly, while the morbidity of thyroid sur-
gery is generally low, risks increase in cancer 
patients undergoing reoperative intervention for 
completion thyroidectomy or recurrence [ 14 ,  15 ]. 

 With a view to reducing the risks of reoperation 
and ensuring complete resection, the potential role 

of radioguided surgery in detecting and safely 
resecting residual or recurrent disease in patients 
with thyroid cancer has been investigated.  

14.2     Differentiated Thyroid 
Cancer: Completion 
Thyroidectomy 

 In DTC, radioguided surgery is mainly performed 
for sentinel lymph node biopsy [ 16 ,  17 ] and 
detection of locoregional recurrent disease. 
However, guidance of surgery with radiopharma-
ceuticals may also be benefi cial for completion 
of thyroidectomy after a subtotal thyroid resec-
tion due to a (multi)nodular goiter or an inciden-
tal fi nding of DTC in the histopathologic 
examination [ 18 – 22 ]. In patients with an inciden-
tal PTC of >1 cm or an FTC, reintervention with 
(near) total thyroidectomy is recommended 
because of the risk of multifocal PTC (up to 88 % 
of cases) and the need to reduce the likelihood of 
locoregional recurrence and improve overall sur-
vival [ 20 ,  23 – 25 ]. Furthermore, total resection of 
thyroid tissue is required for the radioiodine abla-
tion of thyroid bed remnants, facilitating postop-
erative follow-up. 

 It is to be borne in mind that reinterventions 
performed later than 24 h after the fi rst resection 
may be associated with an increased complication 
rate. For example, the risk of injury to the recur-
rent laryngeal nerve in patients with thyroid malig-
nancies rises from 0.3–3 % at initial surgery to 
2–30 % at reoperation [ 26 ]. The early postopera-
tive ultrasound for determination of remnant tissue 
might be misleading. The distinction between scar 
tissue and thyroid remnants may be diffi cult even 
for experienced surgeons. Therefore, radioguided 
completion thyroidectomy has been investigated 
by several groups. One group reported on the use 
of orally administered  131 I [ 21 ], while others have 
studied the potential value of intravenously 
injected  99m Tc- pertechnetate [ 18 – 20 ,  22 ,  27 ]. 
 99m Tc- pertechnetate is trapped by a nonspecifi c 
localization mechanism in thyroid tissue and max-
imal uptake is achieved 20–30 min later.  99m Tc-
pertechnetate is routinely used for diagnostic 
thyroid scintigraphy and is an  “optimal” tracer 
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because of the short half-life ( t  1/2  = 6 h) and the 
140-keV gamma photon emission, which can be 
easily detected by gamma cameras and probes. 
Furthermore,  99m Tc- pertechnetate is easily avail-
able and also cheap.

   The fi rst study was reported by Erbil et al. in 
2005 (Table  14.1 ).  99m Tc-based radioguided com-
pletion thyroidectomy was performed in 11 patients 
who had undergone surgery for benign nodular 
goiter and an incidental fi nding of DTC [ 19 ]. The 
feasibility of this approach was confi rmed in fur-
ther studies [ 13 ,  18 ,  20 ,  22 ] in which between 111 
and 185 MBq of  99m Tc-pertechnetate was intrave-
nously injected 5–10 min prior to surgery. All 
groups were spared preoperative scintigraphy. 

 For intraoperative localization of the thyroid 
remnant, the background activity has to be mea-
sured in addition to the counts in the region of 
interest. Aras et al. measured the counts over 10 s 
in the right, left, and pyramidal thyroid lobes and 
compared the count rates with the background 
activity measured over the strap muscles [ 18 ]. 
Karyagar et al. measured the background activity 
over the contralateral shoulder (non-injection 
arm) and performed three measurements over the 
thyroid bed on each side (upper, middle, and 
lower parts; each 10 s) [ 20 ]. Since physiologic 
uptake may be present in the adjacent salivary 
glands or thymus and may interfere with tumor 
detection, the probe tip should not be pointed at 
this region. In most studies, the tissue-to- 
background ratio has been calculated and suc-
cessful resection of thyroid tissue proved by 
comparing the ratio before and after tissue resec-
tion [ 19 ,  20 ,  22 ]. An ex vivo measurement of the 
resected tissue may also be helpful. Aras et al. 
proposed an exchange ratio calculated using the 

formula [(thyroid lobe region counts – back-
ground counts)/background counts × 100] [ 18 ]. 
Additional postoperative scintigraphy could 
serve as a reference to prove the success of com-
pletion thyroidectomy [ 18 ,  20 ]. 

 Using  99m Tc-pertechnetate, Aras et al. dem-
onstrated that the described radioguided proce-
dure facilitated the differentiation of functioning 
thyroid tissue from fi brotic and cicatricial tis-
sue. In their study the gamma probe failed to 
detect thyroid remnants in one out of 14 patients 
[ 18 ]. Karyagar et al. achieved complete resec-
tion in all but two patients, in whom tissue had 
to be left in order to avoid a recurrent nerve 
injury [ 20 ].  99m Tc-guided surgery helped to 
identify tumoral lesions in diffi cult and unex-
pected areas, for example, behind vascular 
structures or within sclerotic tissue, which could 
not be detected at presurgical evaluation. In 
none of the studies were specifi c or increased 
side effects observed compared with the con-
ventional approach [ 19 ,  27 ]. 

 In 2013 Proczko et al. published a study on 75 
patients with an incidental fi nding of DTC in sub-
total thyroidectomy, who were randomized to 
radioguided completion thyroidectomy ( n  = 43) 
or conventional completion thyroidectomy 
( n  = 32) [ 21 ]. They used the most thyroid-specifi c 
tracer, applying radioiodine ( 131 I) orally 90 min 
before surgery. The authors observed no impair-
ment in the therapeutic ablative radioiodine 
application, which is necessary for ablation of 
remaining thyroid tissue and for diagnostic scin-
tigraphy, performed 6 weeks after surgery. 

 The results of these studies using  131 I and 
 99m Tc-pertechnetate are promising and suggest 
that the approach may reduce the risk of 

   Table 14.1    Radioguided completion thyroidectomy (characteristics of trials)   

 No. of patients  Radiopharmaceutical  Injected activity  Injection time 

 Erbil et al. (2005) [ 19 ]  11   99m Tc-pertechnetate   a    a  

 Uludag et al. (2009) [ 22 ]  23   99m Tc-pertechnetate  111 MBq  During anesthetic induction 

 Aras et al. (2009) [ 18 ]  14   99m Tc-pertechnetate  185 MBq  5 min prior to surgery 

 Bender et al. (2009) [ 27 ]  50   99m Tc-pertechnetate   a    a  

 Karyagar et al. (2010) [ 20 ]  27   99m Tc-pertechnetate  185 MBq  10 min prior to surgery 

 Proczko et al. (2013) [ 21 ]  75   131 I  37–74 MBq  1 day prior to surgery 

   a Not reported in the available abstract/paper  
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 complications when performing a reintervention 
for completion thyroidectomy with or without 
lymph node dissection. When anatomic land-
marks and planes are obliterated due to scar and 
fi brosis, intraoperative gamma probe detection 
helps to distinguish thyroid remnants from sur-
rounding tissue. However, while surgeons have 
described the procedure as decisive and favor-
able, the results are preliminary and none of the 
studies conducted to date has proved an impact 
on patient outcome. In addition, no studies on the 
role of additional intraoperative imaging are as 
yet available.  

14.3     Differentiated Thyroid 
Cancer: Recurrences 

 Recurrences of DTC occur in 6–30 % of patients 
[ 7 ,  8 ]. Serum thyroglobulin, ultrasonography, and 
 131 I whole-body scintigraphy are used for clinical 
follow-up and detection of recurrent disease [ 4 ]. 
In addition to its role in the detection of locore-
gional recurrence,  131 I can be used for radioguided 
resection of the malignant tissue. However, in 
20 % of patients, the recurring tumor is already 
iodine negative; in these patients non- iodine trac-
ers (e.g.,  18 F-FDG or  99m Tc- nanocolloids) may be 
helpful for intraoperative localization of recurrent 
DTC, which may be hampered by scarred and 
fi brotic tissue due to previous surgery. 

14.3.1     Iodine-Guided Resection 
of Recurrent Disease 

 After initial treatment of DTC, including surgery 
and remnant ablation with  131 I, locoregional 
recurrences may appear in the thyroid bed, soft 
tissue, or lymph nodes. Several treatment options 
are available, including surgery, external radio-
therapy, and repeat iodine treatment. Surgery is 
the preferred option, especially in patients who 
do not respond to radioiodine treatment and have 
residual disease, mostly lymph node metastases 
of larger diameter (>1 cm). In these patients, 
reintervention with resection of tumor tissue may 
be the only curative option. 

  131 I-radioguided surgery for residual thyroid 
tissue was fi rst described by Harris et al. in 1956 
[ 28 ] and was taken up again by Morris et al. in 
1971 [ 29 ] for gamma probe-guided localization 
of recurrent thyroid cancer during neck explora-
tion. In 1998, Travagli et al. proposed a high-dose 
protocol using  131 I, performed over 1 week, in 
patients with recurrence of well-differentiated 
thyroid cancer [ 30 ]. All patients were initially 
treated with thyroidectomy and one to seven  131 I 
treatment cycles for remnant ablation and treat-
ment of metastases. Radioiodine-guided surgery 
was applied on average 5 years (range, 5 months 
to 49 years) after primary treatment. In all 
patients,  L -thyroxine was withdrawn to enhance 
the iodine uptake in the metastatic lesions (TSH 
>30 μIU/ml). The protocol proposed by the 
Institut Gustave-Roussy started on day 0 with the 
oral administration of a therapeutic dose of  131 I 
(3.7 GBq). Four days later a whole-body scan 
was performed using a gamma camera equipped 
with a high-energy collimator and a neck spot 
scan was carried out using a rectilinear scanner. 
The information provided by these two scans was 
employed for intraoperative navigation to the 
tumor lesions using a handheld gamma probe 
(day 5). The probe was directly placed over the 
iodine-avid lesions for the activity measurement 
and background activity values (vessels, normal 
soft tissue) were also assessed to allow calcula-
tion of the lesion-to-background ratio. After 
resection, the lesion bed was once again scanned 
for any residual activity, to prove that resection 
had been successful. In addition to the intraoper-
ative measurements, a neck scan was performed 
on day 2 after surgery (day 7 after iodine admin-
istration) to prove complete resection of recurrent 
or residual functioning disease. 

 The protocol was slightly adapted by Lippi 
et al. [ 31 ], Salvatori et al. [ 32 ], and Rubello et al. 
[ 33 ], who investigated 6, 10, and 31 patients, 
respectively. They performed the preoperative 
whole-body scan on day 3 instead of day 4, while 
radioguided surgery was also performed on day 
5. Scurry et al. reported that residual activity after 
therapeutic high-dose iodine (16.65 GBq) can 
guide neck dissection even 3 weeks later [ 34 ]. 
The radioguided procedure was shown to be 
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 feasible and safe [ 33 ]. Despite the hypothyroid-
ism, no specifi c side effects of surgery and anes-
thesia were observed; however, Negele et al. 
proposed the intermittent administration of triio-
dothyronine during surgery [ 35 ]. 

 Salvatori et al. reported that 41 of 78 lymph 
node metastases were detected only by the intra-
operative use of the gamma probe and were not 
seen on the preoperative whole-body scan; of the 
remaining 37 lymph node metastases, 33 were 
detected by both whole-body scan and gamma 
probe but four were detected neither by intraop-
erative gamma probe nor by whole-body scan 
[ 32 ]. Their rate of false-negative lesions was 
higher in the study by Travagli et al. (14 of 46 
lesions) [ 30 ]. 

 A few years later Rubello et al. [ 33 ] published 
their results obtained in 31 patients with iodine- 
positive locoregional disease who had previously 
undergone thyroidectomy and two ineffective  131 I 
treatment cycles. Histopathologic evaluation 
showed 184 metastatic lesions in this patient 
cohort, approximately half of which (53.2 %) 
were detected by both whole-body scan and 
gamma probe. Of the metastatic foci, 5.4 % could 
not be detected by radioiodine. A reason for 
iodine-negative lesions in this patient cohort may 
have been the loss of cell differentiation and 
selection or induction of iodine-negative tumor 
cells after multiple treatment cycles with iodine. 
During the follow-up period (range, 8 months to 
4.9 years), investigations including diagnostic 
whole-body scintigraphy, thyroglobulin mea-
surement in hypothyroidism, and ultrasound 
showed no disease in 80.6 % of patients and per-
sistent disease in the others [ 33 ]. 

 All studies using a high-dose protocol con-
cluded that radioguided surgery enables the 
detection of additional lymph node metastases in 
scarred and hidden areas. However, the accep-
tance of an intraoperative procedure depends on 
the opinion of the responsible surgeons. In the 
study by Salvatori et al., surgeons rated the 
radioguided procedure as decisive in two patients, 
favorable in six, and of negligible signifi cance in 
two [ 32 ]. Rubello et al. judged the  131 I-guided 
operation technique as favorable or decisive 
in 83.8 % of patients [ 33 ]. No radioactive 

 contamination of surfaces or surgical tools was 
observed, and radiation exposure of surgeons’ 
hands was low (<40 μSv). 

 A low-dose protocol was fi rst described by 
Littmann et al. in 1980 [ 36 ]. Negele et al. reported 
on this issue in four further patients with persis-
tent lymph node metastases of PTC. In this 
cohort, 70–350 MBq  131 I was administered and a 
whole-body scan performed within 48 h to detect 
suspicious lesions. Surgery was performed 7–9 
days after administration, similar to the timing in 
the high-dose protocol. On the preoperative day 
(6–8 days after radioiodine administration), 
residual activity in the hot spots detected by scin-
tigraphy was confi rmed with the handheld 
gamma probe in order to permit a decision on 
whether the surgery could be guided by 
 131 I. Despite the long time interval after adminis-
tration of only a small dose of  131 I, successful and 
limited surgery was achieved in all four patients 
and no iodine-negative tumor lesions were 
observed. Although a larger number of patients 
have been investigated after administration of a 
therapeutic dose of radioiodine, the low-dose 
approach also seems feasible and can avoid hos-
pitalization in some countries. 

 In summary,  131 I is affordable, needs no prepa-
ration process, and has a long half-time and 
therefore a good tumor-to-background ratio. 
Radioiodine was the fi rst radionuclide to be 
investigated for radioguided surgery in 
DTC. Both therapeutic dosage and a low-dose 
approach are feasible when performing surgery 
5–9 days after administration of radioiodine. 
 131 I-guided surgery accordingly represents a suit-
able means of individualized therapy for residual 
or recurrent disease in patients with DTC that 
enables complete resection and may reduce mor-
bidity by limiting the extent of the surgical 
procedure. 

 In a few case reports, a  123 I-based approach 
has been investigated in patients with recurrent 
DTC [ 37 – 39 ] and primary thyroidectomy with 
lymph node dissection [ 40 ].  123 I has a shorter 
half-life (13.2 h) than  131 I, allowing surgery to be 
performed within 4 h after administration of 
74 MBq. This approach does not necessitate hos-
pitalization of the patient and the gamma energy 

14 Radioguided Surgery of Thyroid Carcinoma Recurrences



214

is easier to detect ( 123 I has a 159-keV photopeak 
vs 364 keV for  131 I). Khandelwal et al. reported 
that administration of only 12 MBq  123 I is also 
feasible and allows for radioguided surgery on 
the next day [ 39 ]. Besides a shorter time interval 
between oral administration of  123 I and surgery, 
further advantages are absence of the stunning 
effect on subsequent radioiodine uptake and 
reduced radiation exposure of the patient and sur-
geons due to the pure gamma emission. However, 
compared with  131 I,  123 I is more expensive and its 
availability is limited.  

14.3.2     Non-iodine-Guided Resection 
of Recurrent Disease 

 Twenty percent of cases of recurrent disease in 
patients with well-differentiated thyroid cancer 
are iodine negative [ 41 – 43 ]. In these patients, 
diagnostic scintigraphy with various  99m Tc- labeled 
tracers [ 99m Tc-hexakis 2-methoxy isobutyl isoni-
trile (MIBI),  99m Tc-pentavalent dimercaptosuc-
cinic acid ( 99m Tc-(V)-DMSA), and 
 99m Tc-tetrafosmin] [ 44 – 50 ] and  18 F-FDG positron 
emission tomography/computed tomography 
(PET/CT) have been investigated. Furthermore, 
 99m Tc-MIBI and  99m Tc-(V)-DMSA scintigraphy 
and  18 F-FDG PET/CT have been demonstrated to 
be promising tools for intraoperative localization 
of recurrent disease and also guidance of surgery. 

14.3.2.1      99m Tc-MIBI-Guided Surgery 
  99m Tc-MIBI scintigraphy is a sensitive imaging 
method in patients with iodine-negative recur-
rence of DTC [ 44 ,  51 ,  52 ]. Alam et al. reported 
the sensitivity and negative and positive predic-
tive values to be 94.4 %, 97.7 %, and 96.3 %, 
respectively, for the detection of locoregional 
metastases [ 51 ]. 

  99m Tc-MIBI-guided surgery procedures were 
fi rst described in 2001 by Boz et al. [ 53 ], who 
reported the case of a 30-year-old woman with a 
FTC who had undergone two previous operations 
and ablative therapy with  131 I (3.33 GBq). 
Because of a rising thyroglobulin level 7 years 
after the primary diagnosis, a  99m Tc-MIBI scan 
was performed and showed focal tracer uptake in 

the neck. Surgery, guided by a gamma probe, was 
performed 2 h after the intravenous injection of 
740 MBq  99m Tc-MIBI. A tumor-to-background 
ratio of 4:1 enabled safe resection of tumor tissue 
within scar tissue. 

 In 2002 Rubello et al. reported on eight 
patients [ 54 ], all of whom had elevated thyro-
globulin levels, a positive  99m Tc-MIBI scan, and 
evidence for locoregional recurrence on high- 
resolution ultrasound, which was proven by fi ne- 
needle aspiration cytology. Unlike in the study 
of Boz et al., in these patients low-dose  99m Tc-
MIBI (37 MBq) was injected in the operating 
room 10 min before the start of surgery. The 
authors decided to inject the tracer in the operat-
ing room to avoid false-negative results as fast 
washout had previously been reported in DTC 
metastases [ 44 ]. This approach has the further 
advantage of reducing the radiation exposure of 
the surgeons. Using 37 MBq of  99m Tc-MIBI for 
radioguided surgery, the surgeon receives 
1.2 μSv/h, which is 25- to 30-fold less than with 
the protocols using  131 I [ 44 ,  54 ]. During the wide 
bilateral neck exploration, the surgeon was 
guided intraoperatively by a gamma probe and 
the preoperative  99m Tc-MIBI scan. The radioac-
tivity deposits were measured in vivo and 
ex vivo. In addition, the background activity 
(apex of the lung contralateral to the injection 
site) and the activity in the tumor bed after exci-
sion were assessed, and tumor-to-background 
ratios were calculated. The tumor-to-background 
ratio was higher than 2.0 in all patients. One 
patient had a persistent high background activity 
after the tumor extirpation, leading the surgeon 
to another tumor deposit [ 54 ]. 

 These promising results were confi rmed in a 
further study [ 55 ]. In 37 patients the detection of 
all 66 nodules ranging in size from 6 mm up to 
45 mm was possible. A correlation between 
tumor size and uptake was not found. A four- 
point scale was used to rate the usefulness of the 
radioguided technique: very useful, useful, mod-
erately useful, or not useful. In eight patients the 
procedure was very useful because the metastatic 
foci were hidden in fi brotic tissues or located 
behind the vessels. In 17 patients the radioguided 
procedure was rated as useful and in ten as 
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 moderately useful, while in two it was deemed 
not useful. In the fi nal report [ 56 ], 58 patients 
with a local recurrence in the thyroid bed ( n  = 14) 
or lymph node metastases ( n  = 37) or both ( n  = 7) 
were included. The intraoperative gamma probe 
detected more metastatic foci than did preopera-
tive imaging. However, 16 % (24/147) of the 
metastatic lesions identifi ed by histopathologic 
evaluation were missed. In the fi nal report the 
procedure was rated as useful or very useful in 
62 % of the patients ( n  = 58).  

14.3.2.2      18 F-FDG-Guided Surgery 
 In the postoperative follow-up of patients with 
 131 I-negative DTC and elevated thyroglobulin, 
 18 F-FDG PET/CT is also recommended for 
restaging [ 4 ]. In these patients,  18 F-FDG PET/CT 

has been reported to have a sensitivity of 93.5 %, 
which is superior to that of other conventional 
imaging methods as well as  99m Tc-MIBI scan 
[ 57 – 59 ]. The feasibility of  18 F-FDG-directed sur-
gery had previously been described for other 
tumor entities, in the fi rst instance for colorectal 
cancer [ 60 ,  61 ].

    In 2005, Kraeber-Bodere et al. [ 62 ] described 
 18 F-FDG-guided surgery in nine patients with 
PTC and one with Hürthle cell tumor, who had 
between one and fi ve lesions suspicious for 
lymph node metastases and no distant  metastases 
(Table  14.2 ). All patients received recombinant 
human thyroid-stimulating hormone (rhTSH) 2 
days before surgery to increase the tracer uptake 
in metastatic lesions. This approach was subse-
quently adopted by other groups [ 64 ,  65 ]. On 

a b

  Fig. 14.1    Residual lymph node metastasis after reopera-
tion. This 32-year-old female patient with bilateral PTC 
had been treated with thyroidectomy combined with central 
lymph node dissection and radioiodine therapy. ( a )  18 F- 
FDG-PET/CT (MIP) 5 months after radioiodine ablation: 
the  131 I whole-body scan was negative, but the thyroglobu-
lin level (16.1 ng/ml) was still elevated. Before reinterven-

tion, imaging with FDG-PET/CT was performed and 
showed multiple cervical lymph node metastases on the left 
side and also lymph node metastasis in the upper mediasti-
num. ( b )  18 F-FDG PET/CT (MIP) 6 months after reopera-
tion: Because of the still elevated thyroglobulin (12.5 ng/
ml), FDG-PET/CT was repeated and still showed two unre-
sected lymph node metastases in the upper mediastinum       
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average, 265 MBq of  18 F-FDG was injected 
intravenously 30 min prior to surgery. The activ-
ity was measured with a gamma probe using the 
511-keV channel. Counts were collected for 
10 s over the metastatic lesions and also normal 
tissue (head and neck region and the shoulder) 
in vivo, and in addition ex vivo counts of the 
resected tissue were obtained. Tumor-to-normal 
tissue ratios were calculated, whereby the 
tumor-to-neck ratios were found to be lower 
than the tumor-to- shoulder ratios (mean 1.40 vs 
1.73). The authors attributed the low tumor-to-
background ratio to the high vascular uptake 
observed 1–2 h after injection. All lesions iden-
tifi ed as suspicious preoperatively ( n  = 12) could 
also be detected intraoperatively and were con-
fi rmed as metastases at histopathologic evalua-
tion. No additional lesions were found with the 
gamma probe. All patients in this study under-
went a completion lymph node dissection and, 
in accordance with fi ndings in other studies 
(e.g.,  131 I guided), additional lymph node metas-
tases were detected in fi ve patients. These nodes 
were non-radioactive owing to microscopic 
disease. 

 The radiation exposure of the surgeons’ 
hands ranged from 90 to 270 μSv. Nalley et al. 
reported on this topic in more detail in a case 
series of three patients with iodine-negative thy-
roid cancer [ 68 ]. After injection of an activity 
ranging from 278 to 303 MBq  18 F-FDG and 
commencement of surgery 3–5 h later, the cor-
responding highest measured radiation expo-
sure was 53 μSv/h. 

  18 F-FDG-guided surgery is challenging because 
of the high energy of the emitted photons 
(511 keV). In 2007, Curtet et al. investigated the 
performance of two different gamma probes for 
 18 F-FDG-guided surgery in seven patients with 
iodine-negative DTC [ 64 ]. A mean activity of 
211 MBq was injected 60 min before surgery. The 
study demonstrated that high-energy photon detec-
tion is feasible with a conventional scintillator 
equipped with a collimator. Detection of meta-
static lesions was possible using a tumor-to-back-
ground ratio of 1.5. 

 In the same year Gulec et al. [ 65 ] reported on 
25 patients with various tumor entities, including 
four with recurrent DTC, with the purpose of 
assessing the feasibility of PET probe-guided 
surgery using  18 F-FDG for tumor detection. 
Between 185 and 555 MBq  18 F-FDG was injected 
2–6 h prior to surgery. Using the PET probe, all 
preoperatively assessed lesions (diameter, 
0.8–4 cm) could be localized with a satisfactory 
in vivo lesion count rate of ≥1.5 and in addition 
in eight patients non-palpable and non-obvious 
lesions could be found in regions with adhesions 
or scar tissue during surgical exploration. 

 A multimodality approach for detection and 
resection of recurrent cancer was described by 
Agrawal et al. in two patients with well- 
differentiated thyroid cancer. Both patients 
received recombinant human TSH 48 and 24 h 
prior to surgery [ 66 ]. After thyroid simulation 
with rhTSH, 555–740 MBq of  18 F-FDG was 
injected and both patients underwent: (1) preop-
erative patient imaging, specimen imaging and 

   Table 14.2     18 F-FDG-guided surgery (characteristics of trials)   

 No. of 
patients  Radiopharmaceutical  Injected activity 

 Injection time 
(prior to surgery)  Lesions 

 Kraeber-Bodere et al. 
(2005) [ 62 ] 

 10   18 F-FDG  265 MBq (range, 
165–526) 

 30 min  LNM 

 Meller et al. (2005) a  [ 63 ]   a    18 F-FDG vs  99m Tc-MIBI   a    a    a  

 Curtet et al. 
 (2007) [ 64 ] 

 7   18 F-FDG  211 MBq (range, 
165–231) 

 60 min  LNM 

 Gulec et al. (2007) [ 65 ]  4   18 F-FDG  185–555 MBq  2–4 h  LNM 

 Agrawal et al. (2008) [ 66 ]  2   18 F-FDG  555–740 MBq  20 min  LNM 

 Francis et al. (2012) [ 67 ]  13   18 F-FDG   a    a   LNM 

   LNM  lymph node metastases,   18   F - FDG  fl uorine-18 fl uorodeoxyglucose 
  a Not reported in the available abstract  
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 postoperative patient imaging, (2) ultrasonogra-
phy, and (3) gamma probe detection using the 
three-sigma criteria for threshold determination. 
The approach was feasible and allowed for suc-
cessful resection of recurrent thyroid cancer 
tissue. 

 Recently, Francis et al. [ 67 ] reported on 13 
patients with recurrent well-differentiated thyroid 
cancer. The patients were divided into two groups, 
iodine-positive vs iodine-negative (9 and 4 
patients, respectively), in whom  18 F-FDG- directed 
surgery was performed. This study confi rmed the 
feasibility of the technique and former results. 

 In summary, PET-guided surgery is feasible 
and detects the preoperatively found FDG-avid 
lesions (Fig.  14.1 ), but it is also challenging owing 
to the high energy (511 keV) of the photons emit-
ted by  18 F-FDG. Up to now no PET tracers (e.g., 
 124 I) other than  18 F-FDG have been evaluated for 
radioguided surgery of recurrent DTC.  

14.3.2.3     Intralesional Injection 
of  99m Tc-Labeled Colloids 

 The technique of intraoperative radioguided 
occult lesion localization (ROLL), developed for 
use in non-palpable breast cancer, has been trans-
ferred to locoregional recurrent thyroid cancer. 
Its feasibility was fi rst described in two patients 
with non-palpable thyroid lymph node metasta-
ses after previous operation on the neck compart-
ment for treatment of PTC and medullary thyroid 
cancer, respectively [ 69 ]. 

 The intralesional injection of  99m Tc-labeled 
colloids provides an alternative to intraoperative 
ultrasound examination, wire-guided excision, or 
intraoperative ultrasound-guided dye injection. 
The method has mainly been investigated for 
excision of recurrent non-palpable lymph node 
metastases.

   In 2010 Erbil et al. reported on a further 46 
patients with recurrent or persistent PTC detected 
by elevated thyroglobulin level, positive radioio-
dine whole-body scan, or PET and confi rmed by 
fi ne-needle aspiration cytology and fi ne-needle 
aspiration thyroglobulin measurement [ 70 ] 
(Table  14.3 ). Under ultrasound guidance, 20 MBq 
of  99m Tc- labeled rhenium colloid was injected 
directly into the pathologic node. Most other 

groups reporting on this topic used  99m Tc-macro-
aggregated albumin (MAA) [ 71 – 73 ,  75 ]. In order 
to prove successful injection, Erbil et al. per-
formed preoperative scintigraphy 30 min and 
12 h after injection [ 70 ]. Additional preoperative 
SPECT/CT may be used as a road map and to 
speed up the identifi cation of radiolabeled tissue 
[ 77 ]. For intraoperative lesion detection, Erbil 
et al. measured the activity counts 3 times for 
20 s each and calculated a mean count rate. The 
background count rate was derived from a mea-
surement over the normal adjacent tissue. 

 Besides radioguided lymph node dissection, 
the feasibility of intralesional injection has also 
been investigated for perioperative identifi cation 
of residual thyroid tissue and parathyroid ade-
noma using a very small amount (7.4 MBq) of 
 99m Tc-MAA, injected 90 min prior to surgery. 
Terzioglu et al. showed that despite the low 
injected activity, measurement over 10 s is suffi -
cient [ 71 ]. An advantage of this protocol is the 
reduction of radiation exposure to surgeons. Both 
colloid tracers allowed the dedicated intraopera-
tive detection of preoperatively assessed suspi-
cious lesions, even in patients with extensive scar 
tissue. Recently, Giles et al. published the results 
of the fi rst randomized study using low-dose 
 99m Tc-MAA injection [ 75 ]. Patients with non- 
palpable lymph node metastatic disease were 
randomized to radioguided lesion localization or 
intraoperative ultrasound localization (IOUS). 
Both approaches had a high rate of safe and suc-
cessful excision of recurrent lymph nodes in 
patients with PTC. Radioguided surgery may be 
preferred by surgeons unskilled in IOUS because 
it is very easy to perform. 

 For radioguided lesion localization, the radio-
iodine avidity of the tumor lesions is not relevant. 
In 2013 Borso et al. [ 74 ] described the intrale-
sional injection of  99m Tc-MAA in patients with 
iodine-negative DTC. In 12 out of 35 cases, a 
minimally invasive excision could be performed, 
whereas the other patients underwent an addi-
tional modifi ed radical neck dissection. Ninety- 
fi ve percent of the marked lesions could be easily 
detected during surgery by use of a gamma probe. 
Detection of the remaining three lesions was also 
possible, but was hindered by tracer leakage. 
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Recurrence rates were similar in both groups 
(33 % for ROLL vs 40 % for additional neck 
dissection). 

 In the same year Bellotti et al. [ 78 ] reported 
on 22 patients with recurrent DTC in whom a 
gamma probe was used for intraoperative lesion 
detection and a small-fi eld gamma camera for 
intraoperative imaging. All included patients had 
undergone radical surgery including central and/
or lateral neck dissection for primary treatment 
and suffered from locoregional lymph node 
recurrences of PTC in the follow-up. Recurrent 
disease was detected by thyroglobulin measure-
ment, ultrasound, radioiodine whole-body scan, 
and fi ne-needle aspiration cytology. In a 1-day 
protocol, 20 MBq of  99m Tc-MAA (0.2 ml) was 
directly injected into the suspicious lesions 
under ultrasound guidance before surgery. 
Thirty-nine pathologic nodes were injected and 
61 nodes removed, including 22 additional nodes 
not injected by radiotracer. Of these additional 
lymph nodes, seven (31.8 %) were metastatic. 
Similarly, Erbil et al. and Giles et al. reported 
metastatic disease in 32–40 % of additionally 
resected nodes [ 70 ,  75 ]. Bellotti et al. avoided 
preoperative imaging because intraoperative 
images of the cervical region were acquired with 
the gamma camera. After imaging, the thyroid 
bed was explored using the acoustic gamma 
probe, enabling lesion localization. Complete 
excision was proven by measuring the count rate 

of the lesions and the surgical bed after resection 
on the one hand and by intraoperative imaging 
on the other. Bellotti et al. demonstrated that this 
technique is feasible without complications and 
does not prolong the operation signifi cantly. 
Intraoperative imaging allowed for a minimally 
invasive approach and fast lesion localization 
and was of additional value if lesion detection 
with the gamma probe was diffi cult [ 78 ]. 

 Recently, a radiofl uorescence approach com-
bining  99m Tc-MAA with indocyanine green 
(TIGMA) was reported in seven patients with a 
recurrent DTC [ 76 ]. The maximum excitation 
light wavelength of indocyanine green is 780 nm 
and the highest emission light wavelength, 
800 nm, generating a low background signal as 
this light is not absorbed by tissue and is invisible 
to human eye [ 79 ]. Jung et al. reported that pre-
operative hybrid tracer preparation required 
about 20 min. Under ultrasound guidance, 0.1 ml 
of the mixture was injected. For intraoperative 
imaging, a near-infrared fl uorescence (NIRF) 
camera was necessary in addition to a gamma 
probe. Prior to incision, a scan with the gamma 
probe was performed and confi rmed by use of the 
NIRF camera, enabling NIRF observation in real 
time. The fl uorescence could be easily detected at 
a depth of 3.25 mm and the hybrid tracer was 
retained at the injection site without spreading to 
adjacent tissue, resulting in better imaging than 
was possible with indocyanine green alone. The 

   Table 14.3    Surgery guided by  99m Tc-labeled colloids (characteristics of trials)   

 No. of patients  Radiopharmaceutical  Injected activity  Lesions 

 Tukenmez et al. (2007) [ 69 ]  2   99m Tc-rhenium colloid  20 MBq  LNM 

 Erbil et al. (2010) [ 70 ]  46   99m Tc-rhenium colloid  20 MBq  LNM 

 Terzioglu et al. (2010) [ 71 ]  21   99m Tc-MAA  7.4 MBq  LNM, thyroid tissue, 
parathyroid adenoma 

 Martino et al. (2010) [ 72 ]  20   99m Tc-MAA  14.8 MBq  LNM 

 Ilgan et al. (2010) [ 73 ]  8   99m Tc-MAA  7.4–14.8 MBq  Local recurrence and 
lateral compartment 

 Borso et al. (2013) [ 74 ]  32   99m Tc-MAA  7.4 MBq   a  

 Bellotti et al. (2013) [ 13 ]  22   99m Tc-MAA  20 MBq  LNM 

 Giles et al. (2014) [ 75 ]  20   99m Tc-MAA  7.4 MBq  LNM 

 Jung et al. (2014) [ 76 ]  7   99m Tc-TIGMA  0.1 ml of TIGMA  Not specifi ed 

   TIGMA   99m Tc-macroaggregated human serum albumin and indocyanine green,   99m   Tc - MAA   99m Tc-marcoaggregated 
albumin,  LNM  lymph node metastases 
  a Not reported in the available abstract  
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authors reported that TIGMA is safe (low toxic-
ity) and facilitates the detection of recurrent 
lesions. However, fl uorescence imaging requires 
further surgical equipment (NIRF camera) and 
may be infl uenced by surgical lights. 

 It has to be kept in mind that the intralesional 
injection of a radiotracer has one major limita-
tion: the technique is only suitable in lesions 
which can be localized by ultrasound. This may 
be the reason for the unexpected lymph node 
metastasis at non-injected nodes [ 75 ] and the 
appearance of suspicious nodes during follow-up 
[ 34 ,  74 ]. Therefore, radioguided resection may 
be combined with compartment-oriented lymph 
node dissection [ 75 ].    

14.4     Medullary Thyroid Cancer 

 Sporadic or hereditary medullary thyroid cancer 
(MTC) is a rare disease and only 3–10 % of thyroid 
cancers are of medullary origin [ 80 ,  81 ]. However, 
this thyroid cancer has a recurrence rate of up to 
50 % [ 80 ], and resection seems to be the only 
promising treatment option for achievement of 
locoregional disease control in patients with recur-
rent disease. For detection of recurrent disease, 
besides calcitonin and CEA measurement or ultra-
sonography, use of various radiotracers has been 
described, e.g.,  99m Tc-(V)-DMSA, thallium-201, 
 99m Tc-MIBI,  18 F- l - dihydroxyphenylalanine 
(DOPA), and  68 Ga-labeled somatostatin analogs 
[ 82 ]. The value of radioguided surgery in facilitat-
ing tumor detection has been investigated, but not 
for all available radiotracers. 

14.4.1      99m Tc-(V)-DMSA-Guided 
Surgery 

  99m Tc-(V)-DMSA scintigraphy is a diagnostic 
tool for detection of recurrent medullary cancer, 
but  99m Tc-(V)-DMSA is no longer commercially 
available. The reported sensitivity of this imaging 
method varies and it has reduced sensitivity for 
bone metastases [ 83 – 85 ]. The variation in detec-
tion rate may be attributable to the use of differ-
ent commercial kits and their instability [ 82 ]. 

 Adams et al. investigated 35 patients with pre-
viously operated MTC and suspicion for recur-
rence due to elevated calcitonin levels [ 86 ,  87 ]. 
These patients underwent CT scanning and diag-
nostic double-nuclide scintigraphy. First 180 or 
222 MBq  111 In-DTPA octreotide was injected, fol-
lowed by 500 MBq  99m Tc-(V)-DMSA. Image 
acquisition was performed 4 and 24 h later for 
 111 In-DTPA octreotide and 6 h later for  99m Tc-(V)-
DMSA imaging including whole-body scintigra-
phy and SPECT. In the fi rst study (n = 10), 
double-nuclide scintigraphy revealed 20 of 30 
suspicious lesions, while radiologic imaging (CT 
and sonography) revealed 15 of the lesions. 
Intraoperative use of a gamma probe detected all 
lesions, but three lesions proved false positive, 
showing lymphadenitis on histopathology [ 86 ]. In 
the second study (n = 25), the sensitivity of preop-
erative CT,  111 In-DTPA-octreoitide scintigraphy, 
and  99m Tc-(V)-DMSA was 32 %, 34 %, and 65 %, 
respectively [ 87 ]. For radioguided surgery the 
tracer with the highest detection rate was rein-
jected preoperatively. During surgery, a tumor-to-
non-tumor count ratio of 2:1 was considered 
positive. Detection rates were compared with pre-
operative imaging and intraoperative palpation. 
The smallest detected metastasis within the entire 
cohort was a lymph node with a diameter of 
5 mm. The sensitivity of radioguided surgery was 
superior to that of surgical palpation (97 % vs 
65 %) [ 87 ], and radioguided surgery allowed 
detection of 30 % more lesions compared with 
preoperative conventional imaging [ 88 ].  

14.4.2     Radioimmunoguided Surgery 

  123 I-,  131 I-, and  111 In-labeled monoclonal antibod-
ies have been investigated for imaging of MTC 
[ 89 – 91 ]. Only three reports are available on 
radioimmunoguided surgery in MTC [ 92 – 94 ]. 

 In 1993, Peltier et al. [ 94 ] described two-step 
radioimmunotargeting in patients with recurrent 
MTC and performed radioguided surgery in fi ve 
patients. This group injected a bispecifi c antibody 
(anti-CEA monoclonal IgG coupled with anti-In-
DTPA monoclonal IgG) and  111 In-labeled DTPA 
dimer (diDTPA-TL). The procedure of tumor 
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 radioimmunotargeting consisted of two steps: fi rst 
1 mg/10 kg of body weight non- radiolabeled spe-
cifi c antibody was injected intravenously over 
20 min. Four days later 1 nmol/10 kg  111 In-labeled 
diDTPA-TL was injected. Preoperative scintigra-
phy including SPECT was performed after 5 and 
24 h. In three of the fi ve patients who underwent 
surgery, intraoperative use of the gamma probe 
detected suspicious lesions not identifi ed by the sur-
geon. Two further studies confi rmed the feasibility 
of this technique [ 92 ,  93 ]. De Labriolle-Vaylet et al. 
pointed out the additional value of the technique 
compared with physical examination and conven-
tional imaging. In their cohort of 13 patients, 22 of 
34 metastases would have been missed using the 
latter methods. Radioimmunoguided surgery had 
an accuracy of 86 % (sensitivity 75 %, specifi city 
90 %). The limitations of this promising technique 
are the time delay and the availability of competing 
radiolabeled compounds.  

14.4.3      123 I- MIBG-Guided Surgery 

  123 Iodine-123-labeled MIBG can be used for diag-
nostic purposes in patients with MTC. However, 
there has been only one published case in which 
 123 I-MIBG guided surgery was used in MTC. 
Shimotake et al. reported on a MEN2B 14-year-
old girl suffering from recurrent MTC in whom 
reoperation on the cervical and upper mediastinal 
regions was hampered by fi brotic scar tissue due 
to four previous neck operations. Twenty-four 
hours after injection of 100 MBq  123 I-MIBG, suc-
cessful tumor resection in the cervical region and 
upper mediastinum was possible without side 
effects. However, because many recurrent MTCs 
are not MIBG avid, somatostatin receptor scintig-
raphy imaging may have greater potential.  

14.4.4     Somatostatin Receptor-based 
Surgery 

 Medullary thyroid cancer often expresses soma-
tostatin receptors, which can be visualized with 
somatostatin receptor scintigraphy. Radioguided 
surgery has also been investigated using 

 radiolabeled somatostatin analogs. As long ago 
as 1995, Wangberg et al. investigated ten patients 
with residual MTC using  111 In-DTPA-octreotide- 
guided surgery [ 95 ]. Injection of the radiotracer 
(140–300 MBq) was performed 24–168 h prior to 
surgery. Eight of the ten patients had positive 
lesions on preoperative scintigraphy performed 
24 h after injection. At surgery, in situ measure-
ments of macroscopically identifi ed tumors were 
false negative in 4 out of 37 lesions. 

 In summary, MTC is rare and therefore only a 
limited number of reports are available on 
radioguided surgery in patients with recurrent 
disease. However, the results are promising and 
further studies are necessary to investigate new 
tracers (e.g.,  68 Ga-labeled somatostatin analogs) 
and the ROLL concept.   

14.5     Outlook 

 Currently the experience gained in the applica-
tion of radioguided surgery techniques in residual 
or recurrent (differentiated) thyroid cancer is still 
limited. Despite promising results in this chal-
lenging setting, radioguided approaches have not 
yet become established in daily clinical routine 
or in guidelines. One reason may be the existence 
of multiple competing tracers, which may ham-
per selection of the “optimal” tracer. Furthermore, 
no studies exist on very novel tracers like 
 68 Ga-labeled somatostatin analogs in MTC. In 
future studies the role of intraoperative imaging 
needs to be investigated, and evaluation of 
radioguided surgery for non-locoregional metas-
tases would also be of interest.     
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   Abstract  

  Radioguided sentinel lymph node (SLN) 
detection is applied in the management of sev-
eral urogenital malignancies. International 
guidelines recommend SLN detection in men 
with penile cancer and increased risk of nodal 
metastases. For several other urogenital malig-
nancies, SLN detection is considered experi-
mental: prostate cancer, testicular cancer, 
bladder cancer, and renal cancer. Largest 
series are published on prostate cancer man-
agement. No randomized studies are available 
for review. Although SLN detection was 
shown to provide detection of nodal metasta-
ses outside standard nodal dissection tem-
plates in prostate and bladder cancer, the lack 
of standard methodology and defi nitions of 
SLN may explain why SLN detection is still 
considered experimental. Only few studies 
discuss the use of SLN detection in renal and 
testicular cancer. With improved intraopera-
tive imaging modalities, better anatomical 
localization of SLN in particular in the retro-
peritoneum is feasible. This may boost the 
design of appropriately designed prospective 
comparative trials to study the oncological 
benefi t of SLN detection in urogenital 
malignancies.  

        H.  G.   van der   Poel      (�) •    J.  A.  P.   Leijte    •    S.   Horenblas    
  Department of Urology ,  Netherlands Cancer Institute , 
  Amsterdam ,  NL ,  USA   
 e-mail: h.vd.poel@nki.nl  
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15.1         Introduction 

 The “sentinel node concept” was fi rst described by 
Gould et al. in 1960 for parotid gland cancer [ 1 ]. 
Later, in 1977, Cabanas utilized this same concept 
in urological surgery for penile cancer, as based 
upon lymphangiographic studies in 100 men 
(including 10 healthy volunteers and 10 patients 
with a benign penile lesion) to identify the fi rst 
draining lymph node [ 2 ]. Cabanas found this sen-
tinel lymph node (SLN) to be anatomically located 
in a fi xed, predetermined location close to the 
superfi cial epigastric vein. In this initial experi-
ence, Cabanas reported that a SLN biopsy was 
performed in 64 penile cancer patients, of whom 
15 patients had a lymph node metastasis within the 
SLN and 12 patients had a lymph node metastasis 
only within the SLN. From that point forward in 
time, SLN surgery in penile cancer surgery subse-
quently consisted of removal of the lymph node in 
this fi xed, predetermined location, not taking into 
account possible individual variations in lym-
phatic drainage patterns. However, secondary to 
false-negative results, this fi xed, predetermined 
anatomical location technique for identifi cation of 
the SLN fell into disfavor and was subsequently 
abandoned and has been replaced by radioguided 
SLN biopsy methodologies [ 3 ]. 

 In current urological surgery practice, 
radioguided SLN biopsy has also been used or 
clinically been evaluated in other urologic tumor 
types, such as prostate, bladder, testicular, and 
renal cancer. However, no consensus exists on 
the value of radioguided SLN biopsy in these 
urologic malignancies, and its use is not a stan-
dard of care currently. Even in penile cancer, the 
use of radioguided SLN biopsy remains subject 
to much discussion, and its use is not as wide-
spread in the USA as it is in Europe. 

 Novel technical approaches such as image- 
guided surgery using fl uorophores in the near- 
infrared (NIR) spectrum and improved 
scintigraphic staging with SPECT-CT have 
drawn attention towards the SLN approach in 
abovementioned cancers. The lack of consen-
sus of the value of the SLN approach in uro-
logical cancers is mainly due to the scarcity of 
high-level clinical studies. In this chapter, we 
will present the available literature on SLN 
biopsy in urological cancers and defi ne the 

state-of-the-art approaches and recommenda-
tions in the urological guidelines.  

15.2     Penile Cancer 

 About 95 % of penile tumors are squamous cell 
carcinomas. It has a predominantly lymphogenic 
dissemination pattern. The fi rst draining nodes are 
the inguinal lymph nodes. Occult inguinal metas-
tases occur in around 20 % of patients with clini-
cally node-negative groins. A prophylactic 
bilateral inguinal lymph node dissection may thus 
be unnecessary in the majority of patients, while 
this procedure has high morbidity – a possible 
explanation for its reported underutilization [ 4 ]. 
SLN biopsy plays an important role reducing over-
treatment and morbidity. The complication rate of 
SLN biopsy is around 5–7 %, while complication 
rates of inguinal lymph node dissection are up to 
74 %, even in contemporary series [ 5 – 8 ]. 

 Although survival in men with cN0 penile can-
cer improved in recent years, nodal metastases are 
seen in a large portion of men [ 9 ]. With improve-
ments in lymphatic mapping techniques and the 
gradual acceptance of radioguided SLN biopsy 
techniques in melanoma and breast cancer, SLN 
biopsy, using radioguided techniques (combined 
blue dye and radioactive technetium- 99m (99mTc) 
tracer utilization), was introduced into penile can-
cer surgery in 2000 [ 10 ]. Since then, several modi-
fi cations to the procedure have been made to 
improve its reliability [ 7 ,  11 – 46 ]. Unfortunately, 
no randomized trials exist, and all reported studies 
contain a limited number of cases or are case 
reports. A meta-analysis from 2012 containing 18 
studies showed a 88.3 % pooled detection rate 
increasing to 90.1 % when blue dye was added to 
the radiotracer; no report on false-negative rate 
was available from this analysis [ 47 ]. A review of 
10 studies published in 2011 showed a 3.5 % false-
negative rate for the SLN biopsy [ 48 ]. 

 According to the EAU guidelines, SLN biopsy 
is indicated in men with cN0 and at least cT1G2 
disease [ 49 ]. In low-risk penile cancer patients 
with larger exophytic tumor, the yield of positive 
SLN is high and maybe therefore considered 
[ 50 ]. In intermediate-risk patients with micro-
scopic SLN biopsy metastases, Akduman et al. 
found no further metastases in completing 
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 inguinal node dissection, but additional inguinal 
node dissection is still recommended in all men 
with nodal metastases on SLN biopsy [ 49 ,  51 ]. In 
a recently updated prognostic scoring system, 
SLN biopsy added predictive value [ 52 ]. 
Currently, several centers in Europe have con-
fi rmed the reliability and reproducibility of SLN 
biopsy in penile cancer. Reported false-negative 
rates of contemporary series vary between 3 and 
15 % [ 28 ,  29 ,  37 ,  53 ]. In combination with ingui-
nal ultrasound, SLN biopsy had a sensitivity of 
94 % in a large series [ 53 ,  54 ]. 

15.2.1     Preoperative Visualization 
of Lymphatic Drainage 

 The day before SLN surgery, a radioactive tracer 
( 99m Technetium-nanocolloid), is injected around 

the tumor subcutaneously in 2–3 injection at a 
total dose of 50–90 MBq in 0.2–0.4 cc volume 
[ 14 ,  24 ]. Subsequently, timed planar scinti-
graphic imaging is performed at 10–20 min and 2 
h postinjection (Fig.  15.1 ) [ 7 ,  16 ,  18 ]. Some cen-
ters add single-photon emission computed 
tomography-computed tomography (SPECT-CT) 
imaging to the preoperative imaging to acquire 
additional anatomical information of the SLN 
and drainage patterns (Fig.  15.2 ) [ 55 ].

    Interestingly, SLN detection seems feasible 
even after removal of the primary penile cancer by 
partial penectomy, allowing for rapid removal of 
the primary tumor where needed and subsequent 
SLN dissection in a specialized center in a separate 
procedure [ 35 ]. Moreover, repeat SLN after an ini-
tial negative SLN procedure in patients with a local 
(penile) recurrence is possible [ 56 ]. Proper patho-
logical node evaluation is essential to avoid 

li lat 10 min Ant 10 min

  Fig. 15.1    Early scintigram for penile cancer SLN detection       
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 false-negative SLN removal [ 11 ]. The reproduc-
ibility of preoperative imaging of SLN is high [ 57 ]. 
Preoperative inguinal ultrasound improves the clin-
ical diagnosis of nodal metastases, in particular 
when combined with a cytological aspiration 
biopsy of suspicious lymph nodes [ 12 ]. It also 
seems to improve the false-negative rate of SLN 
biopsy by reducing the chance of tumor blockage 
[ 58 ]. In men with a tumor- positive cytological aspi-
ration, SLN should only be considered to detect 
contralateral inguinal metastases, and an ipsilateral 
inguinal node dissection is recommended [ 11 ].  

15.2.2     Intraoperative SLN Detection 
Using Gamma Tracing 

 Based on the preoperative scintigraphic imaging, 
the location of the SLN is marked on the skin. 
Directly before the SLN procedure, patent blue is 
injected into the skin surrounding the tumor as an 
additional tracer. A small incision (3–4 cm) is then 
made, preferably just below the inguinal plica. The 
incision is made preferably somewhat lower than 
the inguinal plica, since this allows for a lower 

incision in cases where an additional inguinal 
node dissection is required because of a positive 
SLN. A lower inguinal incision in these men is 
associated with more favorable wound healing. 

 The SLN is then identifi ed using the combina-
tion of blue dye and a handheld gamma probe to 
identify the radioactive nodes. Preoperative 
imaging using SPECT/CT was shown to improve 
inguinal detection of SLN by providing superior 
3D information on lymph node location as com-
pared to conventional scintigraphy imaging [ 13 , 
 59 ]. Interestingly, SLN location was found to be 
limited to the superior and central inguinal lymph 
nodes. This knowledge could be used to  determine 
the extent of a lymph node dissection when the 
SLN method is not used [ 60 ].  

15.2.3     Optical Tracers and SLN 
Detection in Penile Cancer 

 As mentioned before, the most widely used 
visual marker is blue dye. The visualization rate 
of lymph nodes with blue dye alone is between 
55 and 70 % [ 14 ,  18 ]. An advantage of blue dye 

  Fig. 15.2    SPECT/CT for SLN detection in penile cancer       
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is the visualization of the lymphatic ducts what 
aids in a more rapid identifi cation of the SLN. 

 Near infrared (NIR) imaging options have 
become available as an additional visual tracer. 
Fluorescent tracers in the NIR spectrum of light 
provide the benefi t of visualization of lymph 
drainage without obscuring anatomical planes in 
the white light surgical setting. Indocyanine 
green (ICG) is a fl uorophore that can be visual-
ized by using NIR imaging systems and emits 
light at 820 nm when excitated by 770 nm light, 
both in the invisible spectrum of the NIR light. 
When injected locally, ICG rapidly migrates 
through the lymphatic system enabling intraop-
erative visualization of tracts and nodes. Hybrid 
tracers, comprised of the fl uorescent dye ICG 
covalently attached to the  99m Tc nanocolloid, 
have been developed that can be used to provide 
both preoperative SPECT imaging and intraop-
erative fl uorescence guidance for surgery [ 14 ]. 
Intraoperative visualization of ICG is superior to 
the visualization of SLNs with blue dye [ 14 ].  

15.2.4     Clinical Outcome 

 Similar to many other tumors, the lymph node 
status is the most important prognostic factor in 
penile carcinoma [ 61 ]. Prediction of nodal metas-
tases based on clinical factors is inaccurate, and 
prophylactic inguinal lymph node dissection 
would imply overtreatment in the majority of 
patients [ 34 ,  62 ]. Early detection and treatment 
of inguinal nodal metastases by SLN biopsy 
improved survival in comparison to a cohort that 
was observed (albeit retrospectively) [ 17 ,  63 ]. 

 Staging has improved and survival of men 
with cN0 disease has increased after the intro-
duction of the SLN method [ 9 ]. In the majority of 
cases, the SLN was the only node containing 
metastases [ 18 ]. Size of the nodal metastases in 
SLNs was the best predictor of additional posi-
tive nodes [ 64 ]. 

 Close follow-up is therefore indicated in men 
with SLNpN0 penile cancer in particular in cen-
ters with limited experience in SLN detection 
[ 65 ]. In a series of men with recurrent disease, 
nonpalpable tumor-positive lymph nodes were 

frequently detected using ultrasound methods, 
and therefore, the role of ultrasound in the fol-
low- up of these men is useful [ 66 ].   

15.3     Prostate Cancer 

 Prostate cancer initially metastasizes to the 
lymph nodes, and intermediate- and high-risk 
prostate cancer patients have a risk of 5–70 % to 
develop nodal metastases. Predictive nomo-
grams are generally used to defi ne the indication 
for a nodal dissection concomitant to a prosta-
tectomy in men with localized prostate cancer 
[ 67 – 69 ]. Guidelines recommend nodal dissec-
tion when nomograms predict a risk of more 
than 5 % on the presence of nodal metastases. 
For optimal nodal yield, an extended nodal dis-
section is recommended, and recent retrospec-
tive data suggest that removal of less than 14 
nodes resulted in poorer outcome when com-
pared to removal of more lymph nodes [ 70 ]. 
Prognosis of men with nodal metastases from 
prostate cancer is relatively good with the major-
ity surviving more than 10 years [ 71 ,  72 ]. 
However, an extended nodal dissection is not 
without morbidity, and  complications of the pro-
cedure are strongly correlated with the number 
of nodes removed [ 73 ]. Despite extended nodal 
dissection, pelvic recurrences do occur, and the 
false-negative rate of extended pelvic nodal dis-
section for prostate cancer was estimated to be 
around 12.5 % [ 74 ,  75 ]. 

 The fi rst results of SLN biopsy in prostate 
cancer have been published in 1999 [ 76 – 80 ]. 
Unlike in penile cancer, the routine use of SLN 
dissection in prostate cancer is still topic of 
debate. Although the SLN can be detected, 
some studies have found that metastases are fre-
quently occurring in nodes besides the tumor-
bearing SLN. Lymph drainage targeting therapy 
rather than SLN-targeted diagnostics has there-
fore been proposed [ 81 – 85 ]. A recent meta-
analysis in prostate cancer was supportive of the 
use of SLN, despite the lack of high-level evi-
dence, for the reason that it may reduce morbid-
ity of the extended nodal dissection often 
propagated [ 86 ]. 
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15.3.1     Preoperative Imaging 

 Most studies use the transperineal or transrectal 
tracer injection method. One study described 
intraoperative optical tracer injection transperi-
toneally [ 87 ], but in general, preoperative injec-
tion is used and allows preoperative imaging by 
SPECT/CT (Figs.  15.3  and  15.4 ). Buckle et al. 
showed variable tracer distribution within the 
prostate [ 88 ]. Ongoing studies should reveal 
whether intratumoral injection is superior to 
several tracer depots within the entire prostate. 
After injection, imaging with scintigraphy and 
SPECT/CT is applied. Both open [ 78 ,  89 – 95 ] 
and laparoscopic [ 96 – 99 ] gamma probe SLN 
detection has been extensively studied in pros-
tate cancer, and over 7000 cases were reported 
in the literature. The 99m technetium tracer is 
either bound to sulfur [ 100 ], phylate [ 101 ,  102 ], 
or nanocolloid with varying sizes from 80 nm 
[ 78 ,  97 ] to 1500 nm [ 101 – 103 ]. The amount of 
radioactive tracer injected varied from 60 MBq 
[ 100 ] to 267 MBq [ 104 ]. No comparative stud-
ies are available on the optimal dose and injec-
tion volume.

15.3.2         Intraoperative Detection 

 Various groups distinguished SLNs and higher- 
echelon LNs based on the (dynamic) lymphatic 
drainage routes, enabling selective removal. 
During open surgical procedures, standard 
gamma probes can be used to detect activity and 
identify the draining patterns during open prosta-
tectomy [ 78 ,  105 ,  106 ]. In most studies, the SLN 
or landing site resection is combined with a rou-
tine or extended nodal dissection. Since a sec-
ondary resection of lymph nodes in the small 
pelvis is cumbersome, most studies combine 
SLN resection with more extensive pelvic node 
dissection. A novel portable gamma camera 
(Sentinella, Oncovision; Valencia, Spain) has 
provided intraoperative imaging of 99mTc con-
taining lymph nodes [ 107 ]. This two-dimensional 
imaging system was shown to aid in confi rmation 
of accurate SLN removal in the laparoscopic set-
ting [ 108 ]. Besides gamma probe and camera 
tracing, visual detection of SLN is applied using 
fl uorophore dyes (Fig.  15.5 ). As described ear-
lier, these tracers are injected intraprostatically 
and allow for visual confi rmation of the gamma 

Ant 15min

Ant 2 uur p.i

Re Lat 15min Li Lat 15min

  Fig. 15.3    Scintigraphy for prostate cancer SLN detection       
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probe signal. The relatively low penetrance of 
NIR light systems does still require close-up 
resection often guided by the gamma probe. 
Initial studies used ICG bound to nanocolloid to 
retain the optical tracer in the lymph nodes and 
allow combined pre- and perioperative imaging 
[ 98 ]. More recently, free ICG was used as tracer. 
Free-ICG has the benefi t of rapid migration into 
the lymph nodes draining the prostate after intra-
prostatic injection. Retention of tracer in lymph 
nodes, however, is much lower than with the use 
of nanocolloid bound ICG. Injection of free ICG, 
therefore, is applied briefl y (10–30 min) prior to 
the nodal dissection. Moreover, at longer inter-
vals or damage of lymphatic ducts due to surgical 
manipulation, ICG may leak from the lymphatic 
system and stain surrounding tissue rendering 
identifi cation of draining lymph nodes more dif-
fi cult. Several groups have successfully used free 
ICG to identify lymph nodes draining the pros-
tate. Jeschke et al. compared free ICG to preop-
eratively injected and imaged gamma tracer and 
found high correlation between both tracing 
methods [ 109 ]. Manny et al. reported a 100 % 
sensitivity for predicting nodal metastases by 
SLN detection using an intraoperative ICG injec-
tion during robot-assisted radical prostatectomy 

[ 87 ]. Although free ICG seems to provide a prac-
tical alternative gamma tracing, it lacks the pre-
operative option of anatomical location of 
alternative lymph draining patterns that may be 
missed due to the low penetrance of the NIR sig-
nal of ICG. A study is ongoing to confi rm the 
value of free ICG in comparison for nanocolloid 
bound multimodal tracer (NL41285.031.12).

   Nanocolloid bound ICG has the advantage that 
it remains in the prostate at the injection site. This 
allows for postoperative localization of the injec-
tion site inside the prostate. Analysis of 19 prosta-
tectomy specimen showed remarkable variation 

  Fig. 15.4    SPECT/CT for SLN detection in prostate 
cancer       

a

b

  Fig. 15.5    Intraoperative image of sentinel lymph node. 
( a ) SPIES system from Storz (Tuttlingen, Germany). ( b ) 
FireFly system from Intuitive Surgical (Sunnyvale, USA)       
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of location of ICG deposits inside the prostate 
after ultrasound-guided tracer injection [ 88 ]. 
Interestingly, draining patterns of tracer in the 
lymphatic system seemed dependent on location 
of the tracer inside the prostate [ 88 ]. To evaluate 
the effects of tracer injection location, a random-
ized study between intraprostatic and intratumoral 
injections is ongoing (NL46580.031.13). 

 Ultrasmall superparamagnetic nanoparticle 
MRI has been described to improve nodal metas-
tases detection in prostate cancer [ 110 ,  111 ]. A 
handheld magnetometer was used to detect intra-
prostatically injected superparamagnetic iron 
oxide in 20 men with prostate cancer. Metastases 
were found only in lymph nodes detected using 
the magnetometer and identifi ed as SLNs in this 
analysis [ 112 ]. The role of this new tracer for intra-
operative detection of lymphatic drainage patterns 
needs further evaluation but holds promise.  

15.3.3     Outcome 

 Different studies report different outcome of SLN 
approaches in prostate cancer. The median num-
ber of resected SLNs was 6 (range 2–26) per 
patient. The detection rate of SLN ranged 
76–100 % [ 87 ,  91 ,  96 – 98 ,  100 ,  101 ,  104 ,  108 , 
 113 – 119 ]. In 13–75 % of patients, one or more 
SLN(s) outside the limited pelvic lymph node dis-
section (PLND) template were found. In addition, 
tumor-bearing SLNs were detected outside the 
standard PLND in 51.8–76.9 % of the patients. In 
4.1–25 % of patients, SLNs outside the extended 
PLND template were found, whereas 3.5–17 % of 
patients with positive LNs had SLN metastases 
outside the extended PLND template [ 75 ,  76 ,  78 , 
 91 ,  96 ,  98 – 102 ,  113 – 116 ,  119 – 125 ]. In these 
studies, the median percentage of positive LNs 
was 20.4 % (range 4.7–50) with a false-negative 
rate of 1 % (range 0–20), respectively (Table  15.1 ).

15.4         Bladder Cancer 

 Lymph drainage from the bladder shows a wide 
variation [ 136 ] and contralateral drainage is fre-
quent [ 137 ]. The application of SLN detection in 

bladder cancer is complicated by the complexity 
of tracer injection. Both intraoperative [ 138 ] and 
transurethral injection [ 137 ] may yield different 
draining patterns. In a study on 60 patients with 
radioactive tracer injections in the nontumor- 
bearing bladder site, extended nodal dissection 
included 92 % of the active nodes. In a more lim-
ited resection of external and obturator template, 
only 50 % of the radioactive lymph nodes were 
included [ 137 ]. In a smaller series of bladder can-
cer patients, SLN were detected in 85 % of cases 
suggesting that diagnostic yield of the SLN 
approach in bladder cancer may be lower than 
generally found in penile cancer [ 136 ]. The 
method of injection did infl uence drainage in a 
study using ICG tracers [ 136 ,  138 ,  139 ]. 
Moreover, multiple tumors may result in false- 
negative SLN biopsies [ 140 ], reported as high as 
19 % [ 141 ]. Interestingly, one report introduces 
the use of SLN biopsy to harvest T-cells for 
immunotherapy for bladder cancer [ 142 ]. The 
complexity of injection and additional need of an 
extended nodal dissection has so far prohibited 
the extensive use of SLN for bladder cancer 
management.  

15.5     Testis and Renal Cancer 

 Experience with the application of SLN methods 
for testis [ 143 – 146 ] and renal cancer [ 147 – 151 ] 
is limited. For testicular cancer, injection of tracer 
into the funiculus of the tumor-bearing testis 
resulted in visualization of a retroperitoneal SLN 
in 16 of 17 men with clinically node-negative tes-
ticular cancer. A median number of 2 lymph 
nodes were laparoscopically removed. Nodal 
metastasis was found in 1 men with testis cancer. 
Treatment in this case consisted of additional 
bleomycin, etoposide, and cisplatin chemother-
apy. Whereas men with a negative SLN were fol-
lowed according to guidelines, none of the men 
with a negative SLN developed a retroperitoneal 
recurrence at a median follow-up of 43 months. 
In renal cancer, SLN visualization was possible 
in 70–77 % of cases. In one small series, 2 of 20 
patients had SLN outside the retroperitoneal 
region. These observations in small groups 
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 suggest that lymph drainage of the kidney may be 
rapid and bypass lymph nodes nearby possibly 
through direct drainage of the lymph ducts into 
the thoracic duct.  

15.6     Summary 

 Radioguided SLN procedures are clinically 
established in patients with penile cancer and 
increased risk of lymph node metastases. Limited 
clinical data is available for radioguided SLN 
procedures in prostate and bladder cancer, par-
tially reporting reduced morbidity rates. However, 
convincing prospective clinical data is not avail-
able yet. For renal and testis cancer, only few 
pilot data has been published for radioguided 
SLN applications. 

 Recent improvement in intraoperative detec-
tion techniques allowing for better intraoperative 
anatomical SLN localization hopefully triggers 
prospectively designed randomized clinical trials 
investigating the impact of radioguided SLN pro-
cedures on outcome and morbidity in prostate, 
bladder, testis, and renal cancer.     
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   Abstract  

  The application of radioguided surgery to 
 gynaecological tumours is more complex than 
in other fi elds such as breast cancer or mela-
noma, where its use is widespread. That com-
plexity probably explains the current lack of 
applications. 

 The most easily accessible of gynaecologi-
cal tumours, cancer of the vulva, is where sen-
tinel lymph node biopsy (SLNB) is most in 
use. However, this cancer has a low incidence. 
In cervical cancer, radioguided surgery is well 
established, with a globally accepted method-
ology. But, thanks to new vaccines against the 
human papilloma virus, its occurrence is 
reducing. In the case of endometrial cancer, a 
methodological consensus is still pending. 
There is a scarcity of data regarding vaginal 
tumours (due to its low frequency) and ovar-
ian cancer (technically controversial). 

 Over the past years, near-infrared (NIR) 
fl uorescence imaging has emerged as a prom-
ising complimentary technique for intraopera-
tive visualisation of tumour tissue, SLN and 
vital structures. This technology provides 
real-time images, which allows accurate guid-
ance during surgery. In gynaecological oncol-
ogy, NIR fl uorescence imaging has been used 
for intraoperative identifi cation of SLN vul-
var, cervical and endometrial cancer.     
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16.1      Clinical Value and Relevance 
of Radioguided Sentinel 
Lymph Node Mapping and 
Biopsy in Gynaecological 
Malignancies 

 The clinical value and relevance of radioguided 
sentinel lymph node (SLN) mapping and biopsy 
to the treatment of gynaecological malignancies 
is very dependent upon the gynaecological tumour 
type being treated [ 1 – 50 ]. The indications and 
contraindications for radioguided SLN biopsy 
(SLNB) in gynaecological malignancies are out-
lined in Table  16.1 .  The most relevant clinical 
studies which have evaluated radioguided SLNB 
in gynaecological malignancies are outlined in 
Table  16.2 . For vulvar cancer [ 1 ,  2 ] and endome-
trial cancer [ 3 ], SLNB allows for a signifi cant 
reduction in patient-related morbidity, leading to 
a decrease in both intraoperative and early postop-
erative complications, as well as reduces the 
length of total time under anaesthesia. For cervi-
cal cancer, SLNB represents a useful tool for 
helping to determine the best postoperative adju-
vant therapeutic approach. During cervical cancer 
surgery, the fi nding of a positive SLN allows the 
surgeon to consider foregoing a hysterectomy or 
trachelectomy, while proceeding forward with a 
para-aortic lymphadenectomy secondary to the 
higher risk of further lymph node involvement. 
The use of this methodological approach in cervi-
cal cancer can spare the patient from unnecessary 
further surgery (i.e., removal of the primary cervi-
cal tumour), and then chemoradiation therapy 
becomes the primary postoperative adjuvant treat-
ment of choice. In contrast, if the SLN is negative 
for tumor involvement, then hysterectomy or 

trachelectomy can be performed as planned. 
Finally, for ovarian cancer [ 4 – 6 ] and vaginal can-
cer [ 20 – 22 ], the utility of SLNB has only been 
evaluated in an extremely limited fashion, and 
therefore, its clinical value and relevance for ovar-
ian cancer and vaginal cancer remains unclear. 

16.2       Preoperative Imaging 

 In malignancies with intra-abdominal lymphatic 
drainage, we need a preoperative lymphoscinti-
graphic image to draw the lymphatic map of the 
tumour. The acquisition of this lymphatic map 
can be performed between 12 and 18 h before 
surgery, on either the previous or the same day. A 
time delay between preoperative lymphoscintig-
raphy and surgery is advisable so that enough 
views can be acquired to precisely defi ne the 
location and number of SLNs. For this purpose, a 
tomographic SPECT/CT study may be necessary 
at times. 

 Some methodological aspects will affect the 
choice of radiotracer to be injected, such as the 
experience of the surgical team and the medi-
cal devices available. In terms of accuracy in 
intraoperative detection of SLN, radiotracers 
have excelled, and in the hands of an experi-
enced surgical team, gamma probes detect a 
higher number of SLN than does preoperative  
lymphoscintigraphy. Nonetheless, in some 
tumours, such as cervical cancer, the combined 
technique of radiotracer plus blue dyes offers 
the highest sensitivity [ 11 ]. Nowadays, the use 
of blue dye alone is not recommended for any 
gynaecological malignancy. While use of blue 
dye obviates the need for lymphoscintigraphy, 

   Table 16.1    Indications and contraindications for radioguided sentinel lymph node biopsy in gynaecological malignancies   

 Tumour  Indications  Contraindications 

 Vulvar SCC cancer  SCC Ib–II 
 T1–T2 < 4 cm 

 Pregnancy (relative contraindication) 
 Previous surgery on the present surgical 
fi eld (e.g. inguinofemoral 
lymphadenectomy in vulvar cancer) a  
 Node involvement based on other image 
modalities 

 Vulvovaginal melanoma  Breslow 1–4 mm (T1b-T4b) 

 Cervical cancer  SCC Ia2-Ib1 (IA1 + LVI) 

 Endometrial cancer  Not established 

 Vaginal cancer  Not established 

 Ovarian cancer  Not indicated 

   SCC  squamous cell carcinoma,  LVI  lymphovascular invasion 
  a Cone biopsy is not a contraindication for cervical sentinel lymph node detection  
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some lymph nodes located within unexpected 
lymphatic areas can be missed due to the lack 
of a lymphatic map of the tumour. Clinical sit-
uations in which the use of blue dye is indi-
cated in a combined technique are SLN 
detection in vulvar cancer by a non-trained 
team, all cases of SLN detection in cervical 
cancer, and patients with faint drainage seen on 
preoperative lymphoscintigraphy [ 2 ]. 

16.2.1     Vulvar Cancer 

16.2.1.1     Preoperative Imaging 
and Lymphatic Drainage 

 The normal distribution pattern of drainage for 
vulvar cancer is bilateral inguinofemoral lymph 
nodes, fi rst to the superfi cial lymph nodes and then 
onto the deep lymph nodes. Some midline struc-
tures, such as the clitoris, can drain directly to deep 
lymph nodes. 

 In vulvar cancer, due to its superfi cial drain-
age and easy access to the primary lesion, per-
forming the radiotracer injection under the 
gamma camera and acquisition of a dynamic 
study is advisable. This allows visualisation of 
lymph pathways and helps establish which is the 
fi rst lymph node to receive the radiotracer, i.e. 
the SLN. Preoperative lymphoscintigraphy 
should include an early and late planar study, at 
10 min and 2 h after radiotracer injection, to 
accurately differentiate the SLN from second 
echelon lymph nodes. Bilateral drainage is 
expected in vulvar tumours placed on midline or 
until 2 cm from the midline. That means that a 
lack of drainage to one of the two sides of the 
inguinofemoral regions requires further actions 
to ensure the bilateral drainage. The fi rst option 
is to perform a second injection of the radio-
tracer, considering the superfi cial location of the 
vulva. The injection dose can be lower or equal 
than the previous injection dose, but an increase 
in the volume provides higher intercellular pres-
sure that facilitates the drainage. Another option 
is the acquisition of a SPECT/CT study 
(Fig.  16.1 ) to increase the number of SLN and 
lymphatic echelons visualised [ 24 ,  25 ]. It can be 
performed after radiotracer reinjection or 
directly after the fi rst preoperative lymphoscin-

tigraphy. If unilateral drainage is confi rmed on 
tomographic images, radiotracer reinjection can 
then be administered. As mentioned before, lat-
eralised vulvar tumours are considered as an 
exception when located in the labia majora, 2 cm 
away from the midline. In these cases, unilateral 
 drainage is accepted and a second radiotracer 
injection is not required. But if bilateral drainage 
is found, all SLNs must be removed, including 
those on contralateral region.

16.2.1.2        Tracers and Route 
of Administration 

 Standard tracers used for SLN mapping in vulvar 
cancer are blue dye and radiotracers. They are 
usually combined, with the administration of 
radiotracer previous to surgery and the blue dye 
at the onset of surgery. Radiotracers have demon-
strated excellent detection rate if used alone, but 
blue dyes can provide an additional degree of 
confi dence to the surgical team in such superfi -
cial drainage as vulvar’s [ 2 ]. The use of blue dye 
as the only tracer is not recommended because of 
its lower rate of detection. Fluorescent tracers, 
such as indocyanine green, appear as an alterna-
tive to radioguided surgery, as have developed 
later.  

16.2.1.3     Preoperative Imaging: Role 
of Planar and Tomographic 
Images 

 As mentioned before, early and late planar acqui-
sitions during preoperative imaging are essential 
to distinguish which lymph nodes are SLN and 
which are second echelon nodes. In vulvar can-
cer, an early study is performed immediately 
after the dynamic study, at 10 min after tracer 
injection, and a late study will be acquired 2-h 
post-injection. The lymph node that fi rst receives 
direct drainage from the tumour or shows an 
increase of uptake in the latter images will be 
considered to be an SLN as opposed to the other 
lymph nodes detected. Inguinofemoral regions 
will be considered as two independent lymphatic 
echelons. The role of SPECT/CT in this malig-
nancy is limited [ 17 ] because of the low rate of 
cases with aberrant drainage and the superfi cial 
location of SLNs.  
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16.2.1.4     Alternatives to Radioguided 
Surgery 

 The main alternative to using radiotracers for 
identifying SLNs during radioguided surgery is 
to use blue dyes. However, the use of blue dye 
alone (without concomitant use of a radiotracer) 
is not recommended. Due to its rapid fl ow through 
the lymphatic system, blue dye administration 
must be done in the operating room shortly before 
the start of the operation. This short time detec-
tion window may partially explain why approxi-
mately 35 % of the time that SLNs identifi ed with 
radiotracer fail to accumulate any blue dye. On a 
per groin basis, in 55–75 % of groins, at least one 
blue SLN could be detected. 

