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   Preface   

 Since the  fi rst edition of  Clinical PET,  PET/CT has been increasingly utilized 
as an effective imaging technique for managing patients with tumors, neuro-
degenerative diseases, and cardiovascular disorders. PET demonstrates the 
functional processes of metabolic rates, receptor expression, cell-tissue inter-
action, or events at the molecular level. Many new promising target-speci fi c 
radioligands have emerged in the clinical research and await its translation for 
clinical use. CT shows precise localization and characterization of increased 
tracer uptake and also shows small additional lesions. Reimbursement of high 
technology imaging cost has led to a growing acceptance of PET/CT in the 
clinical setting and its full integration into clinical practice. 

 This second edition has been updated to re fl ect advances that have occurred 
since the  fi rst edition. Two chapters related to radiation dosimetry in FDG 
PET and current status of PET/CT have been added to Part I of Basic 
Principles. The cardiology section in Part II of Clinical Applications has three 
new chapters dealing with coronary, myocardial, and atherosclerotic diseases. 
There are  fi ve additional new chapters discussing primary unknown tumor, 
infection and in fl ammation, PET/CT in radiation treatment, evidence-based 
PET/CT, and PET/MRI. These advances offer better diagnosis and staging of 
the diseases, prediction, and evaluation of therapeutic responses as well as 
risk assessment. Again, this textbook covers the full range of PET and PET/
CT applications in oncology, neurology, and cardiology. These chapters were 
written by experienced experts in the  fi eld of nuclear medicine and PET in the 
United States, Korea, and Japan. 

 We hope that this new edition will continue to serve as a valuable reference 
source for both practitioners and trainees in the  fi eld of nuclear medicine, radi-
ology, oncology, neurology, and cardiology in utilizing PET and PET/CT in 
their clinical practice as well as understanding their basic principles. 

 --E. Edmund Kim, MD    
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      Preface to the 1st Edition   

 Positron emission tomography (PET) has been around long enough that it is 
hard to think of it as being anything special. It has been a valuable research 
tool in academic institutions since the 1970s, but its move into clinical prac-
tice in community hospitals has just begun. 

 Those who are now working with PET, or have made the decision to do so, 
understand just how different a perspective on disease this modality provides. 
For most patients in whom it is indicated, PET provides earlier and more 
sensitive detection. It is special, but not in ways that are immediately evident. 
It requires a shift in the diagnostic paradigm and adjustments in patient man-
agement to capture the advantages of early diagnosis. 

 Questions remain on how and when payment will be made for PET stud-
ies, but as with so much else in medicine, once patients and referring physi-
cians know what PET can do for them, it will not be denied. Given time, it 
will eventually be documented that PET saves money overall by eliminating 
unnecessary and futile interventions in patients with advanced disease. That’s 
the power of imaging the body’s biochemistry. 

 The momentum toward the use of PET is expected to grow with the advent 
of molecular imaging. The sequencing of the genome and proteomes is estab-
lishing the fundamental molecular basis of how cells function. Molecules can 
now be designed to stop the disease or to prevent it from occurring. Imaging of 
gene expression could eventually provide the basis for developing therapeutic 
strategies individualized to a patient’s genetic characteristics. Biology and genet-
ics have been merged with medicine to produce the new  fi eld of molecular medi-
cine which created the need for an imaging technology that looks at the biology 
of a disease. As drug company research and molecular imaging converge, imag-
ing probes will be used to select patients for treatment with speci fi c drugs. 

 The main impact of PET on community practice now, and likely for sev-
eral years to come, is on oncology. Whole-body PET in cancer patients 
enables clinicians to identify malignant diseases in their early stages, differ-
entiate benign from malignant tumors, examine the entire body for metasta-
ses, and determine the effectiveness of cancer therapeutics. 

 It has been predicted that PET would undergo spectacular growth in the 
twenty- fi rst century as molecular medicine becomes central to the analysis of 
disease. The burgeoning world of PET is re fl ected in recent scienti fi c meet-
ings including those of the Radiological Society of North America (RSNA) 
and the Society of Nuclear Medicine (SNM). 



x Preface to the 1st Edition

 This book provides comprehensive information on the basic principles 
and clinical applications of PET. Emphasis is placed on the familiarization 
of normal distribution, artifacts, and pitfalls of common agents such as 
 fl uorodeoxyglucose (FDG) in conjunction with computed tomography (CT), 
magnetic resonance imaging (MRI), or ultrasound to establish the clinical 
effectiveness of PET. Practical understanding of updated PET scanners, cyclo-
tron, image process, and quanti fi cation is also stressed. This book is therefore 
divided into two parts: the  fi rst part discusses the basic principles of PET, such 
as instrumentation, image process, fusion, radiopharmaceuticals, radiosynthe-
sis, safety, and economics. The second part discusses the clinical applications 
of the technique in neurology, cardiology, infection, and oncology. 

 We hope this book meets the growing needs of diagnostic radiologists, 
nuclear physicians, and clinicians for understanding the basic principles and 
clinical applications of PET.    
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  Basic Principles           
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 Positron emission tomography (PET) is a nonin-
vasive medical imaging technology that can gen-
erate high-resolution images of human and 
animal physiological functions. It is used for a 
variety of clinical applications in oncology, neu-
rology, and cardiology, but the principal clinical 
application of PET is in oncology, where it is 
used to locate malignant tumors. It can be used 
not only to detect disease, but also to aid in plan-
ning its treatment and monitoring the effective-
ness of the treatment. The PET camera is able to 
detect therapeutic changes earlier than anatomic 
imaging modalities because the structure being 
studied must signi fi cantly change in size and 
shape before it is detectable by anatomic imaging 
devices. 

 The PET camera measures the distribution of 
positron-emitting radionuclides (tracers) within 
an object. Positron-emitting radionuclides are 
used for imaging because of their unique tomo-
graphic capability and the availability of a group 
of metabolically important radionuclides. The 
unique tomographic capability comes from the 
simultaneous emission of two nearly back-to-
back 511 keV gamma rays when a positron anni-
hilates with an electron, and from the ability to 

provide accurate quantitating of tracer uptakes 
with its attenuation−correction capability. The 
medical importance of PET imaging derives from 
the availability of many useful positron-emitting 
tracers such as isotopes of carbon ( 11 C), nitrogen 
( 13 N), and oxygen ( 15 O) which are basic elements 
of all living organisms and their physiologic pro-
cesses. Hence, more tissue- and chemistry-
speci fi c tracers can be synthesized and injected 
into humans or animals for studying the physio-
logic functions of normal or pathologic tissues 
in vivo. Another important positron-emitting iso-
tope,  fl uorine ( 18 F), is widely used to make a glu-
cose analog  18 F- fl uorodeoxyglucose (FDG), 
which follows the glucose pathway in its trans-
port from plasma to tissue cells. However, unlike 
glucose, FDG remains trapped in the cell without 
undergoing further metabolism, which can be 
used for imaging purposes. 

 Imaging modalities are commonly categorized 
as functional or anatomical devices. These two 
different modalities provide complementary data 
that can be integrated for the purpose of diagno-
sis and for planning, performing, and evaluating 
the effectiveness of therapy. Indeed, the interpre-
tation of nuclear medicine functional images is 
improved when they are coregistered with ana-
tomical images. For this purpose, the PET cam-
era has been combined with anatomic x-ray 
computed tomography (CT) to provide CT trans-
mission scans for attenuation correction and for 
the coregistration of PET and CT data to facili-
tate the localization of tumors. In recent years, 
combined PET/CT scanners have been widely 

    H.   Baghaei ,  Ph.D.     (*) •      W.-H.  (G).   Wong ,  Ph.D.   
    H.   Li ,  Ph.D.   
     Department of Experimental Diagnostic Imaging , 
 The University of Texas MD Anderson Cancer Center , 
  Houston ,  TX   77030 ,  USA    
e-mail:  hbaghaei@mdanderson.org  ; 
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used in both research and clinical applications. 
Also recently, there have been some efforts to 
combine PET cameras with magnetic resonance 
imaging (MRI) scanners. A combined PET/MRI 
system has several advantages over PET/CT: 
improved soft-tissue contrast, the possibility of 
performing truly simultaneous instead of sequen-
tial acquisitions, and signi fi cant decrease in radi-
ation exposure. However, PET/MRI also has 
some drawbacks, including longer imaging times, 
higher costs, larger physical gantry size, gradient 
coil noise, and attenuation correction of whole-
body PET data is expected to be a challenge. 

   Basic Physics of PET 

 The atomic nucleus is made up of nucleons: pro-
tons and neutrons. The proton has a positive 
electric charge, and the neutron has no net elec-
tric charge. Inside the nucleus, the protons and 
neutrons are mainly subject to two types of 
forces: the short-range strong attractive nuclear 
force that acts between all nucleons to hold them 
together, and the repulsive electric force that acts 
between the charged protons. Unstable proton-
rich nuclei may transform to a more stable state 
by reducing their excess positive electric charge. 
One of the allowed decay processes for a proton-
rich nucleus is to have a proton decay into a neu-
tron, a neutrino, and a positively charged particle 
called positron. Because the mass of a proton is 
less than that of a neutron, this decay process can 
take place only inside the nucleus. The neutrino 
is a particle with no mass and no electric charge 
that leaves the surrounding tissue without any 
interaction. The positron ( b +) is the antiparticle 
of the electron ( b −) and has the same mass as an 
electron but with an opposite charge. A proton-
rich isotope can be made in an accelerator (e.g., 
cyclotron) which generates a beam of high 
energy protons or deuterons to penetrate the tar-
get nuclei and implant the target nuclei with 
more protons  [  1  ] . 

 The kinetic energy released in the nucleus 
decay process is shared between the positron and 
the neutrino, therefore, the actual energies of the 
emitted positrons are distributed in a continuous 

spectrum from almost zero to the full decay 
energy of the isotope. Table  1.1  shows the aver-
age kinetic energy of the emitted positrons for 
several commonly used radionuclides  [  2–  4  ] . 
After a positron is produced, it travels a very 
short distance (0.2–2 mm for most commonly 
used tracers) until it loses almost all of its kinetic 
energy through scattering in the surrounding tis-
sue, and then it combines with an electron in an 
annihilation process. In this process, both the 
positron and electron are annihilated and their 
mass is converted to energy (E = mc 2 ) in the form 
of a pair of photons. Following the basic laws of 
physics, the conservation of energy and linear 
momentum, each gamma ray (photon) has energy 
of 511 keV, the energy equivalent to the mass of 
an electron or a positron. The two generated pho-
tons are emitted almost back-to-back (180 ± 0.6°), 
so the net momentum of two gamma rays going 
in opposite directions is zero, as shown in Fig.  1.1 . 
It is this back-to-back emission of the gamma 
pair that provides the special tomographic and 
quantitative imaging properties of positron imag-
ing. The annihilation radiations are detected 
externally and are used to determine both the 
quantity and the location of the positron emitter. 
In addition, PET scanners exploit the back-to-
back emission property to “electronically colli-
mate” the photon pairs and determine the path 
along which the annihilation occurred. Because 
no physical collimator is required for event local-
ization, the PET camera has a 50–100 times 
higher sensitivity advantage over single-photon 
imaging cameras. The lack of a collimator also 
contributes to higher image resolution.   

 The emitted positrons travel a short distance 
before they annihilate and generate the  gamma-ray 
pairs, implying that the site of positron emission 

   Table 1.1    Physical properties of some common positron-
emitting isotopes   

 Positron isotopes   11 C   13 N   15 O   18 F   68 Ga a  

 Half-life (min)  20.4  9.96  2.07  109.7  68.3 
 Average positron 
energy (MeV) 

  0.3  0.4  0.6   0.2   0.7 

 Average positioning 
error (mm) 

  0.28  –  –   0.22   1.35 

   a68 Ga is generated from a  68 Ga/ 68 Ge generator (the parent 
 68 Ge has a half-life of 275 days)  
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(the site of the positron-labeled molecule) and 
the site of generation of two gammas, which are 
detected by the PET camera, are slightly differ-
ent. The distance that a positron travels before 
annihilation, called the “positron range”, depends 
on its initial kinetic energy. The positron range 
and photon noncolinearity (the fact that the two 
gamma rays are not exactly back-to-back) cause 
an uncertainty in positioning the event, and con-
tributes to the fundamental resolution limit of 
PET imaging (Table  1.1 ). However, in a conven-
tional PET camera (used for clinical scanning 
using FDG) the main spatial resolution limitation 
to PET imaging comes from the size of the indi-
vidual small crystals used for detection. 

 Not all the emitted photons in the object 
(body) reach the surrounding detector system. 
These photons can either interact with the body 
tissue or pass through it without interaction. The 
interactions of photons with the body occur 
mainly in the form of photoelectric interaction or 
Compton scattering. The photons involved in 
photoelectric interaction are completely absorbed 
and therefore do not reach the detectors. The 
dominant form of interaction for photons at 
511 keV in tissue is Compton scattering, which is 
caused by the collision of a photon with a loosely 
bound electron in an outer shell of an atom. When 

a photon interacts with an electron, it loses some 
energy and its path is de fl ected, thereby reducing 
the number of photons that would otherwise 
reach the detectors. The loss in photon  fl ux result-
ing from interactions in a body (or any object) is 
called attenuation. In PET systems, the probabil-
ity that the two photons generated in one event (a 
positron annihilation) “survive” the attenuation 
in the body is independent of the position of the 
annihilations along the line joining the two detec-
tors. It is therefore possible to correct for the 
attenuation effect by performing a transmission 
scan using an external source.  

   Coincidence Detection 

 The PET camera takes advantage of the fact that 
the two photons generated from the positron 
annihilation are created simultaneously, and 
therefore they reject all events that do not satisfy 
the time–coincidence condition. Two photons are 
considered to be in coincidence if they are 
detected within a speci fi c time interval known as 
the coincidence window, which typically is 
6–20 ns. If a detected gamma ray is not accompa-
nied by a second gamma ray within this timing 
window, the event is discarded. Not every detected 
coincidence gamma pair necessarily originated 
from the same annihilation event. Events that are 
found in coincidence are classi fi ed as true coinci-
dences, random coincidences, or scatter coinci-
dences. True events are coincidence events which 
are originated from the same positron annihila-
tion (Fig.  1.2 , event 1). Random (or accidental) 
events are coincidence events in which two 
detected photons are originated from two differ-
ent annihilation events but are found accidentally 
in coincidence because of the  fi nite size of the 
coincidence window (Fig. 1.2, event 2). Scatter 
events are coincidence events that are originated 
from a single annihilation event, but one or both 
of the photons are scattered in the object (Fig.  1.2 , 
event 3). The scatter process changes the direc-
tion and energy of the photon such that the posi-
tion information on the event is lost. For many 
annihilation events, only one of the two photons 
will be detected, and these events are called 

  Fig. 1.1    Schematic of positron emission and annihilation 
with an electron in tissue to generate two gamma rays 
traveling in opposite direction (180°) which are detected 
in coincidence by two external scintillation detectors       
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“singles”. There is no way for the detector to 
determine whether a particular coincidence event 
is a true, random, or scatter event. The good 
events are the true events; the other events (ran-
dom and scatter) should be measured or estimated 
and removed from the total coincidence events.  

 In PET measurements, random and scatter 
events are the sources of background noise. They 
appear as a general blurring background in the 
reconstructed image of the tracer distribution, 
reducing the image quality. The magnitudes of 
the random and scatter coincidence events 
depend on the distribution of the tracer activity 
(inside and outside the  fi eld of view [FOV]), the 
composition of the object under study, and the 
design of the PET scanner. While true and scat-
ter rates are linearly proportional to the activity 
concentration, the random rate is proportional to 
the square of the activity concentration. Thus, 
the random events could constitute a large frac-
tion of events, especially at high activity levels, 
and it is important to minimize them. Several 
techniques are used to reduce the number of ran-
dom events, including adding lead-tungsten 
septa between detector rings in multi-ring PET 
systems and adding endplate shielding to reduce 
the contribution of activity outside the FOV. In 
addition, because the random rate is linearly 

proportional to the coincidence window, mini-
mizing the coincidence window is also impor-
tant in reducing the number of random events. 
The random events contribution can be mea-
sured directly by a second delayed coincidence 
window, or it can be estimated from the single 
rates. Scatter events can also constitute a 
signi fi cant fraction of the events detected by the 
scanner. However, because scattered photons 
lose some of their energy, the energy discrimina-
tion (energy threshold) can be used to reject a 
portion of the scatter events. For dedicated PET 
cameras operating in two-dimensional (2D) 
mode (with septa between detectors rings), scat-
ter events typically constitute 10–20% of the 
total counts. In three-dimensional (3D) mode 
(no septa), scatter events typically constitute 
30–60% of the total counts. Scatter events can 
result in a loss of resolution and an apparent 
migration of activity from hot to cold regions in 
images. Scatter correction methods generally 
fall into two groups: those that estimate the con-
tribution of scatter events by measuring coinci-
dences in one or more energy windows, in 
addition to the standard photo peak window, and 
those that model it using complex algorithms 
and Monte Carlo simulations  [  5–  7  ] . Scatter 
correction (in addition to corrections such as 

  Fig. 1.2    Coincidence events: (1) a true coincidence event, (2) a random coincidence event, and (3) a scatter coinci-
dence event       
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attenuation and detector normalization) must be 
applied when quantitative imaging is required.  

   Radionuclides 

 A large number of radionuclides are used in PET 
imaging. Some of these PET tracer molecules 
contain isotopes of carbon ( 11 C), nitrogen ( 13 N), 
and oxygen ( 15 O) that can be used as biologically 
relevant substances for the human body, while 
other atoms can be substituted for use as ana-
logs. For example,  fl uorine ( 18 F) can be substi-
tuted for hydrogen in the glucose analog 
deoxyglucose to form FDG. They usually have 
very short half-lives ranging from a few minutes 
to a few hours. The half-lives of the positron iso-
topes most often used in medical imaging are 
listed in Table  1.1   [  2–  4  ] . 

 Because of the very short half-lives of  11 C, 
 13 N, and  15 O, they can be used only when a cyclo-
tron is located near the imaging device. In addi-
tion, the fast decay of these radionuclides makes 
them less suitable for low count rate scans. In 
contrast,  18 F has a half-life of about 2 h and can 
be distributed from a central site with a cyclotron. 
Although many types of positron-emitting radio-
nuclides have been used to label hundreds of 
molecules to study basic physiology and disease 
processes, FDG is used in most clinical applica-
tions because every cell uses glucose. FDG, being 
an analog of glucose, follows the pathway of glu-
cose as it is transported from blood to tissue cells. 
However, unlike glucose, FDG, which is not a 
signi fi cant substrate for further metabolism, is 
trapped in cells, and is released slowly. 

 After the intravenous injection of FDG, 
patients are usually kept at rest for about 
40–60 min to allow for organ uptake of FDG. In 
the meantime, a large fraction of the free FDG in 
plasma is cleared because of tissue uptake and 
because of clearance through the kidneys to the 
bladder. When FDG is injected into a human, it is 
distributed to all tissues, but only those tissues 
metabolizing glucose will take up the FDG. Thus, 
any metabolically active muscles will show 
increased uptake relative to the rest of the body. 
Many malignant tumors also accumulate FDG 
because of their glycolysis and proliferation rate. 

Benign tumors usually take up less FDG, and can 
potentially be distinguished from malignant 
tumors. Therefore, coincidence detection can 
also be used to assess the presence of malignancy 
in patients with known or suspected metastatic 
disease. In addition, for noninvasive evaluation of 
cardiac viability and the detection of lesions, 
FDG imaging with dedicated whole-body PET is 
a useful technique. 

 Because the most useful positron isotopes for 
biologic studies are  11 C,  13 N,  15 O, and  18 F, which 
have only six to nine protons in the nucleus, the 
electrostatic repulsive force encountered by the 
accelerated particles (protons/deuterons) on their 
way to penetrate the nucleus to initiate a nuclear 
reaction is small. Hence, a small cyclotron that 
can accelerate protons to the 10–17-MeV range 
is suf fi cient to overcome the nuclear electrostatic 
repulsion force and produce the nuclear reactions 
for biomedical positron imaging  [  1  ] . In recent 
years, small cyclotrons and chemical synthesis 
devices have been integrated into one unit to 
facilitate the synthesis of radiopharmaceuticals 
for clinical use. Small linear accelerators are also 
being developed to provide radionuclides.  

   Image Reconstruction 

 Tomographic images of the distribution of the 
positron-emitting radionuclides within the patient 
are reconstructed based on the assumptions that 
the annihilation photons are emitted back-to-back 
(180°), and that the line along which the two pho-
tons are detected (i.e., the line that joins the two 
detectors, also called “line of response”) contains 
the location of the tracer molecule from where the 
positron originated. Therefore, the sum of all pho-
ton pairs emitted along a given direction repre-
sents the line integral of positron-emitting activity 
located on that line (or tube). The set of line inte-
grals having the same angular direction through 
the tracer distribution comprises a parallel projec-
tion of the distribution at that angle. Even though 
these assumptions are only approximately valid 
and, therefore, limit the ultimate spatial resolution 
that can be achieved, for the existing tomographic 
systems, the limitation in spatial resolution is 
determined by the detector crystal sizes. 
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 The above assumptions can be applied only to 
true coincidence events. Therefore, the measured 
projection data must be corrected for the contri-
bution of random and scatter events. In addition, 
the effects of attenuation (the fact that some of 
the photons are absorbed or scattered out of the 
FOV), detector ef fi ciency, detector geometry, and 
system dead time must be considered. 

 From a complete set of line integrals measured 
at different angular views around the object, the 
images of positron-emitter distribution, within a 
slice or volume, can be reconstructed using vari-
ous techniques. The reconstruction technique 
most commonly used in PET is the  fi ltered back 
projection method. If a point in space has a con-
centration of positron tracer, the emission of 
coincidence pairs will be uniformly distributed 
over all angles because the emissions are random, 
with no preferential direction. If the uniformly 
distributed detection lines are drawn, a blurred 
image of the point will emerge. In other words, 
the parallel projections at each angle are pro-
jected back into the image grid, where they are 
superimposed to form an approximation image of 
the original object. To obtain a sharper image of 
the point, the spatial distribution of the coinci-
dence data is  fi ltered numerically before the back 
projection process. This  fi ltered back projection 
image reconstruction method is also used in x-ray 
CT and single photon emission computed tomog-
raphy (SPECT) cameras  [  8–  11  ] . Because the 
object to be imaged can be considered a collec-
tion of point sources with different activity levels, 
an image of the subject can be obtained with 
coincidence detection data and the  fi ltered back 
projection reconstruction algorithm. The deriva-
tion of  fi ltered back projection is based on noise-
free ideal projection data. However, the acquired 
projection data are noisy, and the  fi ltered back 
projection technique ampli fi es this statistical 
noise. Windowing or reducing the cutoff fre-
quency of the  fi lter could reduce the amount of 
noise, but it also results in a loss of spatial resolu-
tion  [  12–  15  ] . The most commonly used low-pass 
windows are the Hann, Hamming, and Butterworth 
window functions  [  16,   17  ] . 

 Conventional multi-ring PET cameras can 
operate in 2D mode or 3D mode. In 2D mode, 

tungsten-lead septa separating the detector rings, 
to reduce single, random, and scatter events. For 
2D data, 2D reconstruction algorithms are used, 
which are fast. Most PET cameras can also oper-
ate in 3D mode by removing the septa, and some 
of the modern cameras do not have septa at all 
and operate only in 3D mode. A widely used 3D 
 fi ltered back projection reconstruction algorithm 
in volume PET imaging is the 3D reprojection 
(3DRP) algorithm, which is based on an exten-
sion of the standard 2D  fi ltered back projection 
into three dimensions  [  18  ] . The 3DRP algorithm 
incorporates a preliminary step in which projec-
tions are partially measured in 3D data acquisi-
tion are completed by forward projection of an 
initial low-statistics image obtained from the 
completely measured (direct) projections because 
of the truncated cylindrical geometry of the scan-
ner. The forward-projected sinograms are less 
noisy than their measured counterparts and show 
some loss in spatial resolution  [  19  ] . Differences 
between measured sinograms and forward-pro-
jected sinograms have a differential effect on the 
 fi nal 3D reconstructed images, because more 
forward-projected data are proportionally used in 
the outer planes. 

 The 3D PET acquisition in comparison with 
2D PET acquisition improves the sensitivity of 
the system and has the potential to reduce the 
data acquisition time compared with 2D PET. 
However, because the increase in sensitivity in 
3D mode comes at the cost of an increase in ran-
dom and scatter events, it does not necessarily 
translate into better image quality, especially for 
whole-body scans. It has been found that 3D 
acquisition could have advantages in lesion detec-
tion and noise characteristics in imaging of the 
brain, small patients, and animals, especially at 
low activity levels  [  20–  23  ] . 

 Because of large number of lines of response, 
the 3D image reconstruction is time consuming 
and much slower than 2D image reconstruction. 
As an alternative to the full 3D image reconstruc-
tion, the 3D projection data can be rebinned 
(sorted) into a stack of ordinary 2D sinogram 
data by making certain approximations and then 
using a 2D reconstruction algorithm; however, 
rebinning could result in loss of spatial resolution 
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and degrade the image quality. The most widely 
used rebinning algorithms are the single-slice 
rebinning (SSRB), multi-slice rebinning (MSRB), 
and the Fourier rebinning (FORE) algorithms 
 [  24–  26  ] . The SSRB algorithm assigns an oblique 
line of response to the mid-transaxial slice 
between the two detectors. This is a reasonable 
approximation when the tracer distribution is 
concentrated close to the axis of the scanner. In 
the MSRB method, an oblique line of response 
contributes to all transaxial slices that it inter-
cepts within the limit of the transverse FOV. In 
the FORE algorithm, the 2D Fourier transform of 
each oblique sinogram is taken to produce a set 
of direct- and cross-plane data. The FORE 
method is still an approximation; however, it is 
more accurate than the other two rebinning meth-
ods mentioned. 

 The activity distribution images can be 
reconstructed from projection data with either 
analytic techniques (e.g., the 3DRP algorithm) 
or iterative algorithms. Iterative algorithms 
progressively improve the estimate of the dis-
tribution (image), which, in principle, con-
verges toward a solution that maximizes an 
objective function. The iterative algorithms can 
model noise in emission data as well as other 
physical processes such as attenuation correc-
tion, anatomic information, and detector 
response function and can incorporate them 
into the reconstruction process to improve 
image quality. These algorithms are generally 
more time consuming than  fi ltered back projec-
tion methods. The most widely used iterative 
algorithm is the maximum-likelihood expecta-
tion maximization (MLEM) algorithm and its 
accelerated variant, the ordered subsets expec-
tation maximization (OSEM) method  [  27,   28  ] . 
Iterative reconstruction methods improve the 
quality of the image, especially by incorporat-
ing data corrections and detector spatial 
response into the reconstruction process  [  29  ] . 
However, MLEM and OSEM have some draw-
backs, including a tendency to develop noise 
artifacts and increasing the number of itera-
tions. To control noise artifacts and drive the 
image estimate sequence toward a smoother 
convergence, several methods have been used 

to regularize the image updating mechanism, 
including the addition of a smoothing step 
between iterations, post fi ltering, and Bayesian 
methods  [  30,   31  ] .  

   Quality Control and Performance 
Measurements 

   Quality Control and Normalization 

 In PET imaging, standard algorithms for recon-
struction of images, such as  fi ltered back projec-
tion, require that all lines of response (LORs) 
have the same sensitivity. However, there are sev-
eral factors that cause nonuniformity of the 
response of the detectors. The ef fi ciencies of 
coincidence detector pairs are inherently nonuni-
form as a result of the random and systematic 
variations in ef fi ciencies of individual crystals 
and the inevitable drift in photomultiplier gains 
over time. In addition, because of the circular 
design of PET systems, there are geometric fac-
tors that affect the ef fi ciencies of the LORs from 
the center to the edge of the  fi eld of view. Because 
sinograms are binned as parallel beam, the dis-
tance between detector pairs decreases with 
increasing distance from the center of the  fi eld of 
view, and the exposed face of the crystal decreases. 
In addition, the angle of incidence of the gamma 
ray changes. The ability of a scintillation crystal 
to detect a gamma ray depends not only on the 
energy of the gamma ray and the size and shape 
of the crystal, but also on the angle at which the 
gamma ray hits it. 

 For multi-ring PET cameras with tens of thou-
sands of crystals, hundreds of photomultipliers 
(PMTs), and complicated electronics, the quality 
control measurements to check all detector com-
ponents at the time of installation and thereafter 
at regular intervals are critical to ensure that the 
camera is operating within speci fi cations and to 
detect changes over time before they become a 
serious problem. For example, for a scanner using 
block detectors, where generally a single PMT 
reads many crystals, the loss of one PMT can dis-
able a large part of the system; even a small gain 
shift can cause mispositioning of data. Therefore, 
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it is important to develop reproducible quality 
control procedures to detect problems at an early 
stage before they affect the image quality, and 
schedule adjustments or replacement. The qual-
ity control procedures should at least check: (1) 
the shift in PMTs ampli fi cation gains and elec-
tronics, (2) the stability of the system in terms of 
the ef fi ciencies of the detectors, and (3) spatial 
resolution throughout the FOV  [  32–  34  ] . Currently, 
performing all of these quality control tests on a 
daily basis is not practical because of the long 
data acquisition time. However, performing some 
of these tests daily, especially the recalibration of 
PMT gains and checking electronics, is possible 
with some PET cameras  [  35,   36  ] . 

 The stability of the system in terms of detector 
ef fi ciencies are generally checked by performing 
a “blank” scan in which a uniform cylindrical 
phantom, a uniform planar phantom, or attenua-
tion-correction rotating rods are used to illumi-
nate each LOR by the same activity level  [  32, 
  34  ] . The planar source is regarded as the most 
favorable geometry due to a low level of scattered 
photons, but it is impractical to implement on a 
routine basis because it requires measurements at 
several source positions (e.g., six), extending the 
data acquisition time. A comparison study has 
shown that the uniformity obtained from cylin-
der-derived detector ef fi ciencies is nearly identi-
cal to that obtained from planar source-derived 
ef fi ciencies  [  37  ] . In PET imaging, the detection 
of positron annihilations requires that two gamma 
rays be detected simultaneously. The ability of a 
detector pair to detect annihilation on its LOR is 
proportional to the product of the average detec-
tion ef fi ciencies of the individual detectors and a 
geometric factor. Many PET systems allow angu-
lar and axial compression of the data to minimize 
storage requirements and reconstruction time; in 
addition, some cameras rotate during data acqui-
sition  [  38–  40  ] . These features complicate nor-
malization of the detector responses because an 
individual bin in a sinogram may be the combina-
tion of multiple detector pairs. The calibration of 
LORs, referred to as normalization, is important 
for image reconstruction. The correction factor 
for each LOR is referred to as the normalization 
coef fi cient. After calibration, the individual nor-

malized count rate of all detector pairs should be 
the same, within the statistical uncertainty, for a 
uniform source activity. 

 For modern PET cameras, the number of indi-
vidual LORs is very high, and acquiring suf fi cient 
counts for reasonable statistical accuracy is very 
time consuming and is not suitable for a daily 
control check. Usually, normalization coef fi cients 
for PET scanners are calculated using a compo-
nent-based variance reduction method  [  41,   42  ] . 
In this model, normalization coef fi cients are 
expressed as the product of intrinsic crystal 
ef fi ciencies and some geometric factors. These 
coef fi cients are not all independent and if the 
geometric factors are accurately known, the num-
ber of unknowns is reduced from the number of 
LORs to the number of crystals  [  33,   42  ] . Because 
the geometry of the scanner is unlikely to change 
signi fi cantly after initial installation, the geomet-
ric correction factors may be calculated or mea-
sured using high statistics acquisition that only 
needed to be acquired occasionally. In recent 
years, new techniques have been introduced to 
calculate the crystal ef fi ciency correction factors 
form a relatively short scan (less than 20 min) of 
a uniform phantom or even the emission data 
themselves  [  43,   44  ] .  

   Performance Measurements 

 PET camera performance is generally evaluated 
with the standard tests established by the National 
Electrical Manufacturers Association (NEMA) 
 [  45–  48  ] . The  fi rst PET performance tests were 
introduced in 1994 and referred to as NEMA NU 
2–1994  [  45,   46  ] . In 2001, these tests were updated 
and the new standard known as NEMA NU 
2–2001  [  47,   48  ] . The most signi fi cant change in 
the NU 2–2001 standard, compared with the NU 
2–1994 standard, is the replacement of a 19-cm 
long cylindrical phantom with a 70-cm long 
cylindrical phantom for some of the tests as dis-
cussed below. While the 19-cm long cylindrical 
phantom can still be used to test the performance 
of scanners used for brain imaging, the 70-cm 
long cylindrical phantom is more appropriate for 
testing cameras used for whole-body studies. 
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 The performance tests are divided into two 
groups. The  fi rst group includes measurements of 
the basic intrinsic characteristics of the camera 
such as spatial resolution, sensitivity, scatter 
 fraction, and count rate losses and random coin-
cidences. In general, for a given activity concen-
tration, achieving higher sensitivity and lower 
random and scattered events is more desirable. 
The second group includes measurements of the 
accuracy of corrections for physical effects such 
as uniformity correction, scatter correction, atten-
uation correction, and count rate linearity correc-
tion. In addition, NEMA NU 2–2001 standard 
included criteria for evaluating the overall image 
quality. Only the  18 F radioisotope is recommended 
for these tests. 

 The spatial resolution is a measure of the cam-
era’s ability to distinguish between two points of 
radioactivity in a reconstructed image, and it is 
characterized by the width of the image of a point 
source (point spread function). The width of the 
point spread function is reported as the full width 
at half maximum and full width at tenth maxi-
mum. It is recommended that a point source of 
 18 F, with dimensions of less than 1 mm in any 
direction be imaged in air, and resolution be 
reported for six different locations of the point 
source. To avoid high count rate problems (dead-
time and pile-up effects), the data should be 
acquired at low count rates. It is also recom-
mended that data be reconstructed with  fi ltered 
back projection using a ramp  fi lter, with a cutoff 
at the Nyquist frequency, and the image pixel size 
should be smaller than one third of the expected 
resolution. 