 Other recently introduced alternatives to 
radioguided surgery are fl uorescent tracers, such 
as indocyanine green (ICG) [ 26 ], with its near- 
infrared (NIR) emission, which can be detected 
by special intraoperative devices. They have been 
most commonly used in the treatment of malig-
nant melanoma and breast cancer. Due to its 
superfi cial drainage, the detection of fl uorescent 
lymph nodes is easy seen in vulvar cancer [ 17 , 
 18 ,  27 ], the fi rst  gynaecological tumour to be 
evaluated with a fl uorescent tracer. The use of a 
fl uorescent tracer does not contraindicate the 
simultaneous injection of other tracers, blue dyes 
or radiotracers. The injection must be performed 
at the onset of the surgery, and the fl uorescent 

a

b c

  Fig. 16.1     Lymphatic drainage from a cervix uteri tumour 
(Ib2).  Seventy-six-year-old woman diagnosed of cervical 
cancer (Ib2) who was submitted to SLNB. Planar views 
( a ) show unilateral drainage to the right pelvic nodes. A 
lead shield ( right ) was used to avoid activity from the 

injection site. A SPECT/CT study ( b ,  c ) was performed 2 
h after tracer injection to confi rm the lack of left drainage. 
Two SLNs are shown on volume-rendering image ( c ) at 
the right side; one of them was localised in the external 
iliac chain on CT ( b ) and fusion ( c ) images       
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tracer can be seen to migrate along the lymph 
pathways until it reaches a SLN. 

 The main disadvantage of fl uorescent tracers 
is that intraoperative detection must be carried 
out in the dark to appreciate the fl uorescence, 
which may impair the surgeon’s ability to ade-
quately see the surgical fi eld for actively per-
forming tissue dissection for identifi cation and 
removal of SLNs. 

 An optimisation of ICG dosage has been 
tested in vulvar [ 28 ] and uterine [ 29 ] cancers. 
Schaafsma et al. developed a tracer combining 
ICG and human serum albumin (HSA). While 
the intraoperative rate of detection of this new 
molecule reaches 78 % for cervical cancer [ 29 ], 
the results are similar to those of ICG alone, and 
the authors conclude that it can be used as a 
stand-alone tracer [ 28 ,  29 ]. 

 Intraoperative fl uorescence imaging allows the 
visualisation of at least one SLN in 86 % of groins 
with a total of 96 % of SLNs visualised intraop-
eratively. Despite the improved tissue penetration 
compared to that of blue dye, visualisation of ICG 
is still limited to a depth below 10 mm. For this 
reason, a hybrid tracer which combines the advan-
tages of radiotracers (99mTc- albumin nanocol-
loid) and fl uorescence has been developed [ 30 ]. 
The main advantage is to add the functional prop-
erties of radiotracers while allowing fl uorescence-
based SLN detection during surgery. It has been 
widely used in other pelvic tumours having simi-
lar characteristic to gynaecological tumours, such 
as prostate cancer [ 31 ]. Results show a high intra-
operative detection rate secondary to the advan-
tages of using dual tracers. Nonetheless, in 
gynaecology to date, there is only two published 
studies, in vulvar cancer [ 17 ,  32 ], with a 98 % 
intraoperative SLN detection rate.   

16.2.2     Cervical Cancer 

16.2.2.1     Preoperative Imaging 
and Lymphatic Drainage 

 The expected drainage for cervical cancer is bilat-
eral migration to the external iliac lymph nodes. 
Obturator is the commonest group, followed by a 
progression to common iliac and para-aortic 
nodes as the second echelon group [ 33 ]. However, 

direct para-aortic drainage has been observed in 
1 % of cases [ 34 ]. So, if para- aortic drainage is 
visualised on early lymphoscintigraphic images, 
these SLNs require a surgical approach. 

 As explained for vulvar cancer, in cervical 
tumours, bilateral drainage is also expected, so 
new acquisitions are required when a lack of 
tracer migration is observed. A second injection 
is less feasible than for vulvar tumours, but pos-
sible. The best option is the acquisition of a 
SPECT/CT study (Fig.  16.1 ), preferably included 
in clinical routine, to increase the number of SLN 
and lymphatic echelons visualised [ 24 ,  25 ].  

16.2.2.2     Tracers and Route 
of Administration 

 In cervical cancer, the combination of blue dye 
and radiotracer is recommended because of the 
added advantages it offers to both techniques. 
The radiotracer allows for rapid localization of 
SLNs and allows the surgeon to minimize the 
extent of necessary soft tissue dissection for suc-
cessful identifi cation of SLNs. While, in turn, 
blue dye paper visual cues for instantaneous 
visual recognition of an SLN during the identifi -
cation process. The detection rate with using dual  
tracers is superior to that of either of them alone 
[ 12 ,  35 ], even the radiotracer.  

16.2.2.3      Preoperative Imaging: Role 
of Planar and Tomographic 
Images 

 As mentioned before, early and late planar acqui-
sitions are essential to distinguish which lymph 
nodes are SLN and which are second echelon 
nodes. In vulvar cancer, an early study is per-
formed immediately after the dynamic study, but 
in other tumour types, it will be acquired at 
30 min after injection. Late study will be acquired 
2-h post-injection. 

 Lymph nodes seen on preoperative lymphos-
cintigraphy from different lymphatic chains are 
regarded as independent SLNs (Fig.  16.2 ), includ-
ing para- aortic lymph nodes. In cervical and 
endometrial cancer, at least three lymphatic ech-
elons have to be considered: right pelvic lymph 
nodes, left pelvic lymph nodes and para-aortic 
lymph nodes. The lack of hot spots in any of these 
areas required dissection of the contralateral lym-
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phatic area, due to the possibility of a metastatic 
blockage [ 36 ]. The lack of para-aortic drainage is 
not a requisite for lymphadenectomy. If unilateral 
drainage is seen, a prior surgical or radiotherapeu-
tic intervention must be ruled out. In such cases, 
the injection of blue dye prior to lymphatic dis-
section will allow the detection of SLNs not 
detected on preoperative lymphoscintigraphy and 
can help avoid a lymphadenectomy.

   To decide on the best surgical approach, inter-
pretation of preoperative lymphatic map images 
by nuclear medicine specialists, together with sur-
geons, prior to surgery, is highly recommended.  

16.2.2.4     Alternatives to Radioguided 
Surgery 

 For tumours from the cervix, the best methodol-
ogy is to combine blue dyes and radiotracers, 
with the highest detection rate, greater than 
radiotracer or blue dye alone [ 12 ]. 

 An increase in the use of fl uorescence in intra- 
abdominal tumours, cervical and endometrial 

cancer, has been dependent on the development 
of fl uorescent optics for use inside laparoscopic 
devices, so advances are very recent. So far, 
results are promising, with an intraoperative 
detection of 75 % for the fi rst series of patients, 
which increases to 95 % in later series [ 37 ,  38 ]. 

 As a non-radioactive tracer, it has been com-
pared to blue dyes, with generally similar results 
[ 38 ,  39 ] for intraoperative detection. However, the 
fl uorescent tracer ICG can be benefi cial in patients 
with increased body mass index (BMI), since the 
identifi cation of SLNs in this patient population can 
be challenging and suboptimal. Generally speaking, 
ICG seems to have a higher detection rate than blue 
dye [ 13 ,  39 ] (Fig.  16.3 ). The fi rst feasibility study 
was done by Crane et al. [ 13 ] in a small series of 10 
patients. They observed real- time NIR fl uorescence 
lymphatic pathway mapping in 60 % of cases.

16.2.3         Endometrial Cancer 

16.2.3.1     Preoperative Imaging 
and Lymphatic Drainage 

 Drainage from corpus uteri differs from cervical 
drainage. The two lower thirds of the corpus is 
similar to the cervix. However, the upper third 
drains directly to the para-aortic area. Establishing 
this pattern of drainage is essential for a correct 
interpretation of preoperative lymphoscinti-
graphic images and identifying the best approach 
to SLNB. The main obstacle to endometrial SLN 
detection is the diffi culty in reaching the lesion. 
Although cervical injection provides an easy 
injection route, without complications, it only 
offers partial information, because drainage in 
the upper third of the endometrium remains 
unstudied [ 40 ]. Therefore, a deeper, subendome-
trial, serous or myometrial injection is required to 
ensure complete characterization of this lym-
phatic drainage pathways of the uterus [ 8 ]. 

 The methodology of preoperative imaging 
acquisition is similar than those for cervical can-
cer and includes early and late planar images and, 
if possible, a tomographic study. In absence of 
radiotracer migration in one of the expected ech-
elons (two pelvic sides and para-aortic region), 
metastatic blockage has to be suspected and fur-
ther image acquisitions performed.  

  Fig. 16.2     SPECT/CT in cervical cancer.  Volume- 
rendering image shows bilateral pelvic drainage in the 
external iliac chains ( arrows ) and in the left para-aortic 
region ( blue arrow ). Secondary lymphatic nodes are rep-
resented on the right side ( head arrow )       

 

16 Radioguided Sentinel Lymph Node Mapping and Biopsy in Gynaecological Malignancies



256

16.2.3.2     Tracers and Route 
of Administration 

 The choice of tracer depends on the type of injec-
tion used.  Cervical injection  is the most accessi-
ble, reporting the highest rate of drainage [ 7 ,  41 ]. 
With this “superfi cial” injection, both tracers give 
good results, although lymphatic tracks are some-
times diffi cult to identify, due to an increase in 
fatty tissue in these patients. With deeper  injections, 
however, performed during surgery, prior to hys-
terectomy, the use of dyes such as blue dye or fl uo-
rescent tracers gives the surgeon more guarantees, 
as is described at the end of this section. The deep 
injection of the tracer can be performed by lapa-
rotomy, laparoscopy or hysteroscopy. Injection by 
laparotomy or laparoscopy  offer instantaneous 
SLN detection during the same surgical proce-
dure. But unexpected lymph nodes that are not in 
the usual drainage territories can be missed due to 
the lack of a lymphatic map. Hysteroscopy enjoys 
the benefi ts of the other techniques: the injection 

can be performed in advance, prior to surgery (up 
to 18 h before), so as to obtain a lymphatic map of 
the tumour on lymphoscintigraphy; and the endo-
metrial tumour drainage can be assessed rather 
than that of the cervix alone. The rate of detection 
reaches 100 % in some centres [ 42 ], exceeding 
that of intraoperative injections [ 8 ]. But morbidity 
is grearter than with cervical or intraoperative 
injection, as two surgical interventions are 
required. In terms of morbidity, injection by hys-
teroscopy is the least recommended. A recent tech-
nique, known as  TUMIR  [ 43 ], is a transvaginal 
myometrial injection guided by ultrasonography; 
consisting of a myometrial injection in the corpus 
uteri the day before surgery, and reports a low 
morbidity for the patient. Ultrasonography can be 
carried out in advance, allowing for preoperative 
lymphoscintigraphy and a planned surgical 
approach. Results match or even exceed hysteros-
copy [ 44 ], with less morbidity. The use of blue 
dyes in endometrial cancer does not increase SLN 

  Fig. 16.3     Radioguided surgery with    99m   Tc-colloid + ICG and blue dye . An external iliac SLN detected by fl uorescent 
emission on NIR spectrum ( right ) and, once localised, by blue dye stain with ambient light ( left )       
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detection due to the amount of fatty tissue sur-
rounding lymphatic chains and impairing the iden-
tifi cation of blue stained lymph nodes.  

16.2.3.3     Preoperative Imaging: Role 
of Planar and Tomographic 
Images 

 See Sect.  16.2.2.3 .  

16.2.3.4     Alternatives to Radioguided 
Surgery 

 The use of blue dye alone is not recommended 
for any gynaecological malignancy, especially 
in endometrial cancer, due to the amount of fat 
tissue surrounding the nodes. This disadvan-
tage is also present for fl uorescent tracers, but 
ICG seems to have higher detection rate than 
blue dye [ 10 ,  29 ,  37 ,  39 ] (Fig.  16.3 ). Rossi et al. 
used ICG fl uorescence with robot-assisted lapa-
roscopic surgery in patients with cervical 
or endometrial cancer, with higher detection 
(85 %), although there was one false-negative 
result after lymphadenectomy. Bilateral SLN 
detection is more frequently seen using ICG 
fl uorescence (97 %) as opposed to using blue 
dye (77 %) [ 10 ]. In these patients, the combina-
tion of ICG with a radiotracer may be a good 
alternative.    

16.3     Intraoperative Detection 
(and Resection of SLNs/
Tumour) 

 Intraoperative detection includes the use of blue 
dyes or the latest fl uorescent tracers, either hybrid 
or alone, as has been explained above. Blue dyes 
require only visual inspection but a greater extent 
of dissection of the lymphatic pathways to reach 
the blue stained lymph node, meaning the SLN. 
However, the aim of reducing morbidity is com-
promised due to the need for greater dissection of 
soft tissue. 

 The detection of fl uorescent tracers requires 
near-infrared devices to localise the source of the 
emission of fl uorescence. As has already been 
mentioned, a dimly lit room is necessary to visu-
alise the light emission. This problem has been 
addressed with the addition of an NIR optic in the 

laparoscopic instruments that allows the surgeon 
to switch easily from normal light view to NIR 
view. The sensitivity of the devices varies from 
centre to centre and, in some cases, a low level of 
ambient light has to be maintained in order to 
facilitate the dissection of soft tissues around the 
targeted SLN. 

 Nowadays, in the intraoperative detection of 
SLNs, 1D gamma probes are supplemented by 
the use of portable gamma cameras (PGCs) or 
intraoperative SPECT, called freehand SPECT 
(fhSPECT). These devices are not an alternative 
to gamma probes in the operating theatre but 
offer extra visual information. Currently, the 
gamma probe is still the best tool for locating 
SLNs. But in gynaecological tumours, the 
greater anatomical complexity and the process 
of physiological radiotracer elimination can 
mask activity coming from the SLN, making 
intraoperative visual information more useful. 
Examples of this are the detection of an inguino-
femoral SLN adjacent to the radiotracer injec-
tion site in vulvar cancer or for parametrial 
lymph nodes in cervical cancer. Moreover, in the 
case of intra-abdominal drainage, the slight 
activity coming from inside the ureter can mask 
detection of retroperitoneal and common iliac 
SLNs. As the liver is an organ with high colloid 
uptake, hepatic activity hampers the localisation 
of a retroperitoneal SLN with laparoscopic 
probe, especially in its retroperitoneal approach 
from the left side, due to the limitation of 
movement. 

 Therefore, intraoperative gamma camera 
imaging devices can positively impact upon the 
success of radioguided surgery procedures for 
gynaecologic malignancies. 

16.3.1     Portable Gamma Cameras 

 Portable gamma cameras (PGCs) are small-sized 
devices capable of acquiring an intraoperative 
image during surgery. The image can be obtained 
in a short space of time and as many views as are 
necessary can be acquired during the surgical pro-
cedure. Once the SLNs are harvested, obtaining a 
post-excision intraoperative image (showing the 
absence of any  residual hot spots) can help to 
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 confi rm appropriate excision of the target lesions 
(Fig.  16.4 ). As PGCs are small devices, the images 
they offer are located in a limited area and are no 
substitute for conventional diagnostic gamma 
cameras [ 45 ] because PGCs do not show more 
global drainage nor can they show SLNs in unex-
pected regions. Their high spatial resolution 
allows the discrimination of two adjacent hot 
spots [ 46 ]. This advantage is useful in vulvar can-
cer, in which the SLN is always very close to the 
injection site, and especially for SLNs of low 

activity. In pelvic tumours, where SLN detection 
using PGC can reach 92 %, the PGC is used dif-
ferently than in other regions, because the greater 
overall distance between the position of the intra-
operative imaging device and the hot spot 
decreases the spatial resolution. This situation 
could reduce the rate of intraoperative  localisation, 
but can be overcome with a dual-energy acquisi-
tion. Some PGCs are capable of detecting more 
than one photopeak, one to create the image 
(99mTc) and another to create a marker. Some 

a b

c d

  Fig. 16.4     Portable   gamma camera guiding the biopsy of 
a right iliac SLN  ( arrows ). Planar preoperative lymphos-
cintigraphic view ( a ) shows bilateral pelvic drainage, con-
fi rmed on volume-rendering image from SPECT/CT ( b ). 

During surgery, a new acquisition (2 min lasting) with 
PGC shows the exact location of the iliac SLN ( c ) and the 
lack of activity after SLN biopsy ( d ), that confi rms the 
correct resection       
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centres introduced the use of 125I seeds at the tip 
of the laparoscopic probe [ 47 ], and the matching 
of both hot spots ensures the placement of the 
SLN, which is especially useful in endometrial 
cancer due to the amount of fat tissue around the 
lymphatic drainage pathways (Fig.  16.4 ).

   While the main use is these imaging devices 
are  intraoperative, they can be used to acquire a 
 preoperative image in centres without conven-
tional diagnostic gamma cameras [ 45 ] or as a 
preparation for  surgery, where deciding the best 
view for SLN identifi cation can reduce the time 
spent in the operating room.  

16.3.2     Intraoperative SPECT (fhSPECT) 

 The most recent advance in radioguided surgery 
is intraoperative SPECT, known as freehand 
SPECT (fhSPECT), a device capable of creating 
a three-dimensional image in a few minutes dur-
ing a surgical procedure. 

 Freehand SPECT collects image projections of a 
defi nite area of interest from different directions/
angles and reconstructs them into a 3D tomographic 
image. The difference between freehand SPECT 
and regular diagnostic SPECT is the fact that instead 
of a 2D gamma camera mounted to a gantry, the 
detector uses a handheld gamma probe. Since the 
position and orientation of the handheld gamma 
probe are arbitrary, a freehand SPECT imaging unit 
includes a positioning system, which is able to 
record the position of the handheld gamma probe 
relative to that of the patient. The imaging proce-
dure for this device differs from conventional diag-
nostic SPECT. Instead of being acquired at known 
positions along a specifi c and predefi ned orbit, the 
different projections are generated by the operator 
using the handheld gamma probe through the oper-
ative fi eld. In our own experience in gynaecological 
cancers (cervix and endometrium), a freehand 
SPECT system declipse SPECT (SurgicEye GmbH, 
Munich, Germany) connected to a 45° angled lapa-
roscopic Tc-99 m- optimised Crystal Probe (Crystal 
Photonics, Berlin, Germany) was used. The declipse 
SPECT system includes an optical positioning sys-
tem, updating the relative position of the handheld 
gamma probe 20 times per second with an accuracy 

of less than 0.5 mm. The  handheld gamma probe is 
connected to a sterile reference target (gamma 
probe reference target) which includes refl ective 
spheres (Navigation I-Spheres, SurgicEye GmbH, 
Munich, Germany) and is compatible with the posi-
tioning system. At least one reference target is 
attached to the patient (reference target), which 
makes it possible to move the positioning system. 

 Dependent on lymphatic basin drainage, dif-
ferent positions are selected as patient reference 
targets (pubis, iliac). Ideally, the chosen reference 
target is unchanged in its position relative to the 
SLN basin during patient movements (Fig.  16.5 ). 
Generally, the closer the reference target is to the 
SLN site, the more accurate the positioning, but 
this may cause more disturbances to the surgical 
workfl ow. The position of the optical imaging 
camera is optimised in such way that the handheld 
gamma probe and patient reference targets are 
visible during image acquisition and visualisa-
tion. Care must be taken to avoid interference 
with the system recognition of different refer-
ences as this can hamper correct data collection 
and analysis.

   The freehand SPECT system provides several 
potential advantages:

    1.    It provides precise depth information in a 
nearly real time fashion, thereby facilitating 
SLN detection. It may therefore reduce the 
trauma and the risk of lymphatic fi stulas.   

   2.    Intraoperative nearly real-time image acquisi-
tion is usually fast and does not delay the sur-
gical procedure signifi cantly (in our 
experience about 15–20 min). It can be done 
beforehand after the resection of SLNs and 
may be repeated as often as required if the 
post- incision fi ndings suggest remnant 
activity.   

   3.    Freehand SPECT offers confi rmation of com-
plete SLN removal and provides a reliable 
source of documentation as images can be 
printed or saved electronically and may be 
added to the patient’s record.   

   4.    Previous SPECT/CT data must be uploaded 
and included in the image display to give ana-
tomic surroundings and the possibility of a 
mixed reality intraoperative navigation.       
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16.4     Other Gynaecological 
Tumours 

16.4.1     Ovarian Cancer 

 The experience of SLN mapping in ovarian can-
cer is limited because of the high risk of tumour 
spread. There are two series describing the lym-
phatic drainage from the ovaries in patients with-
out ovarian malignancy, but with malignancy of 
the endometrial or fallopian tube [ 4 ,  5 ]. Only one 

surgical team has evaluated the feasibility of SLN 
mapping in 21 women with ovarian cancer [ 6 ], 
with the administration of blue dye and radio-
tracer into the proper of ovarian and suspensory 
ligaments. The detection rate was 100 %, with 
ipsilateral drainage in 90.4 % of patients. The 
most frequent location was para-aortic region 
(67 %) followed by pelvic or a combination of 
both (9 % and 24 %, respectively). 

 Therefore, ovarian cancer remains as one of 
the gynaecologic malignancies for which there is 

a

b

c

d

  Fig. 16.5    Radioguided surgery using fhSPECT. Seventy- 
nine- year-old patient diagnosed of vulvar cancer. Bilateral 
inguinofemoral drainage was observed on late ( b ) lymphos-
cintigraphy and confi rmed in SPECT/CT images ( c ). Early 
planar views ( a ) show only one SLN in the right inguinal 
area. During surgery fhSPECT was used to guide the SLN 

biopsy ( d ). First scan ( up ) indicates the best approach to 
reach the SLN, which is at a great distance ( green spot ). The 
injection site is represented on the left. Once soft tissues are 
dissected, the target is nearer ( bottom ), 2-mm away the 
probe. The  green circle  with the  cross-over the green spot  
confi rms the correct placement of the probe over the SLN       
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much room for exploring the use of novel hybrid 
tracers and intraoperative detection and imaging 
devices.  

16.4.2     Vaginal Cancer 

 There are very few studies regarding sentinel 
node in vaginal cancer, but they report 
 successful SLN detection in isolated cases 
[ 20 ,  21 ,  22 ]. Frumovitz et al. [ 23 ] used the 
lymphatic mapping of lymphoscintigraphy for 
radiotherapy planning in 14 patients. They 
found lymphatic drainage in 79 % of patients, 
with bilateral lymph nodes in 55 % of cases. 
The most frequent location was the inguinal 
basin (45 %). There are only 3 reported cases, 
all in vulvovaginal melanoma, where detec-
tion was higher due to the increase of SLN 
locations identified by SPECT/CT [ 48 ,  49 ].   

16.5     Summary 

 The accurate harvesting of SLNs in gynaecologi-
cal cancer (i.e. vulvar, vaginal, cervical, endome-
trial, or ovarian cancer) is a complex process that 
can involve the coordination of several proce-
dural components to successfully accomplish. 
These issues have been covered in a recent gen-
eral guideline from EANM-SNMMI [ 50 ]. There 
are some well- established indications for SLNB 
(especially in vulvar and cervical cancers), but 
some further clarifi cation issues still remain 
(SLN detection in endometrial, vaginal, and 
ovarian cancer is not a standard of care) and 
should be considered an investigational proce-
dure. The use of new intraoperative detection and 
imaging devices, as well as hybrid tracers, may 
help to broaden the application of radioguided 
SLN biopsy in gynaecologic malignancies, and, 
therefore, warrant further clinical investigation.     
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   Abstract  

  Clinical application of sentinel lymph node 
(SLN) mapping and biopsy for early esopha-
geal or gastric cancer had been controversial 
for years. However, single-institutional results 
of SLN mapping and biopsy for these cancers 
are almost acceptable in terms of detection 
rate and accuracy to determine the lymph 
node status. SLN mapping and biopsy may 
play a key role to obtain individual metastatic 
information and allows modifi cation of the 
surgical procedures for early upper gastroin-
testinal (GI) cancer. 

 Radioguided, endoscopic SLN biopsy 
using preoperative lymphoscintigraphy and 
intraoperative gamma-probe has been estab-
lished for early esophageal cancer. Previous 
reports suggest that the SLN concept seems to 
be valid, and radioguided SLN biopsy may be 
feasible in cT1N0 esophageal cancer. 
Radioguided SLN mapping and biopsy has 
proven to be a promising strategy for a less 
invasive individualized surgery for early-stage 
esophageal cancer. 

 For early gastric cancer, the Japan Society 
of Sentinel Node Navigation Surgery con-
ducted a prospective multicenter trial of SLN 
mapping and biopsy by a dual-tracer method 
with radioactive colloid and blue dye. 
Corresponding detection rates of hot and/or 
blue lymph node were 98 %, respectively. The 
sensitivity to detect metastasis based on SLN 
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status was 93 % and the accuracy 99 %. Based 
on these results, minimized gastrectomy (such 
as proximal gastrectomy, segmental gastrec-
tomy, and pylorus- preserving gastrectomy), 
with individualized selective and modifi ed 
lymphadenectomy for early gastric cancer 
with negative SLN are now being performed 
in specialized institutions. More recently, the 
combination of endoscopic resection with 
SLN biopsy also appears attractive. 

 The SLN concept for cN0 early upper GI 
cancer has been validated, and modifi ed 
esophagectomy/gastrectomy with individual-
ized minimally invasive surgery, which might 
retain the patients’ quality of life, should be 
established as the next surgical challenge.  

17.1         Introduction 

 Clinical application of sentinel lymph node 
(SLN) mapping and biopsy for early esophageal 
or gastric cancer had been controversial for years. 
However, previous results of SLN biopsy for 
these cancers are almost acceptable in terms of 
detection rate and accuracy to determine lymph 
node status. SLN biopsy may play a key role to 
obtain individual metastatic information and 
allows modifi cation of the surgical procedures 
for early upper gastrointestinal cancer.  

17.2     Esophageal Cancer 

 Esophageal cancer has one of the highest malig-
nant potentials of any tumor. Lymph node 
metastasis has been recognized as one of the 
useful indicators for predicting the outcome of 
esophageal cancer. Specifi c characteristics of 
esophageal cancer are multidirectional lym-
phatic fl ow from the primary lesion and the 
widespread and random patterns of lymph node 
metastasis from cervical to abdominal areas [ 1 ]. 
Moreover lymph node metastasis is not a rare 
event in esophageal cancer even in pT1b tumors 
[ 1 ]. Based on these clinical observations, radical 
esophagectomy with two- or three-fi eld lymph 
node dissection has become recognized as a 

standard procedure, even for clinically node-
negative cases [ 1 ,  2 ]. However, the esophagec-
tomy with extended lymph node dissection is 
one of the most invasive procedures in gastroin-
testinal surgeries even by thoracoscopic and 
laparoscopic approaches as minimally invasive 
esophagectomy [ 3 – 5 ]. To eliminate the neces-
sity of uniform application of highly invasive 
surgery, SLN biopsy may play a signifi cant role 
by obtaining individual information to permit 
adjustments and modifi cations of the surgical 
procedure for that specifi c patient [ 6 ]. 

17.2.1     Sentinel Lymph Node (SLN)
Mapping and Biopsy 
Procedures in Esophageal 
Cancer 

 In general, radioguided method rather than the 
conventional blue dye method is preferred to 
detect the SLN in esophageal cancer [ 7 – 9 ]. In our 
procedures, a 2.0-ml volume of technetium-99m 
tin colloid solution (150 MBq) is injected at four 
quadrants into the submucosal layer around the 
primary tumor using an endoscopic puncture 
needle the day before surgery. Preoperative lym-
phoscintigraphy is usually obtained 3–4 h after 
the radiotracer injection (Fig.  17.1 ). Distribution 
of SLN was widely spread from cervical to 
abdominal areas.

Primary tumor

  Fig. 17.1    Preoperative lymphoscintigraphy in thoracic 
esophageal cancer.  Arrows , sentinel nodes       
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   Intraoperative SLN (i.e., radiolabeled lymph 
nodes) sampling is performed using a handheld 
gamma-probe (GPS Navigator; RMD Instruments 
LLC, Watertown, MA, USA). Gamma probing is 
also feasible in thoracoscopic or laparoscopic 
sampling of SLNs using the special gamma- 
detector, which is introducible from trocar ports. 
SLN located in the cervical area could be identi-
fi ed by percutaneous gamma-probing. On the 
back table, the search for residual SLNs in the 
resected specimen is carefully investigated using 
the gamma- probe, and all SLNs are sent for intra-
operative pathology examination. 

 For abdominal esophageal cancer or adeno-
carcinoma of gastroesophageal (GE) junction, a 
dual-tracer method of the radioactive tracer and 
blue dye (isosulfan blue or indocyanine green) is 
primarily used for SLN detection [ 10 ]. The blue 
dye is injected into the submucosal layer of the 
primary lesion endoscopically right after the start 
of surgery. Subsequently, the radiotracer passes 
through the afferent lymphatics, and blue-stained 
lymph nodes are identifi ed as the SLNs approxi-
mately 15 min after the injection. 

 We believe that dye-only-guided SLN map-
ping is not suitable for thoracic esophageal can-
cer secondary to the fact that regional lymph 
nodes of the thoracic esophagus in the mediasti-
num are frequently pigmented by anthracosis. 
Furthermore, real-time observation of the lym-
phatic route using blue dye is impossible without 
operative mobilization and dissection of the 
esophagus; however, mobilization and dissection 
itself may interfere with active lymphatic fl ow 
from the primary lesion. Intraoperative SLN 
sampling using gamma-probe is considerably 
accurate and useful for prediction of lymph node 
metastasis in esophageal cancer.  

17.2.2     Results of SLN Biopsy 
for Esophageal Cancer 

 There have been relatively less number of studies 
demonstrating the feasibility and validity of the 
SLN concept in esophageal cancer, compared to 
those in gastric cancer (Table  17.1 ). To date, 
however, a number of single-institutional studies, 

    Table 17.1    Representative results of sentinel node biopsy for esophageal cancer using radioguided methods   

 Author (Ref.)  Year  Radiotracers  Tumor depth 
 Number of 
patients 

 SLN detection 
rate (%) 

 Sensitivity 
(%) 

 Accuracy 
(%) 

 Kato [ 35 ]  2003  RI ( 99m  technetium 
rhenium sulfi de) 

 pT1–T4  25 SCC  23/25 (92)  13/15 (87)  21/23 (91) 

 Yasuda [ 36 ]  2003  RI ( 99m  technetium 
tin colloid) 

 pT1–T3  23  23/23 (100)  9/12 (75)  20/23 (87) 

 Lamb [ 12 ]  2005  RI( 99m  technetium 
nanocolloid) 

 N.D.  57 Adeno  57/57 (100)  35/37 (95)  55/57 (96) 

 Takeuchi [ 9 ]  2009  RI ( 99m  technetium 
tin colloid) 

 cT1–T2  75 SCC+ 
 Adeno 

 71/75 (95)  29/33 (88)  67/71 (94) 

 Thompson [ 14 ]  2011  RI ( 99m  technetium 
antimony colloid) 

 pT1a–T3  16 SCC+ 
 Adeno 

 14/16 (88)  3/3 (100)  16/16 
(100) 

 Kim [ 37 ]  2011  RI ( 99m  technetium 
neomannosyl 
HSA) 

 cT1–T4  23 ESCC  21/23 (91)  8/8 (100)  21/21 
(100) 

 Uenosono [ 15 ]  2011  RI ( 99m  technetium 
tin colloid) 

 cT1–T3  134 
SCC+ 
 Adeno 

 cT1: 56/60 
(93) 

 cT1: 11/12 
(92) 

 cT1: 55/56 
(98) 

 cT2: 31/31 
(100) 

 cT2: 12/18 
(67) 

 cT2: 25/31 
(81) 

 cT3: 28/32 
(88) 

 cT3: 13/24 
(54) 

 cT3: 17/28 
(61) 

 CRT: 5/11 
(46) 

 CRT: 0/3 
(0) 

 CRT: 2/5 
(40) 

   RI  radioisotope,  N.D.  not determined,  HSA  human serum albumin,  SCC  squamous cell carcinoma,  Adeno  adenocarci-
noma,  SLN  sentinel lymph node  
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including us, have demonstrated acceptable out-
comes of SLN biopsy for early esophageal can-
cer. In particular, radioguided method seems 
superior in terms of the SLN detection rate and 
accuracy of determination of lymph node status 
to the conventional blue dye method (Table  17.1 ).

   Cases with clinically apparent lymph node 
metastasis should be excluded from SLN biopsy 
because the purpose of this technique is to iden-
tify clinically undetectable lymph node involve-
ment. Clinically T1 esophageal cancers were 
suitable targets of the SLN biopsy. On the other 
hand, clinically T3 or T4 tumors, in which origi-
nal lymphatic drainage routes might be obstructed 
and altered, result in high incidence of false-neg-
ative cases. Therefore, clinically T3 or T4 tumors 
should be also excluded from the indication for 
SLN biopsy. 

 In our previous study, we have performed 
radioguided SLN biopsy for clinically T1N0 or 
T2N0 esophageal cancer to verify the feasibility 
of the SLN mapping [ 9 ]. Our data indicates suc-
cessful SLN detection in 71 (95 %) of 75 patients, 
and the diagnostic accuracy based on SLN status 
was 94 %. The SLN biopsy was successful even 
during thoracoscopic esophagectomy, along with 
conventional surgical procedures [ 9 ]. The mean 
number of identifi ed SLNs per case was 4.7, and 
not 1 or 2 in our study [ 9 ]. 

 Also in our study, distribution of identifi ed 
SLNs was widely spread from cervical to abdom-
inal areas [ 9 ]. In more than 85 % of cases with 
thoracic esophageal cancer, at least one SLN was 
found to be located in the second or third com-
partment of regional lymph nodes [ 9 ]. In general, 
the stations which were frequently identifi ed as 
SLNs tended to have high incidence of metastasis 
pathologically. 

 Most of the SLN studies have shown that in 
the squamous cell carcinoma (SCC), the distribu-
tion of SLNs is randomized (cervical, thoracic, 
and abdominal); however, in the adenocarcinoma 
(AC), the distribution is relatively located in peri-
esophageal tissue and abdominal area. Grotenhuis 
et al. [ 11 ] found a high false-negative rate (15 %) 
in SLNs in the AC; however, perhaps it was 
related to dye-only-guided SLN biopsy in the 
study and transhiatal operation which had limited 

lymphadenectomy of supracarinal lymph nodes 
and the fact that it was high number of T3 tumors 
(65 %), which could supplied to low accuracy 
rate. On the other hand, Lamb et al. [ 12 ] reported 
excellent results of SLN biopsy in 57 patients 
with AC. Burian et al. [ 13 ] also demonstrated that 
SLN biopsy is feasible and reliable in patients 
with adenocarcinoma of GE junction. We think 
that the SLN mapping and biopsy will also be 
adaptable and reliable to AC of distal esophagus 
or GE junction [ 10 ]. 

 In general, lymphadenectomy is still necessary 
at least for staging purposes even after neoadju-
vant therapy, such as neoadjuvant chemotherapy 
or chemoradiotherapy, and the distribution of 
nodal metastasis after neoadjuvant therapy could 
be useful information in planning the operative 
techniques. Therefore, if we could use the SLN to 
study the remained pathologic lymph nodes after 
neoadjuvant therapy, this could avoid extended 
lymphadenectomy or using SLN to establish a 
new pathologic staging disease. Thompson et al. 
[ 14 ] did not fi nd any difference between patients 
who received neoadjuvant therapy, as well did not 
have and increased diffi culty in identifying SLNs 
in these patients. On the other hand, Uenosono 
et al. [ 15 ] agreed that SLN navigation surgery also 
is unacceptable for patients who have had neoad-
juvant chemoradiotherapy.  

17.2.3     Future Application of SLN 
Biopsy in Esophageal Cancer 

 SLN biopsy would provide signifi cant informa-
tion to perform individualized selective lymphad-
enectomy for esophageal cancer that might 
reduce the morbidity without having a negative 
impact on the prognosis. For instance, if the 
SLNs were identifi ed only in the mediastinum or 
abdominal area and all SLNs were pathologically 
negative in patients with cT1N0 middle or lower 
thoracic esophageal cancer, the cervical lymph 
node dissection would be unnecessary [ 9 ]. 

 SLN mapping and biopsy will also be adapt-
able and reliable to adenocarcinomas of distal 
esophagus or GE junction [ 10 ]. We think that the 
SLN mapping and biopsy for adenocarcinomas 
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of distal esophagus or GE junction is useful to 
adjust and modify the surgical procedures. For 
instance, if the SLNs were identifi ed only in the 
abdominal area and pathologically negative in 
the case with cT1N0 adenocarcinoma of distal 
esophagus, the patient would be treated with lim-
ited resection of distal esophagus by transhiatal 
approach without extensive mediastinal lymph 
node dissection [ 9 ,  10 ]. On the other hand, if the 
SLNs were positive for metastasis by intraopera-
tive diagnosis, the patient should be treated with 
extended transthoracic lymphadenectomy. The 
new surgical procedure might reduce the morbid-
ity and mortality without having a negative 
impact on the quality of life (QOL) for early- 
stage esophageal cancer patients with pathologi-
cally negative SLN. 

 Previous reports suggest that the SLN concept 
seems to be valid, and radioguided SLN biopsy  
may be feasible in cT1N0 esophageal cancer. 
SLN mapping and biopsy surgery has proven to 
be a promising strategy for a less invasive indi-
vidualized surgery for early-stage esophageal 
cancer.   

17.3     Gastric Cancer 

 Many patients with early gastric cancer are cur-
rently treated with advanced laparoscopic gas-
trectomy procedures, such as laparoscopy-assisted 
distal gastrectomy (LADG) and laparoscopy- 
assisted total gastrectomy in Asian countries 
[ 16 – 19 ]. Advanced laparoscopic gastrectomy 
contributes to both better esthetics and early post-
operative recovery [ 20 ]. However, patients’ QOL 
is mainly affected by late phase complications, 
such as dumping syndrome and body weight loss 
resulting from oral intake disturbance. Therefore, 
both minimal invasiveness for early phase recov-
ery and satisfactory late phase function after gas-
tric cancer surgery should be carefully considered 
in patients indicated for these procedures. 

 Although function-preserving gastrectomy 
such as partial gastrectomy, segmental gastrec-
tomy, and proximal gastrectomy, with limited 
stomach resection and lymph node dissection, 
may help in improving postoperative late phase 

function, a certain incidence of skip metastasis in 
the 2nd or 3rd compartment of regional lymph 
nodes remains an obstacle to the wider applica-
tion of these procedures. To overcome these 
issues, the concept of SLN mapping and biopsy 
is anticipated to become a novel diagnostic tool 
for the identifi cation of clinically undetectable 
lymph node metastasis in patients with early gas-
tric cancer. 

 The clinical application of SLN biopsy for 
early gastric cancer has been controversial for 
years. However, single-institutional results, 
including ours and those from a recent multi-
center trial of SLN mapping for early gastric can-
cer, are considered acceptable in terms of the 
SLN detection rate and accuracy of determina-
tion of lymph node status [ 7 ,  21 ]. On the basis of 
these results, we are developing a novel, laparo-
scopic, minimally invasive gastrectomy tech-
nique combined with SLN mapping and biopsy. 

17.3.1     Laparoscopic SLN Mapping 
and Biopsy Procedures 

 A dual-tracer method that utilizes radioactive col-
loids and blue dyes is currently considered the 
most reliable method for the detection of SLNs in 
patients with early gastric cancer [ 21 ,  22 ]. An 
accumulation of radioactive colloids facilitates 
the identifi cation of SLNs, even in resected speci-
mens, by using a handheld gamma- probe, and the 
blue dye is effective for intraoperative visualiza-
tion of lymphatic fl ow, even during laparoscopic 
surgery. Technetium-99m tin colloid, technetium-
99m sulfur colloid, and technetium- 99m anti-
mony sulfur colloid are preferentially used as the  
radioactive tracers. Isosulfan blue, patent blue, 
and indocyanine green (ICG) are the currently 
preferred choices as the dye tracers. 

 In general, patients with clinical T1 (or T2) 
tumors, primary lesions less than approximately 
4 cm in diameter, and clinical N0 gastric cancer 
undergo SLN mapping and biopsy. In our proce-
dures, 2.0 ml (150 MBq) of technetium-99m tin 
colloid solution is injected the day before surgery 
into four quadrants of the submucosal layer of the 
primary tumor site using an endoscopic puncture 
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needle. Endoscopic injections facilitate accurate 
tracer injection. Technetium-99m tin colloid with 
relatively large particle size accumulates in the 
SLNs after local administration. 

 The blue dye is injected into four quadrants of 
the submucosal layer of the primary site using an 
endoscopic puncture needle at the beginning of 
surgery. Blue lymphatic vessels and blue-stained 
lymph nodes can be identifi ed by laparoscopy 
within 15 min after the injection of the blue dye. 
Simultaneously, a handheld gamma-probe is used 
to locate the radioactive SLNs, similar to esopha-
geal SLN biopsy. Intraoperative gamma- probing 
is feasible in laparoscopic gastrectomy using a 
special gamma-detector introducible through tro-
car ports. 

 During radioguided SLN biopsy for breast-
cancer and melanoma, individual SLNs are 
excised from the in situ lymph node basin tissue. 
However, it is recommended that the clinical 
application of intraoperative SLN sampling for 
gastric cancer should include SLN lymphatic 
basin lymph node dissection, which is a sort of 
focused lymph node dissection involving hot and 
blue nodes [ 21 ,  22 ]. The gastric lymphatic basins 
are considered to be divided in the following fi ve 
directions along the main arteries: left gastric 
artery area, right gastric artery area, left gastro-
epiploic artery area, right gastroepiploic artery 
area, and posterior gastric artery area [ 23 ]. 

 ICG is known to have excitation and fl uores-
cence wavelengths in the near-infrared range 
[ 24 ]. To date, some investigators have used infra-
red ray electronic endoscopy (IREE) to demon-
strate the clinical utility of intraoperative ICG 
infrared imaging as a new tracer for laparoscopic 
SLN biopsy [ 24 ,  25 ]. IREE might be a useful tool 
to improve visualization of ICG- stained lym-
phatic vessels and SLNs even in the fat tissues. 
More recently, ICG fl uorescence imaging has 
been developed as another promising novel tech-
nique for SLN biopsy [ 26 ,  27 ]. SLNs could be 
clearly visualized by ICG fl uorescence imaging 
compared to the naked eye (Fig.  17.2 ). Further 
studies would be needed to evaluate the clinical 
effi cacy of ICG infrared or fl uorescence imaging 
and to compare those with radioguided methods 
in established prospective studies. However, 
these new technologies might revolutionize the 
SLN mapping and biopsy procedures not only in 
gastric cancer, but also in many other solid 
tumors.

17.3.2        Results of SLN Biopsy 
for Gastric Cancer 

 To date, more than 50 single-institutional studies 
have demonstrated acceptable outcomes of SLN 
biopsy for early gastric cancer in terms of the 

Sentinel nodes

Lymphatic vessel

a b

  Fig. 17.2    Indocyanine green fl uorescence imaging using 
infrared ray electronic endoscopy for laparoscopic senti-
nel lymph node biopsy.  (a)  Normal light, ( b)  infrared ray 

electronic endoscopy. Infrared ray electronic endoscopy 
can visualize SLNs and lymphatics clearly       
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SLN detection rate (90–100 %) and accuracy 
(85–100 %) of determination of lymph node sta-
tus; these outcomes are comparable to those of 
SLN biopsy for melanoma and breast cancer 
[ 22 ]. Recently, Wang et al. reported a systematic 
review that evaluated the diagnostic value of SLN 
biopsy for gastric cancer [ 28 ]. The results of their 
large-scale meta-analysis, which included 38 rel-
evant studies with 2128 patients, demonstrated 
that the SLN detection rate and accuracy of pre-
diction of lymph node metastasis based on SLN 
status were 94 % and 92 %, respectively [ 28 ]. 
They concluded that the SLN concept is techni-
cally feasible for gastric cancer, especially cases 
with early T stage (T1), with the use of combined 
tracers and submucosal injection methods during 
the SLN biopsy procedures. 

 A study group in the Japan recently conducted 
a multicenter prospective trial of SLN biopsy 
using a dual-tracer method with a radioactive col-
loid and blue dye [ 21 ]. In the trial, SLN biopsy 
was performed between 2004 and 2008 for 
approximately 400 patients with early gastric 
cancer at 12 comprehensive hospitals, including 
our institution. Eligibility criteria were that 
patients had cT1N0M0 or cT2N0M0 single 
tumor with diameter of primary lesion less than 
4 cm, without any previous treatments. As results, 

the SLN detection rate was 98 %, and the accu-
racy of determination of metastatic status was 
99 % [ 21 ]. The results of that clinical trial are 
expected to provide us with perspectives on the 
future of SLN navigation surgery for early gastric 
cancer.  

17.3.3     Clinical Application 
of Laparoscopic SLN Biopsy 
for Early Gastric Cancer 

 The distribution of SLN lymphatic basins and the 
pathological status of SLNs would be useful in 
deciding on the minimized extent of gastric 
resection and in avoiding the universal applica-
tion of distal or total gastrectomy with D2 dissec-
tion. Appropriate indications for laparoscopic 
surgeries such as partial (wedge) resection, seg-
mental gastrectomy, pylorus-preserving gastrec-
tomy, and proximal gastrectomy (LAPG) for 
cT1N0 gastric cancer could be individually deter-
mined on the basis of SLN status (Fig.  17.3 ) [ 29 , 
 30 ]. Earlier recovery after surgery and preserva-
tion of QOL in the late phase can be achieved by 
laparoscopic limited gastrectomy with SLN navi-
gation. Our study group in Japan currently started 
the multicenter prospective trial which will 

Laparoscopic SLN lymphatic basin dissection
Intra-operative diagnosis of SLN metastasis

Positive SLN Negative SLN

Laparoscopic function-preserving surgery

Wedge (partial) resection
Segmental resection
Pylorus-preserving gastrectomy
Proximal gastrectomy

Endoscopic resection (EMR/ESD)

Laparoscopic
distal/total gastrectomy

with D2 dissection

cT1N0M0 (<4cm) gastric cancer

  Fig. 17.3    Individualized 
function-preserving 
approaches for cT1N0M0 
gastric cancer based on 
SLN mapping.  EMR  
endoscopic mucosal 
resection,  ESD  endoscopic 
submucosal dissection       
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 evaluate the function-preserving gastrectomy 
with SLN biopsy in terms of long-term survival 
and patients’ QOL as the next step.

   A combination of laparoscopic SLN biopsy 
and endoscopic mucosal resection (EMR)/endo-
scopic submucosal dissection (ESD) for early 
gastric cancer is another attractive option as a 
novel, whole stomach-preserved, minimally 
invasive approach. If all SLNs are pathologi-
cally negative for cancer metastasis, theoreti-
cally, EMR/ESD instead of gastrectomy may be 
suffi cient for the curative resection of cT1 gas-
tric cancer beyond the EMR criteria [ 11 ,  20 ]. 
However, further studies are required to verify 
the safety and effectiveness of combined treat-
ments involving laparoscopic SLN biopsy and 
EMR/ESD. 

 Nowadays, LADG or LAPG are frequently 
applied to the patients with early gastric cancer 
according to the results of pathological assess-
ment of primary tumor resected by EMR/ESD in 
clinical practices. To date, it has not been clari-
fi ed whether the SLN biopsy is feasible even after 
EMR/ESD. One of the most important issues is 
whether lymphatic fl ow from the primary tumor 
to the original SLNs may change after EMR/
ESD. In our preliminary study, however, at least 
the sentinel lymphatic basin is not markedly 

affected by previous EMR/ESD [ 31 ,  32 ]. 
Modifi ed gastrectomy according to SLN 
 distribution and metastatic status might be feasi-
ble even for the patients who underwent EMR/
ESD prior to surgery. 

 The recent appearance of a new technique, 
referred to as non-exposed endoscopic wall- 
inversion surgery (NEWS), is a technique of full- 
thickness resection using endoscopy and 
laparoscopic surgery without transluminal access 
mainly designed to treat gastric cancer. We have 
been accumulating cases of NEWS with SLN 
biopsy for early gastric cancer with the risk of 
lymph node metastasis in the clinical trial 
(Fig.  17.4a–f ) [ 33 ,  34 ]. The combination of 
NEWS with SLN biopsy is expected to become a 
promising, ideal minimally invasive, function- 
preserving surgery to cure cases of cN0 early 
gastric cancer.

   For early-stage gastric cancer, for which a bet-
ter prognosis can be achieved through conven-
tional surgical approaches, the establishment of 
individualized, minimally invasive treatments 
that may retain the patients’ QOL should be the 
next surgical challenge. Although further studies 
are needed for careful validation, SLN navigation 
surgery could be a promising strategy to achieve 
this goal.   
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e f

Sentinel lymphatic basin

Sentinel node

Sentinel lymphatic basin

Primary
tumor

NEWS

Primary tumor Sentinel node

Sentinel lymphatic basin

a b

c d

  Fig. 17.4     (a)  Schema of non-exposed endoscopic wall- 
inversion surgery (NEWS) with SLN biopsy and SLN 
lymphatic basin dissection. ( b)  Injected indocyanine 
green to the gastric wall surrounding the primary tumor. 
( c)  SLN lymphatic basin resection.  (d)  Retrieved sentinel 
lymphatic basin. ( e)  Laparoscopic circumferential sero-
muscular incision. ( f)  Laparoscopic seromuscular sutur-

ing and inversion of the primary lesion. Subsequently, 
endoscopic circumferential mucosal and remnant submu-
cosal tissue incision was performed. Finally, the detached 
primary lesion was retrieved perorally. By the new surgi-
cal approaches, the patients could avoid total gastrectomy 
and preserve almost all stomach       
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    Conclusion 

 Radioguided SLN mapping and biopsy in 
esophagogastric cancer has been now vali-
dated in early upper gastrointestinal tumors. 
Correspondingly less extensive surgeries in 
SLN negative patients hopefully increase the 
patient’s quality of life. However, the imple-
mentation of this technique into daily clini-
cal practice represents the next surgical 
challenge.     
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   Abstract  

  Colorectal cancer is the most frequent malig-
nancy of the gastrointestinal tract. After distant 
metastasis, the presence of metastases in 
regional lymph nodes is the main prognostic 
factor. Examination of only a selected group of 
lymph nodes harvested separately during the 
surgical procedure and containing the highest 
probability of metastatic cells – the sentinel 
lymph nodes (SLNs) – could be useful in this 
context given that SLN biopsy allows a more 
comprehensive analysis of the status of the 
regional lymph nodes. In this context, it is to be 
noted that standard H&E histopathology analy-
sis can potentially underestimate the degree of 
lymph node involvement by failing to recog-
nize micrometastatic disease that may be appar-
ent only at H&E histopathology analysis of 
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serial sections and/or immunohistochemistry. 
To date, in colorectal cancer, the SLN proce-
dure has only diagnostic relevance. En bloc 
resection of the tumor and regional lymph node 
dissection remains the standard treatment. 

 The most commonly used tracers in lym-
phatic mapping in colon cancer are colorimet-
ric dyes. The in vivo use of colorimetric dyes 
does not require any additional technology, 
does not prolong the procedure signifi cantly, 
and shows several advantages over the use of a 
radioisotope. The in vivo administration of 
dye allows the detection of aberrant lymphatic 
drainage of the regional lymph nodes. Because 
of the principle of oncological radicality asso-
ciated with total mesorectal excision, lym-
phatic mapping in rectal cancer is frequently 
done on the specimen ex vivo. Accordingly, 
there is no impact on intraoperative strategy. 
In anal cancer (for which radiochemotherapy 
is the treatment of choice), in selected cases, 
SLN biopsy has been indicated as a tool for 
precise and minimally invasive assessment of 
the regional inguinal lymphatic system and 
also for further therapeutic decision making 
(regarding the use of radiotherapy).  

18.1         Value and Relevance 
of Sentinel Lymph Node 
(SLN) Biopsy in Clinical 
Practice 

18.1.1     Conceptual Background 
in Relation to Colorectal 
Cancer 

 Colorectal cancer is the most common malig-
nancy of the gastrointestinal tract, the third most 
common malignancy, and the fourth leading 
cause of cancer death (with an incidence of 1.36 
million and 694,000 deaths worldwide in 2012). 
Epidemiological estimates indicate that around 
6 % of the population will develop colorectal 
cancer during the course of their lives, of whom 
40 % will die. Presently, the number of colorectal 
cancer cases is on the rise in countries with 

a lower incidence, but is stabilizing or even 
 decreasing in countries with a higher incidence, 
especially among younger patients. On average, 
around 70 % of colorectal cancer patients are 
over 65 years old [ 1 ,  2 ]. 

 After distant metastasis, the most important 
prognostic factor in colorectal cancer is the pres-
ence of metastases in the regional lymph nodes, 
with 5-year survival of approximately 70–90 % in 
patients with stage I and II diseases but only 
40–60 % in those with stage III disease. Thus, the 
regional lymph node status is the principal infl u-
ence on all decision making regarding the need for 
additional treatment, such as adjuvant chemother-
apy. Accordingly, appropriate selection of diag-
nostic methods for the determination of regional 
lymph node involvement is highly relevant to 
long-term patient outcome and prognosis [ 3 – 19 ]. 

 Another important clinical fi nding is the fact 
that up to 30 % of patients with colorectal cancer 
diagnosed as pN0 following surgery will die within 
5 years owing to regional recurrence or distant 
metastases [ 4 – 6 ,  8 – 11 ,  15 ,  17 ,  20 – 23 ]. The results 
of MOSAIC and NSABP C-07 research initiated a 
lively debate over  establishing a so-called high-risk 
stage 2 group, which would potentially benefi t 
from adjuvant treatment. Presently, the high-risk 
group, according to ESMO and NCCN treatment 
standards, comprises patients with T4 tumors 
(especially T4b), a high grade of histological 
malignancy in the tumor, infi ltration of vessels and 
perineural tissue, tumor budding, a small number 
of removed lymph nodes (<12), emergency surgery 
caused by obstruction, tumor hemorrhage, or per-
foration [ 5 ,  8 ,  10 ,  12 ,  14 ,  24 ,  25 ]. When selecting 
such a group of high-risk patients, none of these 
prognostic factors seems more signifi cant than the 
presence of regional lymph node involvement. 
Therefore, the problem is to fi nd diagnostic meth-
ods that could improve selection based on this cri-
terion in terms of both cost and effectiveness [ 9 ,  10 , 
 12 ,  20 ,  26 ]. The relevant literature shows that 
examination of only one lymph node slide using 
hematoxylin and eosin (H&E) stain leaves up to 
33 % of metastases unidentifi ed. A single slide 
with H&E stain through the center of a node 1 cm 
in diameter provides information on <1 % of its 
volume [ 4 ,  8 ,  14 ,  27 ]. 
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 Additional H&E histopathologic analysis of 
serial sections allows for the identifi cation of 
micrometastatic disease in up to 20 % of lymph 
nodes determined to be negative by standard 
H&E methods [ 13 ]. However, performing H&E 
histopathologic analysis of sections can be tech-
nically challenging and time consuming, as well 
as entailing signifi cantly greater cost. Other his-
topathologic methods utilized for more accurate 
assessment of the status of the regional lymph 
nodes, such as immunohistochemistry using anti-
bodies against human cytokeratins or RT-PCR, 
require even more time and incur an even higher 
cost. Therefore, what would be most useful and 
relevant is a more careful evaluation of a selected 
group of lymph nodes that have the highest prob-
ability of containing metastatic cells, i.e., the sen-
tinel lymph nodes (SLNs) [ 4 ,  6 – 10 ,  14 – 16 , 
 20 – 23 ,  27 ,  28 ]. 

 The concept of SLN biopsy in colorectal can-
cer is currently not analogous to the similar pro-
cedure employed in cases of melanoma, breast 
cancer, or Merkel cell carcinoma, where it has 
direct implications for further therapy. En bloc 
resection of the tumor with systematic lymph 
node resection and central vessel ligation is the 
gold standard in colorectal cancer. SLN biopsy 
would allow a more comprehensive diagnosis of 
the status of the lymphatic system, which, as 
already stated, may be underestimated during 
the normal staining. This benefi t is attributable 
to the identifi cation of cancer cell foci that are 
impossible to verify when using the H&E proce-
dure [ 4 – 6 ,  8 ,  9 ,  17 ,  22 ]. The identifi cation of 
micrometastases in SLNs during the more thor-
ough analysis may suggest the presence of 
metastases in non-SLNs. This idea was origi-
nally put forward in single studies, but in a meta-
analysis by Des Guetz et al. in 2007, it was 
emphasized that standard histopathology of 
lymph nodes in colorectal cancer delivers less 
diagnostic and prognostic information than does 
thorough examination of the lymph nodes identi-
fi ed during lymphatic mapping [ 7 ,  14 ,  29 ]. 
Presently, SLN biopsy is recommended as an 
examination that provides some additional, 
prognostically relevant information, despite its 
not entirely satisfying sensitivity. The results of 

the procedure depend on a series of conditions 
that infl uence the quality of the procedure [ 18 , 
 19 ,  30 ]. 

 Performance of lymphatic mapping in the rec-
tum is less reliable than in the colon owing to the 
different anatomy. The principle of oncological 
radicality associated with TME requires the 
mesorectal fascia to remain intact during surgery. 
This makes it impossible to apply the dye and to 
search for lymph nodes intraoperatively. Another 
issue is neoadjuvant radio- or radiochemother-
apy, which affects the vessels and lymph nodes in 
the vicinity of the tumor. In principle, patients 
with rectal cancer should be excluded from the 
analyzed material, or the procedural calculations 
presented for them should be presented sepa-
rately [ 10 ,  11 ,  20 ]. 

 Table  18.1  provides a short overview of stud-
ies of the use of SLN biopsy in colorectal 
cancer.

18.1.2        Inclusion Criteria 

 In order to qualify for SLN biopsy, patients typi-
cally have to meet the following criteria: provi-
sion of patient consent, age over 18, satisfactory 
general condition (ASA I–III), primary histo-
pathologically confi rmed resectable colorectal 
cancer, no previous surgical interventions in the 
colon or its mesentery (including appendectomy 
in the superior proximal right half of the colon), 
and no allergies to contrast agents. Patients with 
previous lymphadenectomy (regardless of the 
reasons), pregnant women, patients who have 
lymph nodes intraoperatively suspected of har-
boring metastases, tumors infi ltrating neighbor-
ing organs, remote metastases, or synchronous 
cancer and patients undergoing emergency pro-
cedures (obstruction, massive bleeding, perfora-
tion) are excluded. 

 In some studies, several further factors have 
been taken into consideration in assessing 
whether patients qualify for SLN biopsy, i.e., 
anthropometric data, intraoperative appearance 
of the tumor, and macroscopic and microscopic 
characteristics at histopathology [ 5 ,  7 ,  17 – 20 ,  29 , 
 35 ,  37 ,  40 ,  46 – 51 ].  

18 Radioguided Sentinel Lymph Node Mapping and Biopsy in Colorectal Cancer
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18.1.3     Prognostic Signifi cance 
of Micrometastases in SLNs 

 The prognostic signifi cance of micrometastases 
has not yet been defi nitively established. What 
has been proven is the lack of clinical relevance 
of isolated cancer cells found in lymph nodes 
[ 10 ,  52 – 59 ]. Furthermore, few studies have ana-
lyzed the issue of prognosis in colon cancer 
patients in whom micrometastases have been 
detected in the SLN. In the Sirop et al. study in 
2011, 109 patients with colorectal cancer were 
investigated, with a follow-up of at least 5 years. 
The SLN was analyzed through serial dissections 
and immunohistochemistry. In 14 patients, 
micrometastases were confi rmed in the SLNs. 
All of these patients received adjuvant treatment. 
5-year survival in the group with micrometasta-
ses after chemotherapy was 100 %, compared 
with 96.2 % in the pN0 group and 75 % in the 
pN+ group. Owing to the small group size, this 
analysis did not achieve statistical signifi cance 
( p  = 0.07) [ 3 ]. 

 In a study in 2014, 55 patients with colon can-
cer after SLN biopsy were compared with a con-
trol group of 110 patients adjusted for 
tumor-related factors and operated on without 
SLN biopsy. The average number of examined 
lymph nodes in the clinical and control group dif-
fered signifi cantly, being nine and seven, respec-
tively ( p  = 0.03). Immunochemistry resulted in 
upstaging owing to the detection of metastases in 
3 of 38 SLNs initially considered true negative. 
The 5-year survival rates differed signifi cantly in 
the two groups: 83 % in the SLN biopsy group 
vs. 69 % in the control group with no SLN biopsy 
( p  = 0.03). Furthermore, within the SLN group, 
the 5-year survival rate was higher in SLN- 
negative patients (91 % vs. 76 %;  p  = 0.04). The 
authors emphasized the excellent prognosis in 
SLN-negative patients when using H&E stain 
and immunochemistry together with automated 
microscopy [ 60 ]. 

 The studies utilizing molecular biology tech-
niques (RT-PCR) have revealed that the fre-
quency of discovery of small tumor deposits is 
statistically higher in the SLN than in other ana-
lyzed lymph nodes [ 4 ,  26 ]. 

 One of the largest studies analyzed 192 
patients with colon cancer. In 42 (22 %) patients, 
aberrant lymphatic drainage was observed which 
changed the scope of the resection. In 19 patients 
with extended scope of resection, metastases 
were found in lymph nodes located beyond the 
standard resection margin, and in two of these 
patients, these lymph nodes were the only sites of 
metastases. Furthermore, metastases to lymph 
nodes were detected in 62 % of patients in whom 
the scope of resection was extended after lym-
phatic mapping, compared with only 43 % of 
those who underwent standard resection. In the 
extended resection group, an average of 17.6 
lymph nodes was examined, while in the stan-
dard resection group, the average was 15.8. 
Analysis of the data indicates that aberrant lym-
phatic drainage infl uences disease management, 
assessment of the disease stage, and, to a limited 
extent, survival [ 66 ].   

18.2     Lymphatic Drainage 
of the Colon and Rectum 

 Lymphatic vessels in the colon run together 
with blood vessels (Fig.  18.1 ), which is the rea-
son why colon resection should be accompa-
nied by resection of the regional lymph nodes 
from the vicinity of the superior and inferior 
mesenteric vessels. The regional lymph nodes 
associated with the colon are divided into four 
groups:

     1.    Lymph nodes, located subserously in the 
intestinal wall.   

   2.    Paracolic lymph nodes, located along the mar-
ginal artery.   

   3.    Mesocolic lymph nodes, located along arter-
ies. These include:
•    Ileocolic lymph nodes, which are divided 

into prececal, retrocecal, and appendicular 
lymph nodes. Lymph fl ows along the ileo-
colic artery toward the superior mesenteric 
lymph nodes.  

•   Left, middle, and right colic lymph nodes 
transport lymph to the superior and inferior 
mesenteric lymph nodes.  
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•   Inferior mesenteric lymph nodes, which 
are located in the sigmoid colon mesentery 
and along the superior rectal artery. They 
gather lymph from the sigmoid colon and 
the superior part of the rectum.      

   4.    Major lymph nodes located by the inferior and 
superior mesenteric arteries bifurcation. These 
include inferior mesenteric lymph nodes, peri-
aortic lymph nodes, and left perilumbar lymph 
nodes [ 61 ,  62 ].    

  Several studies show that in more than 80 % of 
cases, the fi rst metastatic lymph node in colorec-
tal cancer is a paracolic lymph node located 5 cm 
or less from the tumor (Fig.  18.2 ) [ 8 ,  11 ,  29 ,  47 , 
 63 ,  64 ].

   Beside this classic lymphatic drainage, aber-
rant drainage within the regional lymph nodes 
can exist. Such drainage leads directly to main 
lymph node stations near the superior and infe-
rior mesenteric vessels or to colic and paracolic 

lymph nodes located at a signifi cant distance 
from the tumor. 

 The prevalence of aberrant lymphatic drain-
age has generally been reported to be up to 20 % 
[ 32 ,  65 ,  66 ]. Drainage of this nature infl uences 
the scope of lymphadenectomy since “aberrant” 
lymph nodes are potential locations for “skip 
metastases” [ 5 ,  8 ,  11 ,  16 ,  22 ,  67 ]. In some cases, 
the fi rst lymph nodes to become dyed are those 
on the opposite side of the colon. Instances of 
lymphatic drainage from the transverse colon 
through the greater omentum to the splenic hilar 
lymph nodes have also been published [ 8 ,  11 ]. 
Moreover, tumors located in the hepatic fl exure 
can, in about 5 % of cases, metastasize to lymph 
nodes located around the head of pancreas and in 
about 4 % of cases to omental lymph nodes [ 68 ]. 

 In some individual studies, a higher rate of 
aberrant lymphatic drainage reaching up to 29 % 
has been observed in patients undergoing 
 lymphatic mapping. Sometimes, however, the 

Mesenteric root nodes

Lt. lumbar nodes

Paracolic nodes

Epicolic nodes

Intermediate
(mesocolic) nodes

  Fig. 18.1    Lymphatic drainage and regional lymph nodes associated with the colon (Source: Skandalakis et al. [ 61 ])       
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identifi cation of such drainage results from 
 methodological shortcomings, such as dye migra-
tion during the procedure or administration of the 
tracer into the intestinal lumen (rather than inter-
murally), where it is absorbed by the mucous 
membrane at a location remote from the primary 
tumor [ 23 ]. 

 The introduction of modern techniques, such 
as lymphoscintigraphy, has allowed more precise 
determination of the clinical anatomy of lym-
phatic drainage of the rectum, whose pattern does 
not fully match the vascular pattern (Fig.  18.3 ). 
Lymph from the superior third of the rectum is 
drained from the pararectal lymph nodes into the 
superior rectal lymph nodes and then into the 
inferior mesenteric lymph nodes. These lymph 
nodes are often the fi rst sites of metastases: in 

  Fig. 18.2    Distribution of the fi rst metastatic lymph node 
in colorectal cancer (Source: Bembenek [ 51 ])       

Inf. mesenteric
artery nodes

Sup. rectal nodes

Inguinal nodes

Pectinate line

Hypogastric (internal
iliac) nodes

  Fig. 18.3    Lymphatic 
drainage and regional 
lymph nodes associated 
with the rectum (Source: 
Skandalakis et al. [ 61 ])       
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most cases, metastases are located 3 or fewer 
centimeters from the primary tumor, but in 25 % 
of patients, they are situated very close to the 
superior rectal vessel bifurcation. Drainage from 
the remaining part of the rectum, located below 
the superior third but proximal to the mucocuta-
neous junction, takes place parallel to the middle 
rectal artery and its branches on the lateral pelvic 
wall or through the levator ani muscle along the 
inferior rectal artery; both these routes end in the 
internal iliac lymph nodes, common iliac lymph 
nodes, and lumbar trunk. Metastases to these 
lymph nodes are found in up to 12 % of patients. 
Drainage from tissues located below the mucocu-
taneous junction (anal canal) is not typical and 
does not take place in parallel to vessels. Lymph 
ducts run anterior and posterior to the perineum, 
together with ducts draining the nearby skin, and 
terminate in the superfi cial inguinal lymph nodes. 
Drainage via the external iliac lymph nodes takes 
place toward the lumbar trunk [ 61 ,  62 ,  69 – 73 ]; 
this route of spread is signifi cant in tumors 
located in the inferior part of the rectum (possible 
metastases to inguinal lymph nodes) and above 
all in squamous cell carcinoma of the anal canal 
[ 74 – 77 ].

18.3        Colorimetric Markers: Mode 
of Administration 
and Limitations 

 The most commonly used tracers in lymphatic 
mapping in colorectal cancer are colorimetric 
markers. In Europe, Patent Blue V (sulfan blue, 
E131) is used most frequently in SLN marking, 
while in North America, the most frequently used 
dye is isosulfan blue – Lymphazurin. Less fre-
quently used tracers include Evans Blue (T-1824), 
methylene blue, and indigo carmine. Soluble 
blue dyes are lymphotropic; they bond with 
endogenous protein through sulfonation and are 
retained in lymph ducts [ 7 ,  9 ,  20 ,  21 ,  26 ,  27 ,  78 , 
 79 ]. The use of colorimetric dyes does not require 
any additional technology, nor does it prolong the 
procedure signifi cantly (it does so by 5–10 min 
on average) [ 22 ,  26 ,  27 ]. A potential complica-
tion in the case of blue dyes, such as isosulfan 

blue and Patent Blue V, is allergic reactions, 
which occur in 1–1.5 % of cases [ 80 – 82 ]. These 
reactions include urticaria (hives), itching, nau-
sea, hypotension, and, in very rare instances, life- 
endangering anaphylaxis. An additional problem 
is interference with pulse oximeter readings dur-
ing the procedure [ 83 – 86 ]. 

 As an alternative to blue dyes, fl uorescent 
dyes such as indocyanine green can be used. 
These dyes yield satisfactory results in terms of 
detection and sensitivity in both open surgery and 
laparoscopy. However, additional technological 
assistance is required in the form of an infrared 
light camera to allow observation and analysis of 
the fl uorescence. The rare occurrence of severe 
allergic reactions to indocyanine green needs to 
be underlined [ 87 ,  88 ]. 

 Technical aspects of dye administration are 
very important. In the vast majority of cases, dye is 
administered intraoperatively via subserosal injec-
tion. No advantage of submucosal injection during 
colonoscopy has been demonstrated [ 5 ,  7 ,  26 ]. It 
needs to be underlined that unskilled administra-
tion of the dye – with injection into the intestinal 
lumen – may result in its absorption at a remote 
location (as described in Sect. 18.2). Spilling the 
dye outside the tumor is also problematic, since it 
makes it impossible to fi nd the right node after the 
mesentery has been stained [ 7 ,  10 ,  16 ,  21 ,  26 ]. 

 Dyes should be administered intraoperatively, 
with in vivo lymphatic mapping. From a techni-
cal standpoint, the staining and mapping of the 
lymph nodes ex vivo is simpler. Ex vivo map-
ping, however, may be considered reliable only 
when the section and the mesentery have 
remained intact during the resection (operating in 
exact anatomic planes). Identifi cation ex vivo 
alone, done after the administration of dye during 
the operation, without marking the lymph node 
with, for example, a suture or a clamp, has a sat-
isfactory detection rate but entails a signifi cantly 
higher rate of false-negative results. This is espe-
cially true when the duration of studies following 
dye injection extends toward 100 min. The false- 
negative rate may then even reach 45–60 %, ren-
dering the SLN biopsy clinically useless [ 89 ,  90 ]. 
In the prolonged interval between dye adminis-
tration and lymph node identifi cation, the marker 

D. Murawa et al.



287

relocates, sometimes resulting in loss of staining 
of the primary nodal station or in the marking of 
other nodal groups which are not composed of 
SLNs [ 4 ,  8 ,  9 ,  14 ,  17 ,  21 ,  26 ,  33 ,  36 ,  48 ,  91 ].  

18.4     Role of Radiocolloids 
in Lymphatic System 
Mapping 

 The use of radiocolloids is restricted by various 
attendant problems and limitations, most of which 
are due to the complexity of dealing with radioiso-
topes. Further problems are of a legal nature. In 
many countries, formal authorization is required 
from medical personnel, which limits the number 
of people allowed to inject the isotope [ 26 ,  47 ,  94 ]. 
The advantage of radiocolloids is the absence of 
allergic reactions and lack of interference with 
equipment monitoring vital signs [ 78 ]. 

 The radiotracers most often used are  99m Tc-tin 
(especially in Japan) and  99m Tc-sulfur colloid 
(especially in North America) [ 92 ], but  99m Tc- 
albumin may also be administered [ 93 ]. In some 
cases, endoscopic examination with submucosal 
injection can be performed a day before the oper-
ation [ 7 ,  16 ,  20 ,  26 ,  47 ,  63 ,  94 ]. Here it must be 
emphasized that only about 10 % of the adminis-
tered  99m Tc migrates from the site of injection to 
lymph nodes. Taking into account the half-life of 
 99m Tc, which is 6 h, the activity in the lymph 
nodes at 12 h after administration during preop-
erative endoscopy (via submucosal injection) 
may be too weak to enable SLN identifi cation 
[ 47 ]. From this perspective, intraoperative admin-
istration of the radiocolloid (at a suitably set 
dose) seems advantageous; however, administra-
tion of the radiocolloid on the day of surgery 
(preferably no more than 2 h before the opera-
tion) will also be adequate [ 47 ,  95 ]. 

 Owing to the size of the molecules, radiocol-
loids may be expected to travel more slowly in 
lymph channels than do blue dyes, thereby per-
mitting more precise identifi cation of SLNs. 
Moreover, the larger size of radiocolloids, com-
pared with blue dyes, causes them to remain lon-
ger within the fi rst draining lymph node [ 78 ,  94 , 
 96 ]. A real problem, however, is the fact that 

radiocolloid migrates more rapidly in intestinal 
lymphatic channels than in breast cancer or mela-
noma, thus increasing the probability of observ-
ing more “hot” lymph nodes [ 63 ]. The use of 
handheld gamma probes means that, to a certain 
degree, radiocolloids allow for easier identifi ca-
tion of lymph nodes located deep within the intes-
tinal mesentery, where blue dye may not be 
readily visible. It should be emphasized, however, 
that the SLN identifi cation process can be impre-
cise and is sometimes more indicative of the gen-
eral pattern of lymphatic fl ow through the 
lymphatic channels rather than any particular 
lymph node. Another problem is the “shine 
through” effect that results from the overlap of 
radioactivity which can be encountered when the 
tumor is in close proximity to the SLN candidates. 
The minimum cutoff value for the identifi cation 
of any given SLN candidate with the gamma 
detection probe is generally defi ned as a count 
rate greater than twice the background count rate. 
This background radiation is described as radia-
tion of tissues located remotely from the site of 
injection and from the intestinal mesentery, mea-
sured in three independent places [ 14 ,  78 ,  93 ,  96 ]. 
Therefore, when performing submucosal injec-
tions, it is necessary to repeat lymphoscintigraphy 
2 or 3 times before the operation, to exclude spill-
age of the marker or contamination of the abdom-
inal cavity [ 63 ]. It should be noted that when 
performing intraoperative subserosal administra-
tion, all contaminated materials (needles, syringes, 
gloves, swabs, setons) must be removed from the 
operation site both to ensure adequate radiation 
protection and to exclude the possibility of inter-
ference in the process of lymphatic mapping [ 78 ]. 

 Some studies have concluded that lymphatic 
mapping using radiocolloids does not improve 
SLN biopsy in colorectal cancer, whereas oth-
ers [ 47 ] have indicated that the combined radio-
colloid/blue dye method is associated with 
improvement of quality and results in this set-
ting [ 7 ,  14 ,  16 ,  20 ,  21 ,  23 ,  26 ,  29 ,  94 ,  97 ]. 
Importantly, in comparison with the use of dye 
only, double mapping leads to a statistically 
signifi cant increase in the probability of fi nding 
an SLN and of identifying metastasis within 
that SLN [ 78 ].  
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18.5     Intraoperative Detection 
and Harvesting the SLN 
in Colorectal Cancer 

18.5.1     Standard SLN Biopsy Method 
in Colon Cancer with the Use 
of Blue Dye 

 According to the most commonly accepted proto-
col, after the abdominal cavity has been opened, 
the fragment of colon to be resected is delicately 
mobilized to avoid potential extensive damage to 
lymphatic and vascular structures. Next, blue dye 
(e.g., 2 ml of Patent Blue V dye) is administered 
subserosally around the tumor by means of four or 
more injections (Fig.  18.4 ). After 5–10 min, the 
lymph ducts become dyed and visible (Fig.  18.5 ), 
as do the fi rst lymph nodes (most often 1–4) 
(Fig.  18.6 ). Lymph nodes are marked with a suture 
(Fig.  18.7 ). At the end of the operation, they are 
harvested separately to be examined as SLNs 
(Fig.  18.8 ). The whole procedure of lymphatic 
mapping, from administration of the dye to mark-
ing the SLNs with a suture, takes place intraopera-
tively, in vivo. In the further operation, a standard 
en bloc resection is performed with a margin of 
healthy tissues and mesenteric lymphatic system.

       The method of administration and mapping is 
similar when using fl uorescent dye. To make the 
lymph fl ow visible and detect the lymph node, 
however, special equipment is required that per-
mits in vivo analysis of intraoperative images in 
infrared (Figs.  18.9  and  18.10 ).

    The results of SLN biopsy in colorectal cancer 
using mapping with colorimetric tracers are 
described in Table   1.1    .  

  Fig. 18.4    Subserous injection of the dye in the area 
around the tumor (Source: author’s materials)       

  Fig. 18.5    Identifi cation of a dyed lymphatic channel 
(Source: author’s materials)       

  Fig. 18.6    SLN in the process of dyeing (Source: author’s 
materials)       

  Fig. 18.7    Dyed SLN and lymphatic channel marked with 
a suture (Source: author’s materials)       
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18.5.2     Clinical Use of Radiocolloids 
in SLN Biopsy in Colon Cancer 

 Most of the available literature on SLN biopsies 
performed at major colon cancer centers relates 
to the blue dye method alone, without the com-
bined use of radiocolloid. Due to the already 
mentioned problems and limitations, as well as 
the fact that they often provide diverging results, 
methods using  99m Tc-sulfur colloid and intraop-
erative gamma probe detection have been 
described relatively rarely [ 98 ]. During surgery, 
0.5–2.0 ml (or, in some cases, 3–5 ml) of 1 % iso-
sulfan blue and then 1 ml of  99m Tc-sulfur colloid 
in saline solution with an activity of 0.5–1.0 μCi 
[ 6 ,  14 ,  78 ,  96 ,  97 ] are administered subserously 
via several injections around the tumor. The 
doses are increased signifi cantly (three- to four-
fold) if the injection is performed submucosally 
during endoscopy on the day before surgery [ 47 ]. 
During combined radiocolloid/blue dye map-
ping, blue dye (1–2 ml) and  99m Tc-labeled albu-
min are used [ 93 ]. In patients undergoing total 
endoscopic polypectomy, the expected diffi cul-
ties in intraoperative localization of the site of 
polypectomy usually lead to a decision to per-
form submucosal injection of radiocolloid during 
endoscopy prior to surgery, in combination with 
the preoperative lymphoscintigraphy. Endoscopic 
administrations are also described as standard 
procedures when combined with lymphoscintig-
raphy performed around 4-h post injection. The 
injection is typically performed submucosally in 
four rectangles around the tumor, but in the event 
of technical diffi culties, it is limited to the tumor’s 
posterior edge. It is worth noting that perfor-
mance of endoscopy shortly before or during the 
surgery will entail intestinal distension, compli-
cating the whole surgical procedure [ 47 ]. The 
potential benefi t of administering radiocolloids 
before surgery is the possibility of performing 
lymphoscintigraphy and visualizing potentially 
aberrant lymph fl ow prior to surgery. Furthermore, 
due to complementary planar mapping, it is also 
possible to determine the depth of the lymph 
nodes. Lymphoscintigraphy enables identifi ca-
tion of the nodes before surgery in more than 
75 % of patients; however, in around 10 % of 

  Fig. 18.8    Dyed SLN (Source: author’s materials)       

  Fig. 18.9    Lymphatic mapping procedure in colon cancer 
using indocyanine green and a Pulsion camera (Source: 
author’s materials)       

  Fig. 18.10    SLN harvested using the indocyanine green 
method; image in infrared light (Source: author’s 
materials)       
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cases, the nodes are not found in vivo. In the 
25 % of patients in whom the lymph nodes have 
not been identifi ed before surgery, this is done 
during intraoperative mapping while using the 
gamma detection probe [ 47 ,  78 ]. 

 Intraoperatively, dyed lymph nodes are usu-
ally identifi ed approximately 1–10 min after the 
administration of the dye, and they are then 
marked with a suture. Next, the identifi cation is 
performed using a handheld gamma detection 
probe (usually within 30 min following intraop-
erative radiocolloid administration). As previ-
ously mentioned, the minimum cutoff value for 
identifi cation of any given SLN candidate with 
the gamma detection probe is generally defi ned 
as twice the background count rate [ 6 ,  14 ,  78 , 
 93 ,  96 ]. In the majority of studies utilizing the 
combined radiocolloid/blue dye method of 
SLN biopsy, the SLN identifi cation rate 
approaches 100 %, exceeding the rate achieved 
by the blue dye approach alone by several per-
centage points [ 6 ,  14 ,  47 ,  78 ,  96 ]. Less optimal 
results, approximately in the 90 % range, are 
reported using the radiocolloid SLN biopsy 
approach alone with the gamma detection probe 
[ 47 ,  78 ]. The accuracy of the combined radio-
colloid/blue dye method of SLB biopsy in pre-
dicting the status of the regional lymph nodes is 
generally >90 %, barring some methodological 
fl aws [ 14 ,  78 ,  96 ]. The relative numbers of 
blue-dyed, radioactive, and blue/radioactive 
SLNs identifi ed by the combined radiocolloid/
blue dye method vary: several studies have 
indicated the detection of signifi cantly more 
blue-dyed lymph nodes than radioactive or 
radioactive/blue lymph nodes, while others 
indicate a greater number of radioactive or 
radioactive/blue lymph nodes than blue-dyed 
lymph nodes [ 14 ,  78 ,  96 ,  97 ]. In general, it has 
been found that the combined radiocolloid/blue 
dye method more accurately recognizes SLNs 
with metastases [ 47 ,  78 ]. 

 Several recent studies have described the use 
of radiocolloid alone for SLN mapping and 
biopsy in patients with colon cancer [ 94 ,  95 ]. The 
fi rst study utilized the submucosal injection of 
radiocolloid 2 h before surgery, with intraopera-
tive identifi cation performed with a gamma 

detection probe. The authors demonstrated good 
results, with a detection rate of 91 % and an accu-
racy of 97 % [ 95 ]. 

 Taking into account the abovementioned data, 
the various technical diffi culties, the need for 
additional medical equipment, the required team 
of medical specialists, the specifi city of lymph 
fl ow in the intestinal mesentery, and, of course, 
the added costs, it remains clear that at present 
there is no consensus on the standard use of 
radiocolloid in lymphatic mapping and SLN 
biopsy for colon cancer [ 94 ,  97 ,  98 ].  

18.5.3     Clinical Use of Radiocolloids 
in SLN Biopsy in Rectal Cancer 

 Because of the anatomic specifi city, the possi-
bilities and technique of lymphatic mapping in 
the rectum are different. In the case of rectal 
cancer, intraoperative lymphatic mapping is 
very diffi cult owing to the anatomic conditions 
and the limited space within the lower pelvis 
[ 93 ]. Additionally, the neoadjuvant radiochemo-
therapy for locally advanced rectal cancer 
causes sclerosis and fi brosis of the lymphatic 
system, changing and disturbing the patterns of 
lymphatic fl ow [ 100 ]. Furthermore, lymphatic 
mapping during the surgery results in damage to 
the mesorectal fascia, which is at odds with the 
purpose of total mesorectal excision, acknowl-
edged to be the gold standard in rectal cancer. 
Therefore, the blue dye methods are predomi-
nantly used ex vivo, most often by folding the 
rectum and administering 1–2 ml of blue dye 
submucosally around the tumor. The combined 
radiocolloid/blue dye method is also used, espe-
cially for tumors located in the middle and lower 
parts of the rectum. In these cases, administra-
tion of the blue dye and radiocolloid is done 
submucosally prior to surgery with the use of a 
rigid rectoscope [ 78 ,  100 ]. This method of 
applying the tracers seems acceptable [ 10 ,  17 , 
 69 ,  99 ,  100 – 104 ]. The ease of access to rectal 
cancer via the rectoscope facilitates trials in 
SLN biopsy with the use of radiocolloids. The 
radiocolloid may be administered about 16–18 h 
(or more) before surgery, during endoscopy 
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(most often 1 ml  99m Tc solution is applied sub-
mucosally around the tumor). If it is possible to 
go cephalad, beyond the tumor, the radiocolloid 
is administered as four injections; otherwise, it 
is administered as three injections (from the two 
sides lateral and distal to the tumor). At 1–2 h 
before surgery, lymphoscintigraphy is per-
formed. The main issue regarding the use of 
radiocolloids is the direct proximity of the main 
nodal stations (pararectal lymph nodes) and the 
primary rectal tumor, the result of which is an 
overlap of radioactivity and more problematic 
identifi cation of SLNs than in cases of colon 
cancer. 

 In publications on the ex vivo lymphatic 
mapping of rectal cancer, the authors often 
underline the advantages of this approach, from 
the perspective of both blue dye administration 
and lymph node identifi cation. They point out 
the relatively short duration of the procedure 
(around 10 min) and the lack of allergic reac-
tions. However, they often do not take into 
account the limitations ensuing from such a 
method of dye application [ 17 ,  100 ,  102 ,  104 , 
 109 ]. Accurate ex vivo lymphatic mapping of 
the total mesorectum specimen is only possible 
if there is truly no disruption of the intrinsic vas-
cular and lymphatic anatomy of the specimen, 
including the small lymphatic channels leading 
to the lymph nodes harvested within the speci-
men. Another issue is that the disruption of the 
intact total mesorectum specimen during sur-
gery can lead to intravasation of radiocolloid 
from the specimen, thus causing a mismatch in 
the post-resection imaging as compared with the 
preoperative lymphoscintigraphy imaging. 
Likewise, ex vivo lymphatic mapping may 
entail discrepancies between the pattern of lym-
phatic fl ow within the total mesorectum speci-
men and that observed in vivo in the native 
mesorectum secondary to aberrant lymphatic 
fl ow. The conclusion from ex vivo mapping is 
that the analysis of other, non-SLNs is more 
important and forces intricate analysis of the 
SLN into the background [ 17 ,  69 ,  100 – 102 , 
 104 ,  109 ]. Details and results of studies of SLN 
biopsy in rectal cancer are summarized in 
Table  18.2 .

18.5.4        Clinical Use of Radiocolloids 
in SLN Biopsy in Anal Cancer 

 According to current recommendations, the ini-
tial therapeutic approach to anal squamous cell 
carcinoma is radiochemotherapy, with surgical 
management generally being considered only in 
selected cases of local recurrent disease. 
Synchronous regional lymph node metastases are 
found in 10–25 % of patients, but as surgical 
treatment is not the standard procedure, the true 
state of lymph nodes is not a key issue. The lym-
phatic drainage from tumors around the anal 
canal depends on their location in reference to the 
Z-line. For tumors located below this line, the 
main route of lymphatic drainage is to the ingui-
nal lymph nodes and further along the femoral 
artery. However, around 15–35 % of metastases 
to the inguinal lymph nodes are encountered in 
patients with tumors located above the Z-line. 
This indicates that the Z-line does not represent 
an exact borderline for the lymphatic system and 
metastatic spread [ 69 ,  101 ,  109 ]. Drainage is 
often bilateral, which signifi cantly increases the 
importance of preoperative lymphoscintigraphy. 
Furthermore, in most cases the inguinal region is 
the predominant lymphatic drainage pathway 
[ 98 ]. Hence, if the inguinal lymph nodes seem 
clinically or radiologically suspicious, or histo-
pathologic evidence of metastasis is available, 
the primary treatment is radiation. In selected 
cases, radiation treatment is combined with 
inguinal lymphadenectomy. In cases that are not 
clinically suspicious, some medical centers 
advise strict control and observation. Others, 
however, propose elective radiation therapy of 
the inguinal region with the exclusion of early 
cases, i.e., stages T1 and T2 (which have a 
5–10 % frequency of inguinal lymph node inva-
sion). Hence, SLN biopsy has been proposed as a 
tool for precise and minimally invasive assess-
ment of the regional inguinal lymph nodes and 
also for further therapeutic decision making 
(radiotherapy). The method applicable is fi rst and 
foremost the radiocolloid procedure, sometimes 
in combination with the blue dye method. 
Radiotracers such as  99m Tc-sulfur colloid,  99m Tc- 
colloidal human albumin,  99m Tc-colloidal 

18 Radioguided Sentinel Lymph Node Mapping and Biopsy in Colorectal Cancer



292

   Ta
b

le
 1

8
.2

  
  D

et
ai

ls
 a

nd
 r

es
ul

ts
 o

f 
st

ud
ie

s 
of

 S
L

N
 b

io
ps

y 
in

 r
ec

ta
l c

an
ce

r, 
pe

rf
or

m
ed

 a
ft

er
 th

e 
ye

ar
 2

00
0   

 M
ai

n 
au

th
or

 
 Y

ea
r 

 Jo
ur

na
l 

 N
o.

 o
f 

pa
tie

nt
s 

 N
(+

) 
in

 
H

&
E

 (
%

) 
 Te

ch
ni

qu
e 

 In
je

ct
io

n 
 Id

en
tifi

 c
at

io
n 

 D
R

 (
%

) 
 Se

ns
iti

vi
ty

 (
%

) 
 U

ps
ta

gi
ng

 (
%

) 
 A

L
D

 (
%

) 

 K
ita

ga
w

a 
[ 9

9 ]
 

 20
00

 
  Su

rg
 C

li
n 

N
or

th
 A

m
  

 56
 

 29
 

 R
C

 
 Pr

e-
op

 
 In

 v
iv

o 
 91

 
 81

 
 – 

 – 

 B
em

be
ne

k 
[ 1

00
 ] 

 20
04

 
  Su

rg
er

y  
 48

 
 33

 
 R

C
 

 Pr
e-

op
 

 E
x 

vi
vo

 
 96

 
 44

 
 0 

 4 

 Sa
ha

 [
 11

 ] 
 20

04
 

  D
is

 C
ol

on
 R

ec
tu

m
  

 71
 

 32
 

 B
D

 
 In

tr
ao

p 
 In

 v
iv

o 
 92

 
 96

 
 7 

 4 

 B
at

on
 [

 10
2 ]

 
 20

05
 

  W
or

ld
 J

 S
ur

g  
 31

 
 23

 
 B

D
 

 Po
st

-o
p 

 E
x 

vi
vo

 
 97

 
 57

 
 13

 
 – 

 B
ra

at
 [

 10
3 ]

 
 20

05
 

  B
r 

J 
Su

rg
  

 34
 

 32
 

 B
D

 
 Po

st
-o

p 
 E

x 
vi

vo
 

 76
 

 40
 

 6 
 – 

 Sa
ha

 [
 10

 ] 
 20

06
 

  A
m

 J
 S

ur
g  

 92
 

 29
 

 B
D

 
 In

tr
ao

p 
+

 p
os

t-
op

 
 In

 v
iv

o 
+

 ex
 v

iv
o 

 91
 

 93
 

 26
 

 7 

 Y
ag

ci
 [

 10
4 ]

 
 20

07
 

  In
t J

 C
ol

or
ec

ta
l D

is
  

 47
 

 43
 

 B
D

 
 Po

st
-o

p 
 E

x 
vi

vo
 

 98
 

 80
 

 15
 

 – 

 va
n 

de
r 

Z
aa

g 
[ 1

7 ]
 

 20
09

 
  E

ur
 J

 S
ur

g 
O

nc
ol

  
 32

 
 53

 
 B

D
 

 Po
st

-o
p 

 E
x 

vi
vo

 
 78

 
 57

 
 27

 
 – 

  N
(+

) 
in

 H
&

E
 (

%
),

th
e 

pe
rc

en
ta

ge
 o

f 
pa

tie
nt

s 
w

ith
 in

fi l
tr

at
ed

 ly
m

ph
 n

od
es

 a
t H

&
E

 s
ta

in
in

g 
  D

R
  d

et
ec

tio
n 

ra
te

,  R
C

  r
ad

io
co

llo
id

,  B
D

  b
lu

e 
dy

e,
  P

re
-o

p  
pr

eo
pe

ra
tiv

e,
  I

nt
ra

op
 , i

nt
ra

op
er

at
iv

e,
  P

os
t-

op
  p

os
to

pe
ra

tiv
e  

D. Murawa et al.



293

rhenium sulfi de, and  99 Tc-antimony trisulfi de are 
used. The radiocolloid is administered into the 
subcutaneous or submucosal tissue from the four 
injection sites around the primary tumor in a total 
dose ranging from 5 MBq (0.135 mCi) to 37 MBq 
(1.0 mCi). The frequency of localization is 
75–100 %, and identifi cation of metastases in the 
inguinal lymph nodes is successfully achieved in 
10–40 % of patients, with a low rate of complica-
tions of between 3 % and 7 % [ 98 ,  103 – 110 ]. The 
results of selected studies concerning the applica-
tion of SLN biopsy in anal cancer are shown in 
Table  18.3 .
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   Abstract  

  Gastroenteropancreatic (GEP) neuroendocrine 
tumors (NETs) are rare neoplasms, but the 
incidence is rising. Surgery plays a central role 
in its management, as it is the only potentially 
curative treatment option for limited primary 
and recurrent disease and is critical in the 
 surgical debulking and cytoreduction of 
advanced recurrent and metastatic disease. For 
preoperative detection of disease, gamma-
emitting radiopharmaceuticals are available 
which can also be intraoperatively used for 
radioguided surgery. Most experience exists 
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for  111 In-octreotide, a radiopharmaceutical 
 targeting agent specifi cally binding to soma-
tostatin receptors expressed on the tumor 
cell surface. In comparison to traditional 
 intraoperative inspection and palpation tech-
niques, intraoperative localization using 
 111 In-octreotide has demonstrated high sensi-
tivity and detection rates. Recently, fi rst 
 promising results have been reported for utili-
zation of intraoperative scintigraphic imaging 
in GEP-NETs in addition to more common-
place gamma probe localization.  

19.1        The Role of Surgery 
in the Treatment 
of Gastroenteropancreatic 
Tumors 

 Gastroenteropancreatic (GEP) neuroendocrine 
tumors (NETs) represent a heterogeneous subset 
of functioning or nonfunctioning tumors arising 
from the neuroendocrine system. GEP-NETs 
have the potential of producing, storing, and 
secreting a variety of peptide hormones and bio-
genic amines which can lead to distinct clinical 
syndromes which can have signifi cant symptoms. 
Based on this, GEP-NETs are broadly subdivided 
into “functional” or “nonfunctional” tumors (with 
or without a clinical syndrome attributable to bio-
chemical hypersecretion, respectively) [ 1 ]. These 
tumors have historically been relatively rare but 
are increasing in incidence [ 2 – 5 ]. GEP- NETs can 
involve a variety of morphologic structures 
including the stomach, small intestine, colon, rec-
tum, pancreas, appendix, and liver [ 1 ,  6 – 8 ]. 

 In general, GEP-NETs are relatively slow- 
growing tumors and have longer survival statis-
tics than their adenocarcinoma counterparts 
affecting the same organs [ 8 ]. The symptoms of 
these tumors range from asymptomatic nonfunc-
tioning tumors to carcinoid syndrome or carci-
noid crisis arising from functioning tumors that 
can secrete a variety of hormones and peptides 
[ 9 ]. Nonfunctioning GEP-NETs typically 
become large and/or widely metastatic before 
becoming symptomatic and subsequently diag-
nosed [ 8 ,  10 ]. 

 Independent of the functionality and/or ana-
tomic origin, one attribute most of the GEP-NETs 
share in common is that the only curative thera-
peutic option is complete surgical resection in 
patients with limited disease [ 1 ,  6 ,  8 ,  10 – 13 ]. 
Radical oncologic surgical resection is generally 
indicated unless the tumors are small carcinoids 
(<2 cm) of the stomach, small intestine, appendix, 
rectum, or insulinomas [ 14 – 20 ]. In these cases, 
conservative surgical or endoscopic resections 
may be appropriate as these usually have low 
malignant potential. Surgical resection has also 
proven useful for debulking and cytoreduction of 
advanced or metastatic disease and remains inte-
gral in the management of recurrent disease [ 6 ,  8 ]. 

 Before surgery, the detection and localization of 
disease manifestations are crucial. The introduc-
tion of  123 I-Metaiodobenzylguanidine (MIBG) and 
 111 In-DTPA- D -Phe 1 -octreotide/ 123 I-Tyr 3 -octreotide, 
binding to somatostatin receptors expressed on 
neuroendocrine tumor cells, specifi cally addresses 
this issue [ 21 ]. High detection rates for MIBG or 
somatostatin- directed imaging were shown, 
exceeding magnetic resonance imaging (MRI) or 
computed tomography (CT) and also revised stag-
ing and management in patients [ 21 – 24 ]. 

 For planning a radioguided surgery approach 
to GEP-NETs, a whole-body scintigraphy must 
be performed and, if possible, a single photon 
emission computed tomography (SPECT) or 
SPECT/CT to fully evaluate all sites of disease 
that are planned to be surgically removed. 
SPECT/CT helps to plan the surgical approach 
and contributes to the success of radioguided sur-
gery. In addition, subsequent to preoperative 
radiotracer injection and prior to surgical inter-
vention, scintigraphic imaging is recommended 
to verify adequate uptake of the radiotracer by all 
lesions planned for surgical removal [ 25 ,  26 ]. 

 Despite improvements in preoperative imag-
ing technologies, intraoperative localization of 
small tumor lesions remains challenging. 
Therefore, various intraoperative localization 
techniques have been investigated [ 6 ,  27 ]. 

 Many groups have reported improved success 
of intraoperative GEP-NET detection using a 
handheld gamma detection probe (HGDP) during 
surgery in conjunction with preoperatively admin-
istration of various radiotracers [ 28 – 38 ]. When an 
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HGDP is used to assist the surgeon in identifi ca-
tion of small tumors within the abdominal surgi-
cal fi eld, a high degree of technical profi ciency is 
required by the surgeon [ 39 – 41 ]. Successful use 
of the HGDP to identify all sites of disease 
requires: (1) appropriate preoperative diagnostic 
imaging to map the general locations of the sites 
of disease, (2) obtaining adequate surgical expo-
sure, and (3) the performance of a methodical and 
systematic HGDP survey of the abdominal surgi-
cal fi eld. Despite improvements demonstrated by 
utilization of the HGDP in combination with pre-
operative diagnostic imaging for verifi cation of 
the general locations of the sites of disease, incor-
poration of the preoperative imaging data into 
useful real-time information for localization of 
tumor with the HGDP is limited. Real-time intra-
operative images during the radioguided resection 
procedure could be very benefi cial for verifying 
resection of all sites of disease, a technique which 
is described in detail later in this chapter.  

19.2     Historical Use of Gamma- 
Ray- Emitting Radiotracers 
for Intraoperative 
Localization of GEP-NET 
during Radioguided Surgery 

 There are a variety of specifi c and nonspecifi c 
radiotracers and radionuclides that target multi-
ple cellular components used in the diagnosis and 
intraoperative localization of GEP-NETs during 
radioguided surgery. It has been demonstrated by 
a number of research groups that an improvement 
in intraoperative detectability of GEP-NETs can 
result from combining preoperative GEP-NET- 
targeted radiotracer scintigraphy with real-time 
intraoperative localization assistance using an 
HGDP. 

19.2.1      111 In-Pentetreotide 
(OctreoScan) 

  111 In-pentetreotide is widely used in scintigraphic 
imaging of NETs and also used in radioguided 
surgery. Fortunately, most GEP- NETs express 
somatostatin (SS) receptors, specifi cally sub-

types 2 and 5. As a result, long-acting somatosta-
tin analogues, such as octreotide, have been 
developed to target these receptors [ 42 ,  43 ]. By 
labeling octreotide with radionuclides, those 
GEP-NETs expressing somatostatin receptors, 
specifi cally subtypes 2 and 5, can be successfully 
identifi ed [ 32 ,  44 ,  45 ]. 

 The most frequently used radiotracer is 
 111 In-pentetreotide.  111 In-pentetreotide is a radio-
labeled eight-peptide protein segment of soma-
tostatin binding well to the SS2 and SS5 receptors 
[ 46 ]. Somatostatin has a relatively short half-life 
with respect to its usefulness in imaging (≈2 min), 
whereas  111 In-pentetreotide has a longer biologi-
cal half-life (1 h) and is, therefore, more useful for 
diagnostic imaging as the radiotracer requires 
time to reach and bind to the tumor receptors after 
injection and prior to imaging.  111 In-pentetreotide 
is commonly used in diagnosis and staging of a 
variety of NETs, including the GEP-NETs. The 
detection rate of  somatostatin receptor scintigra-
phy with  111 In-pentetreotide was reported between 
80 and 100 % in different studies. Somatostatin 
receptor scintigraphy also provides information 
about somatostatin receptor expression that might 
indicate effi cacy of treatment with octreotide or 
other somatostatin analogues. 

 The injected activity reported in literature 
ranges from 120 to 220 MBq (3.2–5.9 mCi). The 
recommended activity to obtain good image qual-
ity is about 200 MBq (5.4 mCi). However, activi-
ties lower than 200 MBq can be administered 
without loss of imaging quality by adjusting the 
acquisition parameters accordingly. The amount 
of injected  111 In-pentreotide for radioguided sur-
gery ranged between 111 and 275 MBq [ 35 ,  47 –
 49 ]. Injection was mainly performed 24–48 h 
prior to surgery [ 35 ,  47 ,  48 ], but radiotracer injec-
tion up to 7 days prior to surgery is suitable [ 49 ]. 

 Planar images (anterior and posterior of the 
head, neck, chest, abdomen, pelvis, and lower 
extremities; 15 min per view in a gamma camera 
fi tted with a medium-energy, parallel-hole colli-
mator) should be acquired at 4 and 24 h or 24 and 
48 h post-injection. Four-hour images benefi t from 
a minimal bowel activity. At least one SPECT or 
SPECT/CT should be acquired in order to more 
precisely localize disease and assist in preopera-
tive planning for resection. Spot views may be 
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repeated at 48, 72, and/or 96 h to reduce interfer-
ing bowel radioactivity. Laxatives can be adminis-
tered between 24 and 48 h as well for minimizing 
bowel activity [ 50 ]. Imaging prior to surgery 
depends on results of previous scintigraphic imag-
ing and the time point of surgery post-injection. 

 As such, the use of  111 In-pentetreotide has sig-
nifi cantly improved the success of radioguided 
surgery in the treatment of GEP-NETs [ 51 ,  52 ]. 

 At least 90 % success rate has been demon-
strated using preoperative  111 In-pentetreotide 
scintigraphy for diagnostic and staging informa-
tion along with real-time intraoperative HGDP in 
the operating room [ 35 ,  47 ,  49 ]. The improved 
effi cacy of using intraoperative radioguided 
detection of GEP-NETs with  111 In-pentetreotide 
for lesions diffi cult to localize on preoperative 
scintigraphy was demonstrated [ 35 ,  47 ]. Adams 
et al. demonstrated the incremental benefi t of 
radioguided intraoperative lesion detection in 
comparison to preoperative scintigraphic imag-
ing and intraoperative palpation only. They inves-
tigated 12 patients with GEP-NETs. Intraoperative 
lesion localization using HGDP identifi ed 70 
lesions, whereas preoperative scintigraphic imag-
ing identifi ed only 74 % and intraoperative palpa-
tion only 44 % of the 70 identifi ed lesions. 
Tumor-to-nontumor ratios with count rates 
(counts per second) of at least 2:1, but in most 
cases 4:1, resulted in no resection of false-posi-
tive lesions [ 47 ]. Ohrvall et al. investigated 21 
patients with pancreatic or midgut NETs. They 
also reported a reduced sensitivity of preopera-
tive SPECT (34 of 60 lesions identifi ed). The 
resected specimens were measured using a scin-
tillation well counter, and ten specimens includ-
ing 35 carcinoid tumors were placed under the 
gamma camera. Only 68 % of the tumor lesions 
were identifi ed using the gamma camera [ 53 ]. 

 The high intraoperative detection rate can be 
explained by the fi nding that HGDPs are more 
sensitive at detecting small lesions (≥5 mm) 
compared to SPECT scintigraphy alone and sur-
geon’s hands (typically more useful for tumor 
deposits ≥1 cm) [ 35 ,  47 ,  48 ]. 

 In addition to assisting the surgeon in fi nding 
all areas of somatostatin receptor-positive tissue 
during the operation to ensure highest likelihood 

of complete extirpation of disease, the HGDP, in 
conjunction with preoperative injection of 
 111 In-pentetreotide, has also proven useful in 
assisting with planned cytoreduction surgery 
with only palliative intent [ 54 ,  55 ]. Hellman et al. 
demonstrated a survival benefi t in removing the 
primary midgut tumor as well as resecting all 
mesenteric lymph nodes even in patients with 
known metastatic disease to the liver [ 54 ]. Wang 
et al. demonstrated that utilization of the gamma 
probe during cytoreduction surgery can decrease 
operative time, minimize unnecessary dissection, 
and assist in differentiation of benign versus 
malignant tissue. To achieve these results, they 
consider an injection of 222 MBq (6 mCi) 
 111 In-pentreotide 7 days prior to surgery as opti-
mal, because get rid of then the tumor-to-back-
ground ratio is still high enough and the scattering 
effect from physiological uptake in the kidney 
and liver at a minimum. This group also demon-
strated that use of the gamma probe during re-
intervention surgical resection proved useful in 
97 % of the 30 cases studied [ 55 ].  

19.2.2      125 I-Labeled Somatostatin 
Analogues 

  125 I-labeled octreotide has some disadvantages. 
Due to the long physical half-life (60 days), radi-
ation exposure is relatively high, and because of 
the hepatobiliary excretion, high intestinal back-
ground activity reduces the image quality [ 41 ]. 
 125 I-Tyr3-octreotide was replaced by 
 111 In-pentetreotide because of the advantages 
provided: easy preparation, availability, appro-
priate half-life, and less interference from physi-
ological activity in the upper abdomen due to its 
predominantly urinary excretion [ 21 ,  37 ,  46 ].  

19.2.3      99m Tc-Labeled Somatostatin 
Analogues 

 Less common and more scarcely available radio-
tracers have been used to assist surgeons with 
intraoperative localization of NETs with varying 
degrees of success. Gabriel et al. demonstrated 
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that  99m Tc-EDDA/HYNIC-TOC had an overall 
sensitivity of 80 %, specifi city of 94.4 %, and 
precision of 82.9 % in 88 patients with GEP-NET 
tumors [ 56 ]. In all patients, whole-body imaging 
and SPECT 4-h post-injection of 400 MBq  99m Tc- 
EDDA/HYNIC-TOC were performed. In 68 
patients, additional early whole-body images 
were obtained 2 h post-injection. The authors 
concluded that despite rapid background clear-
ance, single imaging protocol leads to false- 
positive results. They recommend a dual-time 
imaging protocol including SPECT [ 56 ]. With 
regard to radioguided surgery, the energy of  99m Tc 
is more adequate than that of  111 In for detection 
with HGDP, because it allows the use of a greater 
amount of administered activity due to its short 
half-life, and shows less renal uptake [ 57 ]. A 
 99m Tc-labeled somatostatin analogue,  99m Tc-
EDDA/HYNIC-octreotate has also been used in 
radioguided surgery of occult GEP-NETs [ 58 ]. 
 99m Tc-EDDA/HYNIC- octreotate is intravenously 
administered using an activity of 600–740 MBq 
[ 57 ,  58 ]. Hubalewska- Dydejczyk et al. success-
fully localized primary tumors (≥8 mm in diam-
eter) and lymph node metastases during surgery 
with the assistance for the HGDP. In one case, the 
radioguided procedure identifi ed additional 
lymph node metastases, which were not found in 
preoperative imaging. The authors conclude that 
 99m Tc-EDDA/HYNIC-TOC-guided surgery “… 
is a promising technique to improve both the rate 
of detection of GEP-NET and the treatment effi -
cacy…” [ 58 ].  

19.2.4      123 I-MIBG 

 MIBG scintigraphy is used to image tumors of 
neuroendocrine origin particularly those of the 
neuroectodermal (sympathoadrenal) origin (pheo-
chromocytomas, paragangliomas, and neuroblas-
tomas) [ 59 ]. In addition, other neuroendocrine 
tumors (e.g., carcinoids, medullary thyroid carci-
noma) can also be visualized by MIBG, which 
can be labeled with either  131 I or  123 I. The 159 keV 
gamma energy of  123 I is more suitable for imaging 
(especially when using SPECT) than the 360 keV 
photons of  131 I, and the difference in terms of radi-

ation burden permits higher activities of  123 I-MIBG 
to be injected. Furthermore, results with 
 123 I-MIBG are usually available within 24 h, 
whereas with  131 I-MIBG delayed images are 
required for optimal target to background ratios 
[ 60 ]. To obtain high image quality, patients have 
to be prepared prior to radiotracer injection (e.g., 
discontinuing inferring drugs, hydration, blocking 
thyroid uptake of free radioiodine by stable iodine 
or potassium perchlorate). 

 The activities administered to adults should be 
40–80 MBq (1.2–2.2 mCi) for 131 I-MIBG and 
400 MBq (10.8 mCi) for  123 I-mIBG. The activity 
administered to children has to be adapted [ 61 ]. 
The administered activity for radioguided sur-
gery ranged from 18.5 MBq (0.5 mCi) to 
370 MBq (10 mCi) [ 55 ]. Scanning time points 
for preoperative diagnostic imaging are related to 
the radiotracer used ( 131 I-MIBG scan 1 and 2 days 
post-injection vs.  123 I-MIBG scan 20 and 24 h 
post-injection). Selected delayed images may be 
useful in equivocal fi ndings. Whole-body imag-
ing; limited fi eld images, especially in pediatric 
patients; and SPECT or SPECT/CT are recom-
mended. Anterior and posterior (>150 kcounts 
for  131 I and >500 kcounts for  123 I) views of the 
head, neck, chest, abdomen, pelvis, and upper 
and lower extremities are encouraged to be 
acquired [ 61 ]. Imaging protocols prior to radiogu-
ided surgery have to be planned according to the 
injected radiotracer ( 131 MIBG vs.  123 MIBG) and 
the time point of surgery post-injection. 

 Radioiodine-labeled MIBG has also been used 
for radioguided surgery, mainly in pheochromo-
cytoma, but also in GEP-NETs [ 53 ,  55 ,  62 ]. In a 
previously referenced work by Wang et al., 6 
patients with NETs (5 of the small bowel and 1 
pancreatic) presenting with low scintigraphic 
uptake of  111 In-penetreotide,  123 I-MIBG was used 
in the radioguided surgery and was only found to 
be useful in 1 of the patients [ 55 ]. The authors 
assumed this to be due to the short interval 
between injection and the surgery. In a review of 
20 studies on the role of  123 I-MIBG in radioguided 
surgery of NETs, van Hulsteijn et al. concluded 
that this radiotracer has less sensitivity than the 
radiolabeled somatostain analogues to detect met-
astatic lesions of carcinoid tumors [ 53 ,  62 ].  

19 Radioguided Surgery for Gastroenteropancreatic Neuroendocrine Tumors



304

19.2.5      68 Ga-Somatostatin Analogues 

 Besides gamma-emitting radiotracers (preopera-
tive), staging and restaging is also performed 
with positron emission radiotracers like 
 18 F-fl uorodeoxyglucose ( 18 F-FDG) in highly 
aggressive GEP-NETs [ 63 ]. positron emission 
tomography (PET) with  68 Ga-DOTATATE or 
 68 Ga-DOTATOC, both with a high affi nity to the 
somatostatin receptor subtype 2, enables diagno-
sis of  well- differentiated NETs with a very high 
sensitivity [ 33 ]. 

 Intraoperative HGDP-guided techniques for 
resecting GET-NETs have included the use of 
 68 Ga-somatostatin analogue [ 64 ]. Kaemmerer 
et al. studied nine patients with primary or recur-
rent GEP tumors. Whole-body PET/CT was per-
formed 2–4 weeks prior to surgery. Another PET/
CT scan of the region of interest was performed 
1.5–2 h before the intraoperative intervention 
using an injection of 180 MBq of  68 Ga DOTA-
NOC (DOTA-1-Na1 3 -octreotide) or DOTA-
TATE (DOTA-D-Phe 1 -Tyr 3 -Thr 8 -  octreotide) [ 64 ]. 
HGDP detected 94 % of all histologically quanti-
fi ed lesions, whereas palpation and preoperative 
PET/CT identifi ed only 50 % and 69 %, respec-
tively [ 64 ]. These analogues are therefore also an 
interesting option for real-time detection of pri-
mary tumors and small metastases.   

19.3     Intraoperative Imaging 
for Localization 
and Verifi cation of Resection 
of GEP-NETs: Illustration 
of This Approach Using 
Real-Time, Large Field-of- 
View, Portable Gamma 
Camera Imaging 
during Radioguided Surgery 
in Patients with Zollinger- 
Ellison Syndrome 

 Although many investigators and clinicians have 
utilized targeted radiopharmaceuticals to assist 
with radioguided surgical intervention using the 
HGDP, there has been very limited use of intra-
operative scintigraphic imaging techniques to 

assist in these interventions in real-time. 
Preoperative collection of imaging data has been 
used as a road map to guide surgeons on where to 
search for areas of tumor using an 
HGDP. Intraoperative real-time scintigraphic 
imaging to assist with localization and verifi ca-
tion of resection of tumor is only at its early 
stages of utilization despite the fact that such 
technology has been available for decades [ 65 –
 76 ]. An example of utilization of real-time 
 intraoperative scintigraphic imaging during 
GEP-NET-radioguided surgery has very recently 
been published by Hall et al. [ 77 ]. In this study, a 
large fi eld-of-view gamma camera (LFOVGC) 
was used to assist with the radioguided surgical 
treatment of patients with Zollinger-Ellison syn-
drome (ZES). 

 ZES is a rare cause of severe peptic ulcer dis-
ease by gastrin-secreting NETs of the gastroin-
testinal tract (60–90 % of gastrinomas are 
considered malignant), which are located pre-
dominately in the duodenum and pancreas [ 30 , 
 78 ]. Due to the vague and nonspecifi c symptoms 
associated with ZES, diagnosis from symptom 
onset is typically delayed by approximately 
6 years [ 30 ]. Despite the increasing prevalence of 
utilizing H2-antagonist and proton pump inhibi-
tor medications to medically manage symptoms 
of ZES, surgical management, in appropriately 
selected patients, affords the only chance for cure 
[ 30 ,  79 ]. Surgical treatment for gastrinoma 
focuses on eradication of primary disease, treat-
ing refractory disease, and prolonging survival, 
with postoperative cure rates of 60 % and 34 % at 
5 and 10 years, respectively [ 80 – 82 ]. 

 Gastrinoma tumors and their metastatic foci 
are commonly very small, multiple in number, 
and found in variable locations, making them dif-
fi cult to identify by visual examination and pal-
pation and, therefore, diffi cult to completely 
remove during surgery. Because of this, surgical 
management frequently fails to accomplish a sus-
tainable cure of disease. The successful surgical 
management of ZES requires that all gastrinoma 
lesions be localized and extirpated, which is best 
done at the time of the fi rst operation. However, 
over the past several decades, apart from the 
 previously noted improvement in the available 
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technology for the preoperative scintigraphic 
localization of sites of disease in patients with 
GET-NETs, including ZES patients, very few 
signifi cant advances have occurred in the surgical 
management of ZES. The incorporation of real- 
time, intraoperative, portable LFOVGC imaging 
during radioguided surgery with an HGDP repre-
sents an example of a potentially signifi cant 
advancement in the surgical management of 
ZES. The combined use of intraoperative scinti-
graphic imaging and the HGDP, as applied to 
both the patient and the resected surgical speci-
mens, can resultantly provide the surgeon with 
instantaneous, real-time navigational feedback 
for optimizing the identifi cation and complete 
surgical resection of all possible sites of disease. 

 In a recent report by Hall et al. [ 77 ], they 
addressed the utility of the combined use of intra-
operative scintigraphic imaging and the HGDP in 
the radioguided surgical management of ZES 
patients. In their report, they used a portable 
LFOVGC (Ergo™, Digirad Corporation, Poway, 
CA, 15.6 × 12.2 in. fi eld of view), capable of 
detecting gamma photon emissions in the 
50–350 keV range and providing real-time intra-
operative imaging and navigational assistance. 

Five patients with ZES and previously character-
ized  111 In-pentetreotide-positive lesions on prior 
diagnostic  111 In-pentetreotide imaging were 
included in this prospective feasibility study. The 
overarching goal was complete resection and 
extirpation of all areas of disease with intraopera-
tive real-time confi rmation. Each patient received 
an intravenous dose of  111 In-pentetreotide (mean 
dose, 229.6 ± 15.2 MBq/6.2 ± 0.4 mCi) on the day 
before surgery, and for which this was followed 
by whole-body planar and/or SPECT/CT imag-
ing at 4–6 h and/or 20–24 h post-injection to 
localize the lesions. Patients underwent surgical 
exploration approximately 24 h after 
 111 In-pentetreotide administration. In the operat-
ing room and just prior to the surgical incision, 
reconfi rmation of the previously detected 
 111 In-pentetreotide-avid lesions was accom-
plished with the portable LFOVGC (Fig.  19.1 ). 
An HGDP was used to systemically survey the 
exposed abdominal surgical fi eld for sites of 
 disease. The HGDP threshold for positivity in 
lesion detection was based on the signaling set-
ting for three-sigma criteria, a method developed 
and used successfully for radioimmunoguided 
surgery [ 83 ,  84 ]. Intraoperatively, static planar 

a b

  Fig. 19.1    ( a ) Digital photograph of HGDP use during 
 111 In-pentetreotide radioguided surgery to assist in local-
ization of tumors. ( b ) Intraoperative image acquisition 

with the LFOVGC for real-time intraoperative evaluation 
of the surgical bed; image displayed on computer monitor 
(Reproduced from Hall et al. [ 77 ]       
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images obtained with the LFOVGC were used to 
guide the surgeon’s use of the HGDP to identify 
and resect sites of disease. Quality readable 
imaging can be obtained within fi ve minutes of 
the start time of image acquisition for the patient 
scans and one minute for the specimen scans, 
which is easily viewable to the surgeon on a lap-
top workstation, providing immediate real-time 
navigational feedback using the LFOVGC [ 77 , 
 85 ]. The portable LFOVGC allowed the detec-
tion of radiotracers within the operating room in 
a manner which was manipulated by the surgeon 

without interfering with work fl ow or surgical 
fi eld sterility. The complete surgical resection of 
all sites of disease was then confi rmed using 
LFOVGC imaging of the post-resection surgical 
fi eld.

   In these 5 ZES patients, 15 surgical specimens 
were resected during a total of 6 separate 
 radioguided surgical procedures. These surgical 
specimens were classifi ed as either benign 
(5 specimens) or involved with NET (10 speci-
mens). Standard surgical techniques of visual and 
palpable cues failed to detect 3 of the 10 NET- 

a b c

d

c e

f
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  Fig. 19.2    ( a ) Preoperative  111 In-pentetreotide imaging 
identifying two tumors ( black arrows ), kidneys ( yellow 
arrows ), and the spleen ( white arrow ). ( b ) Pre-incision 
LFOVGC imaging setup and ( c ) associated image identify-
ing same structures. ( d ) Digital photos of three initially 
excised specimens and paired LFOVGC images. The left 
and middle specimens had  111 In-pentetreotide activity, 
while the third specimen ( right ) did not. ( e ) Initial post- 

resection LFOVGC image showing residual activity ( white 
arrow ). ( f ) Digital photo and LFOVGC image of two addi-
tionally excised tissue specimens, having no and a small 
amount of  111 In-pentetreotide activity on the left and right 
pictures, respectively. ( g ) Final post-resection LFOVGC 
image indicating no further activity and verifying com-
pleteness of resection, with activity remaining in the right 
kidneys and spleen (Reproduced from Hall et al. [ 77 ]       
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positive specimens (30 %), even the use of the 
HGDP did not delineate the benign status of the 
remaining 5 specimens. Intraoperative LFOVGC 
imaging detected all 10 NET-positive specimens 
also positive for radiolabeled activity (Fig.  19.2 ) 
and all 5 benign specimens negative for activity. 
There were no false positives with specimen or 
patient imaging. The discordance between detec-
tion and differentiation of benign versus malig-
nant tissue by histopathologic assessment with 
radiolabeling imaging techniques versus detec-
tion and differentiation using standard operative 
techniques was statistically signifi cant ( P  < 0.03).

   Of note, one of the patients in this study 
required two separate operations secondary to 
residual tumor unintentionally left at the initial 
operation. In this particular patient, the investi-
gators noted, in retrospect, that there was a mild 
focus of activity in the left upper quadrant, not 
convincing to the surgeon to represent tumor and 
which could not be found with standard surgical 
techniques or with the HGDP, at the time of the 
initial operative procedure (Fig.  19.3 ). Aside 
from this patient’s fi rst operation, intraoperative 
post-resection LFOVGC imaging of the abdo-
men confi rmed complete excision of all detect-
able  111 In-pentetreotide-avid lesions prior to 
closure.

   Overall, in this study by Hall et al. [ 77 ], utili-
zation of the HGDP along with LFOVGC imag-
ing aided the surgeon in localizing the gastrinoma 
tumors. Effectively, use of  111 In-pentetreotide 
with intraoperative LFOVGC imaging changed 
management in 3 of the 6 radioguided surgical 
cases. Use of combined intraoperative HGDP 
detection techniques and LFOVGC imaging sub-
jectively improved effi ciency and confi dence 
management in all 6 cases and enhanced tumor 
identifi cation and resection of all sites of 
disease.  

19.4     Concluding Remarks 

 The management of GEP-NETs remains chal-
lenging. The surgical management of these 
tumors offers the best possibility for cure and has 
a signifi cant impact on survival. Various radio-
tracers are available for pre- and intraoperative 
detection of GEP-NETs. The combined intraop-
erative utilization of the HGDP in concert with 
using real-time portable imaging devices for 
attempted tumor localization during radioguided 
surgery provides the surgeon with instantaneous 
navigational feedback for optimizing the precise 
identifi cation of all possible sites of disease, for 

Periportal
Node

Duodenal
Node

2490cts/44
-

Duodenal
Node

2041cts/44

Retroperitoneal 

Node

2701cts/53pxls

a b c d

  Fig. 19.3    Patient 2, fi rst surgical procedure, pre-incision 
LFOVGC image ( a ) indicating two foci of activity with 
associated quantitative counts. The corresponding post- 
resection image ( b ) indicates decreased but persistent 
activity (thought to be artifactual at time of surgery). 
Same patient, second surgical procedure, pre-incision 

LFOVGC image ( c ) indicating focus of increased activity 
in the same location as on image  b , with interval growth 
of the lesion between operations. Corresponding post- 
resection image ( d ) indicating no further activity and 
complete resection of detectable  111 In-pentetreotide-avid 
lesions (Reproduced from Hall et al. [ 77 ]       
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minimizing the unnecessary destruction and 
removal of uninvolved adjacent tissues, and for 
ultimately potentially impacting favorably on 
long-term patient outcomes.     
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   Abstract  

  Mediastinal lymph node dissection is an 
integral part of non-small cell lung cancer 
(NSCLC) surgical treatment. However, 
mediastinal lymph nodes are involved in 
less than 30 % of clinically stage I patients. 
Sentinel lymph node (SLN) mapping and 
biopsy has been proposed as an alternative 
to mediastinal lymph node dissection in 
NSCLC since 1999. Most studies thus far 
have used radiotracers for lymphatic map-
ping in NSCLC. Successful SLN mapping 
and biopsy needs careful selection of 
patients (only cN0 patients without history 
of chemotherapy) and proper administration 
route of the radiotracer (peri-tumoral is 
preferred over intra-tumoral injections). 
Alternative methods such as magnetic parti-
cles and fl uorescent dyes seem to be very 
promising and need further validation stud-
ies in the future.  
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20.1         Clinical Value and Relevance 
in Clinical Practice 

 Non-small cell lung cancer (NSCLC) accounts 
for almost 85 % of all types of lung cancers and 
is one of the major causes of cancer-related death. 
Mediastinal lymph node metastasis is one power-
ful and signifi cant prognostic factor which leads 
to the considerable decrease in the 5-year sur-
vival rate and increase in disease recurrence pos-
sibility. Mediastinal lymph node dissection is an 
integral part of NSCLC surgical treatment which 
is associated with improved staging and survival. 
However, mediastinal lymph nodes may not be 
pathologically involved in the majority of patients 
with NSCLC (less than 30 % of clinically stage I 
patients) [ 1 ]. This is why less invasive methods 
for evaluating mediastinal lymph nodes are 
actively sought including CT scan, MRI, 18-F- 
FDG PET, mediastinoscopy, and SLN mapping. 

 SLN mapping and biopsy was used for 
NSCLC in 1999 by Little et al. [ 2 ] for the fi rst 
time. However, Little et al. only used blue dye for 
this purpose. The fi rst true radioguided SLN 
mapping and biopsy for NSCLC was done by 
Liptay et al. in 2000 [ 3 ], and since then numerous 
groups have published their experience in this 
regard [ 4 ]. Table  20.1  shows the characteristics of 
available studies on SLN mapping and biopsy in 
NSCLC in the medical literature [ 2 ,  5 – 50 ]. In 
case of duplicate reports, only the most recent 
one is summarized in Table  20.1 .

20.1.1       Indications for SLN Mapping 
and Biopsy 

 Patients with cN0 NSCLC tumors are the best can-
didates for SLN mapping and biopsy. Very large 
necrotic tumors (>5 cm in diameter) and history of 
previous chemotherapy can also decrease the accu-
racy of lymphatic mapping in NSCLC. Liptay 
reported that reasons of detection failure were hilar 
and/or mediastinal adenopathy in eight patients, 
nine patients had tumors greater than 5 cm, and two 
patients underwent preoperative chemoradiation 
[ 13 ]. Melfi  et al. in a study on 26 NSCLC patients 
reported only one SLN detection failure which was 
in a patient with a very large tumor [ 16 ]. In another 
study Faries et al. reported only one false-negative 

SLN result in 28 NSCLC patients, and this false-
negative case had a history of chemotherapy [ 7 ]. 
The reason is straightforward: patients with large 
tumors and clinical (or radiological) large lymph 
nodes are more likely to have their SLNs com-
pletely replaced by tumor cells with resulting 
detection failure and false negativity. 

 Histological type and location of NSCLC and 
gender of the patients do not seem to be related to 
the success or accuracy of SLN mapping and 
biopsy in NSCLC [ 4 ].   

20.2     Lymphatic Mapping Using 
Radiotracers 

 Most of the studies thus far have used radiotrac-
ers for lymphatic mapping in NSCLC. 
Tc-99 m-labeled HSA (human serum albumin), 
fi ltered or non-fi ltered SC (sulfur colloid), NC 
(nanocolloid), phytate, tin colloid, rhenium col-
loid, and antimony sulfi de colloid have all been 
used for SLN mapping in NSCLC with very high 
detection rate and sensitivity. Type of the radio-
tracer does not seem to change the success or 
accuracy of SLN mapping and biopsy in NSCLC 
[ 4 ]. 

 In a study by Rzyman et al., four radiotracers 
(Tc-99 m SC, Tc-99 m NC, Tc-99 m tin colloid, 
and Tc-99 m rhenium colloid) were compared for 
SLN mapping in 110 NSCLC patients, and no 
difference between the tracers was observed [ 36 ]. 

 It should be noted that not all groups agree with 
our conclusion on the type of the radiotracer. Most 
importantly, Nomori et al. compared Tc-99 m phy-
tate and Tc-99 m tin colloid for SLN mapping and 
biopsy of 147 patients. They reported that Tc-99 m 
phytate could identify SLNs more readily than 
Tc-99 m tin colloid, even in patients with a low 
FEV1 [ 24 ]. These results need to be validated in 
further trials; overall all radiotracers thus far seem 
to be reliable enough for SLN mapping and biopsy 
in NSCLC. 

20.2.1     Route of Administration 

 Two injection locations have been used thus far 
for lymphatic mapping in NSCLC: peri-tumoral 
and intra-tumoral. Most studies thus far used 
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peri-tumoral injection of the tracer for SLN map-
ping and biopsy with excellent results [ 4 ,  51 ]. On 
the other hand, intra-tumoral injection was used 
in two studies by Liptay et al. with lower detec-
tion rate and sensitivity [ 13 ,  14 ]. The latter study 
 (CALGB 140203 multicenter phase II trial)  was 
terminated due to disappointing accuracy of the 
technique [ 14 ]. In another study by Melfi  et al., 
the reason of three SLN detection failures was 
reported to be intratumoral injection of the radio-
tracer [ 17 ]. It seems that intra-tumoral injection 
of the tracer should be avoided and only peri- 
tumoral injection should be used.  

20.2.2     Intraoperative vs. 
Preoperative Injection 

 The time of radiotracer injection in relation to the 
surgery is a matter of debate. Rationale of preop-
erative CT-guided or bronchoscopy-guided injec-
tion is to let the time pass enough for the 
radiotracer to reach the SLNs in the lymphatic 

system. Several studies used preoperative injec-
tion of the tracer with excellent detection rate and 
sensitivity. Taghizadeh et al. in a systematic 
review showed pooled detection rate and 
 sensitivity of 82.1 % [75.4–87.3 %] and 97 % 
[90–99 %], respectively [ 4 ]. 

 However, experience of SLN mapping and 
biopsy in breast cancer showed that radiotracer 
movement in the lymphatic system is very rapid, 
and there is no need for a long time interval between 
injection and surgery [ 52 – 55 ]. Experience on 
NSCLC also showed the same fi ndings (Fig.  20.1 ), 
and intraoperative injection of the radiotracer 
showed comparable detection rate and sensitivity 
as the preoperative injection technique. Mean time 
of injection to SLN detection by a gamma detec-
tion probe was 10 min. Taghizadeh et al. showed 
pooled detection rate and sensitivity of 88.5 % 
[75.4–95.17 %] and 92 % [72–98 %], respectively, 
for intraoperative injection technique.

   Overall, it seems that intraoperative radiotracer 
injection is as accurate and as successful as preop-
erative injection without any need for CT for 

  Fig. 20.1    Time course of sentinel lymph node visualiza-
tion after preoperative injection of the radiotracer. The 
sentinel node could be easily identifi ed as early as 30 min 

to 21 h postinjection (Reproduced with permission 
(  10.1016/j.ejcts.2010.01.012    ))       
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 bronchoscopy guidance. Time to wait after intraop-
erative injection does not need to be very long and 
10–15 min is enough for successful SLN detection. 

 The radiotracer should be injected carefully to 
not penetrate the airways as leakage into the air-
ways can make intraoperative SLN mapping and 
biopsy diffi cult (Tiffet et al. reported four detec-
tion failures due to airway injection in their 
study) [ 12 ]. Figure  20.2  shows planar lymphos-
cintigraphy images with radiotracer leakage into 
the airways. This does not seem to be of concern 
in  preoperative injections as radiotracer would 
wash away the airways with time [ 56 ,  57 ].

20.2.3        Dose and Volume 
of the Injected Radiotracer 

 The dose of the radiotracer is highly dependent on 
the time of injection in relation to the surgery. For 

intraoperative injection usually 1–2 mCi divided 
into four aliquots is used, and for preoperative 
injection, 6–8 mCi divided into four aliquots [ 58 ]. 
Volume of injection is totally 1–1.5 mL which is 
divided into four samples for injection.  

20.2.4     Role of Preoperative 
Lymphoscintigraphy 
and SPECT/CT 

 The prerequisite of preoperative lymphoscin-
tigraphy imaging is preoperative CT- or 
bronchoscopy- guided injection of the radiotracer. 
There is not enough information in the literature 
regarding preoperative lymphoscintigraphy and 
SPECT/CT. However few reports showed that 
preoperative imaging especially SPECT/CT can 
identify the location of SLNs before surgery 
which can guide the surgeons intraoperatively. 

  Fig. 20.2    Planar lymphoscintigraphy images of an 
NSCLC patient. Note airway leakage of the radiotracer on 
the early image (5 min image) which disappeared on the 

delayed images and the sentinel lymph node which is 
apparent on the 6 h image (Reproduced with permission 
(  10.1067/mtc.2002.124496    ))       
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Unusual location of the SLNs can also be easily 
identifi ed which otherwise would be neglected 
by the surgeons. By better preoperative localiza-
tion, SPECT/CT fi ndings may decrease operating 
time, decrease patient morbidity, and improve the 
accuracy of pathological examination. Injection 
problems such as leakage of the radiotracer into 
the airways and pleural space could also be 
 identifi ed readily by SPECT/CT imaging [ 59 , 
 60 ]. Figures  20.3 ,  20.4 ,  20.5 , and  20.6  show 
examples of SPECT/CT fi ndings in NSCLC SLN 
mapping and biopsy.

      However, compared to the other solid tumors 
such as genitourinary cancers, breast cancer, 

and melanoma, the utility of SPECT/CT in 
NSCLC SLN mapping and biopsy seems to be 
limited. In the Abele et al. study, SLNs were 
identifi ed only in 50 % of the patients on 
SPECT/CT imaging [ 60 ]. Another study by 
Nomori et al. showed that SPECT/CT could 
identify SLNs in the hila especially in segmen-
tal and lobar lymph node areas, but not in the 
mediastinum. This can be an advantage for 
SPECT/CT imaging as intraoperative SLN 
localization by gamma probes can be hard in 
the hilar and segmental areas [ 61 ] (Figure  20.7 ). 
Figure  20.6  shows an example of a patient with 
hilar SLN on SPECT/CT images.

  Fig. 20.3    Transverse and sagittal fused SPECT/CT images of an NSCLC in the LUL.  A  is a sentinel lymph node in the 
left suprahilar area and  B  is the injection site (Reproduced with permission (  10.1007/s12149-014-0821-1    ))       

  Fig. 20.4    Transverse and coronal fused SPECT/CT images of an NSCLC in the RUL . A  is a sentinel lymph node in the 
gastrohepatic area (Reproduced with permission (  10.1007/s12149-014-0821-1    ))       
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20.3          Alternative Approaches 
to SLN Mapping and 
Biopsy in NSCLC 

20.3.1     Blue Dyes 

 SLN mapping and biopsy using a dye-only 
method is not as successful as other solid tumors. 
A systematic review by Taghizadeh Kermani 
et al. showed only 64.4 % which is pretty low as 
compared to the radiotracer method [ 4 ]. 

 Lower detection rate by dye alone is related to 
black discoloration of the mediastinal lymph 

nodes in most patients (anthracosis) which makes 
it diffi cult to fi nd dye-stained SLNs in the medi-
astinum [ 58 ]. Among the dye methods, indocya-
nine green had the worst detection rate as 
indocyanine green (although bright under fl uo-
rescent light) is not readily visible by the unaided 
eye [ 32 ]. 

 Due to possible occurrence of some allergic 
and nonallergic complications including hyper-
sensitivity (even anaphylactic) reaction in the 
form of pulmonary edema, blue discoloration of 
the skin or body fl uids, and skin necrosis [ 62 ,  63 ] 
and very low detection rate by dye techniques, 

  Fig. 20.6    Transverse and coronal fused SPECT/CT images of an NSCLC in the LUL. Note airway leakage of the 
radiotracer into the left mainstem bronchus (Reproduced with permission (  10.1007/s12149-014-0821-1    ))       

  Fig. 20.5    Coronal and sagittal fused SPECT/CT images of an NSCLC in the RLL. Diffuse activity in the pleural space 
is due to radiotracer pleural space leakage (Reproduced with permission (  10.1007/s12149-014-0821-1    ))       
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using blue dye (alone or in combination) in 
NSCLC SLN mapping and biopsy is not justifi ed.  

20.3.2     PET Radiotracers 

 Thus far, only one group reported application 
of PET radiotracers for SLN mapping and biopsy 
in NSCLC. Eo et al. used Ga-68-labeled man-
nosylated human serum albumin (Ga-68-MSA) 
for SLN mapping and biopsy in NSCLC 
(Figure  20.8 ). They enrolled 34 patients of clini-
cally stage I NSCLC. The radiotracer was 
injected peri-tumorally under CT guidance 1–3 h 
before surgery, and PET imaging was started 
15–30 min postinjection. They had 100 % detec-
tion rate and no false-negative results [ 50 ]. 

 Despite being a promising alternative to the 
conventional radiotracers, PET tracers are lim-
ited by their cost.  

20.3.3     Magnetic Particles 

 Ferumoxides (a colloidal superparamagnetic 
iron oxide of nonstoichiometric magnetite), 
which are used as a contrasting agent for MRI, 
have been recently applied for SLN mapping 
and biopsy in NSCLC patients. The magnetic 
particles are injected peri- tumorally and the 
magnetic force within SLNs is detected by 
handheld magnetometer [ 19 ,  64 ]. Intraoperative 
application of mentioned magnetic particle for 
SLN mapping and biopsy of NSCLC patients 
resulted in the detection, accuracy, sensitivity, 
and false-negative rates of 81.6 %, 96.8 %, 
85.7 %, and 14.3 %, respectively [ 19 ]. Similar 
outcomes have been obtained by using ferucar-
botran (clinically approved superparamagnetic 
iron oxide) for SLN mapping and biopsy of 
patients with NSCLC [ 21 ]. 

 It is suggested that applying magnetic parti-
cles for SLN mapping and biopsy is associated 
with high sensitivity, detection rate, and accuracy 
without any radiation burden to the patients and 
surgical staff. Larger studies are still needed to 
validate the abovementioned fi ndings.  

20.3.4     Fluorescent Dyes 

 Near-infrared (NIR) fl uorescent lymphatic imag-
ing is a novel method for SLN mapping and 
biopsy in solid tumors and also has been used for 
SLN mapping and biopsy in NSCLC. 

 Although indocyanine green (ICG) was diffi -
cult to visualize using regular room light with 
the unaided eye because it was masked by the 
black appearance of the SLNs, its ability of 
absorbing infrared rays (as an NIR lymphatic 
fl uorophore) during in vivo binding with serum 
proteins appeared to be advantageous for SLN 
mapping and biopsy of NSCLC. 

 The clinical effi cacy of this new technique 
for NSCLC has been investigated by several 

a

b

  Fig. 20.7    Fused SPECT/CT images in an NSCLC of the 
LUL. ( a ) is the injection site and ( b ) is a segmental 
 sentinel lymph node ( white arrow ) (Reproduced with per-
mission (  10.1016/j.jtcvs.2007.02.013    ))       
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research groups. In 2012, Yamashita et al. 
reported the results of fl uorescent imaging for 
SLN mapping and biopsy in 61 NSCLC patients 
with 80.3 % detection rate and 2.1 % false-neg-
ative rate [ 65 ]. Ichinose et al. also reported 
excellent results by NIR imaging in 12 patients 
with 91.6 % detection rate and no false-negative 
case [ 25 ]. However, Matsuoka et al. showed less 
satisfactory results on 12 NSCLC patients with 
66.6 % detection rate [ 27 ]. 

 The advantages of this new technique over 
radioisotopes are lower radioactivity exposure 
and no shine-through effect. The technique may 
also reveal deeply located SLNs in the lung 
parenchyma or mediastinal fat tissue; however 
identifi cation of SLNs should begin as soon as 
possible because dye may pass through to the 
non-SLNs as time passes [ 65 ]. 

 Further studies are needed to increase the 
validity of ICG fl uorescence imaging-guided 
lung surgery and to be used for SLN mapping and 
biopsy in NSCLC. Dose, imaging time and 
method, and many other variables should be opti-
mized before routine clinical imaging [ 46 ].  

20.3.5     Carbon Nanoparticles 
Suspension 

 In a single report, Jiang-Peng et al. studied the 
effi cacy of carbon nanoparticles for SLN map-
ping and biopsy in 15 NSCLC patients with 
73.3 % detection rate and 85.7 % sensitivity [ 10 ]. 
However, carbon nanoparticles do not seem to be 
a viable alternative for radiotracers as they share 
the same shortcoming as the blue dyes.   

Fusion

CT

68Ga-MSA PET

18F-FDG PET

  Fig. 20.8    Sentinel lymph node imaging by 68Ga-MSA 
PET/CT.  Black arrow  shows the injection site, and  red 
arrow  shows the sentinel node activity.  Yellow arrow  

shows tumor activity (Reproduced with permission 
(  10.1245/s10434-014-3986-x    ))       
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20.4     Intraoperative Detection 
and Resection of SLNs 

 For intraoperative SLN detection, an acoustic 
gamma detection probe is used to guide the sur-
geons to the location of SLNs. 

 As mentioned above, the success rate (surgi-
cal detection rate) for radiotracer-guided SLN 
biopsy in NSCLC is high and comparable to 
other solid tumors such as breast cancer and 
melanoma. Pooled surgical detection rate was 
highest for studies using radiotracer intraopera-
tively and peri-tumorally: 95.3 % [89.9–97.9 %] 
[ 4 ,  58 ]. 

 Acoustic gamma detection probes are very 
reliable for SLN localization in NSCLC; even 
laparoscopic gamma detection probes for video-
assisted thoracoscopic surgery (VATS) work very 

well with very high surgical detection rate [ 58 ]. 
Preoperative CT- or bronchoscopy- guided radio-
tracer injection can provide the opportunity for 
preoperative lymphoscintigraphy and SPECT/CT 
which can guide the surgeons to the correct posi-
tion of the intrathoracic SLNs. However, intraop-
erative injection also works well as shown by 
multiple studies. Figure  20.9  shows intraopera-
tive SLN mapping and biopsy in an NSCLC.

   However, detection of SLNs near the injection 
site can be very hard due to obscured uptake in the 
nearby SLNs. Learning curve effect also can be a 
problem in utilizing acoustic gamma detection 
probes. Thus far, two studies have reported possi-
ble learning curve effect when performing SLN 
mapping and biopsy in NSCLC patients using 
radiotracers and fl uorescent imaging [ 14 ,  65 ]. This 
learning curve effect can compromise the perfor-

a

c

b

  Fig. 20.9    ( a ) NSCLC after exposure of the lung and injection of the tracer in the peri-tumoral area. ( b ) Resected tumor 
and harvested lymph nodes. ( c ) Tumoral bed after resection of the tumor and lymph node dissection       
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mance of the thoracic surgeon early on in the pro-
cess of gaining experience with this technique. 

20.4.1     Role of Portable Gamma 
Cameras and 3D Systems 
(fhSPECT) 

 Thus far, no study has reported the application of 
intraoperating portable gamma cameras and free-
hand SPECT devices for SLN mapping and biopsy 
in NSCLC. Due to the complex anatomy of the 
thorax, these novel technologies could potentially 
be of real help in NSCLC, and this future studies 
should be considered using these devices.   

    Conclusion 

 SLN mapping and biopsy is an accurate 
method for mediastinal lymph node staging in 
NSCLC patients. Successful SLN mapping 
and biopsy needs careful selection of patients 
(only cN0 patients without history of chemo-
therapy) and proper administration route of 
the radiotracer (peri-tumoral injection is pre-
ferred over intra-tumoral injection). Alternative 
methods, such as magnetic particles and fl uo-
rescent dyes, seem to be very promising and 
need further validation studies in the future.     
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   Abstract  

  The incidence of pulmonary nodules discov-
ered by imaging is increasing. These pulmo-
nary nodules may be discovered incidentally 
or through a computed tomography (CT) scan 
screening program. Small lesions suspicious 
for lung cancer may require tissue, and surgi-
cal resection may be necessary to rule out 
malignancy. Due to the small size of these 
lesions, intraoperative localization with mini-
mally invasive surgical techniques may be 
challenging and require lesion localization 
prior to resection. Radioguided surgery using 
a radiotracer and a handheld gamma probe 
technology facilitates real-time pulmonary 
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nodule localization and surgical resection. 
Most commonly, this involves two steps. First, 
a radiotracer (usually injectable technetium-
99m) is preoperatively and percutaneously 
delivered into or immediately deep to the pul-
monary nodule under CT guidance. Second, a 
handheld gamma probe is used to localize the 
pulmonary nodule for thoracoscopic resec-
tion. Alternatively, a radiotracer can be given 
intravenously, such as radiolabeled monoclo-
nal antibodies,  18 F-fl uorodeoxyglucose 
(FDG), bleomycin derivatives, or DOTATATE 
(i.e., a highly selective somatostatin analog). 
These other techniques remain experimental. 
Radioguidance with transthoracic technetium-
99m injection and intraoperative gamma 
probe detection offers several advantages over 
CT-guided hookwires or markers, locally 
administered radiopaque contrast and blue 
dyes, and thoracoscopic ultrasound. These 
techniques may be employed alone or in com-
bination with radioguidance. Precise localiza-
tion of small pulmonary nodules will become 
more pressing as national lung cancer CT 
screening guidelines are implemented.  

21.1        Background 

 In 2011, the National Lung Screening Trial 
(NLST) reported a 20 % reduction in lung cancer- 
specifi c mortality with low-dose chest CT screen-
ing in a population at high risk, namely, older 
male smokers [ 1 ]. In December 2013, the US 
Preventive Service Task Force (USPSTF) began 
recommending annual screening for lung cancer 
with low-dose CT scans in adults aged 55–80 
years with a recent 30 pack-year smoking history 
[ 2 ]. In light of these recommendations and the 
eight million Americans at risk, more than three 
million lung abnormalities are projected to be 
identifi ed in the fi rst three years of a national CT 
screening program [ 3 ]. This will create an 
unprecedented number of pulmonary nodules to 
manage appropriately. 

 Whereas some pulmonary nodules can be 
sampled noninvasively, most commonly with 

bronchoscopy or CT-guided fi ne needle aspira-
tion (FNA), surgical biopsy of such pulmonary 
nodules is often necessary for defi nitive diagno-
sis, to be followed by an immediate or staged 
formal resection in the event malignancy is con-
fi rmed. The success rates of nonoperative diag-
nostic modalities are inversely related to 
pulmonary nodule size, resulting in unaccept-
ably high false-negative rates [ 4 ,  5 ]. In particu-
lar, subcentimeter pulmonary nodules cannot be 
reliably biopsied percutaneously [ 6 ,  7 ]. Positron 
emission tomography (PET) also has low sensi-
tivity in screening for subcentimeter lesions, 
particularly those 7 mm or smaller [ 8 ,  9 ]. For 
this reason, both the American College of Chest 
Physicians (ACCP) and the American 
Association of Thoracic Surgery (AATS) recom-
mend obtaining a tissue diagnosis via surgical 
excision of subcentimeter pulmonary nodules 
with suspicious changes in size and appearance 
[ 10 ,  11 ]. 

21.1.1     Need for Surgical Localization 
Adjuncts for Small Pulmonary 
Nodules 

 Unfortunately, small indeterminate pulmonary 
nodules identifi ed on high-resolution CT images 
as candidates for excisional biopsy can be chal-
lenging to identify thoracoscopically via the tra-
ditional combination of direct visualization, 
instrument palpation, and digital palpation [ 12 ]. 
This is particularly true with pulmonary nodules 
located deep in the lung parenchyma and with so- 
called ground glass pulmonary nodules that are 
less solid to the touch and diffi cult to palpate tho-
racoscopically. Preoperative marking for subcen-
timeter pulmonary nodules has been 
recommended to facilitate a successful minimally 
invasive approach [ 13 ]. Various perioperative 
adjuncts have been developed to facilitate video- 
assisted thoracoscopic surgery (VATS) excision 
of small pulmonary nodules and thereby avoid 
the morbidity of a thoracotomy. These include 
radioguided surgery and its alternatives, which 
will be reviewed below.   
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21.2     Radioguided Surgery: 
Percutaneous Delivery 
Techniques 

 A radioguided surgical approach to pulmonary 
nodules involves either percutaneous transtho-
racic or intravenous delivery of a radiotracer, fol-
lowed by intraoperative gamma detection, 
typically with a handheld gamma probe. 
Percutaneous transthoracic delivery of the radio-
tracer is by far the most common, typically rely-
ing on CT guidance for precise placement of the 
radiotracer into or deep to the pulmonary nodule 
of interest. Advantages of this approach include 
better differential uptake of the radiotracer in the 
relevant area and the resultant superior spatial 
resolution and selectivity. Disadvantages include 
those inherent to introducing a needle into the 
pleural space and lung parenchyma, namely, 
pneumothorax, hemothorax, and parenchymal 
bleeding, as well as the additional time and coor-
dination of services needed between radiology, 
surgery, and operating room staff. Bronchoscopic 
delivery of a radiotracer, still experimental and 
highly specialized with a steep learning curve, 
may avoid some of the disadvantages of the per-
cutaneous transthoracic route while maintaining 
the advantages of a localized approach. 

21.2.1     Percutaneous Transthoracic 
Injection of Technetium-99m 

 Most of the published experience with CT-guided 
injection of a radiotracer for pulmonary nodule 
localization and excisional biopsy has relied on 
technetium-99m (Tc-99m), a commonly used 
medical radioisotope. This approach dates back 
to 2000, when Chella et al. fi rst described 
CT-guided percutaneous transthoracic injection 
of Tc-99m-labeled human serum microspheres 
into or near a target pulmonary nodule to guide 
subsequent thoracoscopic excisional biopsy [ 14 ]. 
They successfully localized and excised pulmo-
nary nodules with a mean size of 8.3 mm in 39 of 
39 patients, with surgery performed 2 h after 
intralesional injection. The specifi c radiotracer 
they used is unavailable in the United States 

(US). A variety of radiotracers have subsequently 
been used for this indication. Burdine et al. used 
Tc-99m sulfur colloid, the standard tracer in mel-
anoma and breast cancer sentinel lymph node 
dissections, for a similar radiotracer localization 
technique in 17 patients [ 15 ]. Although they suc-
cessfully resected all lesions, one caveat they 
identifi ed was the radiotracer’s rapid diffusion 
away from the pulmonary nodule. Sugi et al. used 
Tc-99m tin colloid and Tc-99m phytate in Japan 
and also reported good success with locating and 
resecting 25 pulmonary nodules averaging 
13.8 mm in size [ 16 ]. Neither of these radiola-
beled Tc-99m compounds is available in the US, 
however, and both require special handling due to 
radioactivity. 

 The radiotracer now most commonly 
employed for pulmonary nodule radioguided sur-
gery in the US is Tc-99m macroaggregated albu-
min (MAA). This radiotracer was fi rst developed 
for this purpose by a group at the University of 
Virginia [ 17 ]. Daniel et al. tested a variety of 
Tc-99m solutions in an animal model, including 
Tc-99m sulfur colloid, Tc-99m MAA, and 
Tc-99m pertechnetate (TcO4). They determined 
that Tc-99m MAA provided the most precise and 
sustained localization, up to 8 h, likely due to its 
larger particle size, thus preventing diffusion 
away from the pulmonary nodule through the 
lung parenchyma. They then successfully piloted 
the Tc-99m MAA radiotracer injection in lesions 
in 13 of 13 humans with thoracoscopic biopsy 
[ 12 ,  17 ,  18 ]. 