 The sensitivity of a PET scanner represents 
its ability to detect radiations from annihilation 
of positrons. In the NEMA NU 2–1994 standard, 
the sensitivity is suggested to be measured using 
a standard cylindrical phantom (20 cm diameter, 
19 cm long)  fi lled with uniform activity at low 
concentration, and the rate of coincidence events 
for a given activity concentration in that phan-
tom be reported. In the more recent NEMA NU 
2–2001 standard, it is suggested to use a 70-cm 
long plastic tube  fi lled with a known amount of 
radioactivity, which is suf fi ciently low that 
counts losses, and random coincidences are neg-

ligible. The tubing is encased in metal sleeves of 
varying thickness and imaged twice:  fi rst with 
tube in the center of the transverse FOV, and then 
with tube offset radially 10 cm from the trans-
verse FOV. 

 The intrinsic scatter fraction is a measure of 
the system sensitivity to scattered events. The 
scatter fraction is de fi ned as the ratio of scattered 
events to total events, which are measured at a 
suf fi ciently low counting rate so that random 
coincidences, dead-time effects, and pileup are 
negligible. Therefore, the total events are the sum 
of unscattered events (true events) and scattered 
events. The suggested phantom, based on the 
NEMA NU 2–20001 standard, for this measure-
ment is a 20-cm diameter solid polyethylene cyl-
inder with an overall length of 70 cm. Activity is 
placed in a line source (2.3-mm inner diameter) 
that is threaded through a hole in the cylinder at a 
radius of 4.5 cm and parallel to the central axis. 
To measure the scatter fraction for the 3D data, it 
is suggested to  fi rst rebin the 3D data into 2D 
sinograms using the single-slice rebinning algo-
rithm. The transaxial FOV used for calculation of 
scatter is limited to 24 cm (4 cm larger than the 
phantom diameter). The sinogram pro fi le is used 
to calculate the number of scatter events within 
the FOV and the number of true coincidences 
within a 2-cm radius of the source. The scatter 
within the peak is estimated by assuming a con-
stant background under the peak. The sinogram 
pro fi le is analyzed as a function of the angle, and 
the results are averaged. The NEMA NU 2−2001 
standard recommends that the scatter fraction for 
each slice and the average of the slice scatter 
fraction be reported. 

 Most PET scans are performed under condi-
tions in which count rate losses, as a result of the 
dead time, and random coincidences are not neg-
ligible. Therefore, it is suggested that the system 
dead time and random coincidences for a wide 
range of activity levels be measured. Random 
coincidences can be determined by delayed coin-
cidence technique or can be estimated from sin-
gle rates. Dead time is determined from the 
measured true rate at a given activity level and 
from the true rate extrapolated from the low count 
rate data. 
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 The counting rate performance is measured as 
a function of activity using the same 70-cm poly-
ethylene cylinder and the line source used for the 
scatter fraction. For this procedure, the line source 
is  fi lled with a suf fi ciently high initial activity 
that allows both the peak true rate and peak noise 
equivalent count (NEC) rate to be measured. Data 
are taken until the random coincidences and 
dead-time losses are negligible. The total count-
ing rate within the 24-cm transverse FOV is 
determined as the activity decays. The back-
ground, resulting from random coincidences and 
scatter, is estimated and the true events rate is 
then determined by subtracting the background 
from the total rate. The total, true, random, scat-
ter, and NEC rates are plotted against the effec-
tive activity concentration. From this plot, the 
peak true counting rate and peak NEC rate should 
be determined. The NEC rate, which de fi nes an 
effective true count rate by accounting for addi-
tional noise from the random and scatter events, 
is de fi ned as:

      = + +2 / ( )NEC trues trues scatter randomsR R R R kR   

where  R  
 trues 

  is the true event rate,  R  
 scatter 

  is the scat-
ter event rate,  R  

 randoms 
  is the random event rate, 

and  k  = 2 if the randoms are measured directly by 
delayed coincidence technique, and  k  = 1 they are 
estimated (noise free). 

 The image quality test is designed to produce 
images simulating those obtained in a whole-
body study with both hot and cold lesions. It is 
suggested that spheres of different diameters 
placed in a simulated body phantom with nonuni-
form attenuation be imaged. It is also recom-
mended that activity should be present outside 
the scanner. To quantitate the image quality, it is 
suggested that regions of interest on the spheres 
and throughout the background be drawn and that 
the coef fi cient of variations of the means in the 
background be calculated, along with the contrast 
recovery coef fi cient for the hot spheres and cold 
spheres. The diameters of the region of interest 
should be equal to the physical inner diameters of 
the spheres. To assess the accuracy of the correc-
tions for attenuation and scatter, it is suggested 

that the ratio of the average counts in a region of 
interest in the lung area and the average counts in 
the background be calculated.   

   The Positron Cameras 

 Any camera that can image a positron-emitting 
tracer can be called a positron camera. These 
cameras can range from the simple, less-expen-
sive thallium-doped sodium iodide [NaI(Tl)] 
gamma cameras to multimillion dollar, multi-
ring PET cameras. Positron cameras can be 
divided into eight groups: (1) NaI(Tl) gamma 
cameras or SPECT cameras with lead collima-
tors; (2) dual-head rotating NaI(Tl) cameras with 
modi fi ed electronics for coincidence detection 
and with the lead collimator removed  [  49  ] ; (3) 
dedicated NaI(Tl) PET cameras with the detec-
tion system in the form of a ring  [  50,   51  ] ; (4) 
dedicated multi-ring PET cameras consisting of a 
large number of small detector elements made 
from high sensitivity scintillation materials such 
as bismuth germanate (BGO)  [  52–  55  ] , lutetium 
oxyorthosilicate (LSO)  [  56,   57  ] , or lutetium-
yttrium oxyorthosilicate (LYSO)  [  58  ] ; (5) dedi-
cated small animal PET cameras  [  59–  61  ] ; (6) 
hybrid systems such as SPECT/PET systems, 
SPECT/CT, PET/CT, and PET/MRI systems 
 [  62–  64  ] ; (7) PET cameras with time-of- fl ight 
(TOF) capability  [  65  ] ; and (8) positron emission 
mammography (PEM) dedicated breast cameras 
 [  66–  68  ] . Dedicated PET cameras can be further 
divided into two subgroups: cameras with full 
detection rings and cameras with partial detec-
tion rings. Three basic designs of PET cameras 
are shown in Fig.  1.3 .  

 Traditionally, gamma cameras have been used 
only for single photon studies (both planar and 
tomographic acquisitions), and the imaging of 
511-keV photons has been performed with dedi-
cated PET scanners. Despite signi fi cant differ-
ences between these two modalities, several 
products have been introduced to  fi ll the gaps 
between these imaging techniques, including 
dual-purpose SPECT/PET gamma cameras. The low 
sensitivity and limited counting rate capability of 
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gamma camera PET systems are partially offset 
by the larger FOV. In addition, using thicker 
NaI(Tl) crystals and removing the collimators 
also improve the sensitivity of these devices. 

   NaI(Tl) Gamma Cameras with Lead 
Collimators 

 The NaI(Tl) gamma cameras with lead collima-
tors are the least expensive devices for imaging 
positron-emitting tracer distribution. These cam-
eras also have the lowest detection sensitivity for 
positron imaging. There are two reasons for their 
low sensitivity. First, the use of lead collimation 
to de fi ne the direction of the detected gamma ray 
is very inef fi cient because the collimator can 
absorb 95% or higher of the incoming gamma 
rays. Second, the thin NaI(Tl) detector is opti-
mized for stopping the 140-keV gamma ray for 
technetium ( 99m Tc) imaging, and so most of the 
higher-energy (511-keV) gamma rays from posi-
tron annihilation penetrate this thin detector with-
out any interaction (about 70% escape fraction). 
Therefore, only a small percentage of the posi-
tron gamma rays that hit the gamma camera 
detector are detected. The low-detection ef fi ciency 

implies that only very large lesions (3 cm) can be 
detected. This group of cameras may provide a 
way to take advantage of the more tumor-speci fi c 
positron tracers, such as breast cancer applica-
tions, without incurring the expense of buying 
and operating a dedicated PET camera  [  69  ] .  

   Coincidence Gamma Camera 
PET Systems 

 A gamma camera PET system is a modi fi ed dual-
head rotating NaI(Tl) camera with coincidence 
electronics added and collimators removed  [  49  ] . 
With added coincidence detection capability, the 
direction of the two detected gamma rays is 
de fi ned by two detected locations on opposite 
sides of the subject, and the inef fi cient lead col-
limators are no longer needed. Elimination of the 
lead collimator increases the detection sensitivity 
by 20 times or greater over the regular single 
head gamma cameras. However, the thin NaI(Tl) 
detector still has low sensitivity for detecting 
511-keV gamma rays because the probability of 
photon interaction (photoelectric and Compton) 
is approximately 0.3. Therefore, the probability 
of detecting both photons of positron annihilation 

  Fig. 1.3    Schematic of three different designs of a 
PET camera: a dual head single photon emission com-
puted tomography with lead collimators removed and 
coincidence detection circuit added ( left ), a dedicated 

positron emission tomography (PET) camera using 
large NaI(Tl) detectors ( middle ), and a dedicated PET 
camera using small bismuth germanate detectors 
( right )       
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for coincidence detection would be approxi-
mately 0.09. When compared with a dedicated 
BGO PET camera, which uses detectors made of 
BGO scintillation material, the sensitivity of this 
modi fi ed SPECT camera is still 9–10 times lower 
for identical detection areas. However, the detec-
tion sensitivity of this class of camera is a sub-
stantial improvement (5–10 times) over dual-head 
cameras with lead collimators. Studies have 
shown that this type of camera can detect lesions 
as small as 1.5–2.0 cm  [  70,   71  ] . Hence, this cam-
era type is a better choice than the lead collimator 
gamma camera for taking advantage of the more 
tumor-speci fi c positron tracers with a relatively 
small additional investment. 

 The removal of the lead collimator, which 
improves the detection ef fi ciency, leads to new a 
problem. The head of each gamma camera is 
basically one large detector, and when a gamma 
ray is detected, the whole camera head is dead 
until all the stimulated scintillation light caused 
by that gamma detection is emitted. If there is a 
second incoming gamma ray, there will be a 
pileup of signals in the large detector, resulting in 
combining the two signals to yield an erroneous 
energy and position. With the removal of the lead 
collimator, the  fl ux of gamma rays incident onto 
the detector causes severe signal pileup in the 
NaI(Tl) detector, such that the tracer dose injected 
into the patient must be lowered by roughly 80% 
compared with the dose used with a dedicated 
BGO PET camera to minimize the signal pileup 
artifacts in the image. Hence, the quality of the 
image is further reduced by the smaller tracer 
dose in addition to the lower detection ef fi ciency. 
However, this reduction in injected dose can be 
improved by some detector signal processing 
electronic technique such as the high-yield-
pileup-event-recovery (HYPER). This technique 
could eliminate most of the pileup, and recovers 
the correct energy and position of pileup events, 
thereby allowing the count rate to be increased by 
10 times for NaI(Tl)  [  72  ] . 

 Another de fi ciency of this camera design is 
that the coincidence detection ef fi ciency in the 
transaxial FOV is geometrically dependent; the 
region near the center of rotation has the highest 
ef fi ciency, and the coincidence ef fi ciency goes to 

zero at the edge of the camera. Therefore, it is 
important for this camera type to be larger than 
the patient FOV to yield usable ef fi ciency at the 
edge of the  fi eld of study. Gamma cameras 
modi fi ed for coincidence PET imaging are no 
longer manufactured, although some may still be 
in clinical use.  

   Dedicated PET Camera with NaI(Tl) 
Detectors 

 The dedicated PET camera with a NaI(Tl) detec-
tor ring is similar to the dual-head NaI(Tl) gamma 
camera with coincidence detection electronics. It 
is a whole-body camera operating in 3D mode 
and has several planar or curved heads  [  73  ] . The 
heads are con fi gured to form a  fi xed ring around 
the patient. Because the camera is designed to be 
a dedicated PET camera instead of also perform-
ing  99m Tc imaging, the thickness of the NaI(Tl) 
detector is increased (e.g., from 1 cm to 1 in.) to 
enhance its detection sensitivity. This increased 
detector thickness contributes to almost fourfold 
increase in coincidence detection ef fi ciency over 
a dual-head coincidence camera (with the same 
active detection area). Furthermore, with the 
detectors completely surrounding the patient, the 
detection ef fi ciency is uniform in the transaxial 
FOV. However, because the detector design is 
basically that of a gamma camera, the signal 
pileup can still be a problem if the injected dose 
of radio tracer is not reduced. Even though these 
cameras generally use special hardware tech-
niques (e.g., pulse clipping) to shorten signal col-
lection time and to reduce the detector dead time, 
the injected dose    is still needed to be reduced by 
60–80% from that used with a dedicated PET 
using BGO scintillation detectors. The HYPER 
processing method can also be used in this type 
of NaI(Tl) PET camera to allow higher dose 
injection to improve their imaging performance. 
Although the intrinsic resolution of this camera 
(about 4.6 mm for curved and 4.9 mm for planar 
heads) can rival that of the more expensive BGO 
cameras, the more limited image counts collected 
causes the practical and clinical image resolution 
to be lower. Despite the lower production cost of 
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this type of dedicated PET cameras, they did not 
receive wide acceptance used and currently are 
not manufactured.  

   Dedicated PET Camera with BGO 
Detector Rings 

 The multi-ring PET cameras based on BGO crys-
tals have higher sensitivity and higher spatial 
resolution than the three previously discussed 
cameras. These cameras are also the most expen-
sive ($1–2 million). Unlike the three positron 
camera types discussed previously, which are 
based on gamma camera technology using a sin-
gle, large NaI(Tl) detector, the BGO camera uses 
tens of thousands discrete BGO detectors  [  52–
  54  ] . The discrete BGO detectors are packed into 
many detector rings circumscribing the patient, 
eliminating the need to rotate the detection sys-
tem. The elimination of camera rotation during 
imaging may be important for imaging tracers 
that change rapidly with time, such as  15 O and  13 N 
with short half-lives. For FDG imaging, camera 
rotation is not an issue. 

 The multiplicity of detectors in this kind of 
camera allows the cameras to operate at much 
higher count rates, which translates to a higher 
injected dose to provide a higher quality image. 
Furthermore, BGO crystals have about two times 
higher density and about 1.5 times higher atomic 
number than NaI(Tl) and also have substantially 
higher detection sensitivity for the higher energy 
gamma rays generated by positrons annihilation. 
Hence, the detected counts-per-unit injected dose 
is also higher with the dedicated PET/BGO than 
with the other three camera types using NaI(Tl) 
detectors, enabling this camera to provide further 

improvement in image quality. Currently, the 
highest intrinsic spatial resolution of whole-body 
clinical BGO PET cameras is about 4.5 mm, and 
for some research-oriented scanners, such as 
HOTPET     [  55  ]  and the high-resolution research 
tomograph (HRRT   )  [  56  ] , it can be better than 
3 mm. The practical image resolution could be 
lower depending on the number of counts 
 collected. For FDG cancer imaging, the smallest 
detectable lesion size also depends on the ratio 
of tumor uptake to normal tissue uptake. With 
 current whole-body clinical BGO PET cameras, 
6–10 mm tumors are detectable.  

   Dedicated PET Camera with LSO/LYSO 
Detector Rings 

 In recent years, LSO crystals and LYSO crystals 
have been used extensively in multi-ring PET 
cameras  [  57,   58  ] . Both LSO and LYSO have 
excellent physical properties, and have high den-
sities and atomic numbers that result in ef fi cient 
detection of gamma rays. In addition, similar to 
BGO, they are rugged and nonhygroscopic, 
which make the detector fabrication less prob-
lematic. Table  1.2  compares some of the physical 
properties of LSO crystals with BGO and NaI(Tl) 
 [  74  ] . LSO and LYSO crystals have some advan-
tages and disadvantages over the BGO crystals. 
BGO has a slightly higher linear attenuation 
coef fi cient and higher probability that the  fi rst 
gamma interaction within the crystal will be a 
photoelectric interaction, and it is also less expen-
sive. LSO and LYSO have a shorter decay con-
stant, which is good for coincidence timing and 
handling higher detection rates. In addition, 
higher light output of the crystals allows the use 

   Table 1.2    Comparison of physical properties of some common scintillator crystals   

 Crystal 
 Density 
(g/cm 3 ) 

 Effective 
atomic number 

 Attenuation 
coef fi cient (cm −1 ) 

 Light output 
(NaI(Tl) = 100) 

 Decay 
time (ns) 

 BGO  7.13  75  0.96   15  300 
 GSO  6.71  59  0.67   41   65 
 LSO  7.40  65  0.87   75   40 
 NaI(Tl)  3.67  51  0.35  100  230 
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of smaller, and more, crystals per photomultiplier 
tube, thereby achieving better spatial resolution. 
LSO has a low level of natural radioactivity as a 
result of the presence of  176 Lu which generates 
some undesirable background. This background 
generates a relatively negligible coincidence 
background event rate; however, it can have a 
noticeable effect on the single rate that may be 
utilized in transmission measurement used for 
attenuation correction  [  75  ] .   

   Dual-Modality PET/CT System 

 Imaging modalities used in medical imaging are 
generally differentiated as functional or anatomic 
devices. These two complementary modalities 
provide valuable information that can be used for 
early diagnosis, more accurate tumor detection 
and localization, and facilitate the planning, 
 performance, and better assessment of patient 
responses to treatment such as radiation therapy 
and chemotherapy. In 2000, integrated PET/CT 
systems capable of providing both functional and 
anatomic information were introduced and almost 
all of the systems sold at the present time are 
PET/CT scanners. 

 Interpretation of nuclear medicine functional 
images is improved when they are co-registered 
with anatomic images, especially in the abdo-
men, because of the absence of identi fi able ana-
tomic structures in PET images. This is achieved 
either by visual comparison of the two separate 
datasets or, more effectively, by fusion of 
images. Until the introduction of combined 
PET/CT systems, the anatomic and functional 
images were previously acquired on different 
and separated scanners, and at different times, 
and then fused using software tools. However, 
such procedures were not widely used for stud-
ies outside of the brain because of the technical 
dif fi culties of implementation on a routine basis. 
The dual-modality PET/CT systems have over-
come some of the dif fi culties associated with the 
software approaches by acquiring both anatomic 
and functional images in a single scanning 
 session. In addition, CT images can provide 
attenuation correction information and anatomic 

information to the model-based scatter correc-
tion algorithms. 

 Even with combined PET/CT there are some 
motions that could affect the accuracy of co-
registration of two sets of data. Some of these 
motions are patient breathing, cardiac motion, 
and patient movement between the PET and CT 
studies. Patient motion may be avoidable, but 
respiratory motion is not and may require some 
correction by, for example, respiratory gating of 
PET data  [  76  ] . The quality of images will be 
compromised if co-registration errors occur. 
Such errors could not only deteriorate the image 
quality but also lead to wrong anatomic posi-
tioning. In a study of patients with lung tumors 
using a combined PET/CT camera, a maximum 
5–6-mm misalignment of the PET and CT 
images for tumors in the anterior region of the 
lungs was observed; however, such mismatch 
did not affect the diagnostic accuracy of the 
fused image  [  77  ] . In another study, it was found 
that the accuracy of PET/CT image co-registra-
tion for lung lesions is better in patients who 
underwent CT scanning during normal expira-
tion than that in patients who performed shallow 
breathing during CT scanning, and it is better in 
the upper and central parts of the lung  [  78  ] . In 
another study of lesion mislocalization on PET/
CT studies, it was found that when CT data of 
300 patients that were scanned were used for 
both fusion and for attenuation correction, 2% 
(six patients) had lesion mislocalization, likely 
resulting from respiratory motion differences 
between PET and CT  [  79  ] .  

   Time-of-Flight PET Camera 

 The concept of utilizing TOF information to fur-
ther improve PET scanner performance is not 
new and was  fi rst proposed in the early stages of 
PET camera development  [  80–  82  ] . The early 
TOF PET cameras were developed in the 1980s 
using fast barium  fl uoride (BaF2) or cesium 
 fl uoride (CsF) scintillators  [  83,   84  ] . However, it 
was soon found that scanners made with these 
scintillators could not match the spatial resolu-
tion and sensitivity of non-TOF PET cameras 
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using BGO scintillators. BaF2 and CsF scintilla-
tors had very good timing resolution but low 
stopping power, compared with BGO, and low 
light output that limits the detector design choices 
for light sharing and decoding crystals. 

 The availability of new scintillation crystals 
such as LSO and LYSO  [  85–  88  ]  that combine 
fast timing decay with high light output and high 
stopping power and improvements in perfor-
mance and reliability of fast PMTs in combina-
tion with improvements in high-speed electronics 
made it practical to develop the new generation 
of TOF PET scanners. In addition, progress in 
image reconstruction, especially in iterative 
reconstruction methods, further improved PET 
images by including TOF and other physical 
effects in the system model  [  89–  94  ] . 

 A non-TOF PET scanner could detect coinci-
dence photons of an annihilated positron and 
record the corresponding line of response between 
the two detector crystals, but the actual location 
of the annihilation along the line of response 
would not be measured. However, in a TOF PET 
system in where the difference in the arrival time 
of the two coincidence photons is also measured, 
it is possible to localize the event within a small 
range along the line of response. In principle, 
reconstruction would be unnecessary with per-
fect TOF information, as the location of each 
positron annihilation would be identi fi ed on the 
basis of time difference information. However, 
because of imperfect timing resolution of the 
scanners, the TOF information is used to improve 
the image reconstruction by localizing the coinci-
dence along the line connecting the detectors. 
The distance that a given event is projected along 
the LOR is de fi ned by an uncertainty (Δx) that 
with good timing resolution, can be much smaller 
than the diameter of the patient (D), over which 
counts would be distributed equally in the for-
ward and back projection steps of non-TOF 
reconstruction. 

 TOF has the potential to improve the accuracy 
of a lesion uptake measurement through better 
signal localization and reduced noise propaga-
tion. The effective sensitivity gain, thus the 
reduction of noise, for a uniform distribution is 
estimated to be proportional to D/Δx, where 

Δx = c. Δt/2 when c is the speed of light and Δt is 
the timing resolution of the system  [  95  ] . For two 
uniform distributions with diameters of 20 and 
35 cm, for a scanner with a timing resolution of 
600 ps the calculated sensitivity gains are esti-
mated to be 2.2 and 3.9, respectively. For 300 ps 
timing resolution, the sensitivity gains will be 4.4 
and 7.8, respectively. The uniform distribution 
with a diameter of 20 cm can represent a thin 
patient and the 35-cm distribution can represent a 
heavy patient  [  96  ] . Therefore, TOF PET is par-
ticularly  [  95  ]  suitable for whole-body imaging 
because the improvement in image quality is 
expected to increase with the size of the patient. 
For heavy patients where the attenuation effect 
and scatter contribution are bigger issues, the 
improvement in the image quality is especially 
more important. 

 The initial results of the TOF PET scanners 
have shown improved performance over non-
TOF scanners. Philips       has developed a PET/CT 
system with TOF capability (Gemini TF PET/
CT) based on LYSO with an intrinsic spatial res-
olution of about 4.8 mm  [  65  ] . This fully 3D scan-
ner has a coincidence timing resolution of 585 ps 
when measured with a point source in air. 
However, there is a count-rate effect on the tim-
ing resolution that causes it to degrade to about 
650–700 ps for typical clinical count rates  [  95  ] . 
A scanner from Siemens    based on LSO with 
added TOF features has been reported  [  96  ] . 
However, because this system was not initially 
designed for TOF, it had a timing resolution of 
1.2 ns and the impact on clinical studies has been 
modest. Recently, Siemens announced a new 
PET/CT system (Biograph mCT) with TOF capa-
bility that claims it could further improve the 
signal-to-noise ratio by a factor of 4. GE has also 
announced a new PET/CT scanner (Discovery 
PET/CT 690) with TOF capability.  

   Dedicated Breast PET Camera 

 Breast cancer is the most common cancer and the 
second leading cause of cancer death in women 
in the United States. For 2009, the American 
Cancer Society had predicted that approximately 
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192,370 women in the United States would be 
found to have invasive breast cancer and about 
40,170 women would die from the cancer  [  97  ] . 
Breast cancer mortality rates have been dropping 
in recent years as a result of improved screening 
and treatment methods and also because more 
women are being screened  [  98  ] . Despite advances 
in the last decade, diagnosis of cancer, especially 
for small tumors, and monitoring therapy response 
remain a challenge. 

 Currently, mammography is the most widely 
used imaging method for breast cancer screening. 
The sensitivity of screening mammography 
for breast cancer detection is about 85% that 
decreases to 68% for dense breasts  [  99  ] . In addi-
tion, mammography is limited in the accurate 
differentiation between benign and malignant 
tumors. Therefore, other imaging methods such 
as PET scanning, are needed to improve breast 
cancer detection. The PET ability to detect 
metabolic changes in body tissues is the main 
advantage of PET over mammography. Addi-
tionally, PET imaging is not affected by dense 
breast or silicone implants, making PET effec-
tive for screening high-risk young women, older 
women with hormone replacement therapy, 
and those with implants  [  100–  102  ] . In addi-
tion, PET has superiority over conventional 
imaging in detecting distant metastases and 
recurrent disease and in monitoring therapy 
response  [  103,   104  ] . 

 Despite the powerful molecular imaging 
nature of PET, the current whole-body PET cam-
eras have critical limitations for breast cancer 
imaging because: (1) the spatial resolution and 
sensitivity of current whole-body PET cameras 
practically limit the detection of breast lesions to 
relatively large lesion (>1 cm) and high FDG 
uptakes, (2) a typical clinical PET/CT camera is 
large and expensive, and (3) a typical clinical 
PET/CT is designed primarily for whole-body 
cancer staging; therefore, with detectors too far 
from the breast, the patient body attenuates higher 
than 80% of the breast signal, and the low signal 
detection ef fi ciency requires a long imaging time 
(10–15 min). These limitations prevent the wide-
spread use of conventional whole-body PET for 

breast cancer. A recent comparison of the whole-
body mode and breast mode of a transformable 
full-ring PET camera with spatial resolution of 
better than 3 mm, using small phantom lesions of 
4–7 mm inserted into a breast phantom attached 
to a torso phantom, has shown signi fi cant 
improvement in lesion detection in breast mode 
that demonstrated the advantage of dedicated 
breast PET scanners  [  105  ] . 

 In recent years, several partial-ring dedicated 
breast PET scanners, commonly referred to as 
PEM, are being developed to improve the cost 
effectiveness for detecting breast cancers  [  106–
  115  ] . These PEM scanners have special geome-
tries that are different from the conventional 
circular design of whole-body PET scanners and, 
compared with whole-body PET, they can have 
greater sensitivity for detecting breast cancers. 
A PEM system with high resolution, high sensi-
tivity, and low cost could improve early detection 
of small tumors to improve survivability and 
breast conservation. 

 The most popular PEM design is the dual pla-
nar geometry with or without rotating capability 
around the patient’s breast. Rotation allows 
obtaining complete angular sampling that has the 
potential to improve breast imaging over PEM 
with stationary dual planar detector by reducing 
blurring, especially normal to the detector. This 
dual planar design is easier to construct than the 
full-ring camera and has greater  fl exibility in 
positioning the object in the FOV. The stationary 
dual planar cameras are generally designed to 
image the compressed breast in the projection 
mode similar to x-ray mammography instead of 
the tomography mode. This geometry also allows 
performing of needle biopsy while a patient is in 
the scanner, and has the ability to acquire the PET 
image in conjunction with a mammography unit. 
The planes are arranged in close proximity to the 
patient, which leads to a higher sensitivity then 
clinical PET scanners and reduced attenuation of 
photons traveling through the patient chest wall. 
More recently, there have been proposed scanner 
designs with depth-of-interaction (DOI) mea-
surement capability  [  116,   142 – 144  ] . The DOI 
capability allows for maintaining of the high 
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spatial resolution throughout the FOV of the 
small diameter scanners.  

   Future Developments in PET 

 Recent trends in the development of positron 
cameras have been concentrated on several issues: 
(1) lowering the production cost of the cameras, 
(2) combining the functional and anatomic 
modalities, (3) adding TOF capability and 
improving timing resolution, (4) adding DOI 
capability and improving spatial resolution, and 
(5) improving image reconstruction. 

 For current PET cameras, with pixilated crys-
tals, the detection system often accounts for 
greater than 50% of the total production cost. 
Hence, some of the development efforts have 
concentrated on lowering the detection system 
cost. A PET detector design has been introduced 
based on a photomultiplier-quadrant sharing 
technique to substantially reduce detector cost by 
reducing the number of photomultipliers  [  117, 
  118  ] . Two research cameras with transformable 
geometry based on this design have been con-
structed and have achieved a spatial resolution of 
better than 3 mm  [  55,   118  ] . Another way for 
reducing detector cost has been to build partially 
populated detector rings and rotate them during 
the scan. In the 1990s, a rotating BGO multi-ring 
PET camera was built with two thirds of the 
detectors removed from the ring so that only two 
opposing sectors of the detection system remained 
 [  39  ] . This reduced the camera cost by 50%, but it 
also reduced the camera sensitivity by approxi-
mately 66% for smaller objects and 80% for large 
objects. The partial-ring PET systems have not 
received much acceptance except for use in PEM 
cameras. 

 Integrated PET and CT (PET/CT) systems, 
capable of acquiring data by both devices and 
displaying the fused image, have been commer-
cially available since the early 2000s and have 
shown some improvement over PET alone. A 
comparable PET/MRI system that could acquire 
and fuse PET and MRI scans is not currently 
commercially available. However, there are some 

experimental units that can acquire both scans 
simultaneously and clinical units are under 
development  [  119–  121  ] . The goal is that, by 
fusion of the metabolic information obtained by 
PET scans with the MRI scan, the speci fi city of 
MRI will be increased. MRI has a high sensitiv-
ity for identifying tissue abnormalities but not 
high speci fi city. 

 Additional ongoing research is aimed at 
improving the spatial resolution and sensitivity of 
PET cameras. Using smaller (narrower) and 
shorter crystals could potentially improve spatial 
resolution of the system. However, there is a 
tradeoff between sensitivity and spatial resolu-
tion. Increasing crystal length to achieve higher 
sensitivity leads to deterioration of spatial resolu-
tion, especially of the center of the camera 
because of the increased probability of detecting 
a gamma photon that has penetrated through 
more than one crystal. There have been many 
scanner designs with DOI measurement capabil-
ity  [  122,   123 ,  142 – 144  ] . The DOI capability 
allows maintaining of the high spatial resolution 
throughout the FOV, which is more important for 
scanners with small diameters such as dedicated 
animal cameras, dedicated breast cameras, and 
dedicated brain cameras. 

 Another recent development has been the 
addition of a TOF capability to PET cameras. 
Several TOF cameras have been introduced based 
on new LSO and LYSO crystals. However, the 
timing resolution of these systems currently is 
not optimized (more than 600 ns). The next step 
is to further improve the timing resolution. 

 A major improvement in PET image recon-
struction was achieved with the introduction of 
iterative reconstruction in the 1990s. Originally, 
reconstruction was performed in 2D and the 
sinograms were corrected prior to image recon-
struction for such effects as attenuation, detec-
tor normalization, random, and scatter. The 
correction of sinograms is not desirable because 
of the distortion of the Poisson nature of the 
data and the production of less ideal images. 
With the increased speed and memory of 
 computers it became possible to perform fully 
3D reconstruction and incorporate some of 
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the corrections, including normalization and 
attenuation, into the system probability matrix 
and some of the corrections, including scatter 
and random corrections, into the forward pro-
jected sinograms. Currently, the incorporation 
of the spatial response of the detector system, 
and TOF information into the reconstruction 
process are promising to further improve the 
image quality  [  93,   94  ] .   

   Quantitation and Parametric Imaging 

 In PET imaging the tracer uptake and dynamic in 
principle can be accurately quali fi ed from the 
image data because of PET attenuation-correc-
tion capability. This information can help to 
expand the observer’s ability in interpreting 
images. PET imaging with FDG, the most clini-
cally useful cancer imaging tracer today, can 
bene fi t from using quantitative measures of 
uptake to determine the likelihood that a tumor is 
malignant, from its level of metabolic activity, 
and to assess tumor response to therapy. 

 There are several ways to approach quantita-
tion, from visual assessment to complex kinetic 
analysis, with dynamic data acquisition and blood 
sampling  [  124–  141  ] . In clinical practice, the sim-
plest and the main tool for image interpretation is 
visual inspection of images. A slightly better 
method is graded visual assessment where the 
abnormality is classi fi ed relative to normal struc-
tures on a 5–10 point scale using pseudo-color 
representation of the tissue uptake. Tumor to nor-
mal tissue activity ratio is the next level of quan-
titation. It requires attenuation-corrected images, 
but no other calibration. This approach is more 
objective but has signi fi cant limitations. Values 
derived depend on placement of regions of inter-
est (ROIs), de fi nition of normal tissue, recon-
struction algorithm, image resolution, and 
whether maximum or average counts are used. 
The tumor to normal ratio method can be useful 
but should be implemented with explicit attention 
to these factors. 

 The most widely used quantitative method for 
assessing FDG uptake is the standardized uptake 

value (SUV), which estimates fractional FDG 
uptake by tumor  [  125,   126  ] . This measure is also 
referred to as the dose uptake ratio, or differential 
uptake ratio (DUR). SUV is often used as a 
 measure to characterize the malignancy versus 
benignancy of lesions. The SUV can be de fi ned 
as the tissue concentration of tracer as measured 
by a PET camera divided by the activity injected 
divided by body weight,

      
=SUV [tissue activity in Ci / gr]/

[injected dose in Ci per gr body weight].

m
m    

 Many physiologic and technical factors affect 
the outcome of the SUV  [  125  ] . The use of SUV 
requires, in addition to data correction, that the 
administered dose be accurately determined, 
corrected for residual activity in syringe and 
tubing, and the dose must be decay-corrected to 
the time of imaging. In addition, patient prepara-
tion methods, scanner performance, image recon-
struction algorithms, and data analysis tools can 
also affect the outcome of the SUV. Because 
manufacturers are using different acquisition 
protocols, image reconstruction algorithms, and 
data analysis tools, the comparison and exchange 
of SUV results between varying centers is not an 
easy task. 

 Currently, there is no NEMA standard proce-
dure for measuring SUV; however, several rec-
ommendations and guidelines have been proposed 
with the aim of minimizing the variability of 
SUVs across different institutes and studies  [  125, 
  127  ] . For FDG, the tissue activity used is gener-
ally the tracer uptake between 30–60 min after 
injection. However, to achieve a model indepen-
dent assessment of glucose metabolism, SUV 
should be measured after FDG tissue concentra-
tion has reached a plateau. There is much vari-
ability in this measurement depending on the 
exact implementation in each clinical site. To 
minimize variability for comparison purposes, all 
the studies at the same site should follow the 
same quality control parameters, such as the 
waiting period after injection, the duration of 
imaging, and fasting protocols. To further mini-
mize variability, plasma glucose level correction 
 [  128,   129  ]  should also be applied:
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      ( ) [ ]SUV corrected SUV plasma glucose / 100= ×    

 In addition, there should be a body fat correc-
tion term  [  130,   131  ]  to account for the reduced 
uptake of FDG in body fat. The SUV can be 
extracted either as the peak value in an ROI or 
displaying the SUV pixel-by-pixel as a pseudo-
color-quantitation SUV image. 

 The SUV quantitation is not as accurate as 
the compartmental analysis, but is easy to 
implement and requires no blood sampling, 
which may be more practical in a clinical envi-
ronment. There are more reliable, but also more 
complex, quantitation methods including 
simpli fi ed kinetic analysis, Patlak graphical 
analysis, and kinetic analysis with parameter 
optimization; however, because of practical 
constraints, these methods are usually not used 
except in research studies. 

 With tracer transport modeling and multiple 
scans over a time period (dynamic imaging), 
functional parameters can be quanti fi ed. Some 
common physiologic parameters generated by 
PET are blood  fl ow  [  132–  134  ] , metabolic rates 
 [  135  ] , blood volume  [  136,   137  ] , and receptor 
densities. These quanti fi ed parameters may be 
more useful than a simple tracer uptake image. 
For example, a region with a high relative uptake 
of FDG may be either an area of high blood vol-
ume/perfusion, especially if the images are taken 
immediately after injection, or an area of high 
glucose metabolism; quanti fi ed parameters of 
glucose metabolic rate and blood space would 
differentiate such an important ambiguity. The 
quantitation can be carried out in two different 
ways, depending on the complexity of the tracer 
transport model and the quality of the raw image 
data: (1) if the model is complex, involving many 
parameters coupled with noisy image data, it 
would be better to draw an ROI on the image 
data, e.g., on a suspected tumor site, and com-
pute the average functional parameters within 
the region; and (2) if the model is simple (1–2 
parameters) and the image quality is high, it may 
be more useful to generate a parametric image 
set that is equivalent to perform an ROI paramet-
ric calculation on a pixel-by-pixel basis for the 

whole image set. A set of parametric images 
displaying the metabolic rate distribution and the 
blood volume distribution separately can be more 
useful clinically for cancer detection and treat-
ment monitoring. Quantitation is especially use-
ful for accurately monitoring the ef fi cacy of 
therapy if a similar quantitation is performed 
before treatment. 

 Tracer modeling and parametric quantitation 
techniques for FDG have been studied extensively 
with different degrees of re fi nement and 
simpli fi cation, resulting in a compromise between 
practicality and accuracy  [  135,   138  ] . Most FDG 
methods are based on the three compartment mod-
els as shown in Fig.  1.4 . The physiologic parame-
ters to be deduced are the rate constants k 

1
 , k 

2
 , k 

3
 , 

and k 
4
  (Fig.  1.4 ). k 

1
  and k 

2
  are the rate of FDG 

transport from plasma into tissue and from tissue 
back into plasma, k 

3
  is the rate of FDG phosphory-

lation, and k 
4
  the rate of FDG dephosphorylation. 

One way to  fi nd the rate constants of a lesion is by 
drawing an ROI on the image set and extracting 
the time-activity data within the ROI. The ROI 
time-activity data are then combined with the 
time-activity data of the blood plasma tracer 
activity levels as inputs to a curve- fi tting computer 
program for the three-compartment model. The 
curve- fi tting program would output the rate con-
stants  [  139  ] . This procedure generates the average 
rate constants in the ROI instead of a set of para-
metric images of the rate constants. Conceptually, 
the same method can be applied pixel-by-pixel to 
generate a set of parametric images of the rate 
constants. However, such an image processing 
procedure requires the image quality of the original 
uptake data to be very high so that the statistical 
errors for all the pixels are small. Furthermore, the 
curve- fi tting time for all the image pixels may be 
impractically lengthy compared with the present 
computing technology.  

 A more practical method of generating an 
FDG metabolic image is based on the unidirec-
tional  fl ow model  [  136,   137  ] , also called the 
Patlak plot method, which is basically a three-
compartment model, as shown in Fig.  1.4 , except 
that k 

4
  is assumed to be insigni fi cantly small. 

A negligible k 
4
  implies that there is no leakage of 
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the tracer from the trapped cell space. This 
simpli fi es the model from four parameters (k 

1
 , 

k 
2
 , k 

3
 , and k 

4
 ) to two parameters (Ki and Vd), 

where Ki is the macro metabolic rate constant 
and Vd is the blood distribution volume and 
 vascular space. Mathematically, the macro 
 metabolic rate  constant Ki of the tissue-bound 
compartment is equivalent to k 

1
  k 

3
 /[k 

2
  + k 

3
 ] in the 

three-compartment model. This method is com-
putationally fast and less demanding on the qual-
ity of the raw image data. However, even this 
simpli fi ed method still requires the measurement 
of the tracer input function, the blood time-activ-
ity curve. Parametric imaging methods require 
the measurement of the tracer input function. 
The extraction of 30 blood samples over the 
imaging period and the effort to measure the 
blood activity information of these samples are 
rather demanding, especially for clinical studies. 
As PET imaging moves into clinics, many differ-
ent ways of reducing the amount of blood sam-
pling have been proposed, but the most accurate 
and simple way is with the use of an automated 
blood sampling system  [  140,   141  ] .      

         References 

    1.    Fowler JS, Wolf AP. Positron emitter-labeled com-
pounds: priorities and problems. In: Phelps M, 
Mazziotta J, Schelbert H, editors. Positron emission 
tomography and autoradiography: principles and 
applications for the brain and heart. New York: 
Raven; 1986. p. 391–450.  

    2.   Derenzo SE. Precision measurement of annihilation 
point spread distributions for medically important 
positron emitters. Proceedings of the 5th International 
Conference on Positron Annihilation, Sendai, Japan; 
1979. p. 819–24.  

    3.    Phelps ME, Mazziotta JC, Schelbert HR, editors. 
Positron emission tomography and autoradiography 

principles and applications for the brain and heart. 
New York: Raven; 1986.  

    4.    Sorenson JA, Phelps ME. Physics in nuclear medi-
cine. 2nd ed. Philadelphia: W.B. Saunders Company; 
1987.  

    5.    King MA, Hademenos G, Glick SJ. A dual photo-
peak window method for scatter correction. J Nucl 
Med. 1992;33:605–12.  

    6.    Bentourkia M, Msaki P, Cadorette J, Lecomte R. 
Assessment of scatter components in high-resolution 
PET: correction by nonstationary convolution sub-
traction. J Nucl Med. 1995;36:121–30.  

    7.    Watson CC, Newport D, Casey ME, et al. Evaluation 
of simulation-based scatter correction for 3-D PET 
cardiac imaging. J Nucl Med. 1997;44:90–7.  

    8.    Defrise M, Kinahan PE. Data acquisition and image 
reconstruction for 3D PET. In: Bendriem B, Twonsend 
DW, editors. The theory and practice of 3D PET. 
Dordrecht/Boston: Kluwer; 1998. p. 11–50.  

    9.    Brooks RA, DiChiro G. Theory of image reconstruc-
tion in computed tomography. Radiology. 1975;
117:561–72.  

    10.    Brownell GL, Burnham CA, Chesler CA, et al. 
Transverse section imaging of radionuclide distribu-
tion in heart, lung and brain. In: Ter-Pogossian MM, 
Phelps ME, Brownell GL, editors. Reconstruction 
tomography in diagnostic radiology and nuclear 
medicine. Baltimore: University Park Press; 1977. 
p. 293–307.  

    11.    Shepp LA, Logan BF. The fourier reconstruction 
of a head section. IEEE Trans Nucl Sci. 1974; 
NS-21:21–43.  

    12.    Gilland DR, Tsui BMW, McCartney WH, et al. 
Determination of the optimum  fi lter function for 
SPECT imaging. J Nucl Med. 1988;29:643–50.  

    13.    Beis JS, Celler A, Barney JS. An automatic method 
to determine cutoff frequency based on image power 
spectrum. IEEE Trans Nucl Sci. 1995;42:2250–4.  

    14.    Farquhar TH, Chatziioannou A, Chinn G, et al. An 
investigation of  fi lter choice for  fi ltered back-projec-
tion reconstruction in PET. IEEE Trans Nucl Sci. 
1998;45:1133–7.  

    15.    Baghaei H, Wong WH, Li H, et al. Evaluation of the 
effect of  fi lter apodization for volume PET imaging 
using the 3-D RP algorithm. IEEE Trans Nucl Sci. 
2003;50:3–8.  

    16.    Chesler DA, Riederer SJ. Ripple suppression during 
reconstruction in transverse tomography. Phys Med 
Biol. 1995;20:632–6.  

  Fig. 1.4    The  18 F-
 fl uorodeoxyglucose 
three-compartment system 
consisting of reaction in 
blood, tissue, and product 
in tissue       

 



231 Principles of Positron Emission Tomography Imaging

    17.       Baghaei H, Wong W-H, Li H, Uribe J, Wang Y, 
Aykac M, Liu Y, Xing T. Evaluation of the effect of 
 fi lter apodization for volume PET imaging using 
the 3-D RP algorithm. IEEE Trans Nucl Sci. 2003; 
50 I:3–8.  

    18.    Kinahan PE, Rogers JG. Analytic 3D image recon-
struction using all detected events. IEEE Trans Nucl 
Sci. 1989;46:964–8.  

    19.    Cherry SR, Dahlbom M, Hoffman EJ. Evaluation of 
a 3D reconstruction algorithm for multi-slice PET 
scanners. Phys Med Biol. 1992;37:779–90.  

    20.    Kadrmas DJ, Christian PE, Wollenweber SD, et al. 
Comparative evaluation of 2D and 3D lesion detect-
ability on a full-ring BGO PET scanner. J Nucl Med. 
2002;43(5):56.  

    21.    Pajevic S, Dauve-Witherspoon ME, Bacharach SL, 
Carson RE. Noise characteristics of 3-D and 2-D 
PET images. IEEE Trans Med Imag. 1998;17:9–23.  

    22.    Baily DL, Jones T, Spinks TJ, Gilardi MC, Townsend 
DW. Noise equivalent count measurements in a 
neuro-PET scanner with retractable septa. IEEE 
Trans Med Imag. 1991;10:256–60.  

    23.    Stearns CW, Cherry SR, Thompson CJ. NECR anal-
ysis of 3D brain PET scanner designs. IEEE Trans 
Nucl Sci. 1994;42:1075–9.  

    24.    Daube-Witherspoon ME, Muehllehner G. Treatment 
of axial data in three-dimensional PET. J Nucl Med. 
1997;28:1717–24.  

    25.    Lewitt RM, Muehllehner G, Karp JS. Three-
dimensional reconstruction for PET by multi-slice 
rebinning and axial image  fi ltering. Phys Med Biol. 
1994;39:321–39.  

    26.    Defrise M, Kinahan PE, Townsend DW, Michel C, 
Sibomana M, Newport DF. Exact and approximation 
rebinning algorithms for 3-D PET data. IEEE Trans 
Nucl Sci. 1997;16:145–58.  

    27.    Shepp LA, Vardi Y. Maximum likelihood recon-
struction for emission tomography. IEEE Trans Med 
Imag. 1982;MI-1:113–22.  

    28.    Hudson HM, Larkin RS. Accelerated image recon-
struction using ordered subsets of projection data. 
IEEE Trans Nucl Sci. 1994;13:601–9.  

    29.    Panin VY, Kehren F, Michel C, Casey M. Fully 3-D 
PET reconstruction with system matrix derived from 
point source measurements. IEEE Trans Med Imag. 
2006;25(7):907–21.  

    30.    Jacobson M, Levkovitz R, Ben-Tal A, et al. Enhanced 
3D PET OSEM reconstruction using inter-update 
Metz  fi ltering. Phys Med Biol. 2000;45:2417–39.  

    31.    Herbert TJ, Leahy RM. A generalized EM algorithm 
for 3-D Bayesian reconstruction from Poisson data 
using Gibs priors. IEEE Trans Med Imag. 1989;
8:194–202.  

    32.    Daghighian F, Hoffman EJ, Huang SC. Quality con-
trol in PET systems employing 2-D modular detec-
tors. IEEE Trans Nucl Sci. 1989;36:1034–7.  

    33.    Hoffman EJ, Guerrero TM, Germano G, et al. PET 
system calibrations and corrections for quanitative 
and spatially accurate images. IEEE Trans Nucl Sci. 
1989;36:1108–12.  

    34.    Defrise M, Townsend DW, Bailey D, et al. A normal-
ization technique for 3D PET data. Phys Med Biol. 
1991;36:939–52.  

    35.    Li H, Liu Y, Xing T, Wang Y, Uribe J, Baghaei H, 
Xie S, Ramirez R, Wong W-H. An instantaneous 
photomultiplier gain calibration method for PET or 
gamma camera detectors using a LED network. 
IEEE Trans Nucl Sci. 2005;52:1295–9.  

    36.    Knoess C, Gremillion T, Schmand M, et al. 
Development of a daily quality check procedure for 
the high-resolution research tomograph (HRRT) 
using natural LSO background radioactivity. IEEE 
Trans Nucl Sci. 2002;49:2074–8.  

    37.   Oakes TR, Sossi V, Ruth TJ. Normalization in 3D 
PET: comparison of detector ef fi ciencies obtained 
from uniform planar and cylindrical sources. IEEE 
1997 Nuclear Science Symposium. 1997;2:1625–9.  

    38.    Adam LE, Zaers J, Ostertag H, et al. Performance 
evaluation of the whole-body PET scanner ECAT 
EXACT HR + following the IEC standard. IEEE 
Trans Nucl Sci. 1997;44:1172–9.  

    39.    Townsend DW, Wensveen M, Byars LG, et al. A 
rotating PET camera using BGO block detectors: 
design, performance and applications. J Nucl Med. 
1993;34:1367–993.  

    40.    Baghaei H, Wong W-H, Uribe J, et al. Correction 
factors for a high resolution variable  fi eld of view 
PET. J Nucl Med. 2000;40:279.  

    41.   Casey ME, Gadagkar H, Newport D. A component 
based method for normalisation in volume PET. 
Proceedings of the 3rd International Meeting on Fully 
Three-Dimensional Image Reconstruction in Radiology 
and Nuclear Medicine. Aix-les-Bains; 1995. p. 67–71.  

    42.    Badawi RD, Lodge MA, Marsden PK. Algorithms 
for calculating detector ef fi ciency normalization 
coef fi cients for true coincidences in 3D PET. Phys 
Med Biol. 1998;43:189–205.  

    43.    Baghaei H, Li H, Wang Y, Zhang Y, Kim S, Ramirez 
R, Liu J, Liu S, Wong W-H. A new component-based 
normalization method for PET cameras. J Nucl Med. 
2007;48(Suppl 2):432.  

    44.    Zhang Y, Li H, Baghaei H, Liu J, Liu S, Ramirez R, 
An S, Wong C, Wong W. A new self-normalization 
for PET cameras. J Nucl Med. 2008;49(Suppl 1):64.  

    45.    National Electrical Manufacturers Association. 
NEMA standards publication NU 2–1994: perfor-
mance measurements of positron emission tomo-
graphs. Washington, DC: National Electrical 
Manufacturers Association; 1994.  

    46.    Karp JS, Daube-Witherspoon ME, Hoffman EJ, 
et al. Performance standards in positron emission 
tomography. J Nucl Med. 1991;32:2342–50.  

    47.    National Electrical Manufacturers Association. 
NEMA standards publication NU 2–2001: perfor-
mance measurements of positron emission tomo-
graphs. Rosslyn: National Electrical Manufacturers 
Association; 2001.  

    48.    Daube-Witherspoon ME, Karp JS, Casey ME, et al. 
PET performance measurements using the NEMA NU 
2–2001 standard. J Nucl Med. 2002;43:1398–409.  



24 H. Baghaei et al.

    49.    Patton JA, Turkington TG. Coincidence imaging 
with a dual-head scintillation camera. J Nucl Med. 
1999;40:432–41.  

    50.    Karp JS, Muehllehner G, Mankoff D, et al. Continuous-
slice PENN-PET: a positron tomograph with volume 
imaging capability. J Nucl Med. 1990;31:617–27.  

    51.    Adam LE, Karp JS, Daube-witherspoon ME, et al. 
Performance of a whole-body PET scanner using 
curve-plate NaI(Tl) detectors. J Nucl Med. 2001;
42:1821–30.  

    52.    Brix G, Zaers J, Adam LE, et al. Performance evalu-
ation of a whole-body PET scanner using the NEMA 
protocol. National Electrical Manufacturers 
Association. J Nucl Med. 1997;38:1614–23.  

    53.    DeGrado T, Turkington T, Williams J, Stearns C, 
Hoffman J. Performance characteristics of a 
whole-body PET scanner. J Nucl Med. 1994;35:
1398–406.  

    54.    Lewellen TK, Kohlmyer SG, Miyaoka RS, et al. 
Investigation of the performance of the general elec-
tric ADVANCE positron emission tomograph in 3D 
mode. IEEE Trans Nucl Sci. 1996;43:2199–206.  

    55.    Li H, Wong W-H, Baghaei H, Uribe J, Wang Y, 
Zhang Y, Kim S, Ramirez R, Liu J, Liu S. The engi-
neering and initial results of a transformable low-
cost high-resolution PET camera. IEEE Trans Nucl 
Sci. 2007;54:1583–8.  

    56.    Eriksson L, Wienhard K, Eriksson K, et al. The 
ECAT HRRT: NEMA NEC evaluation of the HRRT 
system, the new high-resolution research tomograph. 
IEEE Trans Nucl Sci. 2002;49:2085–8.  

    57.    Jakoby BW, Bercier Y, Watson CC, Bendriem B, 
Townsend DW. Performance characteristics of a new 
LSO PET/CT scanner with extended axial  fi eld-of-
view and PSF reconstruction. IEEE Trans Nucl Sci. 
2009;56:633–9.  

    58.    Kemp BJ, Kim C, Williams JJ, Ganin A, Lowe VJ. 
NEMA NU 2–2001 performance measurements of 
an LYSO-based PET/CT system in 2D and 3D acqui-
sition modes. J Nucl Med. 2006;47:1960–7.  

    59.    Chatziioannou AF, Cherry SR, Shao Y, et al. 
Performance evaluation of microPET: a high-resolu-
tion lutetium oxyorthosilicate PET scanner for ani-
mal imaging. J Nucl Med. 1999;40:1164–75.  

    60.    Baghaei H, Wong W-H, Zhang Y, Li H, Ramirez R, 
Kim S, Liu J, Liu S, Wang Y. Monte Carlo simula-
tion of a high resolution and high sensitivity small 
animal PET camera using GATE/GEANT. IEEE 
Trans Nucl Sci. 2007;54(5):1568–73.  

    61.    Bao Q, Newport D, Chen M, Stout DB, Chatziioannou 
AF. Performance evaluation of the inveon dedicated 
PET preclinical tomograph based on the NEMA 
NU-4 standards. J Nucl Med. 2009;50:401–8.  

    62.   Jones WF, Casey ME, van Lingen A, et al. LSO PET/
SPECT spatial resolution: critical on-line DOI rebin-
ning methods and results. IEEE Nuclear Science 
Symposium Conference Record. 2000;3:16/54–58.  

    63.    Beyer T, Townsend DW, Brun T, et al. A combined 
PET/CT scanner for clinical oncology. J Nucl Med. 
2000;41:1369–79.  

    64.    Pichler BJ, Judenhofer MS, Catana C, et al. 
Performance test of an LSO-APD detector in a 7-T 
MRI scanner for simultaneous PET/MRI. J Nucl 
Med. 2006;47:639–47.  

    65.    Surti S, Kuhn A, Werner ME, Perkins AE, 
Kolthammer J, Karp JS. Performance of Philips 
Gemini TF PET/CT scanner with special consider-
ation for its time-of- fl ight imaging capabilities. 
J Nucl Med. 2007;48(3):471–80.  

    66.    Murthy K, Aznar M, Thompson CJ, et al. Results of 
preliminary clinical trials of the positron emission 
mammography system PEM-I: a dedicated breast 
imaging system producing glucose metabolic images 
using FDG. J Nucl Med. 2000;41:1851–8.  

    67.    Ramirez RA, Zhang Y, Liu S, Li H, Baghaei H, An S, 
Wang C, Jan M-L, Wong W-H. A lower-cost high-
resolution LYSO detector development for positron 
emission mammography (PEM). IEEE Trans Nucl 
Sci. 2009;56(5):71–7.  

    68.    Bowen SL, Wu Y, Chaudhari AJ, et al. Initial charac-
terization of a dedicated breast PET/CT scanner dur-
ing human imaging. J Nucl Med. 2009;50:1401–8.  

    69.    Holle LH, Trampert L, Lung-Kurt S, et al. 
Investigations of breast tumors with  fl uorine-18-
 fl uorodeoxyglucose and SPECT. J Nucl Med. 
1996;36:615–22.  

    70.    Yutani K, Tatsumi M, Shiba E, et al. Comparison of 
dual-head coincidence gamma camera FDG imaging 
with FDG PET in detection of breast cancer and 
axillary lymph node metastasis. J Nucl Med. 
1999;40:1003–8.  

    71.    Gerbaudo VH, Sugarbaker DJ, Britz-Cunningham S, 
et al. Assessment of malignant pleural mesothelioma 
with 18F-FDG dual-head gamma-camera coinci-
dence imaging: comparison with histopathology. 
J Nucl Med. 2002;43:1144–9.  

    72.    Wong WH, Li H, Uribe J, Baghaei H, Wang Y, 
Yokoyam S. Feasibility of a high speed gamma cam-
era design using the high-yield-pileup-event-recovery 
(HYPER) method. J Nucl Med. 2001;42:624–32.  

    73.    Adam LE, Karp JS, Daube-Witherspoon ME, Smith 
RJ. Performance of a whole-body PET scanner using 
curve-plate NaI(Tl) detectors. J Nucl Med. 2001; 
42:1821–30.  

    74.    Melcher CL. Scintillation crystals for PET. J Nucl 
Med. 2000;41:1051–5.  

    75.    Huber S, Moses WW, Jones WF, Watson CC. Effect 
of  176 Lu background on singles transmission for 
LSO-based PET cameras. Phys Med Biol. 2002; 
47:3535–41.  

    76.    Nehmeh S, Erdi Y, Ling C, et al. Effect of respiratory 
gating on reducing lung motion artifacts in PET 
imaging of lung cancer. Med Phys. 2002;29:
366–71.  

    77.    Townsend DW. A combined PET/CT scanner: the 
choices. J Nucl Med. 2001;42:533–4.  

    78.    Goerres GW, Kamel E, Seifert B, et al. Accuracy of 
image coregistration of pulmonary lesions in patients 
with non-small cell lung cancer using an integrated 
PET/CT system. J Nucl Med. 2002;43:1469–75.  



251 Principles of Positron Emission Tomography Imaging

    79.    Osman MM, Cohade C, Nakamoto Y, et al. Clinically 
signi fi cant inaccurate localization of lesions with 
PET/CT: frequency in 300 patients. J Nucl Med. 
2003;44:240–3.  

    80.    Mullani NA, Markham J, Ter-Pogossian MM. 
Feasibility of time-of- fl ight reconstruction in 
 positron emission tomography. J Nucl Med. 1980;21:
1095–7.  

    81.    Budinger TF. Time-of- fl ight positron emission 
tomography: status relative to conventional PET. J 
Nucl Med. 1983;24:73–8.  

    82.    Wong WH, Mullani NA, Philippe EA, et al. 
Performance-characteristics of the University-of-
Texas TOFPET-I PET camera. J Nucl Med. 1984; 
25(Suppl):46–7.  

    83.    Laval M, Moszynski M, Allemand R, Cormoreche 
E, Guinet P, Odru R, Vacher J. Barium Fluoride inor-
ganic scintillator for subnanosecond timing. Nucl 
Instrum Methods Phys Res. 1983;206(1–2):169–76.  

    84.    Allemand R, Gresset C, Vacher J. Potential advan-
tages of a cesium  fl uoride scintillator for a time-of-
 fl ight positron camera. J Nucl Med. 1980;21(2): 
153–5.  

    85.    van Eijk CWE. Inorganic scintillators in medical 
imaging. Phys Med Biol. 2002;47:R85–106.  

    86.    Moses WW, Derenzo SE. Prospects for time-of-
 fl ight PET using LSO scintillator. IEEE Trans Nucl 
Sci. 1999;46(3):474–8.  

    87.    Moses WW. Current trends in scintillator detectors 
and materials. Nucl Instrum Methods A. 2002;487: 
123–8.  

    88.    Surti S, Karp JS, Muehllehner G, Raby PS. 
Investigation of lanthanum scintillators for 3-D PET. 
IEEE Trans Nucl Sci. 2003;50(3):348–54.  

    89.    Tomitani T. Image-reconstruction and noise evalua-
tion in photon time-of- fl ight assisted positron emis-
sion tomography. IEEE Trans Nucl Sci. 1981;28(9): 
4582–9.  

    90.    Snyder DL, Politte DG. Image reconstruction from 
list-mode data in an emission tomography system 
having time-of- fl ight measurements. IEEE Trans 
Nucl Sci. 1983;30(3):1843–9.  

    91.    Parra L, Barrett HH. List-mode likelihood: EM 
algorithm and image quality estimation demon-
strated on 2-D PET. IEEE Trans Med Imag. 
1998;17(2): 228–35.  

    92.    Reader AJ, Erlandsson K, Flower MA, Ott RJ. Fast 
accurate iterative reconstruction for low-statistics 
positron volume imaging. Phys Med Biol. 
1998;43(4):835–46.  

    93.   Groiselle CJ, Glick SJ. 3D PET list-mode iterative 
reconstruction using time-of- fl ight information. 
Proceedings of IEEE Nuclear Science Symposium 
and Medical Imaging Conference; 2004 Oct; Rome; 
2004; vol. 4, p. 2633–8.  

    94.    Matej S, Surti S, Jayanthi S, Daube-Witherspoon 
ME, Lewitt RM, Karp JS. Ef fi cient 3-D TOF PET 
reconstruction using view-grouped histo-images: 
DIRECT-direct image reconstruction for TOF. IEEE 
Trans Med Imag. 2009;28(5):739–51.  

    95.    Karp JS, Surti S, Daube-Witherspoon ME, 
Muehllehner G. Bene fi t of time-of- fl ight in PET: 
experimental and clinical results. J Nucl Med. 
2008;49(3):462–70.  

    96.    Conti M, Bendriem B, Casey M, Chen M, Kehren F, 
Michel C, Panin V. First experimental results of 
time-of- fl ight reconstruction on an LSO PET scan-
ner. Phys Med Biol. 2005;50(19):4507–26.  

    97.   American Cancer Society:   http://www.cancer.org    . 
Cancer facts and  fi gures 2009.  

    98.    Tabar L, Yen M-F, Vitak H-HTCB, Smith RA, Duffy 
SW. Mammography service screening and mortality 
in breast cancer patients: 20-year follow-up before 
and after introduction of screening. Lancet. 
2003;361:1405–10.  

    99.    Berm RF, Schoonjans JM, Kieper DA, Majewski S, 
Goodman S, Civelek C. High-resolution scintim-
mography: a pilot study. J Nucl Med. 2002;
43(7):909–15.  

    100.    Hodgson NC, Gulenchyn KY. Is there a role for posi-
tron emission tomography in breast cancer staging? 
J Clin Oncol. 2008;26(5):712–20.  

    101.    Avril N, Rosé CA, Schelling M, Dose J, Kuhn W, 
Bense S, Weber W, Ziegler S, Graeff H, Schwaiger 
M. Breast imaging with positron emission tomogra-
phy and  fl uorine-18  fl uorodeoxyglucose: use and 
limitations. J Clin Oncol. 2000;18(20):3495–502.  

    102.    Quon A, Gambhir S. FDG-PET and beyond: molec-
ular breast cancer. J Clin Oncol. 2005;23(8):
1664–73.  

    103.    Jadvar H, Alavi A, Gambhir SS. 18F-FDG uptake in 
lung, breast, and colon cancers: molecular biology 
correlates and disease characterization. J Nucl Med. 
2009;50(11):1820–7.  

    104.    Fuster D, Duch J, Paredes P, Velasco M, Muñoz M, 
Santamaría G, Fontanillas M, Pons F. Preoperative 
staging of large primary breast cancer with 
[18F] fl uorodeoxyglucose positron emission tomog-
raphy/computed tomography compared with con-
ventional imaging procedures. J Clin Oncol. 
2008;26(29):4746–51.  

    105.      Baghaei H, Li H, Zhang Y, Ramirez RA, Wang C, 
An S, Liu S, Wong W-H. A breast phantom lesion 
study with the high resolution transformable 
HOTPET camera. IEEE Trans Nucl Sci. 2010;57: 
2504–09.  

    106.    Thompson CJ, Murthy K, Picard Y, Weinberg IN, 
Mako R. Positron emission mammography (PEM): a 
promising technique for detecting breast-cancer. 
IEEE Trans Nucl Sci. 1995;42:1012–7.  

    107.    Murthy K, Aznar M, Thompson CJ, Lout fi  A, 
Lisbona R, Gagnon JH. Results of preliminary clini-
cal trials of the positron emission mammography 
system PEM-I: a dedicated breast imaging system 
producing glucose metabolic image using. J Nucl 
Med. 2000;41(11):1851–8.  

    108.    Zhang N, Thompson CJ, Cayouette F, Jolly D, 
Kecani S. A prototype modular detector design for 
high resolution positron emission mammography 
imaging. IEEE Trans Nucl Sci. 2003;50(5):1624–9.  

http://www.cancer.org


26 H. Baghaei et al.

    109.    Doshi NK, Shao YP, Silverman RW, Cherry SR. 
Design and evaluation of an LSO PET detector for 
breast cancer imaging. Med Phys. 2000;27:1535–43.  

    110.    Raylman RR, Majewski S, Wojcik R, Weisenberger 
AG, Kross B, Popov V, Bishop HA. The potential 
role of positron emission mammography for detec-
tion of breast cancer: a phantom study. Med Phys. 
2000;27:1943–54.  

    111.    Raylman RR, Majewski S, Weisenberger AG, Popov 
V, Wojcik R, Kross B, Schreiman JS, Bishop HA. 
Positron emission mammography-guided breast 
biopsy. J Nucl Med. 2001;42:960–6.  

    112.    Raylman RR, Majewski S, Weisenberger A, Popov 
V, Kross B, Wojcik R. Pixelated NaI(Tl) arrays for 
use in positron emission mammography (PEM). J 
Nucl Med. 2002;43:11.  

    113.    Wang G-C, Huber JS, Moses WW, Qi J, Choong 
W-S. Characterization of the LBNL PEM camera. 
IEEE Trans Nucl Sci. 2006;53(3):1129–35.  

    114.    Abreu MC, Aguiar JD, Almeida FG, et al. Design 
and evaluation of the clear-PEM scanner for positron 
emission mammography. IEEE Trans Nucl Sci. 
2006;53(1):2621–7.  

    115.    Levin CS, Foudray AMK, Habte F. Impact of high 
energy resolution detectors on the performance of a 
PET system dedicated to breast cancer imaging. 
Phys Med. 2006;21:28–34.  

    116.    Yang YF, Dokhale PA, Silverman RW, Shah KS, 
McClish MA, Farrell R, Entine G, Cherry SR. Depth 
of interaction resolution measurements for a high 
resolution PET detector using position sensitive ava-
lanche photodiodes. Phys Med Biol. 2006;51:
2131–42.  

    117.    Wong W-H, Uribe J, Hicks K, Zambelli M. A 
2-dimensional detector decoding study on BGO 
arrays with quadrant sharing photomultipliers. IEEE 
Trans Nucl Sci. 1994;41:1453–7.  

    118.    Uribe J, Baghaei H, Li H, et al. Basic imaging char-
acteristics of a variable  fi eld of view PET camera 
using quadrant sharing detector design. IEEE Trans 
Nucl Sci. 1999;46:491–7.  

    119.    Catana C, Wu Y, Judenhofer MS, Qi J, Pichler BJ, 
Cherry S. Simultaneous acquisition of multislice 
PET and MR images: initial results with a 
MR-compatible PET scanner. J Nucl Med. 
2006;47:1968–76.  

    120.    Judenhofer MS, Catana C, Swann BK, et al. PET/
MR images acquired with a compact MR-compatible 
PET detector in a 7-T magnet. Radiology. 2007;244:
807–14.  