 On the basis of this work, in 2008, the same 
group at the University of Virginia published 
their results of the successful identifi cation and 
excision of 77 of 81 indeterminate pulmonary 
nodules (95 %), with 71 of the 77 (92 %) removed 
thoracoscopically [ 19 ]. The mean size of the pul-
monary nodules was 9.8 mm. Under CT guidance 
on the day of surgery, these 81 pulmonary nod-
ules were injected with 0.1 mL Tc-99m MAA 
(approximately 0.3 mCi) just deep to the lesion to 
ensure adequate incorporation of the lesion. The 
corresponding pulmonary nodule was then iden-
tifi ed and confi rmed as frequently as needed 
intraoperatively using a special angled gamma 
detection probe. Of note, the four patients in 
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whom the lesion was not identifi ed and success-
fully excised had accidental spillage of the radio-
tracer, either into the pleural space or the soft 
tissues of the chest wall. This occurred early in 
the series. The team subsequently modifi ed their 
protocol to include an immediate preoperative 
scintigraphy, in order to confi rm an intraparen-
chymal location of the injected radiotracer for the 
remaining patients, and with 100 % success with 
localization and excision thereafter (77 of 77). 
This additional step adds 10–15 min to the proce-
dure. An unknown number of patients required a 
second CT-guided radiotracer injection based on 
the fi ndings of preoperative scintigraphy. 

 The radiotracer injection itself was performed 
under conscious sedation and was well tolerated. 
A total 8 of 81 patients (10 %) developed pneu-
mothoraces requiring pigtail catheter placement 
into the intrathoracic pleural space in the radiol-
ogy suite. This is comparable to the 6 patients 
with asymptomatic pneumothoraces of the 39 
(15 %) in the original series by Chella et al. [ 14 ]. 
Most patients underwent surgery the same day as 
radiotracer injection, but the team also success-
fully performed excision the following morning 
with an increased radiotracer dose (0.3–0.4 mL 
of Tc-99m MAA rather than the standard 
0.1 mL). This in vivo radiotracer longevity facili-
tates practical incorporation of this technology 
given the often unpredictable nature of surgical 
schedules and operating room case start times. 
This technique is described in detail below. The 
University of Virginia provides some additional 
educational information at the following website: 
  http://www.med-ed.virginia.edu/courses/rad/
rsnanucs/.      

21.2.2     Technique in Detail 

21.2.2.1     CT-Guided Radiotracer 
Injection 

 On the morning of or day prior to the operation, 
the patient undergoes placement of the radio-
tracer as follows (Fig.  21.1 ). Conscious sedation 
is administered. A limited CT scan confi rms the 
nodule’s position. The surgeon and interventional 
radiologist agree on the optimal approach angle, 

avoiding the pleural surface of major fi ssures. 
Local anesthesia is administered. The radiologist 
positions a 20-gauge coaxial needle along the 
intended track with the tip ending just proximal 
to the pleural cavity. Under CT fl uoroscopy, a 
22-gauge needle is then advanced through this 
needle into or just deep to the pulmonary nodule. 
Between 0.1 and 0.3 mL (~0.3–0.9 mCi) of 
Tc-99m MAA is injected. An immediate post- 
procedural scintigram confi rms intraparenchy-
mal location of radiotracer. If unsuccessful, the 
procedure is repeated as needed.

21.2.2.2        Radioguided VATS Surgery 
 Later that day or the following morning, the 
patient is brought to the operating room 
(Fig.  21.2 ). General anesthesia with single-lung 
ventilation is induced. The patient is placed in 
the left lateral decubitus position and prepped 
and draped in the standard fashion. A sterile 
handheld angled gamma detection probe is used 
to identify the area of maximum signal on the 
external chest wall. Three standard VATS inci-
sions are made, one 5-mm port for the thoraco-
scopic grasper and two 10-mm ports for the 
thoracoscope and the gamma detection probe 
alternating with the endostapler, respectively. 
Inside the chest cavity, the gamma detection 
probe is again used to identify the site of maxi-
mum counts per second signal on the surface of 
the lung parenchyma.

   The area of interest is grasped and elevated 
with an endoscopic grasper. The lung paren-
chyma is scanned with the angled probe to con-
fi rm the signal from multiple angles and to 
determine the depth of the lesion. The lesion is 
then wedged out with one or more fi res of an 
endostapler, taking care to incorporate the entire 
lesion distal to the staple line. The specimen is 
removed in an Endobag. After excision, the spec-
imen is probed ex vivo with the gamma detection 
probe to confi rm the presence of radiotracer 
activity within the excised specimen and then 
opened on the operative fi eld and/or sent directly 
to pathology for frozen sectioning. The gamma 
detection probe is then reintroduced into the tho-
racic cavity to scan the adjacent lung parenchyma 
and ensure removal of all areas of radiotracer 
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activity. As needed, additional lung parenchyma 
is removed and the process repeated. Based on 
frozen section results, a formal lung resection 
may or may not be required.   

21.2.3     Co-localization 
with Radiotracer 
and Another Modality 

 A number of researchers have also combined 
Tc-99m radiotracer localization with other com-
mon localization adjuncts, including radiopaque 

contrast injection, hookwire placement, and 
methylene blue injection. Radiopaque contrast 
media has been the most common adjunct 
reported in the literature [ 20 – 22 ]. For example, 
Bellomi et al. used Tc-99m MAA mixed with 
nonionic iodinated contrast medium to success-
fully localize and resect 47 indeterminate pulmo-
nary nodules (mean 11 mm size and 11 mm 
depth) in 44 patients [ 20 ]. A post-procedural CT 
scan was performed to defi ne the distribution of 
the contrast media and rule out an iatrogenic 
pneumothorax, followed by a confi rmatory scin-
tigram and then surgery within 24 h, typically on 

a b

c d

  Fig. 21.1    CT-guided injection of Tc-99m. ( a ) A 77-year- 
old smoker was referred to the thoracic surgery service 
with a 0.7 × 0.9 cm right lower lobe nodule, greater than 
2 cm from the pleura. The pulmonary nodule was noted 
incidentally 6 months prior and had increased in size from 
0.5 × 0.6 cm at that time. His preoperative FEV1 was 

49 %. ( b ) Under CT guidance, the interventional radiolo-
gist positions the needle with the tip just deep to the pul-
monary nodule. ( c ) The radiologist injects 0.1–0.3 mL of 
technetium-99m-labeled albumin at the site of interest. 
( d ) Post-procedural scintigram confi rms precise intrapa-
renchymal radiotracer uptake       

 

21 Radioguided Surgery of Small Pulmonary Nodules



340

the following day. Thirteen patients (30 %) had 
asymptomatic pneumothoraces on CT imaging, 
none requiring drainage. Similarly, Bertolaccini 
et al. used Tc-99m MAA diluted with iodized 
contrast medium in a prospective series of 19 
patients with pulmonary nodules <15 mm located 
20–40 mm from the pleural surface and also 
reported good success with minimal complica-
tions [ 21 ]. In the largest series, Ambrogi et al., a 
group from Italy, reported success in 208 of 211 
cases (99 %), again with the Tc-99m MAA/con-
trast co-localization method [ 22 ]. A total of 
10.4 % developed pneumothoraces, none requir-
ing drainage. 

 Local injection of simple blue dyes, typically 
methylene blue, is a long-standing localization 
adjunct for small pulmonary nodules. Wang et al. 
reported using both Tc-99m sulfur colloid and 

methylene blue to locate and resect pulmonary 
nodules in a small case series of three patients 
[ 23 ]. They deposited both the Tc-99m and blue 
dye in two locations, one in the subcutaneous fat 
in line with the target and then within or just deep 
to the lesion, hypothesizing that this would better 
highlight the “linear projecting tract” for intraop-
erative localization and ex vivo confi rmation. 

 The hookwire localization technique is 
described in the “Alternatives to Radioguidance” 
section later in this chapter. One group has 
reported a dual-localization technique using both 
a percutaneous transthoracic hookwire and Tc 
99m phytate for 36 pulmonary nodules in 34 
patients [ 24 ]. Of note, 7 hookwires (19 %) dis-
lodged prior to surgery, although these pulmo-
nary nodules were all successfully excised 
secondary to detection of the radiotracer.  

a b

c d

  Fig. 21.2    Localization of lung nodule using gamma 
probe during VATS excisional biopsy. ( a ) A sterile gamma 
radioprobe is introduced into one of the thoracoscopic 
port sites. ( b ) The lung parenchyma is scanned with the 
radioprobe to identify the area of maximum radioactive 
signal, rotating to confi rm the depth of the pulmonary 

nodule. Note the Navigator TM  displaying the radioactivity 
counts per second. ( c ) After wedge excision, the lesion is 
examined ex vivo with the gamma detection probe to con-
fi rm focal radioactivity. ( d ) The staple line and adjacent 
lung parenchyma are scanned to ensure there is no signifi -
cant residual radioactivity       
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21.2.4     Iodine-125 (I-125) Seeds 

 Whereas Tc-99m is the most commonly used 
radiotracer, iodine-125 (I-125) seeds have been 
employed in radioguided surgery for pulmonary 
nodules in a limited fashion. In 2013, Gobardhan 
et al. from the Netherlands reported using 
CT-guided percutaneous transthoracic placement 
of I-125 seeds, one per pulmonary nodule, for 28 
patients with suspicious pulmonary nodules, fol-
lowed by VATS wedge resection guided by a 
handheld gamma probe [ 25 ]. Downsides of this 
technique include the possibility for I-125 seed 
dislodgement with subpleural placement (occur-
ring in 5 of 28 patients in this study), the need to 
ensure removal of the radioactive seeds in accor-
dance with local and national guidelines, and the 
increased risk of hematoma and pneumothorax 
given the larger 18-gauge needle that is required 
to implant I-125 seeds. There have been no sub-
sequent reports in the literature of using I-125 
seed placement in pulmonary nodule surgery. 
However, in contrast to using the I-125 seed 
localization approach for radioguided surgery for 
pulmonary nodules, the I-125 seed localization 
approach is much more commonplace for 
radioguided surgery for non-palpable breast 
lesions (see Chap.   8    ).   

21.3     Radioguided Surgery: 
Intravenous Delivery 
Techniques 

 The intravenous administration of a radiotracer to 
guide resection of pulmonary nodules remains 
experimental. Nevertheless, the attraction of the 
intravenous route is clear. Intravenous injection 
avoids the innate morbidity and mortality of any 
percutaneous transthoracic procedure and obvi-
ates the need to coordinate services between radi-
ology and surgery during the perioperative time 
frame [ 26 ]. The primary challenge remains 
ensuring adequate radiotracer uptake at the site of 
interest to allow for suffi cient contrast to that of 
the background lung parenchyma. 

21.3.1     Radioimmunoguided Surgery 

 Limited work has been published on the applica-
tion of radioimmunoguided surgery (RIGS) to the 
identifi cation and resection of pulmonary nodules 
[ 27 – 29 ]. In 1998, Grazia et al. described intrave-
nously injecting 10 patients with I-125- labeled 
monoclonal antibodies at an average of 20 days 
prior to surgery and then employed a handheld 
gamma probe for intraoperative detection [ 27 ]. 
Despite the higher background radioactivity in the 
thorax, specifi c binding (i.e., RIGS positivity) to 
histologically confi rmed sites of adenocarcinoma 
in the lung parenchyma was confi rmed in 9 of 10 
cases, with the one RIGS- negative lesion demon-
strating benign histology. Another Italian group 
reported less promising results with monoclonal 
antibodies (MAb) radiolabeled with either I-125 
or Tc-99m, with binding occurring in a minority 
of primary non-small cell lung cancers, and no in 
situ selective localization of I-125- or Tc-99m-
tagged MAb within the area of the primary lung 
tumor cells during RIGS but in situ selective 
localization of Tc-99m- MAb to a small lymph 
node metastasis previously unidentifi ed on preop-
erative imaging [ 28 ]. Resected neoplastic tissue 
had an ex vivo 2:1 tumor to background ratio, but 
this differential was not suffi cient for in vivo iden-
tifi cation. In 2000, Wang et al. reported on a pilot 
animal study of a RIGS technique using biotinyl-
ated monoclonal antibodies in mice to identify 
adenocarcinoma lung micrometastases, with a 
reported sensitivity, specifi city, and accuracy of 
96 %, 98 %, and 97 %, respectively [ 29 ]. However, 
this technique reported by Wang et al. has not 
been subsequently replicated in humans. 
Therefore, overall, RIGS appears to potentially be 
most relevant to pulmonary nodules suspected to 
be adenocarcinoma, but for which further clinical 
research would be necessary for more conclusive 
validation.  

21.3.2      18 F-FDG-Guided Surgery 

 When administered intravenously,  18 F-fl uorode-
oxyglucose ( 18 F-FDG) accumulates within 
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 pulmonary nodules and thoracic lymph nodes 
harboring metastatic cancer, lighting up as hyper-
metabolic lesions on positron emission tomogra-
phy (PET) imaging [ 30 ]. Gamma radiation 
should also be detectable intraoperatively with a 
handheld gamma probe, facilitating the identifi -
cation and localization of any sites of cancer. 
Nwogu et al. describe using intravenous injection 
of  18 F-FDG in a series of 10 patients on the day of 
surgery to guide resection, specifi cally of intra-
thoracic lymph nodes with suspected microme-
tastases [ 31 ]. All resected primary tumor sites 
and true-positive lymph nodes were  18 F- FDG 
avid when measured ex vivo, but in vivo avidity 
was less reliable due to cardiac background activ-
ity, despite appropriate shielding. Moffatt-Bruce 
et al. also published a single case report of using 
radioguided localization of  18 F-FDG-avid tissue 
after an intravenous injection of  18 F-FDG approx-
imately 98 min prior to surgery [ 32 ]. Notably, 
they relied on a triad of preoperative patient PET/
CT, specimen PET/CT, and postoperative patient 
PET/CT, as well as intraoperative gamma probe 
detection. This technology is likely most appli-
cable to lymph node “ultrastaging” rather than to 
the localization and resection of suspicious pul-
monary nodules or primary lung cancers 
themselves.  

21.3.3     Bleomycin Derivatives 

 Bleomycin is a chemotherapeutic agent produced 
by the  Streptomyces  bacterium as an antiviral 
drug. It is known to localize to the lung and when 
given in high doses for systemic chemotherapy 
can thus cause pulmonary fi brosis. The fi rst use 
of a gamma detection probe in lung cancer actu-
ally relied on cobalt-57 ( 57 Co) bleomycin as a 
localization compound. In 1984, Woolfenden 
et al. reported intravenously injecting 34 patients 
with bleomycin and then used a sodium iodine 
crystal attached to the tip of a bronchoscope to 
attempt to detect and localize tumors [ 33 ]. 
Although these results were intriguing, the long 
physical half-life of the  57 Co radionuclide (i.e., 
271.8 days) renders it impractical for radioguided 
surgery. 

 Although the same lines, in 2003 a Chinese 
group described administering an intravenous 
injection of peplomycin, a bleomycin derivative, 
linked to Tc-99m as a “tumor tracer” to not only 
identify pulmonary nodules in 37 patients but 
also to differentiate malignant versus benign 
lesions intraoperatively as based upon the tumor 
radioactivity relative to normal lung parenchyma 
as calculated by a handheld gamma detection 
probe [ 34 ]. They reported a sensitivity, specifi c-
ity, and accuracy of 90 %, 88 %, and 89 %, 
respectively. This work remains experimental.  

21.3.4     DOTATATE 

 Somatostatin receptor scintigraphy is a proven 
means to visualize many malignancies, includ-
ing lung cancer [ 35 ]. Investigators have dem-
onstrated the utility of scintigraphy with older 
somatostatin analogs, such as depreotide, 
in localizing lung neoplasms, other neoplasms, 
and infl ammatory nodules such as active gran-
ulomas [ 36 – 40 ]. The somatostatin analog, 4,7,
10- tricarboxymethyl- 1,4,7,10-tetraaza-cyclod
odecan- 1-yl-acetyl-D-Phe-Cys-Tyr-D-Trp-
Lys-Thr-Cys- Thr-OH (DOTATATE), is a 
highly selective SSTR2 agonist with greater 
affi nity for SSTR2 than older somatostatin 
analogs [ 41 ]. Some data support DOTATATE 
PET/CT in the routine diagnosis of suspected 
neuroendocrine tumors [ 42 ]. In particular, 
bronchial carcinoids have been shown to have 
avid, selective uptake of DOTATATE over that 
of  18 F-FDG [ 43 ]. 

 Early experimental data suggest that 
DOTATATE, when labeled with indium-111 
( 111 In), could serve to localize small pulmonary 
nodules not only for imaging but also for intraop-
erative detection with a handheld gamma probe 
and wedge resection. The low normal back-
ground uptake of DOTATATE in the lung paren-
chyma should facilitate localization of lung 
lesions with an adequate lesion/background ratio. 
Furthermore, the 2.8-day  111 In physical half-life 
would also allow intravenous administration 1–2 
days prior to surgery. Our research team has 
begun preliminary research into this area. 
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 Ongoing challenges include determining the 
optimal injected activity of  111 In-DOTATATE and 
the optimal time interval between intravenous 
injection and lesion resection in order to maxi-
mize the signal to noise ratio for pulmonary nod-
ule detection. Furthermore, improved gamma 
detection probe performance or shielding is 
needed to reduce background noise and enhance 
lesion localization.   

21.4     Alternatives 
to Radioguidance 

 In addition to the radioguidance techniques sum-
marized in this chapter, multiple other localiza-
tion adjuncts are available and have been 
described in the literature. These will be reviewed 
briefl y in this section of this chapter. A compari-
son chart of localization techniques for surgical 
resection of pulmonary nodules is provided in 
Table  21.1 . After a comprehensive review, the 
British Thoracic Society concluded in their 2015 
guidelines for the investigation and management 
of pulmonary nodules that surgeons should “use 
localisation techniques depending on local avail-
ability and expertise to facilitate limited resection 
of pulmonary nodules” [ 44 ].

21.4.1       CT-Guided Hookwire 

 The use of CT-guided percutaneous transthoracic 
placement of hookwires to guide intraoperative 
identifi cation and resection of small indetermi-
nate pulmonary nodules has been described by a 
number of authors and has perhaps been the most 
commonly used preoperative marking strategy 
[ 45 – 52 ]. It is greater than 85 % effective but car-
ries a risk of pneumothorax ranging from 3 to 
50 %, depending on the series, as well as a risk of 
pulmonary hemorrhage upward of 30 %. The 
main technical disadvantage of this approach is 
the tendency of the hookwire tip to dislodge from 
its target over time. To address this problem, 
Partik and others have more recently described 
using a helical tip wire specially designed to hold 
lung parenchyma [ 53 ,  54 ]. However, any wire 

may cross a fi ssure in transit to the pulmonary 
nodule, and intraoperatively it can be diffi cult to 
track down from the external wire to the lesion 
unless the thoracoscope is in the exact plane as 
the wire. 

 Comparative studies are limited. Gonfi otti 
et al. conducted a small prospective, randomized 
trial comparing the hookwire technique and 
radioguided surgery with Tc-99m human albu-
min microspheres [ 55 ]. Fifty patients were 
divided into two groups well matched for size 
(mean 1.1 cm) and depth (2.5 cm) of pulmonary 
lung nodules. Pulmonary nodule localization was 
84 % successful (21 of 25) in the hookwire group 
compared to 96 % (24 of 25) in the radioguided 
group.  

21.4.2     CT-Guided Coil or Marker 
Placement 

 Alternatively, Powell and others have described 
using platinum microcoil markers for pulmonary 
nodule localization [ 56 – 58 ]. This technique is 
similar to hookwire implantation, but no external 
wire is left in place. Rather than following the 
wire down to the pulmonary nodule, surgeons 
rely on intraoperative fl uoroscopy to visualize the 
implanted marker, adding to operating room time 
and introducing awkwardness given the lateral 
decubitus positioning of the patient. Other cave-
ats exist. In one study, the coil was displaced in 
one of the 12 patients due to atelectasis [ 56 ]. 
Moon et al. used a similar technique of CT-guided 
microcoil placement with fl uoroscopic-guided 
VATS resection for 32 pulmonary nodules in 30 
patients, with 2 cases of intrathoracic displace-
ment of the coils [ 58 ]. 

 Koyama et al. have also described their expe-
rience with a 5-mm point marker with an attached 
30-cm-long nylon suture and introducer system, 
with low morbidity and good success [ 59 ]. In 
theory, this suture obviates the need for fl uoros-
copy while avoiding some disadvantages of the 
classic hookwire technique. All CT-guided local-
ization procedures employing hooks and wires 
carry a risk of pneumothorax, as well as a rare but 
catastrophic risk of air embolism [ 47 ,  60 ].  
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   Table 21.1    Case series reporting localization techniques for surgical resection of pulmonary nodules   

 Authors/
Reference  Localization technique  Patient population  Effi cacy  Complications 

 Dendo et al. 
[ 49 ] 

 CT-guided hookwire  150 Patients 
undergoing 
VATS resection 
of 168 nodules 

 97.6 % hookwire 
placed successfully 

 32.1 % pneumothorax (chest 
tube in 1.2 %) 
 14.9 % pulmonary 
hemorrhage 

 Ciriaco et al. 
[ 50 ] 

 CT-guided hookwire  53 patients 
undergoing 
VATS nodule 
resection 

 92.5 % hookwire 
remained in situ 
facilitating VATS in 
58 % 

 7.5 % pneumothorax 

 Saito et al. [ 46 ]  CT-guided hookwire  61 patients 
undergoing 
VATS nodule 
resection 

 85 % hookwire 
facilitated VATS 

 None reported 

 Miyoshi et al. 
[ 51 ] 

 CT-guided hookwire  108 patients 
undergoing 
VATS nodule 
resection 

 93.6 % successful 
resection 
 4 % nodule not in 
resection specimen, 
2.4 % hookwire left 
in situ 

 3.7 % of patients, chest drain 
for pneumothorax 

 Yoshida et al. 
[ 52 ] 

 CT-guided hookwire  57 patients 
undergoing 
VATS nodule 
resection 

 One hookwire 
dislodged by time of 
surgery. Successful 
surgery for all cases 

 49.1 % pneumothorax (no 
chest drain) 
 29.8 % pulmonary 
hemorrhage 
 7 % pain 

 Koyama et al. 
[ 59 ] 

 CT-guided point 
marker system 

 52 patients 
undergoing 
VATS nodule 
resection 

 Successful 
placement in 98 % 
cases (one 
dislodged) and 
resection 

 19 % asymptomatic 
pneumothorax 
 10 % pulmonary hemorrhage 

 Mayo et al. 
[ 57 ] 

 CT-guided microcoil 
wire 

 69 patients 
undergoing 
VATS resection 
of 75 nodules 

 Successful 
placement in all 
cases but dislodged 
in 3 %. 97 % of 
nodules removed 

 3 % pneumothorax requiring 
drain 
 1 % asymptomatic 
hemothorax 

 Watanabe et al. 
[ 64 ] 

 Lipiodol marking  150 patients 
undergoing 
VATS nodule 
resection 

 All nodules 
successfully resected 

 11 % pain requiring 
analgesia 
 17 % pneumothorax (6 % 
drain) 
 0.6 % hemopneumothorax 
(emergency operation) 

 Kawanaka 
et al. [ 84 ] 

 Lipiodol marking  65 patients 
undergoing 
VATS resection 
of 107 nodules 

 All nodules 
successfully marked 
and resected 

 31 % pneumothorax (5 % 
drain) 
 15 % pulmonary hemorrhage 

 Kim et al. [ 63 ]  Lipiodol marking  67 patients 
undergoing 
VATS resection 
of 68 nodules 

 Marking successful 
in 98 % 

 29 % pneumothorax 
 7 % pulmonary hemorrhage 

 Vandoni et al. 
[ 67 ] 

 Methylene blue 
marking 

 51 patients 
undergoing 
VATS resection 
of 54 nodules 

 Successful 
thoracoscopic 
resection in 91 % of 
patients 

 25.4 % pneumothorax (no 
drain) 
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21.4.3     Radiopaque Dyes 

 After hookwires, the next most commonly 
employed technique is CT-guided injection of 
a radiopaque marker such as lipiodol, an 
iodized oil, or barium sulfate, followed by 
intraoperative fl uoroscopy for real-time detec-
tion [ 61 – 63 ]. Watanabe et al. reported their 
experience with CT-guided lipiodol injection 
followed by intraoperative fl uoroscopic detec-
tion in 174 patients, reporting 100 % success 
but complications including a 17 % incidence 
of pneumothorax, with 11 patients requiring 
drainage and one patient requiring an emergent 
operation for hemopneumothorax [ 64 ]. This 
technique does allow for a delay of a day or 
more between injection and surgery. Additional 
theoretical risk is systemic embolization of the 
contrast media. Interestingly, Okumura et al. 
describes bronchoscopic rather than CT-guided 
injection of the barium marker [ 65 ]. While 
innovative, it requires sophisticated broncho-
scopic skill available at few institutions. 
Ultimately, the need for intraoperative fl uoros-
copy limits the utility and appeal of all of these 
techniques.  

21.4.4     Methylene Blue 

 The oldest marking technique relies on the sim-
ple injection of methylene blue in the vicinity of 
the pulmonary nodule, enhancing its intraopera-
tive visibility [ 66 – 68 ]. For example, Vandoni 
et al. describe successful resection in 91 % of 51 
patients undergoing VATS resection of 54 pulmo-
nary nodules, with a 25 % pneumothorax rate 
[ 67 ]. Recent data suggest that this approach is 
safe and feasible in children as well [ 68 ]. 
However, simple dye injection is less successful 
with pulmonary nodules located deep in the lung 
parenchyma, and the blue dye does diffuse away 
from the injection site over time. 

 Methylene blue can also be delivered via 
bronchoscopy. Navigational bronchoscopy has 
recently been developed as a method for trans-
bronchial biopsy or, alternatively, the delivery of 
fi ducial markers, to facilitate either pulmonary 
nodule resection or radiation [ 69 ,  70 ]. Bolton 
et al. describe using intraoperative navigational 
bronchoscopy in a series of 19 patients to locate 
the lesion, obtain one or two transbronchial nee-
dle biopsy specimens, and then inject methylene 
blue dye as a local marker to guide immediate 

Table 21.1 (continued)

 Authors/
Reference  Localization technique  Patient population  Effi cacy  Complications 

 Grogan et al. 
[ 19 ] 

 Radiotracer injection  81 patients 
undergoing 
VATS nodule 
resection 

 Successful 
localization and 
excision in 95.1 % 
of cases 

 10 % pneumothorax with 
drain 

 Ambrogi et al. 
[ 22 ] 

 Radiotracer injection  211 patients 
undergoing 
VATS nodule 
resection 

 Successful 
localization and 
resection in 99 % of 
cases 

 10.4 % pneumothorax no 
drain 

 Mattioli et al. 
[ 75 ] 

 Transthoracic 
ultrasound 

 54 patients 
undergoing 
VATS resection 
of 65 nodules 

 Successful 
identifi cation of 
15/16 non-visible or 
palpable nodules 
(94 %) 

 None 

 Gonfi otti et al. 
[ 55 ] 

 Hookwire vs. 
radiotracer 

 50 patients 
randomized to 
each procedure 
for VATS 
resection 

 Successful 
localization: 
 84 % hookwire 
 96 % for radiotracer 
(not signifi cant) 

 24 % pneumothorax no drain 
hookwire 
 4 % pneumothorax 
radiotracer 
 4 % ( n  = 1) hookwire 
displacement 

  Reproduced with permission from Callister et al. [ 44 ] 
  VATS  video-assisted thoracoscopic surgery  
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surgical excision [ 71 ]. If the biopsy specimens 
returned as positive for malignancy, a formal 
lobectomy and lymph node dissection was per-
formed. If the biopsy was negative or inconclu-
sive, a robotic-assisted wedge resection was 
performed, using the parenchyma dyed blue to 
guide the resection. 

 In cases where CT-guided percutaneous mark-
ing or injection is not feasible or is high risk, 
simple noninvasive use of dyes can provide some 
benefi t. For example, Okuda et al. describe using 
crystal violet to intraoperatively mark the vis-
ceral pleura adjacent to the pulmonary nodule 
using the preoperative CT scan as a guide [ 72 ].  

21.4.5     Ultrasound 

 Intraoperative thoracoscopic ultrasonography is 
another adjunct to pulmonary nodule localization 
that can be employed as needed across the entire 
pleural surface. A few authors have reported suc-
cessful identifi cation of small, fi rm pulmonary 
nodules with this technique [ 73 – 77 ]. Sortini et al. 
reported a small nonrandomized study compar-
ing intrathoracoscopic ultrasound to radioguided 
occult lesion localization with Tc-99m human 
serum albumin microspheres, demonstrating 
96 % success with ultrasound (24 of 25) and 
80 % success with radioguidance (20 of 25) [ 78 , 
 79 ]. However, thoracoscopic ultrasonography 
has a steep learning curve and relies on complete 
atelectasis, as visualization is limited by intrapa-
renchymal air causing reverberating artifacts.  

21.4.6     Experimental Techniques 

 Several experimental pulmonary nodule localiza-
tion techniques have been described in the litera-
ture, including local injection of acrylates, 
bronchoscopic delivery of radiofrequency identi-
fi cation (RFID) tags, and the use of near-infrared 
(NIR) technology. 

21.4.6.1     Acrylates 
 Yoshida et al. have described CT-guided injection 
of a cyanoacrylate agent to aid in both intraopera-

tive visualization and palpation [ 80 ]. Although 
effective, the hardness of the polymer interferes 
with pathologic sectioning, and there is a risk of 
systemic embolization, rendering the technique 
less useful.  

21.4.6.2     RFID Tags 
 A Japanese group has recently described a canine 
model of employing radiofrequency identifi ca-
tion (RFID) technology as a wireless marker for 
subcentimeter pulmonary nodules [ 81 ]. The 
1-mm RFID tags are delivered bronchoscopi-
cally, and the detection system is accurate down 
to the millimeter for pinpoint pulmonary nodule 
localization. Although the RFID tags have been 
approved for use in humans, this proof-of- 
concept study remains to be replicated in humans. 
More work also needs to be done to improve the 
current effective communication range of 7 mm 
between the RFID tag and the detector probe 
(which powers the RFID tag remotely to permit 
detection).  

21.4.6.3     NIR Technology 
 Okusanya et al. have described administering 
systemic indocyanine green and using near- 
infrared technology to successfully identify and 
resect pulmonary nodules 24 h later in 14 of the 
18 (78 %) patients [ 82 ]. Of note, all patients had 
intentional thoracotomies to correlate fi nger pal-
pation with the NIR fi ndings. Five additional pul-
monary nodules were identifi ed by NIR that were 
not visualized on preoperative CT scans, and 
these were also resected. This technique remains 
experimental.    

21.5     Summary 

 Radioguided surgery of small pulmonary nodules 
provides critical real-time guidance to surgeons 
regarding pulmonary nodule identifi cation and 
adequacy of surgical resection margins. This is 
typically accomplished via the CT-guided trans-
thoracic injection of Tc-99m MAA and intraop-
erative detection with a handheld gamma probe. 
A variety of other percutaneous transthoracic and 
intravenous delivery techniques have been 
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described, many of which remain experimental. 
Management of subcentimeter pulmonary nod-
ules is a critical and timely topic, especially given 
the encouraging results of the NLST and the 
USPSTF’s recommendations to adopt annual 
screening chest CT scans for high-risk 
individuals. 

 Radiotracer-guided thoracoscopic surgery for 
small pulmonary nodules has been shown to be 
more cost-effective than thoracotomy for the 
management of indeterminate subcentimeter pul-
monary nodules [ 83 ]. It also avoids the higher 
morbidity and mortality of diagnostic thoracot-
omy. A variety of localization alternatives to 
radioguidance exist, including hookwires and 
markers, simple and radiopaque dyes, thoraco-
scopic ultrasound, and more experimental tech-
niques like bronchoscopic delivery of RFID tags 
and near-infrared technology. Regardless of other 
techniques in use and in development, radiogu-
ided surgery is likely to play an increasingly 
important role in the management of indetermi-
nate pulmonary nodules.     
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   Abstract  

  Nuclear medicine techniques are used increas-
ingly in primary staging and follow-up of sev-
eral malignancies and imaging of benign bone 
diseases. 

 Bone scans using Technetium-99m ( 99m Tc) 
are highly sensitive in detecting bone lesions, 
but due to low specifi city, false-positive 
lesions are detected frequently. Although 
SPECT and PET techniques have improved 
diagnostic imaging accuracy, histological 
diagnosis of suspected metastatic lesions is 
often needed to be able to make important 
treatment decisions. When radiological biopsy 
is not successful or feasible due to absence of 
a radiologically detectable target, radionuclide- 
guided surgical bone biopsy is a highly accu-
rate and well-tolerated technique to obtain 
histological diagnosis. When benign lesions 
are not amenable to less invasive treatment 
options, radioguided surgery can limit the 
extent and increase the success rate of surgical 
resection.  

22.1           Clinical Value and Relevance 
in Clinical Practice 

 Nuclear medicine imaging techniques are used 
increasingly during analysis of primary tumours or 
follow-up after their curative treatment. Depending 
on primary tumour histology, bone metastases 
occur in up to 70 % of patients [ 1 ]. Skeletal scin-
tigraphy with Technetium-99m ( 99m Tc)-labeled 
agents has been the mainstay of imaging of osteo-
blastic bone metastases, but has limited sensitivity 
(86.0 %) and especially limited specifi city 
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(81.4 %), leading to false-positive scintigraphy 
results [ 2 ]. Addition of single- photon emission 
computed tomography (SPECT) and SPECT/CT 
techniques has increased especially specifi city 
(92.8 %) of  99m Tc-based imaging [ 2 – 4 ]. 

 The increased use of highly sensitive (93.7 %) 
and specifi c (97.4 %)  18 F-fl uorodeoxyglucose ( 18 F-
FDG) – positron emission tomography (PET)/CT 
imaging, which relies on glucose metabolism of 
the tumour itself rather than the osteoblastic activ-
ity caused by the tumour, has improved detection 
rate of bone metastases as well as extra-skeletal 
metastases [ 2 ]. Improved PET technique and PET 
availability have revived interest in  18 F-fl uoride as 
a specifi c bone tracer.  18 F-Fluoride accumulates in 
both osteoblastic and osteolytic lesions, has highly 
specifi c bone uptake and has rapid clearance from 
the blood pool; these characteristics combined 
with CT imaging result in improved detection and 
characterisation of bone lesions, compared to 
 99m Tc bone imaging [ 5 ]. 

 Despite the use of these more sensitive and spe-
cifi c imaging modalities, confi rmation of the his-
tology of a bone lesion is still essential to determine 
the appropriate treatment plan in many cases. 

 Confi rmation of synchronous bone metastases 
during primary analysis will often preclude curative 
treatment and warrant a change in treatment strat-
egy. Proving a bone lesion, detected during follow-
up, to be benign, rather than cancer recurrence, will 
reassure the patient and prevent overtreatment. 

 When radiological abnormalities are present, 
percutaneous biopsy by the radiologist is the pre-
ferred, least invasive, technique. In radio-occult 
lesions, or when the percutaneous biopsy result is 
inconclusive, radioguided surgical biopsy is a 
highly reliable, well-tolerated technique to obtain 
histological diagnosis [ 6 – 8 ]. 

 Radioguided (i.e., gamma probe-guided) bone 
biopsy is generally reported to have a specifi city of 
approximately 100 % and a sensitivity in the 
97 %–100 % range [ 6 – 8 ], and with anywhere 
between 30 %–70 % of radioguided biopsied bone 
lesions proving to be malignant. An illustrated case 
description of radioguided rib biopsy is included in 
Chapter   29     of this book. 

 Radioguided surgery for benign bone lesions, 
like enchondroma and especially osteoid oste-
oma, results in excellent symptom relief with 

more limited dissection, more complete resection 
of the nidus and less extensive resection of 
healthy bone tissue, as compared to conventional 
open resection [ 9 – 12 ]. Radioguided resection 
therefore provides a valuable alternative, when 
other minimally invasive techniques, like radio-
frequency ablation (RFA), are not feasible [ 10 , 
 11 ]. Reports on the added value of radioguided 
surgery in infectious disease have been published 
as well, but have not been consistently repro-
duced [ 13 ].  

22.2     Preoperative Localization 

 Most early and small bone lesions are asymptom-
atic and are discovered with whole-body imaging 
techniques, performed during work up or follow- up 
in oncological patient care. These lesions do not 
always show on conventional radiological imaging, 
which would take around 50 % bone destruction to 
be visible [ 7 ]. Especially in osteoblastic bone 
lesions, limited bone destruction of 5–10 % can be 
visualised on skeletal scintigraphy [ 7 ]. As men-
tioned in  22.1 , detection, characterisation and local-
ization of bone lesions can be enhanced by adding 
3-D imaging technique (i.e., SPECT, PET, SPECT/
CT, PET/CT) and by using other radiotracers (i.e., 
 18 F-FDG or  18 F-fl uoride). 

 Lesions detected primarily with PET/CT will 
often be detected by skeletal scintigraphy as well. 
Considering the wide availability of 140 keV 
gamma probes for use in sentinel node biopsy 
procedures in breast cancer and melanoma (as 
opposed to 511 keV PET probes needed to detect 
 18 F-FDG or  18 F-fl uoride), performing a  99m Tc 
skeletal scintigraphy to confi rm uptake in the sus-
pected lesion will improve the detection rate dur-
ing 140 keV probe-guided surgery using 
 99m Tc-labeled radiotracers. 

22.2.1     Tracers Usually Used 
and Route of Administration 

 Intravenously administered  99m Tc-labeled diphos-
phonates (hydroxy diphosphonate (HDP) or 
methylene diphosphonate (MDP)) are the most 
commonly used agents for skeletal scintigraphy. 
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For radioguided bone biopsies, doses between 
15–30 mCi (550–1110 MBq) have been described, 
injected 2–12 h preoperatively [ 6 – 8 ,  14 ]. 

 Even though  18 F-labeled agents have increased 
sensitivity and specifi city in nuclear medicine, 
skeletal imaging and 511 keV probe-guided sur-
gery have been demonstrated to be feasible; how-
ever, no series of PET probe-guided bone biopsies 
have been published [ 15 ]. 

 In osteoid osteoma, comparable doses of 
intravenously administered  99m Tc-labeled diphos-
phonates or oxidronate were used [ 10 – 12 ,  16 ].  

22.2.2     Preoperative Imaging 

 One to four hours after injection, preoperative  
scintigraphic images can be obtained, but this is 
not described in all series [ 6 – 12 ]. When deemed 
necessary by the nuclear medicine specialist, 
SPECT or SPECT/CT images can be obtained to 
aid precise localization and marking on the skin. 
In many surgical cases, skeletal scintigraphy, 
SPECT scan or SPECT/CT images will already be 
available from the original diagnostic evaluation  
of the bone lesion. In addition to intraoperative use 
of a140 keV gamma probe, skin marking of the 
site of shortest distance between the skin and the 
bone lesion by the nuclear medicine specialist 
remains helpful to the surgeon.   

22.3     Alternatives to Radioguided 
Surgery or Combination 
of Techniques 

 Radioguided surgery for bone lesions is indicated 
when less invasive techniques, like percutaneous 
radiological biopsy or RFA for osteoid osteoma, 
is not possible or proves unsuccessful. 

 For standard radiological biopsy, suffi cient 
bone destruction is needed to provide a target on 
CT scan. In addition to standard radiologically 
guided biopsy, reports on the value of PET/
CT-guided percutaneous biopsy have been pub-
lished recently with a high rate of adequate biop-
sies (94.3 %) and up to 100 % sensitivity in 
detecting malignant bone lesions [ 17 – 19 ].  

22.4     Radioguided Localization, 
Biopsy, and Possible 
Resection of Bone Lesions 

 Radioguide surgery is planned 4–12 h after intra-
venous injection of the  99m Tc-labeled agent. After 
anaesthesia and positioning on the operating table, 
the handheld 140 keV gamma probe can be used to 
check the activity at the skin mark and confi rm 
localization of the bone lesion. After preparation 
and draping of the operative fi eld, the handheld 
gamma probe is put in a sterile plastic sleeve for 
intraoperative use. Since most bone lesions tar-
geted with radioguided surgery are located in 
superfi cially located bones (ribs/sternum), a 
3–5 cm incision directly over the lesion is suffi -
cient to expose the bone [ 6 – 8 ]. Depending on the 
site of the bone lesion, indication (biopsy or com-
plete excision) and build of the patient (muscular 
or obese) exposure might be more extensive. 

 The target area (i.e., bone lesion) is identifi ed with 
the handheld gamma probe; the activity of the target 
is generally 1.6–10 times higher than background 
activity of the adjacent bone tissue [ 6 – 8 ,  11 ,  12 ]. 

 Several artefacts might occur during gamma 
probe-guided surgery:

    1.    Use of electrical appliances, like the electro-
cautery, can distort the gamma probe signal. 
Simultaneous use of these appliances and the 
gamma probe is problematic.   

   2.    Areas of increased concentration of the  99m Tc- 
labeled agent close to the bone lesion can hin-
der localization. Orientation of the gamma 
probe in the direction of the bladder and bony 
growth plates should be avoided.   

   3.    Abrupt movement of the gamma probe with 
regard to the bone surface can result in arte-
factual alterations of the counts per second. 
Slow and even movements with the gamma 
probe are advised [ 12 ].     

 Depending on the indication for gamma probe-
guided surgery, the outer cortex of the rib or ster-
num can be opened and biopsied with a rongeur as 
well as the medulla. This leaves the inner cortex 
intact, reducing the chance of a pneumothorax. If 
complete resection is required, the extent of rib 
resection can be determined, as based on the 
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detected activity. The same applies to osteoid oste-
oma resection. Guided by the measured activity, 
the cortex is opened over the nidus, enabling exci-
sion or curettage with very limited exploration and 
loss of normal bone tissue. When, in vertebral 
osteoid osteoma, en bloc resection is not possible, 
high-speed intra- lesional drill excision can be 
monitored with the gamma probe as well [ 16 ]. 

 The immediate decrease of activity at the target 
area and activity in the specimen indicates an ade-
quate biopsy of the bone lesion, or complete removal 
in case of osteoid osteoma [ 6 ,  8 ,  11 ,  12 ,  16 ]. Limited 
experience with detection of high- uptake bone 
lesions with portable gamma camera imaging 
devices has been described in osteoid osteoma and 
in diabetic foot problems. For bone lesions, this 
experience has remained limited [ 13 ,  20 ]. 

22.4.1     Previously Used and/or 
Alternative Techniques 

 Preoperative marking on the skin, using a cobalt 
marker overlying the focus of increased uptake, 
gives surgeons a general direction for the surgical 
biopsy that needed to be performed. Based on imag-
ing and skin markings alone, generous biopsies of 
grossly normal looking bone were still needed to 
increase the chance of an adequate sample [ 21 ]. 

 In addition to skin markings, percutaneous 
marking of the bone lesion with methylene blue 
by the nuclear medicine specialist has been 
described as well. This serves as an adjunct to 
direct the surgeon more precisely to the bone 
lesion with increased uptake [ 22 ]. This tech-
nique, however, is more time consuming and 
cumbersome for the patient. The availability of 
140 keV gamma probes and the rate of successful 
localizations have made methylene blue dye skin 
marking obsolete.  

22.4.2     Success Rates of 1D Gamma 
Probes for Intraoperative 
Detection 

 Using the readily available handheld 1D 140 keV 
gamma probes, radioguided surgery for suspected 

 metastatic  skeletal lesions has a sensitivity of 
97–100 % and a specifi city of 100 % in the larg-
est published series [ 6 – 8 ]. Although 3D tech-
niques (freehand SPECT) should be feasible in 
intraoperative localization of bone lesions, no 
series have been published [ 23 ]. Since the tech-
nique with handheld 1D 140 KeV gamma probes 
is highly accurate, the added value of intraopera-
tive 3D localization might be limited and of no 
signifi cant added value. 

 Apart from postoperative pain, no signifi cant 
procedure- related complications are reported. 
Chest tube drainage during 24 h after opening the 
pleural cavity during rib resection is reported in 
2/10 procedures [ 7 ]. When only the outer cortex 
and medulla of the rib are biopsied, no pneumo-
thoraxes occurred [ 6 ].   

    Conclusion 

 A bone lesion on nuclear medicine imaging in 
a patient with a known malignancy does not 
necessarily implicate metastatic disease. Since 
the presence of a metastasis will signifi cantly 
change the prognosis and treatment strategy in 
most patients, histological proof is often 
highly important. If the bone lesion is radio-
occult and not amenable to radiologic, or PET-
guided percutaneous biopsy, then radioguided 
localization is a highly  accurate and well-tol-
erated technique to aid a minimally invasive 
surgical biopsy of a bone lesion. 

 In benign bone lesions, like osteoid oste-
oma, nonsurgical treatment is often pre-
ferred. If less invasive treatment is not 
feasible, radioguided bone lesion resection 
can facilitate minimally invasive resection of 
these lesions. 

 Radioguided surgery for bone lesions 
requires the same equipment and infrastruc-
ture that is readily available in most hospitals 
performing radioguided sentinel lymph node 
biopsies and is relatively easy to learn. Since 
the result of this very reliable procedure is 
often of great consequence to the patient and 
his or her treatment plan, radioguided surgery 
for bone lesions belongs in the armamentar-
ium of any surgical and nuclear medicine 
department (Figs.  22.1 ,  22.2 ,  22.3 , and  22.4 ).
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   Abstract  

  Isolated perfusion is a treatment option when 
metastases are located on a limb and they are too 
numerous or when they recur too  frequently for 

excision, even in the presence of distant metasta-
ses. Isolated limb perfusion enables treatment of 
an entire extremity with drugs without exposing 
the rest of the body to the medication. In the iso-
lated limb, drug concentrations of up to 20 times 
the level that would be tolerated in the rest of the 
body may be reached. Perfusion provides the 
opportunity to treat not only the lesions that are 
evident but also occult lesions that could become 
evident later. Continuous monitoring can detect 
systemic leakage at an early stage. This is needed 
in situations when systemic leakage is known to 
occur and when tumor necrosis factor is admin-
istered. The detection of systemic leakage was 
classically performed by measurement of radio-
tracer concentrations in blood samples from the 
perfusate and systemic circulation. Radioguided 
monitoring of potential systemic leakage has 
been accomplished by using a precordial scintil-
lation detector, a handheld gamma ray probe, or 
a mobile small fi eld-of-view gamma camera in 
the operating room.  

23.1         Introduction 

 The biology of melanoma has particular features 
that are not found in other types of cancer. Satellite 
and in-transit dissemination are typical of this dis-
ease and occur in a small percentage of the 
patients. These metastases originate from tumor 
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cells that are caught in lymph vessels in the skin 
or in the subcutaneous tissues. Such metastases 
are typically excised, but they often recur in larger 
numbers (Fig.  23.1 ). Isolated perfusion is a well-
established treatment option when such metasta-
ses are located on a limb and they are too numerous 
or when they recur too frequently for excision, 
even in the presence of distant metastases. A 
range of other options is available for inoperable 
in-transit disease, like intralesional injection with 
BCG, Rose Bengal, or T-VEC. Options for cuta-
neous lesions are topical application of dinitro-
chlorobenzene, diphencyprone, or monobenzone 
and imiquimod. Other options are diathermy, 
cryotherapy, carbon dioxide laser ablation, elec-
trochemotherapy, and radiotherapy. New effective 
systemic drugs may provide another option. With 
all these alternatives available, amputation is 
rarely performed these days in patients with 
locally or regionally advanced melanoma [ 1 ,  2 ].

23.2        Defi nitions and Prognosis 

 The nomenclature used for recurrences in mela-
noma can be confusing because terms such as 
locoregional recurrence, satellitosis, and in- transit 
disease have all been used with varying defi nitions 

and intentions. Local recurrence is preferably 
defi ned as the regrowth of the primary melanoma 
in the excision scar or graft [ 3 ,  4 ]. 

 The most recent American Joint Committee on 
Cancer (AJCC) and Union International Contre le 
Cancer (UICC) staging system for melanoma 
defi ne in-transit metastases as any skin or subcu-
taneous metastases that are more than 2 cm from 
the primary lesion but are not beyond the regional 
nodal basin. Satellite metastases are defi ned as 
cutaneous or subcutaneous metastases occurring 
within 2 cm of the primary melanoma. The stag-
ing classifi cation does not differentiate between 
in-transit lesions and satellitosis in the assignment 
of stage, both being designated as N2 disease, or 
N3 if regional nodes are also involved [ 5 ,  6 ]. 

 Satellites and in-transit metastases are associ-
ated with a 5-year survival rate of 69 % and a 
10-year survival rate of 52 %. These numbers are 
somewhat better than the 59 % 5-year and 43 % 
10-year survival for stage IIIB patients overall [ 7 ].  

23.3     Isolated Limb Perfusion 

 Isolated limb perfusion enables treatment of an 
entire extremity with systemic drugs without 
exposing the rest of the body to the medication. 

  Fig. 23.1    Multiple in-transit cutaneous metastases in a left lower limb of a patient who had a primary melanoma 
located on left heel       
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Isolating the limb from the main circulation and 
creating a separate blood circuit accomplish this 
goal. The rationale is that melanoma is sensitive 
to chemotherapy, but requires a higher dose than 
is customary in other types of cancer. In the iso-
lated limb, drug concentrations of up to 20 times 
the level that would be tolerated in the rest of the 
body may be reached. Perfusion provides the 
opportunity to treat not only the lesions that are 
evident but also occult lesions that could become 
evident later. 

 An 80 % response rate is accomplished with 
perfusion with a complete response rate of 
54 % [ 8 ]. Approximately half of the patients 
with a complete response recur in the perfused 
limb after a median interval of 6 months. In 
70 % of these patients, such recurrences can be 
managed by simple local treatment modalities 
like excision, or laser ablation, or radiotherapy. 
The 10-year survival rate in patients with a 
complete response is 49 % [ 9 ]. Repeat perfu-
sion can be considered for patients who recur 
following an initial response and is often effec-
tive [ 10 ]. Long- term survivors have a better 
quality of life than comparable control individ-
uals [ 11 ,  12 ]. 

 Melphalan is the standard drug for isolated 
limb perfusion. The addition of tumor necrosis 
factor (TNF)-α to the perfusate results in tumor 
vasculature destruction, increased cytotoxicity, 
and modulation of the immune response. TNF-α 
augments the response rate, but can cause seri-
ous morbidity when substantial leakage occurs 
[ 13 – 15 ]. 

 Systemic toxicity can be avoided by adequate 
isolation of the limb. For this purpose, a tourni-
quet around the base of the limb is used and is 
combined with ligation of collateral vessels. 
Systemic leakage can be limited by avoiding a 
high fl ow rate of perfusion and limiting the 
venous pressure. Continuous monitoring can 
detect systemic leakage at an early stage. This 
is needed in situations when systemic leakage is 
known to occur and when high dose TNF-α is 
administered. 

 The aim of this chapter is to describe the 
current options for intraoperative radioguided 
monitoring of systemic leakage during isolated 
limb perfusion.  

23.4     Description of Perfusion 
Technique 

 Isolated limb perfusion requires a multidisci-
plinary effort by the surgeon, the perfusionist, 
the nuclear medicine physician, and the oper-
ating room team. A detailed description of the 
technique can be found elsewhere [ 16 ]. There 
is variation in the perfusion technique between 
institutions. A summary of our protocol at 
Hospital Clinic of Barcelona is described 
here. 

 General anesthesia is used. Perfusion can be 
performed in the lower limb at the level of the 
external iliac vessels, at the femoral level, or 
the popliteal level and in the upper limb at the 
 axillary or brachial level. A tourniquet, for sub-
sequent compression, is placed at the base of the 
limb under sterile conditions. After disinfection 
of the entire limb, an arterial line is inserted in 
the dorsal pedal (or radial) artery to assess the 
mean arterial pressure, refl ecting the perfusion 
pressure. Subsequently, the main artery and vein 
are dissected at the base of the limb. Collateral 
vessels are ligated to prevent leakage to and from 
the systemic circulation. Arteriotomy and venot-
omy are performed and cannulae are inserted 
and connected to the perfusion circuit lines 
(Fig.  23.2 ). The blood draining from the venous 
cannula is propelled by a pump through an oxy-
genator and a heat exchanger and reintroduced 
via the arterial cannula, with a pressure lower 
than the mean systemic arterial pressure. 

  Fig. 23.2    Both common femoral vessels are cannulated 
and connected to perfusion pump       
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Isolation of the limb is fi nalized by wrapping a 
rubber bandage or infl atable tourniquet around 
its root to compress the smaller vessels in the 
muscles and subcutaneous tissue. Thermal 
probes are inserted into the subcutaneous tissue 
and a muscle compartment to monitor the 
temperature.

   For leakage monitoring, a small dose of a 
radiopharmaceutical like  99m Tc‐labeled serum 
human albumin (i.e., Vasculocis  ® ) is added to 
the perfusion circuit. Leakage of this tracer into 
the systemic circulation is continuously moni-
tored by a gamma ray detector (gamma camera) 
placed over the heart. After establishing the 
absence of venous blood leakage to the main cir-
culation, the perfusion of cytostatic drugs (mel-
phalan 1.50 mg/kg – TNF-alpha 3 mg for the arm 
and 4 mg/kg for the leg) is initiated. At the end of 
the perfusion, the limb is washed out with 1 l 
(arm) to 4 l (iliac perfusion) of physiological 
saline solution, the tourniquet is released, and all 
the blood from the venous line is drained. 
Subsequently, all vascular cannulae are removed 
and the arteriotomy and venotomy are closed 
with vascular suture material.  

23.5     Systemic Leakage Monitoring 

 Originally, the detection of systemic leakage was 
performed by measurement of radiotracer con-
centrations in blood samples from the perfusate 
and systemic circulation with intervals of several 
minutes. The different volumes involved in the 
procedure of extracorporeal perfusion are total 
blood volume (Vt) as the sum of systemic blood 
volume (Vs) and the blood volume of the per-
fused extremity (Ve). 

 For extracorporeal circulation (Vc), the over-
all volume consists of Ve plus the volume of the 
pump oxygenator with the connecting tubes (Vo). 

 Usually, the value for Vo is known. Vt can be 
extracted from medical tables and Ve values are 
estimated to be 5 % of the Vt for the upper limbs 
and 10 % for the lower limbs. For a more exact 
determination of Vt, Ve, or Vc, it is important to 
do a dilution analysis. Thus, a known quantity of 
a blood pool tracer in a known volume must be 
injected into an unknown volume. After a mixing 

period, a blood sample is drawn from the unknown 
volume and the concentration is measured. 

 Human serum albumin (HSA) tagged with a 
radioactive tracer is one of the radiopharmaceuti-
cals that can be administered to measure this 
potential leakage. HSA labeled with  125 I or  131 I 
(half-life 60 and 8 days, respectively) was used 
for this purpose in the past. Thyroid uptake of the 
radioiodine released after HSA catabolism should 
be prevented with potassium iodide or sodium 
perchlorate given 1 or 2 days before the proce-
dure, and these should be continued for 1 or 
2 weeks. HSA is also available for labeling with 
 99m Tc-pertechnetate and this isotope is currently 
used. The labeling effi ciency should be greater 
than 90 %. 

 When radioactive blood pool indicators are 
used, their presence is expressed in counts per 
minute (cpm). The count rate is proportional to 
the concentration of the indicator. Thus, systemic 
leakage is calculated as the quotient of the differ-
ence between tracer concentration in the systemic 
circulation at the beginning and at the end of one 
perfusion time frame and the total amount of 
tracer in the perfusion circulation at the begin-
ning of that interval.  

23.6     Radioguided Monitoring 

 Intraoperative radioguided monitoring of sys-
temic leakage during isolated limb perfusion sur-
gery is well described in the literature [ 17 – 28 ], 
and can be performed using a precordial scintilla-
tion detector, a handheld gamma ray probe, or a 
mobile small fi eld-of-view gamma camera in the 
operating room. During perfusion, this device is 
positioned in the precordial region to acquire the 
background count rate from the blood pool within 
the heart. A small amount of radiopharmaceutical 
is injected into systemic circulation to calibrate 
the system before monitoring. Subsequently, a 
larger dose (usually ten times greater) of the same 
tracer is added to the perfusion circuit. The back-
ground count rate over the heart is nearly propor-
tional to the activity in the systemic circulation, 
and the latter can thus be monitored continuously. 
A rapid calculation of leakage is possible at any 
time. 
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 The basic principles of this radioguided tech-
nique were described by Stehlin et al. using a 
single, large, overhead-mounted scintillation 
detector that displayed continuous tracing 
results in cpm, on a rectilinear recorder for 
detecting  131 I-HSA [ 17 ]. This same principle 
using a more modern handheld gamma detec-
tion probe system was later described by Sardi 
et al. [ 18 ]. The system described by Sardi et al. 
[ 18 ] consisted of two handheld gamma ray 
detectors, one positioned over the precordial 
area and one positioned over the distal aspect of 
the thigh. Each patient received nearly 30 MBq 
of  99m Tc- pentetate through the volume of perfu-
sion pump. The percentage of leakage was cal-
culated by a simultaneous reading of the two 
gamma ray detection probes at 1-min intervals. 
Identical percentages of leakage were detected 
when this approach was compared to a method 
of intermittent simultaneous blood sampling 
from the perfusate and systemic circulations at 
intervals of several minutes. In contrast to the 
intermittent (i.e., every 15 min) blood sampling 
from the perfusate and systemic circulations, 
the minute-by-minute monitoring of the two 
handheld gamma probe system allowed for a 
real-time indication of any fl uctuations in the 
percentage of leakage. 

 Since then, variations of the radioguided 
systemic leakage monitoring technique have 
been described [ 19 – 28 ]. For example, Manner 
et al. described the use of a two-probe system 
(precordial region and thigh) with 18.5 MBq of 
 111 In-labeled red blood cells added to the per-
fusate [ 19 ]. Sprenger et al. used a three-probe 
system (precordial, thigh, and perfusate circuit) 
with low dose (0.15 MBq) of  111 In-labeled red 
blood cells injected into the systemic circula-
tion to establish a minimum baseline reference 
activity within the systemic circulation. A sub-
sequent high dose (12 MBq) of  111 In-labeled red 
blood cells was injected into the perfusate [ 20 ]. 
Barker et al. used a one-probe precordial sys-
tem with a low dose (0.74 MBq) of  131 I-labeled 
human serum albumin injected into the sys-
temic circulation and a subsequent tenfold 
higher dose (7.4 MBq) of  131 I-HSA injected into 
the perfusate circulation [ 21 ]. Van Ginkel et al. 

described the use of a precordial one-probe sys-
tem and a combination of two radionuclides. 
They administered a low dose (0.5 MBq) of 
 131 I-HSA and 10 MBq of  99m Tc- HSA into the 
systemic circulation and a subsequent tenfold 
higher dose (5 MBq) of  131 I-HSA injected into 
the perfusion circuit [ 22 ]. 

 All these classic real-time leakage determina-
tion methods displayed continuous tracing 
results on a rectilinear recorder. The percentage 
of leakage was manually calculated every min-
ute, making this procedure tedious and increas-
ing the possibility of mistakes. Also, the 
intraoperative equipment (detector + recorder) 
used to perform this procedure was bulky 
(Fig.  23.3 ). In order to overcome some draw-
backs associated with the properties of  131 I, a 
procedure based on HSA labeled with  99m Tc in 
combination with a  handheld gamma ray detec-
tion probe was developed. Sandrock et al. used a 
portable gamma probe with digital display and 
investigated the physical properties in a phantom 
study simulating blood pool activity at different 
angles of the probe to the surface and at different 
distances. In twenty patients, the limb circula-
tion was surgically separated from the systemic 
blood circulation, and the limb was then selec-
tively perfused for 1 h. Initially, 15 MBq  99m Tc-
labeled autologous red blood cells were injected 
into the limb circulation, and an equal amount 
was kept as a standard. Every 10 min, blood 
samples were drawn from the body circulation 
and count rates were simultaneously measured 
using the probe system in the precordial area. All 
blood samples were counted for calculation of 
leakage in terms of percent of the injected dose, 
and the results were compared with the intraop-
erative count rates of the probe system. They 
found a high correlation between the two tech-
niques ( r  = 0.92) [ 23 ].

   Lately, Casara et al. advocated a precordial 
one-probe system following well-defi ned steps. 
Firstly, 48–72 h before perfusion, a  99m Tc-HSA 
dose corresponding to 10 % of the dose calculated 
for perfusion (i.e., 0.05 MBq/kg body weight) was 
administered to the patient. The maximum count-
rate zone detected on the precordial area was 
marked on patient’s skin. During the perfusion 
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procedure, a  99m Tc-HSA dose of 0.5 MBq/kg body 
weight was injected into the perfusion circuit 
before TNF-α administration. A handheld gamma 
probe, usually employed in sentinel lymph node 
procedure, was placed over the precordial area in 
the zone premarked during the simulation test. A 
60-min time-activity curve corresponding to the 
circulating  99m Tc-HSA radioactivity effective 
decay was calculated to compensate for the leak-
age systemic counting observed during perfusion. 

 A good correlation was found ( R  2  = 0.965, 
 P  < 0.01) when the results of handheld gamma 
probe monitoring were compared with the results 
of patient blood and perfusion circuit samples 
taken simultaneously every 5 min. So, this 
approach appeared to be technically simple and 
accurate enough for the real-time monitoring of 
perfusion leakage [ 24 ,  25 ]. 

 Orero et al. developed a method using a 
 portable gamma camera (Sentinella S102 
(ONCOVISION, Valencia, Spain)), specially 
designed for intraoperative use [ 26 ]. This device 
is a compact scintillation camera with a CsI (Na) 
crystal optically coupled to a fl at panel-type 

position- sensitive photomultiplier tube [ 27 ]. A 
USB port connects the camera to a computer. The 
gamma camera is mounted on a lightweight sup-
port to facilitate transport to the operating theater 
(Fig.  23.4 ). A parallel multi-hole collimator was 
developed because monitoring of tracer activity 
requires a higher sensitivity than can be provided 
by a pinhole collimator (Fig.  23.5 ). Software to 
acquire the data needed to detect leakage from 
the perfusion limb to the systemic circulation was 
designed. This program measures activity data in 
the precordial region at 30-s intervals throughout 
the procedure. The basal activity in this region is 
measured after the radiotracer measurements in 
both circuits have reached a steady state and 
before the drug is administered. Knowing the 
injected activity in the body  A  b , in the isolated 
extremity  A  e , and the measured basal counts  B , a 
detection increase Δ corresponds to a certain 
leakage  L . An approximate value for the leakage, 
 L   a  , can be obtained by using the formula:

    
L

A

A Ba
b

e

%( ) = ⋅ ⋅100
Δ

   

  Fig. 23.3    Bulky external 
detectors used for systemic 
leakage monitoring during 
perfusion       
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  Fig. 23.4    First device used for radioguided monitoring 
of systemic leakage in our center. The portable gamma 
camera mounted on an articulated arm connected to a lap-

top ( a ). The gamma camera is placed over precordial area 
of patient for continuously radiotracer activity reading ( b )       

  Fig. 23.5    Current device used for ILP. The supporting arm belongs to the new design of portable gamma camera 
(Sentinella S102). The collimator used is a self-built parallel multi-hole collimator       
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Orero et al. [ 27 ] concluded from their pilot work 
that the monitoring system could give reliable 
values for the leakage. Using this approach, the 
percentage of blood leakage to the systemic vas-
cular territory is calculated and displayed on the 
computer screen for the duration of the procedure 
(Figs.  23.6 ,  23.7 , and  23.8 ). The initial experi-
ence was obtained in sixteen melanoma patients 
in whom the percentage of leakage ranged from 
0.5 to 8 % (mean = 3.1 %).

     Our group has performed 45 perfusions with 
this radioguided system. The median leakage 
percentage demonstrated was 3.5 % (range 
0–10 %). During the immediate postoperative 
period (1–7 days after the operation), there 
were two vascular complications. Fourteen 
patients presented bone marrow toxicity (eight 
leukopenia and six thrombocytopenia) that was 
successfully managed using colony-stimulating 

factor. Complete regional response was achieved 
in 50 % of cases, with a nearly 30 % of the 
remaining patients showing partial response 
(unpublished data, Ramon Rull, 2014).  

23.7     Concluding Remarks 

 Despite a plethora of innovative therapeutic 
options, isolated limb perfusion remains a rea-
sonable option for patients with extensive or 
bulky disease in a limb. The complete response 
rate is 54 % and the response is durable in half of 
them. Given the nature and dose of the drugs that 
are used in the perfusion circuit, monitoring of 
systemic leakage is of utmost importance. 
Throughout the years, different approaches have 
been used for this purpose. The current standard 
technique involves radiotracers and continuous 

  Fig. 23.6    Example of software developed for monitoring 
systemic leakage. The  upper row  shows tracer activity (in 
counts). The  lower row  depicts the percentage of systemic 
activity variation from the baseline readings as histo-

grams. This example is of a patient with a stable count rate 
during radiotracer injection (TNF-alpha administration 
and melphalan perfusion)       
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  Fig. 23.7    Same patient as in Fig.  23.6  with a more prolonged monitoring (after 30 min of melphalan perfusion). 
Systemic leakage was maintained below 5 % with minimal peaks of systemic leakage higher than this value       

  Fig. 23.8    Example of a progressive and maintained sys-
temic leakage (<10 %) during the entire perfusion proce-
dure. The surgical team did not terminate the perfusion 

prematurely. No serious systemic complications were 
noted. A partial response of her regional illness was sub-
sequently achieved       
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monitoring. The new detection devices used in 
other fi elds of radioguided surgery (e.g., sentinel 
lymph node localization) have replaced traditional 
approaches based on blood samples or bulky 
detectors. Within this framework, several technical 
variations all appear to have good results.     
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   Abstract  

  Radioimmunoguided surgery is a specifi c application of radioguided sur-
gery which involves intraoperative radioimmunodetection, using a hand-
held radiation detection device within the operating room in a real-time 
fashion, for the identifi cation of a radiolabeled antibody or antibody frag-
ment/derivative that has been administered to a patient prior to the time of 
attempted intraoperative detection and for the sole purpose of guiding the 
successful performance of the surgical procedure. This chapter discusses 
(1) the history and development of radioimmunoguided surgery, (2) tumor- 
associated antigens, (3) monoclonal antibodies, (4) clinical applications of 
radioimmunoguided surgery, and (5) the future clinical relevance of radio-
immunoguided surgery in cancer diagnostics and cancer therapeutics (i.e., 
oncologic theranostics) as a potential powerful form of antigen-directed 
cancer surgery.  

24.1         Background 

 Radioimmunoguided surgery is a specifi c appli-
cation of radioguided surgery which involves 
intraoperative radioimmunodetection, using a 
handheld radiation detection device within the 
operating room in a real-time fashion, for the 
identifi cation of a radiolabeled antibody or anti-
body fragment/derivative that has been adminis-
tered to a patient prior to the time of attempted 
intraoperative detection and for the sole purpose 
of guiding the successful performance of the sur-
gical procedure [ 1 ]. 

 Intraoperative radioimmunodetection using a 
handheld radiation detection device during radio-
immunoguided surgery has its own origin from 
the work of Tarun Ghose and Philip Belitsky at 
the Dalhousie University Medical School and the 
Victoria General Hospital (Halifax, Nova Scotia, 
Canada), which focused upon diagnostic radioim-
munodetection using external gamma scintillation 
imaging [ 2 – 5 ]. In 1975, Ghose et al. [ 2 ,  3 ] reported 
localization of iodine-131 ( 131 I)-labeled antitumor 
antibodies on external gamma scintillation imag-
ing within sites of metastatic disease in 2 cancer 
patients (i.e., metastatic renal adenocarcinoma 
and metastatic squamous cell of the lung) injected 
with  131 I-labeled goat globulin produced against 
their own tumors. Then, in 1978, Belitsky et al. [ 4 , 
 5 ] reported localization of  131 I-labeled antitumor 
antibodies (consisting of goat-derived antibody 

generated against pooled homogenate of renal 
cell carcinomas from 2 patients) on external 
gamma scintillation imaging in 6 of 6 patients 
with metastatic renal carcinoma [ 4 ] and in 6 of 7 
patients with primary renal carcinoma [ 5 ]. In that 
same year, Goldenberg et al. [ 6 ] from the 
University of Kentucky (Lexington, Kentucky, 
USA) similarly reported localization of 
 131 I-labeled antitumor antibodies (consisting of 
goat-derived IgG antibody directed against carci-
noembryonic antigen (CEA)) on external gamma 
scintillation imaging in 18 cancer patients, includ-
ing 3 with colon cancer, 1 with rectal cancer, 4 
with ovarian cancer, 5 with cervical cancer, 1 with 
endometrial cancer, 1 with breast cancer, 1 with 
lymphoma, 1 with lung cancer, and 1 with bile 
duct cancer. In the frequently cited work of 
Goldenberg et al. [ 6 ], localization of  131 I-labeled 
antitumor antibodies on external gamma scintilla-
tion imaging was seen in 15 of 18 (83 %) cancer 
patients, excluding 1 case of cervical cancer, 1 
case of lymphoma, and 1 case of lung cancer.  

24.2     The Genesis of the Concept 
of Radioimmunoguided 
Surgery 

 As previously discussed in Chap.   1    , the year 
1984 marked the inauguration of the radioguided 
surgical concept of radioimmunoguided surgery 
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[ 1 ]. The idea of utilizing antibodies directed 
against cancer-specifi c antigens for intraopera-
tive radioimmunodetection, localization, and 
resection of tumors was pioneered at The Ohio 
State University (Columbus, Ohio, USA) by a 
surgical oncologist, Dr. Edward W. Martin, Jr., 
and a professor emeritus of electrical engineer-
ing, Dr. Marlin O. Thurston [ 1 ], as based upon a 
collaborative effort that they fi rst established in 
August 1979 [ 7 ] [Personal communication: 
Cathy M. Mojzisik, Formerly from The Ohio 
State University, Columbus, OH, USA, cathymo-
jzisik@gmail.com, January 11, 2015]. Their ini-
tial fi ndings regarding both experimental animal 
model testing and the clinical application of 
intraoperative radioimmunodetection were sub-
sequently fi rst published in 1984 [ 1 ,  8 ,  9 ] and 
were predominantly directed toward the surgical 
management of adenocarcinomas of the colon 
and rectum. The overriding concept of radioim-
munoguided surgery was driven by Dr. Martin’s 
everlasting belief that oncologic surgery should 
be based upon “more science and less emotion” 
[Personal communication: Cathy M. Mojzisik, 
Formerly from The Ohio State University, 
Columbus, OH, USA, cathymojzisik@gmail.
com, January 11, 2015]. 

 In their initial experimental animal model test-
ing, Aitken et al. [ 1 ,  8 ,  9 ] at The Ohio State 
University (Columbus, Ohio, USA) grow CEA- 
producing human colonic adenocarcinoma cells 
(CX-1) as subcutaneous tumor implants xeno-
grafted on the fl ank in Swiss nude mice. They 
demonstrated the feasibility of gamma probe 
detection of  131 I-labeled baboon anti-CEA poly-
clonal antibody within such subcutaneous tumor 
implants and demonstrated the greater sensitivity 
of the gamma detection probe as compared to 
gamma camera imaging for small tumor implants. 
In addition to these initial animal model experi-
ments, they also published the fi rst clinical appli-
cation of intraoperative radioimmunodetection in 
a single patient case report study of a 59-year-old 
male with a rectal carcinoma located 6 cm above 
the anal verge [ 1 ,  9 ]. The patient was intrave-
nously injected with 1.9 mCi (70.3 MBq) of 
 131 I-labeled baboon anti-CEA polyclonal anti-
body at a time of 3 days prior to the planned 

 surgical procedure. They utilized a prototype 
handheld gamma detection probe system, con-
sisting of a single CdTe semiconductor crystal 
housed within a 16 mm diameter lead collimator 
with a 4 mm aperture and connected to a pream-
plifi er and an amplifi er with a digital display 
counter for radioactive count recording. The pro-
totype handheld gamma detection probe intraop-
eratively detected an increased level of the 
 131 I-labeled baboon anti-CEA polyclonal anti-
body in the rectal tumor (135 counts/min) as 
compared to normal sigmoid colon (111 counts/
min), ileum (57 counts/min), abdominal wall 
(105 counts/min), and anal verge (66 counts/
min). 

 Shortly thereafter in 1985, Martin et al. [ 1 ,  10 ] 
at The Ohio State University (Columbus, Ohio, 
USA) reported the results of the fi rst radioimmu-
noguided surgery clinical feasibility study, con-
sisting of a series of 28 patients with colorectal 
cancer, including 12 patients with primary 
colorectal cancer and 16 patient with recurrent 
disease. The patients were intravenously injected 
with 2.2 mCi (81.4 MBq) of  131 I baboon anti- 
CEA polyclonal antibody at approximately 
48–72 h prior to surgery. There were 23 of the 28 
patients who underwent preoperative whole- 
body scintillation imaging. All 28 patients under-
went intraoperative gamma counting of gross 
tumor and adjacent tissues using the same previ-
ously described prototype handheld gamma 
detection probe system. Preoperative whole-body 
scintillation imaging correctly localized tumor in 
only 33 % of the patients with primary colorectal 
cancer and only 64 % of patients with recurrent 
colorectal cancer. In contrast, intraoperative 
radioimmunodetection with the prototype hand-
held gamma detection probe system was success-
ful in all 28 patients, with a mean 
tumor-to-background ratios of 3.97-to-1 in pri-
mary lesions and 4.18-to-1 in recurrent lesions. 
The author concluded that this clinical feasibility 
study demonstrated the ability of radioimmu-
noguided surgery technology to provide immedi-
ate intraoperative information regarding the 
assessment of colorectal cancer. 

 For all subsequent radioimmunoguided sur-
gery clinical studies conducted at The Ohio State 
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University (Columbus, Ohio, USA), a variety of 
prototype handheld gamma detection probe sys-
tems were utilized up until 1987, and for which 
thereafter, a commercially available gamma 
detection probe system (Neoprobe® 1000; for-
merly Neoprobe Corporation, Dublin, Ohio, 
USA) was standardly employed [ 1 ,  11 ] [Personal 
communication: Cathy M. Mojzisik, Formerly 
from The Ohio State University, Columbus, OH, 
USA, cathymojzisik@gmail.com, January 11, 
2015]. In this regard, the timing of the eventual 
radioimmunoguided surgery procedure was deter-
mined by serially accessing external precordial 
counts on each patient with the gamma detection 
probe, with surgery proceeding forward when 
external precordial counts reached ≤10 counts per 
second. Likewise, for all subsequent radioimmu-
noguided surgery clinical studies conducted at 
The Ohio State University (Columbus, Ohio, 
USA) in the 1980s and 1990s, iodine-125 ( 125 I) 
was selected to replace  131 I [ 1 ,  11 – 13 ].  125 I, a 
radionuclide gamma emitter with a physical half- 
life of 60.1 days, as selected as the radionuclide of 
choice for all subsequent radioimmunoguided 
surgery since the design of the gamma detection 
probe utilized at that time was much more effi -
cient at detecting  125 I than  131 I, predominantly as a 
result of the lower energy level of the primary 
gamma photon emitter of  125 I as compared to  131 I 
(35 keV vs. 364 keV, respectively) [ 1 ,  13 – 15 ]. 
The lower energy gamma photons emitted by  125 I 
were much more likely to be detected by the 
gamma detection probe system secondary to the 
fact that the resultant gamma photon emissions 
were less likely to pass through the small-sized 
detector crystal within the head of the gamma 
detection probe without being counted. Similarly, 
as demonstrated in tumor-bearing mice studies, 
higher tumor-to-background ratios could be 
achieved with  125 I-labeled antibodies as opposed 
to  131 I-labeled antibodies [ 1 ,  14 ]. This observation 
of an improved tumor-to-background ratio was a 
function of the lower energy gamma photon emis-
sion of  125 I leading to less tissue scatter and greater 
tissue attenuation [ 1 ,  13 ,  15 ]. Finally, for all sub-
sequent radioimmunoguided surgery clinical 
studies conducted at The Ohio State University 
(Columbus, Ohio, USA) in the 1980s and 1990s 

using  125 I-labeled antibodies, patients were rou-
tinely pretreated with an oral saturated solution of 
potassium iodide (10 drops, twice daily, begin-
ning 2 days prior to injection and continued for 
approximately 3 weeks after injection of the 
 125 I-labeled antibody or until the day or surgery), 
in order to block thyroid uptake of  125 I [ 16 ].  