    121.    Schlemmer HP, Pichler B, Schmand M, et al. 
Simultaneous MR/PET imaging of the human brain: 
feasibility study. Radiology. 2008;248:1028–35.  

    122.    Yongfeng Y, Yibao W, Cherry SR. Investigation of 
depth of interaction encoding for a pixelated LSO 
array with a single multi-channel PMT. IEEE Trans 
Nucl Sci. 2009;56:2594–9.  

    123.    Chaudhari AJ, Yang Y, Farrell R, Dokhale PA, Shah 
KS, Cherry SR, Badawi RD. PSPMT/APD hybrid 
DOI detectors for the PET component of a dedicated 

breast PET/CT system: a feasibility study. IEEE 
Trans Nucl Sci. 2008;55:853–61.  

    124.    Graham MM, Peterson LM, Hayward RM. 
Comparison of simpli fi ed quantitative analyses of 
FDG uptake. Nucl Med Biol. 2000;27:647–55.  

    125.    Boellaard R. Standards for PET image acquisition 
and quantitative data analysis. J Nucl Med. 2009;
50(Suppl 5):11s–20.  

    126.    Hamberg LM, Hunter GJ, Alpert NM, et al. The dose 
uptake ratio as an index of glucose metabolism: use-
ful parameter or oversimpli fi cation? J Nucl Med. 
1994;35:1308–12.  

    127.    Fletcher JW, Djulbegovic B, Soares HP, et al. 
Recommendations on the use of 18F-FDG PET in 
oncology. J Nucl Med. 2008;49:480–508.  

    128.    Lindholm P, Minn H, Leskinen-Kallio S, et al. 
In fl uence of the blood glucose concentration on FDG 
uptake in cancer – a PET study. J Nucl Med. 
1993;34:1–6.  

    129.    Langen K-J, Braun U, Kops ER, et al. The in fl uence 
of plasma glucose levels on  fl uorine-18-
 fl uorodeoxyglucose uptake in bronchial carcinomas. 
J Nucl Med. 1993;34:355–9.  

    130.    Zasadny KR, Wahl RL. Standardized uptake values 
of normal tissues at PET with 2-[ fl uorine-18-]-
 fl uoro-2-deoxy-D-glucose: variations with body 
weight and a method for correction. Radiology. 
1993;189:847–50.  

    131.    Kim CK, Gupta NC, Chandramouli B, Alavi A. 
Standardized uptake values of FDG: body surface 
area correction is preferable to body weight correc-
tion. J Nucl Med. 1994;35:164–7.  

    132.    Frackowiak RSJ, Lenzi G-L, Jones T, Heather JD. 
Quantitative measurement of emission tomography: 
theory, procedure and normal values. J Comput 
Assist Tomogr. 1980;4:727–36.  

    133.    Huang S-C, Carson RE, Hoffman EJ, et al. 
Quantitative measurement of local cerebral blood 
 fl ow in humans by positron computed tomography 
and  15 O-water. J Cerb Blood Flow Metab. 1983;
3:141–53.  

    134.    Ruotsalainen U, Raitakari M, Nuutila P, et al. 
Quantitative blood  fl ow measurement of skeletal 
muscle using oxygen-15-water and PET. J Nucl 
Med. 1997;38:314–9.  

    135.    Phelps ME, Huang SC, Hoffman EJ, et al. 
Tomographic measurements of local cerebral glu-
cose metabolic rate in humans with [ 18 F]2- fl uro-2-
deoxy-D-glucose: validation of method. Ann Neurol. 
1979;6:371–88.  

    136.    Patlak C, Blasberg R, Fenstermacher J. Graphical 
evaluation of blood-to-brain transfer constants from 
multiple-time uptake data. J Cereb Blood Flow 
Metab. 1983;3:1–7.  

    137.    Gjedde A. Calculation of cerebral glucose phospho-
rylation from brain uptake of glucose analogs 
in vivo: a re-examination. Brain Res Rev. 1982;4:
237–74.  

    138.    Sokoloff L, Reivich M, Kennedy C, et al. The 
( 14 C)-deozyglucose method for the measurement of 



271 Principles of Positron Emission Tomography Imaging

local cerebral glucose utilization: theory, procedure 
and normal values in the conscious and anesthetized 
albino rat. J Neurochem. 1977;28:897–916.  

    139.    Carson RE. Parameter estimation in positron emis-
sion tomography. In: Phelps M, Mazziotta J, 
Schelbert H, editors. Positron emission tomography 
and autoradiography: principles and applications for 
the brain and heart. New York: Raven; 1986. 
p. 347–90.  

    140.    Hutchins GD, Hichwa RD, Koeppe RA. A continu-
ous  fl ow input function detector for H  2  15  O blood 
 fl ow studies in positron emission tomography. IEEE 
Trans Nucl Sci. 1986;NS-33:546–9.  

    141.    Eriksson L, Holte S, Bohm C, et al. Automated 
blood sampling systems for positron emission 
tomography. IEEE Trans Nucl Sci. 1988;Ns-35:
703–7.  

    142.    Tsuda T, Murayama H, Kitamura K, Inadama N, 
Yamaya T, Yoshida E, Nishikido F, Hamamoto M, 
Kawai H, Ono Y. Performance evaluation of a subset 
of a four-layer LSO detector for a small animal DOI 
PET scanner: jPET-RD. IEEE Trans Nucl Sci. 
2006;53:35–9.  

    143.   Knoess C, Lenox R, Vollmar M, Casey S, Fluegge 
M, Lammertsma G, et al. Evaluation of the depth of 
interaction (DOI) for the high resolution research 
tomograph (HRRT): a comparison between scanners 
with and without DOI. IEEE NSS-MIC Conference 
Record; 2002. p. M10–49.  

    144.    Inadama N, Murayama H, Watanabe M, Omura T, 
Yamashita T, Kawai H, Orita N, Tsuda T. Performance 
of 256ch  fl at panel PS-PMT with small crystals for a 
DOI PET detector. IEEE Trans Nucl Sci. 2005;
52:15–20.      



29E.E. Kim et al. (eds.), Clinical PET and PET/CT: Principles and Applications, 
DOI 10.1007/978-1-4419-0802-5_2, © Springer Science+Business Media New York 2013

 The rapid development and increasing interest 
in the use of metabolic imaging techniques has 
created a steady demand for on-site or regional 
production of radioisotopes. This chapter pres-
ents some basic concepts associated with radio-
isotope production, in particular, those aspects 
related to cyclotron production of positron-
emitting radionuclide. 

   Concepts 

   Nuclear Reactions    

 The force experienced between two charged parti-
cles is expressed by Coulomb’s law according to 
the relation (we have omitted some constant factors 
from the equations to simplify their expression):

     = 2
1 2( ) /F r Q Q r    (2.1)   

 The potential associated with Coulomb’s force 
described in Eq.  2.1  is

     = 1( ) /V r Q r    (2.2)  

where  Q  
1
  and  Q  

2
  are the electric charges of par-

ticles 1 and 2, respectively, and  r  is the distance 

between them. In the case of atomic nuclei this 
potential barrier can be represented as in Fig.  2.1 , 
where the potential energy of the particles inside 
the nucleus (radius  R )  U  

0
  ,  is assumed to be much 

lower than the barrier height  B , that is  U  
0
  <<  B . 

Experimental evidence strongly supports this 
assumption.  

 In a simpli fi ed picture to describe a nuclear 
reaction, an incoming positively charged projec-
tile (proton or deuteron) needs to surmount this 
repulsive positively charged barrier presented by 
the target nucleus. In other words, the projectile 
must approach the target nucleus at a minimum 
distance of the order of the nuclear radius for a 
nuclear reaction to occur. This minimum energy 
is therefore

     = 2
1 2 /BE Z Z e R    (2.3)  

with     =1 1Q Z e   ,     =2 2Q Z e   , and where  Z  
1
  and  Z  

2
  

are the atomic number of projectile and target, 
respectively,  e  is the electron charge, and  R  is the 
nuclear radius. For protons incident on carbon 
this value is  E  

 B 
   =  2.3 MeV, and for aluminum 

 E  
 B 
   =  4.4 MeV. From Eq.  2.3 , a higher projectile 

energy is needed to penetrate the nucleus of a 
heavier target to produce a nuclear reaction. 

 The so-called compound nucleus model for 
nuclear reactions was  fi rst proposed by Bohr in 
1936. It assumes that when a target  T  is bom-
barded by an incident nuclear particle  i,  the two 
may combine to form a compound nucleus ( T  +  i ) .  
This new compound nucleus possesses an 
 excitation energy directly related to the incident 
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projectile energy. The identity of the incoming 
particle is lost, and the total energy of the excited 
compound nucleus is shared in a complicated 
manner by all the nucleons. The same compound 
nucleus in the same excited state can also be 
formed starting from a different combination of 
projectile/target; that is, it is possible to have 
    ( ) ( )′ ′+ = +T i T i    .  The properties of the com-
pound nucleus are independent of the reaction. 
As an example, the compound nucleus  30 Zn 64  can 
be formed according to the following scheme   :   

   Cross Section for Nuclear Reactions 

 The cross section for production of a certain  fi nal 
nuclear product reaction channel can be expressed 
as the probability of formation of the compound 
nucleus (intermediate state) times the probabil-
ity of decaying into that channel. It is expressed 
in units of area (1 mbarn = 10 –3  b = 10 –27  cm 2 ). 
It can be interpreted as the  effective surface per 
nucleus presented by the target to the incoming 
projectile.  Due to quantum mechanical effects, 

  Fig. 2.1    Coulomb potential  V ( r ) between two charged 
nuclides as a function of their distance  r.  The barrier height 
 B  represents the minimum energy that the projectile has to 

carry to penetrate the target when it reaches the target 
outer radius  R.  A projectile with kinetic energy  K  as 
shown would not be able to penetrate the target nucleus       

Entrance Channel Compound Nucleus Exit Channel

28Ni60 + α n + 30Zn63

30Zn64 2n + 30Zn62

29Cu63 + p n + p + 29Cu62

    

the cross section for production of the com-
pound nucleus is nonzero even for incident pro-
jectile energies lower than the Coulomb barrier. 
Figures  2.2 ,  2.3 ,  2.4 , and  2.5  present experimen-
tal cross sections for the production of some 
short-lived radioisotopes ( 11 C,  13 N,  15 O,  18 F).      

   Particle Accelerators 

 The force experienced by a particle with electric 
charge  q  in the presence of an electromagnetic  fi eld 
is described by the Lorentz force according to

     = + ×( )
� � ��
F q E v B    (2.4)  
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Where     
�
E    is the electric  fi eld,     

�
B    is the magnetic 

 fi eld, and     
�
v   is the particle velocity. The vectorial 

nature of Eq.  2.4  requires intensity and spatial 
orientation to be considered for the magnitudes 
involved. The second term within the parenthe-
ses, de fi ned as     × = ∠sin( )

��
v B v B v B    ,  shows that 

the magnetic  fi eld affects only the velocity com-
ponent perpendicular to it. The electric  fi eld     

�
E   is 

described as the difference in electric potential  V  
per unit distance (gradient). 

 In the absence of magnetic  fi elds, a particle 
exposed to a potential difference  V  will be accel-
erated to a  fi nal energy given by

     = +0E E qV    (2.5)  

where  E  
0
  is the initial energy (not to be confused 

with electric  fi eld E). Equation  2.5  represents the 
basic accelerating mechanism behind any particle 
accelerator. 

 Static and alternating electric  fi elds, from a 
few volts up to tens of megavolts (MV), are cur-
rently used for charged particle acceleration. For 
example, on an early Van de Graaff accelerator, 
an ion source is located inside a high-voltage ter-
minal. Ions produced at this high voltage poten-
tial are accelerated toward ground potential, 
where the target is located. The acceleration takes 
place in an evacuated tube to avoid collisions 
between the ions and the air molecules. Maximum 
attainable voltage at the terminal is limited by 
practical considerations, and is close to 25 MV 
for state-of-the-art, large installations. 

 From Eq.  2.4  it follows that an alternative 
method to increase the ion’s  fi nal energy, for a 
given potential difference, is to increase the ion’s 
charge state (higher  q ) .  To take advantage of this 
mechanism, Van de Graaff accelerators have been 
modi fi ed to operate in tandem geometry. In this 
mode, the high-voltage terminal (dome) is kept at 
a positive potential respect to ground. Negative 
ions are produced instead, at the ion source out-
side the accelerator, and injected into the accel-
erator tube. The negative ions are attracted, and 
hence accelerated by the positive dome. After 
acceleration toward the positive dome, electrons 
are stripped off the negative ions by collisions 
with gas molecules or a micron-thin carbon foil. 

Projectiles thus converted into positive ions are 
accelerated by repulsion again toward ground 
potential (target). This con fi guration is very 
effective in achieving higher energies, especially 
for heavy ions, because the  fi nal energy is a func-
tion of the ion  fi nal charge state. For protons, the 
maximum attainable energy can be only twice the 
value of the dome potential. Another limitation 
of the tandem con fi guration is that not all species 
can be produced as negative ions in usable 
amounts. 

 Alternating electric  fi elds are also utilized for 
charged particle acceleration. In this way, 
extremely high energies have been achieved. 
Again, positive ions are produced and acceler-
ated toward a series of electrodes where an alter-
nating electric  fi eld is applied. When the ions exit 
the  fi rst electrode, the electric  fi eld has already 
changed polarity, further accelerating the ions. 
Bunches of ions are then accelerated in this fash-
ion. These linear structures, commonly known as 
linear accelerators, which are up to several kilo-
meters in length, have successfully been used to 
accelerate ions to velocities approaching the 
speed of light. The applied electric  fi elds amount 
to several hundred kilovolts at frequencies from 
tens of Hz to GHz.  

   The Cyclotron 

 First conceived by Lawrence in 1929, and suc-
cessfully demonstrated in 1930 with important 
contributions from Livingston, the cyclotron was 
and still is one of the primary sources for medical 
radioisotope production. According to Eq.  2.4 , in 
the presence of a magnetic  fi eld the total force 
experienced by the charged particle will have an 
additional component perpendicular to the plane 
de fi ned by the particle velocity and magnetic 
 fi eld, thereby restraining the moving particles 
into circular orbits. These types of accelerators 
are known as  circular accelerators  (betatron, 
cyclotron, synchrotron), due to the approximately 
circular orbits described by the particles. 

 The introduction of negative ion cyclotrons 
over the past two decades has signi fi cantly 
improved exit projectile  fl ux, which increases the 
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amount of radioisotope produced. The main com-
ponents of the cyclotron are the following:
    1.    Vacuum chamber: To minimize collisions 

between ions and air molecules and thus mini-
mize beam loss, the acceleration process takes 
place in areas where air density has been 
reduced to approximately 10 −9  times that of 
atmospheric pressure. A short aluminum cyl-
inder provides an airtight seal between the 
magnet polar pieces. Vacuum pumps remove 
the air from this chamber.  

    2.    Ion source: Positive ions are typically pro-
duced by collisions between gas molecules 
(hydrogen in the case of protons) and accel-
erated electrons emitted from a cathode. 
Source geometry and applied electric  fi elds 
facilitate the extraction of produced ions into 
the main accelerating  fi eld. Negative ions 
are created by exposing desired gas mole-
cules to an intense plasma discharge and 
again using favorable geometries and elec-
tric and magnetic  fi elds to extract hydrogen 
(or deuterium) atoms that have an extra elec-
tron attached.  

    3.    Magnet: A strong (~1.5 T) magnetic  fi eld is 
applied across the magnet pole pieces de fi ning 
the vacuum region. The effect of the magnetic 
 fi eld on the ion trajectories is to maintain them 
in circular orbits and to constrain the orbits 
near a plane perpendicular to the applied mag-
netic  fi eld as determined by Eq.  2.4 .  

    4.    Radiofrequency  fi eld: Ions are extracted from 
the source and injected into the vacuum cham-
ber by a high-voltage alternating electric  fi eld 
applied to the accelerating structures, also 
known as  dees  because of the original shape 
proposed by Lawrence. While inside these 
hollow structures, ions continue to travel in an 
approximately circular orbit. When the ions 
reach the transition region between dees, the 
electric  fi eld has reversed polarity so that the 
distal dee has a higher potential than the prox-
imal dee to accelerate the particles in the tran-
sitional gap. The particles are not accelerated 
inside the dees. Tens of kiloelectron volts 
(keV) are gained during each transition. As 
the ion energy increases, its orbital radius 
becomes larger. Near the outer radius, where 

the magnetic  fi eld sharply decreases, ions have 
reached their maximum energy.  

    5.    Extraction: When the ions reach the outer 
region of the vacuum chamber, the extraction 
mechanism varies depending on the polarity 
of the ions as injected from the ion source. In 
the case of positive ions, a negative voltage is 
applied to a plate placed around the outer 
radius, pulling the positive ions from the trap-
ping magnetic  fi eld and directing them to 
proper targets or through a beam line for fur-
ther transport. During this process, between 
10% and 50% of the beam is lost. When nega-
tively charged ions are accelerated, a thin foil, 
typically a few micrometers-thick carbon, is 
placed on the ions’ path. At several million 
electron volt (MeV) energies, the beam will 
traverse the foil with insigni fi cant energy loss. 
Electrons from the negative ions are lost by 
interaction (stripping) with the solid foil, 
thereby converting them into positive ions. 
This sudden reversal of charge polarity reverses 
the Lorentz force direction (see Eq.  2.4 ) and 
the ions are pushed out of the machine by the 
same magnetic  fi eld that was keeping them 
inside. Extraction ef fi ciencies close to 100% 
are currently achieved using this mechanism.  

    6.    Targets: Although the main purpose of the 
cyclotron is to accelerate a particle beam to 
fairly high energies, targets for radioisotope 
production should be considered an integral 
part of the machine. Liquid, gas, or solid tar-
gets for production of radioisotopes need to be 
tailored to the particular characteristics of a 
given cyclotron to optimize use of beam 
energy, intensity, and pro fi le. They can be 
located in close proximity to the cyclotron, or 
the beam can be transported through evacu-
ated tubes (beam lines) under the guidance of 
focusing magnets (quadrupoles) to a distal 
location or a different room.     
 Cyclotrons for medical radioisotope production 

are commercially available from several manufac-
turers (Table  2.1 ). Typical beam energies ranging 
from 8 or 9 MeV up to 30 MeV are considered 
standard. Single-energy proton-only machines 
are widely used for production of positron emis-
sion tomography (PET) tracers. The energy range 
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between 8 and 19 MeV can supply most PET 
radioisotopes. Cyclotrons with energies of 30 MeV 
and higher can also be used for production of 
single photon emission computed tomography 
(SPECT) tracers (Tl 201, Ga 67, In 111, etc.). The 
other parameter de fi ning radioisotope production 
rate is the available beam current from the 
machine. The higher the beam current tolerated by 
the target, the higher the amount of isotope that 
can be expected from a production run.    

   Production of PET Isotopes 

   Radioisotopes for PET 

 The physical properties of the four radioisotopes 
most widely used for PET studies are given in 
Table  2.2 . These “organic” radioisotopes are par-
ticularly well suited for labeling biomolecules. 
Their short half-life provides the bene fi t of fast 
clearing from the patient’s body, but it requires 
the on-site or nearby production of the radioiso-
tope. Another important advantage of these radio-
isotopes is their high branching ratio for positron 
emission. The number of potentially useful posi-
tron emitters is certainly not limited to those 
included in Table  2.2 . Several others have been 
successfully used for PET studies. Depending on 
the desired radioisotope, a combination of highly 
enriched target material or higher cyclotron 
energy or both may be necessary.   

   Production Cross Section 

 The concept of  cross section  for some event (  s   
 A 
 ) 

can be de fi ned as the effective area per target 
atom presented to the projectile. Consider a tar-
get with area  S,  thickness  D  x  (small), and con-
taining  N  atoms per unit volume. The probability 
( P  

 A 
  )  for a projectile to interact with a target atom 

producing an event ( A)  is given by the ratio of 
effective to total area:

     = = Δ/σ σA A AP n S N x    (2.6)  

where     = Δn NS x    is the total number of target 
atoms. 

 If the beam has a current density     = /J I S    ,  
where  I  is the beam current, the average number 
of events ( A)  per unit time is given by

     = σA AJSP Jn    (2.7)   

 Equation  2.7  is valid only for single charged 
projectiles. Because we are dealing with a num-
ber of events, the important quantity is the actual 
number of incident projectiles and not their 
charge state. For projectiles with charge state 
different from unity, for example;  a  particles, 
Eq.  2.7  needs to be divided by the projectile 
charge state.  

   Radioactive Decay 

 The total number of atoms  A ( t ) at time  t  remain-
ing from the radioactive decay of  A  

0
  atoms at 

time to, is

     − −= ( )
0( ) λ t toA t A e    (2.8)  

where  l  is the radioactive decay rate and  T  = ln 
2/ l  = 0.693/ l  is the half-life of the radionuclide. 

 The total radioactive decay rate at any time is 
equal to the product of the total number of atoms 
 A  times the probability for radioactive decay  l  

 A 
  ,  

i.e.,  A  l  
 A 
  .   

   Differential Equation 
for a Daughter Product 

 The radioactive decay of a nuclide A into a 
nuclide B, which is also radioactive, can be rep-
resented by

     ⎯⎯→ ⎯⎯→λ λA BA B C     

 At any time, the activity of A is  A  l  
 A 
  and of 

B is  B  l  
 B 
  .  The rate of change  dB / dt  in the num-

ber of atoms of type B is then equal to the bal-
ance between supply as a result of the decay of 
A minus the rate of loss of B through its own 
decay:

     = −λ λA B

dB
A B

dt
   (2.9)   
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 Replacing the number of atoms of type A at 
any given time using Eq.  2.9 , we have

     −= −0
λλ λAt

A B

dB
A e B

dt
   (2.10)  

and solving the differential equation we obtain

     ( )− −= −
−0

λ λλ
λ λ

A Bt tA

B A

B A e e    (2.11)   

 The activity of B is  B  l  
 B 
  or

     ( )− −= −
−0

λ λλ
λ λ

λ λ
A Bt tB

B A
B A

B A e e    (2.12)  

and since the activity of A at time  t  is 
    −= 0

λλ λ At
A AA A e    ,  we can replace into Eq.  2.12  to 

obtain

     ( )− −= −
−

( )( ) 1 λ λλ
λ λ

λ λ
B A tB

B A
B A

B A e    (2.13)    

   Production Yield 

 The process of radioisotope production by nuclear 
bombardment is mathematically analogous to the 
process of radioactive decay into a daughter 
product. The number of target atoms that are 
exposed to the beam during irradiation can be 
called  A  

0
 . The probability of transforming one of 

the atoms into nuclei B per unit of time can be 
called  l  

 A 
  .  Then,  A  

0
  l  

 A 
  is the rate at which new 

atoms of B are produced. The target is equivalent 
to a radionuclide with activity  A  

0
  l  

 A 
  producing the 

radioactive substance B. The probability  l  
 A 
  is 

very small, but the product  A  
0
  l  

 A 
  can be signi fi cant 

because  A  
0
  is very large and can be taken as con-

stant during irradiation     ≡ 0( )A A   . Assuming that 
    <<λ λA B   , Eq.  2.13  can be approximated by

     −= −(1 )λλ λ Bt
B AB A e    (2.14)   

 The net activity accumulated during time  t  is 
therefore

     −= −0 (1 )λλ λ Bt
B AB A e    (2.15)   

 The interaction rate per unit of time  l  
 A 
  can be 

calculated as the product of the current  I  of inci-
dent projectiles and the cross section, summed 
over the projectile trajectory, that is,

     = ∫ 2

1

( )λ σ
x

A x
I x dx    (2.16)  

and by replacing     =
( / )

dE
dx

dE dX
   and     ≡( ) ( )σ σx E    

we obtain

     = ∫ Th

i

( )

( / )

σλ
E

A E

E
I dE

dE dX
   (2.17)  

where  E  
i
  is the incident projectile energy,  E  

Th
  is 

the threshold energy for the given nuclear reac-
tion,   s  ( E ) is the cross section, and  dE / dx  is the 
projectile energy loss per unit of path length. 
Both magnitudes,   s  ( E ) and  dE / dx,  are experi-
mentally obtained and readily available from the 
literature. 

 Rewriting Eq.  2.16  in a more practical way, 
we obtain

     −= − ∫ Th

i

( )
(1 )

( / )
λρ σλ B

EtA
B E

N E
B I e dE

M dE dX
   (2.18)  

   Table 2.2    Characteristics of commonly used PET isotopes   

 Isotope  Half-life (min)  Mode of decay (%) 
 End-point energy 
of   b    +   groups (keV) 

 Maximum   b    +   range 
in water (mm) 

 Principal nuclear 
reactions (energy 
range MeV) 

  11 C  20.3    b   +  (99.8), EC (0.2)  960  4.1   14 N(p, a ) 11 C (15–4) 
  13 N  9.96    b   +  (100)  1,190  5.1   16 O(p, a ) 13 N (20–5) 
  15 O  2.03    b   +  (99.9), EC (0.1)  1,723  7.3   14 N(d,n) 15 O (6–0) 

  15 N(p,n) 15 O (15–5) 
  18 F  109.7    b   +  (96.9), EC (3.1)  635  2.4   18 O(p,n) 18 F (18–3) 

  20 Ne(d, a ) 18 F (30–0) 

   EC  electron capture  
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with     =0

ρAN
A

M
  , and  N  

 A 
  the Avogadro’s number, 

 M  the atomic mass, and   r   the target density. 
 Equation  2.18  contains all of the information 

necessary to calculate production yield for a 
given radioisotope. The number of new radioac-
tive atoms being produced is proportional to the 
integral term, while the buildup of activity is 
described by the term inside the parentheses, 
which is a function of decay rate as well as the 
duration of irradiation. The exponential nature 
of the term within parentheses shows that 50% 
of the maximum attainable activity is produced 
in one half-life of the isotope. Extending irradia-
tion through another half-life produces only an 
extra 25%. 

 The terms in Eq.  2.18  that are independent of 
beam current and irradiation time describe a quan-
tity commonly known as  saturation activity: 

     = ∫ Th

i
a

( )
·

( / )

ρ σE
A

E

N E
S dE

M dE dX
   (2.19)   

 This magnitude is a function of projectile inci-
dent energy and is usually expressed in units of 
[mCi/  m  A]. It includes all of the necessary infor-
mation to calculate production yields for any 
given projectile/target combination. Another 
commonly used magnitude that describes the 
production process is the  yield (Y),  representing the 
slope at the origin from Eq.  2.18  and is de fi ned as

     = a ·λBY S    (2.20)    

   Production of Radiopharmaceuticals 

 The higher resolution and sensitivity provided by 
PET as compared to SPECT as a consequence of 
the collinearity of the two 511-keV photons after 
an annihilation event are not the only advanta-
geous characteristics of the technique. The short 
half-life of the radioisotopes being used results in 
lower overall radiation doses to the patient. 
Simultaneously, it allows the use of labeled drugs 
in concentrations so small so as not to overwhelm 
the biologic systems or compete with the normal 
metabolic function while remaining well below 

any toxic levels. As an example, a typical 15-mCi 
dose of  13 N-labeled ammonia routinely used for 
myocardial perfusion studies represents 13 pg of 
product, many orders of magnitude below what is 
considered a permissible safety level. 

 Since the introduction of PET as a research 
and clinical tool,  18 F has been the radioisotope 
most widely used because of its practical half-
life of nearly 2 hours as compared to other trac-
ers with half-lives of just a few minutes. The 
reaction of choice for the production of  18 F dur-
ing the early stages of development was  20 Ne(d, a ) 
 18 F. After the introduction of the no-carrier 
added synthesis for 2-[ 18 F]-Fluoro-2-Deoxy- d -
Glucose (FDG) in the mid 1980s by Hamacher 
et al.  [  1  ]  , the production of  18 F using the reac-
tion  18 O(p,n) 18 F with highly enriched  18 O-water 
targets became the method of choice. 
Furthermore, it permitted proton-only machines 
with energies as low as 10 MeV to produce con-
siderable amounts of  18 F. This rapid and highly 
ef fi cient conversion method motivated equip-
ment manufacturers to offer remote and auto-
mated equipment for the synthesis of FDG. 
Second- or even third-generation synthesis 
boxes can produce single, double, or up to four 
batches of FDG with a single setup. Decay-
corrected radiochemical yields (conversion 
ef fi ciency from  18 F into FDG) as high as 75–80% 
are routinely achieved. Preventive maintenance 
programs combined with proper personnel train-
ing have improved equipment reliability to bet-
ter than 98%. Some FDG production equipment 
permits, through software recon fi guration, 
modi fi cation of the system to process other 
compounds. 

  15 O demands that the location of the camera 
facility be not more than a few hundred meters 
from the production facility. Proton-only 
machines require use of the enriched isotope  15 N 
as target material through the  15 N(p,n) 15 O 
 reaction. Given the high cost of the starting 
material, provisions to recover the enriched iso-
tope should be implemented, if not supplied, by 
the cyclotron manufacturer. Facilities where 
deuterons are available can take advantage of 
the  14 N(d,n) 15 O reaction without recycling the 
target. Rapid processing of the radioisotope 
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transforms the target product into  15 O-water, 
 15 O-O 

2
 , or C 15 O depending on the application. 

 Production of  13 N and simultaneous conver-
sion to  13 N-ammonia is commonly achieved 
inside the target followed by a quick and ef fi cient 
puri fi cation step through a disposable cartridge 
to remove potential contaminants (mainly traces 
of  18 F and metal ions from the target foil). Use of 
this tracer is limited to in-house production or 
distribution from a production facility within a 
relatively short distance. 

 Large amounts of C11 can be produced even 
with modest energy cyclotrons through the 
 14 N(p, a ) 11 C reaction. Several commercial units 
permit rapid and ef fi cient methylation of the tar-
get product (typically in the form of  11 CO 

2
 ) as the 

precursor step for the radiolabeling of any num-
ber of compounds. 

 In general, a good number of other PET trac-
ers can also be produced using enriched target 
materials at the low-energy end of commercial 
cyclotrons, with the option of in some cases using 
natural targets as the cyclotron energy is increased 
or when deuterons are available. Depending on 
the speci fi c program requirements for one or sev-
eral radioisotopes, a detailed analysis of different 
production routes, cost analysis of recovery pro-
cesses in the case of enriched target materials, 
and an analysis of potential by-product impuri-
ties should be conducted prior to deciding on a 
particular cyclotron.  

   Facility Design 

 During planning and design of a particular facil-
ity, local and federal regulations for production of 
radiopharmaceuticals should be considered to 
ensure compliance and also to minimize the risk 
of potentially expensive upgrades or retro fi t of 
the facility at a later time. Furthermore, current 
Good Manufacturing Practice guidelines and 

regulations should be  fi rmly implemented 
together with a strong training and enforcement 
program to assure product safety and quality as 
well as adherence to the ALARA (as low as rea-
sonably achievable) concept to minimize radia-
tion exposure to production personnel and the 
public in general. Cyclotron manufacturers pro-
vide assistance with facility design and planning, 
but their responsibility is typically limited to 
issues related to machine installation and com-
missioning. In the case of self-shielded cyclo-
trons, radiation levels outside the shields and 
within some distance as promised by the manu-
facturer should be incorporated as part of the 
machine acceptance criteria. This acceptance test 
should be conducted at maximum machine out-
put during irradiation conditions that maximize 
production of  g -rays and neutrons. 

 A health or medical physicist or other 
quali fi ed professional should be consulted dur-
ing design stages to address whether (or not) to 
install the cyclotron in a vault to evaluate the 
overall radiation shielding issues of  fi re and air 
conditioning, ventilation, air  fl ow patterns, and 
exhaust monitoring. Personnel access and circu-
lation through restricted areas should also be 
considered. Most facilities have adopted the cri-
teria of keeping the vault or room where the 
cyclotron is located at negative pressure relative 
to the room where radioisotope processing 
occurs. The isotope production room, where the 
hot cells are typically installed, is also kept at 
negative pressure from the surrounding area for 
radiation safety reasons.       

   Reference 

   1.    Hamacher K, Coenen HH, Stöcklin G. Ef fi cient 
stereospeci fi c synthesis of no-carrier-added 
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         Preamble    

 In the decade since the previous edition of this 
chapter was written, positron emission tomogra-
phy (PET) and more recently PET/computed 
tomography (CT), has continued to grow in 
prominence within the  fi eld of nuclear medicine 
imaging. Surveys conducted by the market 
research  fi rm IVM (Greenbelt, MD) show an 
average annual increase of 10.4% in the number 
of PET and PET/CT studies performed between 
2005 and 2008  [  1  ] . The trend, however, has seen 
a decline in more recent years. The advantages of 
PET/CT over dedicated PET imaging (described 
below) have also drastically changed the charac-
teristics of the scanner models that are available 
from manufacturers. As of the middle of the  fi rst 
decade of 2000, none of the three principal man-
ufacturers of PET scanners (GE Healthcare, 
Siemens Medical Solutions, and Philips Medical 
Systems), still offered a dedicated PET system; 

only hybrid PET/CT systems were being 
manufactured. 

 As we predicted in the  fi rst publication of this 
book chapter, the majority of PET/CT disadvan-
tages – high density media such as intravenous or 
oral contrast, mismatch between PET and CT as 
a result of respiratory motion, and truncation 
resulting from differences in the size of the  fi eld 
of view between PET and CT – have been miti-
gated through the development of hardware and 
software solutions. A brief description of these 
solutions is provided under the “Challenges of 
PET/CT Imaging” subsection. 

 The advances in PET/CT imaging that have 
occurred since the  fi rst publication of this book 
chapter have resulted in a dramatic improvement 
in PET image quality. Examples of these advances 
include: higher sensitivity through the use of 3D 
imaging and longer axial  fi elds of view (FOVs), 
accurate modeling of the imaging chain in fully 
3D iterative reconstruction techniques, higher 
light output and shorter decay time with new 
detectors, higher image contrast with time of  fl ight 
imaging, and  fi nally richer image fusion through 
the emergence of PET/magnetic resonance imag-
ing (MRI) as a new hybrid modality. A descrip-
tion of each of these advances is included in the 
section “ Recent Advances in PET Imaging .” 

 Finally, the section titled “ PET/CT Scanner 
Designs ” has been updated to include the current 
commercially available systems from the three 
main manufacturers of PET/CT systems.  
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   Introduction 

 In the past decade PET has emerged as a unique 
imaging modality with applications in cardiol-
ogy, neurology, oncology, and psychiatry. It is 
unique among medical imaging methods in its 
ability to produce accurately quanti fi able 
images of physiologic information, whereas 
other imaging techniques excel in their depic-
tion of anatomic structures or their ability to 
image rapidly moving structures. The quanti-
tative advantage of PET, coupled with the 
extended PET reimbursement by the major 
insurance carriers in the United States for a 
range of PET oncology studies, has further 
fueled the rapid increase in the clinical demand 
for this imaging modality. In this regard, 
research groups and industry have striven to 
optimize this imaging technique. One of the 
most recent developments in PET imaging has 
been the introduction of a combined PET/CT 
scanner. This chapter presents the reasons for 
this development. It discusses the advantages 
and artifacts presented by such imaging systems, 
the impact of PET/CT on patient management, 
and its applications in other areas such as radia-
tion treatment planning.  

         PET Imaging and Its Disadvantages 

 PET is a noninvasive, diagnostic imaging tech-
nique for measuring the Accumulation of radio-
tracer in the human body. The majority of PET 
imaging has been performed in the  fi eld of 
oncology, where a whole-body PET scan using 
the radiolabeled glucose analog  fl uorodeoxy-
glucose (FDG) plays an important role in the 
diagnosis and management of cancer. FDG accu-
mulation detected by PET has been shown to be a 
reliable method for accessing the glucose meta-
bolic rate of human cells  [  2,   3  ] . Given that many 
malignant cells exhibit elevated glucose metabo-
lism  [  4  ] , FDG-PET has been used in the primary 
staging and therapeutic monitoring of cancer. 
The high sensitivity, speci fi city, and accuracy 

of FDG-PET in detecting cancer in different 
regions of the body have been the driving forces 
behind its widening use  [  5,   6  ] . PET imaging 
however suffers from several drawbacks such as: 
1) high noise content in attenuation correction 
factors, 2) long scan duration, and 3) lack of 
anatomical landmarks. These drawbacks are 
further described in the next sections and are the 
main motivation for the development of PET/CT 
systems. 

   Transmission Scan and Attenuation 
Correction 

 In a whole-body FDG scan, the patient receives 
the radiopharmaceutical as an intravenous injec-
tion and then rests quietly for about one hour 
while the FDG distributes within the body. 
Following this waiting period, the patient is 
moved to the scanner and lies supine on the 
patient couch. The patient is then positioned 
within the  fi eld of view of the scanner and the 
imaging session is initiated. A PET scan is com-
posed of an emission scan and a transmission 
scan. The emission scan is used to depict the dis-
tribution of the radiopharmaceutical in the body 
(Fig.  3.1a ), while the transmission scan is used 
for attenuation correction of the emission data. In 
ordinary PET, patient attenuation is measured by 
rotating radioactive sources around the patient 
while the detectors that surround the patient col-
lect the transmitted annihilation photons – hence 
the term  transmission scan.  The transmission 
scan is used to compute a map representing the 
linear attenuation coef fi cients of different tissue 
types at the corresponding anatomic locations in 
a manner similar to x-ray CT but with poorer 
image resolution and quality (Fig.  3.1b ). 
Multiplying the emission scan by the attenuation 
correction map generates the  fi nal, corrected PET 
image (Fig.  3.1c ). Accurate attenuation correc-
tion is a major advantage of PET over other 
nuclear medicine imaging techniques. Corrected 
PET images depict an accurate distribution of the 
injected activity with minimal distortion in the 
shape, size, and location of a lesion. The value of 
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attenuation correction is further increased when 
it can be performed reliably and accurately with 
minimal inconvenience to the patient  [  7  ] .  

 Historically, transmission scans have been 
obtained before the acquisition of the emission 
data. The time that it takes for the FDG to distrib-
ute in the patient (about an hour), and the require-
ment for exactly the same patient positioning for 
the acquisition of both the emission and the 
 transmission data necessitated that the emission 
and transmission data be acquired consecutively 

without any time lapse. However, this pro-
duces transmission scans that are inherently 
 contaminated by emission data. Such cross talk 
results in underestimated attenuation coef fi cients 
that can lead to inaccurate quanti fi cation of PET 
images  [  8  ] . Additionally, transmission scans 
using a rotating radioactive source are noisy as a 
result of the low gamma-ray  fl ux of the radioactive 
source. The noisy data result in noisy attenuation 
coef fi cients. The propagation of that noise into 
the  fi nal, corrected image decreases the apparent 

  Fig. 3.1    ( a ) Nonattenuation corrected PET images; ( b ) reconstructed attenuation PET images; ( c ) attenuation cor-
rected PET images       
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lesion contrast and reduces the detectability of 
small lesions in the  fi nal image. 

 Several techniques have been proposed and 
implemented in routine clinical settings to cor-
rect these transmission scanning drawbacks  [  9  ] . 
For emission contamination, transmission win-
dowing and/or transmission image segmentation 
are in use currently. Windowing restricts the 
accepted coincident events only to those com-
patible with the instantaneous location of the 
radioactive source as it is rotating around the 
patient and rejects the emission data in which 
the line of response could not physically have 
included the transmission source, which reduces 
much of the emission contamination in the 
acquired transmission data. Transmission seg-
mentation, on the other hand, restricts the recon-
structed transmission scan to a prede fi ned 
number of tissue types (typically air, water, 
bone) that are based on a preset range of attenu-
ation values. Each segment is then  fi lled with a 
constant attenuation value that is characteristic 
of that tissue type  [  10,   11  ] . Transmission seg-
mentation also signi fi cantly reduces the noise in 
the attenuation correction, thereby yielding a 
higher signal-to-noise ratio in the  fi nal, cor-
rected images. Although these techniques have 
minimized the effects of emission contamina-
tion and noise, transmission segmentation 
results in an attenuation map composed of only 
the predetermined tissue types. Segmented 
transmission scans ignore the intermediate tis-
sue densities in the patient  [  11  ] , such as when a 
segment or voxel contains more than one tissue 
type. Noise in the transmission scan can also be 
reduced by acquiring transmission data for a 
longer period of time or by using higher radio-
activity transmission sources. Both of these 
techniques, however, have drawbacks. A longer 
transmission scan time results in a higher prob-
ability of patient motion during the scanning 
session which reduces the spatial accuracy of 
the transmission image, and increases the incon-
venience to the patient. A higher radioactivity 
source on the other hand, results in larger detec-
tor dead time and less accuracy in determining 
the attenuation factors.  

   PET Scan Duration 

 The acquisition of a transmission and emission 
scan to generate a corrected PET image requires 
a relatively long imaging session, particularly 
when whole-body scans are performed. Because 
the axial  fi eld of view of current PET scanners is 
only 15–17 cm, several pairs of emission and 
transmission scans (typically 5–7 in number) are 
needed to cover the whole height of a patient to 
obtain a whole body scan. Clinical studies have 
shown that the optimum scan duration per axial 
 fi eld of view (often called a “bed position”) is in 
the range of 3–5 min for the acquisition of the 
emission data and 2–3 min for the acquisition of 
the transmission data. The ranges re fl ect differ-
ences among scanners and the effect of the girth 
of the patient. This translates into a total scanning 
time of 25–60 min (of which 10–20 min is for 
transmission data), during which the patient 
should remain motionless to minimize the mis-
match between the emission and transmission 
data, as well as to reduce image blurring. Such a 
scanning paradigm is inconvenient and uncom-
fortable for the patient. Furthermore, the PET 
scanner could output more (i.e., scan more 
patients in a day) if each patient’s examination 
took less time. 

 The challenge lies in the compromise among 
the competing demands of increasing the accuracy 
of attenuation correction by, lowering the noise 
propagated into the  fi nal image by this process, 
minimizing the mismatch between the true and 
measured attenuation maps, and minimizing the 
scanning time for maximum patient throughput. 
Ideally, attenuation correction would add little to 
the overall scanning time, giving it a negligible 
effect on patient throughput, and there would be 
essentially no noise and no segmentation errors 
propagated into the  fi nal attenuation-corrected 
image. These requirements, contrasted with the cur-
rent state of attenuation correction, have led some 
clinics to skip transmission scanning altogether and 
to rely on images that have not been corrected for 
attenuation for their clinical evaluation of patients. 
The bene fi t of eliminating the lengthy transmis-
sion scan is argued to by far outweigh the gain 
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from accurate depiction of activity concentration 
 [  12,   13  ] . However, the clinical importance of 
quantitative PET, especially with accurate map-
ping to the patient’s anatomy, as described in this 
book, would contradict this argument and bolster 
the case for attenuation correction for the sake of 
good care of the patient.  

   Image Registration and Fusion 

 Following the acquisition, attenuation correction, 
and reconstruction of PET data, the images are 
displayed for clinical evaluation. Regions of 
interest are usually drawn around areas of rela-
tively high activity concentration, and an out-
come measure such as the standardized uptake 
value (SUV) is reported. A major dif fi culty for the 
precise interpretation of PET scans is the absence 
of anatomic structures. PET images are charac-
terized by lower resolution and are imprecise in 
their anatomic localization of foci of abnormal 
uptake. The accurate anatomic localization of a 
lesion coupled with its activity concentration can 
be important information that can be used in the 
diagnosis, staging, and treatment of patients. The 
usefulness of fusing functional PET data with 
anatomic information from CT or MRI has been 
recognized in oncology  [  14–  17  ] . It has been 
shown that the visual correlation of PET with CT 
can improve the accuracy of interpretation over 
that using PET alone  [  18  ] . Traditionally, image 
registration and fusion have been performed 
through the use of computer algorithms. Before 
the advent of the hybrid PET/CT scanner, two 
image sets acquired from two different imaging 
modalities at two different times would be ana-
lyzed by the registration algorithms, and a math-
ematical transformation that would align one 
image set with the other would be generated. One 
of the major dif fi culties with the registration of 
images acquired at different times, and perhaps 
for different primary purposes, is the different 
patient positioning between the two image sets. 
Although this dif fi culty is minimal when regis-
tering images of rigid bodies such as the brain 
 [  19  ] , its effect on aligning whole-body images, 
wherein the internal organs are nonstationary and 

deformable, has resulted in less satisfactory 
registrations. For whole-body images, nonlinear 
image warping algorithms are needed; however, 
these algorithms require additional time to com-
pute and are not always successful at aligning the 
two images, making their use less attractive in 
routine clinical PET imaging. Mental registration 
between PET and CT/MR images is usually per-
formed by image readers. Such mental image 
registrations have, in the past, met the needs of 
experienced readers.   

   Advantages of PET/CT 

 To further improve PET imaging, the combined 
PET/CT scanner has been developed. CT mea-
sures the photon attenuation of the object being 
imaged, albeit at different electromagnetic ener-
gies than that used in PET. Mapping the CT 
attenuation coef fi cients corresponding to the dif-
ferent tissue types obtained at the CT equivalent 
energy to that of PET (511 keV) generates an 
attenuation correction map without the need to 
acquire a separate transmission scan  [  20  ] . CT 
images that have been acquired following FDG 
injection are less contaminated by emission data 
than are the source-based transmission scans 
described above. This is because of the large dif-
ference in  fl ux (i.e., photons per second) between 
the CT x-rays and the emission gamma rays. In 
addition, CT images are characterized by shorter 
acquisition time and lower noise content than 
transmission images. This latter characteristic is 
dependent on the x-ray current setting of the CT 
scanner. The brief duration of CT scans occupies 
a small fraction of the overall time to scan a 
patient. Shortening the time that a patient must 
hold motionless reduces the discomfort of the 
examination for a patient and lessens the likeli-
hood that a patient will move. Finally, CT images 
provide high-resolution anatomic information, 
which, when combined with PET images, can 
improve diagnostic accuracy and patient manage-
ment  [  21–  26  ] . 

 Patient scheduling and radiation treatment 
planning are additional areas that bene fi t from 
PET/CT. Most patients who are scheduled for a 
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PET scan also receive a diagnostic CT scan prior 
to or after their PET imaging session  [  27  ] . These 
separate scans could be performed on the same 
PET/CT scanner in one extended session, thus 
facilitating patient scheduling and eliminating 
the need for transportation of the patient from 
one imaging suite to another. Patient waiting 
time would be reduced and throughput would 
improve. For radiation treatment planning, it has 
been shown that incorporating PET data into 
treatment planning along with CT has the poten-
tial to improve the accuracy of delineating the 
primary target volume  [  28–  30  ] . Obtaining the 
PET and the CT data as a registered dataset 
greatly facilitates using the PET data in planning 
the treatment.  

   Challenges of PET/CT Imaging 

 Although combining a PET and a CT scanner has 
many advantages, this hybrid imaging system 
also presents a new set of dif fi culties, most of 
which are in regard to the use of CT for attenua-
tion correction of the PET data. One of the major 
areas of dif fi culty is the presence of dense mate-
rial such as dental  fi llings, metallic prostheses, 
and contrast agents within the  fi eld of view of the 
CT image. In the case of dental  fi llings and metal-
lic prostheses, the resulting CT images are char-
acterized by pronounced streaking artifacts as a 
result of the very high attenuation values. These 
artifacts are propagated into the PET image upon 
mapping the CT attenuation values to those cor-
responding to PET at 511 keV  [  31  ] . The propa-
gated artifacts are manifested as high attenuation 
correction factors, which result in an artifactual 
increase in the apparent tracer concentration in 
the PET image  [  32  ] . For contrast agents, whether 
oral (barium sulfate) or intravenous (iodine), the 
overestimation of the attenuation correction 
 factor presents an even more complicated chal-
lenge because the overestimation is dependent on 
the concentration of the administered contrast 
agent. The concentration of contrast agents in the 
body is not a  fi xed amount, but varies depending 
on several factors such as patient size, clearance, 
blood  fl ow, and most importantly, the interval of 

time between the administration of the contrast 
agent and the acquisition of the CT. It has been 
shown that both oral and intravascular contrast 
agents affect the quantitative and qualitative 
accuracy of PET images depending on the con-
trast concentration  [  33–  37  ] . 

 In the case of contrast media, whether oral or 
intravenous, these effects have been minimized 
on current PET/CT scanners through the use of 
modi fi ed transformations from CT numbers to 
PET attenuation values. Figure  3.2  shows the 
standard bilinear transformation used to map CT 
numbers to PET attenuation values. The same 
graph also shows other transformations for dif-
ferent CT kVp settings that are used when an oral 
or intravenous contrast agent is present in the CT 
image. At the onset of a PET/CT scan, the opera-
tor of the scanner presses a button to indicate 
whether the patient has oral or intravenous con-
trast. This in turn selects the appropriate transfor-
mation based on the CT kVp setting and reduces 
any arti fi cial increase in PET attenuation 
coef fi cients because of a corresponding increase 
in CT number. PET/CT scanners from all manu-
facturers are currently equipped with a similar 
approach to minimize the effect of oral or intra-
venous contrast. Extending this technique to han-
dle the effects of other high-Z materials is an 
ongoing endeavor.  

 Another complication of replacing the trans-
mission scan with a CT scan is the attenuation 
artifact induced by the patient respiration. The 
CT scans are characterized by short duration and 
may be acquired during any phase of the patient’s 
respiratory cycle. The PET scans, on the other 
hand, require longer imaging times and therefore 
are acquired over multiple respiratory cycles. 
Thus, images from the two scanning modalities 
might show discrepancies in the anatomic loca-
tions of various organs. This is particularly evi-
dent in the areas that are the most affected by 
respiration such as the dome of the liver and the 
base of the lungs. Because the CT images are 
used for attenuation correction of the PET emis-
sion data, the mismatch between the two image 
sets results in large quantitative and qualitative 
errors in the corrected PET images  [  38–  41  ] . 
It has been shown, however, that by acquiring the 
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CT when the patient holds his or her breath at 
normal expiration, or while the patient breathes 
shallowly, the CT images best align with the PET 
images, thereby largely reducing the magnitude 
of the mismatch effect  [  39,   42  ] . Alternatively, 
computing an average CT scan from multiple CT 
scans that have been acquired at different phases 
of the respiratory cycle can be used to mimic the 
average position captured during PET imaging 
 [  43,   44  ] . Respiratory motion is currently an active 
research topic in PET/CT imaging particularly 
because of its effects on radiation treatment plan-
ning. By accurately tracking the extent and tra-
jectory of respiratory motion, the treatment plan 
can be improved by conforming the radiation 
 fi eld to the underlying tumor motion while spar-
ing healthy tissues. 

 In addition to the mismatch between PET and 
CT, respiratory motion also blurs the PET image 
which reduces the measured activity concentra-
tion in areas of interest that are moving, such as 
lung tumors. Both of these effects have prompted 
manufacturers to develop motion tracking and 
suppression techniques that are collectively 

referred to as four-dimensional (4D) PET/CT. 
With 4D PET/CT, the acquired PET data are 
divided into multiple bins (usually 6–10 bins) 
depending on the phase or amplitude of the 
breathing cycle. Similarly, CT images are gener-
ated at the same temporal points as those at which 
the PET images were constructed. Each CT 
image is then used to properly attenuate its cor-
responding PET image. The resultant PET/CT 
image sets are then registered to one another and 
summed to generate a single PET/CT image set 
that is devoid of motion and mismatch artifacts. 
To track the breathing motion, several devices are 
now available from PET/CT manufacturers. The 
devices depend on either video cameras (such as 
the real-time position management system by 
Varian) or respiratory bellows (such as those from 
Anzai Medical Systems) to track and record a 
patient’s breathing cycle. The complete set of 
software and hardware components necessary to 
acquire and process 4D PET/CT data is now 
available from all PET/CT manufacturers on dif-
ferent scanner models and can be purchased as an 
option on these systems. 
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 Another technical problem that is encoun-
tered in PET/CT imaging is the difference in the 
size of the FOV of the CT and PET scanners, 
resulting in so-called truncation artifacts. 
Truncation artifact encompasses two forms of 
error. The  fi rst is encountered when imaging a 
large patient whose cross section extends beyond 
the FOV of the CT scan (typically a diameter of 
50 cm), thus producing severe truncation at the 
edges of the reconstructed CT images (Fig.  3.3 ). 
The second is a result of missing attenuation 
data resulting from the difference in the FOV 
size between the PET (typically having an FOV 
with a diameter of 70 cm) and CT images. The 
 fi rst error is manifested as streaking artifacts at 
the edge of the CT image, thus causing an 
arti fi cial overestimation of the attenuation 
coef fi cients used in PET as well as degrading 
the quality of the CT image. The second error 
results in uncorrected PET data around the 
periphery of the PET FOV. The two errors have 
been shown to affect the quantitative and quali-
tative accuracy of PET images  [  45,   46  ] . One 
way of minimizing these errors is by scanning 
the patient, in both the CT and PET positions, 
with the arms raised above the head, thereby 
reducing the cross-sectional dimension of the 
patient. This scanning position, however, is very 
uncomfortable for most patients and increases 
the likelihood of involuntary movement during 
the relatively long PET imaging session. 
Furthermore, scanning patients with their arms 
up strains the shoulder muscles, which might 
alter the accumulation of FDG in this region.  

 Another approach which is currently imple-
mented on all commercially available PET/CT 
scanners, is to arti fi cially increase the CT recon-
structed FOV to match that of the PET. This pro-
cess can be achieved in different ways, one of 
which is based on the assumption that the total 
attenuation per projection is the same indepen-
dent of the angle at which it was acquired. That 
is, if all of the attenuation values are summed, 
that total should be the same regardless of the 
angle of the projection, as if the CT scanner mea-
sured just one huge voxel. Using this assumption, 
the missing attenuation from truncated projec-
tions can be estimated from projections that do 
not suffer from truncation. This process will 
result in arti fi cially generated CT attenuation val-
ues in areas of the image where such values were 
not previously recorded. The accuracy of these 
generated values largely depends on the underly-
ing estimation process. However, because in the 
majority of the cases the truncated areas are soft 
tissue, the estimation process results in relatively 
little error in CT attenuation values. Different 
proprietary names are given to this process by 
manufacturers, such as WideView or AC Plus. 
The scanner operator should preselect the 
extended FOV option during image reconstruc-
tion to ensure that there is no truncation between 
the PET and CT.  

   Recent Advances in PET/CT Imaging 

 Several advances in PET/CT imaging have been 
achieved since the  fi rst edition of this book chap-
ter. PET image quality has improved dramati-
cally, particularly with regard to image resolution, 
sensitivity, and signal-to-noise ratio. A descrip-
tion of each of the principle means by which the 
 fi eld has advanced to its current state follows. 

   3D Imaging and Increased Scanner 
Sensitivity 

 PET is intrinsically a three-dimensional (3D) 
imaging modality, replacing physical collimation 
required for single photon imaging with elec-
tronic collimation. Historically, most PET imaging 

  Fig. 3.3    A CT scan of a 145-kg man imaged with arms 
up.  Arrows  show truncation artifacts       
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was performed in two-dimensional (2D) mode, 
wherein lead septa were placed between the 
planes of detector elements primarily to reduce 
scattering photons from being detected. The 
result was better reconstructed image quality than 
was possible in the absence of the septa. 2D 
imaging was also preferred over 3D imaging 
because of the complexity of 3D image recon-
struction algorithms, even though 2D imaging 
requires more administered activity to obtain 
adequate count rates, and 3D has roughly a  fi ve-
fold greater sensitivity. This situation changed in 
the middle of the  fi rst decade of 2000 with the 
development of new scatter correction techniques 
and faster and more ef fi cient 3D reconstruction 
algorithms. Those advances allowed 3D imaging 
to become the predominant mode of PET data 
acquisition. The advancement has convinced the 
manufacturers of PET/CT scanners to abandon 
2D imaging altogether. Today, none of the manu-
facturers of PET/CT scanners are designing new 
systems that are capable of 2D imaging. 

 More recently, and in an effort to further 
increase scanner sensitivity, some manufacturers 
have increased the axial FOV of the PET system. 
PET scanners have historically had axial FOV 
extents of about 15–16 cm, as they were primar-
ily used for brain imaging. Oncologic applica-
tions, requiring whole-body imaging, dominate 
the current demand for PET cameras and thus the 
value of a longer axial FOV is greater. Today, two 
of the three major manufacturers provide PET 
scanners with axial FOV extents longer than 
16 cm. All scanners from Philips have axial FOVs 
of 18 cm. Siemens offers an option called True V 
on their scanners that extends the axial FOV from 
16.2 cm to 21.6 cm, which improves the sensitiv-
ity of the scanner by approximately 80% as well 
as enabling the acquisition of a whole-body scan 
to be accomplished with fewer bed positions, and 
hence, shorter time period.  

   Iterative Reconstruction Algorithms 

 Originally, PET images were reconstructed using 
 fi ltered back projection (FBP) techniques similar 
to single-photon and CT imaging. With the adop-
tion of 3D imaging, FBP was extended to 3D 

with the work of Kinahan and Rogers  [  47  ]  and 
the introduction of the reprojection algorithm. 
Statistically based expectation maximization 
iterative reconstruction techniques were devel-
oped for 2D PET image reconstruction and 
improved the reconstructed image quality com-
pared with that from FBP. These reconstruction 
algorithms, however, only gained wider accep-
tance in clinical practice with the introduction of 
their accelerated version known as ordered sub-
set expectation maximixation (OSEM), which 
was introduced by Hudson and Larkin in 1994. 
One of the advantages of the iterative reconstruc-
tion techniques is their ability to model various 
aspects of the imaging chain (such as attenua-
tion, scatter, and normalization) during the 
reconstruction process. This in turn improves the 
quality of the reconstructed image while main-
taining the Poisson nature of its counting statis-
tics in the reconstructed image. More recently a 
fully 3D version of the OSEM iterative recon-
struction algorithm that incorporates correc-
tions for randoms events   , scatter events, and 
attenuation has been developed  [  48,   49  ] . In 
2006, this algorithm was improved by includ-
ing corrections for the detector spatial response 
function resulting in a nearly constant resolu-
tion across the transverse FOV of the PET scan-
ner  [  50  ] . The point spread function (PSF) of a 
PET scanner varies within the FOV. Photons 
emanating from the center of the FOV are nor-
mally incident upon the detectors. The obliq-
uity of the path of the annihilation photons with 
respect to the detector elements is greater when 
the origin of the photons is closer to the periph-
ery of the FOV. By measuring this variability 
and then modeling the PSF, improved and 
nearly uniform spatial resolution can be 
achieved throughout the FOV. Different forms 
of this algorithm are now provided by all manu-
facturers on their respective PET/CT scanners 
under different proprietary names such as HD or 
Sharp IR.  

   Time-of-Flight Imaging 

 The availability of fast scintillators with high-
stopping power such as cerium-doped lutetium 
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oxyorthosilicate (LSO) (or other lutetium-based 
detectors such as LYSO) has revived interest in 
the decades-old concept of time-of- fl ight (TOF) 
PET  [  51,   52  ] . TOF imaging requires the mea-
surement of the difference between the detection 
times of the two annihilation photons from the 
annihilation event – hence the need for fast detec-
tors. The difference in detection time is used to 
calculate the location of the annihilation event 
along the line of response (LOR) path. This pro-
cess improves upon conventional PET imaging 
(non-TOF) where the location of an annihilation 
event is not known and hence is placed with equal 
probability anywhere along the LOR during 
image reconstruction. Unfortunately, the accu-
racy by which the arrival time of photons can be 
detected is on the order of several hundred pico-
seconds, which translates into a spatial uncer-
tainty of approximately 10 cm in the location of 
the annihilation event. Even though there is still 
appreciable uncertainty in the location of the 
event, with this improved information the TOF 
reconstruction algorithms can signi fi cantly 
improve the reconstructed image. This improve-
ment in image quality is manifest as an increase 
in the signal-to-noise ratio (SNR) that is propor-
tional to the square root of  D/d  where  D  is the 
diameter of the activity distribution (i.e., of the 
object being scanned) and  d  is the spatial uncer-
tainty. Current commercially available PET/CT 
scanners with TOF capability are equipped 
with timing resolution that can identify the loca-
tion of an annihilation event to within 7–10 cm of 
spatial uncertainty in the scanner’s FOV. For a 
40-cm diameter uniform distribution of radioac-
tivity (equivalent to an adult patient cross sec-
tion), the increase in SNR is on the order of 2–2.3. 
As the TOF resolution improves, the spatial 
uncertainty decreases and the SNR increases by a 
larger factor. Furthermore, as the cross section of 
the object being imaged increases, the improve-
ment in SNR also increases by a large factor. 
This is a particularly large advantage in image 
quality for large patients because conventional 
imaging of this patient population yields infe-
rior quality because of low counting rates, or 
requires long scanning sessions at the expense of 
patient comfort. 

 Currently, all manufacturers of PET/CT scanners 
have systems with TOF capabilities. Philips was 
the  fi rst manufacturer to provide such a system in 
2007 with the introduction of the Gemini 
True fl ight TF. Siemens and GE then followed 
suit with the introduction of the Biograph mCT 
and GE 690, respectively.  

   PET/MRI 

 Although this chapter carries PET/CT in its title, 
a brief description of PET/MRI is necessary to 
provide a complete picture of the status of hybrid 
PET systems. In as much as separately acquired 
CT images were fused with PET studies, sepa-
rately acquired MRI data have also been fused 
with PET. The results have been enticing. Since 
the introduction of PET/CT imaging and its wide-
spread use by the medical imaging community, 
manufacturers as well as physicians and scien-
tists started thinking about replacing CT with 
MRI for a PET/MRI hybrid system. The attrac-
tion of such a combined system is based upon the 
high tissue contrast and nonionizing radiation of 
MRI as compared with CT imaging. PET/MRI 
has the further advantage of simultaneous acqui-
sition of the two modalities as compared with the 
contemporaneous, but sequential imaging pro-
cess in PET/CT. The latter advantage has speci fi c 
utility for brain imaging when conducting chal-
lenge studies where the stimuli and processes 
being studied are dynamic. On the other hand, the 
technical challenges of PET/MRI include the 
lack of photon attenuation information with 
which to correct the PET data, nonuniformity of 
the MRI FOV, truncation artifacts resulting from 
differences in the FOV size between PET and 
MRI, susceptibility artifacts in MRI, detecting 
photons in the presence of a strong magnetic 
 fi eld, and most importantly, a clinical application 
that speci fi cally would bene fi t from a hybrid 
PET/MRI as opposed to PET/CT. This last chal-
lenge is of particular importance when keeping in 
mind that PET/CT imaging is mainly used for 
oncologic whole-body imaging where simultane-
ous data acquisition might not be of great advan-
tage. Notwithstanding, both Siemens and Philips 
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have introduced hybrid PET/MRI systems that 
are commercially available. The Siemens system, 
named mMR, is a true simultaneous PET/MRI 
device whereby the PET scanner is integrated 
within the MRI FOV. To actualize this system, 
Siemens had to utilize new PET detectors, which 
are based on avalanche photo diodes that are 
immune to the effects of magnetic  fi elds. These 
detectors, however, are not capable of highly pre-
cise timing resolution and therefore the mMR 
system from Siemens is not capable of TOF 
imaging. Still, this device is the  fi rst true PET/
MRI system available on the market that is capa-
ble of simultaneously acquiring PET and MR 
images. The system uses advanced MRI acquisi-
tion techniques to help in segmenting the MR 
images into different tissue types that are later 
transformed into PET attenuation coef fi cients for 
attenuation correction. 

 The system from Philips on the other hand, is 
based on contemporaneous acquisition of PET 
and MRI data similar to the PET/CT design. In 
this system, the two gantries (PET and MRI) are 
physically separated from one another by about 
4.5 m to minimize the effects of the MRI mag-
netic  fi eld on the PET detectors. Additional PET 
detector magnetic shielding has also been designed 
to further reduce the magnetic  fi eld effects. A 
patient couch is installed between the two gantries 
and is designed to move the patient from one 
scanner to the other while allowing the patient to 
remain still in the frame of reference of the couch. 
The minimized effects of the magnetic  fi eld on 
the PET detectors allows Philips to still offer this 
scanner with TOF capabilities, which is an advan-
tage over the Siemens design. However, the large 
distance between the two gantries requires room 
space that is much larger than that needed for a 
standard PET/CT. The entire PET/MRI room 
must be shielded to exclude radiofrequency inter-
ference as well as to attenuate ionizing radiation. 

 Currently, GE Healthcare does not offer a 
PET/MRI system. Their solution to PET/MRI is 
to provide a transporter that moves the patient 
between a dedicated PET/CT and an MRI  system. 
The transporter helps keep the patient in the 
same orientation during the imaging processes 
of both PET/CT and MRI, thereby ensuring good 

image registration without the need to rely on 
deformable registration algorithms that would be 
necessary if the patient were to walk from one 
scanner to the other. The transporter has a pallet 
that can dock onto the PET/CT and MRI systems 
without having to move the patient on its couch. 
During imaging, the patient lies on the pallet and 
is later transported to the other scanner. One 
advantage of this approach is that patient utiliza-
tion of the two scanners is maximized as one 
scanner need not be idle while the other scanner 
is being used, which is the case in the Philips 
design. At the time of this writing, GE Healthcare 
indicated that they are working on a new simul-
taneous PET/MRI system that will be available 
in the next 1–2 years. 

 The remainder of this chapter discusses the 
design speci fi cations of PET/CT scanners in gen-
eral, and of those that are commercially available 
in particular.   

   PET/CT Scanner Design 

 PET/CT scanners are composed of a PET scan-
ner attached to a CT scanner back-to-back with 
coaxial bores. The combined structure (except 
for scanner designs from Philips medical sys-
tems) is housed in a single gantry. The CT scan-
ner is usually in the front, and the PET device is 
located behind the CT. The centers of the two 
tomographs are separated by 60–70 cm axially 
to allow space for the CT and PET electronics 
and to minimize cross talk between the CT and 
PET detectors. This distance is also important 
to minimize the temperature variations – criti-
cal for the stability of the PET detectors – inside 
the gantry as a result of turning the CT x-ray 
tube on and off. The patient couch is located in 
front of the scanner and is used to advance the 
patient from the CT to the PET FOV. Because 
the center of the two tomographs is separated 
by a large distance, the whole patient couch 
assembly is translated in the axial direction 
rather than just translating the patient pallet. 
This is done to minimize the de fl ection of the 
pallet because of patient weight as it is extend-
ing from the CT to the PET FOV. 
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 Depending on the manufacturer, the individual 
CT and PET scanner designs can vary consider-
ably. All CT scanners are now multi-slice systems 
with helical or axial imaging capabilities, and 
with different rotation speeds, whereas the PET 
scanners are capable of only 3D imaging, with 
bismuth germinate (BGO), LSO, or other lute-
tium-based detectors such as LYSO, and have a 
different number of slices per axial FOV. The 
functionality of PET/CT scanners, however, is 
the same regardless of manufacturer. Typically, a 
CT localizer (sometimes called a scout view or a 
topogram) is acquired to ensure proper patient 
positioning. This is followed by the CT scan, 
which is used to generate anatomic images and 
attenuation maps. At the end of the CT scan, the 
patient couch assembly is advanced from the CT 
to the PET FOV, where the PET acquisition is ini-
tiated. Following the data acquisition and recon-
struction, the PET and CT images can be 
displayed side by side or fused together. The 
acquisition of PET data followed by CT is also 
possible on the systems of all manufacturers. 
Sophisticated image processing algorithms allow 
the PET and CT data to be displayed at the same 
anatomic location even though the PET and CT 
slices have different thicknesses. 