24.3     The History 
of the Development 
of Monoclonal Antibody 
Technology 

 The specifi c application of antibodies precisely 
targeted against tumor-associated antigens repre-
sents the basic foundation and groundwork 
behind the successful implementation of radio-
immunoguided surgery and diagnostic radioim-
munodetection strategies [ 1 ,  17 – 19 ]. Antibodies 
used in these various radioimmunoguided strate-
gies can be targeted against antigens expressed 
on the surface of tumor cells or targeted against 
antigens expressed within the extracellular envi-
ronment around tumor cells. Such antibodies can 
exist in the form of whole antibody molecules or 
as various antibody fragments/derivatives. When 
an antibody is radiolabeled with one of any of a 
variety of radionuclides, the resultant radiola-
beled conjugates can potentially be utilized for 
(1) diagnostic nuclear medicine imaging, (2) 
integrated technologies involving handheld radi-
ation detection devices and advanced nuclear 
medicine imaging for guidance and optimization 
of the intraoperative detection and resection of 
tumors, and (3) cancer radiotherapeutics [ 1 ]. 

 Over the years, there has been an ongoing evo-
lution in the techniques for the production of 
antibodies [ 20 ] utilized in various radioimmu-
noguided strategies. Early radioimmunoguided 
strategies utilized antibodies of polyclonal ori-
gin, while later radioimmunoguided strategies 
took advantage of antibodies of monoclonal ori-
gin. The general schema for the production of 
polyclonal and monoclonal antibodies is shown 
in Fig.  24.1 . Polyclonal antibodies are easily pro-
duced by immunization and harvesting from 
mammalian nonhuman species (i.e., murine, rat, 
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guinea pig, rabbit, sheep, goat, and baboon) but 
represent a heterogeneous population of immu-
noglobulins that may target different epitopes on 
the same presenting antigen. While easier to pro-
duce, the resultant polyclonal antibodies may 
have drastically different and diverse binding and 
physical properties, resulting in the potential for 
signifi cant batch-to-batch variability. In order to 
avoid the pitfalls of polyclonal antibodies, anti-
body engineers sought new technologies for gen-
erating antibodies with improve homogeneity 
and consistency. Although far more complex to 
produce, these resultant homogeneous antibod-
ies, designated as monoclonal antibodies (MAbs), 
allow for enhanced performance and reliability 
when applied to radioimmunoguided strategies.

   The production of MAbs from mouse hybrid-
oma cells by way of a technique called hybrid-
oma fusion technology has its origins in the early 

1970s [ 1 ,  21 – 23 ]. This technology was fi rst 
reported in 1973/1974 by Jerold Schwaber and 
Edward Cohen from the University of Chicago 
(Chicago, Illinois, USA) [ 21 ,  22 ] and was later 
popularized in 1975 by Georges Köhler and 
César Milstein from the MCR Laboratory of 
Molecular Biology (Cambridge, United 
Kingdom) [ 23 ], and for which Köhler and 
Milstein subsequently received and shared the 
Nobel Prize in Physiology or Medicine in 1984 
with Niels K. Jerne. Simply stated, hybridoma 
fusion technology represents a process in which a 
B-cell lymphocyte (which recognized a single 
particular epitope on a presenting antigen and 
subsequently produced a single antibody target-
ing that particular epitope) and a myeloma cell 
are fused together to create a hybridoma 
cell (Fig.  24.1 ). This immortalized hybridoma 
cell has the ability to be tissue cultured and grown 

antigen

myeloma
cell

antibody
producing

B cell

hybridoma
cell

monoclonal
antibodies

polyclonal
antibodies

  Fig. 24.1    Production of polyclonal and monoclonal anti-
bodies. Here, a host animal (i.e., mouse) is injected with a 
tumor-associated antigen (i.e., presenting antigen) that 
elicits an immune response. Immunoglobulin receptors on 
multiple B-cell lymphocyte clones (depicted as single 
blue cell and single red cell) bind the antigen, each at dis-
tinct epitopes, leading to activation, proliferation, and 
secretion of antibody from the resultant antibody- 
producing cell lines (depicted as group of blue-hashed 
cells and group of red-hashed cells). These resultant anti-
bodies (i.e., antibodies that each recognize distinct epit-

opes on a single presenting antigen) are designated as 
polyclonal antibodies and may be collectively harvested 
from the host animal for broad applications. Alternatively, 
a single antibody-producing B-cell clone may be har-
vested from the spleen and fused with myeloma cells to 
create immortalized hybridoma cells. These hybrid cells 
produce monoclonal antibodies (i.e., antibodies that rec-
ognize a single epitope on the presenting antigen) and 
may be grown in cell culture in a manner independent 
from the original host animal       
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independently of the original host animal. Each 
stable hybridoma cell culture can produce a large 
amount of a single antibody, thus representing 
the resultant monoclonal antibody (MAb). 

 Homogeneous antibody production has not 
been the only challenge facing researchers for 
creating antibody products with enhanced per-
formance and reliability that can be utilized in 
clinical medicine, including in various radioim-
munoguided strategies. Most notably, MAbs 
have been shown to elicit a human anti- mouse 
antibody (HAMA) response in patients, espe-
cially with repeated administrations of murine 
antibodies [ 24 ]. In the years that followed the 
Köhler and Milstein accomplishment, several 
recombinant strategies were developed to engi-
neer less immunogenic MAbs (Fig.  24.2 ). In 
1984, Sherie Morrison (Columbia University, 
New York, New York, USA), Jacqueline Johnson 
and Leonard Herzenberg (Stanford University 
School of Medicine, Stanford, California, USA), 
and Vernon Oi (Becton-Dickinson Monoclonal 
Center, Mountain View, California, USA) engi-
neered the fi rst chimeric MAbs [ 25 ]. Specifi cally, 
they genetically fused the variable domain genes 
of a mouse antibody-producing myeloma cell 

line to the human immunoglobulin constant 
domain genes. This recombinant gene yielded a 
chimeric antibody that was approximately 67 % 
human in amino acid composition and retained 
its ability to bind antigen. Unfortunately, the two 
remaining murine domains (i.e., variable heavy 
and variable light domains) each had some 
potential for eliciting a HAMA response. This 
immunogenicity issue was further addressed in 
1988 by Greg Winter and colleagues from the 
MCR Laboratory of Molecular Biology 
(Cambridge, United Kingdom) by the develop-
ment of grafting techniques for humanization of 
MAbs [ 26 ]. Here, only the complementary deter-
mining regions (CDRs) from a rat antibody 
directed against human lymphocytes were 
grafted into a human IgG antibody framework. 
Immunoglobulins that were recombinantly pro-
duced in this fashion were approximately 
90–95 % humanized. Later on, the degree of 
humanization for MAbs was further increased 
by Jeffrey Schlom and his colleagues from the 
National Cancer Institute (Bethesda, Maryland, 
USA) [ 27 ]. Here, they empirically determined 
the minimal set of murine residues within the 
CDRs required for antibody binding to an anti-
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  Fig. 24.2    Humanization of IgG monoclonal antibodies. 
Monoclonal antibodies developed from nonhuman spe-
cies may elicit an undesired immune response when 
administered to a patient (i.e., HAMA – human anti- 
mouse antibodies response). Several recombinant strate-
gies have been developed to humanize these antibody 
molecules. Here, murine domains and amino acid residues 
are depicted in red, human domains and amino acid resi-
dues are depicted in blue, antigen is shown as yellow stars, 
and CDR (complementary determining region) loops are 
shown as lines interacting with antigen within the inset 
 dashed-lined boxes . Chimeric antibodies are gene fusions 

between the variable domains ( VL  variable light,  VH  vari-
able heavy) of nonhuman antigen-binding antibodies to 
human constant domains. CDR grafting replaces the vari-
able loops of human antibodies with the nonhuman loops 
of an antibody that recognizes the antigen of interest. 
Finally, SDR (site determining region) grafting replaces 
only the nonhuman loop residues essential for antigen 
binding in a human antibody scaffold. Grafting strategies 
yield monoclonal antibodies that retain the desirable prop-
erty (i.e., binding) of the nonhuman monoclonal antibody 
but are signifi cantly humanized (approximately 90–95 %), 
thus reducing the potential for HAMA response in patients       
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gen of interest. In this specifi c case, 5 amino acid 
residues within the 6 CDRs were identifi ed as 
essential for binding to  antigen. These investiga-
tors recombinantly engineered those 5 murine 
amino acid residues into a homologous human 
antibody. This designed antibody retained bind-
ing and did not react with the anti-variable region 
antibodies within stored patient serum samples 
being tested.

   The techniques described within the previous 
paragraph represent strategies for converting 
mammalian nonhuman MAbs (i.e., those iso-
lated from murine, rat, guinea pig, rabbit, sheep, 
goat, or baboon) into immunoglobulins that 
more closely resemble those that are circulating 
in human sera (i.e., humanization), in order to 
prevent any undesired immune responses such as 
HAMA. These techniques can be especially use-
ful for pre-existing mammalian nonhuman 
MAbs that recognize known tumor-associated 
antigens and other antigenic targets of interests 
that have established applications in clinical 
medicine. While many talented researchers have 
developed these methods for humanizing MAbs, 
other investigators have sought techniques to 
directly produce human antibodies that are 
directed against antigenic targets of interest. One 
such strategy enables human MAbs to be 
obtained through transgenic mice that express 
the human antibody repertoire [ 28 ,  29 ] followed 
by traditional hybridoma techniques. After 
immunization, B cells from the spleens of these 
transgenic mice are isolated and immortalized 
via hybridoma technologies. Subsequent tissue 
cultures produce fully human MAbs. Another 
strategy enables human MAbs to be obtained 
through recombinant techniques paired with 
 in vitro  selection strategies [ 30 – 32 ]. Once Greg 
Winter and John McCafferty from the MCR 
Laboratory of Molecular Biology (Cambridge, 
United Kingdom) showed that antibody frag-
ments could be displayed on fi lamentous phage 
and selected for antigen binding [ 30 ], the  in vitro  
technology was aimed at selecting and engineer-
ing human antibodies that bypassed immuniza-
tion and hybridoma operations [ 31 ,  32 ]. In this 
recombinant MAb process, antibody domain 
genes were fi rst recovered from the human 

source cell type, and these antibody genes were 
then amplifi ed and cloned into an appropriate 
vector (generally derived from plasmids or 
viruses) for phage display and selected in vitro 
for antigen binding. Subsequently, phage carry-
ing genes that encoded binding activity were iso-
lated, subcloned into expression vectors, and 
introduced into a host (such as a bacteria, yeast, 
fi lamentous fungi, and mammalian cell) for 
which expression of adequate amounts of the 
resultant functional antibody was ultimately 
achieved. MAbs produced in these manners were 
fully human, were easily produced, and did not 
elicit any HAMA response. 

 All of these pioneering studies to produce 
homogenous (i.e., MAbs) and nonimmunogenic 
(i.e., humanized and fully human) antibodies 
have set the stage for further development and 
engineering of MAbs with ideal properties for 
various radioimmunoguided strategies, including 
radioimmunoguided surgery.  

24.4     The Ideal Monoclonal 
Antibody and Radiolabeling 

 There are several important features which are 
considered essential for designing the ideal MAb 
[ 1 ,  13 ,  15 ,  17 ,  33 – 35 ]. These features include (1) 
a high association constant for the antigen of 
interest ( K  a  =  k  on / k  off , where  k  on  is the rate of asso-
ciation and  k  off  is the rate of dissociation), (2) 
rapid penetration into the tumor tissue environ-
ment, (3) specifi city for the antigen of interest, 
(4) rapid clearance of unbound MAb from the 
systemic circulation, (5) minimal accumulation 
of MAb within normal tissues, (6) the absence of 
a HAMA response, and (7) favorable biophysical 
properties, including ease of manufacturing, 
homogeneity, low aggregation propensity, serum 
stability, and thermodynamic stability. 

 The particular structural form of the MAb uti-
lized for radioimmunodetection (i.e., whether it 
is a whole MAb or a MAb fragment/derivative) 
can affect the degree and success of tumor local-
ization [ 1 ,  17 ]. MAb fragments/derivatives have 
smaller molecular weights, more rapid tumor 
penetration, and faster clearance from the 
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 systemic circulation. As a result, the use of radio-
labeled MAb fragments/derivatives can lead to 
lower background activity within normal tissues 
and sera and an increased tumor-to-background 
ratio, thus improving overall tumor detection. 
However, if the retention time of the MAb frag-
ment/derivative by the tumor is too short and the 
clearance rate from the systemic circulation is 
too rapid, the resultant window of time for radio-
immunodetection may be too brief to make its 
use clinically effi cacious. Likewise, since MAb 
fragments/derivatives tend to accumulate more 
rapidly within the kidneys and urinary system, 
radioimmunodetection of the tumors within or 
around the regions of the kidneys, ureters, and 
bladder can be signifi cantly impaired. For all of 
these reasons, it is critically important to under-
stand the pharmacokinetic and biodistribution 
properties of each molecule. 

 Whole MAbs and their fragments/derivatives 
require radiolabeling for their application to vari-
ous radioimmunoguided strategies, including 
radioimmunoguided surgery. The MAb radiola-
beling process can be impactful on the effi cacy of 
a radionuclide-MAb conjugate [ 1 ,  13 ,  17 ]. The 
conjugation of a radionuclide to a MAb may 
potentially change the specifi c target antigen- 
binding properties of a given MAb. If the specifi c 
target antigen-binding properties of the MAb are 
signifi cantly altered, the resultant radiolabeled 
MAb may be left with signifi cantly reduced affi n-
ity (i.e., binding) for the intended target antigen, 
thus ultimately rendering the radionuclide-MAb 
conjugate clinically ineffective. However, it is 
worth noting that in most instances the radiola-
beling of whole MAbs and MAb fragments/
derivatives has little effect on affi nity (i.e., bind-
ing) of the resultant radionuclide-MAb conjugate 
for the intended target antigen. 

 Two of the most signifi cant challenges faced 
when utilizing radiolabeled MAb in radioimmu-
nodetection are related to the radioactivity ratio 
of the radiolabeled MAb between tumor and nor-
mal surrounding tissues (i.e., tumor-to- 
background ratio) and the time interval between 
the initial administration of the radiolabeled 
MAb and the performance of radioimmunodetec-
tion (i.e., diagnostic nuclear medicine imaging or 

radioimmunoguided surgery) [ 1 ]. In an attempt 
to increase the radioactivity ratio between tumor 
and normal surrounding tissues and to decrease 
the time interval between the initial administra-
tion of the radiolabeled MAb and the perfor-
mance of radioimmunodetection, pretargeting 
strategies for MAbs and radionuclides have been 
investigated [ 36 – 39 ]. 

 One such pretargeting strategy utilizes the 
principle of the avidin-biotin binding system [ 1 , 
 36 ,  37 ]. In this avidin-biotin binding system, the 
MAb is labeled with biotin, and the radionuclide 
is labeled with avidin, thus permitting complete 
temporal separation of the systemic delivery of 
the MAb from the systemic delivery of the radio-
nuclide and ultimately leading to a reduction of 
nonspecifi c binding of the radiolabeled MAb. 
The biotin-labeled MAb is fi rst administered, 
allowing binding of the biotin-labeled MAb to 
the tumor and thus allowing the nonspecifi c 
uptake of the biotin-labeled MAb to be cleared. 
Subsequently, the avidin-labeled radionuclide is 
then administered, with resultant localization to 
the tumor secondary to the high affi nity and spec-
ifi city of the avidin-labeled radionuclide for the 
biotin-labeled MAb. 

 Another such pretargeting strategy utilizes an 
unradiolabeled bispecifi c antibody and radiola-
beled bivalent hapten system for cooperative 
binding to target cells [ 1 ,  37 – 39 ]. This strategy 
is analogous to the avidin-biotin binding sys-
tem. However, in this pretargeting approach, a 
bispecifi c antibody is used to link the tumor-
associated antigen to a radiolabeled hapten. The 
bispecifi c antibody generally contains two dis-
tinct recognition arms, one arm responsible for 
tumor- associated antigen binding and a second 
arm that associates with the radiolabeled hapten 
that is administered to the patient after the 
bispecifi c antibody has associated with sites of 
tumor and has fully cleared from the systemic 
circulation. 

 While further pretargeting strategies are cur-
rently in active development, most radioimmu-
noguided applications continue to rely upon 
non-pretargeting strategies which simply involve 
the direct conjugation of the radionuclide to the 
MAb prior to its systemic administration.  
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24.5     Tumor-Associated Antigens 
and Their Specifi c 
Monoclonal Antibodies Used 
in Radioimmunoguided 
Surgery 

 A variety of MAbs have been developed against 
numerous tumor-associated antigens and have 
been evaluated regarding their clinical applica-
tion to radioimmunodetection and radioimmu-
noguided surgery [ 1 ,  17 ,  19 ]. The most intensely 
investigated and clinically evaluated MAbs, 
which have been utilized in radioimmunoguided 
surgery, have been those directed against tumor- 
associated glycoprotein-72 (TAG-72), carcino-
embryonic antigen (CEA), tumor-associated 
antigen 17-1A, and carbonic anhydrase IX 
(CAIX). 

24.5.1     Tumor-Associated 
Glycoprotein-72 (TAG-72) 

 TAG-72 is a tumor-associated glycoprotein, 
which is comprised of approximately 80 % car-
bohydrate moieties and which has a molecular 
weight of greater than 10 million daltons [ 1 ,  40 , 
 41 ]. It has mucin-like biochemical and biophysi-
cal properties which are similar to that of colonic, 
small intestine, and gastric mucins and is believed 
to be specifi cally secreted by epithelial-derived 
tissues. The TAG-72 antigen is predominantly 
found within extracellular mucin pools of the 
tumor environment and is to a lesser degree 
located on adenocarcinoma cell surfaces. 
Numerous human adenocarcinomas are known to 
overexpress the TAG-72 antigen, including 
colorectal, gastric, esophageal, pancreatic, endo-
metrial, ovarian, lung, prostate, and breast [ 1 , 
 40 – 47 ], with TAG-72 overexpression reported in 
over 90 % of the colorectal, gastric, and ovarian 
adenocarcinomas and in approximately 70 % of 
breast adenocarcinomas [ 1 ,  42 ,  44 – 47 ]. While 
TAG-72 is rarely expressed in normal human 
adult tissues or in benign disease processes, it is 
known to be expressed in some normal human 
fetal tissues, including normal fetal intestine [ 1 , 
 48 ]. It should be acknowledged that nearly all of 

the pioneering work done on the TAG-72 antigen 
and subsequently on the development of anti- 
TAG- 72 MAbs was conducted by Jeffrey Schlom 
and his colleagues from the National Cancer 
Institute (Bethesda, Maryland, USA) [ 1 ,  17 ,  40 , 
 41 ,  43 – 54 ]. 

 The fi rst generation of anti-TAG-72 MAb was 
the B72.3 murine MAb [ 1 ,  17 ]. From a factual 
standpoint, it is most interesting and somewhat 
ironic that B72.3 was originally derived from 
human mammary tumor cells [ 1 ,  49 ], rather than 
from human colorectal cancer cells. B72.3 
murine MAb is known to be reactive with a vari-
ety of human adenocarcinomas, including 
colorectal (94 %), breast (84 % of invasive ductal 
carcinomas of the breast), ovarian (100 % of 
common epithelial ovarian tumors), as well as the 
majority of gastric, pancreatic, endometrial, and 
lung adenocarcinomas [ 1 ,  17 ,  42 ,  44 ,  46 – 48 ,  50 ]. 
For the most part, B72.3 murine MAb is only 
very weakly reactive or nonreactive to most nor-
mal adult human tissues [ 1 ,  17 ]. The only excep-
tion being that normal postovulatory (secretory 
phase) endometrium demonstrates reactivity to 
B72.3 murine MAb, whereas normal preovula-
tory (proliferative phase) endometrium is nonre-
active [ 1 ,  17 ,  50 ]. 

 The second generation of anti-TAG-72 MAbs 
was murine CC49 and murine CC83 [ 1 ,  17 ,  41 , 
 51 – 53 ]. The CC49 murine MAb and CC83 
murine MAb are known to recognize overlapping 
but distinctly different epitopes on the TAG-72 
antigen as opposed to the B72.3 murine MAb. 
Both of these second generations of anti-TAG-72 
MAbs have only minimal reactivity to a variety 
of normal human tissues, in a fashion similar to 
that of B72.3 murine MAb. However, from a 
comparative standpoint, CC49 murine MAb and 
CC83 murine MAb demonstrated higher associa-
tion constants ( K  a  16.2 × 10 9  M −1  and  K  a  27.7 × 
10 9  M −1 , respectively) as compared to B72.3 
murine MAb ( K  a  2.5 × 10 9  M −1 ), exhibiting higher 
reactivity to a wide range of human 
 adenocarcinomas, including colorectal, breast, 
ovarian, and lung adenocarcinomas, as compared 
to B72.3 murine MAb [ 1 ,  17 ,  51 – 53 ]. 

 It is well documented in the literature that a 
majority of patients receiving murine MAbs 
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develop some degree of a HAMA response [ 1 ,  17 , 
 24 ,  43 ,  54 ,  55 ]. Despite the fact that this resultant 
HAMA response has been well studied and thor-
oughly reported within the literature, its actual 
clinical relevancy and impact on cancer patients, 
whether deleterious or benefi cial, has never been 
well borne out, as it generally represents a sub-
clinical event [ 1 ,  56 ,  57 ]. Nonetheless, in an effort 
to eliminate this HAMA response, a third-genera-
tion anti-TAG-72 MAb, humanized CC49 MAb 
(HuCC49 MAb), was genetically engineered in 
the mid-1990s [ 1 ,  58 ]. This intact HuCC49 MAb 
demonstrates equivalent tumor targeting for 
human colon carcinoma xenografts but exhibits 
the trade-off of having a slightly less relative 
affi nity to the TAG-72 antigen as compared to 
CC49 murine MAb and CC49 chimeric MAb. In 
contrast to CC49 murine MAb and CC49 chime-
ric MAb, the intact HuCC49 MAb was shown to 
not produce a HAMA response [ 1 ,  59 ]. Further 
refi nements were engineered into the intact 
HuCC49 MAb by the development of a higher 
affi nity HuCC49 MAb molecule possessing a C H 2 
domain deletion (i.e., HuCC49∆C H 2 MAb) [ 1 , 
 60 ]. This HuCC49∆C H 2 MAb exhibited more 
rapid clearance from the systemic circulation, 
higher association constant ( K  a  5.1 × 10 −9  M −1  ver-
sus  K  a  2.1 × 10 −9  M −1 ), and signifi cantly lower 
percent of the injected dose in normal background 
tissues as compared to intact HuCC49 MAb, thus 
representing factors thought to be more desirable 
for diagnostic and therapeutic clinical applica-
tions. Furthermore, a population pharmacokinetic 
modeling analysis performed on precordial count 
data from 21 patients receiving intravenous injec-
tion of  125 I-HuCC49∆C H 2 MAb and 34 patients 
receiving intravenous injection of  125 I-CC49 
murine MAb demonstrated that HuCC49∆C H 2 
MAb had a more rapid clearance (65 % increase) 
from the systemic circulation and a resulting 
shorter “residence time” (24 % shorter) than that 
of CC49 murine MAb [ 1 ,  61 ]. 

 By the later half of the 2000s, a fourth- 
generation anti-TAG-72 MAb was engineered, 
with the hope of creating an adenocarcinoma tar-
geting agent that could be applied toward future- 
integrated radioimmunodetection and therapeutic 
strategies [ 62 ,  63 ]. This fourth-generation anti- 

TAG- 72 MAb was a new humanized version of 
CC49 murine MAb. This humanized version of 
CC49 murine MAb was constructed by grafting 
only the specifi city-determining residues (SDRs) 
within the complementarity-determining regions 
(CDRs) onto homologous human immunoglobu-
lin (IgG) germ line segments while retaining two 
mouse heavy chain framework amino acid resi-
dues that supported the conformation of the CDRs 
[ 62 ]. The resultant humanized antibody (AKA) 
demonstrated only a twofold lower association 
constant ( K  a ) compared with the original murine 
CC49 and a 27-fold lower reactivity to patient 
serum compared with HuCC49 that was con-
structed by CDR grafting. The affi nity of this 
parental AKA was improved by random mutagen-
esis of 5 SDR residues in the heavy chain CDR3 
(HCDR3). The highest affi nity variant (i.e., 3E8) 
showed 22-fold higher association constant ( K  a ) 
compared with the parental AKA and retained the 
original epitope specifi city. In a subsequent sepa-
rate study [ 63 ], the light chain of the parental 
AKA was modifi ed using a phage display chain 
shuffl ing approach to create a completely human-
ized light chain against the TAG- 72 antigen, 
which contained no residual mouse-derived 
amino acid residues. In this approach, the heavy 
chain variable region of the parental AKA was 
used to guide the selection of a human TAG-72-
specifi c light chain variable region from a human 
light chain variable region repertoire constructed 
from human peripheral blood lymphocytes. This 
phage display chain shuffl ing procedure yielded a 
fully humanized light chain that bound the TAG-
72 antigen with higher affi nity than the parental 
AKA. The authors suggested that the fully human-
ized light chain produced in this study could be 
used to guide the complete humanization of the 
matching heavy chain via further phage display 
shuffl ing. A molecule of this design would repre-
sent the complete humanization of an immuno-
globulin from its murine origin. 

 The Thomas Magliery Laboratory (The Ohio 
State University, Columbus, Ohio, USA;   https://
chemistry.osu.edu/~magliery/    ) has continued to 
engineer the 3E8 MAb for enhanced performance 
in radioimmunoguided imaging and radioimmu-
noguided surgery applications by reducing the 
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size to single-chain variable fragments (scFvs) 
and other small oligomers (such as diabody and 
tetrabody molecules) with maintained higher 
avidity. These various antibody fragments of 3E8 
retain antigen binding to TAG-72 and are as ther-
mally stable as the full-length IgG form of the 
3E8 MAb [Personal communications: Thomas 
J. Magliery, The Ohio State University, Columbus, 
Ohio, USA, magliery.1@osu.edu, February 5, 
2015; and Brandon J. Sullivan, The Ohio State 
University, Columbus, Ohio, USA, sullivan.272@
osu.edu, February 5, 2015].  

24.5.2     Carcinoembryonic 
Antigen (CEA)  

 Carcinoembryonic antigen (CEA) is a tumor- 
associated glycoprotein with a molecular weight of 
approximately 200,000 daltons [ 1 ,  17 ,  64 ,  65 ]. 
CEA is well known to be highly expressed on the 
cell surface of both embryonic colonic mucosa and 
a variety of human adenocarcinomas, including 
colorectal, gastric, pancreatic, ovarian, endome-
trial, lung, and breast [ 1 ,  17 ,  64 – 66 ]. As it specifi -
cally pertains to colorectal adenocarcinomas, it is 
well documented that anywhere from 66 to 100 % 
of colorectal adenocarcinomas express CEA. 

 Various murine MAbs have been developed to 
specifi cally target CEA, including COL-1, A 5 B 7 , 
IMMU-4, and CL58 [ 1 ,  17 ,  64 ,  67 – 72 ]. These 
anti-CEA murine MAbs have a very high affi nity 
to CEA and have been shown to have a high reac-
tivity to a signifi cant percentage of colon, lung, 
and breast adenocarcinomas. Their high reactiv-
ity to CEA-producing human adenocarcinomas 
have made these anti-CEA murine MAbs the 
subject of prior intense investigation into their 
clinical utility for diagnostic radioimmunodetec-
tion imaging, as well as for possible radioimmu-
noguided surgery applications.  

24.5.3     Tumor-Associated 
Antigen 17-1A  

 Tumor-associated antigen 17-1A (also referred to 
as EpCAM) is a tumor-associated glycoprotein 

which has a molecular weight of approximately 
30,000–40,000 daltons and is believed to repre-
sent a surface, epithelial cell-to-cell adhesion- 
type molecule [ 1 ,  73 – 77 ]. The existence of 17-1A 
was fi rst characterized on a human colorectal 
adenocarcinoma cell line SW1083. 17-1A is 
widely expressed on the cell surface of various 
normal human epithelial tissues and in a variety 
of human adenocarcinomas, including colorectal, 
gastric, and breast. 

 Murine MAbs against 17-1A were originally 
developed in the hybridoma SW1083-17-1A [ 1 , 
 18 ,  78 ,  79 ]. The localization and clearance prop-
erties of the 17-1A whole murine MAb and its 
MAb fragment were previously assessed in a 
mouse xenograft model by Martin et al. [ 1 ,  12 , 
 18 ], and for which they demonstrated high tumor- 
to- normal tissue ratios, with the highest tumor- 
to- normal tissue ratios seen at 72 and 24 h for the 
17-1A whole murine MAb and MAb fragment, 
respectively.  

24.5.4     Carbonic Anhydrase IX (CAIX) 

 The carbonic anhydrase IX (CAIX) antigen is a 
cytosolic transmembrane glycoprotein [ 80 – 84 ]. 
The CAIX antigen represents one of the many 
carbonic anhydrase enzymes that are involved in 
catalyzing the reaction CO 2  + H 2 O ↔ HCO 3  −  + H + , 
a process ultimately important in the regulation 
of cellular proton fl ux and pH regulation. It is 
well established that the CAIX antigen is consti-
tutively expressed by up to 97–98 % of all clear 
cell renal cell carcinomas [ 80 – 88 ], including 
both primary tumors and sites of metastatic dis-
ease. Yet it is absent from normal kidney tissues 
(including normal adult proximal tubular epithe-
lial cells and fetal kidney tissue) and is minimally 
expressed or absent in other much less common 
renal epithelial neoplasms, including papillary 
renal cell carcinomas, chromophobe renal cell 
carcinomas, and oncocytoma. 

 The MAb G250 recognizes the CAIX antigen 
[ 1 ,  82 – 84 ]. In 1986, the IgG murine MAb Grawitz 
250 (G250) was fi rst described in the literature by 
Egbert Oosterwijk and his colleagues at the 
University of Leiden (Leiden, The Netherlands) 
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[ 82 ,  84 ,  85 ,  89 ,  90 ]. Later on, for attempting to 
minimize the occurrence of HAMA response, a 
chimerized version of the murine MAb G250 was 
developed (chimeric MAb cG250) with the same 
affi nity and binding characteristics as murine 
MAb G250 [ 84 ,  90 ,  91 ]. All forms of G250 MAb 
are well known to bind to clear cell renal cell car-
cinomas with relatively high specifi city [ 1 ,  89 –
 93 ]. The use of G250 MAbs for clear cell renal 
cell carcinoma applications related to radioim-
munoimaging and various radioimmunotherapy 
strategies has long been recognized by Oosterwijk 
[ 82 – 85 ,  89 – 92 ].   

24.6     Clinical Applications 
of Radioimmunoguided 
Surgery 

24.6.1     Colorectal Cancer 

24.6.1.1     Radioimmunoguided 
Surgery Using 17-1A Murine 
Monoclonal Antibody 

 Early on, it was the availability of MAb antibody 
and antibody fragment against the tumor- 
associated antigen 17-1A which allowed investi-
gators at The Ohio State University (Columbus, 
Ohio, USA) to conduct initial radioimmunogu-
ided surgery clinical studies for exploring the 
utility of  125 I-labled MAbs and for allowing the 
development and refi nement of various prototype 
handheld gamma detection probe system designs 
which could discriminate between tumor-bearing 
tissues and normal background tissues [ 1 ,  12 , 
 94 ]. 

 In 1986, O’Dwyer et al. [ 1 ,  94 ] at The Ohio 
State University (Columbus, Ohio, USA) 
reported on intraoperative radioimmunodetection 
of  125 I-17-1A murine MAbs using a prototype 
handheld gamma detection probe system in a 
total of 16 evaluable colorectal cancer patients 
(with 2 patients excluded secondary to intraop-
erative malfunctioning of the prototype handheld 
gamma detection probe system). Patients were 
intravenously injected with 1–4 mCi (37–
148 MBq) of either  125 I-17-1A whole murine 
MAb at approximately 3–6 days prior to surgery 

or  125 I-labeled murine MAb fragment F(ab’) 2  at 
approximately 2–3 days prior to surgery. A total 
of 20 potential tumor sites were evaluated in the 
16 evaluable patients with the prototype hand-
held gamma detection probe. Overall tumor 
localization of  125 I-17-1A murine MAbs was con-
fi rmed with the prototype handheld gamma 
detection probe in 15 of 20 (75 %) potential 
tumor sites examined, with higher tumor-to- 
background ratios detected in  125 I-17-1A whole 
murine MAb patients (3.4-to-1.0) as compared to 
 125 I-labeled murine MAb fragment F(ab’) 2  
patients (2.3-to-1.0). From the 16 evaluable 
patients, histologically confi rmed occult or sub-
clinical disease was identifi ed in 18 % of these 
patients that was not otherwise clinically detect-
able by traditional intraoperative inspection and 
palpation techniques. This initial study demon-
strated the clinical feasibility of  125 I-labeled MAb 
radioimmunoguided surgery and provided useful 
information on issues related to optimization of 
the timing between  125 I-labeled MAb injection 
and surgery for enhancing intraoperative radio-
immunodetection in all subsequent  125 I-labeled 
MAb clinical investigations. 

 In 1991, Petty et al. [ 1 ,  95 ] at The Ohio State 
University (Columbus, Ohio, USA) reported on 
intraoperative radioimmunodetection of 
 125 I-17-1A murine MAb using a commercially 
available gamma detection probe system in 13 
colorectal cancer patients, including 6 primary 
colorectal cancer patients and 7 recurrent colorec-
tal cancer patients. Patients were intravenously 
injected with 2 mCi (74 MBq) of  125 I-17-1A 
murine MAb. In this clinical study, radioimmu-
nodetection accomplished by a commercially 
available gamma detection probe system that 
incorporated a microprocessor into the control 
unit (Neoprobe® 1000 gamma detection probe; 
formerly Neoprobe Corporation, Dublin, Ohio, 
USA), and for which the control unit maintained 
a running average of the count rate and produced 
an audible siren sound when the count rate of an 
area of increased radioactivity exceeds the back-
ground count rate by a statistically signifi cant 
amount using the three-sigma statistical thresh-
old for probe positivity [ 1 ,  15 ]. The feasibility of 
predicting  125 I-17-1A murine MAb blood 
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 clearance was reproducible utilizing the external 
precordial count method (i.e., when external pre-
cordial counts reached ≤10 counts per second), 
with 11 of 13 (85 %) patients demonstrating ade-
quate clearance by 10 days after the  125 I-17-1A 
murine MAb injection. Overall tumor localiza-
tion of  125 I-17-1A murine MAb by radioimmu-
noguided surgery was confi rmed in 8 of 13 
(62 %) patients, with successful localization 
demonstrated in 2 of 6 (33 %) primary colorectal 
cancer patients and 6 of 7 (86 %) recurrent 
colorectal cancer patients [ 1 ,  95 ]. There was 
localization of  125 I-17-1A murine MAb at radio-
immunoguided surgery in 12 of 18 (67 %) sus-
pected sites of disease. Of the 12 sites of tumor 
localization of  125 I-17-1A murine MAb, histo-
logic confi rmation of malignant cells by hema-
toxylin and eosin (H&E) staining was 
demonstrated in 8 of 12 sites (67 %), and addi-
tional histologic evaluation with immunohisto-
chemical staining and autoradiography identifi ed 
malignant cells in all 12 sites of tumor localiza-
tion of  125 I-17-1A murine MAb. 
Radioimmunoguided surgery identifi ed occult 
disease in 3 of 7 (43 %) of the recurrent colorec-
tal cancer patients which was not identifi ed by 
traditional intraoperative inspection and palpa-
tion techniques. In comparison to the prior initial 
clinical report by O’Dwyer et al. [ 1 ,  94 ], a higher 
occult disease detection rate was seen by Petty 
et al. [ 1 ,  95 ], and for which this was thought to be 
a refl ection of lower blood- pool background lev-
els of  125 I-17-1A murine MAb at the time of sur-
gery and secondary to technical design 
improvements to the gamma detection probe 
system.  

24.6.1.2     Radioimmunoguided 
Surgery Using B72.3 Murine 
Monoclonal Antibody 

 Radioimmunoguided surgery specifi cally 
directed against the TAG-72 antigen has its ori-
gins in preclinical investigations on a human 
colon carcinoma xenograft mouse model in athy-
mic mice using B72.3 murine MAb, the fi rst- 
generation anti-TAG-72 MAb [ 1 ,  96 ]. In these 
preclinical investigations, it was determined that 
signifi cant specifi c uptake of  131 I-B72.3 murine 

MAb within subcutaneous tumor implants 
occurred within the fi rst 48 h after the intrave-
nous injection of  131 I-B72.3 murine MAb. It was 
shown that subcutaneous tumor implant uptake 
of  131 I-B72.3 murine MAb subsequently remained 
stable over a 19-day study period, while blood- 
pool background and the normal tissue back-
ground levels continued to clear over time, thus 
yielding continued increasing tumor-to- 
background ratios over the 19-day study period. 
This high degree of specifi c tumor targeting and 
associated prolonged retention of the radiola-
beled B72.3 murine MAb that was demonstrated 
in this preclinical work was important in the 
decision- making to utilize the B72.3 murine 
MAb for subsequent radioimmunoguided sur-
gery clinical trials involving colorectal cancer 
patients [ 1 ,  96 – 115 ]. 

 In 1987, Sickle-Santanello et al. [ 1 ,  97 ] at The 
Ohio State University (Columbus, Ohio, USA) 
reported their fi rst human clinical trial utilizing 
 125 I-B72.3 murine MAb and a prototype handheld 
gamma detection probe system in 37 colorectal 
cancer patients, including 6 patients with primary 
colorectal cancer and 31 with recurrent disease. 
Patients were injected intravenously with approx-
imately 4 mCi (148 MBq) of  125 I-B72.3 murine 
MAb at a time of 5–34 days (mean 16.4 days) 
prior to surgery. The  125 I-B72.3 murine MAb 
localized in 8 of 9 (89 %) sites in the 6 primary 
colorectal cancer patients, including in 5 of 6 pri-
mary tumors and in 3 of 3 metastatic sites. The 
 125 I-B72.3 murine MAb localized in 47 of 57 
(82 %) suspected sites of disease in the 31 recur-
rent colorectal cancer patients, with a resultant 
modifi cation of the planned surgical procedure in 
8 of 31 (26 %) of those recurrent colorectal can-
cer patients. 

 Subsequently, in 1988, Martin et al. [ 1 ,  98 ,  99 ] 
at The Ohio State University (Columbus, Ohio, 
USA) reported on the utilization of  125 I-B72.3 
murine MAb and a prototype handheld gamma 
detection probe system in a total of 66 patients 
with various types of adenocarcinoma, including 
45 colorectal cancer patients (6 primary colorec-
tal cancer patients and 39 patients with recurrent 
disease). All colorectal cancer patients were 
injected intravenously with approximately 

24 Radioimmunoguided Surgery



384

4–5 mCi (148–185 MBq) of  125 I-B72.3 murine 
MAb at a time of 7–22 days (mean 15 days) prior 
to surgery for the primary colorectal cancer 
patients and at a time of 5–42 days (mean 19 
days) prior to surgery for patients with recurrent 
disease. Tumor localization of  125 I-B72.3 MAb 
was observed in 5 of 6 (83 %) patients with pri-
mary colorectal cancer and in 31 of 39 (79 %) 
patients with recurrent colorectal cancer. There 
was an observed correlation between the length 
of the injection-to-surgery interval and the ade-
quacy of clearance of the blood-pool background, 
yielding greater tumor-to-normal tissue count 
ratios of localized  125 I-B72.3 murine MAb at lon-
ger injection-to-surgery intervals. Likewise, there 
was an observed improvement in the counting 
rate by a factor of approximately 2.5 when the 
diameter of the probe detector crystal was 
increased and the crystal mounting and preampli-
fi er were modifi ed. 

 In 1990, Nieroda et al. [ 1 ,  100 ] at The Ohio 
State University (Columbus, Ohio, USA) further 
demonstrated the prolonged retention of  125 I- 
B72.3 murine MAb and adequate clearance of 
the blood-pool background at the time of radio-
immunoguided surgery in primary colon cancer 
patients. A total of 30 patients with primary colon 
cancer were intravenously injected with 1–5 mCi 
(37–185 MBq) of  125 I-B72.3 murine MAb, as part 
of a dose-range study, at a time of 22.3 days 
(range from 8 to 34 days) prior to surgery. 
Intraoperative radioimmunodetection of  125 I- 
B72.3 murine MAb was undertaken using a com-
mercially available gamma detection probe 
system. The  125 I-B72.3 murine MAb localized in 
histologically confi rmed tumor among 23 of 30 
(77 %) of patients. Of the 23 localized patients, 7 
(30 %) patients had occult disease within either 
the liver, lymph nodes, and/or invasion in adja-
cent tissues that was identifi ed by the gamma 
detection probe but which was not identifi ed by 
traditional intraoperative inspection and palpa-
tion techniques. The fi nding of occult disease led 
to a major alteration of the surgical plan in 6 of 
23 (26 %) localized patients and a change in post-
operative adjuvant therapy in 4 of 23 (17 %) 
localized patients. Additionally, the use of radio-
immunoguided surgery provided pertinent and 

accurate intraoperative confi rmatory information 
(i.e., gamma detection probe counts comparable 
to background) regarding tumor margin assess-
ment and confi rmation of histologically proven 
benign lesions of the liver and ovaries. 

 In 1991, Martin and Carey [ 1 ,  101 ] at The 
Ohio State University (Columbus, Ohio, USA) 
and The University of South Florida (Tampa, 
Florida, USA) reported on the ability of radioim-
munoguided surgery using  125 I-B72.3 murine 
MAb to accurately determine resectability in 
patients with recurrent colorectal cancer under-
going a second-look surgery procedure. A total 
of 86 patients received a preoperative intravenous 
injection of 2 mCi (74 MBq) of  125 I-B72.3 murine 
MAb at approximately 24 days (range from 21 to 
28 days) prior to surgery. The abdomen and pel-
vis were fi rst explored by using traditional intra-
operative inspection and palpation techniques. 
Prior to the use of the gamma detection probe, 
sites of tumor identifi ed by traditional intraopera-
tive inspection and palpation techniques were 
documented, and the surgeon indicated a surgical 
plan as based upon the fi ndings noted by tradi-
tional intraoperative inspection and palpation 
techniques. The surgical fi eld was then system-
atically re-explored using a commercially avail-
able gamma detection probe system, in order to 
attempt to identify areas of increased radioactiv-
ity compared to normal adjacent tissues and to 
determine whether the fi ndings would alter the 
previously declared planned surgical procedure. 
Fifty-three patients of the 86 patients (62 %) 
were initially deemed resectable by traditional 
intraoperative inspection and palpation tech-
niques. However, in contrast, only 40 patients of 
the 86 patients (47 %) were subsequently deter-
mined to be resectable by the application of 
radioimmunoguided surgical techniques. The 
survival data were reported for 3 classifi cations 
of patients: (1) radioimmunoguided surgery 
determined resectable patients ( n  = 40), (2) tradi-
tional intraoperative inspection and palpation 
determined nonresectable patients ( n  = 33), and 
(3) radioimmunoguided surgery determined non-
resectable patients ( n  = 13). Overall survival rate 
for the radioimmunoguided surgery determined 
resectable group was 83 % versus 21 % and 31 % 
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for the traditional intraoperative inspection and 
palpation determined nonresectable and radioim-
munoguided surgery determined nonresectable 
groups, respectively. Signifi cant differences in 
survival were observed in the radioimmunogu-
ided surgery determined resectable versus tradi-
tional nonresectable groups ( p  < 0.0001) and in 
the radioimmunoguided surgery determined 
resectable versus radioimmunoguided surgery 
determined nonresectable groups ( p  < 0.0008). 
No signifi cant differences were noted in the tradi-
tional intraoperative inspection and palpation 
determined nonresectable versus radioimmu-
noguided surgery determined nonresectable 
groups ( p  = 0.24). The 2-year, 3-year, and 5-year 
survival rates were 95 %, 83 %, and 60 % for the 
radioimmunoguided surgery determined resect-
able group; 36 %, 7 %, and 0 % for the traditional 
intraoperative inspection and palpation deter-
mined nonresectable group; and 57 %, 37 %, and 
0 % for the radioimmunoguided surgery deter-
mined nonresectable group, respectively. 

 In 1991, the safety and effi cacy of  125 I-B72.3 
murine MAb for tumor localization and occult 
disease detection was evaluated in a multicenter 
radioimmunoguided surgery clinical trial of 104 
patients with primary ( n  = 26) or known/sus-
pected recurrent colorectal cancer ( n  = 78; of 
which 72 were ultimately found to have histo-
logic confi rmation of recurrent disease) [ 1 ,  102 ]. 
This multicenter clinical trial was conducted at 
Memorial Sloan-Kettering Cancer Center (New 
York, New York, USA), The Ohio State 
University (Columbus, Ohio, USA), University 
of Pennsylvania (Philadelphia, Pennsylvania, 
USA), Ochsner Clinic (New Orleans, Louisiana, 
USA), University of Florida (Gainesville, 
Florida, USA), Cleveland Clinic Foundation 
(Cleveland, Ohio, USA), and Loma Linda 
University Medical Center (Loma Linda, CA, 
USA). All patients received a preoperative intra-
venous injection of 2 mCi (74 MBq) of  125 I-B72.3 
murine MAb at approximately 24 days prior to 
surgery. At the time of surgery, traditional intra-
operative inspection and palpation techniques 
were performed to the surgical fi eld, followed by 
a systematically re-exploration of the surgical 
fi eld using a commercially available gamma 

detection probe system. Tumor localization was 
identifi ed with the gamma detection probe sys-
tem in 78 % of the patients. This included 24 
(75 %) of 32 sites in patients with primary tumor 
and 126 (63 %) of 199 sites in patients with 
recurrent disease. A total of 30 occult tumor sites 
of disease (not identifi ed on prior clinical exam, 
preoperative diagnostic imaging, or were identi-
fi ed by traditional intraoperative inspection and 
palpation techniques) were identifi ed with the 
gamma detection probe system alone in a total of 
26 patients. Of all histologically confi rmed tumor 
sites, 9.2 % represented clinically occult sites of 
disease identifi ed only by the gamma detection 
probe system. The location of occult sites of dis-
ease in primary tumor patients included the liver 
( n  = 4), retroperitoneum ( n  = 2), pelvis ( n  = 1), and 
periportal region ( n  = 1). Of the 72 patients with 
recurrent disease, 37 patients were deemed unre-
sectable, with 10 of those patients (27 %) deemed 
unresectable by the gamma detection probe sys-
tem alone. Additionally, of the 35 patients with 
recurrent disease who were deemed resectable, 8 
of those patients (23 %) deemed resectable 
underwent a more extended surgical resection 
based upon the fi ndings by the gamma detection 
probe system alone. Based upon serial serum 
samples taken from the time of injection of  125 I- 
B72.3 MAb and through the postoperative time 
frame, it was documented that 40 % of the 
patients injected with  125 I-B72.3 murine MAb 
ultimately developed HAMA; yet this was not 
felt to be negatively impactful on overall tumor 
localization with  125 I-B72.3 murine MAb. This 
multicenter radioimmunoguided surgery clinical 
trial using  125 I-B72.3 murine MAb confi rmed a 
relatively low toxicity profi le for  125 I-B72.3 
murine MAb and demonstrated its utility in iden-
tifying occult sites of disease based upon the 
fi ndings by the gamma detection probe system 
alone and its impact on altering the surgical man-
agement of patients with primary and recurrent 
colorectal cancer. 

 Further investigations regarding the clinical 
utility of radioimmunoguided surgery with  125 I- 
B72.3 murine MAb in colorectal cancer patients 
continued to be reported throughout the 1990s [ 1 , 
 103 – 113 ]. 
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 From 1991 to 1995, Di Carlo et al. [ 103 – 108 ] 
from University of Milan (Milan, Italy) reported 
on radioimmunoguided surgery using  125 I-B72.3 
murine MAb in a cumulative series of 66 colorec-
tal cancer patients, including 36 primary colorec-
tal cancer patients and 30 recurrent colorectal 
cancer patients. Patients were intravenously 
injected with 2 mCi (74 MBq) of  125 I-B72.3 
murine MAb at an interval of approximately 21 
days prior to surgery. This included 7 of 66 
patients who were intravenously injected with 
 125 I-biotinylated B72.3 murine MAb, followed by 
2 sequential intravenous injections of avidin for 
promoting more rapid clearance of the MAb from 
the blood-pool circulation prior to surgery. 
Intraoperative tumor localization with a gamma 
detection probe was successful in 18 of 36 (50 %) 
primary colorectal cancer patients and in 24 of 30 
(80 %) recurrent colorectal cancer patients. The 
intraoperative gamma detection probe fi ndings 
were instrumental in modifying the surgical 
approach in 9 of 66 (14 %) of patients, including 
2 of 36 (6 %) primary colorectal cancer patients 
and 7 of 30 (23 %) recurrent colorectal cancer 
patients and thus leading to removal of occult 
sites of disease that would have otherwise gone 
unrecognized by traditional intraoperative 
inspection and palpation techniques alone. 

 In 1998, Bertoglio et al. [ 1 ,  109 ,  110 ] from 
University of Genoa (Genoa, Italy) evaluated 
radioimmunoguided surgery using  125 I-B72.3 
murine MAb in 16 asymptomatic patients with a 
history of previously treated primary colorectal 
cancer who were suspected of having recurrent 
disease as based upon rising CEA levels. Patients 
were intravenously injected with a nonspecifi ed 
dose of  125 I-B72.3 murine MAb at a nonspecifi ed 
time prior to surgery. They found recurrent dis-
ease in only 9 of 16 patients (56 %) by traditional 
intraoperative inspection and palpation tech-
niques alone at the time of surgical exploration 
but in 14 of 16 patients (88 %) using a combined 
approach of traditional intraoperative inspection 
and palpation techniques and systematic re- 
exploration of the surgical fi eld using a commer-
cially available gamma detection probe system, 
thus demonstrating additional occult sites of dis-
ease 5 of 16 patients (31.3 %) based upon the 

fi ndings by the gamma detection probe alone. 
There were 9 of 16 patients (56 %) who were 
resected for cure as based upon additional fi nd-
ings with the gamma detection probe, whereas 
only 4 of 16 patients (25 %) would have been 
resected for cure as based upon the fi ndings by 
traditional intraoperative inspection and palpa-
tion techniques. 

 In 1998, Percivale et al. [ 1 ,  109 – 111 ] from 
University of Genoa (Genoa, Italy) evaluated 
radioimmunoguided surgery with  125 I-B72.3 
murine MAb in a group of 30 patients with recur-
rent or metastatic colorectal cancer using a com-
mercially available gamma detection probe 
system. Patients were intravenously injected with 
2 mCi (74 MBq) of  125 I-B72.3 murine MAb at a 
mean of 22.7 ± 3.1 days prior to surgery. A total 
of 46 histologically confi rmed tumor sites were 
identifi ed by traditional surgical exploration and 
radioimmunoguided surgery. Intraoperative 
gamma detection probe assessment identifi ed 39 
sites of  125 I-B72.3 murine MAb uptake. 
Radioimmunoguided surgery correctly identifi ed 
tumor in 37 of 46 (80 %) histologically confi rmed 
tumor sites, with only 2 of 39 (5 %) false- negative 
results. Based upon the fi ndings of intraoperative 
gamma detection probe assessment alone, radio-
immunoguided surgery identifi ed additional 
occult sites of disease in 7 of 30 patients (23 %) 
which was not detected by traditional surgical 
exploration alone. The authors concluded that 
radioimmunoguided surgery with  125 I-B72.3 
murine MAb provided essential information in 
selected cases for patients with recurrent or meta-
static colorectal cancer. 

 In 1998, Renda et al. [ 1 ,  112 ] from University 
of Naples Federico II (Naples, Italy) reported on 
the detection of  125 I-B72.3 murine MAb by radio-
immunoguided surgery in 23 patients with 
colorectal cancer. Patients were intravenously 
injected with a nonspecifi ed dose of  125 I-B72.3 
murine MAb at approximately 12–28 days prior 
to surgery. Radioimmunoguided surgery success-
fully identifi ed tumor in 18 of 23 (78 %)  125 I- 
B72.3 murine MAb patients. The authors were 
unable to draw any signifi cant conclusions from 
their radioimmunoguided surgery experience and 
recommended the evaluation of newer MAbs. 
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 In 1999, Veroux et al. [ 113 ] from University 
of Catania (Catania, Italy) evaluated 25 colorec-
tal cancer patients (including 20 primary colorec-
tal cancer patients and 5 recurrent colorectal 
cancer patients) who were intravenously injected 
with 1.5–3 mCi (54–111 MBq) of  125 I-B72.3 
murine MAb at approximately 16–19 days prior 
to surgery. Radioimmunoguided surgery success-
fully identifi ed tumor in 18 of 25 patients (72 %), 
including 15 of 20 (75 %) primary colorectal can-
cer patients and 3 of 5 (60 %) recurrent colorectal 
cancer patients [Personal communication: 
Massimiliano Veroux, University Hospital of 
Catania, Catania, Italy, veroux@unict.it, January 
8, 2015]. 

 The utilization of  111 In-B72.3 murine MAb in 
radioimmunoguided surgery for colorectal can-
cer has been previously investigated in a some-
what limited fashion [ 1 ,  112 ,  114 – 116 ]. However, 
a common obstacle faced when using  111 In-B72.3 
murine MAb in radioimmunodetection of 
colorectal cancer was the nonspecifi c accumula-
tion of any given  111 In-B72.3 murine MAb conju-
gate within the liver, thus making it diffi cult to 
identify liver metastases and limiting its useful-
ness to the identifi cation of only extrahepatic dis-
ease [ 117 ]. 

 In 1992, Krag et al. [ 114 ] from University of 
California at Davis (Sacramento, California, 
USA) and University of Vermont (Burlington, 
Vermont, USA) investigated the detection of 
 111 In-CYT-103, an immunoconjugate of the 
B72.3 murine MAb, evaluated both by radioim-
munoscintigraphy and radioimmunoguided sur-
gery, in 8 patients with colorectal cancer, 
including 7 primary colorectal cancer patients 
and 1 patient with hepatic metastases. Patients 
were intravenously injected with approximately 
5 mCi (185 MBq) of  111 In-CYT-103 at a time of 
2–4 days prior to radioimmunoscintigraphy and 
4–15 days prior to undergoing radioimmunogu-
ided surgery. At the time of surgery, patients 
underwent surgical exploration by traditional 
inspection and palpation, followed by a system-
atically re-exploration of the surgical fi eld using 
a commercially available gamma detection probe 
system. However, the authors did not perform a 
subgroup analysis of their data for the 8 patients 

with colorectal cancer as compared to the other 5 
included patients with suspected recurrent ovar-
ian cancer, thus making it impossible to gleam 
any information regarding their radioimmunos-
cintigraphy and radioimmunoguided surgery 
experience as it specifi cally related to colorectal 
cancer. 

 In 1998, Renda et al. [ 1 ,  112 ] from University 
of Naples Federico II (Naples, Italy) reported on 
the detection of  111 In-B72.3 murine MAb by 
radioimmunoguided surgery in 8 patients with 
colorectal cancer. Patients were intravenously 
injected with a nonspecifi ed dose of  111 In-B72.3 
murine MAb at approximately 5–8 days prior to 
surgery. Radioimmunoguided surgery success-
fully identifi ed tumor in 5 of 8 (63 %)  111 In-B72.3 
murine MAb patients. The authors were unable 
to draw any signifi cant conclusions from their 
radioimmunoguided surgery experience and rec-
ommended the evaluation of newer MAbs. 

 In 1999, Muxi et al. [ 1 ,  115 ] from University 
of Barcelona (Barcelona, Spain) evaluated the 
detection of  111 In-CYT-103 by both radioimmu-
noscintigraphy and radioimmunoguided surgery 
in 28 patients with colorectal cancer, including 
18 primary colorectal cancer patients and 10 
patients with suspicion for recurrent disease. 
Patients were intravenously injected with 
4–5 mCi (148–185 MBq) of  111 In-CYT-103 at 
approximately 72–96 h prior to surgery. 
Radioimmunoscintigraphy was performed 48–72 
h after the injection of  111 In-CYT-103. At surgery, 
attempts were made to identifi ed all possible sites 
of tumor by traditional intraoperative inspection 
and palpation techniques, and subsequently the 
surgical fi eld was then systematically re-explored 
using a commercially available gamma detection 
probe, and a target-to-background ratio of greater 
than 1.5 was used as the cutoff for successful 
tumor localization. The overall sensitivity for 
radioimmunoscintigraphy was 71 %, consisting 
of successful tumor localization in 10 of 18 
(56 %) primary tumors and in 10 of 10 (100 %) 
cases of recurrent disease. The overall sensitivity 
for radioimmunoguided surgery was 82 %, con-
sisting of successful tumor localization in 15 of 
18 (83 %) primary tumors and in 8 of 10 (80 %) 
cases of recurrent disease. There were 5 primary 
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tumors of the rectum identifi ed at radioimmu-
noguided surgery that were not detected on 
 preoperative radioimmunoscintigraphy. Radioim-
munoguided surgery changed the surgical man-
agement in 2 cases, including fi nding a small 
primary rectal cancer in one case and fi nding a 
small pelvic recurrence in another case, with both 
representing small-volume disease which was 
not identifi able by traditional intraoperative 
inspection and palpation techniques. The authors 
concluded that radioimmunoguided surgery com-
plemented radioimmunoscintigraphy and was 
useful in the identifi cation of small- volume dis-
ease that was diffi cult to identify by traditional 
surgical exploration. 

 In 2001, Hladik et al. [ 1 ,  116 ] from Charles 
University/Faculty of Medicine in Hradec 
Králové (Hradec Králové, Czech Republic) 
 evaluated the detection of  111 In-CYT-103 by pre-
operative radioimmunoscintigraphy, radioim-
munoguided surgery, and histology (H&E and 
immunohistochemistry) in 56 patients with either 
primary or recurrent colorectal cancer. Patients 
were intravenously injected with 4.3–5.0 mCi 
(160–185 MBq) of  111 In-CYT-103 at a time of 
approximately 5–7 days prior to surgery. 
Preoperative radioimmunoscintigraphy identifi ed 
primary or recurrent tumor in 52 of 56 (93 %) 
patients. They determined that preoperative 
radioimmunoscintigraphy using  111 In-CYT-103 
led to a sensitivity and accuracy for the detection 
of primary tumor or local recurrence of 93 % and 
93 %, for the detection of hepatic metastases of 
79 % and 95 %, and for the detection of extrahe-
patic metastases of 50 % and 66 %, respectively. 
Intraoperative gamma detection probe assess-
ment identifi ed radioimmunoguided surgery-pos-
itive lymph nodes in 32 of 56 (57 %) patients. Of 
the 32 radioimmunoguided surgery-positive 
lymph node patients, 24 (75 %) were confi rmed 
positive for lymph node involvement by histol-
ogy, including histologic confi rmation recog-
nized by immunohistochemistry alone in 6 of 24 
(25 %) histologically confi rmed lymph node-pos-
itive patients. The authors concluded that radio-
immunoguided surgery was potentially useful in 
the surgical management of primary colorectal 
patients by improving the intraoperative assessment 

of the extent of disease and staging of disease as 
a result of more accurately identifying occult 
lymph node disease. 

 The utilization of  131 I-B72.3 murine MAb in 
radioimmunoguided surgery for colorectal can-
cer has been limited to only one report [ 112 ]. In 
1998, Renda et al. [ 1 ,  112 ] from University of 
Naples Federico II (Naples, Italy) reported on the 
detection of  131 I-B72.3 murine MAb plus beta- 
interferon by radioimmunoguided surgery in 7 
patients with colorectal cancer. Patients were 
intravenously injected with a nonspecifi ed dose 
of  131 I-B72.3 murine MAb plus beta-interferon at 
approximately 7–10 days prior to surgery. 
Radioimmunoguided surgery successfully identi-
fi ed tumor in 4 of 7 (57 %)  131 I-B72.3 murine 
MAb plus beta-interferon patients. The authors 
were unable to draw any signifi cant conclusions 
from their radioimmunoguided surgery experi-
ence and recommended the evaluation of newer 
MAbs.  

24.6.1.3      Radioimmunoguided 
Surgery Using CC49 Murine 
Monoclonal Antibody 
and CC83 Murine 
Monoclonal Antibody 

 The most widely clinically investigated second 
generation of radiolabeled anti-TAG-72 MAb in 
radioimmunoguided surgery was the CC49 
murine MAb [ 1 ]. Clinical investigations using 
 125 I-CC49 murine MAb in colorectal cancer were 
numerous during the 1990s [ 1 ,  118 – 130 ]. From a 
clinical perspective, CC49 murine MAb was 
shown to be superior to B72.3 murine MAb for 
tumor detection during radioimmunoguided sur-
gery for colorectal cancer. 

 In 1992, Arnold et al. [ 1 ,  118 ] at The Ohio 
State University (Columbus, Ohio, USA) evalu-
ated the effi ciency of  125 I-CC49 murine MAb and 
its impact on radioimmunoguided surgery in a 
clinical trial of 54 colorectal cancer patients, 
including 24 patients with primary colorectal 
cancer and 30 patients with recurrent disease. All 
patients received an intravenous injection of 
2 mCi (74 MBq) of  125 I-CC49 murine MAb at 
approximately 14–21 days prior to surgery. At 
the time of surgery, traditional intraoperative 
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inspection and palpation techniques were per-
formed to the surgical fi eld, followed by a sys-
tematic re-exploration of the surgical fi eld using 
a commercially available gamma detection probe 
system. At surgery, all radioimmunoguided sur-
gery-positive tissue was considered malignant 
and was excised whenever possible. Tumor local-
ization of the  125 I-CC49 murine MAb was suc-
cessful in 86 % of primary colorectal cancer 
patients and in 97 % of patients with recurrent 
disease. In comparison to prior clinical trials 
using  125 I-B72.3 murine MAb, the tumor local-
ization rates for  125 I-CC49 murine MAb were 
superior for targeting both primary colorectal 
cancer lesions and sites of recurrent disease. The 
intraoperative fi ndings at the time of radioimmu-
noguided surgery altered the planned surgical 
procedure in 50 % of primary colorectal cancer 
patients and in 47 % of patients with recurrent 
disease, with the intraoperative identifi cation of 
extrahepatic occult disease by the gamma detec-
tion probe resulting in the abandonment of 
hepatic resections in 3 patients. In this study, tis-
sue specimens were categorized into 4 tissue 
specimen types, as based upon whether they were 
detected by radioimmunoguided surgery and by 
the presence or absence of histologically con-
fi rmed carcinoma by H&E staining. The 4 tissue 
specimen classifi cations were type I (radioimmu-
noguided surgery negative and histologic nega-
tive), type II (radioimmunoguided surgery 
negative and histologic positive), type III (radio-
immunoguided surgery positive and histologic 
negative), and type IV (radioimmunoguided sur-
gery positive and histologic positive). Arnold 
et al. [ 1 ,  118 ] were particularly interested in the 
type III lymph nodes and believed that the intra-
operative detection of type III lymph nodes by 
radioimmunoguided surgery was a function of 
the presence of the TAG-72 within the extracel-
lular environment. Type III lymph nodes were 
detected in both primary colorectal cancer cases 
( n  = 40 specimens) and recurrent colorectal can-
cer cases ( n  = 16 specimens). The authors felt 
strongly that the intraoperative detection of type 
III lymph nodes by radioimmunoguided surgery 
was a refl ection of greater disease burden than 
could be assess by standard histologic evaluation 

alone and therefore was important for the intra-
operative assessment of the extent of disease and 
for predicting long-term patient outcomes. Along 
similar lines, Quinlan et al. [ 1 ,  131 ] evaluated 
excised lymph nodes from colorectal cancer 
patients and demonstrated a direct correlation 
between the immunohistochemical staining of 
the germinal centers of excised lymph nodes with 
CC49 murine MAb and poorer patient 
prognosis. 

 In 1995, Burak et al. [ 132 ] from The Ohio 
State University (Columbus, Ohio, USA) evalu-
ated radioimmunoguided surgery in 17 patients 
with suspected recurrent colorectal cancer using 
 125 I-CC83 murine MAb. Patients were intrave-
nously injected with 2 mCi (74 MBq) of  125 I- 
CC83 murine MAb at a time of 13–35 days 
(mean 26.6 days) prior to surgery. All patients 
underwent surgical exploration using traditional 
inspection and palpation, followed by a system-
atic re-exploration of the surgical fi eld using a 
commercially available gamma detection probe 
system. There were 15 of 17 patients who were 
found to have histologically confi rmed recurrent 
colorectal cancer. All 15 patients with histologi-
cally confi rmed recurrent colorectal cancer dem-
onstrated tumor localization of  125 I-CC83 murine 
MAb, whereas the 2 patients with no evidence of 
histologically confi rmed recurrent colorectal 
cancer demonstrated no localization of  125 I-CC83 
murine MAb. Traditional surgical exploration 
identifi ed 32 sites as suspicious for tumor, and of 
which 23 (72 %) suspicious sites were histologi-
cally confi rmed to contain carcinoma. 
Radioimmunoguided surgery identifi ed 27 sites 
as suspicious for tumor, and of which all 27 
(100 %) suspicious sites were histologically con-
fi rmed to contain carcinoma. Radioimmunoguided 
surgery identifi ed occult disease that was histo-
logically confi rmed to contain carcinoma in 4 of 
15 (27 %) patients, but which was not identifi ed 
during surgical exploration using traditional 
inspection and palpation. There was a change in 
the surgical plan as a result of the occult fi ndings 
at radioimmunoguided surgery in 3 of 15 (20 %) 
patients. 

 In 1995, Arnold et al. [ 1 ,  120 ] at The Ohio 
State University (Columbus, Ohio, USA) 
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 investigated the role of radioimmunoguided sur-
gery as an intraoperative prognostic indicator of 
survival in primary colorectal cancer patients. All 
patients were intravenously injected with 2 mCi 
(74 MBq) of  125 I- CC49 murine MAb at approxi-
mately 21 days prior to the time of surgery. A 
total of 31 primary colorectal cancer patients 
with  125 I-CC49 murine MAb localization were 
assessed for the presence or absence of residual 
radioimmunoguided surgery-positive tissue 
detected in surgical fi eld at the completion of the 
operative procedure. Patients were classifi ed as 
radioimmunoguided surgery positive (i.e., resid-
ual radioimmunoguided surgery-positive tissue 
detected in surgical fi eld at the completion of the 
operative procedure) or radioimmunoguided sur-
gery negative (i.e., no residual radioimmunogu-
ided surgery-positive tissue detected in surgical 
fi eld at the completion of the operative proce-
dure). A total of 109 extra-regional sites of radio-
immunoguided surgery positivity were identifi ed 
with the gamma detection probe, including the 
gastrohepatic ligament, celiac axis, pelvis, retro-
peritoneum, liver, omentum, small bowel and its 
mesentery, abdominal wall, and diaphragm. At 
the conclusion of the surgical procedure, there 
were 17 and 14 patients, respectively, who were 
assessed as radioimmunoguided surgery positive 
and radioimmunoguided surgery negative. For a 
patient follow-up duration that ranged from 30 to 
54 months, only 2 of 17 patients (12 %) with 
residual radioimmunoguided surgery-positive 
tissue were still alive, while all 14 patients 
(100 %) with no residual radioimmunoguided 
surgery-positive tissue were still alive at last 
 follow- up ( p  < 0.0001). The authors concluded 
that the presence or absence of residual radioim-
munoguided surgery-positive tissue provided 
immediate and accurate prognostic information 
regarding the behavior of the tumor and patient 
outcomes in primary colorectal cancer patients, 
with radioimmunoguided surgery-negative 
patients having improved overall survival. 

 In 1995, Bertsch et al. [ 1 ,  121 ] at The Ohio 
State University (Columbus, Ohio, USA) simi-
larly investigated the role of radioimmunoguided 
surgery as an intraoperative prognostic indicator 
of survival in recurrent colorectal cancer patients. 

A total of 131 patients with recurrent colorectal 
cancer were injected with 2 mCi (74 MBq) of 
 125 I-B72.3 murine MAb ( n  = 86) or 1 mCi 
(37 MBq) of  125 I-CC49 murine MAb ( n  = 45) and 
underwent surgical exploration using traditional 
inspection and palpation, followed by a system-
atic re-exploration of the surgical fi eld using a 
commercially available gamma detection probe 
system. Of the 49 patients judged as successfully 
resected at the end of their surgical procedure 
(i.e., radioimmunoguided surgery-negative 
patients with successful removal of all tradition-
ally evident disease and all radioimmunoguided 
surgery-positive tissue), 55 % (27 patients) were 
alive at 2–8 years following surgery, with a mini-
mal patient follow-up duration of 28 months. In 
contrast, of the 82 patients judged as unresectable 
or incompletely resected at the end of their surgi-
cal procedure (including by radioimmunoguided 
surgery), only 2.4 % (2 patients) were still alive 
at the end of the same analyzed patient follow-up 
duration. Likewise, none of the patients deemed 
to be surgically resectable by traditional intraop-
erative inspection and palpation techniques but 
unresectable by radioimmunoguided surgery 
were still alive. A signifi cant improvement in sur-
vival ( p  < 0.0001) was observed among patients 
with recurrent colorectal cancer undergoing a 
resection of all disease found by a combination of 
both traditional intraoperative inspection and pal-
pation techniques and by radioimmunoguided 
surgery. The authors concluded that radioimmu-
noguided surgery provided useful immediate 
information regarding extent of disease and 
resectability, and provided accurate prognostic 
information regarding long-term patient outcome 
for recurrent colorectal cancer patients. 

 In 1998, Arnold et al. [ 1 ,  124 ] at The Ohio 
State University (Columbus, Ohio, USA) pub-
lished a survival analysis of a longer follow-up 
duration on a group of 97 primary colorectal can-
cer patients who received a second-generation 
 125 I-labeled anti-TAG-72 MAb, consisting of 
either  125 I-CC49 murine MAb or  125 I-CC83 
murine MAb, but for which the number of 
patients receiving  125 I-CC49 murine MAb versus 
 125 I-CC83 murine MAb was not specifi ed. 
Survival was assessed using standard TNM 
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 staging (based upon histologic confi rmation of 
disease) and using the presence or absence of 
radioimmunoguided surgery-positive tissue at 
the end of the surgical procedure. There were 38 
patients deemed nonevaluable, secondary to the 
presence of nonresectable, stage IV disease 
( n  = 26), failure of tumor localization of 
 125 I-labeled murine MAb ( n  = 10), and no postop-
erative histologic evidence of malignancy ( n  = 2). 
The mean follow-up among the 59 evaluable 
patients was 62 months (range 34–89 months). 
Based on standard TNM staging, 13, 18, and 28 
patients were classifi ed as stage I, stage II, and 
stage III, respectively. Of the 59 evaluable 
patients, 24 patients (41 %) were deemed radio-
immunoguided surgery negative, and 35 patients 
(59 %) were deemed radioimmunoguided sur-
gery positive at the end of the surgical procedure. 
Due to the small sample size of each stage of dis-
ease within the evaluable group, no signifi cant 
differences could be observed in survival by stage 
using standard TNM staging ( p  = 0.12) or in sur-
vival by stage using radioimmunoguided surgery 
status ( p  = 0.73). However, a signifi cant differ-
ence in survival was observed by analyzing the 
radioimmunoguided surgery status alone 
( p  < 0.0002), with 87 % (21/24) of radioimmu-
noguided surgery-negative patients alive and 
only 40 % (14/35) of radioimmunoguided 
surgery- positive patients alive at a mean follow-
 up duration of 62 months. The authors concluded 
that radioimmunoguided surgery provided perti-
nent intraoperative information, thus functioning 
as an intraoperative prognostic tool for predicting 
long-term patient outcome and for helping to 
individualize and optimize therapeutic strategies 
of each colorectal cancer patient. 

 Since that time, there have been several subse-
quent longer duration survival analyses published 
by the group at The Ohio State University 
(Columbus, Ohio, USA) on primary colorectal 
cancer patients receiving 125 I-labeled murine anti- 
TAG- 72 MAb and who underwent radioimmu-
noguided surgery [ 1 ,  19 ,  133 ]. Most recently, in 
2012, Povoski et al. [ 133 ] performed a compre-
hensive survival analysis of primary colorectal 
cancer patients with a minimum 15-year duration 
of patient follow-up after radioimmunoguided 

surgery, in order to assess the impact of complete 
surgical resection of all detectable  125 I-labeled 
anti-TAG-72 murine MAb (i.e., detectable TAG- 
72 antigen) on long-term patient outcome. 
Between July 1990 and August 1995, 102 pri-
mary colorectal cancer patients were intrave-
nously injected with a  125 I-labeled anti-TAG-72 
murine MAb (98 patients with  125 I-CC49 murine 
MAb and 4 patients with  125 I-CC83 murine 
MAb). At surgery, 92 patients (90.2 %) demon-
strated tumor localization of  125 I-labeled anti- 
TAG- 72 murine MAb (88 patients with  125 I-CC49 
murine MAb and 4 patients with  125 I-CC83 
murine MAb). The 92 patients demonstrating 
tumor localization at surgery were defi ned as the 
study group and were compared with 546 control 
group patients, consisting of all other colorectal 
cancer patients (both biopsy-proven primary car-
cinomas and villous adenomas suspected of con-
taining carcinoma) who were seen at The Ohio 
State University (Columbus, Ohio, USA) during 
the same time interval. There was no difference 
in the time-dependent survival analysis per-
formed at 5-, 10-, and 15-year intervals between 
the study group and the control group, signifying 
that the study group was representative of all pri-
mary colorectal cancer patients evaluated during 
the same time frame. The 92 patient study group 
was then used to assess the correlation between 
TAG-72 antigen status at the completion of sur-
gery and long-term patient outcome. Of the 92 
patients in the study group, 33 patients (35.9 %) 
had no evidence of detectable TAG-72 antigen- 
bearing tissues (i.e., TAG-72-negative group) 
upon completion of the operation, whereas 59 
patients (64.1 %) had evidence of persistent 
detectable TAG-72 antigen-bearing tissues (i.e., 
TAG-72-positive group) upon completion of the 
operation. For all stages of disease (stage 0, I, II, 
III, and IV), the TAG-72-negative group had a 
signifi cantly improved median survival as com-
pared to the TAG-72-positive group (8.8 years vs. 
2.5 years,  p  = 0.005), with no signifi cant survival 
difference at the fi rst 5-year interval between the 
two TAG-72 groups (69.7 % vs. 32.2 %,  p  = 0.27) 
but with improved survival for the TAG-72- 
negative group as compared to the TAG-72-
positive group at the subsequent 10- and 15-year 
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intervals (45.4 % vs. 22.0 % at 10 years;  p  = 0.002, 
and 39.4 % vs. 20.3 % at 15 years;  p  = 0.003). For 
early-stage disease (stages 0, I, and II), there 
were no signifi cant differences in the median sur-
vival or time-dependent survival analysis at the 
5-, 10-, and 15-year intervals between the two 
TAG-72 groups. For advanced-stage disease 
(stage III and IV), the TAG-72-negative group 
had a signifi cantly improved median survival 
(6.2 years vs. 1.6 years,  p  < 0.001), and time- 
dependent survival analysis revealed that 
although survival was not signifi cantly different 
at the fi rst 5-year interval (57.9 % vs. 18.4 %, 
 p  = 0.13), the TAG-72-negative group had signifi -
cantly improved survival as compared to the 
TAG-72-positive group at the subsequent 10- and 
15-year intervals (42.1 % vs. 7.9 % at both 10 
years and 15 years;  p  = 0.03). Finally, time- 
dependent multivariate Cox proportional hazards 
regression analysis was carried out and demon-
strated that pathologic stage of disease and TAG- 
72 positivity were both signifi cantly associated 
with long-term mortality at both the 10-year 
interval (with a 57 % increase in long-term mor-
tality risk for each level increase in stage of dis-
ease and a 113 % increase in long-term mortality 
risk for TAG-72 positivity) and the 15-year inter-
val (with a 82 % increase in long-term mortality 
risk for each level increase in stage of disease and 
a 104 % increase in long-term mortality risk for 
TAG-72 positivity). The authors concluded that 
the absence of detectable TAG-72 antigen within 
the surgical fi eld at the completion of radioim-
munoguided surgical procedure for primary 
colorectal cancer was of signifi cant prognostic 
value and conferred a long-term and sustainable 
survival advantage to those patients in whom 
complete surgical removal of all tissues with 
detectable radiolabeled anti-TAG-72 murine 
MAb (i.e., detectable TAG-72 antigen) was 
accomplished. 