 The  fi rst prototype PET/CT scanner was 
developed by David Townsend at the University 
of Pittsburgh in joint collaboration with CTI Inc. 
(Knoxville, TN). The initial design work began 
with a grant from the National Cancer Institute in 
1995, and the prototype became operational in 
1998. The prototype PET/CT scanner was based 
on a spiral CT scanner, the single-slice Somatom 
AR.SP (Siemens; Iselin, NJ), mated to a rotating 
partial-ring positron emission tomograph, the 
emission computed axial tomography, advanced 
rotating tomograph scanner. Both the PET and 
CT components were mounted on the same 
assembly with the PET components on the reverse 
side of the rotating support of the CT scanner. 
Both scanners were housed inside a single gantry 
with the centers of the two tomographs offset by 
60 cm in the axial direction, allowing a dual-
modality examination range of only 100 cm. The 
design speci fi cs and the  fi rst PET/CT images 

 produced on this prototype scanner can be found 
elsewhere  [  53  ] . The widespread recognition of 
the importance of imaging anatomy and function 
together, led by the studies performed on this 
prototype PET/CT scanner, created a demand for 
combined PET/CT scanners for imaging cancer 
in the medical community and stimulated intense 
commercial activity. 

 Currently there are three main manufacturers 
of PET/CT scanners: GE Healthcare, Siemens 
Medical Solutions, and Philips Medical Systems. 
Each manufacturer has three scanner models cat-
egorized in three tier levels – entry, intermediate, 
and advanced. GE offers the Optima 560, 
Discovery 600, and Discovery 690, respectively. 
Siemens offers the Biograph TruePoint, Biograph 
mCT 20 Excel, and Biograph mCT, respectively. 
Philips offers the Gemini TF PET/CT, the Gemini 
TF Big Bore PET/CT, and the Ingenuity TG PET/
CT, respectively.  

   GE Healthcare PET/CT Scanners 

   Optima 560 

 The Optima 560 is the entry level PET/CT scan-
ner from GE Healthcare. The major design con-
siderations of this scanner are the following: (1) 
3D-only system, which is a departure from the 
offering GE used to have on their previous scan-
ners that were capable of both 2D and 3D imag-
ing. (2) The PET system is based on BGO 
detectors. (3) It has 12,288 detector elements of 
4.7 × 6.3 × 30 mm arranged in four rings of 6 × 8 
detectors. (4) PET axial FOV of 15.7 cm result-
ing in 47 slices each with a 3.27-mm thickness. 
(5) A transaxial FOV and a patient port of 70 cm. 
(6) The CT component comes in 8 and 16 slices 
with the smallest slice thicknesses equal to 1.25 
and 0.625 mm, respectively. (7) Rotation as fast 
as 0.5 s per revolution. (8) The x-ray tube has a 
maximum power of 53 kW. (9) The maximum 
current output at 120 kV is 440 mA. (10) The 
weight of the scanner, including the couch, is 
5,200 kg, and its dimensions are 225 cm (W), 
146 cm (D), and 193 cm (H). Performance 



533 From PET to PET/CT

characteristics of the optima 560 PET/CT can be 
found elsewhere  [  54  ] .  

   Discovery 600 

 The Discovery 600 is the intermediate PET/CT 
offering from GE Healthcare. This system is sim-
ilar to the Optima 560 except that it has additional 
capabilities particularly related to motion com-
pensation techniques. The system has the same 
PET and CT detector design and con fi guration 
and is provided in only 8- and 16-slice CT ver-
sions. Additional capabilities of the Discovery 
600 are related to the performance characteristics 
of the PET system resulting in higher sensitivity 
(9.1 vs. 6.5 cps/kBq) and peak noise equivalent 
count rate (NECR) performance (76 vs. 54 kcps) 
when compared with the Optima 560. These are 
probably achieved by allowing larger coincidence 
acceptance angles in the axial direction. The 
Discovery 600 scanner also comes with the abil-
ity to reduce the nonstationary resolution behav-
ior of PET scanners along the transverse FOV by 
modeling the PSF during the image reconstruc-
tion process. The system also has the option to 
allow data acquisition in list mode. The list mode 
gives the user a greater  fl exibility in designing 
protocols to evaluate image quality with different 
scan times. The Discovery 600 system is 
con fi gured with an adaptive statistical iterative 
reconstruction engine for CT data, which allows 
dose reduction while maintaining the quality of 
the CT images. The system has the same dimen-
sions as the Optima 560 scanner and the perfor-
mance characteristics of the PET scanner can be 
found elsewhere  [  55  ] .  

   Discovery 690 

 The Discovery 690 is the premium PET/CT scan-
ner from GE Healthcare. This system has the 
same capabilities as the Discovery 600 scanner 
with the following two major differences: (1) 
LYSO detectors, and (2) TOF imaging capabili-

ties. The LYSO detector elements are slightly 
smaller in size than their BGO counterparts with 
sizes equal to 4.2 × 6.3 × 25 mm arranged in the 
same manner as in the Discovery 600 and the 
Optima 560 systems. This con fi guration results 
in a total of 13,824 detector elements in the scan-
ner. Because of the difference in detector mate-
rial (LYSO vs. BGO) the PET performance 
characteristics of this system are different than 
the Discovery 600 and the Optima 560. The sys-
tem sensitivity is 7.0 kcps/kBq while the peak 
NECR is 130 kcps. The lower energy window 
setting on this system is similar to all other sys-
tems from GE Healthcare and is equal to 425 keV. 
The overall PET performance characteristics of 
this system can be found elsewhere  [  56  ] . This 
system is offered with two versions of CT scan-
ners; 16 and 64 slices. The latter is known as vol-
ume CT because of its relatively large axial extent 
of 4 cm.   

   Siemens Medical Solutions PET/CT 
Scanners 

   Biograph TruePoint 

 The Biograph TruePoint is the entry PET/CT 
scanner from Siemens Medical Solutions. The 
major design considerations of this scanner are 
the following: (1) 3D only PET data acquisition. 
This is a continuation of the trend that Siemens 
started in the past with scanners that are septa-
less and hence only allow 3D imaging. (2) 24,336 
LSO detectors arranged in blocks of 13 × 13 
detector elements of 4 × 4 × 20 mm. (3) PET axial 
FOV of 16.2 cm resulting in 81 slices of 2-mm 
thickness. (4) A transaxial FOV and a patient port 
of 70 and 60.5 cm, respectively. (5) The CT com-
ponent previously came in four different versions 
allowing for 6, 16, 40 and 64 slices per tube 
rotation. Now this system is only available with 
a 16-slice CT scanner. (6) Maximum tube rota-
tion times of 0.6–0.33 s per revolution depend-
ing on the CT option purchased. (7) The x-ray 
tube has a maximum power ranging from 50 to 
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80 kW also depending on the CT version used. 
(8) The weight of the scanner ranges from 3,200 
to 3,980 kg, also depending on the CT version 
used. The scanner dimensions are 239 cm (W), 
156 cm (D), and 202 cm (H). One upgrade option 
that is available on this system is an extended 
axial FOV from 16.2 to 21.6 cm (which Siemens 
refers to as the True V option). This option drasti-
cally improves the overall sensitivity performance 
of the scanner and represents the largest axial 
extent of any PET/CT scanner on the market. The 
other upgrade option is modeling the PSF during 
the PET image reconstruction, which Siemens 
refers to as the HD option. This improves the 
transverse resolution across the FOV. In addition, 
the scanner has motion management capabilities 
(both respiratory and cardiac). The performance 
characteristics of the Biograph scanner with 
and without the True V option can be found else-
where  [  57  ] .  

   Biograph mCT 20 Excel 

 The Biograph mCT 20 Excel is the intermediate 
PET/CT system from Siemens Medical Solutions. 
This system is similar to the TruePoint scanner 
except for a few additional software and hard-
ware options. First, the CT portion comes in only 
a 20-slice CT version. The PET component, on 
the other hand, has TOF imaging capabilities and 
respiratory motion management. The combina-
tion of TOF and HD imaging (see above) is 
known as the Ultra HD option by Siemens. The 
patient port was increased from 70 to 78 cm and 
the transverse FOV was increased to 70 cm to 
match the size from other manufacturers. The 
sensitivity and peak NECR of this system have 
been optimized and improved over the TruePoint 
system and are equal to 5.3 cps/kBq and 100 kcps/
kBq/cc, respectively. The same parameters of the 
TruePoint system are 4.2 cps/kBq and 96 kcps/
kBq/cc. All measurements are based on a lower 
energy threshold of 435 keV. This system does 
not come with the option of extended axial FOV 
(True V) like the TruePoint system. The perfor-
mance characteristics of this scanner can be found 
elsewhere  [  58  ] .  

   Biograph mCT 

 The Biograph mCT is the top of the line PET/CT 
scanner from Siemens Medical Solutions. It com-
bines the  fl exibility of other scanners by Siemens 
with respect to different CT slice options, TOF, 
and motion mitigation options for PET. The sys-
tem has the same design features as the mCT 20 
Excel with respect to patient port and transaxial 
FOV size. CT slice options available on this sys-
tem are 40, 64 and 128. For the 128-slice option, 
the x-ray tube is rated at 100 kW. This system 
also comes with a True V option and has list 
mode imaging capabilities. This last feature (list 
mode), which allows greater  fl exibility for rebin-
ning the acquired data, is only available on this 
scanner from Siemens. The performance charac-
teristics of this scanner with and without True V 
option can be found elsewhere  [  59  ] .   

   Philips Medical Systems PET/CT 
Scanners 

 The Philips Medical Systems PET/CT scanners 
are all based on an open design which is a depar-
ture from the standard integrated PET and CT 
systems within a single gantry (Fig.  3.4 ). The 
open design has a 30-cm gap between the PET 
and CT scanners. This distance can be further 
increased to 88 cm if needed. This design feature 
maximizes patient acceptance and comfort and 
allows easy access to the patient during the time 
of examinations. Philips Medical Systems was 
the  fi rst manufacturer to introduce a TOF PET/
CT system to the market. In this regard, all PET/
CT scanner models from Philips are TOF-capable 
and have a timing resolution of 495 ps. The “TF” 
in the name of all their scanner models captures 
this capability.  

   Gemini TF 

 The Gemini TF is the entry-level PET/CT system 
from Philips Medical Systems. Other design 
 features of the Gemini TF system include: (1) 3D 
only imaging capabilities. (2) 28,336 LYSO 
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detector elements of 4 × 4 × 22 mm arranged in a 
continuous pixilated array. (3) PET axial FOV of 
18 cm resulting in 91 slices of 2-mm thickness. 
This is the largest standard axial FOV extent on a 
commercial PET/CT scanner excluding the True 
V option from Siemens. (4) A transaxial FOV 
and a patient port of 67.6 and 70 cm, respectively. 
(5) The CT component comes in 16- and 64-slice 
options with the thinnest slices being 0.6 and 
0.5 mm, respectively. (6) Rotation times of 0.4 s 
per revolution for both CT options. (7) Maximum 
x-ray tube output of 60 kW. (8) Maximum cur-
rent of 500 mA. (9) The weight of the Gemini TF 
including the couch is 4,140 kg for the 16-slice 
CT option and 4,200 kg for the 64-slice option. 
The scanner dimensions are 225 cm (W), 549 cm 
(D), and 213 cm (H). Although this is an entry-
level system, the Gemini TF has several options 
allowing it to compete with the highest tier PET/
CT systems. Options available for this system 
are: Motion mitigation techniques and list mode 
acquisition. The sensitivity of the system is 
7.1 cps/kBq while the peak NECR is 110 kcps/
kBq measured at a lower energy discriminator of 
440 keV. The performance characteristics of the 
Gemini TF scanner can be found elsewhere  [  60  ] .  

   Gemini TF Big Bore 

 The Gemini TF Big Bore system is identical to 
the Gemini TF except that the patient port has 

been widened to 85 cm. This system is speci fi cally 
designed to accommodate radiation oncology 
patients who need to be positioned in speci fi c ori-
entations to accommodate treatment plans. To 
allow for the enlarged patient port, the manufac-
turer needed to redesign some of the external 
shielding of the scanner and thus slightly modi fi ed 
the system performance. The system sensitivity 
of the big bore scanner is 6.6 cps/kBq while the 
peak NECR is 90 kcps/kBq when both are mea-
sured at a lower energy discriminator of 460 keV. 
The scanner dimensions and weight are slightly 
different than the Gemini TF. The CT scanner on 
this model comes only with 16 slices. All other 
features and performance characteristics are sim-
ilar to the Gemini TF.  

   Ingenuity TF 

 The Ingenuity TF scanner is the high-end PET/
CT scanner from Philips Medical Systems. The 
PET system design and performance characteris-
tics of this scanner are identical to those of the 
Gemini TF. The CT components, however, are 
different. The Ingenuity TF has a CT scanner that 
is based on the Ingenuity platform, which is 
capable of acquiring 128 slices per rotation com-
pared with the 16- or 64-slice options of the 
Brilliance CT platform available on the Gemini 
scanner. The 128 slices are achieved through 
wobbling the x-ray focal spot during data 

  Fig. 3.4    Open PET/CT scanner design from Philips Medical Systems ( a ) compared with a conventional closed system 
( b ). The conventional design shown is for the GE Healthcare Discovery 600       
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 acquisition or what Philips refers to as the 
Ingenuity data acquisition and sampling tech-
nique. The x-ray tube on the Ingenuity platform 
is rated at 80 kW compared with the 60 kW of the 
Brilliance platform. In addition, the Ingenuity TF 
PET/CT system has optimized CT and PET 
reconstruction engines that allow reducing the 
patient dose without affecting image quality (CT 
optimization), as well as reducing the reconstruc-
tion time of the TOF data (PET optimization). All 
other features and performance characteristics 
are similar to the Gemini TF.       
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   Radiolabeled Ligands 

 Several imaging modalities including computed 
tomography (CT), magnetic resonance imaging 
(MRI), ultrasound, optical imaging, and gamma 
scintigraphy have been used to diagnose cancer. 
Although CT and MRI provide considerable ana-
tomic information about the location and the 
extent of tumors, they do not adequately differen-
tiate residual or recurrent tumors from edema, 
radiation necrosis, or gliosis. Ultrasound images 
provide information about local and regional 
morphology with blood  fl ow. Although optical 
imaging showed promising results, its ability to 

detect deep tissue penetration was not well dem-
onstrated. Radionuclide imaging modalities such 
as positron emission tomography (PET) and sin-
gle photon emission computed tomography 
(SPECT) are diagnostic cross-sectional imaging 
techniques that map the location and concentra-
tion of radionuclide-labeled compounds  [  1–  3  ] . 
Beyond showing precisely where a tumor is and 
its size, shape, and viability, PET and SPECT are 
making it possible to “see” the molecular makeup 
of the tumor and its metabolic activity. Whereas 
PET and SPECT can provide a very accurate pic-
ture of metabolically active areas, their ability to 
show anatomic features is limited. As a result, 
new imaging modalities have begun to combine 
PET and SPECT images with CT scans for treat-
ment planning. PET/CT and SPECT/CT scanners 
combine anatomic and functional images taken 
during a single procedure, without having to 
reposition the patient between scans. To improve 
the diagnosis, prognosis, planning, and monitor-
ing of cancer treatment, characterization of tumor 
tissue is extensively determined by development 
of more tumor-speci fi c pharmaceuticals. 
Radiolabeled ligands as well as radiolabeled anti-
bodies have opened a new era in scintigraphic 
detection of tumors and have undergone exten-
sive preclinical development and evaluation. 

   Glucose Transport 

  18 F- fl uorodeoxyglucose (FDG) PET has been used 
to diagnose and stage tumors  [  4–  14  ] ,  myocardial 
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infarction  [  15  ] , and neurologic disease  [  16,   17  ] . 
2-Deoxy-2-[ 18 F] fl uoro- d -glucose was developed 
in 1976 for the speci fi c purpose of mapping brain 
glucose metabolism in living humans. After the 
 fi rst synthesis of  18 F-FDG via an electrophilic 
 fl uorination with  18 F gas, small-volume enriched 
water targets were developed that made it possible 
to produce large quantities of [ 18 F] fl uoride ion via 
the high yield  18 O(p,n) 18 F reaction. This was fol-
lowed by a major milestone, the development of a 
nucleophilic  fl uorination method that produced 
[ 18 F]-FDG in very high yields. These advances 
and the remarkable properties of  18 F-FDG have 
largely overcome the limitations of the 110-min 
half-life of  18 F. Although tumor metabolic imag-
ing using [ 18 F]-FDG has been studied in the past 
two decades, its clinical application is still ham-
pered by its limitations, such as differentiation of 
infection and tumor recurrence, and differentia-
tion of low-grade and high-grade tumors  [  18  ] . To 
improve the diagnosis, prognosis, planning, mon-
itoring, and predicting results of the cancer treat-
ment, several other PET imaging agents are used 
to characterize tumor targets.  

   Amino Acid Transport 

  11 C-methionine is useful for metabolic imaging 
of tumors by PET  [  19  ] ; however, it has too many 
metabolic pathways that make it dif fi cult to 
obtain a rate constant  [  20,   21  ] . Because of its 
short half-life, it is also dif fi cult to image tumors 
with slow uptake. To overcome these drawbacks, 
L- a -methyltyrosine (L-AmT) has been investi-
gated in nuclear medicine, not only because of its 
biologic importance in the synthesis of protein or 
thyroid hormone, but also because of its involve-
ment in dopamine or tyramine neurotransmitters 
 [  22  ] . Its analog,  123 I- a -methyltyrosine, has also 
been used for SPECT studies on brain and pan-
creatic tumors  [  23–  25  ] . High accumulation of 
 123 I- a -methyltyrosine (I-LAmT) in tumors were 
reported. PET examination with  124 I-labeled 
 a -methyltyrosine has been carried out in patients 
with brain tumors  [  25  ] . L- 18 F- a -methyltyrosine 
(L- 18 FAmT) was also developed. L- 18 FAmT was 
synthesized by reacting L-AmT with CH 

3
 COO 18 F. 

A similar technique has been used to synthesize 
 18 F-labeled metatyrosine  [  26  ] . An electrophilic 
reactant, CH 

3
 COO 18 F, reacts with L-AmT to give 

a meta-oriented position on the benzene ring. 
L- 18 FAmT is quite stable in vivo compared with 
2- 18 F- fl uorotyrosioe  [  27,   28  ]  or  11 C-tyrosine, 
which produce too many metabolites, thus mak-
ing it dif fi cult to obtain quantitative analysis  [  29, 
  30  ] . Although the radiochemical yield of 
L- 18 FAmT was 20.3 ± 5.1% ( n =  5) based on the 
radioactivity trapped in the reaction vessel, the 
radiochemistry puri fi cation using preparative 
high-performance liquid chromatography (HPLC) 
is time consuming. For instance,  19 F-nuclear mag-
netic resonance (NMR) analysis gave two isomer 
spectra of L- 19 FAmT with chemical shifts of −57.5 
and −61.0 using tri fl uoroacetic acid as an internal 
standard  [  31  ] . These two isomer product ratios are 
1 to 5.6, which corresponds to 2-L- 19 FAmT and 
3-L- 19 FAmT, respectively. These assignments 
were based on the isomer of  19 F-meta-tyrosine 
spectra reported by Dejesus et al.  [  31  ] . Recently, a 
rapid synthesis with high yield of O-2- 18 F-
 fl uoroethyltyrosine was developed  [  32–  34  ] . 
Because introducing a methyl group in the  a  
position could slow down the protein incorpora-
tion process,  18 F- fl uoropropyl-AmT (L- 18 FPAmT) 
was developed using a similar technique. The 
synthetic scheme is shown in Fig.  4.1 . Both 
L- 18 FamT and L- 18 FPAmT are discussed in this 
chapter.   

   Markers of Estrogen Receptor Tissue 

 The presence of sex hormone receptors in both 
primary and secondary breast tumors is an impor-
tant indicator for both prognosis and choice of 
therapy for the disease  [  35  ] . Currently, receptors 
are determined by in vitro analysis of biopsy 
specimens and the use of antiestrogens. Tamoxifen 
is the therapy of choice for estrogen receptor-
positive (ER+) tumors. The detection and mea-
surement of ER+ tumors by the use of a 
radiolabeled ligand should provide a useful tool 
for the detection of primary and secondary 
tumors, as it may assist in selecting and following 
the most favorable therapy, as well as predicting 
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its outcome. To this end a number of variations of 
substituted estradiols have been prepared con-
taining the radioisotope  fl uorine in the 16 posi-
tion  [  36–  38  ] . These compounds have been 
relatively successful in detecting ER-rich tissue 
in vivo, but their ability to provide quantitative 

information on receptor concentration in either 
animal models or humans has been less clearly 
demonstrated. 

 Tamoxifen therapy results are positive in 30% 
of unselected patients with breast cancer. 
A response rate of 50–60% was obtained in 

  Fig. 4.1    Synthesis of  18 F- fl uoropropyl- a -methyltyrosine       
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patients with ER+ tumors  [  39  ] . Patients with 
 metastatic cancer who do respond to the treat-
ment have a response duration of 10–18 months 
and prolonged survival  [  40  ] . A radiolabeled 
tamoxifen ligand would be useful in diagnosing 
diseases that produce high levels of ERs, such as 
ovarian cancer, endometriosis, uterine carcinoma, 
and meningioma. Our rationale is that if the bind-
ing of the ligands with tumors can be detected 
with PET or SPECT, then such ligands may pre-
dict the response to anticancer agents’ therapy for 
cancer. Radiolabeled tamoxifen would also be 
useful in investigating tamoxifen’s mechanisms 
of action because it would provide more accurate 
information about the effectiveness of antiestro-
gen (tamoxifen) therapy.  

   Markers of Tumor Hypoxia 

 Misonidazole (MISO) is a hypoxic cell sensitizer, 
and labeling MISO with different halogenated 
radioisotopes (e.g.,  fl uorine-18 or iodine-131) 
could be useful for differentiating a hypoxic but 
metabolically active tumor from a well-oxygen-
ated active tumor by PET or planar scintigraphy 
 [  41–  46  ] . [ 18 F] Fluoromisonidazole (FMISO) has 
been used to assess the hypoxic component in 
brain ischemia, myocardial infarction, and vari-
ous tumors  [  47–  52  ] . Moreover, the assessment of 
tumor hypoxia with labeled MISO prior to radia-
tion therapy would provide a rational means of 
selecting patients for treatment with radiosensi-
tizing or bioreductive drugs (e.g., mitomycin C). 
Such selection of patients would permit more 
accurate evaluation because the use of these 
modalities could be limited to patients with 
hypoxic tumors. It is also possible to select proper 
modalities of radiotherapy (neutron versus pho-
ton) by correlating labeled MISO results with 
tumor response. 

 It has been reported that MISO produced 
peripheral sensory neuropathy at the dose level 
required for radiosensitization  [  53,   54  ] . Thus, we 
have developed new MISO analogs by adding 
one hydroxymethyl group to MISO. This new 
ligand (halogenated erythronitroimidazoles; 
ETNIM) is more hydrophilic than FMISO. We 

used autoradiograms and radionuclide imaging 
techniques to demonstrate the potential applica-
tion of FMISO and  fl uoro-ETNIM (FETNIM) to 
diagnose tumor hypoxia.  

   Markers of Lipid Metabolism 

 An elevated level of phosphatidylcholine has 
been found in tumors. It is the most abundant 
phospholipid in the cell membranes of all eukary-
otic cells and provides a potential target for tumor 
imaging. This elevation is thought to be the result 
of increased uptake of choline, a precursor of the 
biosynthesis of phosphatidylcholine. Malignant 
tumors show a high proliferation and increased 
metabolism of cell membrane components that 
will lead to an increased uptake of choline  [  55  ] . 
Thus, [ 11 C]choline can be used as a PET marker 
for imaging cell membrane proliferation in pros-
tate cancer  [  56  ] , brain tumors  [  57  ] , and many 
other types of tumors  [  58  ]  that lack the urinary 
radioactivity seen with  18 F-FDG  [  56,   59  ] . [ 18 F]
Fluorocholine and  fl uorine-18-labeled choline 
analogs also have been developed as new and 
promising oncologic PET tracers for prostate 
cancer and breast cancer  [  60–  62  ] .  

   Markers of Tumor Cell Proliferation 

 Noninvasive imaging assessment of tumor cell 
proliferation could be helpful in the evaluation 
of tumor growth potential and the degree of 
malignancy, and in the early assessment of treat-
ment response prior to changes in tumor size. 
Radiolabeled nucleoside/nucleotide analogs 
should provide proliferative imaging informa-
tion of primary and secondary tumors  [  28–  32  ] . 
They may also assist in selecting and following 
the most favorable choice of nucleoside/nucle-
otide therapy and in following its outcome. Our 
rationale is that if the binding of nucleoside/
nucleotide to tumor cell DNA/RNA can be 
detected with PET, then such a nucleoside/
nucleotide analog may be useful in evaluating 
the response of nucleoside/nucleotide (e.g., 
5- fl uorouracil, 5- fl uorodeoxyuridine, 5-bro-
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modeoxyuridine, cytidine, cytarabine) therapy 
for tumors. Thus, for DNA/RNA markers, 
 18 F- fl uoroadenosine,  18 F- fl uorothymidine, and 
 fl uoro- 11 C-methyl-arabinofuranosyluracil were 
developed. These ligands are intended to 
improve the understanding of the biologic 
behavior of malignant tumors, which should 
lead to better prognostic evaluation, treatment 
follow-up, and patient management.  

   Gene Expression Markers 

 Radiolabeled pyrimidine and purine probes for 
imaging herpes simplex virus type 1 thymidine 
kinase (HSV-1- tk ) expression and other reporter 
genes by PET have been developed. For example, 
pyrimidine nucleoside (   e.g., FIAU, 2 ¢ - fl uoro-2 ¢ -
deoxy-5-iodo-1- b - d -ribo-furanosyl-uracil [FIRU], 
2 ¢ - fl uoro-2 ¢ -5-methyl-1- b - d -arabinofuranosyl-
uracil [FMAU] 2 ¢ - fl uoro-2 ¢ -deoxy-5-iodovinyl-1-
 b - d -ribofuranosyl-uracil [IVFRU] and 
acycloguanosine [9-[(2-hydroxy-1-(hydroxymethyl)
ethoxy)methyl]-guanine (GCV) and 9-[4-hydroxy-
3-(hydroxymethyl)butyl]guanine (PCV))  [  63–  68  ]  
and other  18 F-labeled acycloguanosine analogs, 
such as 8- fl uoro-9-[(2-hydroxy-1-(hydroxymethyl)
ethoxy)methyl]guanine (FGCV)  [  65,   66  ] , 8- fl uoro-
9-[4-hydroxy-3-(hydroxymethyl)butyl]guanine 
(FPCV)  [  67,   68  ] , 9-[3- fl uoro-1-hydroxy-2-
propoxymethyl]guanine (FHPG)  [  69,   70  ] , and 
9-[4- fl uoro-3-(hydroxymethyl)butyl]guanine 
(FHBG)  [  71  ] , have been developed as reporter 
substrates for imaging wild type and mutant  [  67  ]  
HSV-1- tk  expression. Recently, imaging, pharma-
cokinetics, and dosimetry of  18 F-FHBG were 
reported in healthy volunteers as a  fi rst step to 
imaging HSV-1- tk  reporter expression in clinical 
gene therapy trials  [  72  ] . The dif fi culty with these 
probes is that HSV-1- tk  enzyme expression 
depends on HSV-1- tk  gene transduction with ade-
noviral vectors. The level of HSV-1- tk  enzyme 
expression is likely to be different in the different 
transduced cells and tissues; thus, the application 
of the HSV-1- tk  probe is limited. Understanding of 
tumor proliferative activity could aid in the selec-
tion of optimal therapy by estimating patient prog-
nosis and selecting the proper management.   

   Synthetic Materials and Methods 
for PET Agents 

   Glucose Transport 

 A major advance in the synthesis of  18 F-FDG from 
[ 18 F] fl uoride was made using krypto fi x to 
increase the reactivity of [ 18 F] fl uoride. Krypto fi x 
masks the potassium ions, which are the coun-
ter ions of the [ 18 F] fl uoride. The reaction of 
[ 18 F] fl uoride with 1,3,4,6-tetra-O-acetyl-2-O-
tri fl uoromethanesulfonyl-B- d -marmopyranase to 
give 1,3,4,6-tetra-O-acetyl-2-[ 18 F] fl uoro-B- d -
glycopyranase results in a 95% incorporation of 
 18 F, and the overall synthesis, including puri fi cation, 
proceeds to give approximately a 60% yield. The 
synthesis involves two steps: displacement with 
[ 18 F] fl uoride and deprotection with HCl.  

   Amino Acid Transport 

 A nucleophilic reactant K 18 F reacts with 
L-tosylpropyl-AmT to yield  18 F- fl uoropropyl-
AmT (FPAMT, 40–50%). The synthetic scheme 
is shown in Fig.  4.1 .  

   Markers of Estrogen Receptor Tissue 

 Using clomiphene, a three-step process to 
hydroxytamoxifen, tosyl tamoxifen, and haloge-
nated tamoxifen was developed  [  73,   74  ] . Eight 
 cis  and  trans  isomers of halogenated tamoxifen 
analogs were then prepared. In testing these two 
conformational isomers, we compared their kill-
ing power on human breast tumor cells as well as 
their binding power. Under our approved investi-
gation of new drugs (IND number 40,589) from 
the Food and Drug Administration (FDA), we 
have assessed ER+ breast tumors in 10 patients 
using  18 F-FTX (2–12 mCi IV). In a typical study, 
a patient is positioned supine in the scanner so 
that the detector rings span the entire breast. 
A 20-min attenuation scan is performed with a 
4-mCi  [  68  ]  Ge-ring source prior to administering 
 18 F-FTX. After each patient receives  18 F-FTX, six 
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consecutive 20-min scans are taken. Serial 
transaxial images are obtained using the scanner 
(Posicam 6.5, Positron Corp., Houston, TX), 
which has a  fi eld of view of 42 cm on the trans-
verse plane and 12 cm on the coronal plane. The 
axial resolution in the reconstructed plane is 
1.2 cm. Twenty-one transaxial slices separated 
by 5.2 mm are reconstructed. Visual inspection as 
well as semiquantitative evaluation using stan-
dard uptake value (SUV, the activity in tumor/
injected dose × body weight) was used. Before 
PET scanning, the position of breast tumors is 
determined by contrast-enhanced CT (High 
Speed Advantages, General Electric Co., 
Milwaukee, WI) or MRI using the 1.5-T scanner 
(GE Medical System, Milwaukee, WI). Eight of 
ten patients received tamoxifen therapy after the 
PET study. The response to tamoxifen therapy 
was evaluated after 6 months.  

   Markers of Tumor Hypoxia 

   Synthesis of [ 18 F]FMISO and [ 18 F]FETNIM 
 Aliquots containing 500–800 mCi of  18 F activity 
after 1-h beam time (18  m A current) were col-
lected. The irradiated water was combined with 
krypto fi x-2,2,2 (26 mg) and anhydrous potassium 
carbonate (4.6 mg), heated under reduced pres-
sure to remove  18 O water, and dried by azeotropic 
distillation with acetonitrile (3 × 1.5 mL). The 
tosyl analog of 2-nitroimidazole (20 mg) was dis-
solved in acetonitrile (1.5 mL), added to the 
krypto fi x- fl uoride complex, and then warmed at 
95°C for 7 min  [  42,   52  ] . After cooling, the reac-
tion mixture was passed through a silica gel Sep-
Pak column (Whatman Inc., Clifton, NJ) and 
eluted with ether (2 × 2.5 mL). The solvent was 
evaporated and the resulting mixture hydrolyzed 
with 2 N HCl (1 mL) at 105°C for 7 min. The 
mixture was cooled under N 

2
  and neutralized with 

2 N NaOH (0.8 mL) and 1 N NaHCO 
3
  (1 mL). 

The mixture was passed through a short alumina 
column, a C-18 Sep-Pak column, and a 0.22- m m 
millipore  fi lter, followed by eluting 6 mL of 
10% ethanol/saline. A yield of 80–100 mCi of 
pure product was isolated (25–40% yield, decay 

 corrected) with the end of bombardment (EOB) at 
60 min. HPLC was done on a C-18 ODS-120 T 
column, 4.6 × 25 mm, with water/acetonitrile, 
(80/20), using a  fl ow rate of 1 mL/min. The no-
carrier-added product corresponded to the reten-
tion time (6.12 min) of the unlabeled FMISO 
under similar conditions. The radiochemical 
purity was greater than 99%. There were no other 
impurities under the ultraviolet (UV) ray detector 
(310 nm). A radio-TLC scanner (Bioscan, 
Washington, DC) showed a retardation factor of 
0.6 for FMISO using a 5 × 20 cm silica gel plate 
(Whatman, Inc., Clifton, NJ), eluted with chloro-
form/methanol (7:3), which corresponds to the 
unlabeled FMISO. In addition, krypto fi x-2,2,2 
was not visualized (developed in the iodine cham-
ber) on the silica-gel-coated plate using 0.1% 
(v/v) triethylamine in methanol as art eluent. The 
speci fi c activity of [ 18 F]FMISO and [ 18 F]FETNIM 
determined were 1 Ci/ m mol based on UV and 
radioactivity detection of a sample of known mass 
and radioactivity.  