 Several other groups of investigators have uti-
lized  125 I-CC49 murine MAb in radioimmunogu-
ided surgery for colorectal cancer [ 1 ,  125 – 130 ]. 

 In 1997, Manayan et al. [ 125 ] from Swedish 
Hospital Medical Center (Seattle, Washington, 
USA) evaluated radioimmunoguided surgery in 
colorectal cancer patients using  125 I-CC49 murine 

MAb. Patients were intravenously injected with 
2 mCi (74 MBq) of  125 I-CC49 murine MAb, and 
for which the subsequent time to surgery was not 
reported. There were 26 evaluable colorectal can-
cer patients, including 19 with primary colorectal 
cancer and 7 with recurrent colorectal cancer. All 
patients underwent surgical exploration using 
traditional inspection and palpation, followed by 
a systematic re-exploration of the surgical fi eld 
using a commercially available gamma detection 
probe system. Tumor localization of  125 I-CC49 
murine MAb was demonstrated in 14 of 19 
(73 %) patients with primary colorectal cancer 
and in all 7 (100 %) patients with recurrent 
colorectal cancer. Overall, occult sites of  125 I- 
CC49 murine MAb uptake, which were not 
detected by traditional inspection and palpation, 
were identifi ed by radioimmunoguided surgery 
in a total of 33 sites from among 15 of 26 (58 %) 
patients, including 12 of 19 (63 %) primary 
colorectal cancer patients and 3 of 7 (43 %) 
recurrent colorectal cancer patients. The fi nding 
of occult disease by radioimmunoguided surgery 
resulted in a change in therapeutic decision- 
making in 6 of 26 (23 %) cases. The author con-
cluded that radioimmunoguided surgery provided 
additional intraoperative information for better 
determination of the stage of disease and was 
impactful on therapeutic decision-making. 

 From 1997 to 2001, additional investigations 
into radioimmunoguided surgery in colorectal 
cancer patients using  125 I-CC49 murine MAb 
were reported by Schneebaum et al. [ 1 ,  126 – 130 ] 
at Tel-Aviv University (Tel-Aviv, Israel). Overall, 
they evaluated a total of 58 patients with  recurrent 
colorectal cancer who were intravenously 
injected with 2 mCi (74 MBq) of  125 I-CC49 
murine MAb at approximately 24 days prior to 
surgery. All patients underwent surgical explora-
tion using traditional inspection and palpation, 
followed by a systematic re-exploration of the 
surgical fi eld using a commercially available 
gamma detection probe system. Tumor localiza-
tion of  125 I-CC49 murine MAb was seen in 54 of 
58 patients (96 %). While traditional surgical 
exploration identifi ed 117 suspected tumor sites, 
radioimmunoguided surgery identifi ed 177 sus-
pected tumor sites. Histologic H&E confi rmation 
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of tumor was confi rmed in 131 suspected tumor 
sites. In 17 of 58 patients (29.3 %), there was at 
least one occult tumor site identifi ed by radioim-
munoguided surgery and subsequent histologic 
H&E confi rmation which was not initially identi-
fi ed by traditional surgical exploration. The fi nd-
ing of occult disease by radioimmunoguided 
surgery resulted in a major change in the intraop-
erative surgical decision-making in 16 of 58 
(27.6 %) cases. Additionally, they reported that 
there was a difference in histologic H&E confi r-
mation of radioimmunoguided surgery-positive 
excised tissues (i.e., “radioimmunoguided sur-
gery performance”) for non-lymphoid tissues 
versus lymphoid tissues, with a positive predic-
tive value and a negative predictive value for 
radioimmunoguided surgery of 96 % and 90 % in 
non-lymphoid tissues as compared to 40 % and 
100 % in lymphoid tissues, respectively. The 
author concluded that radioimmunoguided sur-
gery increased the chance of intraoperatively 
fi nding occult disease and resultantly provided 
additional information that affected intraopera-
tive surgical decision-making and postoperative 
therapy planning.  

24.6.1.4     Radioimmunoguided 
Surgery Using Humanized 
CC49 Monoclonal Antibody 

 The third-generation radiolabeled anti-TAG-72 
MAb utilized in radioimmunoguided surgery was 
 125 I-labeled humanized C H 2 domain-deleted 
CC49 MAb ( 125 I-HuCC49∆C H 2 MAb) [ 1 ,  59 , 
 134 ]. In 2004, the results of a phase I pilot clini-
cal trial conducted at The Ohio State University 
(Columbus, Ohio, USA) using  125 I-HuCC49∆C H 2 
MAb was reported for assessing the clearance, 
safety, and effectiveness of localization of this 
humanized domain-deleted anti-TAG-72 MAb 
during radioimmunoguided surgery [ 134 ]. Study 
eligibility included patients with recurrent 
colorectal cancer undergoing a surgical explora-
tion and excluded those patients with any prior 
exposure to murine antibodies. A total of 20 
patients with recurrent colorectal cancer were 
evaluated. All patients were intravenously 
injected with 2 mCi (74 MBq) of 
 125 I-HuCC49∆C H 2 MAb. HAMA determinations 

were obtained at baseline, as well as at 4–6 weeks 
and 12 weeks post-injection of the 
 125 I-HuCC49∆C H 2 MAb. At the time of their sub-
sequent surgery, patients underwent surgical 
exploration using traditional inspection and pal-
pation techniques, followed by a systematic re-
exploration of the surgical fi eld using a 
commercially available gamma detection probe 
system. All suspicious tissues were biopsied or 
excised to determine the presence of absence of 
carcinoma, and the fi ndings were analyzed to 
determine the sensitivity and positive predictive 
value of traditional surgical exploration versus 
radioimmunoguided surgery exploration with the 
gamma detection probe. Of the 20 recurrent 
colorectal cancer patients evaluated, the fi rst 15 
patients had their surgical procedures performed 
at various time intervals (3, 5, 7, 9, 11, and 13 
days) after the injection of  125 I-HuCC49∆C H 2 
MAb and independent of the precordial counts. 
For the remaining 5 patients, surgery was per-
formed after the precordial counts fell below 30 
counts per two seconds, thus signifying an opti-
mal level of clearance of the  125 I-HuCC49 ∆C H 2 
MAb from the blood-pool background, which 
took place at 10–24 days after the injection of the 
 125 I-HuCC49∆C H 2 MAb. This level of clearance 
of the blood-pool background of the 
 125 I-HuCC49∆C H 2 MAb in these 5 patients 
allowed for intraoperative differentiation of 
radioimmunoguided surgery-positive tissue com-
pared to normal adjacent tissue. Among those 5 
patients with optimized clearance, there were 17 
suspicious tissue sites identifi ed using traditional 
surgical exploration and 21 suspicious tissue sites 
identifi ed by radioimmunoguided surgery explo-
ration with the gamma detection probe. 
Approximately 90 % of the sampled suspicious 
tissue sites identifi ed by both traditional surgical 
exploration and by radioimmunoguided surgery 
exploration with the gamma detection probe were 
histologically confi rmed to contain tumor. Of the 
6 suspicious tissue sites which were identifi ed 
only by radioimmunoguided surgery exploration 
with the gamma detection probe and not by tradi-
tional surgical exploration, 5 suspicious tissue 
sites were sampled, and all 5 were histologically 
confi rmed to contain tumor. The sensitivity and 
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the positive predictive value of  125 I-HuCC49∆C H 2 
MAb for identifying recurrent colorectal cancer 
was 64 % versus 92 % and 90 % versus 100 %, 
respectively, for traditional surgical exploration 
versus radioimmunoguided surgery exploration 
with the gamma detection probe. There was no 
signifi cant degree of HAMA response detected in 
any of the pilot study patients. The rate of tumor 
localization and detection of occult disease was 
similar that was previously reported by Arnold 
et al. [ 118 ] for the  125 I-CC49 murine MAb but 
was without any evidence of a detectable HAMA 
response in the current phase I pilot clinical trial 
[ 134 ]. The authors concluded that this pilot study 
demonstrated the safety and utility of 
 125 I-HuCC49∆C H 2 MAb in radioimmunoguided 
surgery for colorectal cancer patients. Despite 
these promising results, no further clinical trials 
specifi cally utilizing HuCC49∆C H 2 MAb were 
subsequently conducted secondary to corporate 
funding defi ciencies in ongoing research and 
development directed toward  125 I-HuCC49∆C H 2 
MAb.  

24.6.1.5     Radioimmunoguided 
Surgery Using Anti-CEA 
Murine Monoclonal 
Antibodies 

 There have been multiple groups of investigators 
who have limitedly evaluated the utility of radio-
immunoguided surgery using various radiola-
beled anti-CEA murine MAbs for colorectal 
cancer [ 1 ,  69 ,  70 ,  106 – 113 ,  116 ,  135 – 141 ]. 

 In 1990, Curtet et al. [ 135 ] from the French 
Institute of Health and Medical Research 
(INSERM, Nantes, France) evaluated 10 patients 
with colorectal cancer, including 6 primary 
colorectal cancer patients and 4 recurrent colorec-
tal cancer who were intravenously injected with 
2.0–4.8 mCi (74–178 MBq) of  111 In-anti-CEA 
murine MAb fragment ( 111 In-G15) at a time of 
approximately 2–6 days prior to surgery. Colon 
tumor and normal colon counts were compara-
tively recorded in 7 of the 10 evaluated patients, 
with all 7 demonstrating a colon tumor-to-normal 
colon count ratio greater than or equal to 1.2 and 
with 3 of those 7 patients demonstrating a colon 
tumor-to-normal colon count ratio greater than or 

equal to 2.6. In contrast, the colon tumor-to- 
normal liver count ratio was generally less than 
1.0, again emphasizing the limitation of all 
 111 In-labeled MAb in radioguided surgery sec-
ondary to the nonspecifi c accumulation of any 
given  111 In-labeled MAb conjugate within the 
liver, thus making it diffi cult to identify suspi-
cious liver lesions and limiting its application to 
only the identifi cation of extrahepatic sites of dis-
ease [ 117 ,  135 ]. The authors concluded that other 
radionuclides would be more suitable than  111 In 
for optimizing radioimmunoguided surgery. 

 In 1991, Dawson et al. [ 1 ,  69 ] from Charing 
Cross Hospital (London, United Kingdom) eval-
uated 43 patients undergoing surgery with pri-
mary colorectal cancer and 9 patients undergoing 
second-look laparotomy for recurrent colorectal 
cancer who were intravenously injected with 
2 mCi (74 MBq) of  125 I-anti-CEA murine MAb 
( 125 I-A 5 B 7 ) at a time of approximately 3–10 days 
prior to surgery. Tumor localization of  125 I-A 5 B 7  
was seen in 42 of 43 patients (97.7 %) with pri-
mary tumors and 8 of 9 patients (88.9 %) with 
recurrent disease undergoing a second-look pro-
cedure. Additional information concerning extent 
of disease was revealed by radioimmunoguided 
surgery in 11 of 43 (25.6 %) primary colorectal 
cancer patients and in 5 of 9 (55.6 %) recurrent 
colorectal cancer patients. Likewise, they found 
that the use of radioimmunoguided surgery 
altered the fi nal surgical procedure undertaken in 
2 of 43 cases (4.7 %) of primary colorectal cancer 
and in 3 of 9 cases (33.3 %) of recurrent colorec-
tal cancer. The authors concluded that radioim-
munoguided surgery had the greatest potential 
for altering the behavior of the surgeon during 
second-look procedures for recurrent colorectal 
cancer. 

 In 1995, Lechner et al. [ 1 ,  136 – 138 ] from 
Community Hospital of Klosterneuburg 
(Klosterneuburg, Austria) evaluated 20 patients 
with primary colorectal cancer in a prospective 
feasibility clinical trial who were intravenously 
injected with 25 mCi (925 MBq) of  99 Tc-anti- 
CEA murine MAb fragment ( 99 Tc-IMMU-4) at a 
time of approximately 24 h prior to surgery. 
Patients underwent preoperative external planar 
radioimmunoscintigraphy approximately 1 h 
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after injection and single-photon emission com-
puted tomography (SPECT) imaging approxi-
mately 4–8 h after injection. Tumor localization 
of  99 Tc-IMMU-4 was seen on preoperative exter-
nal planar radioimmunoscintigraphy and SPECT 
imaging in a total of 19 of 20 patients (95 %). 
Tumor localization of  99 Tc-IMMU-4 was demon-
strated during radioimmunoguided surgery in all 
20 patients (100 %), with radioimmunoguided 
surgery demonstrating the additional localization 
of a second synchronous tumor (previously 
unrecognized by colonoscopy or by preoperative 
external planar radioimmunoscintigraphy and 
SPECT imaging) within the ascending colon of a 
patient with a known primary rectal cancer. 
Additionally, radioimmunoguided surgery dem-
onstrated N1 lymph node metastases in 2 patients, 
N2/3 lymph node metastases in 3 patients, liver 
metastases in 1 patient, and peritoneal carcino-
matosis in 1 patient, all of which were not seen 
on preoperative external planar radioimmunos-
cintigraphy and SPECT imaging. Thus, the 
authors demonstrated that radioimmunoguided 
surgery assessment using  99 Tc-IMMU-4 resulted 
in the upstaging of disease in 7 of 20 patients 
(35 %). The authors concluded that radioimmu-
noguided surgery was helpful for more accurate 
staging of disease and was resultantly important 
for decision-making regarding postoperative 
adjuvant therapy planning. 

 In 1995, Di Carlo et al. [ 106 – 108 ] from 
University of Milan (Milan, Italy) evaluated 
radioimmunoguided surgery using  125 I-labeled 
biotinylated anti-CEA murine MAb fragment 
( 125 I-biotinylated F023C5) in a cumulative series 
of 15 colorectal cancer patients, including 12 pri-
mary colorectal cancer patients and 3 recurrent 
colorectal cancer patients. Patients were intrave-
nously injected with 2 mCi (74 MBq) of 
 125 I-biotinylated F023C5 murine MAb fragment, 
followed by 2 sequential intravenous injections 
of avidin for promoting more rapid clearance of 
the MAb from the blood-pool circulation, and 
followed by subsequent surgery performed 
approximately 6 days after the initial 
 125 I-biotinylated F023C5 murine MAb fragment 
injection. Intraoperative tumor localization with 
a gamma detection probe was successful in 8 of 

12 (67 %) primary colorectal cancer patients and 
in 2 of 3 (67 %) recurrent colorectal cancer 
patients. The intraoperative gamma detection 
probe fi ndings were instrumental in modifying 
the surgical approach in 3 of 15 (20 %) of patients, 
including 2 of 12 (17 %) primary colorectal can-
cer patients and 1 of 3 (33 %) recurrent colorectal 
cancer patients and thus leading to removal of 
occult sites of disease that would have otherwise 
gone unrecognized by traditional intraoperative 
inspection and palpation techniques alone. 

 In 1998, Percivale et al. [ 1 ,  109 – 111 ] from 
University of Genoa (Genoa, Italy) evaluated 
radioimmunoguided surgery with  125 I-F023C5 
murine MAb fragment in a group of 34 patients 
with recurrent or metastatic colorectal cancer 
using a commercially available gamma detection 
probe system. Patients were intravenously 
injected with 2 mCi (74 MBq) of  125 I-F023C5 
murine MAb fragment at a mean of 10.9 ± 0.8 days 
prior to surgery. A total of 54 histologically con-
fi rmed tumor sites were identifi ed at by traditional 
surgical exploration and radioimmunoguided sur-
gery. Intraoperative gamma detection probe 
assessment at the time of radioimmunoguided 
surgery identifi ed 52 sites of  125 I-F023C5 murine 
MAb fragment uptake. Therefore, radioimmu-
noguided surgery correctly identifi ed tumor in 50 
of 54 (93 %) histologically confi rmed tumor sites, 
with only 2 of 52 (4 %) false-negative results. 
Based upon the fi ndings of intraoperative gamma 
detection probe assessment alone, radioimmu-
noguided surgery identifi ed additional occult sites 
of disease in 3 of 34 patients (9 %) which was not 
detected by traditional surgical exploration alone. 
The authors concluded that radioimmunoguided 
surgery with  125 I-F023C5 murine MAb fragment 
provided essential information in selected cases 
for patients with recurrent or metastatic colorectal 
cancer. 

 In 1998, Renda et al. [ 1 ,  112 ] from University 
of Naples Federico II (Naples, Italy) reported 
on the detection of  99m Tc-anti-CEA murine 
MAb radioimmunoguided surgery in 10 patients 
with colorectal cancer. Patients were intrave-
nously injected with a nonspecifi ed dose of 
  99m Tc-anti- CEA murine MAb at approximately 
24 h prior to surgery. Radioimmunoguided 
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 surgery successfully identifi ed tumor in 6 of 10 
(60 %)  99m Tc- anti- CEA murine MAb patients. 
The authors were unable to draw any signifi cant 
conclusions from their radioimmunoguided sur-
gery experience and recommended the evaluation 
of newer MAbs. 

 In 1999, Veroux et al. [ 113 ] from University 
of Catania (Catania, Italy) evaluated 15 colorec-
tal cancer patients (including 10 primary colorec-
tal cancer patients and 5 recurrent colorectal 
cancer patients) who were intravenously injected 
with 2–3 mCi (74–111 MBq) of  125 I-anti-CEA 
murine MAb fragment ( 125 I-F023C5) at approxi-
mately 24–48 h prior to surgery. 
Radioimmunoguided surgery successfully identi-
fi ed tumor in 12 of 15 patients (80 %), including 
9 of 10 (90 %) primary colorectal cancer patients 
and 3 of 5 (60 %) recurrent colorectal cancer 
patients [Personal communication: Massimiliano 
Veroux, University Hospital of Catania, Catania, 
Italy, veroux@unict.it, January 8, 2015]. 

 In 2000, Mayer et al. [ 139 ] from University 
College London (London, United Kingdom) 
evaluated 33 colorectal cancer patients, including 
17 primary tumors, 16 with liver metastases, and 
1 with an anastomotic recurrence, who were 
intravenously injected with 1.5–7.7 mCi (57–
285 MBq) of  125 I-anti-CEA murine single-chain 
monoclonal antibody fragment ( 125 I-MFE-23-his) 
at a time of 1–6 days prior to surgery. A total of 
51 sites were intraoperatively assessed with a 
commercially available gamma detection probe 
system. They demonstrated that 82 % of probed 
sites were true positives, with a sensitivity of 
84 %, positive predictive value of 100 %, and 
overall accuracy of 84 %. 

 In 2001, Hladik et al. [ 1 ,  116 ] from Charles 
University/Faculty of Medicine in Hradec 
Králové (Hradec Králové, Czech Republic) eval-
uated the detection of  99 Tc-IMMU-4 murine 
MAb fragment by preoperative radioimmunos-
cintigraphy, radioimmunoguided surgery, and 
histology (H&E and immunohistochemistry) in 
65 patients with either primary or recurrent 
colorectal cancer. Patients were intravenously 
injected with 18.9–24.3 mCi (700–900 MBq) of 
 99 Tc-IMMU-4 murine MAb fragment at a time of 
approximately 24 h prior to surgery. Preoperative 

radioimmunoscintigraphy identifi ed primary or 
recurrent tumor in 60 of 65 (92 %) patients. They 
determined that preoperative radioimmunoscin-
tigraphy using  99 Tc-IMMU-4 murine MAb frag-
ment led to a sensitivity and accuracy for the 
detection of primary tumor or local recurrence of 
92 % and 92 %, for the detection of hepatic 
metastases of 75 % and 92 %, and for the detec-
tion of extrahepatic metastases of 57 % and 78 %, 
respectively. Intraoperative gamma detection 
probe assessment identifi ed radioimmunoguided 
surgery-positive lymph nodes in 23 of 65 (35 %) 
patients. Of the 23 radioimmunoguided surgery- 
positive lymph node of the patients, 19 (82 %) 
were confi rmed positive for lymph node involve-
ment by histology, including histologic confi rma-
tion recognized by immunohistochemistry alone 
in 3 of 19 (16 %) histologically confi rmed lymph 
node-positive patients. The authors concluded 
that radioimmunoguided surgery was potentially 
useful in the surgical management of primary 
colorectal patients by improving the intraopera-
tive assessment of the extent of disease and stag-
ing of disease as a result of more accurately 
identifying occult lymph node disease. 

 In 2002 and 2007, Gioffrè Florio et al. [ 140 , 
 141 ] from University of Messina (Messina, Italy) 
sequentially reported upon a cumulative series of 
25 patients with colorectal cancer, including 8 
primary colorectal cancer patients and 17 recur-
rent colorectal cancer patients who were intrave-
nously injected with approximately 20–30 mCi 
(750–1110 MBq) of  99m Tc-IMMU-4 murine 
MAb fragment at a time of approximately 24 h 
prior to surgery. Patients also underwent preop-
erative radioimmunoscintigraphy at 2–4 h after 
injection and again repeated at 8 and 24 h after 
injection in selected cases. Preoperative radioim-
munoscintigraphy demonstrated tumor localiza-
tion in 24 of 25 patients. Intraoperative gamma 
detection probe assessment demonstrated tumor 
localization in all 25 patients. The authors con-
cluded that radioimmunoguided surgery was use-
ful for directing removal of tumor, verifying 
complete resection and assessing negative mar-
gin status, and demonstrated the ability to iden-
tify metastatic tumor foci of less than 1 cm 3  in 
size. 
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 Finally, in 2003, Gu et al. [ 1 ,  70 ] from Beijing 
Cancer Hospital of Peking University (Beijing, 
China) evaluated 29 patients with primary 
colorectal cancer who were injected with 1 mCi 
(37 MBq) of  125 I-anti-CEA murine MAb ( 125 I- 
CL58) into the colonic submucosa at the tumor 
surrounding areas (at 2, 4, 6, 8, 10, and 12 o’clock 
locations) via colonoscopy at a time of approxi-
mately 3–14 days prior to surgery. Tumor local-
ization of  125 I-CL58 with a commercially 
available gamma detection probe system was 
seen in 27 of 29 (93.1 %) patients, and radioim-
munoguided surgery correctly identifi ed negative 
surgical resection margins in 42 of 44 (95.5 %) 
H&E-negative surgical resection margin speci-
mens. In this study, the authors reported that the 
sensitivity (92.0 % vs. 60.0 %;  p  = 0.0087) and 
specifi city (87.8 % vs. 79.2 %;  p  = 0.0117) of 
radioimmunoguided surgery versus traditional 
surgical exploration for correctly identifying 
lymph node metastases was statistically signifi -
cantly greater for radioimmunoguided surgery.  

24.6.1.6     Radioimmunoguided 
Surgery Using Anti-A33 
Transmembrane 
Glycoprotein Antigen 
Humanized Monoclonal 
Antibody 

 In 2008, Strong et al. [ 142 ] at Memorial Sloan- 
Kettering Cancer Center (New York, New York, 
USA) reported on 2 patients with colorectal can-
cer undergoing radioimmunoguided surgery 
using  124 I-huA33 MAb, a humanized MAb 
directed against the A33 transmembrane glyco-
protein antigen. Both patients were intravenously 
injected with 4 mCi (148 MBq) of  124 I-huA33 
MAb at approximately 7 days prior to surgery. 
Whole-body positron emission tomography 
(PET) imaging was performed within 4 h after 
 124 I-huA33 MAb injection and again at approxi-
mately 7 days after  124 I-huA33MAb injection 
(but within 3 h of the start of surgery). 
Radioimmunoguided surgery was undertaken 
using a commercially available high-energy 
gamma detection probe and a commercially 
available beta detection probe, with  in situ  tumor 
counts,  in situ  background, and  ex situ  tumor 

counts taken. Postoperative specimen PET imag-
ing was performed on surgically resected tissue. 
They reported a signifi cantly greater tumor-to- 
background count ratio for the beta detection 
probe (approximately 6.2-to-1 to 6.3-to-1) as 
compared to the high-energy gamma detection 
probe (approximately 2.5-to-1 to 3.7-to-1).  

24.6.1.7     Radioimmunoguided 
Surgery Using a Multiple 
Monoclonal Antibody 
“Cocktail” 

 Clinical investigations into the use of a multiple 
MAb “cocktail” in radioimmunoguided surgery 
are limited to the reported experience of a group 
of investigators from University of Milan (Milan, 
Italy) [ 108 ,  143 ]. 

 In 1995, Di Carlo et al. [ 108 ] from University 
of Milan (Milan, Italy) evaluated radioimmu-
noguided surgery using a doublet MAb “cock-
tail” of  125 I-biotinylated B72.3 murine MAb and 
 125 I-biotinylated F023C5 murine MAb in 16 
colorectal cancer patients, including 6 with pri-
mary colorectal cancer and 10 with recurrent 
colorectal cancer. The patients were intrave-
nously injected with a total dose of approxi-
mately 2 mCi (74 MBq) of this MAb “cocktail”, 
consisting of  125 I-biotinylated B72.3 murine MAb 
and  125 I-biotinylated F023C5 murine MAb, 
sequentially followed by a subsequent intrave-
nous injection of 1 mg of avidin 48 h after the 
initial MAb “cocktail” intravenous injection and 
an additional intravenous injection of 3 mg of 
avidin 24–48 h prior to surgery for promoting 
more rapid clearance of the MAb “cocktail” from 
the blood-pool circulation and subsequent sur-
gery performed approximately 6 days after the 
initial MAb “cocktail” intravenous injection. 
Tumor localization of the doublet MAb “cock-
tail” with a gamma detection probe was success-
ful in 12 of 16 (75 %) patients, including in 5 of 
6 (83 %) primary colorectal cancer patients and 
in 7 of 10 (70 %) recurrent colorectal cancer 
patients. The intraoperative gamma detection 
probe fi ndings were instrumental in modifying 
the surgical therapeutic approach in 4 of 10 
(40 %) recurrent colorectal cancer patients, thus 
leading to removal of occult sites of disease that 
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would have otherwise gone unrecognized by tra-
ditional intraoperative inspection and palpation 
techniques alone. 

 In 1997, de Nardi et al. [ 143 ] from University 
of Milan (Milan, Italy) evaluated radioimmu-
noguided surgery using a triplet MAb “cocktail” 
of  125 I-biotinylated B72.3 murine MAb, 
 125 I-biotinylated F023C5 murine MAb, and 
 125 I-biotinylated F023C3 murine MAb in 14 
colorectal cancer patients, including 8 with pri-
mary colorectal cancer and 6 with recurrent 
colorectal cancer. The patients were intrave-
nously injected with a total dose of approxi-
mately 2 mCi (74 MBq) of this MAb “cocktail”, 
consisting of  125 I-biotinylated B72.3 murine 
MAb,  125 I-biotinylated F023C5 murine MAb, 
and  125 I-biotinylated F023C3 murine MAb, fol-
lowed by a subsequent intravenous injection of 
1 mg of avidin 24–48 h after the initial MAb 
“cocktail” intravenous injection for promoting 
more rapid clearance of the MAb “cocktail” 
from the blood- pool circulation (with a second 
and third intravenous injection of avidin, if 
needed) and subsequent surgery performed 
approximately 4 days after the initial MAb 
“cocktail” intravenous injection. Tumor local-
ization of the triplet MAb “cocktail” with a 
gamma detection probe was successful in 10 of 
14 (71 %) patients, including in 6 of 8 (75 %) 
primary colorectal cancer patients and in 4 of 6 
(67 %) recurrent colorectal cancer patients. The 
intraoperative gamma detection probe fi ndings 
were instrumental in modifying the surgical 
therapeutic approach in 2 of 6 (33 %) recurrent 
colorectal cancer patients, thus leading to 
removal of occult sites of disease that would 
have otherwise gone unrecognized by traditional 
intraoperative inspection and palpation tech-
niques alone. The author postulated that radio-
immunoguided surgery using a MAb “cocktail” 
could improve the sensitivity of tumor detection 
by allowing binding to more antigenic sites.   

24.6.2     Gastric Cancer 

 The feasibility of radioimmunoguided surgery 
for gastric cancer has been evaluated in a 

 somewhat limited fashion by several groups of 
investigators [ 1 ,  98 ,  144 – 148 ]. 

 In 1988, Martin et al. [ 1 ,  98 ] at The Ohio State 
University (Columbus, Ohio, USA) evaluated 
 125 I-B72.3 murine MAb in 5 patients with gastric 
cancer (including 3 primary gastric cancer 
patients and 2 recurrent gastric cancer patients) 
undergoing radioimmunoguided surgery. The 
patients were intravenously injected with approx-
imately 4–5 mCi (148–185 MBq) of  125 I-B72.3 
murine MAb at a time of 5–23 days (mean 15 
days) prior to surgery. Intraoperative fi nding at 
the time of gamma detection probe assessment 
revealed tumor localization in 4 of 5 gastric can-
cer patients (80 %), including correctly identify-
ing lymph node metastases in 4 of 5 patients 
(80 %). 

 In 1994, Xu et al. [ 1 ,  144 ] and Liu et al. [ 1 , 
 145 ] from Beijing Cancer Hospital of Peking 
University (Beijing, China) evaluated  131 I-3H11, 
a murine MAb raised against human gastric can-
cer cells, in 23 patients with primary gastric can-
cer undergoing radioimmunoguided surgery. 
There were 19 patients who received an endo-
scopic submucosal injection of 0.25–0.8 mCi 
(9.25–29.6 MBq) of  131 I-3H11 at 4 points around 
the tumor, as well as 4 patients who received an 
intravenous injection of a nonspecifi ed dose of 
 131 I-3H11. Of the 19 patients receiving an endo-
scopic submucosal injection of  131 I-3H11, 18 
patients underwent intraoperative gamma detec-
tion probe assessment. They reported an ability 
to detect “cancer infi ltration of the gastric wall” 
with a sensitivity of 94.6 %, specifi city of 96.7 %, 
and accuracy of 95.9 %. They reported detection 
of metastatic lymph nodes with a sensitivity of 
99.2 %, specifi city of 97.7 %, and accuracy of 
98.8 %. The authors concluded that radioimmu-
noguided surgery “may improve the radical 
resectability rate and possibly the overall survival 
rate in patients with gastric cancer.” 

 In 1998, Lucisano et al. [ 1 ,  146 ] from 
University of Genoa (Genoa, Italy) evaluated  125 I- 
B72.3 murine MAb in 7 patients with gastric can-
cer undergoing radioimmunoguided surgery. The 
patients were intravenously injected with approx-
imately 2 mCi (74 MBq) of  125 I-B72.3 murine 
MAb at a time of 14–30 days (mean 19 days) 
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prior to surgery. The correct radioimmunoguided 
surgery  in situ  identifi cation of the primary tumor 
was seen in 4 of 7 patients (57 %) and of meta-
static lymph nodes in 2 of 4 patients (50 %). 

 Also, in 1998, Mussa et al. [ 147 ] from 
University of Turin (Turin, Italy) evaluated  111 In- 
B72.3 murine MAb in 3 patients with gastric can-
cer undergoing radioimmunoguided surgery. The 
patients were intravenously injected with approxi-
mately 5 mCi (185 MBq) of  111 In-B72.3 murine 
MAb at a time of 7 days prior to surgery. 
Intraoperative gamma detection probe assessment 
confi rmed  in situ  tumor-to-background counts of 
greater than 2 in all 3 cases and, based upon all 
primary tumor site and lymph node basins exam-
ined, demonstrated a sensitivity of 100 %, speci-
fi city of 72 %, and no false-negative fi ndings. 

 Finally, in 2000, Wang et al. [ 148 ] from 
Beijing Medical University (Peking, China) eval-
uated  125 I-3H11 murine MAb in 35 patients with 
primary gastric cancer undergoing radioimmu-
noguided surgery. All patients received an endo-
scopic submucosal injection of a nonspecifi ed 
dose of  125 I-3H11 around the tumor at a time of 
4–11 days prior to surgery. Of the 35 patients 
injected, 33 underwent subsequent successful 
radioimmunoguided surgery. They demonstrated 
a sensitivity of 83.6 %, specifi city of 95.0 %, and 
accuracy of 91.3 % for the detection of lymph 
node metastases. The presence of micrometa-
static lymph node disease was verifi ed immuno-
histochemically in 10 of 19 (52.6 %) lymph 
nodes that were radioimmunoguided surgery 
positive but were H&E negative. 

 Despite these early promising results, no fur-
ther clinical investigations into the clinical utility 
of radioimmunoguided surgery for gastric cancer 
have been subsequently pursued.  

24.6.3     Pancreatic Cancer 

 The feasibility of radioimmunoguided surgery 
for pancreatic cancer has been previously 
 evaluated in an extremely limited fashion [ 1 , 
 139 ,  149 ]. 

 In 1997, LaValle et al. [ 1 ,  149 ] from The 
Ohio State University (Columbus, Ohio, USA) 

 evaluated radioimmunoguided surgery for assess-
ing of the extent of disease in 10 cases of pancre-
atic adenocarcinoma that were deemed resectable 
by preoperative CT scan, including 9 patients 
with primary lesions and 1 patient with a pre-
sumed solitary hepatic metastasis at a time of 1 
year following prior pancreaticoduodenectomy. 
The patients were intravenously injected with 
2 mCi (74 MBq) of  125 I-CC49 murine MAb and 
then underwent surgery after adequate clearance 
of the blood-pool background was determined by 
precordial gamma detection probe counts at a 
mean time of 26.1 days (range 7–35 days) after 
injection. At the time of surgery, patients under-
went surgical exploration at the time of laparot-
omy using traditional inspection and palpation, 
followed by a systematic re-exploration of the 
surgical fi eld using a commercially available 
gamma detection probe system. There were 3 
patients who ultimately underwent pancreatic 
resection for locoregional disease, whereas the 
other 7 patients had visceral metastases, carcino-
matosis, or both that were detected at the time of 
laparotomy. All sites suspicious for tumor by tra-
ditional inspection and palpation assessment of 
the abdomen were verifi ed to be radioimmunogu-
ided surgery positive. However, additional occult 
pancreatic adenocarcinoma was identifi ed by 
radioimmunoguided surgery assessment alone, 
demonstrating dissemination of disease to both 
the abdominal viscera and lymph nodes. 
Radioimmunoguided surgery assessment 
detected signifi cantly more total sites (viscera 
and lymph node sites) of metastatic disease than 
traditional inspection and palpation assessment 
(73 sites vs. 31 sites for radioimmunoguided sur-
gery assessment vs. traditional inspection and 
palpation assessment, respectively,  p  < 0.05), 
with the greatest difference being observed for 
lymph node metastases (44 sites vs. 6 sites for 
radioimmunoguided surgery assessment vs. tra-
ditional inspection and palpation assessment, 
respectively,  p  < 0.001). 

 In 2000, Mayer et al. [ 139 ] from University 
College London (London, United Kingdom) 
evaluated  125 I-MFE-23-his, an anti-CEA murine 
single-chain monoclonal antibody fragment, in a 
single patient with hepatic metastases from 
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 pancreatic cancer undergoing radioimmunogu-
ided surgery, as well as in addition to 34 other 
patients with colorectal cancer. However, the 
details regarding the radioimmunoguided surgery 
procedure fi ndings for the single patient with 
hepatic metastases from pancreatic cancer were 
not described in this report. 

 Despite these early promising results, no fur-
ther clinical investigations into the clinical utility 
of radioimmunoguided surgery for pancreatic 
cancer have been subsequently pursued.  

24.6.4     Breast Cancer 

 The feasibility of radioimmunoguided surgery 
for breast cancer has been evaluated in a some-
what limited fashion by several groups of investi-
gators [ 1 ,  98 ,  110 ,  150 – 153 ]. 

 In 1989, Nieroda et al. [ 1 ,  98 ,  150 ] from The 
Ohio State University (Columbus, Ohio, USA) 
evaluated radioimmunoguided surgery for the 
intraoperative assessment of 14 patients with 
breast cancer undergoing either modifi ed radical 
mastectomy or breast-conserving surgery and 
axillary lymph node dissection. All patients were 
intravenously injected with 5 mCi (185 MBq) of 
 125 I-B72.3 murine MAb at a time of 6–24 days 
prior to surgery. A commercially available 
gamma detection probe system was used intraop-
eratively for determining  in situ  and  ex situ  probe 
counting within the breast tissue and the axillary 
tissue. Gamma probe counting correctly identi-
fi ed histologically confi rmed tumor in 7 of 8 
patients (88 %) with an intact breast tumor and 
correctly confi rmed the absence of tumor in 4 of 
6 patients (67 %) with no residual intact breast 
tumor (secondary to a prior diagnostic surgical 
excisional breast biopsy). Gamma probe count-
ing within the breast tissue was suspicious in 2 of 
14 patients in which histopathology could not 
confi rm residual tumor within the breast tissue. 
Unexpected occult breast tumor was identifi ed in 
3 of 14 patients (21 %). In the axillary tissues, 
probe counting identifi ed 1 of 2 cases (50 %) of 
histologically confi rmed lymph node involve-
ment and confi rmed the absence of lymph node 
involvement in 8 of 12 patients (67 %). Gamma 

probe counting within the axillary tissues was 
suspicious for lymph node involvement in 4 of 14 
patients (29 %) in which histopathology could 
not confi rm lymph node involvement. The 
authors concluded that radioimmunoguided sur-
gery appeared to be useful for identifi cation of 
residual, subclinical, and multicentric carcinoma 
of the breast and accurately delineates the pattern 
of antigenic drainage of tumor into the regional 
lymph nodes. 

 In 1996 and again identically re-reported in 
1998, Percivale et al. [ 1 ,  151 ], Badellino et al. [ 1 , 
 152 ], and Bertoglio et al. [ 110 ] from University 
of Genoa (Genoa, Italy) evaluated radioimmu-
noguided surgery for the intraoperative assess-
ment of 21 patients with locally advanced breast 
cancer who underwent 3 cycles of neoadjuvant 
fl uorouracil, epidoxorubicin, and cyclophospha-
mide prior to surgery with modifi ed radical mas-
tectomy. Patients were intravenously injected 
with either 1.5 mCi (56 MBq) of  125 I-B72.3 
murine MAb ( n  = 11) or 1.5 mCi (56 MBq) of 
 125 I- F023C5 (an anti-CEA murine MAb frag-
ment) ( n  = 10) at a mean time of 21.7 or 10.3 days, 
respectively, prior to the surgical procedure. A 
commercially available gamma detection probe 
system was used intraoperatively for determining 
 in situ  and  ex situ  gamma probe counting within 
the breast tissue, axillary region, and internal 
mammary region. In the  125 I-B72.3 murine MAb 
group, radioimmunoguided surgery correctly 
identifi ed the primary breast tumor in 7 of 11 
patients (64 %) and identifi ed occult multicentric 
disease in 2 of 4 patients (50 %). Likewise, in the 
 125 I-B72.3 murine MAb group, there were 8 of 11 
patients (73 %) who had histologically confi rmed 
lymph node involvement, with 3 of 8 such 
patients (38 %) correctly identifi ed by radioim-
munoguided surgery. In the  125 I- F023C5 group, 
radioimmunoguided surgery correctly identifi ed 
the primary breast tumor in 4 of 10 patients 
(40 %) and identifi ed occult multicentric disease 
in 1 of 2 patients (50 %). Likewise, in the  125 I- 
F023C5 group, there were 9 of 10 patients (90 %) 
who had histologically confi rmed lymph node 
involvement, with 3 of 9 such patients (33 %) 
correctly identifi ed by radioimmunoguided sur-
gery. There were no false-positive results 
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observed in either group. The authors concluded 
that radioimmunoguided surgery appeared to be 
safe and reliable technique for intraoperative 
assessment of breast cancer; however, since 
radioimmunoguided surgery did not identify all 
neoplastic tissue, further investigations using 
other more breast-specifi c MAbs would be 
warranted. 

 In 2001, Burak et al. [ 1 ,  153 ] from The Ohio 
State University (Columbus, Ohio, USA) evalu-
ated radioimmunoguided surgery for the intraop-
erative assessment of 10 patients with breast 
cancer undergoing primary tumor excision. 
Patients were intravenously injected with 2 mCi 
(74 MBq) of  125 I-labeled NR-LU-10, an anti- 
17- 1A murine MAb fragment, at 2, 4, or 7 days 
prior to surgery. Preoperative pharmacokinetics 
were evaluated. A commercially available gamma 
detection probe system was used for determining 
 in situ  and  ex situ  gamma probe counting of the 
primary breast tumor, as well as  in situ  gamma 
probe counting of the resection cavity and  ex situ  
gamma probe counting of excised cavity resec-
tion margin specimens. Gamma probe counting 
of the breast tumor  in situ  was able to distinguish 
tumor from surrounding nonmalignant back-
ground tissues in only 7 of 10 patients (70 %), 
secondary to elevated levels of the gamma probe 
counts noted within the surrounding nonmalig-
nant background tissues in those 3 cases. Normal 
surrounding nonmalignant breast tissues had the 
highest relative amount of radioactivity within 
the central/periareolar breast region. However,  ex 
situ  gamma probe counting of the breast tumor 
after tumor excision in those 3 cases subsequently 
showed elevated tumor-to-surrounding nonma-
lignant background tissue gamma probe count 
ratios. There were 12 of 38 H&E-negative excised 
cavity resection margin specimens which showed 
elevated levels of the gamma probe counts, repre-
senting only a 32 % specifi city. The authors con-
cluded that  125 I-labeled NR-LU-10 had favorable 
pharmacokinetics and tumor-binding ability as a 
targeting agent for breast cancer; yet its binding 
to in situ surrounding nonmalignant breast tissue 
and elevated gamma probe counts in H&E- 
negative excised cavity resection margin speci-
mens limited its potential role for intraoperative 

 in situ  tumor identifi cation and evaluation of 
tumor surgical resection margins. 

 At the current time, despite the development of 
MAbs targeted against human epidermal growth 
factor receptor 2 (Her2/neu) and for which Her2/
neu is overexpressed in approximately 15–30 % of 
breast cancers, there have been no subsequent clin-
ical investigations into the potential feasibility and 
role of radioimmunoguided surgery using MAbs 
targeted against Her2/neu in Her2/neu-positive 
breast cancer patients.  

24.6.5     Ovarian Cancer 

 The feasibility of radioimmunoguided surgery 
for ovarian cancer has been previously evaluated 
in a limited fashion by various groups of investi-
gators [ 1 ,  98 ,  114 ,  154 – 160 ]. The fi rst descrip-
tion of radioimmunoguided surgery for ovarian 
cancer was reported in 1988 by Martin et al. [ 1 , 
 98 ] at The Ohio State University (Columbus, 
Ohio, USA). Patients planned for a second-look 
laparotomy after postoperative systemic chemo-
therapy were intravenously injected with approx-
imately 4–5 mCi (148–185 MBq) of  125 I-B72.3 
murine MAb at a time of 7–20 days (mean 13 
days) prior to surgery. Intraoperative fi ndings at 
the time of gamma detection probe assessment 
using a commercially available gamma detection 
probe system were mixed, revealing defi nite 
tumor localization in only 4 of 8 ovarian cancer 
patients (50 %), with 1 patient having borderline 
tumor localization and with 3 patients having no 
tumor localization by radioimmunoguided sur-
gery. Of the 3 patients having no tumor localiza-
tion by radioimmunoguided surgery, 1 patient 
had micrometastatic disease detected at second-
look laparotomy, and 2 patients had obvious 
tumor at the time of traditional inspection and 
palpation assessment during second-look 
laparotomy. 

 In 1989, Gitsch et al. [ 154 – 156 ] from 
University of Vienna (Vienna, Austria) evaluated 
radioimmunoguided surgery in 12 patients with 
ovarian cancer, including 4 patients with primary 
ovarian cancer and 8 patients strongly suspected 
to have recurrent ovarian cancer who were 
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 undergoing second-look laparotomy. Patients 
were intravenously injected with 3 mCi 
(111 MBq) of  131 I-OC-125 (an anti-CA-125 
murine MAb which is specifi cally targeted 
against the MUC16 antigen) at a time of up to 8 
days prior to surgery. A prototype gamma detec-
tion probe system was utilized for intraoperative 
tumor localization. The presence of tumor local-
ization with  131 I-OC-125 was correctly confi rmed 
in 6 of 8 patients (75 %) with histologically con-
fi rmed disease, and the absence of tumor local-
ization with  131 I-OC-125 was correctly confi rmed 
in all 4 patients (100 %) without any histologi-
cally confi rmed disease. 

 In 1990, Bell et al. [ 157 ] from The Ohio State 
University (Columbus, Ohio, USA) and Riverside 
Methodist Hospital (Columbus, Ohio, USA) 
evaluated radioimmunoguided surgery in 9 
patients suspected of recurrent ovarian cancer 
who were undergoing second-look laparotomy 
and who were intravenously injected with 
approximately 4–5 mCi (148–185 MBq) of  125 I- 
B72.3 murine MAb at a time of 12–28 days 
(mean 14 days) prior to surgery. Intraoperative 
fi ndings using a commercially available gamma 
detection probe system were again mixed. 
Gamma detection probe assessment correctly 
detected true positive counts in 3 of 6 evaluable 
patients (50 %) with histologically confi rmed 
disease. There was 1 patient with histologically 
confi rmed disease who was unevaluable second-
ary to high background counts. Conversely, 
gamma detection probe assessment correctly 
detected true negative counts in 1 of 2 evaluable 
patients (50 %) without histologically confi rmed 
disease. 

 In 1990, Jäger et al. [ 158 ] from University of 
Erlangen-Nürnberg (Erlangen, Germany) evalu-
ated radioimmunoguided surgery in 22 patients 
with suspected recurrent ovarian cancer undergo-
ing a planned second-look laparotomy after prior 
administration of postoperative systemic chemo-
therapy using a  131 I-OC-125 murine monoclonal 
antibody fragment ( 131 I-IMACIS II). Patients 
were intravenously injected with approximately 
1.9–3.0 mCi (70–110 MBq) of  131 I-IMACIS II 
MAb at a time of 4–13 days (mean 8 days) prior 
to surgery. Histologic confi rmation of recurrent 

disease at second-look laparotomy was found in 
10 of 22 patients (45 %). At the time of second- 
look laparotomy, traditional inspection and palpa-
tion assessment identifi ed the histologically 
confi rmed disease in only 4 of those 10 patients 
(40 %), while radioimmunoguided surgery identi-
fi ed the histologically confi rmed disease in 9 of 
those 10 patients (90 %), with histologically con-
fi rmed disease being identifi ed solely by radioim-
munoguided surgery in 6 of those 10 patients 
(60 %). Although there were 7 of 12 patients 
(58 %) without histologically confi rmed disease 
who had elevated gamma probe counts at the time 
of radioimmunoguided surgery, it is very note-
worthy to emphasize that 6 of those 7 patients 
(85 %) without histologically confi rmed disease 
but who had elevated gamma probe counts at 
radioimmunoguided surgery developed clinically 
detectable signs of disease progression within a 
4-month time frame after their second-look lapa-
rotomy procedure. The authors concluded that 
radioimmunoguided surgery was potentially help-
ful for detecting cancerous tissues at the time of 
second-look laparotomy and for defi ning patients 
at increased risk for early recurrence of disease. 

 In 1992, Krag et al. [ 114 ] from University of 
California at Davis (Sacramento, California, USA) 
and University of Vermont (Burlington, Vermont, 
USA) evaluated radioimmunoguided surgery in 5 
patients with suspected recurrent ovarian cancer 
undergoing a planned second- look laparotomy 
after prior postoperative systemic chemotherapy 
using  111 In-CYT-103. Patients were intravenously 
injected with approximately 5 mCi (185 MBq) of 
 111 In-CYT-103 at a time of 4–15 days prior to sur-
gery. At the time of surgery, patients underwent 
surgical exploration at the time of laparotomy 
using traditional inspection and palpation, fol-
lowed by a systematic re-exploration of the surgi-
cal fi eld using a  commercially available gamma 
detection probe system. However, the authors did 
not perform a subgroup analysis of their data for 
the 5 patients with suspected recurrent ovarian 
cancer as compared to the other 8 included patients 
with colorectal cancer, thus making it impossible 
to gleam any information regarding their radioim-
munoguided surgery experience specifi cally with 
ovarian cancer. 
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 In 1994, Ind et al. [ 159 ] from Saint 
Bartholomew’s Hospital (London, United 
Kingdom) evaluated radioimmunoscintigraphy 
and radioimmunoguided surgery in 16 patients 
with proven or suspected ovarian cancer, specifi -
cally using  99m Tc-SM3 murine MAb (which binds 
with an epitope on polymorphic epithelial mucin, 
MUC1) in 15 patients and  99m Tc-H17E2 murine 
MAb (which binds with an epitope on placental- 
derived and germ cell-derived alkaline phospha-
tase) in 1 patient. Patients were intravenously 
injected with 16.2 mCi (600 MBq) of  99m Tc-SM3 
or  99m Tc-H17E2 at a time of approximately 
24–30 h prior to radioimmunoguided surgery. 
Radioimmunoscintigraphy was performed 10 
min, 4–6 h, and 20–24 h after injection of the 
 99m Tc-labeled murine MAb. Radioimmunoscintig-
raphy demonstrated tumor localization of  99m Tc-
SM3 in 8 of 8 patients with ovarian cancer, in 3 of 
6 patients with benign ovarian tumors, and in 1 
patient with an ovarian metastasis from 
colonic adenocarcinoma. Radioimmunoscintig-
raphy demonstrated tumor localization of  99m Tc-
H17E2 in the 1 patient with an ovarian cancer. 
The authors’ presentation of their gamma detec-
tion probe data was somewhat restricted, thus 
limiting an in-depth analysis of their result. 
However, the authors did report that the use of the 
gamma detection probe during radioimmunogu-
ided surgery had an 82 % sensitivity and a 72 % 
specifi city for detecting malignancy when the 
tumor-to-background uptake ratio exceeded 1.5-
to-1.0 and had a 68 % sensitivity and an 81 % 
specifi city for detecting malignancy when the 
tumor-to-background uptake ratio exceeded 2.3-
to-1.0. The authors concluded that radioimmu-
noscintigraphy and radioimmunoguided surgery 
had potential clinical benefi t for perioperative 
localization of ovarian cancer at laparotomy. 

 In 1997, McIntosh et al. [ 160 ] from the 
University of Nebraska (Omaha, Nebraska, USA) 
evaluated 10 patients with ovarian cancer under-
going a planned second-look laparotomy after 
completing prior primary treatment using  125 I- 
CC49 murine MAb. Patients were intravenously 
injected with approximately 2 mCi (74 MBq) of 
 125 I-CC49 murine MAb at a time of 23–27 days 
(mean 24.5 days) prior to surgery. At the time of 

surgery, patients underwent surgical exploration 
at the time of laparotomy using traditional inspec-
tion and palpation, followed by a systematic re-
exploration of the surgical fi eld using a 
commercially available gamma detection probe 
system. At the time of second-look laparotomy, 6 
of 10 patients were ultimately found to have histo-
logically confi rmed disease, and 4 of 10 patients 
were ultimately not found to have histologically 
confi rmed disease. At the time of second-look 
laparotomy, traditional inspection and palpation 
assessment deemed 4 of 10 patients as cancer 
positive, with all 4 of those patients having histo-
logically confi rmed disease but with only 2 of 
those 4 patients being assessed as gamma detec-
tion probe positive. At the time of second-look 
laparotomy, traditional inspection and palpation 
assessment deemed 6 of 10 patients as cancer 
negative, with 4 of 6 of those patients having no 
histologically confi rmed disease. Whereas, radio-
immunoguided surgery with the gamma detection 
probe judged 5 of those 6 traditional inspection- 
and palpation-assessed cancer- negative patients 
as gamma detection probe positive, with 2 of 
those 5 gamma detection probe-positive but tradi-
tional inspection- and palpation-assessed cancer-
negative patients having histologically confi rmed 
disease. Of those 4 patients who were ultimately 
not found to have histologically confi rmed dis-
ease at the time of second-look laparotomy (and 
who incidentally all initially judged as cancer 
negative by traditional inspection and palpation 
assessment), 3 patients were initially judged as 
gamma detection probe positive. Interestingly, 2 
of those 3 gamma detection probe-positive 
patients without histologically confi rmed disease 
at the time of  second- look laparotomy went on to 
develop clinical/radiographic detectable recurrent 
disease at 24 and 42 months after radioimmu-
noguided surgery. The authors concluded that 
radioimmunoguided surgery permitted occult dis-
ease detection that could potentially lead to bene-
fi cial changes in patient management. 

 Despite these multiple early reports showing 
promising results, no further clinical investiga-
tions into the clinical utility of radioimmunogu-
ided surgery for ovarian cancer have been 
subsequently pursued.  
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24.6.6     Prostate Cancer 

 The feasibility of radioimmunoguided surgery 
for prostate cancer has been previously evaluated 
in an extremely limited fashion, consisting of a 
small clinical report using  125 I-B72.3 murine 
MAb [ 1 ,  161 ] and a single patient case report 
using  111 In-capromab pendetide [ 1 ,  162 ]. 

 In 1993, Badalament et al. [ 1 ,  161 ] from The 
Ohio State University (Columbus, Ohio, USA) 
reported on the feasibility of radioimmunogu-
ided surgery in a clinical series of 10 patients 
with prostate cancer who were planned for radi-
cal retropubic prostatectomy and bilateral pelvic 
lymphadenectomy. Patients were intravenously 
injected with approximately 2 mCi (74 MBq) of 
 125 I-CC49 murine MAb at a time of 17–38 days 
(mean 26.3 days) prior to surgery. Intraoperative 
gamma detection probe assessment during radio-
immunoguided surgery successfully localized 
tumor within the prostate of all 10 patients. 
Likewise, intraoperative gamma detection probe 
assessment was able to identify otherwise clini-
cally occult bilateral intraprostatic tumor in 3 
patients. Furthermore, intraoperative gamma 
detection probe assessment was able to correctly 
identifi ed regional lymph node metastases in 2 
patients. The authors concluded that radioimmu-
noguided surgery was technically feasible dur-
ing radical prostatectomy and pelvic 
lymphadenectomy and could be a future useful 
adjunctive tool during laparoscopic pelvic 
lymphadenectomy. 

 In 2000, Anderson et al. [ 1 ,  162 ] from 
Anderson Regional Medical Center (Meridian, 
Mississippi, USA) reported on a single patient 
with suspected metastatic prostate cancer. The 
patient was intravenously injected with 5 mCi 
(185 MBq) of  111 In-capromab pendetide, a 
murine MAb that recognizes prostate-specifi c 
membrane antigen. Planar gamma camera 
imaging and SPECT was undertaken on day 0 
and day 4, showing uptake within the prostate, 
mesenteric lymph nodes, right pulmonary 
hilum, and the left supraclavicular region. In 
order to confi rm a diagnosis of metastatic pros-
tate cancer, the patient subsequently received a 
repeat intravenous injection of 5 mCi 

(185 MBq) of  111 In-capromab pendetide and 
then underwent radioimmunoguided surgery at 
a time of 4 days after the repeat  111 In-capromab 
pendetide injection. At the time of radioimmu-
noguided surgery, successful gamma detection 
probe-directed surgical excision of a gamma 
detection probe-positive (but clinically occult) 
left supraclavicular lymph node was accom-
plished. The gamma detection probe-positive 
left supraclavicular lymph node contained met-
astatic prostate cancer, thus providing histo-
logic confi rmation of the diagnosis of metastatic 
prostate cancer. 

 Despite these two early promising reports, no 
further clinical investigations into the clinical 
utility of radioimmunoguided surgery for pros-
tate cancer have been subsequently pursued.  

24.6.7     Clear Cell Renal Cell Cancer 

 The feasibility of radioimmunoguided surgery 
for clear cell renal cell cancer has been previ-
ously evaluated in a limited fashion, consisting of 
two small case series reports [ 1 ,  84 ,  142 ]. 

 In 2008, Strong et al. [ 1 ,  142 ] at Memorial 
Sloan-Kettering Cancer Center (New York, 
New York, USA) reported on 2 patients with clear 
cell renal cell cancer undergoing radioimmunogu-
ided surgery using  124 I-cG250 MAb. Both patients 
were intravenously injected with 5 mCi (185 MBq) 
of  124 I-cG250 approximately 7 days prior to sur-
gery. Whole-body PET imaging was performed 
within 4 h after  124 I-cG250 MAb injection and 
again at approximately 7 days after  124 I-cG250 
MAb injection (but within 3 h of the start of sur-
gery). Radioimmunoguided surgery was under-
taken using a commercially available high-energy 
gamma detection probe and a commercially avail-
able beta detection probe, with  in situ  tumor 
counts,  in situ  background, and  ex situ  tumor 
counts taken. Postoperative specimen PET imag-
ing was performed on surgically resected tissue. 
There was no signifi cant difference in the tumor- 
to- background count ratio detected by the high- 
energy gamma detection probe (approximately 
2.8-to-1 to 3.5-to-1) as compared to the beta detec-
tion probe (approximately 2.2-to-1 to 2.4-to-1). 
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 In 2013, Povoski et al. [ 84 ] from The Ohio 
State University (Columbus, Ohio, USA) 
reported on a multimodal imaging and detection 
approach in 2 patients with clear cell renal cell 
cancer using  124 I-cG250 MAb. Patient 1 was 
intravenously injected with 5.4 mCi (200 MBq) 
of  124 I-cG250 at 4 days prior to surgery. Patient 1 
underwent preoperative PET imaging, followed 
by a laparoscopic right radical nephrectomy with 
retroperitoneal lymph node dissection, with 
intraoperatively utilization of a commercially 
available laparoscopic gamma detection probe 
for  in situ  and  ex situ  counting. The laparoscopic 
gamma detection probe correctly identifi ed 
increased  124 I-cG250 MAb activity within the pri-
mary tumor of the right kidney, as well as within 
adjacent retroperitoneal lymph node tissues. 
Postoperative specimen PET imaging was per-
formed on intact excised right radical nephrec-
tomy specimen and the intact excised 
retroperitoneal lymph node dissection specimen, 
clearly identifying the sites of disease within 
both excised specimens. Patient 2 was intrave-
nously injected with 5.2 mCi (192 MBq) of  124 I- 
cG250 at 5 days prior to surgery. Patient 2 
underwent preoperative PET imaging, followed 
by an open right partial nephrectomy of the infe-
rior pole of the right kidney. At the discretion of 
the operating surgeon, an intraoperative gamma 
detection probe was not utilized during the surgi-
cal procedure. However, postoperative specimen 
PET imaging was performed on both the intact 
excised right partial nephrectomy specimen and 
on the excised right partial nephrectomy speci-
men after post-excisional specimen bisection, 
clearly identifying the tumor size and tumor loca-
tion within the intact and bisected specimens and 
the relationship of the tumor to the adjacent nor-
mal parenchymal surgical resection margin sur-
face within the bisected specimen. In their report, 
Povoski et al. [ 84 ] discussed that this innovative 
 124 I-cG250 MAb multimodal imaging and detec-
tion approach appeared to be useful for accurate 
preoperative and intraoperative localization and 
confi rmation of complete removal of all sites of 
disease during both laparoscopic and open surgi-
cal resection of clear cell renal cell cancer and for 
cases with or without known/suspected regional 

lymph node involvement. Furthermore, they went 
on to concluded that (1) as specifi cally pertaining 
to laparoscopic surgical resection of clear cell 
renal cell cancer, this approach could allow for 
identifi cation and complete surgical resection of 
the known primary tumor and of any sites of 
occult disease (i.e., regional lymph node metasta-
ses) by a minimally invasive laparoscopic surgi-
cal approach, which otherwise would not be 
technically feasible without the aid of the  124 I- 
cG250 MAb targeting agent; (2) as specifi cally 
pertaining to attempted partial nephrectomy by 
either laparoscopic or open surgical resection for 
patients with early-stage clear cell renal cell can-
cer, this approach could improve the success rate 
of complete surgical resection by providing sup-
plemental confi rmatory information to the uro-
logic surgeon and the pathologist about the 
kidney parenchyma surgical resection margin 
status; and (3) as specifi cally pertaining to radical 
nephrectomy by either laparoscopic or open sur-
gical resection of more advanced-stage but still 
potentially surgically resectable disease (i.e., 
such as larger primary tumors and/or bulky 
regional lymph node involvement), this approach 
could be advantageous for providing intraopera-
tive guidance to the urologic surgeon for assess-
ing the exact extent of disease and for confi rming 
completeness of surgical resection. 

 Despite these two promising reports, no fur-
ther clinical investigations into the clinical utility 
of radioimmunoguided surgery for clear cell 
renal cell cancer have been subsequently 
described.  

24.6.8     Lung Cancer 

 The feasibility of radioimmunoguided surgery 
for lung cancer has been previously investigated 
in an extremely limited fashion by two groups of 
investigators [ 1 ,  163 ,  164 ]. 

 In 1998, Grazia et al. [ 1 ,  163 ] from University 
of Bologna (Bologna, Italy) reported on the feasi-
bility of radioimmunoguided surgery in a small 
clinical series of 8 patients with primary adeno-
carcinoma of the lung using  125 I-B72.3 murine 
MAb. Patients were intravenously injected with 
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0.9–1.5 mCi (33–56 MBq) of  125 I-B72.3 murine 
MAb at a time of 11–44 days (mean 20.4 days) 
prior to surgery. Tumor localization of  125 I-B72.3 
murine MAb was demonstrated during radioim-
munoguided surgery in all 8 patients (100 %) 
with histologically confi rmed primary adenocar-
cinoma of the lung. However, they did encounter 
persistently elevated precordial counts over the 
region of the heart in 2 of 8 patients with primary 
adenocarcinoma of the lung. The authors con-
cluded that this high radioactive background 
count activity found over the region of the heart 
within these two particular cases could represent 
a potential limiting factor for successful gamma 
detection probe assessment within the thorax. 

 In 1998, Mansi et al. [ 1 ,  164 ] from Second 
University of Naples (Naples, Italy) reported on 
radioimmunoguided surgery performed on a sin-
gle patient with primary non-small cell lung can-
cer using  125 I-B72.3 murine MAb and on a single 
patient with squamous cell lung cancer using 
 99m Tc-F023C5 murine MAb fragment. The 
patient with primary non-small cell lung cancer 
was intravenously injected with 2 mCi (74 MBq) 
of  125 I-B72.3 murine MAb and underwent radio-
immunoguided surgery 29 days following injec-
tion, and for which there was no  in situ  selective 
localization of  125 I-B72.3 murine MAb detected 
within the area of the primary lung tumor with 
the gamma detection probe at the time of surgery. 
The patient with squamous cell lung cancer was 
intravenously injected with 15 mCi (555 MBq) of 
 99m Tc-F023C5 murine MAb fragment and under-
went radioimmunoguided surgery 36 h following 
injection. In this particular patient, there was no 
 in situ  selective localization of  99m Tc-F023C5 
murine MAb fragment to the primary lung tumor, 
but for which there was  in situ  selective localiza-
tion of  99m Tc-F023C5 murine MAb fragment to a 
small lymph node metastasis detected by the 
gamma detection probe at the time of surgery 
(and for which this small lymph node metastasis 
was not previously identifi able on preoperative 
diagnostic computed tomography or radioimmu-
noscintigraphy). Furthermore, the authors 
reported that the resected primary lung tumor and 
the resected small lymph node metastasis from 
this patient both demonstrated a 2:1 tumor-to- 

background count ratio on  ex situ  counting with 
the gamma detection probe.  

24.6.9     Squamous Cell Cancer 
of the Skin of the Face 
and Scalp 

 The feasibility of radioimmunoguided surgery 
for squamous cell carcinoma of the skin has been 
limited to a single published report in the litera-
ture by Argenzio et al. [ 1 ,  165 ] from Second 
University of Naples (Caserta, Italy) in 1999. In 
this report, they described 2 patients with squa-
mous cell carcinoma of the skin of the face and 
scalp region who were intravenously injected 
with 15 mCi (555 MBq) of  99m Tc-F023C5, a 
 99m Tc-anti-CEA murine MAb fragment. 
Diagnostic gamma camera imaging was per-
formed at 4 and 12 h after injection of  99m Tc- 
F023C5. Subsequently, 36 h after injection of 
 99m Tc-F023C5, intraoperative gamma detection 
probe assessment was performed using a com-
mercially available gamma detection probe sys-
tem to defi ne the boundaries of the primary 
tumor, guide the extent of the surgical resection, 
and assess the adequacy of the surgical resection 
margins. The authors reported that a tumor-to- 
background tissue ratio of greater than 2 was a 
clearly discriminate value for defi ning diseased 
tissue and concluded that radioimmunoguided 
surgery had a potential role in the surgical man-
agement of squamous cell carcinoma of the skin. 
However, no other such reports have been pub-
lished since that time.  

24.6.10     Recurrent Medullary 
Thyroid Cancer 

 The feasibility of radioimmunoguided surgery 
for recurrent medullary thyroid cancer has been 
evaluated in a limited fashion by several groups 
of investigators [ 1 ,  166 – 168 ]. 

 From 1993 to 1998, Peltier, Barbet, and col-
leagues [ 1 ,  166 ,  167 ] from multiple medical 
institutions across France reported on radioim-
munoguided surgery using a combination of four 
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different handheld gamma detection probe sys-
tems and a 2-step radioimmunotargeting agent 
system in a cumulative series of 14 patients with 
a history of medullary thyroid cancer who had 
elevated calcitonin level after undergoing prior 
total thyroidectomy and accompanying partial or 
complete cervical lymph node dissection resec-
tion. This 2-step radioimmunotargeting agent 
system consisted of (1) an unradiolabeled bispe-
cifi c antibody complex (which was itself com-
prised of a fragment of anti-CEA IgG1 murine 
MAb that was coupled chemically with a frag-
ment of anti-diethylenetriaminepentaacetic acid 
(anti-DTPA) IgG1 murine MAb) and (2) an 
 111 In-labeled bivalent hapten ( 111 In-di-DTPA- 
tyrosyl-lysine). Patients were fi rst intravenously 
injected with 0.1 mg/kg of body weight of the 
unradiolabeled bispecifi c antibody complex. 
Then, approximately 4–5 day thereafter, patients 
were subsequently intravenously injected with 
2.7–5.4 mCi (100–200 MBq) of the  111 In-labeled 
bivalent hapten. Radioimmunoguided surgery 
was then performed approximately 3–7 days 
after the injection of the  111 In-labeled bivalent 
hapten. Intraoperative tumor localization with a 
gamma detection probe was demonstrated in 12 
of 14 patients (86 %), with those 2 patients with-
out radioimmunoguided surgery tumor localiza-
tion having no histologically confi rmed tumor 
identifi ed at the time of surgery. Likewise, radio-
immunoguided surgery localized occult disease 
in 4 of 12 patients (33 %) with histologically 
confi rmed tumor which was not recognized by 
traditional surgical inspection and palpation 
alone. The authors concluded that radioimmu-
noguided surgery could improve the therapeutic 
management of recurrent medullary thyroid 
cancer. 

 In 2000, de Labriolle-Vaylet et al. [ 1 ,  168 ] 
from multiple medical institutions across France 
reported on radioimmunoguided surgery using 
this same 2-step radioimmunotargeting agent 
system in which  in situ  gamma detection probe 
counting was recorded from a total of 208 sites 
within 11 patients with suspected recurrent or 
metastatic medullary thyroid cancer. Patients 
were fi rst intravenously injected with 0.1 mg/kg 
of body weight of the unradiolabeled bispecifi c 

antibody complex. Then, approximately 3–5 
days thereafter, patients were subsequently intra-
venously injected with 3.2–10.0 mCi (118–
370 MBq) of the  111 In-labeled bivalent hapten. 
Radioimmunoguided surgery was then performed 
approximately 2–4 days after the injection of the 
 111 In-labeled bivalent hapten. For the 208 total 
sites of suspected recurrent or metastatic disease, 
histologic confi rmation verifi ed that  in situ  
gamma detection probe assessment resulted in 46 
(22.1 %) true positives, 134 (64.4 %) true nega-
tives, 15 (7.2 %) false negatives, and 13 (6.4 %) 
false positives, thus giving an accuracy of 86 %, 
sensitivity of 75 %, and specifi city of 90 %. The 
authors concluded that radioimmunoguided sur-
gery provided added value to the overall surgical 
management of suspected recurrent or metastatic 
medullary thyroid cancer by allowing for identi-
fi cation of occult disease which was not other-
wise identifi able at the time of conventional 
surgery.   

24.7     Bridging the Gap 
between the Histologic 
Identifi cation of Malignant 
Cells and the Detection 
of Tumor-Specifi c Antigens 
within Radioimmunoguided 
Surgery-Positive Resected 
Tissues: A Changing Dictum 
toward the Concept 
of Antigen-Directed Cancer 
Surgery 

 There has been a major ongoing debate which 
has existed since the inception of the concept of 
radioimmunoguided surgery. That debate has 
been as to whether tissues recognized as positive 
by a handheld gamma detection probe at the time 
of radioimmunoguided surgery (i.e., radioimmu-
noguided surgery-positive tissues), but for which 
malignant cells cannot be histologically con-
fi rmed within those same tissues at the time of 
pathologic evaluation, represent false positive 
results or true positive results with respect to 
radioimmunoguided surgery [ 1 ,  19 ,  118 – 120 , 
 124 ,  131 ,  169 – 177 ]. Therefore, the question that 
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is raised in this ongoing debate is as to what is 
most important, the histologic identifi cation of 
malignant cells within radioimmunoguided 
surgery- positive resected tissues or simply the 
detection of tumor-specifi c antigens within radio-
immunoguided surgery-positive resected tissues? 
The answer to this question, while not always 
well recognized by those that continue to debate 
this issue, has already been answered within this 
chapter. 

 The best illustration of this debate regarding 
the histologic identifi cation of malignant cells 
versus the detection of tumor-specifi c antigens 
within radioimmunoguided surgery-positive 
resected tissues can be garnered from the collab-
orative work of Cote et al. [ 169 ,  170 ,  173 ,  176 ]. 
In 1996, Cote et al. [ 176 ] reported on the cumula-
tive evaluation of a total of 57 paraffi n-embedded 
lymph nodes (including 39 radioimmunoguided 
surgery-positive lymph nodes) which were 
removed at the time of radioimmunoguided sur-
gery and which underwent histologic evaluation 
with (1) routine H&E, (2) serial section immuno-
histochemistry using a cocktail of MAb (AE1/
Cam 5.2) to cytokeratin, and (3) immunohisto-
chemistry using CC49 murine MAb from a group 
of 16 colorectal cancer patients preoperatively 
intravenously injected with  125 I-CC49 murine 
MAb. From this group of 57 lymph nodes evalu-
ated, there were 15 radioimmunoguided surgery- 
negative/routine H&E-negative lymph nodes, 3 
radioimmunoguided surgery-negative/routine 
H&E-positive lymph nodes, 25 radioimmunogu-
ided surgery-positive/routine H&E-negative 
lymph nodes, and 14 radioimmunoguided 
surgery- positive/routine H&E-positive lymph 
nodes. Thus, from the entire group of 57 lymph 
nodes evaluated, a total of 17 lymph nodes were 
identifi ed as positive for malignant cells by rou-
tine H&E evaluation alone. Of the 40 lymph 
nodes identifi ed as negative for malignant cells 
by routine H&E evaluation alone, serial section 
cytokeratin immunohistochemistry evaluation 
revealed occult malignant cells in 10 of these rou-
tine H&E-negative lymph nodes, thus identifying 
a total of 27 metastatic lymph nodes from among 
the 57 lymph nodes evaluated. Furthermore, 
while only 17 (63 %) of the 27 metastatic lymph 

nodes were assessed as positive for malignant 
cells by routine H&E evaluation alone, 24 (89 %) 
of the 27 metastatic lymph nodes were identifi ed 
as radioimmunoguided surgery-positive lymph 
nodes ( p  < 0.05). Along similar lines, serial sec-
tion cytokeratin immunohistochemistry evalua-
tion revealed occult malignant cells in 10 (40 %) 
of 25 lymph nodes that were characterized as 
radioimmunoguided surgery-positive/routine 
H&E-negative lymph nodes. In 15 of the 25 
radioimmunoguided surgery-positive/routine 
H&E-negative lymph nodes, no malignant cells 
could be identifi ed after combined routine H&E 
and serial section cytokeratin immunohistochem-
istry. In 5 of those 15 radioimmunoguided 
surgery- positive/routine H&E-negative lymph 
nodes in which no malignant cells could be iden-
tifi ed after combined routine H&E and serial sec-
tion cytokeratin immunohistochemistry, CC49 
murine MAb immunohistochemistry revealed 
CC49 murine MAb immunoreactivity within his-
tiocytes, interfollicular zones, or subcapsular 
sinuses. In striking contrast, none of the 15 radio-
immunoguided surgery-negative/routine H&E- 
negative lymph nodes were found to contain any 
evidence of CC49 murine MAb immunoreactiv-
ity. The striking contrast between the fi ndings in 
these radioimmunoguided surgery-positive/
histologic- negative tissues and radioimmunogu-
ided surgery-negative/histologic-negative tissues 
highlight the potential important role of detecting 
tumor-specifi c antigens within radioimmunogu-
ided surgery-positive tissues in the absence of 
fi nding malignant cells on histologic evaluation. 

 Although not representing radioimmunogu-
ided surgery, there have been 2 published reports 
describing the utilization of  ex vivo  radioimmu-
nodetection with a handheld gamma detection 
probe in the pathology department for identifi ca-
tion of  ex vivo  radioimmunodetection-positive 
lymph nodes from within the mesocolons of the 
resected colorectal specimens [ 178 ,  179 ] that 
complement the work reported by Cote et al. 
[ 169 ,  170 ,  173 ,  176 ]. These 2 reports examining 
 ex vivo  radioimmunodetection are noteworthy of 
discussion, as they further illustrate the impor-
tance of detection of tumor-specifi c antigens ver-
sus the histologic detection of malignant cells. In 
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1993, Abdel-Nabi et al. [ 178 ] from University of 
Buffalo (Buffalo, New York, USA) reported on 
the evaluation of a total of 628 lymph nodes 
within resected colorectal specimens using 
 ex vivo  radioimmunodetection with a handheld 
gamma detection probe in the pathology depart-
ment 2-to-1 from 13 colorectal cancer patients 
preoperatively intravenously injected with one of 
two  111 In-anti-CEA murine MAbs ( 111 In-IVP 
ZCE 025 or  111 In-CYT-372). Only 93 lymph 
nodes (15 %) were palpable (i.e., ≥5 mm) within 
the mesocolons of the resected colorectal speci-
mens, while 535 lymph nodes (85 %) were non-
palpable (i.e., <5 mm) and were only identifi ed 
within the mesocolons of the resected colorectal 
specimens following performance of fat dissolu-
tion/clearance of the resected colorectal speci-
mens. A total of 44 lymph nodes within the 
mesocolons were histologically positive for 
malignant cells within 8 of the 13 resected 
colorectal specimens. This included 19 of 93 pal-
pable (i.e., ≥5 mm) lymph nodes which were his-
tologically positive for malignant cells and 25 of 
the 535 nonpalpable (i.e., <5 mm) lymph nodes 
which were histologically positive for malignant 
cells. A total of 47 lymph nodes within the meso-
colons were identifi ed as  ex vivo  radioimmuno-
detection-positive lymph nodes using the 
handheld gamma detection probe in the pathol-
ogy department, including 22 palpable (i.e., 
≥5 mm)  ex vivo  radioimmunodetection- positive 
lymph nodes and 25 nonpalpable (i.e., <5 mm) 
 ex vivo  radioimmunodetection-positive lymph 
nodes. There were 19 of 22 palpable (i.e., ≥ 
5 mm)  ex vivo  radioimmunodetection-positive 
lymph nodes (86 %) which were histologically 
positive for malignant cells and 25 of 25 nonpal-
pable (i.e., <5 mm)  ex vivo  radioimmunodetection- 
positive lymph nodes (100 %) which were 
histologically positive for malignant cells. In 
2007, Sézeur et al. [ 179 ] from multiple medical 
institutions across France reported on the evalua-
tion of a total of 705 lymph nodes within resected 
colorectal specimens using the fat dissolution/
clearance method and using an  ex vivo  radioim-
munodetection method (with a handheld gamma 
detection probe on a square centimeter coordi-
nate grid using a tumor-to-nontumor count ratio 

of 2.5-to-1) in the pathology department from 16 
colorectal cancer patients preoperatively intrave-
nously injected with a bispecifi c anti-CEA/anti- 
diethylenetriaminepentaacetic acid (DTPA) 
murine MAb followed 4 days later by a 
 111 In-labeled bivalent hapten di-DTPA-TL. There 
were 308 lymph nodes (44 %) measuring <2 mm, 
256 lymph nodes (36 %) measuring 2 to <4 mm, 
and 141 lymph nodes (20 %) measuring ≥4 mm 
which were identifi ed within the mesocolons of 
the resected colorectal specimens of 7 of the 16 
resected colorectal specimens using the fat dis-
solution/clearance method for detection. There 
were 29 total sites of metastatic disease identifi ed 
within the mesocolons of the resected colorectal 
specimens using the fat dissolution/clearance 
method for detection, including 17 lymph node 
metastases and 12 metastatic deposits without 
structural features of a lymph node (i.e., extrano-
dal mesocolon metastatic deposits) identifi ed. 
Evaluation by H&E alone detected only 10 of 29 
total sites of metastatic disease, including 8 of 17 
lymph node metastases and only 2 of 12 extrano-
dal mesocolon metastatic deposits. Based upon 
the  ex vivo  radioimmunodetection with a hand-
held gamma detection probe and using the square 
centimeter grid coordinate method of detection, 
the blocks of mesocolon with signifi cant radioac-
tivity contained 226 lymph nodes and 24 sites of 
metastatic disease, including 16 of 17 lymph 
node metastases and 8 of 12 extranodal mesoco-
lon metastatic deposits. Evaluation by the  ex vivo  
radioimmunodetection method provided signifi -
cantly better detection ( p  < 0.001) than evaluation 
by H&E alone. Both of these reports [ 178 ,  179 ] 
demonstrate the utility of  ex vivo  radioimmuno-
detection of lymph nodes from within the meso-
colons of the resected colorectal specimens and 
its improved correlation to true histologically 
positive lymph node metastases. 

 Taking this one step further and as eluded to 
within the previously described work reported by 
Cote et al. [ 169 ,  170 ,  173 ,  176 ], the more impor-
tant question is whether it is the detection and 
surgical resection of tumor cells within radioim-
munoguided surgery-positive tissues which is 
ultimately most important or whether it is sim-
ply the detection and surgical resection of a 
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tumor- specifi c antigen within radioimmunogu-
ided surgery- positive tissues which is ultimately 
most important? The answer to important ques-
tion has long been best illustrated by radioimmu-
noguided surgery directed against the TAG-72 
antigen, particularly related to fi ndings within 
lymph nodes and other tissues surgically resected 
or not surgically resected at the time of anti-
TAG-72 radioimmunoguided surgery, and the 
resultant impact of those fi ndings on long-term 
patient outcomes. The clinical trials addressing 
this specifi c question were previously described 
in great detail within a prior section of this chap-
ter (i.e., Sect.  25.6.1.3 ). However, to reiterate, the 
answer to this important question culminates 
with the fi ndings already outlined in the most 
recent long- term survival analysis [ 133 ] per-
formed at The Ohio State University (Columbus, 
Ohio, USA) regarding primary colorectal cancer 
patients with a minimum 15-year duration of 
patient follow-up after radioimmunoguided sur-
gery with  125 I-labeled anti-TAG-72 murine MAb 
( 125 I-CC49 murine MAb and  125 I-CC83 murine 
MAb). This long-term survival analysis specifi -
cally compared TAG-72-negative patients with 
no evidence of detectable TAG-72 antigen-bear-
ing tissues upon completion of the operation to 
TAG-72- positive patients with evidence of per-
sistent detectable TAG-72 antigen-bearing tis-
sues upon completion of the operation and clearly 
demonstrated that the absence of detectable 
TAG-72 antigen within the surgical fi eld at the 
completion of radioimmunoguided surgical pro-
cedure was of signifi cant prognostic value, show-
ing signifi cantly improved median and 
time-dependent survival, most notably for 
advanced-stage disease, and with time-dependent 
multivariate Cox proportional hazards regression 
analysis demonstrating the signifi cance of both 
pathologic stage of disease and TAG-72 positiv-
ity status upon long- term mortality risk. The 
authors concluded that the absence of detectable 
TAG-72 antigen within the surgical fi eld at the 
completion of radioimmunoguided surgical pro-
cedure for primary colorectal cancer conferred a 
long-term and sustainable survival advantage to 
those patients in whom complete surgical removal 
of all tissues with detectable radiolabeled anti-

TAG-72 murine MAb (i.e., detectable TAG-72 
antigen) was accomplished. Clearly then, it is not 
what is surgically removed at the time of cancer 
surgery which is ultimately of most importance, 
but it is rather what is left behind at the time of 
cancer surgery which is ultimately of most impor-
tance. Therefore, one can postulate that surgical 
clearance of all radioimmunoguided surgery-pos-
itive tissues (i.e., surgical clearance of all detect-
able tumor antigen within the tissues) is what is 
ultimately important, independent of whether or 
not malignant cells can be histologically identi-
fi ed within those surgically resected tissues. Thus, 
if it is to again become clinically relevant, radio-
immunoguided surgery, as it was once known, 
will need to move toward new lines of thinking, 
both on a molecular level and in an attempt to 
change the dictum for the surgical treatment of 
cancer toward a concept of antigen-directed can-
cer surgery. With the ongoing advancements and 
developments in diagnostic imaging technology 
and therapeutics, antigen-directed cancer surgery 
can represent an important advancement in onco-
logic theranostics and realistically contribute in a 
positive fashion to patient outcomes [ 180 ].  

24.8     Concluding Remarks 

 From a historical perspective, it is clear that 
radioimmunoguided surgery represents one of 
the most important developments in the realm of 
all radioguided surgery applications, as the gen-
esis and predominant clinical utilization of radio-
immunoguided surgery during the 1980s and 
1990s was fundamentally important in the later 
technological development and refi nement of all 
currently commercially available radiation 
 detection devices used so commonplace in the 
multitude of present-day radioguided surgery 
applications. It is a fair statement to say that if it 
was not for the development of radioimmunogu-
ided surgery during the 1980s and the subsequent 
technological advancements in radiation detec-
tion device design, it would be quite possible that 
the rapid emergence of radioguided sentinel 
lymph node biopsy technology for both breast 
cancer and melanoma that ensued in the 1990s 
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would have not been fully realized until a much 
later time. In order for radioimmunoguided sur-
gery to again become clinically relevant in the 
future, we must direct our attention toward the 
molecular basis of cancer, incorporate cancer 
diagnostics and cancer therapeutics in an onco-
logic theranostics fashion, and fully realize and 
embrace radioimmunoguided surgery as a pow-
erful form of antigen-directed cancer surgery.     
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     Abstract  

  The use of positron-emitting and high-energy gamma photon-emitting 
radiopharmaceuticals, like fl uorine-18 fl uorodeoxyglucose ( 18 F-FDG), for 
real-time cancer detection and surgical guidance within the operating 
room and for real-time guidance of diagnostic and therapeutic interven-
tional procedures within the interventional radiology suite, has great clini-
cal potential. This technology may allow for (1) real-time intraoperative 
staging of the extent of disease; (2) real-time intraoperative surgical plan-
ning and execution of the necessary and most appropriate operation, deter-
mination of the extent of surgical resection, and determination of the 
completeness of surgical resection; (3) real-time pathologic evaluation of 
intact surgical resected specimens for the confi rmation of completeness of 
surgical resection and for surgical margin assessment; (4) real-time patho-
logic evaluation of diagnostically biopsied tissues for confi rmation of cor-
rectness of tissue diagnosis; and (5) real-time guidance of diagnostic and 
therapeutic interventional procedures within the interventional radiology 
suite. This chapter discusses (1) the history and development of positron 
imaging and detection, (2) the fundamental basis for the use of  18 F-FDG in 
positron imaging and detection strategies, (3) the inherent limitations of 
 18 F-FDG in positron imaging and detection strategies, (4) radiation detec-
tion devices utilized during  18 F-FDG-directed surgery, (5) the clinical 
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applications of real-time  18 F-FDG-directed surgery and real-time  18 F-FDG- 
directed interventional procedures, (6) timing issues related to  18 F-FDG- 
directed surgery, (7) the inherent challenge of in situ detection of 
 18 F-FDG with a gamma photon detection device, and (8) occupational 
radiation exposure during  18 F-FDG radioguided surgical procedures.  

25.1         The History 
of the Development 
of Positron Imaging 
and Detection 

 The theoretical physics framework behind the 
implementation of positron imaging and detec-
tion is the basic concept of electron-positron 
annihilation [ 1 – 6 ], which was fi rst realized in the 
1930s. Within any given biological system, 
electron- positron annihilation results when a pos-
itron (i.e., a positively charged antimatter coun-
terpart of an electron), emitted from the nucleus 
of a radionuclide and travels only a few millime-
ters, collides with an electron (i.e., a negative 
charged particle) within a biological tissue and 
generates two resultant high-energy 511 keV 
gamma photons traveling in opposite directions. 

 The development of clinical applications of 
positron imaging and detection has its origins in 
the early 1950s [ 7 ,  8 ] and occurred far before the 
subsequent availability of fl uorine-18 fl uorode-
oxyglucose ( 18 F-FDG) in the late 1970s [ 9 ,  10 ]. 
The fi rst reported clinical application of positron 
imaging technology in humans was published by 
Gordon L. Brownell and William H. Sweet at the 
Massachusetts General Hospital (Boston, 
Massachusetts, USA) in 1953 and consisted of 
the collection of three-dimensional data using a 
prototype positron imaging device on patients 
with brain tumors who were intravenously 
injected with arsenic-74 [ 7 ,  8 ]. Subsequent tech-
nologic advancements over the ensuing two 
decades culminated in the development of the 
fi rst commercially available positron emission 
tomography (PET) device by the early 1970s for 
generating whole-body positron transaxial 
 tomographs [ 7 ,  11 – 14 ], thus representing the 
antecedent of current-day PET imaging devices. 

 Currently, positron imaging and detection, in 
the specifi c form of  18 F-FDG PET imaging, is a 

well-established cancer imaging modality that is 
routinely used in the clinical management of a 
wide variety of solid malignancies [ 6 ,  15 – 25 ]. 
 18 F-FDG PET is generally combined with “ana-
tomical” imaging, by way of computed tomogra-
phy (CT), for attempting to maximize the 
geographic localization and spatial recognition of 
sites of  18 F-FDG avidity to corresponding ana-
tomic structures. A wide range of diagnostic util-
ities of  18 F-FDG PET/CT have been clinically 
investigated and implemented [ 6 ,  15 – 25 ]. Those 
diagnostic clinical applications include (1) initial 
cancer diagnosis, (2) initial cancer staging, (3) 
subsequent cancer restaging, (4) therapy plan-
ning, (5) monitoring therapy response, (6) sur-
veillance for cancer survivors, and (7) cancer 
screening for at-risk populations. As a step 
beyond these diagnostic clinical cancer imaging 
utilities, there has been emergent interest in the 
feasibility of utilizing  18 F-FDG for real-time can-
cer detection and surgical guidance within the 
operating room [ 6 ,  26 – 76 ] and for real-time guid-
ance of diagnostic and therapeutic interventional 
procedures within the interventional radiology 
suite [ 6 ,  77 – 95 ].  

25.2     The Fundamental Basis 
for the Use of  18 F-FDG 
in Positron Imaging 
and Detection Strategies 

 The radionuclide  18 F has a relatively short physi-
cal half-life of approximately 110 min [ 6 ,  96 , 
 97 ]. The radioactive decay pattern of  18 F is pre-
dominantly (97 %) by way of positron emission 
(i.e., beta plus decay emission). The maximum 
positron radiation emission energy of  18 F is 
approximately 635 keV, giving  18 F a relatively 
low maximum positron radiation emission energy 
level as compared to other positron-emitting 
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radionuclides. As a result, the positron emitted 
from the nucleus of  18 F travels only a very short 
distance (i.e., approximately 1–2 mm) within a 
biological tissue before interacting/colliding with 
an electron (i.e., a negative charged particle). 
This interaction/collision of the emitted positron 
with the electron and the resultant electron- 
positron annihilation within a biological tissue 
generates two resultant high-energy 511 keV 
gamma photons traveling in opposite directions 
[ 1 – 6 ,  96 ,  97 ]. These resultant high-energy 
511 keV gamma photons can travel many, many 
centimeters within a biological tissue. As based 
upon the initial positron emission and subsequent 
electron-positron annihilation process which 
occurs by  18 F, the detection of  18 F within biologi-
cal tissues can potentially be accomplished by 
one of two mechanisms: (1) a direct mechanism 
of detection of positron emissions (i.e., beta plus 
decay emissions) using a beta plus detection 
device or (2) an indirect mechanism of detection 
of the resultant high-energy 511 keV gamma 
photons arising from electron-positron annihila-
tion process using a gamma photon detection 
device [ 6 ]. 

 Dating back to the work of Otto Heinrich 
Warburg in the early 1930s from the Kaiser- 
Wilhelm- Gesellschaft zur Förderung der 
Wissenschaften (Berlin-Dahlem, Germany), it 
has long been recognized that malignant tumors 
have an accelerated rate of glucose metabolism 
and have an increased rate of glucose transport 
and glucose utilization [ 6 ,  98 – 101 ]. The bio-
chemical transport and processing mechanisms 
related to  18 F-FDG, a non-physiologic  18 F-labeled 
analog of glucose, within malignant cells are also 
well described within the scientifi c literature 
[ 6 ,  102 – 104 ].  18 F-FDG within the circulatory 
system is transported into cells (both malignant 
cells and normal cells) by a facilitated diffusion 
mechanism involving specifi c glucose transport-
ers (i.e., GLUT transporters). Once it is within 
the cell,  18 F-FDG is phosphorylated to  18 F-FDG-
6- phosphate by the enzyme hexokinase. However, 
unlike  18 F-FDG,  18 F-FDG-6-phosphate cannot be 
readily transported across the cellular membrane 
of either malignant cells or normal cells, thus 
essentially entrapping the  18 F-FDG-6-phosphate 

within those cells. The enzyme glucose-6- 
phosphatase is responsible for dephosphorylating 
 18 F-FDG-6-phosphate back to  18 F-FDG within 
the intracellular environment and is present in 
relatively lower levels within malignant cells as 
opposed to normal cells. Additionally, unlike 
glucose-6-phosphate,  18 F-FDG-6-phosphate can-
not be utilized as a substrate in the metabolic 
steps of glycolysis, hence attributing to the fur-
ther accumulation of  18 F-FDG-6-phosphate 
within those cells. This overall process which 
results in the intracellular accumulation  18 F-FDG- 
6-phosphate is thought to occur more readily in 
malignant cells than in normal cells secondary to 
the combination of the overexpression of the glu-
cose transporters GLUT 1 and GLUT 3 by malig-
nant cells, the higher level of hexokinase within 
malignant cells, and the lower level of glucose- 6- 
phosphatase within malignant cells, thus leading 
to proportionally greater accumulation of 
 18 F-FDG-6-phosphate within malignant cells as 
compared to normal cells. This elegantly eluci-
dated biochemical transport and processing 
mechanism represents the fundamental basis 
behind the clinical application of  18 F-FDG for the 
detection of malignant tumor using positron 
imaging and detection strategies (i.e., diagnostic 
PET imaging technology and various radiation 
detection probe technologies) [ 6 ,  98 – 104 ].  

25.3     Inherent Limitations 
for the Use of  18 F-FDG 
in Positron Imaging 
and Detection Strategies 

 Despite the fact that these biochemical transport 
and processing mechanisms lead to the greater 
accumulation of the phosphorylated form of  18 F- 
FDG within malignant cells as compared to nor-
mal cells, there are several inherent limitations 
regarding the utilization of  18 F-FDG for the 
detection of malignant tumor using positron 
imaging and detection strategies [ 6 ,  75 ,  102 , 
 105 – 107 ]. First,  18 F-FDG can readily accumulate 
within various normal tissues (i.e., brain, heart, 
mucosa and smooth muscle of the stomach, small 
intestines and colon, thyroid, liver, spleen, and 
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brown fat) which typically have physiologic pro-
pensity for  18 F-FDG accumulation. Second,  18 F- 
FDG can also readily accumulate within tissues 
representing benign disease processes (i.e., infec-
tion, infl ammation, and trauma). The basis for 
these fi rst two limitations is the fact that  18 F-FDG 
is not a cancer-specifi c imaging and detection 
agent. Third,  18 F-FDG is excreted by way of the 
urinary tract (kidneys, ureters, and bladder), thus 
leading to accumulation within those structures. 
Fourth, alterations in tissue uptake of  18 F-FDG 
can occur in patients with elevated blood glucose 
levels/impaired glucose metabolism, in patients 
receiving insulin, and in obese patients. An accu-
mulation of  18 F-FDG within normal tissues leads 
to intrinsically higher background levels of  18 F- 
FDG activity within normal tissues located in 
proximity to adjacent sites of elevated  18 F-FDG 
activity representing malignant tumor. This may 
be particularly challenging when the malignant 
tumor site itself has a relatively low level of 
 18 F- FDG activity, leading to a relatively low 
target- to- background ratio (i.e., low tumor-to-
background ratio) of the radiation emissions of 
 18 F-FDG.  

25.4     Radiation Detection Devices 
Utilized during  18 F-FDG- 
Directed Surgery: 
Mechanisms 
for the Detection of  18 F-FDG 
and Device Specifi cations 

25.4.1     General Considerations 

 As previously mentioned, there are two mecha-
nisms for how  18 F-FDG within biological tis-
sues can be detected by a radiation detection 
device: (1) the direct detection of positron 
emissions (i.e., beta plus decay emissions) 
using a beta plus detection device and (2) the 
detection of the resultant high-energy 511 keV 
gamma photons arising from electron-positron 
annihilation process using a gamma photon 
detection device [ 6 ]. The ability to success-
fully detect  18 F-FDG within a site of suspected 
malignancy is highly dependent upon the 

 specifi c type of radiation detection device 
 utilized and its performance parameters 
[ 6 ,  108 ]. The most important performance 
parameters for any given radiation detection 
device are (1) overall sensitivity (i.e., effi -
ciency, detected count rate per unit of activity), 
(2) spatial selectivity (i.e., radial sensitivity 
distribution), (3) spatial resolution (i.e., lateral 
sensitivity distribution), (4) energy resolution 
(i.e., spectral discrimination), and (5) contrast. 

 Radiation detection devices are categorized as 
either scintillation detectors or semiconductor ion-
ization detectors [ 6 ,  108 ]. The basis for how a 
scintillation-type detection system works is that 
the radiation emitted from the radionuclide excites 
atoms within the scintillation crystal, producing 
visible light in proportion to the energy absorbed, 
and for which a photomultiplier enhances the 
resultant visible light and converts it into an 
 electrical pulse which is quantifi ed by a detection 
unit. Examples of inorganic scintillation materials 
used in scintillation detectors include 
 thallium-activated sodium iodide (NaI[Tl]), 
 thallium-activated cesium iodide (CsI[Tl]), 
sodium-activated cesium iodide (CsI[Na]), 
 samarium-activated lutetium orthooxysilicate 
(LSO), bismuth germanate (BGO), cerium- 
activated gadolinium orthosilicate (GSO[Ce]), 
cerium-activated lutetium yttrium orthosilicate 
(LYSO[Ce]), and cerium-activated lutetium gado-
linium oxyorthosilicate (LGSO[Ce]). Examples of 
organic (“plastic”) scintillation materials used in 
scintillation detectors include anthracene (C 14 H 10 ), 
stilbene (C 14 H 12 ), and naphthalene (C 10 H 8 ). The 
basis for how a semiconductor ionization-type 
detection system works is that the radiation emitted 
from the radionuclide produces free electrons as it 
passes through and ionizes the semiconductor crys-
tal, creating an electrical pulse which is quantifi ed 
by a detection unit. Examples of crystalline materi-
als used in semiconductor ionization detectors 
include cadmium telluride (CdTe), cadmium zinc 
telluride (CdZnTe), mercuric iodide (HgI 2 ), and 
silicon. 

 There are advantageous and disadvantageous 
features to both the scintillation-type detection 
system design and the semiconductor ionization- 
type detection system design [ 6 ,  108 ]. On one 
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hand, scintillation-type detection systems have 
higher sensitivity (especially for medium-energy 
to high-energy gamma photons) but have poorer 
energy resolution and scatter rejection. Likewise, 
scintillation-type detection probes tend to have a 
much bulkier and heavier probe head profi le. On 
the other hand, semiconductor ionization-type 
detection systems have higher-energy resolution 
and scatter rejection but have lower sensitivity 
(especially for medium-energy to high-energy 
gamma photons). Likewise, semiconductor 
ionization- type detection probes tend to have a 
much more compact and light-weight probe head 
profi le.  

25.4.2     Gamma Photon Detection 

 The detector component of a gamma detection 
probe generally consists of an inorganic scintilla-
tor detector or a semiconductor ionization detec-
tor [ 6 ,  108 ]. Most commercially available 
handheld gamma detection probes are generally 
designed for detecting radioisotopes of gamma- 
ray energies in the low-energy emission 
(0–150 keV) range and medium-energy emission 
(150–400 keV) range, thus allowing successful 
detection of radioisotopes such as technetium-
 99 m ( 99m Tc; 140 keV and 142 keV), indium-111 
( 111 In; 171 keV and 247 keV), iodine-123 ( 123 I; 
159 keV), and iodine-125 ( 125 I; 35 keV) [ 6 ,  76 , 
 108 ]. However, most commercially available 
handheld gamma detection probes are not specifi -
cally designed for detecting resultant high- energy 
511 keV gamma emissions emanating from the 
electron-positron annihilation process that is 
characteristic of high-energy gamma photon- 
emitting radionuclides, like  18 F. As a result, there 
has been a recent appearance of commercially 
available handheld gamma detection probes that 
are specifi cally intended for attempting to detect 
high-energy 511 keV gamma emissions, and for 
which these high-energy gamma detection probes 
have been designated as “PET” probes. The over-
all weight and physical dimensions of any such 
“PET” probe is generally a function of the thick-
ness of side and back shielding (with materials 
like lead, tungsten, gold, or platinum) and the 
length of collimation (i.e., extension of shielding 

in a forward direction beyond the distal face of 
the detector in the  direction of the radiation source 
being counted) that is thought to be necessary to 
block adjacent background radiation, to limit the 
fi eld-of-view, and to collimate the head of the 
probe, with the intention of limiting the area of 
tissue contributing to the probe count rate and of 
providing better spatial resolution between areas 
of tissue of differing radioactivity levels [ 6 ,  73 , 
 108 ,  109 ]. All conventional attempts to improve 
upon the current “PET” probe design by further 
increasing the degree of side/back shielding or 
the collimation length to further block adjacent 
background radiation, or by increasing crystal 
diameter/thickness to capture a greater percent-
age of 511 keV gamma emissions, are generally 
counterproductive, as such conventional 
approaches will simply result in a “PET” probe 
confi guration that is prohibitively too large in 
physical size, too heavy in weight, and potentially 
of signifi cant greater cost. Alternatively, in order 
to attempt to bypass these physical barriers related 
to the degree of side and back shielding, collima-
tion, and crystal diameter/thickness in designing 
handheld gamma detection probes specifi cally 
intended for the detection of 511 KeV gamma 
emissions, efforts have been redirected toward 
engineering more novel “PET” probe designs for 
which their effi cacy is not dependent upon side 
and back shielding, collimation, or crystal diam-
eter/thickness. Several examples of alternative 
design concepts for “PET” probe include second-
ary K-alpha x-ray fl uorescence [ 73 ,  76 ,  109 ], 
active electronic collimation [ 39 ,  61 ,  64 ,  66 ,  70 , 
 76 ,  110 – 112 ], and other crystal geometry designs 
using multiple small crystals with specifi c novel 
geometric confi gurations [ 76 ,  113 ,  114 ] for opti-
mizing and maximizing background rejection 
capabilities. These innovative alternative design 
concepts for improving the effi cacy of detection 
of high-energy gamma photon- emitting/positron-
emitting radionuclides, some of which have 
already been successfully applied to handheld 
gamma detection probe systems, are also the 
focus of current preclinical research that is 
actively looking at developing small platform, 
portable perioperative and intraoperative patient 
and ex vivo surgical specimen imaging devices 
which possess similar capabilities for detecting 
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high-energy gamma photon- emitting/positron-
emitting radionuclides [ 76 ]. However, such small 
platform, portable perioperative and intraopera-
tive patient and ex vivo surgical specimen imag-
ing devices have not yet been fully realized or 
made commercially available for use in the set-
ting of clinical medicine.  

25.4.3     Beta plus Decay (i.e., Positron) 
Detection 

 The detector component of a beta plus detection 
probe generally consists of a semiconductor ion-
ization detector or an organic (“plastic”) scintil-
lator detector but for which an inorganic 
scintillator detector can also be utilized [ 6 ,  45 , 
 52 ,  108 ,  115 – 127 ]. As previously mentioned, 
whereas high-energy 511 keV gamma photons 
can travel many, many centimeters within bio-
logical tissues, positrons travels only very short 
distances (i.e., approximately 1–2 mm) within 
biological tissues before they are annihilated. 
This difference in the distances traveled by posi-
trons as opposed to resultant high-energy 
511 keV gamma photons within biologic tissues 
contributes to both the advantages and disadvan-
tages of direct detection of positrons by a hand-
held beta plus detection probe. Thus, handheld 
beta plus detection probes can be small in physi-
cal size and light in weight secondary to the fact 
that whereas gamma photon detection of high- 
energy 511 keV gamma photons relies heavily on 
the thickness of side and back shielding and the 
length of collimation, beta plus decay detection 
of positrons does not require any signifi cant 
degree of side and back shielding or collimation. 
However, whereas gamma photon detection of 
high-energy 511 keV gamma photons is less 
effected by the distance from the source of 
511 keV gamma emissions to the proximity of 
the head of the handheld gamma detection probe, 
beta plus decay detection requires close apposi-
tion of the head of the handheld beta plus detec-
tion probe to the source of the positrons emitted 
from the biologic tissue. As a result, if the head of 
the handheld beta plus detection probe is not in 
direct contact with the biologic tissue emitting 
positrons, or if the source of the positrons emitted 

from the biologic tissue is located several milli-
meters below of the surface of that biologic tis-
sue, the handheld beta plus detection probe will 
be unable to detect such  18 F-FDG-avid tissues. 
Along similar lines, the simple placement of a 
sterile disposable barrier sheath over the hand-
held beta plus detection probe signifi cantly 
reduces the overall sensitivity for the detection of 
 18 F-FDG-avid tissues by such a device.   

25.5     Clinical Applications of Real- 
Time  18 F-FDG-Directed 
Surgery and Real-Time 
 18 F-FDG-Directed 
Interventional Procedures 
(Tables  25.1  and  25.2 ) 

     The principal motivation behind the use of  18 F- 
FDG for providing for real-time cancer detection 
and guidance within the operating room has 
been multifactorial, including exploring its 
applicability for real-time intraoperative staging, 
surgical planning and execution, and determina-
tion of completeness of surgical resection [ 6 ]. 
The clinical application of  18 F-FDG-directed 
surgery was fi rst described in 1999 by Desai 
et al. from the Ohio State University (Columbus, 
Ohio, USA) for colorectal cancer [ 6 ,  26 ,  27 ]. In 
this fi rst clinical description of  18 F-FDG-directed 
surgery, a total of 15 colorectal cancer patients 
received an intravenous injection of 4.0–5.7 mCi 
(148–211 MBq) of  18 F-FDG at a time of 
58–110 min prior to intraoperative evaluation 
with a commercially available gamma detection 
probe. Fourteen of these 15 patients had under-
gone a prior preoperative diagnostic  18 F-FDG 
PET scan. A single or multiple tumor foci were 
identifi ed with the gamma detection probe as 
 18 F-FDG-avid tissue in 14 of the 15 patients 
receiving an intravenous injection of  18 F-FDG on 
the day of surgery. Likewise, a single or multiple 
tumor foci were correctly identifi ed with the 
gamma detection probe as  18 F-FDG-avid tissue 
in 13 of 14 patients undergoing a prior preopera-
tive diagnostic  18 F- FDG PET scan, correctly cor-
relating to the sites of hypermetabolic activity 
seen on the prior preoperative diagnostic 
 18 F-FDG PET imaging. 
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 Subsequent to the fi rst report of  18 F-FDG- 
directed surgery in 1999 [ 6 ,  26 ,  27 ], multiple 
groups of investigators from across the globe 
have collectively investigated the utility of real- 
time  18 F-FDG-directed surgery and real-time 
 18 F-FDG-directed diagnostic and therapeutic 
interventional procedures in regard to a wide 
range of solid malignancies, including colorectal 
cancer, gastric cancer, gastroesophageal cancer, 
pancreatic cancer, melanoma, lymphoma, breast 
cancer, ovarian cancer, endometrial cancer, cervi-
cal cancer, vulvar cancer, testicular cancer, pros-
tate cancer, head and neck malignancies 
(squamous cell cancer of the oral cavity, orophar-
ynx, hypopharynx, and laryngeal regions, iodine- 
negative recurrent papillary thyroid cancer, and 
recurrent medullary thyroid cancer), lung cancer, 
squamous cell cancer of the skin, GIST (gastroin-
testinal stromal tumor tumors), sarcoma, adreno-
cortical carcinoma, and carcinoma of unknown 
primary [ 6 ,  28 – 95 ]. Table  25.1  summarizes all 
reported real-time  18 F-FDG-directed surgery 
series in the literature [ 6 ,  26 – 76 ]. Table  25.2  
summarizes all reported real-time  18 F-FDG- 
directed diagnostic and therapeutic interventional 
procedure series in the literature [ 6 ,  77 – 95 ]. It is 
worth noting a substantial portion of the clinical 
investigations into the use of  18 F-FDG for real- 
time detection and guidance during cancer sur-
gery for a variety of solid malignancies have been 
conducted at the Ohio State University 
(Columbus, Ohio, USA) [ 6 ,  26 – 28 ,  44 ,  46 – 51 , 
 53 ,  54 ,  56 ,  59 ,  67 ,  71 – 76 ]. 

 Our own experience with utilizing  18 F-FDG 
for real-time cancer detection and guidance 
within the operating room at the Ohio State 
University (Columbus, Ohio, USA) [ 6 ,  26 – 28 , 
 44 ,  46 – 51 ,  53 ,  54 ,  56 ,  59 ,  67 ,  71 – 76 ] has strength-
ened our long-standing contention regarding the 
importance of implementing a multimodal imag-
ing and detection approach to  18 F-FDG-directed 
surgery [ 50 ,  67 ,  74 ,  76 ]. Since 2005, the general 
structure of this multimodal approach has incor-
porated various components, including (1) same- 
day preoperative patient diagnostic whole-body 
PET/CT imaging, (2) intraoperative gamma 
detection probe assessment, (3) specimen imag-
ing of surgically resected specimens with both a 

clinical PET/CT unit and a micro PET/CT unit, 
(4) radioactivity counting of selected portion of 
surgically resected specimens by an automatic 
gamma well counter, and (5) same-day postop-
erative patient diagnostic limited fi eld-of-view 
PET/CT imaging [ 67 ]. 

 On the day of the anticipated  18 F-FDG- 
directed surgery procedure, patients fasted for a 
minimum of 6 h before undergoing the same-day 
preoperative diagnostic whole-body  18 F-FDG 
PET/CT scan [ 67 ,  74 ]. Each patient received a 
same-day, single-dose, preoperative, intravenous 
injection of  18 F-FDG, consisting of an averaged 
recommended dose in the range of approximately 
15 mCi (555 MBq). The  18 F-FDG dosing at the 
Ohio State University (Columbus, Ohio, USA) 
was based upon the standard-of-care practice 
guidelines set in the USA by the Society of 
Nuclear Medicine, the American College of 
Radiology, and the Society for Pediatric 
Radiology for diagnostic  18 F-FDG PET/CT 
image acquisition (i.e., 10–20 mCi (370–
740 MBq) of  18 F-FDG in adults) [ 128 ,  129 ]. The 
same-day, single-dose, preoperative, intravenous 
dose of  18 F-FDG was generally administered 
approximately 75 min prior to the planned time 
of the same-day preoperative diagnostic whole- 
body  18 F-FDG PET/CT scan, which was 
 performed within the time frame recognized by 
the standard-of-care practice guidelines set in the 
USA by the Society of Nuclear Medicine, the 
American College of Radiology, and the Society 
for Pediatric Radiology for diagnostic  18 F-FDG 
PET/CT image acquisition [ 128 ,  129 ]. The same- 
day preoperative diagnostic whole-body  18 F-FDG 
PET/CT scan usually consisted of 6–8 fi eld-of- 
view PET bed positions and with 2 min of PET 
imaging for each fi eld-of-view PET bed position. 
Patients then proceeded to the operating room for 
their anticipated surgical procedure and com-
pleted standard postoperative recovery in the 
postanesthesia care unit. The same-day postop-
erative diagnostic limited fi eld-of-view  18 F-FDG 
PET/CT scan was generally restricted to those 
fi eld-of-view PET bed positions encompassing 
the immediate area of the surgical fi eld (usually 
consisting of 1–3 fi eld-of-view PET bed posi-
tions, in order to limit overall patient radiation 
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exposure for the CT portion of the PET/CT, and 
with 10 min of PET imaging for each fi eld-of- 
view PET bed position). 

 Our multimodal imaging and detection 
approach to  18 F-FDG-directed surgery at the 
Ohio State University (Columbus, Ohio, USA) 
[ 50 ,  67 ,  74 ,  76 ] demonstrated technical and logis-
tical feasibility for coordination of services by 
the surgeon, nuclear medicine physician, and 
pathologist in a same-day fashion. It allowed for 
(1) real-time intraoperative staging of the extent 
of disease; (2) real-time intraoperative surgical 
planning and execution of the necessary and most 
appropriate operation, determination of the extent 
of surgical resection, and determination of the 
completeness of surgical resection; (3) real-time 
pathologic evaluation of intact surgical resected 
specimens for the confi rmation of completeness 
of surgical resection and for surgical margin 
assessment; and (4) real-time pathologic evalua-
tion of diagnostically biopsied tissues for confi r-
mation of correctness of tissue diagnosis.  

25.6     Timing Issues Related 
to  18 F-FDG-Directed Surgery: 
Impact of Length of Time 
from Injection of  18 F-FDG 
to the Performance 
of Intraoperative Gamma 
Detection Probing 

 Numerous investigators have evaluated the con-
cept of delayed phase and dual-time-point diag-
nostic  18 F-FDG PET imaging [ 74 ] in which a 
portion of the diagnostic  18 F-FDG PET imaging 
sequence is extended temporally out further than 
is generally recommended by the standard-
of- care practice guidelines for diagnostic 
 18 F-FDG PET/CT image acquisition [ 128 ,  129 ]. 
Remarkably, several of these groups of investiga-
tors have performed delayed phase diagnostic 
 18 F-FDG PET imaging out to ultra-extended 
injection-to-scan acquisition time intervals rang-
ing to 6–9 h after the initial  18 F-FDG injection 
dose is administered [ 31 ,  74 ,  130 – 134 ]. 

 In contrast to the innumerous work done on 
extended injection-to-scan acquisition time 

 intervals for diagnostic  18 F-FDG PET imaging, 
there has been very little data or discussion in the 
literature regarding the equivalent scenario of 
extended injection-to-probing time intervals as it 
pertains to gamma detection probing of patients 
intravenously injected with  18 F-FDG [ 31 ,  38 ,  42 , 
 43 ,  74 ]. Therefore, it is reasonable to say that the 
optimal length of time from the injection of  18 F- 
FDG to the performance of intraoperative gamma 
detection probing has yet to be determined. 

 In 2004, Higashi et al. [ 31 ,  74 ] examined the 
question of “appropriate timing” for “postinjec-
tion” gamma detection probing using phantom 
studies and a limited series of 3 patients with 
“superfi cially located malignant lesions.” For the 
phantom studies, they used 5 liter plastic barrels 
fi lled with saline containing varying-dose “back-
ground”  18 F-FDG as the “body trunk” phantom, 
0.2 liter plastic bottles fi lled with saline contain-
ing varying-dose  18 F-FDG as the “kidney” phan-
tom, and 2 fi xed-dose  18 F-FDG sources to simulate 
“superfi cially located tumor nodules.” For the 3 
patients with “superfi cially located malignant 
lesions,” they performed “preoperative” gamma 
detection probing at the skin surface at 1, 3, 5, 6, 
and/or 7 h after receiving an intravenous injection 
of 2–10 mCi (74–370 MBq) of  18 F-FDG (and for 
which no intraoperative gamma detection probing 
was undertaken). In their limited patient data set, 
they showed that the tumor-to-background ratios 
of  18 F-FDG by gamma detection probing at the 
skin surface remained relatively stable at the mea-
sured time intervals and remained relatively stable 
up to the 7-h postinjection time interval. However, 
they were concerned that the overall lower  18 F-
FDG count rates encountered at time intervals of 
6–7 h postinjection of  18 F-FDG, secondary to the 
normal physical decay pattern of  18 F-FDG, 
“would be problematic” when applied to a clinical 
application of intraoperative gamma detection 
probing. Therefore, they concluded that the clini-
cal application of intraoperative gamma detection 
probing was “more suitable” at 1–3 h postinjec-
tion of  18 F-FDG as compared to 6–7 h postinjec-
tion of  18 F-FDG. 

 In 2006 and 2007, Gulec et al. [ 38 ,  42 ,  43 ,  74 ] 
reported on two consecutive series of patients, 
including 40 patients undergoing intraoperative 
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gamma detection probing after receiving an intra-
venous injection of 7–10 mCi (259–370 MBq) of 
 18 F-FDG [ 38 ] and 25 patients undergoing intra-
operative gamma detection probing after receiv-
ing an intravenous injection of 5–15 mCi 
(185–555 MBq) of  18 F-FDG [ 42 ]. In both series, 
Gulec et al. [ 38 ,  42 ,  43 ] reported observing a 
nonsignifi cant trend toward an increased tumor- 
to- background ratio of  18 F-FDG as the duration 
of time from the  18 F-FDG injection to performing 
intraoperative gamma detection probing 
increased, with satisfactory count rates and lesion 
detection capabilities up to 6 h of time after injec-
tion of  18 F-FDG. Therefore, regarding intraopera-
tive gamma detection probing during 
 18 F-FDG-directed surgery, they concluded that 
longer injection-to-probing time intervals “accen-
tuated” the tumor-to-background ratio of  18 F- 
FDG and resulted in “better lesion detection” 
[ 38 ,  42 ]. However, they also stated that “more 
delayed intervals between FDG injection and 
imaging might compromise image quality as a 
result of lower count rates” [ 42 ]. 

 Most recently, in 2014, our group at the Ohio 
State University (Columbus, Ohio, USA) [ 74 ] 
examined the question of extended injection-to- 
scan acquisition time intervals in a retrospective 
data analysis of a subset of patients undergoing 
 18 F-FDG-directed surgery. This data analysis 
specifi cally looked at preoperative  18 F-FDG 
PET/CT imaging and postoperative  18 F-FDG 
PET/CT imaging of 32 individual  18 F-FDG-avid 
lesions (from among a total of 7 patients) which 
were not surgically manipulated or altered dur-
ing  18 F-FDG-directed surgery, and, for which, all 
of these 32 individual  18 F-FDG-avid lesions 
were visualized on both same-day preoperative 
 18 F- FDG PET/CT imaging and same-day post-
operative  18 F-FDG PET/CT imaging. In this ret-
rospective data analysis, both  18 F-FDG-avid 
lesions and their corresponding background tis-
sues were assessed on same-day preoperative 
and postoperative  18 F-FDG PET/CT scans. This 
data analysis demonstrated several important 
time- dependent observations. First,  18 F-FDG 
PET/CT imaging performed at extended injec-
tion-to-scan acquisition times of up to a mean 

time of 530 min (i.e., approximately fi ve half-
lives for  18 F-FDG) was able to maintain a desig-
nation of good/adequate diagnostic image 
quality deemed necessary for clinical interpreta-
tion. Second, the mean  18 F-FDG-avid lesion 
SUV max  value increased signifi cantly from pre-
operative to postoperative  18 F- FDG PET/CT 
imaging (mean  18 F-FDG-avid lesion SUV max  
value; 7.7 preoperative to 11.3 postoperative;  P  
<0.001). Third, mean background SUV max  value 
decreased signifi cantly from preoperative to 
postoperative  18 F-FDG PET/CT imaging (mean 
background SUV max  value; 2.3 preoperative to 
2.1 postoperative;  P  = 0.017). Fourth, the mean 
lesion-to-background SUV max  ratio increased 
signifi cantly from preoperative to postoperative 
 18 F-FDG PET/CT imaging (mean lesion-to-
background SUV max  ratio; 3.7 preoperative to 5.8 
postoperative;  P  <0.001). 

 The far-reaching implications of these collec-
tive time-dependent observations [ 74 ] appear 
highly infl uential for guiding future direction in 
 18 F-FDG-directed procedural and surgical appli-
cations, as well as  18 F-FDG PET/CT oncologic 
imaging. First and foremost, these time- 
dependent observations justify the more wide-
spread and integrated, real-time use of diagnostic 
 18 F-FDG PET/CT imaging in conjunction with 
 18 F-FDG-directed interventional radiology diag-
nostic biopsy procedures and therapeutic ablation 
procedures, as well as with  18 F-FDG-directed 
surgical procedures. These sorts of integrated, 
real-time utilities for diagnostic  18 F-FDG PET/
CT imaging would facilitate periprocedural veri-
fi cation of appropriate tissue targeting during 
 18 F-FDG-directed interventional radiology diag-
nostic biopsy procedures and therapeutic ablation 
procedures and for perioperative verifi cation of 
appropriate tissue targeting and completeness of 
resection during  18 F-FDG-directed surgical pro-
cedures. Secondly but still importantly, these 
time-dependent observations could have far- 
reaching impact on potentially reshaping future 
thinking regarding what represents the “most 
optimal” injection-to-scan acquisition time inter-
val for all routine diagnostic  18 F-FDG PET/CT 
oncologic imaging.  
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25.7     Inherent Challenge of In Situ 
Detection of  18 F-FDG 
with a Gamma Photon 
Detection Device When 
Encountering a Low Target- 
to- Background Ratio of  18 F- 
FDG and the Impact 
of Threshold Detection 
Criteria Methodology 
on the Determination 
of Gamma Detection Probe 
Positivity for Intraoperative 
In Situ Identifi cation 
of  18 F-FDG-Avid Tissue Sites 
during  18 F-FDG-Directed 
Surgery 

 A signifi cant challenge faced during attempted 
intraoperative in situ identifi cation of  18 F-FDG- 
avid tissue sites with a gamma photon detection 
device during  18 F-FDG-directed surgery is a 
scenario in which a low target-to-background 
ratio (i.e., low tumor-to-background ratio) of 
high- energy 511 keV gamma photon emissions 
is encountered within the surgical fi eld [ 6 ,  31 , 
 38 ,  42 ,  43 ,  45 ,  52 ,  73 ,  75 ,  115 – 126 ]. As previ-
ously discussed, a low target-to-background 
ratio of high-energy 511 keV gamma photon 
emissions can results from a multitude of fac-
tors, including the marginal  18 F-FDG uptake by 
certain tumor- bearing tissues, the distribution 
and degree of intrinsic physiologic background 
 18 F-FDG activity within adjacent surrounding 
tissues which do not represent tumor-bearing 
tissues, and innumerable factors related to the 
technical specifi cations of the specifi c gamma 
photon detection device used for generating the 
counts per second measurements [ 75 ]. In this 
regard, some investigators have suggested that a 
minimum in situ target-to-background ratio of 
1.5-to-1 for  18 F- FDG is necessary for allowing 
the surgeon to comfortably differentiate tumor-
bearing tissues from normal tissue during 
 18 F-FDG-directed surgery [ 38 ,  42 ,  43 ,  73 ,  75 ]. 
However, a target-to- background ratio of 1.5-
to-1 simply represents an arbitrary and fi xed 
ratio determination. 

 Our personal experience with  18 F-FDG- 
directed surgery at the Ohio State University 
(Columbus, Ohio, USA) [ 6 ,  26 – 28 ,  44 ,  46 – 51 , 
 53 ,  54 ,  56 ,  59 ,  67 ,  71 – 76 ] clearly indicates that 
the observed in situ target-to-background ratio of 
 18 F-FDG-avid tissue sites is frequently less than 
1.5-to-1 and is highly dependent upon the spe-
cifi c gamma photon detection device utilized. 
Resultantly, when intraoperative detection of in 
situ  18 F-FDG-avid tissue sites relies solely on a 
fi xed target-to-background ratio (i.e., a ratiomet-
ric threshold method) as the threshold for probe 
positivity, the success of intraoperative detection 
can be limited and provide unsatisfactory results 
to the surgeon [ 73 ,  75 ]. Therefore, our own group 
has long contended that improved intraoperative 
in situ identifi cation of  18 F-FDG-avid tissue sites 
during  18 F-FDG-directed surgery can be better 
accomplished by the use of the three-sigma sta-
tistical threshold criteria method for determina-
tion of gamma detection probe positivity. The 
three- sigma statistical threshold criteria defi nes 
any given tissue as being probe positive when the 
count rate in that tissue exceeds three standard 
deviations above the mean count rate detected 
within normal adjacent tissue. 

 In order to comparatively assess the effi cacy 
of the 1.5-to-1 ratiometric threshold criteria 
method and the three-sigma statistical threshold 
criteria method for determination of gamma 
detection probe positivity for intraoperative in 
situ detection of  18 F-FDG-avid tissue sites during 
 18 F-FDG- directed surgery, we evaluated a total of 
401 intraoperative gamma detection probe mea-
surement sets of in situ counts per second mea-
surements collected from our prospective, pilot 
study database and performed our analysis in a 
manner that was completely independent of the 
specifi c type of gamma detection probe system 
that was used for determination of the counts per 
second measurements [ 75 ]. Our data analysis 
demonstrated that the three-sigma statistical 
threshold criteria method was signifi cantly better 
than the 1.5-to-1 ratiometric threshold criteria 
method ( P  <0.001) for determining gamma 
detection probe positivity for intraoperative in 
situ detection of  18 F-FDG- avid tissue sites during 
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 18 F-FDG-directed surgery. Likewise, the three-
sigma statistical threshold criteria method was 
able to detect true positive results at target-to-
background counts ratios that were much lower 
than could be detected by a ratiometric threshold 
criteria method that set the target-to- background 
count ratio cutoff at 1.5-to-1. Thus, if a surgeon 
utilized a gamma detection probe system with 
high count rate sensitivity, it was theoretically 
feasible that target-to-background count ratios as 
low as 1.1-to-1 could be identifi ed as in situ probe 
positive when applying the three-sigma statistical 
threshold criteria method. Therefore, use of the 
three-sigma statistical threshold criteria for deter-
mination of gamma detection probe positivity for 
intraoperative in situ detection of  18 F-FDG-avid 
tissue sites during  18 F-FDG-directed surgery 
proved instrumental for overcoming the com-
monly encountered scenario of a low target- to- 
background ratio (i.e., low tumor-to- background 
ratio).  

25.8     Occupational Radiation 
Exposure to Intraoperative 
and Perioperative Personnel 
from  18 F-FDG Radioguided 
Surgical Procedures 

 Occupational radiation exposure incurred by 
intraoperative and perioperative personnel par-
ticipating in surgical cases has been previously 
evaluated by several groups of investigators [ 37 , 
 41 ,  44 – 46 ,  52 ,  54 ,  55 ,  57 ,  60 ,  61 ,  64 ,  67 ,  135 –
 137 ]. These investigators have reported data 
based upon several different study-design sce-
narios, including utilizing simulated surgical 
cases [ 46 ,  135 ,  136 ], surgical cases in which the 
patient was injected with  18 F-FDG but in which 
actual  18 F-FDG- directed surgery with intraopera-
tive utilization of radiation detection probes was 
not undertaken for assisting in the surgical proce-
dure [ 55 ,  57 ,  137 ], and actual  18 F-FDG-directed 
surgery cases [ 37 ,  41 ,  44 ,  45 ,  52 ,  54 ,  60 ,  61 ,  64 , 
 67 ]. 

 The most comprehensive evaluation of occu-
pational radiation exposure to intraoperative and 
perioperative personnel participating in  18 F-FDG- 

directed surgery cases was published in 2008 by 
our group at the Ohio State University (Columbus, 
Ohio, USA) [ 54 ,  67 ]. In this comprehensive 
study, 10 actual  18 F-FDG-directed surgery cases 
were evaluated. A mean dose of 18.9 mCi 
(699 MBq) of  18 F-FDG was intravenously 
injected at a mean time of 142 min prior to sur-
gery. The resultant mean deep dose equivalent 
per case for the surgeon, anesthetist, scrub tech-
nologist, postoperative nurse, circulating nurse, 
and preoperative nurse was 164, 119, 92, 63, 54, 
and 48 μSv, respectively. 

 The results of this comprehensive evaluation 
were used to determine the estimated number of 
 18 F-FDG-directed surgery cases per year and the 
estimated number of hours of exposure per year 
that could be theoretically incurred by the sur-
geon, anesthetist, scrub technologist, postopera-
tive nurse, circulating nurse, and preoperative 
nurse in both the USA and internationally [ 54 , 
 67 ]. Based upon the established annual occupa-
tional exposure limit for adults within the USA 
of a total effective dose equivalent of 50,000 μSv 
(as defi ned by the US Nuclear Regulatory 
Commission) [ 54 ,  138 ], the estimated number of 
 18 F-FDG-directed surgery cases per year and the 
estimated number of hours of exposure per year 
that could be theoretically incurred by the sur-
geon, anesthetist, scrub technologist, postopera-
tive nurse, circulating nurse, and preoperative 
nurse were 305 cases and 820 h, 420 cases and 
1020 h, 543 cases and 2083 h, 794 cases and 
1471 h, 926 cases and 2941 h, and 1042 cases 
and 602 h, respectively [ 54 ]. In contrast to the 
annual occupational exposure limit for adults 
within the USA, the annual occupational expo-
sure limit for the adult international community 
outside the USA (as defi ned by the International 
Commission on Radiological Protection (ICRP)) 
is more stringent and complex, with the annual 
occupational exposure limit for adults to be a 
total effective dose equivalent of 20,000 μSv per 
year, averaged over a 5-year period (100,000 μSv 
in 5 years), with further provision that the total 
effective dose equivalent should not exceed 
50,000 μSv in any single year [ 54 ,  139 ,  140 ]. 
Based upon the established annual occupa-
tional exposure limit for the adult international 
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 community outside the USA defi ned by the 
International Commission on Radiological 
Protection (ICRP), the estimated number of 
 18 F-FDG-directed surgery cases per year and the 
estimated number of hours of exposure per year 
that could be theoretically incurred by the sur-
geon, anesthetist, scrub technologist, postopera-
tive nurse, circulating nurse, and preoperative 
nurse were 122 cases and 328 h, 168 cases and 
408 h, 217 cases and 833 h, 317 cases and 588 h, 
370 cases and 1176 h, and 417 cases and 241 h, 
respectively [ 54 ]. The data outlined in this com-
prehensive evaluation [ 54 ,  67 ] clearly illustrated 
that the absorbed radiation dose received by both 
intraoperative and perioperative personnel 
involved in  18 F-FDG-directed surgery cases was 
relatively low per case and allows for all such 
personnel to participate in multiple cases and 
still remain well below regulatory standards set 
for occupational radiation exposure limits.  

25.9     Concluding Remarks 

 The use of positron-emitting and high-energy 
gamma photon-emitting radiopharmaceuticals, 
like  18 F-FDG, for real-time cancer detection and 
surgical guidance within the operating room and 
for real-time guidance of diagnostic and thera-
peutic interventional procedures within the inter-
ventional radiology suite, has great clinical 
potential. When a multimodal imaging and detec-
tion approach to  18 F-FDG-directed surgery is uti-
lized, thus coordinating of services provided by 
the surgeon, nuclear medicine physician, and 
pathologist, this integrated approach has the 
potential for allowing (1) real-time intraoperative 
staging of the extent of disease; (2) real-time 
intraoperative surgical planning and execution of 
the necessary and most appropriate operation, 
determination of the extent of surgical resection, 
and determination of the completeness of surgi-
cal resection; (3) real-time pathologic evaluation 
of intact surgical resected specimens for the con-
fi rmation of completeness of surgical resection 
and for surgical margin assessment; (4) real-time 
pathologic evaluation of diagnostically biopsied 
tissues for confi rmation of correctness of tissue 

diagnosis; and (5) real-time guidance of diagnos-
tic and therapeutic interventional procedures 
within the interventional radiology suite. 
However, major hurdles still exist for maximiz-
ing the clinical potential of these technologies. 
The greatest challenges that remain involve the 
need for the development of more technically 
optimized handheld radiation detection probes 
for positron-emitting and high-energy gamma 
photon-emitting radiopharmaceuticals, like  18 F- 
FDG, as well as the need for the development of 
portable positron and high-energy gamma photon 
imaging devices that can be fully integrated into 
the operative/perioperative arena for real-time 
intraoperative/perioperative patient and speci-
men imaging. If these hurdles can be overcome, 
the use of positron-emitting and high-energy 
gamma photon-emitting radiopharmaceuticals 
for real-time cancer detection and surgical guid-
ance within the operating room and for real-time 
guidance of diagnostic and therapeutic interven-
tional procedures within the interventional radi-
ology suite can become more fully realized and 
potentially impactful upon the long-term out-
come for cancer patients.     
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   Abstract  

  Fluorophores used in near-infrared emission 
spectra have recently gained a signifi cant inter-
est. The increased attention given to fl uoro-
phores over the last decade results from their 
possible substantial impact on patient care. The 
new era of surgical molecular navigation may 
help with real-time visualization of tumors, 
lymph nodes, nerves, vital structures, or blood 
vessels. All of this in overlying colors may help 
in faster and even safer tumor resection, allow-
ing preservation of important structures in 
human body. We can observe a paradigm shift 
in cancer surgery improving safety of the oper-
ation, patient outcome, and from the fi nancial 
point of view, the cost of medical treatment.    

26.1      Introduction 

 Fluorophores used in near-infrared emission 
spectra have recently gained a signifi cant inter-
est. The increased attention given to fl uorophores 
over the last decade results from their possible 
substantial impact on patient care. The new era of 
surgical molecular navigation may help with 
real-time visualization of tumors, lymph nodes, 
nerves, vital structures, or blood vessels. All of 
this in overlying colors may help in faster and 
even safer tumor resection, allowing preservation 
of important structures in human body. We can 
observe a paradigm shift in cancer surgery 
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improving safety of the operation, patient out-
come, and from the fi nancial point of view, the 
cost of medical treatment. 

 During the last century, fi ve imaging tech-
niques have been applied in patient care: X-ray 
(along with it, the entire spectrum including plain 
fi lm, fl uoroscopy, and computed tomography 
(CT)), magnetic resonance imaging (MRI), ultra-
sonography (US), single-photon emission com-
puted tomography (SPECT) including handheld 
gamma cameras, and positron emission tomogra-
phy (PET) [ 1 ]. All these techniques helped in pre-
operative diagnosis of patients. For image- guided 
surgery, ultrasonography, fl uoroscopy, and hand-
held gamma cameras are widely used. Also, intra-
operative use of MRI or CT and even PET have 
slowly started playing an important role, in par-
ticular in neurosurgery and laryngology [ 2 ]. The 
new technology which can really  revolutionize 
surgical guidance in real-time is the use of fl uoro-
phores that are not visible in daylight, but are only 
visible in the near-infrared (NIR) light range 
(spectra of 700–900 nm). Fluorophores have min-
imal interfering absorption and fl uorescence from 
biological samples. Likewise, they allow for 
imaging with the use of inexpensive laser diode 
excitation, reduced scattering, and enhanced tis-
sue penetration depth. As visible light can travel 
through the tissue in a microscale, the near-infra-
red light has the potential to penetrate the tissue in 
millimeters or even centimeters. A signifi cant 
piece of information is that tissues exhibit almost 
no autofl uorescence in NIR light. Resultantly, the 
signal-to-background ratio can be maximized 
using fl uorescent agents, creating “white stars in 
the black sky” [ 3 ] (Table  26.1 ).

   After injection of a fl uorophore into the tissue, 
charge-coupled device (CCD) cameras and light- 
emitting diodes (LEDs) can be used to detect 
fl uorophore (in some cameras, the operation the-
ater light has to be turned off). The structure of 
CCD consists of three main components: an 
NIR- sensitive image intensifi er, 16-bit dynamic-
range frame transfer CCD camera, and LEDs [ 4 ]. 
In order to detect fl uorescence from fl uorophore, 
LEDs produce one wavelength of an invisible 
NIR beam onto the substance. In response, fl uo-
rophore emits back another wavelength of an 
invisible NIR beam (Stokes shift) which is 

detected by the intensifi er and displayed on the 
camera [ 5 ,  6 ]. It takes milliseconds, enabling 
real-time guidance during surgery. 

 The history of fl uorescence-guided surgery 
started in 1948 when the fi rst nontargeted 
fl uorescence- guided surgery was performed by 
Moore and Peyton [ 7 ]. They used fl uorescein 
and an ultraviolet light Wood’s lamp for local-
izing brain tumors during brain surgery. Another 
important breakthrough was the use of targeted 
fl uorescence surgical imaging by Folli et al. in 
1992 [ 8 ]. They used carcinoembryonic antigen-
targeted antibodies labeled with fl uorescein for 
in vivo visualization of colorectal cancer. The 
next signifi cant step forward was the use of ICG 
in the sentinel lymph node biopsy procedure by 
Kitai et al. in 2005, with a charge-couple device 
and light- emitting diodes [ 9 ]. In 2011, van Dam 
et al. presented their experience in the use of 
folate receptor-α-targeted antibodies labeled 
with fl uorescein for in vivo visualization of 
ovarian cancer [ 10 ]. 

 During last several years, a large number of 
new molecules have been developed, and we now 
have targeted molecules for cancer cells [ 11 ], sen-
tinel lymph node biopsy [ 12 ], molecules cleared 
by liver into bile for bile duct imaging [ 13 ], mol-
ecules cleared by kidneys for ureter imaging [ 14 ], 
agents used in cardiovascular diseases [ 15 ], neu-
rological diseases [ 16 ], skeletal disorders [ 17 ], 
and agents for nerve visualization [ 18 ]. 

 This near-infrared fl uorescence (NIRF)-
guided surgery may play such a signifi cant role, 
especially when we realize that resection of a 
solid tumor during surgery with clear margins is 
responsible for curative treatment. This is 
extremely important as we analyze situations in 
which it is diffi cult to differentiate cancer tissue 
from normal tissue, like in breast cancer where a 
positive margin after breast-conserving therapy 
might be reported in from 5 % up to 49 % of 
cases [ 19 ,  20 ]. Another example where a cancer 
margin plays an important role in planning the 
surgery is neurosurgery. As the tumor is situated 
close to important structures, the differentiation 
between cancer tissue and healthy tissue could be 
critical. Most likely, the use of NIRF-guided sur-
gery will lead to improvement of patient out-
comes due to implementation of this technology 
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during  diffi cult surgical cases for which the out-
come of the surgical procedure is based on surgi-
cal skills and experience of the surgeon. Currently, 
for surgeries with a high number of cancer-posi-
tive margins, like malignant gliomas, prostate 
cancer, and breast cancer, implementation of 
NIRF- guided surgery might be a signifi cant step 
forward for improving long-term patient 
outcomes. 

 The next important fi eld of NIRF-guided sur-
gery is preservation of important structures. In 
cancer surgery, not only radical cancer resection 
but also postoperative morbidity with limiting 
iatrogenic injuries is responsible for the fi nal 
outcome of the patient [ 6 ,  21 – 23 ]. In this case, 
visualization of nerves is very important since 
their injury will lead to postoperative morbidity, 
in particular injury to motor nerves [ 24 ]. 
Fluorescent molecules which bind with nerves 
and help identify these structures will lead to 
improvement in surgical techniques. Currently, 
untargeted indocyanine green (ICG) helps visu-
alize ureters, bile ducts, blood vessels, lymphatic 
vessels, and lymph nodes. 

 Of course, enthusiasm for use of this tech-
nique should be tempered due to physics behind 
NIRF. The laws of physics are responsible for 
small depth of detection that is about 5–8 mm; 
however, this could be improved by better 
equipment and more advanced molecules. The 
depth of penetration limitation for NIRF imag-
ing has been a major obstacle to implementa-
tion of NIRF imaging during surgery. However, 
continued clinical research effort are slowly 
impacting upon the adoption of NIRF imaging 
for surgical applications. 

 In a review paper by Nguyen and Tsien, 
adoption of the following terms was proposed 
for clinical use – live molecular navigation 
(LMN) in cases where we image in vivo tar-
geted tracers and a term of fl uorescence-guided 
surgery (FGS) in cases where we image ex vivo 
resected specimen [ 23 ]. For fl uorescence-
guided surgery, we require just a fl uorescent 
molecule to visualize structures in near-infra-
red light, but in the case of LMN fl uorescent 
molecules, we will have to specifi cally localize 
targeted tissue in living patient [ 23 ]. This will 

be a step toward fl uorescent-based molecularly 
targeted visualization in real-time between 
healthy tissue and cancer tissue.  

26.2     Clinical Application of NIRF 
Molecules 

 The mystery of visualization of normally unseen 
agents in visible light lies in fl uorophores and a 
camera where LEDs produce one wavelength of 
an invisible NIR beam onto the fl uorophore 
[ 6 ,  21 ,  22 ]. The molecule responses and emits 
back another wavelength of an invisible NIR 
beam (Stokes shift) [ 5 ,  86 ]. This is detected by 
the intensifi er of the system and displayed on the 
camera. 

 Today, the most widely used fl uorophore tracer 
is ICG. It is the only 800 nm NIRF agent approved 
by the US Food and Drug Administration (FDA) 
and the European Medicines Agency (EMA). 
ICG is a water- soluble, anionic, amphiphilic tri-
carbocyanine tracer with a hydrodynamic diam-
eter of 1.2 nm, molecular mass of 776 Da, and 
excitation and emission wavelengths in serum at 
778 and 830, respectively [ 25 ,  26 ]. In the clinical 
practice, ICG has been used for many decades in 
hepatic function, cardiac output, and ophthalmic 
perfusion [ 27 – 29 ]. Recently, it has proven its 
practical usage in surgical oncology, secondary 
to its NIRF properties. In the literature, it dem-
onstrates a high safety profi le with just a few 
reported adverse reactions. Serious anaphylac-
tic complications were reported in about 0.05 % 
of cases [ 30 ]. The toxicity was observed only in 
cases of higher dose intake than that approved by 
the US FDA. As compared to radiolabeled col-
loids that are used in sentinel lymph node (SLN) 
biopsy procedures, ICG does not represent a radi-
ation material exposure risk. 

 Another tracer which demonstrates NIR proper-
ties is methylene blue (MB). It has been used for 
many years as a visible contrast agent (dark blue) 
especially in SLN biopsy. MB can reach about 
700 nm emission with a molecular weight of only 
320 Da. 

 Another tracer used in NIRF is 
5- aminolevulinic acid (5-ALA). It is used for 
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protoporphyrin synthesis as well as for tumor 
detection and tumor treatment – in this case, its 
photodynamic properties are taken advantage of. 
After topical or oral administration, 5-ALA 
starts synthesis and concentration of protopor-
phyrin IX (PpIX) in epithelia and neoplastic tis-
sues. The PpIX has fl uorescent properties. The 
use of 5-ALA has primarily been limited to the 
localization of malignant gliomas and meningio-
mas during neurosurgery cases. From the physi-
cal point of view, PpIX has two fl uorescence 
emission peaks; for NIRF-guided surgery, 
700 nm is used. 

 Lastly, sodium fl uorescein has been used for 
many decades in various medical applications. Its 
usage is approved for diagnostic angiography and 
for angioscopy, in order to visualize the retina 
and iris vasculature [ 32 ].  

26.3     Nanoparticles (NPs) Used 
in Biomedicine 

 In recent years, a large number of different sub-
stances have been proposed for biomedical imag-
ing. They can be divided into metal-based, 
carbon-based, polymer-based, biological-based, 
and lipid-based nanoparticles. According to Choi 
and Frangioni, we can arrange them into sub-
groups [ 33 ]:

    1.    Metal oxide nanoparticles – an iron (Fe) core 
and a polymeric coating builds spherical 
 ferromagnetics which are used in biomedical 
imaging, cell tracking, and monitoring of 
drug delivery [ 34 ]. Iron oxide NPs are classi-
fi ed by size and coating monocrystalline iron 
oxide nanocolloid (MION, 5–30 nm), cross- 
linked iron oxide (CLIO,10–50 nm), and 
superparamagnetic iron oxide (SPIO, 
>50 nm). These NPs are used in MRI as 
contrast- enhancing tracers [ 35 ].   

   2.    Gold-containing nanostructures – they create 
different 3D structures like nanorods (a 
nanoobject with two similar external dimen-
sions in the nanoscale and the third dimen-
sion signifi cantly larger than the other two 
external dimensions), nanofi bers (fl exible 
nanorods), nanoshells (hollow NPs), and 
nanocages (porous wall-covered nanoshell 

structures). The use of gold NPs in medicine 
is various; it has been applied to and has been 
used for a long time as drug delivery, imag-
ing, tumor therapy, and radiation sensitiza-
tion. They have not only been used in NIRF 
imaging, but also in noninvasive photother-
mal ablation of tumors. These NPs are excited 
by ultrasound and microwaves. The usage is 
limited by their toxicity, especially regarding 
gold salts accumulation in the body [ 36 ].   

   3.    Quantum dots (QDs) – they are known also 
as semiconductor nanocrystals. They consist 
of inorganic core, with or without a shell and 
a biocompatible coating. Their size is small 
and ranges from 5 to 50 nm. These NPs are 
widely used for tracking biochemical path-
ways and cancer metastases in animals [ 37 ]. 
QDs, in comparison with organic fl uoro-
phores, exhibit higher photostability, extinc-
tion coeffi cient, and quantum yield, and can 
also provide broadband absorption, narrow 
and tunable emission spectra, and multiva-
lent ligand conjugation. Secondary to their 
small size and proper physical parameters, 
they are widely used in NIRF research. Due 
to the toxic element in the core of the QDs 
and in vivo stability, their clinical translation 
is not currently possible.   

   4.    Silica NPs – it is a popular component of 
core-shell biodegradable NPs. They are 
widely used mainly due to their chemical and 
biological inert nature. The structure of silica 
NPs can be modifi ed using siloxane-based 
cross- linkers. We can use metals to compose 
silica- based nanoshells and to improve its 
fl uorescence ability. When the fl uorophore is 
encapsulated in a silica NP shell, it shows 
high fl uorescence emission intensity, excel-
lent photostability, and water solubility. The 
limitations to using silica NPs may be their 
yet undetermined toxicity profi le.   

   5.    Molecular dots – these small molecules are 
built of calcium phosphatate with biocom-
patible, multilayer nanocomposites. The 
advantage is the low toxicity of the calcium 
phosphatate core. Another advantage is its 
bioresorbable and biodegradable structure. 
Limitations of these NPs include fi nal large 
size (20–100 nm) and diffi cult surface 
modifi cations.   
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   6.    Carbon-based NPs – hollow containers built 
of C60 buckyballs and cylindrical single- 
walled (SWNT) or multi-walled carbon 
nanotubes (MWNT) are used as diagnostic 
and therapeutic agents. Their size is between 
3 and 100 nm. Due to their solely carbon 
structure, they are strongly hydrophobic, 
leading to aggregation and nonspecifi c bind-
ing to plasma proteins. After surface modifi -
cation, they exhibit extraordinary strength, 
electrical properties, and thermal conductivi-
ties. Again, limitations in clinical usage 
include their toxicity (with presented induced 
infl ammation or even cell death), as well as 
diffi culties in surface modifi cations [ 38 ].   

   7.    Nanowires – these metal-based semiconduc-
tors are built of silicon, carbon, and other 
materials. The size is 2–5 nm; however, add-
ing water soluble coating will increase the 
size from 10 up to 300 nm. One of the limita-
tions into clinical translation of these NPs is 
a needlelike shape of nanowires (the same as 
carbon nanotubes), which are similar to 
asbestos fi bers causing mesothelioma.   

   8.    Biological NPs – they are built of nanoscale 
components, like peptides, proteins, enzymes, 
antibodies, lipoproteins, viruses, and natural 
polymer. The most commonly used tissue- 
derived components are collagen and hyaluro-
nate. They cause minimal response and after 
small surface modifi cations are used as imag-
ing tracers. After conjugation of peptides and 
antibodies with biological fl uorophores, they 
can be used as targeted tracer. Another group of 
biological NPs are long half-life biological NP 
agents like albumin, lipoproteins, chitosan, 
dextran (a-1,6 polyglucose), and dextrin (a-1,4 
polyglucose), which can be used as templates 
for carrying drugs and constrast agents. One 
additional example of biological agents is algi-
nate and agarose, which are used in drug deliv-
ery and tissue engineering. For now, the biggest 
challenge is poor physical strength, diffi culty 
in controlling the size and shape of NPs, and 
additional diffi culty in controlling degradation, 
sometimes even immunogenicity [ 39 ].   

   9.    Polymer nanospheres – synthetic polymers 
like poly(lactic acid) (PLA),poly(lactide-
co- glycolide) (PLGA), poly(vinyl alcohol), 
poly(acrylic acid), poly(vinylpyrrolidone), 

poly(ethyleneimine), poly(amino acids), 
poly( l -lysine), poly(glutamic acid), poly
(malic acid), poly(aspartamides), poly(methyl 
methacrylate), poly(methylcyanoacrylate), poly
(ethylcyanoacrylate), poly(isobutylcyanoa-
crylate), and poly(isohexyl cyanoacrylate) are 
widely used in creating NPs delivering drugs into 
site. These polymers can be coated with other 
functional polymers. To release its cargo, a 
trigger stimulus is needed, such as a change 
in pH, temperature, or chemical environment 
[ 40 ]. By coating other NPs, like Au, QDs, and 
silica with polymers, we can obtain better sta-
bility and longer blood half-life.   

   10.    Dendrimers – are spherical macromolecules 
with treelike branched internal structure. 
With globular shape and internal cavities, 
dendrimers can encapsulate therapeutic 
agents either in their interior or on their 
surface.   

   11.    Liposomes – with approachable synthe-
sis and signifi cant cargo capacity, they 
are widely used as delivery remedium for 
drugs, diagnostic agents, peptides, antibod-
ies, hormones, and macromolecules after 
encapsulation by their lipid membranes [ 41 ]. 
Limitations of liposomes include poor vehi-
cle stability and outbreak leakage. By add-
ing biodegradable coating, we can improve 
stabilization of the membrane.      

26.4     Translation 
into Clinical Usage  

 ICG is the most commonly used dye in NIRF 
researches. With implementation of newer cameras 
and after primary research, we can observe more 
dyes with additional conjugation to improve detec-
tion as well as coming into targeted molecules. 

 Nowadays, NIRF-guided surgery has been 
implemented in different areas. 

26.4.1     Sentinel Lymph Node Biopsy 

 As fi rst described by Kitai et al. in 2005 and 
Murawa et al. in 2009, SLN biopsy using ICG 
has been investigated [ 9 ,  42 ]. Additionally, the 
use of hybrid tracer with human serum albumin 
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(i.e., ICG:HAS) has been proposed. According to 
Ohnishi et al., ICG combined with HSA improves 
its quantum yield (QY) described as “the bright-
ness” of ICG approximately threefold, also 
increasing the molecular weight; this in turn 
improves ICG retention in the SLNs [ 26 ]. Polom 
et al. [ 51 ] and Schaafsma et al. [ 53 ] described the 
clinical use of ICG:HAS for SLN biopsy in mela-
noma and vulvar cancer respectively. Another 
step in improving stability and visualization of 
the NIRF tracer in SLN biopsy was the use of 
multimodal ICG-(99 m) Tc-nanocolloid in pros-
tate cancer patients proposed by van der Poel 
et al. [ 43 ]. In recent years, many papers have 
been published regarding SLN biopsy using 
NIRF tracers for many different malignancies, 
including breast cancer [ 44 – 47 ,  49 ] as well as in 
colorectal cancer [ 45 ,  48 ,  49 ], skin cancer [ 50 , 
 51 ], cervical cancer [ 52 ], vulvar cancer [ 53 ], 
head and neck cancer [ 54 ], lung cancer [ 55 ,  56 ], 
penile cancer [ 57 ], endometrial cancer [ 58 ], gas-
tric cancer [ 59 ], and esophageal cancer [ 60 ]. 

 In comparison with blue dye, NIRF-guided 
SLN biopsy seems to be a better option due to 
increased tissue penetration depth and lack of 
staining of the patient. A novel strategy for 
attempting to increase lymph node retention has 
been developed by Vera et al. by creating a lym-
phatic tracer which is specifi c for a receptor 
(mannose- binding protein) found on reticuloen-
dothelial cells of lymph nodes [ 61 ].  