   PET Imaging of Head and Neck Tumor 
Hypoxia Using [ 18 F]FMISO 
 Under our approved IND number 43,997 from 
the FDA, we have completed three studies using 
[ 18 F]FMISO. In a typical study, a patient is 
positioned supine in the scanner so that the 
detector rings span the entire head and neck. 
A 20-min attenuation scan is performed with a 
4 mCi  [  68  ]  Ge-ring source prior to administer-
ing [ 18 F]FMISO. After each patient receives 
10 mCi of [ 18 F]FMISO, six consecutive 20-min 
scans are taken. Serial transaxial images are 
performed using the scanner (Posicam 6.5, 
Positron Corp., Houston, TX), which has a  fi eld 
of view of 42 cm on the transverse plane and 
12 cm on the coronal plane. The axial resolu-
tion in the reconstructed plane is 1.2 cm. 
Twenty-one transaxial slices separated by 
5.2 mm are reconstructed and displayed in SUV, 
which measures the ratio of tissue [ 18 F]FMISO 
uptake to that of whole-body uptake (normal-
ized for body weight and injected dose) for 
each scan. Before PET scanning, the position of 
head and neck tumors is also determined by 
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contrast-enhanced CT (High Speed Advantages, 
GE Medical System, Milwaukee, WI).  

   Autoradiographic Studies 
of Misonidazole Analogs 
in Tumor-Bearing Rats 
 After receiving [ 18 F]FMISO (1–1.5 mCi IV), 
female Fischer 344 breast tumor-bearing rats and 
Lewis lung tumor-bearing mice (3/ligand) were 
euthanized at 1 h. The rodent body was  fi xed in a 
carboxymethyl cellulose (4%) block. The frozen 
body in the block was mounted to a cryostat 
microtome (LKB, Ijamsville, MD), and 100-ttm 
coronal sections were made. The section was 
freeze-dried and then placed on x-ray  fi lm 
(X-Omat AR, Kodak, Rochester, NY) for 24 h.  

   Polar Graphic Oxygen Needle Probe 
Measurements 
 To con fi rm hypoxic tumors detected by 
imaging, intratumoral pO 

2
  measurements were 

performed using the Eppendorf computed histo-
graphic system. Twenty to 25 pO 

2
  measurements 

along each of two to three linear tracks were 
performed at 0.4-mm intervals on each tumor 
(40–75 measurements total). Tumor pO 

2
  mea-

surements were made on three tumor-bearing 
rats and three rabbits. Using an on-line com-
puter system, the pO 

2
  measurements of each 

track were expressed as absolute values relative 
to the location of the measuring point along the 
track, and as the relative frequencies within a 
pO 

2
  histogram between 0 and 100 mmHg with a 

class width of 2.5 mm.   

   Markers of Lipid Metabolism 

 After  11 C-carbon dioxide production in a cyclo-
tron and the subsequent  11 C-methyl-iodide 
 synthesis, methyl- 11 C-choline was synthesized by 
the reaction of  11 C-methyl-iodide with “neat” 
dimethylaminoethanol at 120°C for 5 min. 
Puri fi cation was achieved by evaporation of the 
reactants followed by passage of the aqueous 
solution of the product through a cation-exchange 
resin cartridge. The time required for overall 

chemical processing, excluding the cyclotron 
operation, was 15 min. Radiochemical yield was 
>98%. Radiochemical purity was >98%. 
Chemical purity was >90% (dimethylaminoetha-
nol was the only possible impurity). Speci fi c 
radioactivity of the product was >133 GBqb/ m mol. 
PET was performed on cancer patients from the 
level of the pelvis to the lower abdomen. After 
transmission scanning, 370 MBq  11 C-choline was 
injected intravenously. The emission scan was 
performed 5–15 min postinjection. Finally, PET 
images were displayed so that each pixel was 
painted by a speci fi ed color representing the 
degree of SUV. The  11 C-choline image was com-
pared with the  18 F-FDG image obtained from the 
same patient. 

 No-carrier-added [ 18 F] fl uoroethyl choline [ 18 F]
FECh was synthesized by two-step reactions:  fi rst, 
tetrabutylammonium (TBA)  18 F- fl uoride was 
reacted with 1,2-bis(tosyloxy)ethane to yield 
2- 18 F- fl uoroethyl tosylate; second, 2- 18 F- fl uoroethyl 
tosylate was reacted with  N,N -dimethylethanolamine 
to yield  18 F-FECh, which was then puri fi ed by 
chromatography. An automated apparatus was 
constructed for preparation of the  18 F-FECh injec-
tion solution. In vitro experiments were performed 
to examine the uptake of  18 F-FECh in Ehrlich 
ascites tumor cells, and the metabolites were ana-
lyzed by solvent extraction followed by various 
kinds of chromatography. Clinical studies of 
 18 F-FECh PET were performed on patients with 
untreated primary prostate cancer, and the data 
were compared with those of  11 C-choline PET on 
the same patients.  

   Markers of Tumor Cell 
Proliferation 

   Using  18 F-Fluoro-2 ¢ -Deoxyadenosine 
[9-(2 ¢ -Deoxy-2 ¢ -Fluoro-b- D -
Arabinofuranosyl)Adenine](FAD)    
 2 ¢ -O-p-toluenesulfonyladenosine (100 mg, 
0.238 mmol) was derivatized along with N 6 , O-3 ¢ , 
and O-5 ¢  acetylated analogs by dissolving in tet-
rahydrofuran (5 mL) and acetic anhydride (2 mL), 
along with pyridine (2 mL)  [  75,   76  ] . The reaction 
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was stirred overnight. The solvent, excess of 
pyridine, and unreacted acetic anhydride were 
removed by evaporation, and the residue was 
chromatographed on silica gel (with ethyl acetate 
as eluent). Aliquots containing 20–40 mCi of 
[ 18 F] fl uoride were combined with krypto fi x-2,2,2 
and anhydrous potassium carbonate and heated 
to remove [ 18 O]H 

2
 O. The triacetylated tosyl ana-

log of adenosine was dissolved in acetonitrile, 
added to the krypto fi x- fl uoride ( fl uorine-18) 
complex, and then heated at 95°C for 10 min. 
After cooling, the reaction mixture was passed 
through a silica-gel–packed column (SPE, 
500 mg) and eluted with acetonitrile (ACN, 
2 mL). After solvent evaporation, the acetyl 
groups were deprotected with 2 N HCl (1 mL) at 
105°C for 10 min. The product was neutralized 
with 2 N NaOH (0.8 mL) and 1 N NaHCO 

3
  

(1 mL). The product was then eluted through a 
reverse phase C-18 column (Sep-Pak Cartridge, 
Waters, Milford, MD) and a 0.22-mm  fi lter, fol-
lowed by saline (3 mL).   

   Markers of Gene Expression 

 Using a known procedure, di-tritylated tosylbu-
tylguanine (TsHBG) was synthesized. Mass 
spectrum and NMR spectrum were determined. 
Under similar conditions for the synthesis of 
 18 F- fl uorinated adenosine,  18 F-FHBG was synthe-
sized. A C-18 reverse-phase Sep-Pak was used to 
purify the compound.  

   Results of Synthesis for PET Agents 

 The overall synthesis of  18 F-FDG including 
puri fi cation proceeds to result in approximately a 
60% yield after displacement with [ 18 F] fl uoride 
and deprotection with HCl. The simplest method 
to remove krypto fi x is the incorporation of a short 
cation exchange resin in the synthesis system so 
that the hydrolysate (HCl) passes through the car-
tridge before  fi nal puri fi cation; 2-deoxy-2-chloro-
 d -glucose (CIDG) was identi fi ed as an impurity 
with less than 100  m g during chromatographic 

determination of the speci fi c activity of  18 F-FDG 
preparations from the nucleophilic route.  

   Amino Acid Transport 

 Proton NMR spectrum of L-tosylpropylAmT is 
shown in Fig.  4.2 . Figures  4.3  and  4.4  show HPLC 
and radio-TLC analysis of [ 18 F]FPAMT. There 
was a similarity in cellular uptake both in vitro 
(Fig.  4.5 ) and in vivo (Fig.  4.6 ) between [ 18 F]
FPAMT and [ 18 F]FDG. Due to a zwitterion, there 
was much less uptake in brain compared to [ 18 F]
FDG. Clinical images indicated that low-grade 
brain tumor could be imaged with [ 18 F]FPAMT.       

   Markers of Estrogen Receptor Tissues 

 Using MCF-7 cells incubated for 72 h, we 
observed that the eight new compounds were 
superior in killing power compared with tamox-
ifen; for example, the bromo had almost 25 times 
the killing power of tamoxifen  [  77,   78  ] . By using 
pig uterine cytosol, we noted that halogenated 
tamoxifen had a better binding af fi nity than 
tamoxifen itself. Bromotamoxifen was 150 times 
better than tamoxifen, and  fl uorotamoxifen had a 
binding power 30 times that of tamoxifen. 

 Of these eight different agents, we pursued 
 fl uorotamoxifen for its killing and binding power 
and were interested in using this technology as a 
PET imaging agent. Using the PET camera, the 
uterus of a pig was de fi ned. We then administered 
the  fl uorotamoxifen and noted a con fi guration 
that was much like what we saw in the anatomic 
specimen, with the uterus and the fallopian-
tube–ovarian complex. From the cross-sectional 
con fi guration it appears that  fl uorotamoxifen can 
be used as an imaging agent as well. By adminis-
tering tamoxifen, or diethylstilbestrol (DES), the 
uptake in the target organ could be blocked  [  79  ] . 
As a breast tumor model, we used a rat with depo-
sition of ER+ tumor cells (NF 13762 cell line) in 
the  fl ank. In utilizing  fl uorotamoxifen, we observed 
uptake within the uterus as well as in the tumor in 
the  fl ank, which suggests we have a  fl uorinated 
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  Fig. 4.2     1 H-NMR of N-BOC-tosylpropyl- a -methyltyrosine methyl ester       

  Fig. 4.3    High-performance liquid chromatography (HPLC) analysis of  18 F-FPAMT ( left : radioactive,  right : ultraviolet 
[UV])       

  Fig. 4.4    Radio-TLC analysis of  18 F-FPAMT       
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  Fig. 4.5    Cellular uptake of  18 F-FDG and  18 F-FPAMT in breast cancer cell line       
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tamoxifen that can readily visualize ER sites, even 
in the implanted neoplasm. In studying the distri-
bution, we noted fairly good uptake in the tumor, 
brain, and liver. We found fairly good biodistribu-
tion in the uterus/blood count ratio. The count 
ratio was 13.5, and the uterine uptake could be 
blocked somewhat by any of the estrogens or by 
tamoxifen itself. Fluorotamoxifen can be prepared 
as an analog of tamoxifen itself with high speci fi c 
activity, and it can image ER+ sites in the animal 
models and in humans  [  80,   81  ] . In addition, such 
ligands might help in determining the causes of 
occasional failure of tamoxifen therapy when 
biopsy indicators are ER+. 

 To date we have used an  18 F-labeled tamoxifen 
ligand (2–12 mCi IV) to image 10 patients with 
ER+ breast tumors (IND number 40,589) by PET. 
We found that it is possible to visualize both pri-
mary and metastatic breast tumors by their uptake 
of the radiolabeled tamoxifen ligand. Of the ten 
patients, three had tumors that showed good 
uptake of the radiolabeled ligand and positive 
responses to tamoxifen therapy  [  82,   83  ] . However, 
we observed high uptake in the liver and lung, 
which affected the imaging and created dif fi culty 
in interpretation of tumors near those organs. 
Others have also reported that liver and lung 
tamoxifen uptake levels can remain high between 
3 and 14 days of therapy.  

   Markers of Tumor Hypoxia 

 Autoradiographs of  18 F-FMISO showed that 
tumor necrotic region could be differentiated. 
Clinical PET studies showed that the tumors could 
be well visualized on  18 F-FMISO and  18 F-FETNIM 
tests. The tumor oxygen tension was 3–6 mm Hg 
as compared with the normal, 30–40 mm Hg.  

   Marker of Lipid Metabolism 

 Imaging of prostate cancer and its local metasta-
sis was dif fi cult when  18 F-FDG was used because 
within the pelvis, the areas of high uptake were 
concealed by the overwhelmingly abundant 
radioactivity in urine (in ureters and bladder). By 
contrast, it was easy when  11 C-choline was used 
because the urinary activity was negligible and 
tumor uptake was marked. The radioactivity 
concentration of  11 C-choline in prostate cancer 
and metastatic sites was at an SUV of more than 
3 in most cases. The SUV of  18 F-FDG was con-
siderably lower than that of  11 C-choline. The 
sensitivity and speci fi city of  18 F-FDG and 
 11 C-choline are shown in Table  4.1 .  18 F-FECh 
was prepared in high yield and purity. The 
in vitro experiment revealed that  18 F-FECh was 
incorporated into tumor cells by active transport, 
then phosphorylated (yielding phosphoryl 18 F-
FECh) in the cells, and  fi nally integrated into 
phospholipids. The clinical PET studies showed 
marked uptake of  18 F-FECh in prostate cancer 
 [  60,   61  ] . A dynamic PET study on one patient 
revealed that the blood level of  18 F-FECh 
decreased rapidly (in 1 min), the prostate cancer 
level became almost maximal in a short period 
(1.5 min) and remained constant for a long period 
of time (60 min), and the urinary radioactivity 
became prominent after a short time lag (5 min). 
Static PET studies conducted under bladder irri-
gation showed no difference between  18 F-FECh 
uptake and  11 C-choline uptake in prostate cancer. 
However,  18 F-FECh gave a slightly higher spatial 
resolution of the image, which was attributed to 
the shorter positron range of  18 F. The synthesis of 
 18 F-FECh was easy and reliable.  18 F-FECh PET 
was very effective in detecting prostate cancer in 
patients.   

   Table 4.1    PET results of diagnostic accuracy   

 Sensitivity  Speci fi city 

 C-11 choline  67% (18/27 lesions)   95% (53/56 lesions) 
 FDG  48% (13/27 lesions)  100% (56/56 lesions) 
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   Markers of Tumor Cell Proliferation 

 The radioactivity of the  fi nal product (structure 
shown in Fig.  4.7  was 7–15 mCi, 50–60%, decay 
corrected) with the end of bombardment at 
70 min. Under similar condition,  18 F- fl uorinated 
uracil (structure shown in Fig.  4.8 ) was synthe-
sized. An autoradiogram showed that the tumor 
could be visualized with  18 F- fl uorinated uracil.    

   Markers of Gene Expression 

 Using a known procedure, di-tritylated tosylpen-
clovir (TsHBG) was synthesized. Mass spectrum 
and NMR spectrum are shown in Figures  4.9  and 
 4.10 . Under similar condition for the synthesis of 
 18 F- fl uorinated adenosine,  18 F-FHBG was synthe-
sized. A C-18 reverse phase Sep-Pak was used to 
purify the compound. The radiochemical yield of 

  Fig. 4.7    Structure of  18 F- fl uorinated adenosine       

  Fig. 4.8    Structure of 
 18 F- fl uorinated  fl uoroethyl 
uracil       

 



  Fig. 4.9    Mass spectrom-
etry of di-tritylated 
tosylpenciclovir       

  Fig. 4.10     19 F-nuclear magnetic resonance of tosyl chloride and di-tritylated tosylpenciclovir       
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 18 F-FHBG was 10–15% (decay corrected), with 
the end of bombardment at 90 min. Radio-TLC is 
shown in Fig.  4.11 .      

   Discussion 

 Placing an iodine atom or a  fl uorine atom on the 
aromatic ring of tamoxifen has been previously 
reported  [  84,   85  ] . These analogs produced either 
low af fi nities for estrogen receptors or low 
speci fi c activities, neither suitable for imaging 
estrogen responsive tissues. When  11 C-labeled 
tamoxifen was synthesized, the speci fi c activity 
was also low  [  86  ] . Placing a chlorine atom on the 

aliphatic side chain of tamoxifen produced a 
higher af fi nity than that of tamoxifen  [  87  ] . 
However, this compound is not suitable for imag-
ing purposes because there is no existing cyclo-
tron-produced isotope for chlorine. Previous 
studies by our group indicate that replacing a 
chlorine with a halomethyl group develops a 
higher binding af fi nity for tamoxifen. 

 At present, 10 patients with ER+ breast 
tumors (IND number 40,589) using  18 F-labeled 
tamoxifen ligand (2–12 mCi IV) were imaged by 
PET. Both primary and metastatic breast tumors 
could be diagnosed by  18 F-labeled tamoxifen 
ligands. Three lesions in three patients were 
 considered to be truly negative for breast cancer 

  Fig. 4.11    Radiosynthesis of  18 F-FHBG       
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on the basis of biopsy specimens and/or clinical 
course. Five of seven patients (71.4%) and 16 of 
20 lesions (80%) were interpreted to be truly 
positive for breast cancer. The mean SUV of the 
radiotracer in tumor was 2.8 on delayed images. 
There was no signi fi cant correlation between the 
SUV of [ 18 F] fl uorotamoxifen in the lesion and 
the ER concentration in primary or metastatic 
lesions. Eight of ten patients received tamoxifen 
therapy after the PET study. Three patients who 
had a good response to tamoxifen therapy 
showed an SUV of [ 18 F] fl uorotamoxifen of more 
than 2.4 in the tumor, whereas four of  fi ve 
patients who had a poor response to tamoxifen 
therapy showed an SUV of [ 18 F] fl uorotamoxifen 
of less than 2.0 in the lesion. PET imaging using 
[ 18 F] fl uorotamoxifen as the radiotracer provides 
useful information in predicting the effect of 
tamoxifen therapy in patients with recurrent or 
metastatic ER+ breast cancer. Results from the 
present study also indicate that radioiodinated 
and indium-labeled tamoxifen analogs are fea-
sible to diagnose ER+ lesions. 

 The key to the development of  18 F-FMISO is 
to prepare (2 ¢ -nitro-1 ¢ -imidazolyl)-2-O-acetyl-3-
O-tosylpropanol precursor. This intermediate 
could be prepared easily by treatment of 2-acetyl-
1,3-ditosyl glycerol and 2-nitroimidazole as 
described previously. Both labeled compounds 
produced suf fi cient radioactivity and high 
radiochemical purity. Others have used 
 18 F-epi fl uorohydrin with 2-nitroimidazole or 
1,3-ditosyl-O-tetrahydropyran to react with 
2-nitroimidazole, followed by  18 F-displacement. 
These reactions take longer synthetic steps, have 
a longer reaction time, or provide lower 
radiochemical yield. Numerous in vitro and 
in vivo experiments have shown that cells irradi-
ated under low oxygen tensions are more resis-
tant to the lethal effects of low linear energy 
transfer (LET) ionized radiation compared 
with cells irradiated under “normal” oxygen 
 tensions. Our clinical trial with PET demon-
strated that  18 F-FMISO is capable of providing 
functional images of tumor hypoxia. Auto-
radiographs of all four analogs showed that tumor 
hypoxia could be easily demonstrated in rodents. 

Tumor oxygen tension was determined to be 
3.2–6.0 mm Hg, whereas normal muscle tissue 
had 30–40 mm Hg. 

 Because tumor uptake of  11 C-choline is higher 
than that of  18 F-FDG (i.e., synovial sarcoma), and 
shorter imaging time is required for  11 C-choline, 
 11 C-choline appeared to be a promising PET 
tracer. There was no effect on tumor uptake in 
patients with diabetes mellitus.  11 C-choline is 
feasible for detecting intrapelvic lesions because 
of low urinary excretion.  18 F- fl uorinated choline 
revealed in vitro phosphorylation was similar to 
that of choline. The PET images of a patient with 
recurrent prostate cancer showed uptake of 
 18 F- fl uorinated choline in the prostatic bed and in 
metastases to lymph nodes.  18 F- fl uorinated cho-
line PET showed uptake in malignancies in a 
patient with metastatic breast cancer. PET 
revealed  18 F- fl uorinated choline uptake in biopsy-
proven recurrent brain tumor with little con-
founding uptake by normal brain tissues. The 
 18 F- fl uorinated choline may serve as a probe of 
choline uptake and phosphorylation in cancer 
cells. Preliminary PET studies on patients with 
prostate cancer, breast cancer, or brain tumor 
support further studies to evaluate the usefulness 
of  fl uorocholin (FCH) as an oncologic probe. 

 To enhance the biologic activity and increase 
chemical or metabolic stability,  fl uorine substitu-
tion at the C2 ¢  position of the sugar moiety (ara-
bino con fi guration) has been widely investigated 
in drug research  [  88–  90  ] . [ 18 F]FAD is structurally 
closer to 2 ¢ -deoxyadenosine due to the similarity 
in the van der Waals radii between the C-H bond 
and C-halogen bond. Deep-seated tumors in 
blood-rich organs may require signi fi cantly 
higher ratios for assessment of proliferation. 
Tumor-to-muscle ratios of [ 18 F]FAD at 2 and 4 h 
postinjection were 5.2 and 14.3, respectively. 
Tumor-to-blood ratios at the same time intervals 
were 2.8 and 5.3, respectively. These data were 
considered to be acceptable as a tumor imaging 
agent. Although many other radiopharmaceuti-
cals could be used for assessment of tumor prolif-
eration or metabolic activity, the choice should 
be determined not only by the biologic behavior 
of radiopharmaceuticals, but also by their ease of 
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preparation, as well as by the logistics of 
imaging. 

 Although we have synthesized FHBG, we 
have not conducted preclinical studies. Results 
from other studies showed that FHBG is a prom-
ising PET gene expression probe. For instance, 
Inubushi et al.  [  91  ]  showed that HSV-1- sr 39 tk  
reporter gene expression can be monitored with 
 18 F-FHBG and micro-PET in rat myocardium 
quantitatively and serially with high detection 
sensitivity. Cardiac PET reporter gene imaging 
offers the potential of monitoring the expression 
of therapeutic genes in cardiac gene therapy. 
Tjuvajev et al.  [  92  ]  also concluded that the in vitro 
and in vivo results (including the PET images) 
show that FIAU is a substantially more ef fi cient 
probe than FHBG or FHPG for imaging HSV1- tk  
expression, with greater sensitivity and contrast 
as well as lower levels of abdominal background 
radioactivity at 2 and 24 h. Alauddin et al.  [  71  ]  
concluded that  18 F-FHBG may yield high-con-
trast PET images of HSV- tk  expression in tumors. 
Thus, it is a very promising radiotracer for moni-
toring of gene therapy of cancer with PET.      
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   Importance of Nuclear Molecular 
Imaging in Oncology 

 Drug discovery is accelerating as a result of map-
ping of molecular targets and the rapid synthesis 
of high-throughput in vitro testing of compounds 
in their early stage of the drug development pro-
cess. The development of radiolabeled biochemi-
cal compounds, understanding molecular pathways 
and imaging devices to detect the radioactivity by 
external imaging has expanded the use of nuclear 
molecular imaging studies in drug development. 
Nuclear molecular imaging modalities, positron 
emission tomography (PET), and single photon 
emission computed tomography (SPECT), are 
in vivo imaging methods that use gamma radiotrac-
ers to track biochemical processes in humans and 
animals. The cyclotron-produced positron emitters 
commonly used to label compounds are  11 C(t 

½ = 20.4 min);  18 F (t ½ = 110 min);  13 N(t ½ = 10 min), 
 15 O (t ½ = 2.0 min),  124 I (t ½ = 4.18 days),  61 Cu (t 
½ = 3.3 h),  62 Cu (t ½ = 10 min),  64 Cu (t ½ =12.7 h), 
and  68 Ga (t ½ = 68 min). The commonly used 
SPECT radioisotopes are  131 I (t ½ = 7 days),  123 I (t 
½ = 13 h),  111 In (t ½ = 67 h),  201 Tl (t ½ = 3.038 days), 
 67 Ga (t ½ = 3.26 days), and  99m Tc (t ½ = 6 h). Among 
non-generator-produced isotopes,  18 F and  123 I are 
the most suitable for the preparation of a more 
complex chemistry and for a longer observation 
period in biologic experiments. 

 PET and SPECT map the location and con-
centration of radionuclide-labeled compounds 
 [  1–  3  ] . At present, PET and SPECT gamma cam-
eras are hybrid with CT to enhance their sensitiv-
ity to quantify drug properties in vivo in real-time 
dynamic events. PET/CT and SPECT/CT are bet-
ter than PET and SPECT alone because multiple 
slices by CT and serial images by PET and 
SPECT provide better delineation in tumor vol-
umes. In addition, combining the anatomic and 
morphologic location from CT, such as SPECT/
CT and PET/CT, provides the capability to accu-
rately evaluate post-therapy anatomic alteration. 
PET/CT and SPECT/CT agents show high 
speci fi c activities because they are made through 
a nuclear transformation and use carrier free 
forms of isotopes. Moreover, PET/CT and 
SPECT/CT chelator-based agents do not produce 
detectable pharmacologic effects but provide 
important information regarding the character-
ization of varieties diseases, such as vascular 
angiogenesis  [  4–  6  ] , hypoxia  [  7–  9  ] , apoptosis  [  10, 
  11  ] , cellular signaling and transcriptional activity 
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 [  12–  14  ] . PET/CT and SPECT/CT may assist in 
the determination of optimal therapeutic dosing, 
differential diagnosis between in fl ammation/
infection and recurrence, sensitivity or resistance 
to treatment response, grading of tumors, and the 
prediction of treatment response by selecting 
patients who may or may not respond to therapy. 
On the other hand, CT, MRI, and sonography are 
prognostic tools because they do not provide cel-
lular target information, thus, assessment of the 
effectiveness of cancer therapy is not optimal.  

   Regulatory Requirements for 
Radiopharmaceuticals Production 

 There are two classes of radiopharmaceuticals. 
The  fi rst class is the chelator-based radiopharma-
ceuticals. In this class, included are drug sub-
stance (pro-drug) and drug product (end product). 
Food and Drug Administration (FDA)-certi fi ed 
generator-produced isotopes are readily available 
for drug product. The second class belongs to 
non-FDA certi fi ed isotopes such as short-lived 
PET or SPECT isotopes. The preparation and 
quality control of PET and SPECT cyclotron-
produced radiopharmaceuticals present a chal-
lenge. Radiopharmaceutical chemistry requires 
handling of radioactive exposure, fast reaction 
times, ease of synthesis, and reproducible results. 
Automated synthesis provides a solution to over-
come these obstacles. The FDA guidance docu-
ment entitled “PET Drug Products—Current 
Good Manufacturing Practice (cGMP)” man-
dates requirements regarding safety, identity, 
strength, quality, and purity of radiopharmaceuti-
cals and establishes cGMP requirements in con-
junction with the United States Pharmacopeia 
(USP) general chapter on compounding PET 
radiopharmaceuticals (USP 26–823)  [  15  ] . cGMP 
requirements cover (1) Personnel and resources; 
(2) Quality control systems; (3) Facilities and 
equipment; (4) Control of components, in-pro-
cess materials and  fi nished products; (5) 
Production and process controls; (6) Laboratory 
controls; (7) Acceptance criteria; (8) Labeling 
and packaging controls; (9) Distribution controls; 
(10) Complaint handling; and (11) Recordkeeping. 

cGMP must be implemented to ensure that the 
requirements for safety and quality control of 
PET drugs meet quality standards. The docu-
ments emphasize the importance of validation 
and quality control of the  fi nal drug product. To 
ful fi ll the requirement of cGMP radiopharmaceu-
ticals, automated devices are needed.  

   Regulatory Requirements 
for Automated Devices 

 Regulatory guidelines for the design and opera-
tion of automated radiochemical synthesizers are 
outlined in general chapter 1015 of the USP. 
These devices are regulated as drug manufactur-
ing equipment for the most part, rather than as 
traditional medical devices. Manufacturers of 
automated devices can  fi le a Type II Drug Master 
File (DMF) for radiopharmaceutical synthesis 
with the FDA. The DMF should contain speci fi c 
performance, quali fi cation, and functionality of 
the synthesizer and provide support to the 
Chemistry, Manufacturing and Controls (CMC) 
section of an investigational new drug (IND). 
Users of the automated synthesizers can then ref-
erence the DMF for use in future IND applica-
tions and new drug applications to make and 
distribute PET radiotracers in the United States. 
It should be noted that prior to development of a 
new synthesizer for commercial use, the regula-
tory pathway should be clearly de fi ned to reduce 
cost and time to reach a market.  

   Requirement of Radiotracers Beyond 
FDG in Oncology 

 The metabolic activity of tumor cells, as qualita-
tively measured by FDG PET has been linked to 
both an increase in the amount of glucose mem-
brane transporters and an increase in the activity 
of the principal enzymes controlling the glyco-
lytic pathways. FDG is complementary to CT 
and MRI, and allows detection of unsuspected 
distant metastases. Though FDG PET is concor-
dant with the  fi ndings of CT and MRI in 
 diagnosing various tumors, FDG also has its 
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drawbacks. FDG utilizes two main glucose 
transporters and hexokinase phosphorylated 
processes, but is trapped in cell cytosol for 
tumor imaging  [  16–  18  ] . FDG exhibits poor dif-
ferentiation between in fl ammation/infection and 
tumor recurrence as a result of its high uptake in 
granulocytes and macrophages  [  19  ] . FDG has 
poor contrast in brain tumors because of the 
high uptake of glucose in normal brain tissue 
 [  20  ] . Because of high brain uptake and poor 
speci fi city and poor speci fi city, FDG does not 
provide the selection of patients for therapeutic 
response. Therefore, it is amenable to develop 
an alternative radiotracer for better differential 
diagnosis and responsiveness in cancers.  

   Radiotracers Beyond FDG from 
Existing Automated Devices 

 Radiosynthesis of PET and SPECT must be rapid 
because of the higher risk of radiation exposure 
during radiosynthesis. An automated apparatus 
is needed to assure production ef fi ciency and 
minimize the radiation exposure by PET and 
SPECT isotopes.  18 F- fl uorodeoxyglucose ( 18 F-
FDG) has been widely used in various PET cen-
ters. In cancer patients,  18 F-FDG uptake in tumors 
is increased as a result of the faster glycolysis of 
tumor cells. At present, there are commercially 
available boxes built by General Electric (GE), 
Siemens, Sumitomo, Bioscan, EBCO, and other 
private developers. They are suitable for the 
production of  18 F-FDG,  fl uorine-18-L-dihydroxy-
phenylalanine ( 18 F-DOPA), [ 18 F] fl uorothymidine, 
[ 18 F] a -methyltyrosine, [ 11 C]choline, [ 13 N]NH 

3
 , 

and [ 15 O]H 
2
 O, but not for the preparation of other 

compounds or for research purposes. Each box is 
aimed at its high and reliable output, ease of use, 
and compliance with pharmaceutical practices. 
For instance, the GE TRACERlabM 

x
  produces 

FDG ready for quality control with high yield 
and high purity. The easy-to-use, disposable 
sterilized cassettes allow for multiple, back-to-
back production runs, with easy setup and high 
FDG yield in a disposable,  fl uid pathway design 
are the focus. Synthesis time of FDG is 25 min 
with production yield (not corrected for decay) 

60%. Radiochemical yield (corrected for decay) 
is typically 70%. Another TRACERlabF 

x
 DOPA 

by GE is fully automated for  18 F-DOPA produc-
tion from [ 18 F] F 

2.
  Puri fi cation of  18 F-DOPA is 

achieved by an  integrated preparative high-per-
formance liquid chromatography (HPLC) sys-
tem. TRACER labF 

x
 DOPA box is aimed for easy 

to operate and compatible with the GE PET trace 
F 

2
  target system, making the training of staff in 

doing this usually dif fi cult synthesis fast and 
economical. Synthesis time of  18 F-DOPA is 
40 min with production yield (not corrected for 
decay) 20%. Radiochemical yield (corrected for 
decay) is typically 25%. GE TRACERlabF 

x
 F-N 

is an automated versatile synthesizer for easy 
and ef fi cient production of [ 18 F] tracers via 
nucleophilic substitution with [ 18 F] fl uoride 
trapped from [ 18 O] water. Puri fi cation is achieved 
by an integrated, preparative HPLC system. 
Through application software, all process steps 
are easily programmed to produce the required 
tracers such as [ 18 F] fl uoro-6-thia-heptadecanoic 
acid for anaerobic metabolism and cardiac isch-
emia, [ 18 F] fl uoromisonidazole for tissue 
hypoxia, [ 18 F]methylbenperidol for dopaminer-
gic D2-receptors, [ 18 F] fl uoroestradiol for estro-
gen receptors, [ 18 F]altanserine for serotonergic 
S2 receptor, and [ 18 F]FLT ( fl uoro-L-thymidine) 
for cell proliferation. 

 GE TRACERlabF 
x
 F-E is an automated, versa-

tile synthesizer for easy and ef fi cient production 
of general  18 F tracers via electrophilic substitution 
with [ 18 F] fl uorine in the form of F 

2
 . Puri fi cation is 

achieved by an integrated, preparative HPLC sys-
tem. Through application software, all process 
steps are easily programmed to ef fi ciently pro-
duce the required tracers. Examples of [ 18 F] trac-
ers are [ 18 F]-DOPA for dopamine synthesis, 
[ 18 F] fl uoro-L-m-tyrosine for dopamine conver-
sion, [ 18 F] fl uoro- l -tyrosine for protein synthesis 
and amino acid transport, [ 18 F] fl uorouracil for 
RNA assessment. TRACERlabF 

x
 C is an auto-

mated versatile synthesizer for easy and ef fi cient 
production of  11 C-labeled tracers, mainly through 
methylation reactions with [ 11 C]methyliodide. 
Puri fi cation is achieved by an integrated prepara-
tive HPLC system. Through the application soft-
ware, all process steps are easily programmed to 
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produce the required tracers. In 2007, GE launched 
a second-generation module called FASTlab™. 
FASTlab™ is an automated PET radiochemistry 
synthesis platform features a single-use cassette 
system that accommodates different chemistries 
to facilitate the production of multiple  fl uoride-
based PET tracers such as FLT—ensuring the 
capacity to always keep ahead of future molecular 
imaging applications. According to the GE Web 
site, this module has 70% typical uncorrected 
yield for FDG synthesis (81% corrected yield), 
independent of starting activity (for FDG, up to 
15 Ci starting activity) about 15% additional FDG 
doses than the TRACERlabM 

x
 . An integrated cas-

sette preloaded with reagents that simply snaps 
into place is provided. This module features a 
short synthesis time (< 23 min for FDG) and short 
and simple set up (< 1 min). 