26.4.2     Tumor Imaging 

 NIRF-guided surgery has also proved to be use-
ful in tumor detection. This was fi rst described by 
Ishizawa et al. [ 62 ] for primary and metastatic 
liver tumors, and later described by other groups 
for multiple other tumors [ 63 – 71 ]. The most sig-
nifi cant issue with NIRF imaging is the depth of 
penetration of NIRF imaging, such that deeper 
placed tumors cannot be visualized. According to 
the published data, the approximate maximum 
depth of penetration of NIRF imaging is about 
8 mm from the surface. In case of tumors located 
on the surface of liver or closely to the surface, 
they are easily detected in NIRF visualization. 
This is particularly useful in case of colorectal 

cancer metastases of the liver, as they are mostly 
located on the surface of the liver parenchyma 
[ 62 ,  63 ]. 

 In case of insulinoma, one of the methods devel-
oped for localizing insulinomas is the intra- arterial 
injection of a high dose of MB [ 64 ]. Another study 
presented by Hutteman et al. showed useful demar-
cation of the tumor in other pancreatic tumors, 
including adenocarcinoma ( n  = 6), neuroendocrine 
tumor ( n  = 1), and adenomatous polyp ( n  = 1) [ 65 ]. 
NIRF-guided surgery has also proved to be useful 
in case of parathyroid gland resection using MB as 
a fl uorescent dye [ 66 ]. NIRF tracers can be also 
used in marking in endoscopy intestinal tumors, in 
particular by tattooing the tumor position [ 67 ]. 
Also in endoscopy of gastric cancer, ICG can be 
used to differentiate mucosal gastric cancer from 
submucosal cancer and even deeper cancers, which 
represents a risk factor for lymph node metastasis 
and can lead to additional surgical treatment [ 68 ]. 
One additional area of interest is the use of ICG in 
a prototype fl uorescence mammographic imaging 
system. Hagen et al. and Poellinger et al. used ICG 
to discriminate between malignant and benign 
lesions in breast tissue [ 69 ,  70 ]. Recently, Tummers 
et al. proposed intraoperative detection of breast 
cancer during breast-conserving therapy and also 
for detection of free margins using MB and an 
NIRF-guided surgical approach [ 71 ].  

26.4.3     Angiography 

 ICG is a very good tracer to visualize blood vessel 
structures. ICG usage in angiography imaging, as it 
pertains to coronary artery bypass grafts, peripheral 
vascular disease, and solid organ transplantation 
[ 72 – 74 ]. ICG-assisted angiography imaging could 
be also used to show good vasculature of the gastro-
intestinal tract anastomosis. Murawa et al. demon-
strated intraoperatively that assessing NIR-guided 
ICG angiography in case of esophageal cancer may 
play a role in determining the vascular integrity of 
an anastomosis [ 75 ]. NIRF angiography has also 
been used to evaluate colon cancer anastomosis 
[ 76 ]. NIRF angiography can also be applied in 
reconstructive surgery in order to show intraopera-
tive evaluation of tissue fl ap viability. The evalua-
tion of tissue fl aps during reconstructive surgery is 
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critical, and the loss of tissue fl ap viability can be 
devastating. During the surgery, we can visualize 
arterial infl ow, venous return, and tissue perfusion, 
prior to harvest and after fl ap transfer [ 77 ,  78 ]. This 
NIRF angiography technique is not only useful to 
plan the reconstruction, but also after transplanta-
tion. NIRF angiography can detect impaired fl ap 
blood fl ow and can be helpful for differentiating 
among poor arterial infl ow, poor venous outfl ow, or 
poor perfusion [ 77 ,  78 ]. Upon recognition of the 
problem, intraoperative solution can be imple-
mented. It is also useful in recognition of microvas-
cular thrombosis [ 78 ].  

26.4.4     Preservation of Normal 
Tissues 

 A good target for NIRF imaging might be nerves. 
During surgery, it is sometimes very diffi cult to 
differentiate nerves from other tissues and their 
resultant  iatrogenic injury can result in increased 
morbidity. The initial study by Gibbs-Strauss 
et al. showed a good visualization of nerves in the 
case of using fl uorophores targeted against myelin 
from sheath on axons [ 102 ]. Another study by 
KleinJan et al. described the in vivo nerve-stain-
ing capabilities of locally administered fl uores-
cent lectin analogs [ 24 ]. Further investigations are 
needed to evaluate the utility of NIRF imaging in 
identifying autonomic nerves which must be pre-
served during rectal cancer and prostate cancer 
surgery which are responsible for preserving uri-
nary continence and erectile function.   

26.5     Hybrid Tracers 

 Hybrid tracers, composed of both a radioactive 
tracer component and a fl uoresent dye compo-
nent, have been developed in order to allow for 
desired preoperative nuclear medicine imaging 
capabilities as well have high sensitivity 
intraoperative NIRF imaging capabilities. 

 Currently, the best known hybrid tracer used 
in clinical studies is ICG- 99m Tc-nanocolloid. This 
was fi rst used in prostate cancer [43], and is now 
being widely clinically applied to other malig-
nancies. One aspect worth noticing is that this 

hybrid tracer has proven similar drainage pattern 
as pure  99m Tc- nanocolloid [ 79 ,  80 ]. Another 
important issue is that in one injection of this 
tracer, we can use a combination of preoperative 
nuclear medicine imaging of radioactive com-
pound and intraoperative radio- and fl uorescence 
guidance surgery for SLN biopsy. From the 
chemical point of view, the combination of both 
dyes into one hybrid is based on non-covalent 
self-assembly [ 81 ]. This works only when we 
combine ICG with an organic nanocolloid. When 
we try to combine ICG with an inorganic  99m Tc-
sulfur colloid, such a combination is not possible 
and leads to a decreased intensity of the fl uores-
cent dye [ 4 ]. 

 A combination of a radioactive and fl uores-
cent dye is also possible with MB. MB iodization 
leads to creation of  125 I-methylene blue. Its clini-
cal usage was proven in breast cancer studies but 
only using its radioactive and optical properties 
[ 82 ,  83 ]. 

 A hybrid tracer like ICG- 99m Tc-nanocolloid 
can be used in areas with a complex anatomy or 
in areas where the SLN is near the injection site 
[ 43 ,  79 ,  80 ]. It is worth pointing out that the fl uo-
rescent dye component of the hybrid tracer has a 
higher identifi cation rate in comparison with blue 
dye alone. In vulvar cancer, the SLN identifi ca-
tion rate was 96 % using fl uorescent image-
guided surgery in comparison with 65 % of 
successful identifi cation using just optical prop-
erties of a blue dye [ 84 ]. 

 Fluorophores can be combined with antibodies, 
and can be used for targeted imaging. Sampath 
et al. proposed conjugation of multimodal mAb – 
trastuzumab – for Her receptor using IRDye 
800CW with diethylenetriaminepentaacetic acid 
(DTPA) for 111In radiolabeling [ 85 ]. They showed 
that NIRF proved to have similar target-to-back-
ground ratio as SPECT image. Another conjuga-
tion of trastuzumab with different fl uorophores 
was also proposed by Ogawa et al. and Aldrich 
et al. [ 5 ,  86 ,  87 ]. In a paper by Xu et al., the authors 
proposed a conjugation of cetuximab together 
with trastuzumab to the fl uorophore Cy7 and 
111In-DTPA through a novel modular synthetic 
strategy, resulting in mAb-based imaging probe 
libraries [ 88 ]. All these combinations were also 
seen in SPECT imaging secondary to radioactive 
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properties of some elements. In addition to other 
visualization technologies, we can also use PET 
imaging in order to improve sensitivity of these 
hybrid tracers. The fi rst demonstration of that tar-
geted hybrid tracer was using anti-CD20 murine 
mAb NuB2 for targeting CD20 positive cells [ 89 ]. 
Likewise, after successfully visualizing their tar-
geted hybrid tracer on SPECT and NIRF imaging, 
Sampath et al. [ 90 ] developed an analog trastu-
zumab targeted hybrid tracer that was capable of 
being visualized on PET and NIRF imaging. The 
hybrid tracer was 64Cu-DOTA and IRDye 800CW 
to detect the metastatic breast cancer cells. Another 
study aiming to prove an expression of EpCAM on 
prostate cancer and for circulating tumor cells is 
currently under investigation in some clinical tri-
als. In a paper by Hall et al., mAbs against EpCAM 
were dual labeled with IRDye 800CW and with 
64Cu-DOTA for metastatic lymph node detection 
in prostate cancer [ 91 ]. 

 Another area of research is peptide-based tar-
geting. The majority of targets are based on char-
acterized radiopeptides that bind αvβ3 integrins, 
somatostatin receptors (SSTRs), and matrix 
metalloproteinases (MMPs). New vessel forma-
tion was studied by targeting αvβ3integrin with 
its peptide sequence Arg-Gly-Asp (RGD). For 
targeting RGD, Huston et al. proposed DTPA, 
IRDye 800CW, and 111In conjugation for both 
radioactive and NIRF imaging [ 92 ]. In a paper 
by Ye et al., a new particle for RGD imaging was 
proposed as in model of delivery of desferriox-
amine to tumor cells with additional chelation of 
radiometals [ 93 ]. In the case of using SSTRs for 
neuroendocrine tumor imaging, Edwards et al. 
proposed a dual-labeled SSTR agent by attach-
ing the NIRF dye cypate to the C-terminus of 
DOTA-octreotate and radiolabeling with 64Cu 
[ 94 ]. Another marker – MMP-9 for heterotopic 
ossifi cation, was combined together with DOTA 
and IRDye 800CW, followed by labeling with 
64Cu for early detection of new bone formation 
by PET imaging [ 95 ]. Another multimodal pep-
tide agent was proposed for detecting interleu-
kin-11 receptor-α, which was dual labeled using 
an 111In-DTPA chelate and IR-783 [ 96 ]. In 
another study, non-peptide conjugation of 
bisphosphonate with IRDye 800CW was used in 

the detection of breast cancer microcalcifi ca-
tions [ 97 ]. An additional targeting tracer which 
might help decrease the number of positive mar-
gins in breast cancer cases was proposed on a 
mouse model by Nguyen et al. [ 98 ]. They used 
peptides which are responsive to tumor-associ-
ated matrix metalloproteinases (MMPs). In 
research done by Rosbach et al. on fresh resected 
human  specimen, multiple biomarkers of 
 epithelial neoplasia were evaluated by using 
combined antibodies [ 99 ]. Overexpression of 
γ-glu tamyltranspeptidase (GGT) in ovarian can-
cer was a target for γ-glutamyltranspeptidase- 
activated fl uorescent tracer sprayed topically in a 
mouse model [ 100 ]. The fi rst in-human use of an 
NIRF tracer in ovarian cancer was reported by 
von Dam et al. [ 10 ], in which they utilized folate 
receptor-α-targeted antibodies labeled with fl uo-
rescein for in vivo visualization of ovarian can-
cer. Most targeted NIRF tracers have been 
evaluated on animal models. The only NIRF-
directed surgery which proved to increased 
tumor-free survival was the  administration of 
5-ALA, which is an agent that starts synthesis 
and results in concentration of protoporphyrin 
IX (PpIX) in epithelia and neoplastic tissues in 
malignant glioblastoma [ 101 ]. It is worth men-
tioning at this point that when using all these tar-
geted NIRF tracers, we have to remember about 
the heterogeneity of various malignancies. In the 
case of ovarian cancer, expression of FRα is 
present in 72 % of primary and 81 % of recurrent 
epithelial ovarian cancer. Likewise, regarding 
gliomas, the use of 5-ALA (which had such a 
positive result on tumor-free survival) is possible 
only in 57 % of grade III or grade IV gliomas 
and only in 6 % of grade II gliomas, due to the 
fact that these tumors were positive for 5-ALA 
target- protoporphyrin IX.     
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     Abstract  

  Sentinel lymph node biopsy (SLNB) provides 
prognostic information in the management of 
solid tumours. Currently, the ‘combined tech-
nique’ using radioisotope and blue dye is consid-
ered the ‘gold standard’. This technique has 
drawbacks due to radioisotope dependence and 
adverse reactions to blue dye. Novel alternatives 
have been developed, but the established ‘gold 
standard’ method for SLNB has not changed. 
This chapter covers the clinical experience with 
the magnetic technique, which was developed as 
an alternative to radioisotope dependence for 
SLNB in breast cancer. It also discusses its appli-
cation to other cancers and assesses the published 
literature for current and potential future work. 
The magnetic technique has been proven to be 
non-inferior to the combined technique for SLNB 
in breast cancer and has consequently been 
extended to concurrent breast lesion localisation 
and SLNB in melanoma. Superparamagnetic 
iron oxide (SPIO)-enhanced MRI has proven 
applications in axillary staging of breast cancer 
and could prove a viable, non-invasive alternative 
to SLNB. The magnetic technique has demon-
strated promising results when applied to cancer 
surgery. Further assessment within well-con-
structed randomised controlled trials is now nec-
essary to bring this innovative application into 
routine clinical practice.  
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27.1          Introduction 

 Radioactive tracers have long been established for 
guiding cancer surgery, through assessment of the 
extent of tumour spread. Correctly detecting and 
histologically assessing the fi rst draining lymph 
node in solid tumours, such as breast cancer and 
melanoma, are crucial in determining the stage of 
disease and planning of further treatment. The 
concept of a sentinel lymph node (SLN) was fi rst 
described in a large group of penile cancer patients 
by Cabanas in 1977 [ 1 ]. Morton et al. published 
the blue dye approach in 1992 for melanoma [ 2 ] 
and standardised this technique. The idea of using 
a radioactive tracer (99-m technetium), published 
fi rst by Alex et al. in 1993 for melanoma [ 3 ], made 
sentinel lymph node biopsy (SLNB) more accu-
rate and widely available to surgeons. Krag et al. 
[ 4 ] in 1993 and Giuliano et al. [ 5 ] in 1994 con-
fi rmed these fi ndings in breast cancer patients by 
using radioactive tracer in 22 patients and blue 
dye in 174 patients, respectively.  

27.2     Current Evidence 
on Radioactive Approach 

 Kim et al. performed a systematic review and 
meta-analysis in 2006 looking at SLNB in 
patients with early-stage breast cancer. This 
analysis evaluated successful mapping of SLNs 
and the false-negative rate (FNR) of the radioac-
tive and blue dye procedure. A total of 8059 
patients were included, of which 7765 had a suc-
cessfully mapped SLN resulting in a mean iden-
tifi cation rate of 96 % [ 6 ]. The FNR ranged from 
0 to 29 %, with an overall mean of 7.3 %. A total 
of 68 studies were included of which 18 used 
blue dye alone, 16 used radioactive tracer alone 
and 34 studies used the combined technique. The 
FNR was favourable for studies that used the 
combined technique (7.0 %) compared to blue 
dye alone (10.9 %) or radioactive tracer alone 
(8.8 %), a difference which was statistically sig-
nifi cant ( P  = 0.047) [ 6 ]. Similar success rates of 
mapping of the SLN can be found in melanoma, 
as assessed by Valsecchi et al. in 2011 [ 7 ]. 

Including a total of 71 studies and 25,240 
patients, the mean success rate was 98.1 % (95 % 
CI: 97.3–98.6 %) and increased with the more 
recent year of publication. The FNR of SLNB in 
melanoma ranged from 0.0 to 34.0 %, with an 
overall mean of 12.5 % (95 % CI: 11–14.2 %) 
[ 7 ]. All studies in this analysis used the radioac-
tive tracer (in combination with lymphoscintig-
raphy), and blue dye was added in 89 % of the 
studies. Consequently, the combined technique 
of radioactive tracer and blue dye is now consid-
ered the gold standard for performing SLNB in 
breast cancer and melanoma. 

 The use of a radioactive tracer was expanded 
into other applications, such as radioguided 
occult lesion localisation (ROLL) for the man-
agement of non-palpable breast cancers, fi rst 
being described in 1998 [ 8 ]. In ROLL, a small 
quantity of radioactive tracer is injected into the 
lesion during ultrasonic examination. A gamma 
probe is used intraoperatively to guide the surgi-
cal removal of the lesion. This was subsequently 
extended to perform occult lesion localisation in 
conjunction with SLNB. This technique, also 
referred to as sentinel node and occult lesion 
localisation (SNOLL), has been evaluated in 
several studies to date, including two randomised 
controlled trials (RCTs). Successful complete 
resection rate is between 82.0 and 90.5 % with a 
SLNB success rate of between 88.2 and 100 % 
[ 9 ]. An alternative localisation technique subse-
quently developed using small titanium seeds (4 
× 0.8 mm), labelled with I-125. The seed is 
introduced into the lesion percutaneously by 
either stereotactic or ultrasound guidance via a 
standard 18-gauge needle. Surgery can then pro-
ceed with the gamma probe used to direct the 
surgeon to the localised site. I-125 emits 27 Kev 
gamma rays compared to  99 Tc, which emits 
140 KeV [ 10 ]. This means that by altering the 
sensitivity on the gamma probe, it is possible to 
differentiate between radioactive emissions from 
the localised lesion and the SLNs irrespective of 
the site of the primary lesion. A meta-analysis of 
this technique has demonstrated reduced reop-
eration rates for involved surgical margins and 
reduced operating times compared to conven-
tional wire-guided surgery [ 10 ].  
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27.3     A Novel Magnetic Technique 
for SLNB 

 Radioactive techniques suffer from signifi cant 
drawbacks. The use of radioisotopes expose patients 
and healthcare workers to radiation. Therefore, the 
use of radioisotopes is heavily controlled by leg-
islation (both on the specifi c training for surgeons 
and on the subsequent disposal of surgical waste). 
Also, preoperative planar imaging (lymphoscin-
tigraphy) with radioisotopes, which provides only 
2D imaging, can be of limited usefulness and can 
provide limited image quality and resolution. As a 
result of the latter, some centres have completely 
stopped undertaking routine preoperative planar 
lymphoscintigraphy in breast cancer patients. The 
blue dye injection can obscure the surgical fi eld and 
frequently leaves a blue skin staining, which can 
take months to fade or can be permanent. There is 
also up to a 0.9 % risk [ 11 ] of an adverse reaction to 
patent blue V dye, as a result of which some centres 
have stopped using it routinely. There is thus a clini-
cal need to develop a new technique for detecting 
and identifying SLNs without these drawbacks. 

 Non-radioactive alternatives to using radio-
isotope have been developed, including a mag-
netic technique for identifying SLNs using a 
superparamagnetic iron oxide (SPIO) contrast 
agent injected subcutaneously into the breast 
and then detected using a handheld magne-
tometer (see Fig.  27.1a ). Proof of principle for 
identifying SLNs was demonstrated using a pro-
totype magnetometer and a SPIO contrast agent 
(Endorem, Guerbet, France) [ 12 ,  13 ]. The mag-
netic technique provides a colour change (brown 

or black, see Fig.  27.1b ) in the lymph nodes and 
allows  localisation using a handheld magnetom-
eter probe. This research work led to the devel-
opment of two medical devices: a handheld 
magnetometer (SentiMag, Endomagnetics Ltd., 
UK) and an injectable magnetic tracer (Sienna+, 
Endomagnetics Ltd., UK). Sienna+, a blackish- 
brown sterile aqueous suspension of superpara-
magnetic carboxydextran-coated iron oxide 
particles, is 60 nm (Z-averaged diameter; <0.25 
polydispersity), ideally suited for SLNB. This 
diameter enables the SLNs to selectively fi lter 
out the particles and is similar to the particle 
size of standard radioisotope tracers (60 nm).

27.4        Trials Evaluating 
the Magnetic Technique 

 The international phase II non-randomized 
SentiMAG Multicentre Trial was the fi rst to eval-
uate the magnetic technique for SLNB against the 
standard (radioisotope with or without patent blue 
V dye) [ 14 ]. It was an academically run trial, 
adopted by the National Institute for Health 
Research (NIHR). The trial compared the sentinel 
node identifi cation rate with the new magnetic 
technique against that of the standard technique in 
170 patients. The magnetic technique was found 
to have a SLN identifi cation rate that was non-
inferior to the standard technique [ 14 ]. The SLN 
identifi cation rate was 95.0 % with the standard 
technique and 94.4 % with the magnetic tech-
nique (0.62 % difference; 95 % upper confi dence 
limit 4.4 %; 6.88 % discordance). A total of 404 

a b

  Fig. 27.1    Transcutaneous SLN localisation in the axilla, using the magnetic technique ( a ). The SLN identifi ed in this 
case was blue, hot on the gamma probe and brown discoloured ( b ) due to the magnetic tracer       
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SLNs were removed, and the lymph node retrieval 
rate was also no different (1.9 lymph nodes per 
patient with the standard and 2.0 with the mag-
netic techniques). Although the results of this 
phase II non-randomized clinical trial [14] were 
very encouraging, they were not suffi cient to jus-
tify changing from the standard of practice utili-
zation of radioisotope (+/- blue dye) to that of the 
magnetic tracer technique. The Central-European 
SentiMag Study [ 15 ] subsequently confi rmed this 
in 150 patients, who underwent SLNB, with the 
magnetic and radioisotope technique only (no 
blue dye). This study reported a SLN identifi ca-
tion rate of 97.3 % for radioisotope alone versus 
98.0 % for the magnetic technique and mean SLN 
retrieval of 1.8 versus 1.9, respectively. A third 
study, performed by Rubio et al. [ 16 ], prospec-
tively evaluated the magnetic technique for SLNB 
in 120 patients with clinically node-negative early 
breast cancer also without the use of blue dye. 
They found no drainage in two patients by either 
technique, leaving 118 patients for analysis. They 
also concluded that detection of SLNs using SPIO 
is a not inferior to the radiotracer technique. The 
radiotracer technique resulted in a 95.7 % identi-
fi cation rate compared to a 98.3% identifi cation 
rate using SPIO with the magnetic technique. One 
further small study published by Shiozawa et al. 
[ 17 ] was conducted in 30 patients who underwent 
the magnetic technique with blue dye, but no 
radioisotope, and reported a SLN identifi cation 
rate of 77 %, 80 %, and 90 % for the magnetic 
technique, blue dye only, and magnetic technique 
with blue dye, respectively.  

27.5     Trials Evaluating Further 
Applications of the Magnetic 
Technique 

 The magnetic technique has other potential clini-
cal applications beyond SLNB. Annually, 50,000 
patients are diagnosed with breast cancer within 
the United Kingdom, and over one-third of these 
are diagnosed with non-palpable or clinically 
occult lesions on breast imaging [ 18 ]. The intro-
duction of greater numbers of screening pro-
grammes worldwide and increasingly advanced 
breast imaging modalities, such as MRI, mean that 

these fi gures are likely to continue rising further. 
The standard treatment for these non-palpable 
lesions is surgical excision using wire-guided 
localisation (WGL) and axillary staging using 
SLNB. However, despite being the current stan-
dard, WGL is limited by poor patient satisfaction, 
technical diffi culties (such as wire migration, poor 
cosmetic outcome, high reoperation rates, dia-
thermy burns), and negative impacts upon opera-
tive theatre scheduling due to the necessity of 
radiology input on the day of surgery [ 19 ]. This 
has resulted in alternative localisation techniques 
being developed, which have demonstrated bene-
fi ts over WGL in systematic review and meta-
analyses [ 10 ,  19 ], but their uptake has been limited 
due to their dependence upon radioisotopes and its 
associated legislative implications for handling 
and disposal [ 20 ]. The MagSNOLL Multicentre 
Trial aims to use a single ultrasound-guided intra-
tumoural injection of 0.5 mL of magnetic tracer to 
localise the non-palpable lesion and perform con-
current SLNB. Once the magnetic tracer is 
injected, the patient may proceed to the operative 
theatre and using the handheld magnetometer to 
identify the peak ‘hot spot’ within the breast 
(which corresponds to the site of injection), the 
lesion can be identifi ed intraoperatively and subse-
quently excised. Concurrent SLNB is performed 
as per the standard magnetic technique used in the 
SentiMAG Multicentre Trial. This technique could 
potentially eliminate the requirement for wire 
insertion, the need of radioisotopes for SLNB, as 
well as allowing localisation and axillary staging 
to be performed after a single injection. Further 
assessment of the retention of the magnetic tracer 
at the site of injection is required to determine fur-
ther potential applications for the magnetic tracer 
as a biopsy marker, which on confi rmation of 
malignancy could avoid the need for an additional 
localisation procedure. The initial results of the 
MagSNOLL trial were presented at the 37th San 
Antonio Breast Cancer Symposium, Texas, USA, 
between 9 and 13 December 2014 [ 21 ]. They dem-
onstrated the successful localisation of all breast 
cancers in a small cohort of 20 non-palpable breast 
cancers, with re- excision for involved margins in 
two patients. The SLN identifi cation rate with the 
magnetic tracer alone was inferior to the combined 
technique of radioisotope and blue dye (85 % ver-
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sus 97 %, respectively). This demonstrated the 
successful radioisotope-independent localisation 
of breast cancers as well as the limitations of an 
intratumoural injection for SLNB, which requires 
further optimisation [ 22 ]. 

 SLNB is used as a prognostic test in melanoma 
patients with stage pT2a-pT3b melanoma of any 
anatomic site. The gold standard for SLNB in mel-
anoma is currently the combined technique; a pre-
operative injection of radioisotope followed by 
preoperative lymphoscintigraphy and intraopera-
tive injection of patent blue V dye and gamma 
probe guided localisation of the SLN. The SLNB 
procedure is carried out at the same time as defi ni-
tive wider excision of the primary melanoma. 
Patients with melanoma of Breslow thickness 1.2–
3.5 mm and a positive SLNB have a 72.3 ± 4.6 % 
5-year survival compared to 90.2 ± 1.3 % if the 
SLNB is negative [ 23 ]. SLNB in these patients pro-
vides important prognostic information and identi-
fi es patients with SLN metastasis who may benefi t 
from further surgery to the affected nodal basin. 

 After establishing feasibility in breast cancer 
with the SentiMAG Multicentre Trial, Douek et al. 
[ 25 ] aimed to extend the indication for use of the 
magnetic technique to melanoma. Localisation of 
the correct lymphatic basin to operate on, particu-
larly in primary trunk lesions where a multi-basin 
lymphatic drainage pattern can occur in 29 % of 
patients [ 24 ], is crucial in melanoma SLNB. The 
MELAMAG Trial evaluates the magnetic tech-
nique for SLNB against the standard technique 
(radioisotope and patent blue dye) [ 25 ]. 
Intraoperative localisation of the SLN was per-
formed using the handheld magnetometer after 
intradermal administration of the magnetic tracer. 
Patients with primary cutaneous melanoma who 
were scheduled for SLNB and clinically AJCC 
stage IB-IIC [ 26 ] were eligible to be recruited into 
this international multicentre trial. The MELAMAG 
Trial evaluated the proportion of SLNs detected 
(detection rate) with either the standard or the mag-
netic technique. In addition, an MRI subprotocol 
evaluated the accuracy of MRI for the localisation 
of SLNs. The fi rst results of this study were pre-
sented at the European Society of Surgical 
Oncology meeting in Liverpool. A total of 133 
patients were recruited and 129 patients were 
 available for analysis (four excluded). The SLN 

identifi cation rate was 97.7 % (126/129) with the 
standard combined technique and 95.3 % (123/129) 
with the magnetic technique (2.3 difference; 95 % 
upper CI of 6.4 %, 5.4 % discordance) [ 27 ]. With 
radioisotope alone, the SLN identifi cation rate was 
95.3 % (123/129) and compared favourable with 
the magnetic technique (0.0 % difference; 95 % 
upper CI of 4.5 %; 7.8 discordance).  

27.6     The Role of Axillary MRI 
Using Contrast-Enhanced 
SPIO 

 Axillary MRI provides an alternative to SLNB in 
determining axillary burden. Data from studies 
using intravenously administered SPIO indicates 
that these contrast agents have sensitivity and spec-
ifi city for the detection of axillary involvement of 
98 and 96 %, respectively [ 28 ]. Meng et al. [ 29 ] 
assessed the cost- effectiveness of MRI and PET for 
the evaluation of axillary lymph nodes in early 
breast cancer. They found that if MRI could accu-
rately diagnose axillary involvement, the most 
cost- effective strategy was to replace SLNB with 
axillary MRI. With this strategy, true-positive 
patients would undergo a single surgical procedure, 
axillary lymph node dissection (ALND), replacing 
two sequential surgical procedures (SLNB fol-
lowed by ALND). True-negative patients would 
not require any surgery. The challenge of applying 
this into routine clinical practice is the false- 
positive rate of 6.3 % for MRI versus 0.2 % for 
SLNB [ 29 ]. Harnan et al. [ 28 ] in their systematic 
review considered the use of MRI assessment of 
axillary lymph node status in early breast cancer 
and recorded a mean sensitivity and specifi city of 
90 and 95 %, respectively. The highest mean sensi-
tivity and specifi city was seen with SPIO- enhanced 
MRI, with values of 98 and 96 %, respectively. 

 Johnson et al. studied the distribution of SPIO 
within lymph nodes in a cohort of breast cancer 
patients undergoing SLNB using the magnetic 
technique [ 30 ] and showed that the 13 lymph 
nodes containing metastases had variable quan-
tities of iron within them, but the iron was not 
present in the areas of the lymph node containing 
the metastasis. This study therefore demonstrated 
that areas of  non- enhancement within SLNs and 
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non-SLNs on contrast-enhanced MRI indicated a 
metastatic focus. This technique could potentially 
identify patients with signifi cant axillary involve-
ment preoperatively, who therefore require 
ALND and also lead to the concept of ‘selective 
axillary surgery’ of involved lymph nodes only 
combining preoperative imaging with novel tech-
niques to guide surgeons intraoperatively [ 31 ].  

27.7     Changing Practice in Cancer 
Surgery 

 The magnetic technique for SLNB, using SPIO, 
has been developed primarily to provide an alter-
native to radioisotope dependency and subse-
quently increase uptake of this ‘gold standard’ 
procedure. The magnetic technique has been 
demonstrated to be non-inferior to the standard 
radioisotope (+/- blue dye) technique within mul-
ticentre trials and is the most promising technique 
that does not depend on radioisotopes [ 32 ]. This 
magnetic technique is also been evaluated in mel-
anoma [ 25 ] and for lesion localisation and con-
current SLNB in breast cancer [ 33 ]. 

 All metal retractors have to be removed from 
the surgical fi eld in order to successfully perform 
magnetic guided surgery. Plastic retractors, such 
as the Doxpal® self-retaining retractor (Swemac 
Innovation AB, Linköping, Sweden), as demon-
strated in Fig.  27.2 , were introduced to replace 
the existing conventional metallic retractors.

   The magnetic technique has not been evalu-
ated on its own before (i.e. without blue dye or 
radioisotope), as this can only be achieved within 
a randomised controlled trial. There is now a 
clinical need for an academically run (indepen-
dent) and non-commercial randomised controlled 
trial to establish if the magnetic technique should 
be used routinely. This Phase III trial will need to 
be designed with a tight margin for non- inferiority 
in order to address this reliably. This trial will be 
the largest trail of the magnetic technique and the 
most important trial of a non-radioisotope tech-
nique for SLNB. This trial could also change 
practice across several other tumour types, since 
SLNB is now also performed in colorectal [ 34 ], 
penile [ 35 ], and anal [ 36 ] cancers.  

    Conclusion 

 The magnetic technique, using SPIO, pro-
vides a credible alternative to radioisotope 
dependence in the performance of lymphatic 
mapping across a range of cancer types. It 
also provides the opportunity for extended 
applications including the use of MRI for 
axillary staging, ‘selective axillary surgery’, 
and localisation surgery for clinically occult 
lesions. Further assessment within clinical 
trials is necessary to bring these innovative 
applications to clinical practice.     
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      Ultrasound Fusion (SPECT/US)                     

     Martin     Freesmeyer      and     Thomas     Winkens    

     Abstract  

  This chapter is about initial experiences regard-
ing the feasibility and applicability of quasi-
integrated freehand (fh) single-photon 
emission computed tomography (SPECT)/
ultrasonography (US) fusion imaging in 
patients undergoing sentinel lymph node 
(SLN) imaging or in patients with thyroid dis-
ease. The principles of radioguided surgery 
can be applied to this technology. The success-
ful and emerging concept of hybrid imaging is 
applied to US imaging, resulting in a tool that 
combines the delivery of functional informa-
tion (SLN, thyroid tissue) with excellent visu-
alization of morphology. The medium-term 
goal of fhSPECT/US fusion imaging is to 
enhance diagnostic accuracy; however, further 
improvements are necessary to overcome tech-
nical limitations regarding the quality of co-
registration and fhSPECT resolution.  

28.1         Introduction 

 Radioguided surgery is a surgical methodology 
which involves the administration of a radionu-
clide and the subsequent intraoperative identifi -
cation and surgical removal of resultant 
radiolabeled structures. Radioguided surgery 
involves the use of hand held gamma detection 
probes, as well as may incorporate the use of 
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portable gamma cameras for optimizing intra-
operative detection. Recently, it has become 
possible not only to identify a radiolabeled  
structure in the body during radioguided sur-
gery, but also to perform intraoperative cross-
sectional imaging combined with visualization 
and display of the radioactivity distribution on 
a monitor screen – based on the freehand 
SPECT (fhSPECT) system, as previously 
described in the literature [ 1 – 4 ]. Therefore, the 
incorporation of intraoperative cross-sectional 
imaging (which can be performed in a multi-
modal approach) into the standard radioguided 
surgery methodology can potentially provide 
additional valuable intraoperative information 
for optimizing the surgical outcome for patients. 
This is the subject of the current chapter. 

 Multimodal cross-sectional diagnostics fusion 
imaging has gained importance over the past 
10 years [ 5 – 8 ]. The use of PET/CT and SPECT/
CT has spread rapidly as these hybrid techniques 
offer advantages over separately undertaken 
diagnostic procedures (e.g., PET and CT). The 
benefi ts of PET/MR are currently being assessed 
in clinical studies. In addition, technical prereq-
uisites have been addressed with a view to inte-
grating ultrasound (US) into hybrid imaging 
strategies and enabling its combination with 
existing cross-sectional image datasets (PET, 
SPECT, CT, MR) [ 9 – 12 ]. This will permit the 
advantages of US, in particular its superior soft 
tissue contrast and high spatial resolution, to be 
utilized in a hybrid imaging setting. 

 The technique of combining fhSPECT with US 
has the potential to become an accurate and useful 
method to improve preoperative surgical planning. 
For example, in breast cancer, a sentinel lymph 
node (SLN) can be accurately identifi ed prior to 
axillary lymph node dissection after injecting a 
specifi c radiopharmaceutical. The fhSPECT/US 
fusion technique can then be used both to target 
the appropriate radiolabeled lymph node and sub-
sequently allow examination using US. 

 Furthermore, in addition to its preoperative 
use, fhSPECT/US can exclusively be employed 
in a diagnostic capacity to combine information 
from any nuclear medicine imaging examination 
with US data. This instantaneous  combination of 

data would be desirable especially for thyroid 
diagnostics, as standard and separate diagnostic 
examination with  99m TcO 4  and thyroid US can 
occasionally yield ambiguous results [ 13 ]. 

 The medium-term goals of the fusion concept 
presented in this chapter are, on the one hand, to 
improve diagnostic accuracy and, on the other, to 
optimize patient selection for therapeutic proce-
dures and better plan interventions.  

28.2     Technical Foundations 

28.2.1     fhSPECT 

 Freehand SPECT is a three-dimensional cross- 
sectional imaging technique that is based on mea-
surement of the radioactivity distribution of a 
radionuclide with a gamma detection probe [ 1 ]. 
After administration of a radiopharmaceutical, the 
gamma detection probe, with its attached localiza-
tion markers, is moved in different planes around 
the examination region in a meandering fashion 
(around the axilla in the case of a breast SLN 
examination and around the neck in the case of a 
thyroid examination) and measures the radiation 
emitted (Fig.  28.1a–c ). Using a video camera and 
an optical positioning system that are mounted 
above the patient, the position of the gamma detec-
tion probe is registered, and the activity distribu-
tion is spatially allocated. In addition, the patient is 
marked with localization markers (shared sensor) 
to minimize the infl uence of patient movements on 
registration accuracy (Fig.  28.1a ). After data 
acquisition, a three-dimensional SPECT cross- 
sectional image dataset is reconstructed in DICOM 
format and subsequently displayed on a monitor 
screen (Fig.  28.1c ).

28.2.2        Navigated US 

 Navigated US is based on the positioning of the 
two-dimensional US images within a virtual 
three-dimensional space. For this purpose, two 
positioning markers are attached to the US probe, 
which are detected using a magnetic fi eld gener-
ated by an electromagnetic transmitter next to the 
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a

b

c

  Fig. 28.1    ( a ) fhSPECT examination setup. The radiation 
that is emitted from the body (here the thyroid gland) is 
measured using a gamma detection probe ( blue arrow ). 
The position of the gamma detection probe is recorded 
with optical markers ( white spheres ) and an optical track-
ing system ( green ), which is mounted above the patient. In 
addition, the patient is monitored with an optical tracker 
( orange arrow ), to register and correct minor patient 
movements and enable US data fusion in the second 
examination step. The activity distribution is projected 

onto a video image of the patient that is captured by a 
camera ( gray circle ) mounted above the patient and is ini-
tially displayed on a screen. ( b ) Depiction of the gamma 
detection probe. The gamma detection probe has three 
optical markers attached at defi ned distances, which allow 
precise spatial localization. ( c ) Video recording of an 
fhSPECT examination of an SLN. The scanned region is 
represented in color within a virtual space ( cube ). The 
handheld gamma detection probe ( blue arrow ) traces 
around the respective region (here the left axilla)       
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patient’s bed (Fig.  28.2a, b ) [ 15 ]. The allocation 
of these markers allows the US image to be 
mapped to a given plane within the virtual three- 
dimensional space.

28.2.3        Fusion Imaging: Examination 
Protocol 

 The fusion of fhSPECT and US is carried out via 
a complex but manageable (within the clinical 
routine) sequence of steps, as explained below.

    1.     Acquisition of fhSPECT data  
 First, the activity distribution is measured, as 
described above. It is important that the patient 
does not move at this stage, if possible. To 
reduce the infl uence of minor patient move-
ments, the gamma detection probe and the 
patient are marked with optical position mark-
ers, which allow unequivocal mapping of the 
activity distribution in space, and the automatic 
correction of data obtained during minor invol-
untary changes in patient position. To ensure 
precise matching between the US (performed 
later) and fhSPECT examination data, the 
patient’s optical position marker for fhSPECT 
is equipped with an additional electromagnetic 
sensor that allows detection within the mag-
netic fi eld during the entire fhSPECT/US pro-
cedure (Fig.  28.1a , Fig.  28.2b ).   

   2.     Reconstruction of fhSPECT data  
 Data reconstruction is carried out with a modi-
fi ed iterative algorithm (maximum likelihood 
expectation maximization) for nonuniform 
limited-angle projections and can be either 
projected as a maximum intensity projection 
onto a video image of the patient or visualized 
as a three-dimensional cross- sectional dataset 
in DICOM format (Fig.  28.1c , Fig.  28.2a ) [ 1 ].   

   3.     Transfer of fhSPECT data to the US 
instrument  
 The fhSPECT dataset is transferred to the US 
instrument using a USB stick. The subsequent 
processing and fusion is carried out “online” 
(live) on the US device.   

   4.     Image fusion on the US device  
 The fhSPECT dataset is opened on the US sys-
tem and can be viewed on its computer screen. 
As soon as the navigation software of the 
instrument is turned on, the US image within 
the electromagnetic fi eld is displayed simulta-
neously with the corresponding sectional plane 
of the fhSPECT data in split- screen mode. 

a

b

  Fig. 28.2    ( a ) Setup of fhSPECT/US fusion imaging during 
US examination. The position of the US probe within the 
magnetic fi eld that is generated by the transmitter ( yellow ) is 
detected using the attached markers ( red ). This enables iden-
tifi cation of the plane of the US image and superimposition 
of it onto the previously recorded fhSPECT dataset. The 
fhSPECT/US fusion images are displayed in nearly real time 
on the screen of the US device, both in the semitransparent 
overlay mode (screen left) and as the SPECT image on its 
own (screen right). The optical tracker of the patient ( orange 
arrow ) is equipped with an additional electromagnetic sensor 
that allows detection within the magnetic fi eld. This tracker 
is connected to the US device. When moving the US probe, 
the movement can be traced in the US image as well as in the 
fhSPECT dataset. ( b ) Freehand SPECT/US examination. 
The image shows the US probe ( red arrow ) with two red 
localization markers and the electromagnetic transmitter 
( yellow arrow ). Nearly real-time visualization of fusion 
imaging is depicted on the screen of the US device ( b : From 
Freesmeyer et al. [ 14 ].  Image Courtesy: Schattauer Verlag )       
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The registration of both datasets is achieved 
using the shared patient sensor, which serves 
as a reference point for both examination 
modes, as described above (Fig.  28.2a ). Apart 
from the side-by-side  display of both datasets 
(split-screen mode), it is also possible to over-
lay both imaging modalities in a semitranspar-
ent fashion, which allows exact localization of 
radiolabeled structures with the corresponding 
anatomical correlates (Fig.  28.2a ). When the 
US probe is moved within the electromagnetic 
fi eld, a congruent shift of the fhSPECT image 
occurs, which results in a “live” overlay of 
fhSPECT and US data. Throughout the US, 
examination of the corresponding sectional 
plane of the fhSPECT is simultaneously 
shown, making it possible to precisely overlay 
activity distribution onto the anatomical 
structure.   

   5.     Data storage  
 As with conventional US images, the split-
screen and overlay images can be saved as 
screenshots and as such permanently archived. 
In addition, it is possible to record moving 
images as image stacks (loops) that allow sub-
sequent inspection of the entire region cap-
tured by fhSPECT/US.       

28.3     fhSPECT/US Fusion 
for Breast Cancer 
and Melanoma SLN 
Examination 

 Just as preoperative lymphoscintigraphy and por-
table intraoperative gamma cameras play an 
important role in the identifi cation and removal 
of SLNs, preoperative US plays an important role 
in the diagnostics of breast cancer and melanoma 
[ 16 ,  17 ]. Preoperative diagnostic ultrasound is 
useful in the identifi cation of anatomically abnor-
mal lymph nodes within lymph node basins 
draining the region of a tumour, thus signifying 
possible metastatic lymph node involvement. 
However, the information provided by preopera-
tive lymphoscintigraphy and diagnostic US tends 
to be separate and disconnected. On the one hand, 
conventional diagnostic US examination can 

only assess the morphology of all visible lymph 
nodes; yet it cannot identify the exact SLN into 
which the primary lymph drainage from the 
tumor will occur. On the other hand, preoperative 
lymphoscintigraphy can be used to identify the 
SLNs with confi dence, but morphological assess-
ment of those lymph nodes is not possible. Thus, 
the combined information from both examination 
methods would allow for targeted SLN-specifi c 
sonographic characterization and would help 
optimize the surgical management of the lymph 
nodes. 

 We undertook a pilot study in our clinic to eval-
uate the feasibility and applicability of fhSPECT/
US fusion imaging in patients with breast can-
cer and melanoma [ 14 ]. Initially, one or more 
SLNs were identifi ed through planar lympho-
scintigraphy of the lymphatic- draining region. 
Immediately afterward, an fhSPECT examina-
tion of the same region was carried out. Patients 
with breast cancer who presented axillary SLNs 
were examined in the lateral body position with 
the arm elevated. Patients with melanoma were 
examined in a position depending on the localiza-
tion of the lymph-draining region, such that the 
respective lymph nodes were easily accessible 
for US examination. The subsequent fhSPECT 
examination was carried out in accordance with 
the previously described protocol (Fig.  28.3 ).

   In this pilot study [ 14 ], the following points 
were also considered: (1) the resolution and the 
quality of the three-dimensional fhSPECT recon-
struction, (2) the accuracy of the signal registra-
tion (did the focal accumulation in the fhSPECT 
image correspond to a lymph node in the US 
image?), (3) a thorough examination of criteria 
for malignancy in the respective lymph node, and 
(4) retrospective comparison of the US result 
with the histological diagnosis. 

 All examinations in this pilot study [ 14 ] were 
technically successful. Artifacts that led to lim-
ited visualization of the SLN were observed in 
approximately 33 % of cases. These were caused 
by a superimposed injection site, insuffi cient res-
olution of two foci in close proximity, or central 
void areas in the activity distribution within focal 
maxima. In approximately 70 % of cases, we 
observed a good correlation between the two 
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datasets, with a spatial deviation of <1 cm. 
According to US criteria, one lymph node in a 
total of 18 patients was classifi ed as potentially 
malignant. In total, lymph node metastases were 
detected in 5/18 patients by histopathology. 
However, these were not suspicious in the preop-
erative fhSPECT/US examination. 

 Thus, it can be concluded that for preoperative 
SLN visualization, fhSPECT/US can be successfully 
performed at a technical level and, with reasonable 
organizational effort, can be integrated into the clini-
cal routine. In individual cases, the concept might 
also aid in preoperative planning. In this pilot study 
[ 14 ], we performed the method in a small patient 
group, but could not demonstrate its clinical benefi t. 

 There is further potential to optimize the reg-
istration accuracy of both imaging modalities. 
Furthermore, additional steps are necessary to 
improve the three-dimensional reconstruction 
quality of fhSPECT data, as well as the spatial 
resolution.  

28.4     fhSPECT/US Fusion Imaging 
in Thyroid Disease 
Diagnostics 

 In addition to measuring thyroid hormones in 
blood, US and thyroid scintigraphy play key roles 
in thyroid diagnostics [ 18 ]. The radiopharmaceuti-
cal of choice is  99m TcO 4 , which enters thyroid cells 
via the sodium-iodide integral membrane protein 
symporter. Following administration of the radio-

pharmaceutical, subsequent planar thyroid scintig-
raphy shows functional thyroid tissue. Due to 
image capture using the summation technique, 
abnormal regions that are completely surrounded 
by normal tissue or those located at the organ 
periphery may escape reliable detection. Likewise, 
when several thyroid nodules in close proximity 
are detected by US, it becomes diffi cult to match 
them with the correct functional state. In particu-
lar, in the case of thyroid carcinomas that present 
exclusively as hypofunctional tissue, accurate 
matching between the functional state and mor-
phology is essential for diagnosis (Fig.  28.4 ) [ 19 ].

   The second component of thyroid diagnostics 
in any patient with suspected thyroid disease is 
US [ 18 ]. Special attention is paid to thyroid vol-
ume and the existence of thyroid nodules. 
However, analogous to the preoperative US exam-
ination of the axillary lymph nodes in breast can-
cer, the information from radiopharmaceutical 
imaging is missing. US alone cannot reveal 
whether a thyroid nodule represents hypofunc-
tional, normal, or hyperfunctional tissue. This dis-
tinction is essential to determine the subsequent 
therapeutic approach. Hypoactive thyroid nodules 
need to be monitored, punctured, or removed. 
Thyroid nodules with normal tissue activity usu-
ally do not require therapeutic intervention, 
whereas hyperfunctional thyroid nodules need 
either radioiodine therapy or removal. In particu-
lar, when planning a fi ne-needle aspiration biopsy 
of several thyroid nodules in close proximity, the 
accurate allocation of functional state to morphol-

a b c d e

  Fig. 28.3    Example of an fhSPECT/US examination of an 
SLN in a patient with malignant melanoma on the left 
lower leg. ( a ) Planar scintigram after injection of 100 MBq 
Nanocoll, showing the SLN and the respective draining 
lymph vessel ( white arrow ). ( b ) The fhSPECT reconstruc-
tion and overlay with the video image of the patient shows 
focal activity accumulation in the left inguinal region in 
the projection. ( c – e ) fhSPECT/US fusion imaging with 

fhSPECT ( c ), semitransparent overlay of fhSPECT and 
US (fhSPECT/US) ( d ), and US ( e ). A lymph node with no 
signs of malignancy can be seen in the ultrasound image 
at the location of highest activity ( white arrows ;  e ). Both 
datasets are almost exactly aligned and show no spatial 
incongruence (From Freesmeyer et al. [ 14 ].  Image cour-
tesy: Schattauer Verlag )       
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ogy is essential for selection of the correct punc-
ture sites. 

 The almost simultaneous performance of 
fhSPECT and US examination assists in over-
coming the uncertainties in correlating scinti-
graphic data with US information since it allows: 
(1) three-dimensional visualization of the activity 
distribution, (2) free of superimposition artifacts, 
and (3) unambiguous colocalization with a spe-
cifi c anatomical structure as detected by US. 

 In the diagnostic thyroid imaging setting, a thy-
roid fhSPECT/US examination can be performed 
as based upon the same does of 99mTcO4 that is 
given for the performance of the standard of care 
recommendation for thyroid scintigraphy. Thus, 
such a combined examination approach of stan-
dard thyroid scintigraphy and thyroid fhSPECT/
US examination adds no additional radiation expo-
sure to the patient as compared to standard thy-
roid scintigraphy alone. Therefore, the fhSPECT 
examination can be carried out immediately after 
standard thyroid scintigraphy in planar imag-
ing mode. The gamma detection probe is moved 
around the patient’s neck in a meandering fashion 
in order to capture the activity distribution in three 
dimensions. The positioning of the gamma detec-
tion probe/camera is analogous to the technique 

described for SLN visualization. A further impor-
tant aspect of thyroid examination is the position-
ing of the patient. We have found it advantageous 
to position the neck as freely as possible, in order to 
be able to measure the radioactivity emitted from 
the thyroid gland from as many angles and direc-
tions as possible. Analogous to the SLN fhSPECT/
US examination, the following steps are required: 
acquisition of the raw data, reconstruction, data 
transfer to the US device, and image fusion on the 
screen of the US system (Fig.  28.5 ).

   The fhSPECT/US examination of the thyroid 
gland was evaluated in a proof-of-concept study 
[ 20 ]. Its technical feasibility was demonstrated in 
all the examinations carried out. The registration 
accuracy was always <1 cm. However, artifacts 
appeared in the thyroid fhSPECT that prevented 
the correct assignment of the functional state to 
the matching morphological correlate. In one case, 
apparent radiotracer uptake outside the thyroid 
tissue was observed; in another case, two focal 
maxima were reconstructed even though planar 
thyroid scintigraphy only showed one maximum. 
Furthermore, the marginal areas of the thyroid 
gland were sometimes insuffi ciently depicted. 

 In summary, we conclude that fhSPECT/US 
examination of the thyroid gland is applicable 

a b c d
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  Fig. 28.4    Example of US fusion imaging in a patient with 
thyroid cancer. Small papillary thyroid cancer allocated lat-
erally in the right thyroid lobe. Thyroid scintigraphy ( a ) 
does not show a clear focal abnormality, B-mode ultraso-
nography ( b ,  e ) revealed an irregular hypoechoic area ( red 
arrows ), and color Doppler sonography ( c ,  f ) showed partial 
hyperperfusion ( yellow arrows ) within a regular-size right 
lobe (5 mL). The lesion consisted of two differently confi g-
ured areas: ventrally, a hypoechoic part with a distinct mar-

gin, and dorsally, a more hypoechoic, probably necrotic part 
with an irregular margin. Magnetic sensor-navigated  124 I-
PET/US fusion ( d ,  g ) confi rmed that the sonographic fi nd-
ing was clearly  124 I-negative (hypofunctional,  blue arrows ) 
(From Freesmeyer et al. [ 19 ]).  124 I depicts thyroid metabo-
lism in a very similar way as  99m TcO4 does. As a PET-tracer, 
 124 I is superior to  99m TcO4 SPECT imaging regarding spatial 
resolution. 124I was chosen in this example to demonstrate 
the usefulness of fusion imaging with ultrasound       
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and feasible. Moreover, it can be integrated with 
moderate effort into the clinical routine. It is also 
important to emphasize that patients are not 
exposed to additional radiation.  

28.5     Summary 

 Freehand SPECT/US is technically feasible and 
easily executable. Our pilot studies have demon-
strated the applicability of the method in small 
groups of patients [ 14 ,  20 ]. Proof of clinical bene-
fi t of the method is a topic for further needed stud-
ies that should, in particular, focus on its possible 
role in clinical care and its potential contribution in 
improving therapeutic decision-making. 

 The fact that the fhSPECT component of 
fhSPECT/US is carried out immediately before the 
US examination, within one examination session 
and with the patient in the same position, signifi -
cantly reduces the negative infl uence that different 
patient positioning in two separate examinations 
has on registration accuracy. Therefore, fhSPECT/
US is a one-time, albeit sequential, examination 
procedure comparable to hybrid imaging such as 
SPECT/CT, PET/CT, and PET/MRI. 

 The fhSPECT/US method presented here fi ts in 
with similar hybrid imaging approaches that 
include US. Initially, CT and MRI datasets were 
fused with US data for prostate and liver examina-
tions [ 15 ,  21 – 24 ]. Later, PET data were added for 

fusion imaging, a topic that has been described 
extensively by Ewertsen et al. and has been further 
evaluated by several subsequent studies related to 
nuclear medicine [ 10 ,  25 – 28 ]. Galdames et al. 
fused previously recorded and segmented DMSA 
SPECT datasets of the kidney “offl ine” with sepa-
rately collected US datasets on a dedicated work-
station [ 11 ]. In a further development of this 
approach, Bucki et al. fused SPECT with US data-
sets using optical markers that were attached to the 
patient’s bed during both examinations [ 9 ]. This 
concept already included “live” visualization of 
both datasets on the screen of the US instrument. 

 However, the fhSPECT/US concept does have 
several limitations that need to be taken into 
account:

    1.     Slight to moderate inaccuracy of data registra-
tion : Although fhSPECT and US are carried out 
in immediate succession, some inaccuracies can 
still occur due to minor patient movements. 
This limitation is why fhSPECT/US imaging 
can only be classifi ed as nearly real-time and 
not simply as real-time. This effect can be 
amplifi ed by the fact that the fhSPECT exami-
nation is carried out without direct skin contact, 
while US examination requires gentle pressure 
on the skin. This can lead to slight tissue dis-
placement in the axillary region (SLN) and in 
the soft tissue in the neck region (thyroid gland), 
which also contributes to the inaccuracies.   

a b c d e

  Fig. 28.5    Example of an fhSPECT/US examination of 
the thyroid gland. ( a ) Planar thyroid scintigram depicting 
an autonomous adenoma in the right thyroid lobe ( white 
arrow ). The surrounding thyroid tissue is almost com-
pletely suppressed. (b) The fhSPECT reconstruction and 
overlay with the video image of the patient shows focal 
activity accumulation in the right neck region in the pro-
jection. ( c – e ) fhSPECT/US fusion imaging with fhSPECT, 

( c ) semitransparent overlay of fhSPECT and US 
(fhSPECT/US) ( d ), and US ( e ). At the location of the 
focal activity, there is a hypoechoic, partially cystic nod-
ule with a halo, without signs of malignancy, which sono-
graphically matches an adenoma. As can be seen in  d , the 
two datasets are almost exactly superimposed (From 
Freesmeyer et al. [ 20 ].  Image courtesy: Radiology; 
Radiological Society of North America )       
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   2.     Insuffi cient fhSPECT resolution when relative 
activity differences are small : In the thyroid 
gland, areas of different activities can occur at 
close proximity. Furthermore, the signal to noise 
ratio in the thyroid gland is signifi cantly lower 
than in an SLN. This leads, at times, to an unsat-
isfactory reconstruction of thyroid activity.   

   3.     Artifacts in dorsal thyroid gland reconstruction : 
Although the activity distribution is recorded 
from different directions and under different 
angles, the spatial resolution of the fhSPECT 
system in the depth of the tissue is insuffi cient. 
This is a problem particularly for structures 
located in the dorsal part of the thyroid gland.     

 Therefore, further optimization of fhSPECT 
instrumentation is necessary to improve image 
acquisition, including spatial resolution of the 
distribution of radioactivity within the fi eld being 
examined. A miniaturized handheld gamma cam-
era can potentially achieve additional improve-
ment in image acquisition. Furthermore, it would 
be useful to develop a detector that simultane-
ously records and displays the US image as well 
as the radioactivity distribution in a true real-time 
fashion. Such a concept has recently been intro-
duced as rthESA (real-time handheld emission 
spot allocator) [ 29 ].     
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  Abstract  

  Surgical resection comprises the standard of care 
in patients with early-stage breast cancer. For 
intraoperative detection of non-palpable breast 
cancer, commonly wire-guided localization is 
used (Hargreaves et al. J Surg Oncol 110:21–25, 
2014). Alternatively, in experienced centers, a 
radioguided procedure (radioguided occult 
lesion localization, ROLL) is performed using 
either fl uid radioactive tracers or seeds (Ahmed 
and Douek Breast Cancer Res Treat 140:435–
446, 2013; Ahmed and Douek Breast 22:383–
388, 2013). For intraoperative detection of the 
radioactive labeled tumor lesions, the surgeons 
employ an acoustical gamma probe. In this case 
we report on the feasibility and advantages of 
freehand SPECT-guided lesion localization pro-
viding additional intraoperative 3D imaging.  

29.1          Radioguided Localization 
of Non-palpable Breast 
Cancer Using Intraoperative 
3D Imaging 

    Christina     Bluemel,       Andreas     Cramer,    
   Georg W.     Kajdi,       Ken     Herrmann, 
and       Hanns-Jörg     Grimminger     

 Surgical resection comprises the standard of care in 
patients with early-stage breast cancer. For intraop-
erative detection of non-palpable breast cancer, 

commonly wire-guided localization is used [ 1 ]. 
Alternatively, in experienced centers, a radioguided 
procedure is performed using either fl uid radioac-
tive tracers or radioactive seeds [ 2 ,  3 ]. For intraop-
erative detection of the radioactive labeled tumor 
lesions, the surgeons employ an acoustical hand-
held gamma detection probe. In this case, we report 
on the feasibility and advantages of freehand 
SPECT-guided lesion localization, providing addi-
tional intraoperative 3D imaging. 

 We report on a 66-year-old woman with 
diagnosis of a non-palpable breast cancer (T1, 
6 mm; Fig.  29.1a ). Distant and lymph node (LN) 
metastases were excluded by preoperative stag-
ing studies, including ultrasound of the axillary 
region and abdomen, bone scintigraphy, and 
chest radiography. According to the national 
guidelines, the patient was referred for sentinel 
lymph node (SLN) biopsy and resection of the 
primary tumor [ 4 ].

   The radiotracer (20 MBq,  99m Tc-nanocolloid) 
was injected in the center of the breast lesion 
under ultrasound guidance using a 20-gauge nee-
dle (Fig.  29.1b ). No side effects or complications 
were observed. Scintigraphic imaging started 
5 min after the injection, and ventral and lateral 
images were acquired (Fig.  29.2a, b ). 
Consecutively, periareolar injection of 60 MBq 
 99m Tc-nanocolloid was performed. Early static 
(Fig.  29.2c, d ) and late static images were 
acquired (Fig.  29.2e  ,f), showing a SLN in the 
right axillary region.

a b

  Fig. 29.1    Preinjection ultrasound showing the non- 
palpable tumor lesion in the right breast (upper quadrant, 
2 o’clock). ( a ) The distance between the skin and the 

tumor was 16 mm; ( b ) Injection of  99m Tc-nanocolloid in 
the ventral parts of the tumor lesion using a 20G needle 
( arrow )       
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   On the next day, the SLN biopsy was per-
formed and LNs were sent to frozen section. 
Concurrently, the primary breast tumor was 
resected using guidance from both the prior wire-
guided localization and freehand SPECT. Before 
the incision, a scan with freehand SPECT (pre-
incision) visualized the injection site and the pri-
mary tumor in the right breast. The depth 
measurement (Fig.  29.3b ) correlated with the 
preoperative ultrasound images. This informa-
tion can only be provided by imaging and 3D 
navigation. A conventional  acoustical handheld 
gamma detection probe cannot assess the depth 
of the tumor within the breast. The surgical site 
was scanned again after the resection of the pri-
mary tumor to detect potential remaining activity, 
which was excluded (Fig.  29.3c ).

   Histopathological analysis revealed a breast 
cancer of non-special subtype with peritumoral 
and intratumoral ductal carcinoma in situ. The 
SLNs were negative, resulting in a tumor stage of 
pT1b (10 mm) N0 (0/2 SLNs), G3. The hormonal 
receptor status and expression of Her2/neu were 
negative. The margins were clear (R0), corre-
sponding to the complete resection which was 
confi rmed by the utilization of the freehand 
SPECT scan. 

 In summary, intraoperative imaging using free-
hand SPECT is feasible, and the depth measure-
ment can help to guide the surgeon. Therefore, we 
conclude that freehand SPECT guidance is an alter-
native to wire-guided localization and provides the 
possibility for intraoperative imaging of the speci-
men and assessment of the tumor margins.  

a c e

b d f

  Fig. 29.2    Planar scintigraphy. ( a ,  b ) Ventral and lateral 
images showing the intratumoral injection; ( c ,  d ) ventral 
and lateral images showing the injection site ( dotted arrow ) 

and intratumoral injection ( arrow ); ( e ,  f ) late images show-
ing the sentinel lymph node ( red circle ) and the injection 
site ( dotted arrow ).       
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29.2     Radionuclide-Guided Biopsy 
of a Rib Lesion in a Patient 
with Lung Cancer 

    Dikra     Lajaab,        Stephan     Dik,        Niel     Groen, 
and        Erik     M.     Von     Meyenfeldt        

 A 62-year-old male was presented at the thoracic 
oncology multidisciplinary team meeting. He was 
diagnosed with lung cancer after being analyzed for 
dyspnea on exertion. Workup consisted of a tho-
racic CT (computed tomography), which showed a 
10 cm lesion in the left upper lobe, but no hilar or 
mediastinal lymphadenopathy nor signs of distant 

metastases. CT-guided percutaneous biopsy con-
fi rmed the diagnosis of adenocarcinoma of the lung. 

 Further analysis using  18 F-fl uorodeoxyglucose 
( 18 F-FDG)-positron emission tomography (PET)/CT 
showed the FDG-avid primary lesion and no uptake 
in hilar or mediastinal lymph nodes. However, PET/
CT did demonstrate an additional FDG-avid focus 
located in the anterolateral portion of the left 5th rib. 

 Since there was no recent history of chest 
trauma, a lung cancer bone metastasis was sus-
pected (Fig.  29.4 ).

   Confi rmation of the histology of the rib lesion 
was of great importance. No bone metastasis 
would mean that treatment with curative intent 

a c

b d

  Fig. 29.3    Freehand SPECT scans. ( a ) pre-incision scan 
showing the injection site and the primary tumor ( arrow ); 
( b ) distance measurement between the skin and the 
 primary tumor; ( c ) post-excision scan showing only the 

injection deposits and a successful resection of the pri-
mary; ( d ) scan of the specimen showing the intratumoral 
injection deposit in a distance of 22 mm from the central 
specimen margin       
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was still feasible and induction therapy and surgi-
cal resection would be warranted. Confi rmation 
of a bone metastasis would imply a worse progno-
sis despite aggressive treatment. This information 
would aid the patient and his treatment team in 
choosing between a surgical approach or a more 
restricted treatment plan with less morbidity. 

 On reexamination of the CT scan, still no bone 
abnormality was found. A subsequent techne-
tium 99 m ( 99m Tc) bone scan (SymbiaS, Siemens, 
Erlangen, Germany) and single-photon emission 

computed tomography (SPECT) showed high 
uptake in the left 5th rib region (Fig.  29.5 ). This 
made radionuclide-guided bone lesion biopsy 
possible (see Chapter   22    ).

   On the day of operation, our patient received 
an intravenous dose of 590 MBq  99m technetium- 
oxidronate ( 99m Tc-HDP), followed by a second 
bone scan in the nuclear medicine department. 
During this bone scan, the location of the left 
5th rib lesion was marked on the skin, using a 
cobalt (Co 57 ) marker (Fig.  29.6a, b ).

  Fig. 29.4    PET/CT scan image with the large FDG-avid 
primary tumor in the left upper lobe and the left 5th rib 
bone lesion ( white arrow )       

  Fig. 29.5     99m Tc-bone scan image with high uptake in the 
left 5th rib bone lesion ( white arrow )       

a b

  Fig. 29.6    ( a ) Cobalt source used for localization and skin marking. ( b ) Skin marking at the scanner       
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   The patient was taken to the operating room 
approximately 4 hours after injection. After he 
was anesthetized and draped in supine position, 
the localization mark was checked with the 
140 keV handheld gamma detection probe 
(Eurorad, Europrobe 2, Chennevières-sur- Marne, 
France). An incision was made over the skin 
mark. To fi nd the exact location of the left 5th rib 
bone lesion, the 140 keV gamma detection probe 
was used on the rib surface (Fig.  29.7 ). The part 
of rib that showed the highest rate of radioactivity 

(1065 counts per second (cps) vs. background 
250cps) was biopsied. The outer cortex was 
opened with a chisel, and the bone with high 
uptake was removed with a rongeur (Fig.  29.8 ). 
Decreased uptake at the biopsy site and high 
activity of the biopsy material confi rmed the ade-
quacy of the biopsy.

    The postoperative chest X-ray showed no 
signs of complications. The patient was dis-
charged from hospital on the same day. No com-
plications occurred postoperatively. 

  Fig. 29.7    140keV 
handheld probe 
localization of the left 
5th rib area with the 
highest uptake       

  Fig. 29.8    Opening of 
the outer cortex of the 
left 5th rib with chisel       
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 The pathologist concluded that there were 
no signs of malignancy in the biopsy. The bone 
tissue showed high remodeling activity, as seen 
in a posttraumatic reaction. The patient was 
sent for induction chemoradiotherapy, restag-
ing, and subsequent surgical resection of his 
left upper lobe lung cancer. 

 Radionuclide-guided bone biopsy in this 
patient proved to be an accurate way to rule out a 
bone metastasis and fundamentally infl uence his 
treatment plan.  

29.3     Added Value of SPECT/CT 
in Vulvar Cancer Sentinel 
Lymph Node Mapping 
and Biopsy 

    Angela     Collarino,       Germano     Perotti, 
and       Alessandro     Giordano     

 A 70-year-old woman was referred to our center 
with bleeding ulcer, indicative of vulvar cancer, 
on the left labia majora (stage FIGO T1) and clin-
ically node negative (cNO) by preoperative ultra-
sound of the groin. The patient was to undergo 
vulvectomy and sentinel lymph node biopsy 
(SLNB) to defi ne the draining lymphatic basin at 
risk for metastatic disease and to  identify the 

 corresponding sentinel lymph node (SLN). After 
the application of lidocaine spray for local anes-
thesia, 74 MBq of  99m Tc-nanocolloid (Nanocoll®) 
was injected intradermally in four peri-tumoral 
sites (total volume 0.8 mL). Dynamic images (15 
frames 60 s each) were acquired immediately 
after injection in anterior projection with 64 × 64 
matrix and zoom factor 1.33, followed by static 
images in anterior and lateral projection with a 
256 × 256 matrix and zoom factor 1.33. Anterior 
planar image (a) showed the site of the injection 
(yellow arrow) and one SLN (blue arrow) in the 
left groin. Furthermore, left  lateral planar image 
(b) revealed another focal area of uptake (red 
arrow) suggestive of another SLN (Fig.  29.9 ). A 
SPECT/CT scan (128 × 128 matrix, 20 s/frame, 3° 
angular steps) was performed to obtain better 
anatomical localization of the SLNs. The CT scan 
(c) and fused SPECT/CT image (d) showed only 
one SLN localized in the left groin (blue arrow) 
(Fig.  29.9 ). The other focal area of uptake seen on 
lateral planar image corresponded to a contami-
nation area (red arrow) on CT scan (e) and fused 
SPECT/CT image (f) (Fig.  29.9 ). The contamina-
tion was determined by leakage of radiotracer 
from the bleeding vulvar lesion. This case under-
lines the utility of SPECT/CT in vulvar cancer. 
As reported in the  current literature, SPECT/CT 
in women with vulvar cancer provides anatomical 

  Fig. 29.9    ( a – f ) SPECT/CT in vulvar cancer sentinel lymph node mapping       

a

b

c

e

d

f
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and functional information useful to provide bet-
ter localization of SLNs and to detect other pos-
sible SLNs with poor or without visualization 
seen at planar imaging [ 5 – 7 ]. As this case showed, 
SPECT/CT plays also an important role to reduce 
the false-positive rate, possibly due to external 
contamination or presence of radioactivity in 
enlarged lymphatic vessels. In conclusion, 

SPECT/CT represents a useful adjunct to planar 
imaging for SLN mapping in vulvar cancer.

29.4        Hybrid Tracer in Gynecology 

    Pilar     Paredes,       Jaume     Pahisa,       Francisco     Campos, 
and       Sergi     Vidal-Sicart      

a

c

d e

b

  Fig. 29.10    Injection of  99m Tc-albumin nanocolloid-ICG ( a ) 
the day before surgery. Planar lymphoscintigraphy showed 
bilateral drainage ( b ), confi rmed on SPECT/CT images ( c ). 
MIP reconstruction ( c,   left ) and axial CT and fusion images 

( c ;  mid  and  right ) showed the SLN location on external iliac 
chains. During surgery, the laparoscopic gamma probe ( d ) 
allowed the identifi cation of pelvic SLNs, which showed fl uo-
rescent emission detected by means of an optical camera ( e )       
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 A 53-year-old woman who presented with 
postmenopausal metrorrhagia was referred to the 
Gynecology Department for further study. Cone 
biopsy revealed squamous cervical carcinoma. 
Thoracoabdominal CT did not show lymph node 
involvement. MR showed no evidence of para-
metrial invasion. The patient was diagnosed of 
IB1 cervical cancer and was scheduled for lym-
phoscintigraphy, sentinel lymph node detection, 
and potential (eventual) hysterectomy. 

 Lymphoscintigraphy was performed the day 
before surgery to obtain a lymphatic map of 
the tumor. A dose of 111 MBq of a hybrid 
tracer  99m Tc-albumin nanocolloid-indocyanine 
green (ICG) was injected around the modifi ed 
external cervical os. Lymphoscintigraphy 
included planar images at 30 minutes and 2 
hours after tracer injection and SPECT/CT 
images at 2 hours p.i. 

 At the onset of surgery, 2 ml of blue dye 
(50 % dilution) was administered with the 
same protocol as the hybrid tracer. Sentinel 
lymph node detection included visual inspec-
tion of blue lymph nodes and the use of a lapa-
roscopic gamma detection probe and an optical 
camera suitable for fl uorescence visualization 
(Fig.  29.10 ).

29.5        Minimally Invasive, 
Image- Guided Core Needle 
Biopsy of Sentinel Lymph 
Nodes as Nonsurgical 
Method to Detect Lymph 
Node Metastases 

    Stefan     Paepke,       Martin     Horn, 
and       Thomas     Wendler       

 For over the past 20 years, sentinel lymph node 
(SLN) biopsy has become the widely accepted 
method for the diagnostic evaluation of the axil-
lary lymph nodes in early-stage breast cancer 
patients [ 8 ,  9 ]. Recently, a commercial SPECT/
ultrasound system (SentiGuide® by SurgicEye®, 
Munich, Germany) has been made available [ 10 ]. 
This system allows one to identify radioactive 
lymph nodes (i.e., SLNs) and distinguish them 

from non-radiative lymph nodes (i.e., non-SLNs) 
within the axilla. The addition of a core needle 
biopsy device to this system allows the perfor-
mance of a minimally invasive, image-guided 
core needle biopsy procedure (i.e., nonsurgical 
SLN biopsy) which is specifi cally directed 
toward the SLNs (Fig.  29.11 ).

   A 52-year-old female patient with a primary 
early-stage breast tumor and a clinically negative 
axilla was planned for a standard SLN biopsy 
procedure. The patient agreed to participate in 
the MinimalSNB study, which evaluates the fea-
sibility of a minimally invasive, image-guided 
core needle biopsy to the SLNs (i.e., nonsurgical 
SLN biopsy) using SPECT/ultrasound. 

 The day before surgery, 132 MBq of 
  99m Tc-nanocolloid was injected in a periareolar 
fashion into the ipsilateral breast. A single SLN was 
detected after 5 minutes using dynamic lymphos-
cintigraphy (ECAM by Siemens, Knoxville, TN, 
USA, LEHS collimator, 2-min integration time). 

 On the day of surgery, intraoperative SPECT/
US imaging (1-min SPECT acquisition, 12 MHz 
transducer; using as detector the mini gamma 
camera CrystalCam by Crystal Photonics, 
Berlin, Germany) was acquired under general 
anesthesia and prior to the surgical incision. A 
single SLN, measuring 12.7mm × 5.3 mm, was 
identifi ed at a depth of 19.9 mm. Seven core 
needle biopsy specimens were taken using a 
14G HistoCore system (BIP Medical, 
Tuerkenfeld, Germany) in the semiautomatic 
mode to avoid damage of vital structures. The 7 
harvested core needle biopsy specimens were 
radioactive, verifying that these specimens cor-
rectly targeted the SLN. Subsequently, a 
 standard surgical SLN biopsy procedure was 
performed using a gamma probe (Gamma 
Finder by W.O.M. World of Medicine, Berlin, 
Germany), and 2 close radioactive lymph nodes 
were harvested (i.e., 2 SLNs). Intraoperative 
frozen section analysis of these 2 surgical 
excised SLNs was negative for metastatic dis-
ease (Figs.  29.12 , and  29.13 ).

    The resected breast tumor revealed to be inva-
sive ductal carcinoma (pT1c, G2), measuring 
15 mm in greatest dimension and which had neg-
ative surgical resection margins. 
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  Fig. 29.12     Left : planar scintigraphy with lead covering of injection site with one identifi ed SLN,  right : 1 SLN con-
fi rmed by SentiGuide®       

  Fig. 29.11     Top left : intraoperative localization of SLN with gamma probe,  top right : surgical resection of SLN,  bot-
tom left : SLN identifi cation in ultrasound using SentiGuide® system,  bottom right : needle biopsy of SLN       
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 Subsequently, the initial permanent pathologi-
cal examination (using H&E, step sectioning 
with 500 μm slices) of the 2 harvested SLNs was 
reported to show no evidence of metastatic dis-
ease, as was previously demonstrated on intraop-
erative frozen section  analysis. However, 
permanent pathological examination of the 7 har-
vested core needle biopsy specimens from the 
minimally invasive, image-guided core needle 
biopsy procedure (i.e., nonsurgical SLN biopsy) 
of the single visualized SLN revealed micrometa-
static disease within that SLN. As a result, a more 
thorough repeat permanent pathological exami-
nation of the 2 SLNs harvested at the time of the 
standard surgical SLN biopsy procedure revealed 
evidence of isolated tumor cells within one of the 
2 surgically excised SLNs. Resultantly, the status 
of the SLNs was changed by the nonsurgical 
SLN biopsy procedure, representing a false-neg-
ative result from the standard surgical SLN 
biopsy procedure. 

 Minimally invasive, image-guided axillary lymph 
node core needle biopsy is an established diagnos-
tic method for suspicious axillary lymph nodes 
seen on ultrasound. It is performed mainly by radi-
ologists and breast surgeons [ 11 ]. Extending this 
technology to axillary SLNs using large-gauge 
core needle biopsy devices represent the next step 
in the evolution of the diagnostic evaluation of the 
axillary lymph nodes in breast cancer patients. 

 As demonstrated in this particular case, 
SPECT/US was shown to be a feasible and safe 
method for accomplishing percutaneous, mini-
mally invasive, image-guided SLN core needle 
biopsy. However, this technology does require 
proper training and established expertise/experi-
ence with axillary lymph node core needle biopsy 
methods, including harvesting multiple cores 
using larger-gauge core needle biopsy devices for 
maximizing the diagnostic capabilities. These 
issues will be addressed within a running multi-
centric trial (MinimalSNB).     

  Fig. 29.13     Left : core needle biopsy of the SLN under ultrasound guidance,  right : core needle inside the SLN overlaid 
by the SentiGuide® SPECT fusion       
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