 Bioscan (Washington, D.C.) offers the 
AutoLoop  11 C-Methylation System, which uses 
the “Loop” technique. This requires no heating or 
cooling to improve system reliability. Sumitomo 
installed the  fi rst in-house cyclotron for PET 
diagnosis in 1979. Since then, Sumitomo has 
developed cyclotron technologies for PET, and a 
large number of studies have accumulated, some 
of which are listed in the reference list. Sumitomo 
has the majority of the market in Japan. The 
remarkable technology, for which Sumitomo is 
highly reputed, is not limited to cyclotrons, but 
also to radiochemistry production systems such 
as FDG synthesis modules. Featuring disposable 
kits that  fi t easily onto the unit’s front panel, the 
Coincidence unit reduces preparation time and 
cleaning requirements to a minimum. The kit and 
reagent set contain everything for one production 
run, and low residual activity allows the user to 
replace the kit and begin a new synthesis imme-
diately. Operator intervention is minimized, as a 
self-diagnostic routine is performed automati-
cally and all cartridges are conditioned during the 
synthesis. The synthesis unit is controlled by a 
dedicated industrial programmable logic control-
ler interfaced with a graphic menu-driven pro-
gram on a personal computer (PC). All relevant 
parameters are displayed and recorded. The oper-
ator is informed when the FDG synthesis is com-
plete, and the  fi nal product can be delivered to a 

remote location. The Coincidence synthesizer 
allows the recovery of [ 15 O] water, the most 
expensive raw material in the process, and has 
built-in radiation detectors. The FDG Module by 
EBCO design is less complicated, more reliable, 
easier to operate, and less expensive than other 
FDG modules available in the market place. The 
module has a 95% reliability and > 90% repro-
ducibility rate from run to run.  

   Automated Radiotracer Production 
Apparatus 

 The Automated Radiotracer Production Apparatus 
(STAR) system (shown in Fig.  5.1 ) consists of an 
apparatus and a computer unit. The apparatus has 
two parts. The  fi rst part is designed to adapt to a 
cyclotron, either to produce Na 18 F or depressur-
ize during  18 F transfer. The second part uses 32 
valves as well as other  fi ttings and is housed in 
the lead-shielded hot cell. Two  18 C silica Sep-Pak 
columns and one alumina Sep-Pak column are 
 fi rst washed with 10 mL of 95% ethanol and then 
with 20 mL of water. The  18 C silica column 
between the vessels (tube 1 to tube 2) is left wet. 
The remaining two columns are forced with air 
until dry, and hen 10 mg of ion exchange resin 
AG1-X8 in the  – OH form is added to the column 
connected to the  18 F target system. In addition to 
the main unit, a vacuum pump is used to generate 
suf fi cient vacuum for waste collection and vent-
ing; a +24 V DC power supply is used to supply 
electric current to drive the valves. The same 
power supply is used to drive the carousel motor. 
A PC (Pentium) hosting two 24-channel parallel 
I/O cards is used to operate the relays via soft-
ware. The software is a simple Microsoft 
Windows graphic user-interface that allows the 
operator to turn individual solenoid valves on and 
off by clicking graphic buttons.  

 The electrical system is located above the  fl uid 
system to prevent a potential electrical hazard 
resulting from  fl uid leakage. Three modules on 
each side, each corresponding to a product stage, 
are mounted on cards that can easily slide in and 
out of the chassis for servicing and replacement. 
A printed circuit board backplane used to connect 
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the solenoid valves on each module to the relay 
circuits reduces the amount of point-to-point wir-
ing, and therefore reduces the overall bulk. The 
motorized test tube carousel is used to eliminate 
the need to manually insert individual test tubes 
into the heater for heating. An infrared spot heater 
is used for rapid, focused heating via a side open-
ing. The front cover is used to expose the appara-
tus for visibility, and the use of high-density valve 
packaging permits the unit to be portable. The 
drug product can connect to a dispenser for  fi nal 
drug product formulation. Using this module, syn-
thesis of 3-[ 18 F]Fluoropropyl-hydroxytrptophan 
([ 18 F]FHTP) using  18 F/krypto fi x preparation (rou-
tine procedure) for molecular imaging of neuroen-
docrine disease was achieved. The  fi nal products 
were sterile with radiochemical yield 38% (decay 
corrected) and purities > 95%  [  21  ] . 

 In summary, speci fi c cGMP-compliant pro-
duction standards and controls are necessary to 
ensure the safety and quality of PET drugs. 
Furthermore, scaling up manual synthesis for 
clinical imaging is challenging for multiple 
 reasons: (1) Each batch of radiopharmaceutical 
usually leads to only a single administration; 
(2) Batch-to-batch reproducibility is required 
to demonstrate suitable radiochemical yield, 

radiochemical purity, and other quality control 
analysis; (3) Synthesis time must be fast when 
dealing with radionuclides with a short half-life; 
and (4) Synthesis must be arranged to maintain 
radiation exposures to ALARA (as low as rea-
sonably achievable). As a result of these chal-
lenges, automated systems have been utilized as 
an avenue for broader development and clinical 
use of functional PET tracers. Automated sys-
tems can be placed in shielded hot cells and oper-
ated remotely to signi fi cantly reduce personnel 
exposure during synthesis. Furthermore, an auto-
mated synthesizer is often more reproducible and 
ef fi cient than manual methods, reducing produc-
tion time and variability between batches. With 
its reproducibility and cGMP it is assured that it 
should be able to speed radiopharmaceutical 
approval from bench to clinic.      
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 Positron emission tomography (PET) has been 
used for almost 37 years to quantify normal 
physiology and metabolism, to characterize 
disease, and to evaluate the changes resulting 
from disease processes. The data that have been 
developed from these research applications 
have led to the clinical applications. Clinical 
PET is one of the many uses of PET, including 
clinical care, and it is reimbursed by insurance 
companies. Clinical PET became a reality only 
after widespread reimbursement became avail-
able for the procedure. Rapid growth in the uti-
lization of PET is directly related to changes in 
radiopharmaceutical regulation and reimburse-
ment. In the Food and Drug Administration 
(FDA) Modernization and Accountability Act 
passed by Congress in 1997, it was stated that 
PET radiopharmaceuticals have the equivalence 
of FDA approval until a new process for 

 regulating PET radiopharmaceuticals is devel-
oped. In 1998, the Health Care Financing 
Administration (HCFA) began covering 
 fl uorodeoxyglucose (FDG) PET for the evalua-
tion of solitary pulmonary nodules, initial stag-
ing of lung cancer, detection of recurrent 
colorectal cancer with rising carcinoembryonic 
antigens, staging of lymphoma, and detection 
of recurrent malignant melanoma. The HCFA-
approved indications were paid using G codes, 
and hospital outpatients have been reimbursed 
using the Ambulatory Payment Classi fi cation 
(APC). The PET imaging devices, both dedi-
cated and hybrid systems, have also been cov-
ered  [  1  ] . The growing recognition of the cost 
effectiveness of FDG PET in cancer manage-
ment has made oncology the focus for most 
clinical PET studies  [  2  ] . 

 The coverage or payment for the treatment    of 
breast cancer and Alzheimer’s disease as well as 
myocardial viability has been recently approved. 
The revenue generated by PET is now a substan-
tial portion of the total nuclear medicine depart-
ment income. With the expanded coverage by 
Medicare of PET in oncology and cardiology, the 
trend of clinical PET applications seems to be 
toward continued growth  [  3  ] . However, the sur-
vival of PET centers may be affected by the 
potential decrement in reimbursement and by 
competition for patients from nearby PET cen-
ters. The short age of human resources may be 
another challenge in the future, and the reim-
bursement for tracers other than  18 F and  82 Rb may 
be necessary for further growth in clinical PET. 
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   PET Facility 

 To ensure a  fi nancially successful PET center, 
whether hospital based or in a private practice, 
several steps should be followed in the initial 
planning and developing of the facility. A mis-
sion statement should be created to de fi ne the 
type of facility and its goals, which can be clini-
cally based or research oriented, or a combina-
tion of both. The decision-making process for 
purchasing a PET scanner is very complicated, 
entailing choice of equipment, potential clinical 
use in the service area, physician knowledge, and 
FDG availability. The equipment options are 
dedicated PET scanners with or without a cyclo-
tron, a coincidence camera-based PET, and a 
mobile PET service. There are multiple camera 
options with varied capabilities and differences 
in purchasing and operating costs. The least 
costly venture with the lowest  fi nancial risk is 
either a mobile PET service or a dual-head coin-
cidence camera for both FDG and general nuclear 
imaging. The most costly and  fi nancially risky 
venture is a dedicated PET scanner with a cyclo-
tron, which costs as much as $5 million. The 
operating cost of the cyclotron increases the oper-
ating cost of the facility by as much as one half 
million dollars per year. The physical location of 
the facility should meet federal, state, and city 
requirements. 

 The purchase of the equipment should include 
having the vendor as a continuous resource 
because the vendor’s support is critical for a new 
technology. The following programs also should 
be included: initial and ongoing technician train-
ing, preceptorship and over-read programs for 
physicians, assistance of reimbursement, and a 
marketing program (speakers, materials, and a 
resource library). Minimum space planning 
should include estimations for the cyclotron room 
(500 sq. ft.), the heat exchanger room (150 sq. 
ft.), the hot/cold pharmacy laboratory (800 sq. 
ft.), the clinical laboratory (450 sq. ft.), the imag-
ing suite (400 sq. ft.), the equipment control areas 
(100 sq. ft.), the patient preparation rooms 
(125 sq. ft.), and specialized support areas  [  4  ] . 
The cyclotron room must be capable of support-

ing at least 120,000 lbs for cyclotron and ancil-
lary shielding. Adequate bench space, atmospheric 
exhaust hoods to hold up to 1,500 lbs, and lami-
nar exhaust hoods should be included in the 
design of the pharmacy facility. Hot cells are 
priced at approximately $70,000 each, and remote 
manipulators are usually priced at $25,000 per 
arm. The cost of computer-assisted robotic sys-
tems for radiochemical synthesis is approxi-
mately $100,000, and the cost of automated 
synthesis modules for  18 F products are approxi-
mately $55,000 each. Speci fi c equipment includes 
high-pressure liquid chromatography ($75,000), 
gas chromatography ($25,000), radionuclide 
dose calibrators,  fl ammable safety storage cabi-
nets, incubation ovens, and glassware. In the 
clinical laboratory, a glucose analyzer, a blood 
gas analyzer, microfuges, and a sampling device 
are needed for assaying blood samples. Patient 
preparation rooms should be con fi gured conve-
niently with the imaging suite, and should be of 
adequate size with a nurse call system as well as 
a sound- and light-controlled environment.  

   Feasibility Study 

 To prepare a feasibility study of the PET opera-
tion, information should be gathered about the 
number of prospective referring physicians, the 
physicians’ clinical awareness of PET, the reim-
bursement by third party carriers, the competition 
in the service area, and the commercial availabil-
ity of FDG. The list of physicians to be inter-
viewed include medical, surgical, and radiation 
oncologists; neurologists and neurosurgeons; and 
cardiologists and radiologists. Patient demo-
graphics are important if non-reimbursed proce-
dures will constitute a signi fi cant portion of the 
work. Before interviewing the physicians, a 
matrix should be prepared that lists the local and 
national insurance carriers and their PET policy 
by covered clinical indications. After the inter-
views are completed, the potential number of 
requested scans can be estimated, and the poten-
tial  fi nancial success of the project may be com-
puted. Total revenue (number of scans × $2,000 
per scan) minus bad debt (25% of revenue) yields 
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the net revenue. Expenses include costs of equip-
ment leasing, facility (utilities and insurance, 
maintenance, radiopharmaceuticals, and sup-
plies), and staf fi ng (technicians, a secretary, and 
their bene fi ts). There are three options for pur-
chasing equipment: direct purchase, direct 
 fi nanced lease/bank debt, and operating lease. 
Most manufacturers have capital  fi nance compa-
nies that can assist in the  fi nancing of the equip-
ment. To review the ability to collect fees for the 
studies completed, a review must be undertaken 
of existing practices by the payers (Medicare and 
private insurers), to gather information related to 
covered indications, preauthorization, 
precerti fi cation, and payment for services.  

   Financial Decision and Marketing 

 The most common business structure is for the 
hospital or private practice to purchase the equip-
ment. In a fee-for-service contract, the hospital 
enters into an agreement with a company, usually 
a mobile provider. The hospital is responsible for 
the purchase of the radiopharmaceuticals and 
related supplies. The joint venture structure has 
been very effective in the PET market for both 
scanners and cyclotrons. The FDG vendors 
develop a distribution network to provide other 
sites with FDG by either ground or air transport. 
The price of FDG is approximately $800 per 
10 mCi and is often negotiable. Projected  fi nancial 
stability both on a cash and accrual basis should 
be maintained. There should be enough funds to 
carry the PET center during the start-up phase 
and during dif fi cult periods for collecting 
accounts receivable. The marketing plan is as 
critical as the  fi nancial analysis. Education is the 
key to developing a successful marketing pro-
gram. A series of grand rounds or lectures for a 
broad overview of PET and its clinical uses 
should be set up. A general brochure and scienti fi c 
articles on PET as well as information for the 
patients also should be sent to the physicians. 

 Computed tomography (CT) and PET are 
clinically useful in the staging of non–small-cell 
lung cancer because it reduces unnecessary sur-
geries  [  5  ] . It also has been shown to be economi-

cal, with a savings of $1,154 per patient  [  5  ] . 
It saves signi fi cantly more by not pursuing biopsy 
in patients with positive CT and PET results. 
Signi fi cant additional savings would result if PET 
was used to rule out surgical candidates based on 
the detection of distant metastases. Compared 
with optimized Ga-67 single photon emission 
computed tomography, FDG PET achieves a 
higher detection rate and more accurate staging 
in patients with high-risk melanoma and can also 
detect synchronous or metachronous primary 
malignancies more sensitively  [  6  ] . This incre-
mental information can alter management in 
approximately 10% of patients at only margin-
ally higher cost, providing a cost-effective alter-
native. The entire community, including the 
general population, insurance providers, and the 
administration of the hospital, in addition to phy-
sicians, needs to be educated on all aspects of 
PET. The newest and fastest growing source for 
consumers is the Internet. A public relations 
company places articles about PET, such as fea-
tures and patient stories, in newspapers, maga-
zines, and on television and radio.  

   Cost Analysis and Effectiveness of PET 
and PET/CT 

 PET centers may be set up and operated in many 
different ways. Various con fi gurations of equip-
ment, staf fi ng, and supplies may be combined to 
develop a fully functioning PET program. 

 The cost of developing a comprehensive PET 
center ranges from $5 million to $7 million as an 
investment for the equipment and facilities, with 
projected operating expenses ranging from $2 
million to $2.5 million per year  [  7  ] . The cyclo-
tron could serve the needs of multiple PET scan-
ners in a region, and dual-use coincidence or 
hybrid scanners to image positron-emitting radio-
pharmaceuticals and traditional nuclear com-
pounds cost less than dedicated PET scanners. 
Sharing operating resources between PET and 
other services in the hospital, developing below-
market leasing rates, and securing endowment 
funds to cover part of the operating costs are 
some of many ways to reduce costs. Developing 
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the clinical demand for more than one scanner is 
another way to expand revenues. The impact of 
the concept of radiopharmaceutical distribution 
is best depicted by the difference in radiopharma-
ceutical cost per patient. 

 Medicare coverage has been expanded to 
broadly include the use of PET in almost all 
cancer types. Cost analyses are important tools 
used by business leaders and administrators, and 
cost studies provide data that are useful in pric-
ing services and benchmarking operations. 
Given that reimbursement levels in the public 
sector are  fi xed, it is critical to understand the 
net margin per study at a level of demand. 
Business risk is generally thought to be a func-
tion of several factors, including operating 
leverage ( fi xed or variable costs), revenue 
diversi fi cation, competition, and market poten-
tial. These risks are quanti fi ed somewhat by the 
analysis of diagnostic sensitivity. 

 The cost effectiveness of the diagnostic strat-
egy must take into account not only the monetary 
costs of the diagnostic tests, but also the down-
stream effects that the test has on both the cost of 
medical management and the patient’s clinical 
outcome with or without the test. Clinical utility 
or effectiveness is de fi ned in terms of patient life 
expectancy, and the cost is de fi ned in terms of dol-
lars of medical expenditure. Optimization of cost 
effectiveness as de fi ned by these terms is chosen 
to ensure an algorithm in which the costs are 

 minimized without any decrease in patient life 
expectancy. The potential cost effectiveness of 
using FDG PET in the management of non−small-
cell lung cancer through rigorous decision tree 
analysis has been reported  [  5  ] . It has been shown 
that a CT + PET strategy is more economical and 
has a marginal increase in patient life expectancy 
as compared with the conventional strategy of 
staging patients with CT alone. PET/CT usually 
enhances the diagnostic speci fi city rather than 
sensitivity compared with PET alone.      
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 The role of positron emission tomography (PET) 
in clinical practice is increasing. Clinical deci-
sions based on PET studies are changing patient 
management by adding functional information to 
that obtained from conventional morphologic 
modalities. Focal areas of abnormally increased 
 fl uorodeoxyglucose (FDG) uptake are considered 
suspicious for malignant disease, as metabolic 
changes often precede the anatomic changes 
associated with disease. Disease management 
depends on the tumor type, extent and aggres-
siveness of the lesion, and on local and distant 
metastases. Whole-body FDG PET is becoming a 
standard procedure for the imaging of cancer, and 
FDG PET can play a signi fi cant role in establish-
ing therapeutic response. 

 There is dif fi culty in interpreting FDG PET 
scans, particularly of the neck and abdomen, 
because of the absence of identi fi able anatomic 

structures. The low contrast and resolution in the 
PET scan is insuf fi cient for precise anatomic 
structures and anatomic localization of abnormal 
uptake. A combined PET/CT scanner success-
fully acquires co-registered anatomic and func-
tional images in a single scanning session. 
Technical factors must be considered when eval-
uating organ function because they may intro-
duce artifacts and  fi ndings that are, in reality, 
normal variants. These include the time between 
injection and scanning, the dose administered, 
 fi ltering and processing steps, test-retest variabil-
ity, and the type of scanner. Patient preparation, 
with good instructions and a questionnaire, is 
vitally important for proper    PET scanning. 

   Radiopharmaceutical, Dosimetry, 
and Instrument 

 2-F-18- fl uoro-2-deoxy- d -glucose ( 18 F-FDG), 
5–20 mCi, is administered intravenously (IV) 
through an intracatheter (23–25 gauge) or 
butter fl y needle and  fl ushed with 10–20 cc of nor-
mal saline. The IV system should then be removed 
and a residual activity    should be checked. If 
whole-body imaging will be performed in addi-
tion to the brain study, then 15–20 mCi of  18 F-FDG 
should be given. If three-dimensional (3D) imag-
ing is necessary, a lower dose of  18 F-FDG should 
be given so that the ratio between true and ran-
dom activity remains in an ideal range. 

 The bladder wall is the critical organ and 
receives 3.15 rad per 5 mCi  18 F-FDG. Radiation 
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dose estimates for the bladder, heart, and brain 
are 1.10, 2.20, and 1.20 rad per 5 mCi  18 F-FDG, 
respectively. 

 The Siemens Medical System CTI ECAT 
HR+ dedicated full-ring PET scanner and the GE 
Medical Systems Discovery LS PET/CT system 
are commonly utilized equipment.  

   General Procedure 

     1.    Patient checks in at the reception area.  
    2.    Nurse con fi rms the chart and required 

paperwork.  
    3.    Nurse reviews and answers any of the 

patient’s questions regarding the procedure, 
and ensures that all of the required pre-
paration before the examination has been 
performed.  

    4.    Patient can change into a hospital gown or 
simply remove all metal objects, prostheses, 
etc.  

    5.    Nurse should alert the technologist or physi-
cian if there is reason to believe that the 
patient cannot tolerate the procedure.  

    6.    Patient’s height and weight should be 
measured.  

    7.    Patient’s blood sugar levels should be mea-
sured and recorded with a glucometer. If the 
patient’s blood sugar level exceeds 200 mg/
dL, the nurse should notify the technologist 
or physician.  

    8.    Patients should answer questionnaire, and 
female patients should sign the consent form.  

    9.    Nurses should then begin a 20- to 23-gauge 
intracatheter or butter fl y.  

    10.    The prepared dose of radiopharmaceutical 
should be checked out from the 
radiopharmacy.  

    11.    The dose of 5–20 mCi of  18 F-FDG and  fl ush 
with 10–20 cc of normal saline should be 
given to the patient. The syringe should be 
checked to determine the residual, which 
should be documented.  

    12.    Patient waits comfortably in the holding area 
for 30–45 min postinjection.  

    13.    The patient should be positioned in the scan-
ner supine with the head toward the gantry. 

The head should be secured to limit patient 
movement.  

    14.    Set up the protocol (energy window centered 
at 511 keV) with lower level discriminator    of 
350 and upper level discriminator    of 650, 
and assure that the correct time of injection, 
dose administered, and patient height and 
weight are entered for the procedure.  

    15.    Perform scanning of the patient, taking care 
to ensure correct positioning.  

    16.    If no transmission scan is needed because 
emission and normative    data will be used to 
calculate attenuation, the study may be stopped 
after completion of the emission scan.  

    17.    Upon completion of scanning, the patient 
may change back into their clothes and wait 
for the images to be reviewed before leaving. 
The gown or scrubs used should be placed in 
the linen bag to ensure there is no radiation 
contamination from urine.      

   Protocol for Whole-Body PET Using 
 18 F-FDG 

   Procedure 

     1.    Set up the protocol. Ensure that the patient’s 
height is represented in the database of the 
patient   . Also, ensure that the correct time of 
injection, dose administered minus residual, and 
patient weight are entered for the procedure.

   Use 2D, seven planes of overlap, or 3D, 15 • 
planes of overlap whole-body imaging.  
  Check the number of bed positions based • 
on the height of the patient.     

    2.    Position the patient from the orbits to 2 cm 
below the pubic symphysis. The  fi rst bed posi-
tion should be over the pelvis to avoid artifacts 
in the retrovesical region from later accumula-
tion of radioactive urine in the bladder.  

    3.    Data acquisition of PET/CT. A combined 
PET/CT system (Discovery LS, GE Medical 
Systems, Waukesha, WI) is able to obtain CT 
images and PET data of the same patient in 
one session (Fig.  7.1 ). A GE Advance Nxi 
PET scanner and a multidetector-row helical 
CT (LightSpeed Plus) are integrated into this 
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dedicated system. The table excursion per-
mits scanning of six continuous PET sections 
covering 867 mm, which gives adequate cov-
erage from head to pelvic  fl oor in all patients. 
The PET and CT datasets are acquired on two 
independent computer consoles that are con-
nected by an interface to transfer CT data to 
the PET scanner. For viewing of the images, 
the PET and CT datasets are transferred to an 
independent, personal computer-based work-
station by DICOM transfer. All viewing of 
 co-registered images is performed with dedi-
cated software (eNTEGRA, ELGEMS, Haifa, 
Israel). While PET images are acquired dur-
ing free breathing and each image is acquired 
over multiple respiratory cycles, CT scans are 
acquired during shallow breathing.  

 The patients are fasted for at least 4 h prior to the 
intravenous administration of 10 mCi (370 MBq) 

of FDG. Forty- fi ve minutes postinjection, the 
combined examination begins. CT data are 
acquired  fi rst. The patient is positioned on the 
table in a head- fi rst, supine position. The arms of 
the patient are placed in an elevated position 
above the head to reduce beam-hardening arti-
facts. However, in patients unable to maintain 
this position, arms are positioned in front of the 
abdomen. For the CT data acquisition, the fol-
lowing parameters are used: tube rotation time 
0.5 s/evolution; 140 kV; 80 mA; 22.5 mm/rota-
tion; slice pitch 6 (high-speed mode); recon-
structed slice thickness 5 mm; scan length 
867 mm; acquisition time 22.5 s per CT scan. No 
intravenous or oral contrast agents are used. 

 After the CT data acquisition is completed, the 
tabletop is automatically advanced into the PET 
gantry, and acquisition of PET emission data 
is started at the level of the pelvic  fl oor. Six 

  Fig. 7.1    Selected coronal PET/CT image ( top ) of the 
axial body with  18 F FDG shows a large focal area of mark-
edly increased activity in the upper mediastinum ( arrow ) 
extending into left supraclavicular lymphatic chain. 
Selected axial PET image of the upper chest ( left lower ) 
shows a large focal area of markedly increased activity in 

the anterior mediastinum ( arrow ) as well as preaortic and 
right paraesophageal lymphatic chains. Axial noncontrast 
CT image ( right lower ) of upper chest at the same level 
shows ill-de fi ned masses corresponding to increased 
activities. Diagnosis was Hodgkins’ disease       
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 incremental table positions are obtained with 
 minimal overlap, thereby covering 867 mm of 
table travel. For each position, 35 2D non-
attenuations−corrected scans are obtained simulta-
neously over a 5-min period. No transmission scans 
are obtained because CT data are used for transmis-
sion correction. Transaxial, attenuation-corrected 
slices are reconstructed using iterative reconstruc-
tion. Image reconstruction matrix is 128 × 128 with 
a transaxial  fi eld of view (FOV) of 49.7 × 49.7 cm.  
    4.    Image analysis of PET/CT: Clinical preimag-

ing data are available for reviewers. This 
information includes location of primary 
tumor, suspicion of local recurrence, and/or 
metastases. Image interpretation is performed 
without any objective measurements regard-
ing FDG uptake. However, the images are 
consistently windowed so that brain FDG 
activity is in the over range and the lower 
window level is close to zero. On a grading 
scale from 0 to 4, activity comparable with 
brain was 4; between brain and liver, 3; liver, 
2; and below liver, 1. Lesions are called posi-
tive only if they had FDG uptake of at least 
level 3 in PET, while in PET/CT small lesions 
noted on CT such as multiple intrapulmonary 
lesions are called positive even in the face of 
negative PET. 

 For lesion-based image analysis, the following 
three categories are evaluated if applicable: recur-
rence of primary, metastases, and second primary 
tumor. Because localization of the lesion is cru-
cial for staging, all lesions are assigned to an ana-
tomic region. Therefore, the full evaluation of a 
dataset includes status as well as location of 
recurrence, number and location of regional and 
distant metastases, and possible number and loca-
tion of second primary tumors.       

   Protocol for PET Using  15 O Water or 
Gases and  11 C Methionine 

     1.      15 O water is used to measure blood  fl ow. PET 
data can be acquired in 3D mode with a model-
based correction applying to account for 35% 
of 3D scatter fraction. Images are recon-

structed with a Harming  fi lter (cutoff Nyquist). 
For each  15 O water study, 15–20 mCi are 
injected in 5 mL saline as a rapid bolus using 
an automated injector with simultaneous sam-
pling of arterial blood and 4-min gynamic 
PET scan (23 frames; 10 × 3 s, 3 × 10 s, 4 × 15 s, 
and 6 × 20 s). The arterial blood data (input 
function) are collected over 4 min. Blood is 
drawn at a 6-mL/min rate and radioactive 
events are detected. Eight sequential PET 
scans are obtained at 20-min intervals. The 
data are analyzed using the tissue compart-
ment model.  

    2.     15 O gases are used to measure blood  fl ow and 
volume as well as oxygen extraction and 
metabolism.  15 O gases, O 

2
 , CO 

2
 , and CO, are 

administered sequentially in one session to 
provide three separate datasets. 
 The  15 O O 

2
  and  15 O CO 

2
  gases are delivered 

continuously at  fl ows of 10 mCi/min at 80 mL/
min, and 5 mCi/min at 60 mL/min, respectively 
during the study period. Labeled gases are mixed 
with 200 mL/min of medical air, and are supplied 
to the patient through a plastic face mask. Once 
inhalation of the labeled gas is initiated, equilib-
rium will be established over a 12-min period, 
followed by scans with 1.5–2.5 million for each 
 15 O O 

2
  image and 2–4 million  15 O for each CO 

2
  

image.  15 O CO is administered at 80 mCi at 
100 mL/min for 4 min. The  15 O CO supply is then 
discontinued, and following a 1-min equilibrium 
period, images can be obtained with 300,000–
500,000 true coincidences. Blood samples are 
obtained from an arterial line for the measure-
ment of blood gases throughout the studies. 

 The oxygen analysis program generates maps 
for the functional parameters for each anatomic 
plane as a composite dataset. The oxygen extrac-
tion fraction and metabolic rate are corrected for 
blood volume.  
    3.     11 C-Methionine PET.  11 C-methionine is 

another tracer for PET that can be used to 
assess metabolic demand for amino acids in 
cancer cells. Methionine PET has been useful 
in the differential diagnosis of benign and 
malignant lesions in the brain and lungs. 
Patients fast for at least 6 h before the PET 
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scan. A transmission scan is acquired for 
20 min using a rotating  68 Ge source, and the 
total counts per slice are more than seven 
million. Emission scans are obtained over a 
15-min scanning period, 20–30 min after 
intravenous injection of 10 mCi  11 C-methionine, 
with more than three million counts per slice. 
Image reconstruction in a 128 × 128 matrix 
using measured attenuation correction is per-
formed using a Shepp and Logan  fi lter.      

   Common Questions Asked by Patients 
and Answers  

   What Is PET? 

 PET is a technology that combines the  fi elds of 
medicine, computer science, chemistry, physics, 
and physiology to study the function of organs 
such as the heart, brain, and bone. It is different 
from conventional imaging equipment such as 
radiography, CT, sonography, and MRI, in that 
PET images contain information about how tis-
sues function. The other imaging modalities show 
what the tissues look like.  

   What Does a PET Scanner Look Like? 

 The PET scanner is similar in shape to a CT or 
MRI scanner; however, a PET scanner makes no 
noise. The bed on the scanner moves during the 
examination so that each area of the body can be 
imaged.  

   What Can I Expect? 

    You will be asked questions about your illness.  • 
  Your blood glucose (sugar) levels will be • 
checked.  
  A small IV tube will be placed into your arm • 
to administer a very small quantity of a radio-
active material. This allows for the PET 
 scanner to “see” where sugar metabolizes in 
your body.  

  Because the injection you will receive is • 
radioactive and because it is important that 
you are relaxed and quiet after the injection, 
family members are not allowed in the area 
while you are in the PET suite.  
  Depending on the type of PET scan that you • 
are receiving, you may be given a medicine 
called Lasix through the same IV line that the 
radioactive sugar was injected. Lasix is a 
diuretic that will stimulate you to urinate.  
  Again, depending on the type of PET scan, • 
you might need to have a tube, also known as 
a Foley catheter, placed in your bladder. This 
is done so that the scanner can “see” the area 
surrounding your bladder.  
  After the injection, you will need to rest qui-• 
etly until it is time for your scan. Again, the 
amount of quiet time depends on the study, but 
be prepared to wait for between 45 and 
90 min.  
  During the scan, you will lie on your back on • 
a table.  
  The amount of time the scan takes depends • 
on how tall you are and why you are having 
the test.  
  When the examination is over, the data will be • 
processed and the results will be reported to 
your physician the following day.     

   Can I Eat? 

 No. We cannot emphasize this enough. If you eat 
within 6 h of your test, there is an exceptionally 
high chance that your examination will be can-
celed. The reason for this is that the scan relies on 
how your body absorbs sugar, and if you have 
eaten, your body is saturated with sugar and the 
medication we give will not distribute properly. 

 If your PET scan is scheduled in the morning, 
you must only drink water. No caffeine or sugar 
products may be consumed. If your scan is later 
in the afternoon, do not eat for at least 6 h before 
your test. You may take all of your medications. 
If the medication needs to be taken with food, we 
will contact your physician and give you further 
instructions.  
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   How Long Does the Test Take? 

 Overall, you should allow approximately 3 h for 
your test. The preparation for the scan takes about 
45 min. The procedure typically takes a little over 
an hour. However, the physician may want to 
obtain additional images.  

   Is PET Safe? 

 PET is a noninvasive technique that provides 
maximum information to your physicians with 
minimal radiation exposure. The radiotracers 
remain in the body for only short periods of time 
and have no known side effects.   

   Questionnaire for Patients 

 Table  7.1  is an example of a questionnaire given 
to patients.   

   Worksheet for PET 

 Table  7.2  is an example of a worksheet for staff.   

   Checklist for Female Patients 

 Table  7.3  is an example of a checklist for female 
patients.   

   Radiation Safety 

 Gamma quanta and radiographs are ionizing 
radiations that produce various biological effects 
in tissues. The energy doses delivered to patients 
in PET/CT are far below the 0.5 Gy threshold 
dose. Radiation exposure in CT may occur to 
organs located directly in the path of the X-ray 
beam or may result from the scattering of radia-
tion inside or outside the body. The energy dose 
in CT depends on the current−time product 
(mAs), the kilovoltage (kv), and scanner-speci fi c 
features. The dose is also indirectly affected 

by parameters such as slice thickness, object 
thickness, pitch factor, scan time, rotational 
speed, and FOV. The effective dose is the sum of 
the energy doses accumulated in an organ exposed 
to x-rays and gamma rays multiplied by tissue-
weighting factors speci fi c to that organ. 

 The properties of both gamma rays and x-rays 
must be accounted for in the radiation protection 
of technical staffs involved in PET/CT examina-
tions. The half-value layer for lead shielding (the 
thickness of lead needed to reduce radiation 
intensity by one half) is 0.1 mm for x-rays (150 
kv) and 4.5 mm for gamma rays (511 kev). The 
lead aprons used for the protection of diagnostic 
x-rays are of no practical value because of the 
penetrating power of gamma rays.  

   Interpretation of PET/CT 

 PET/CT is a combination of two highly special-
ized examinations, and thus each procedure must 
be evaluated individually to interpret all the 
 fi ndings correctly. PET, with its sensitive 
detection of metabolically active foci, can draw 
attention to even very subtle morphologic 
changes. However, this must not lead to a failure 
to evaluate the CT results with diagnostic intent 
based on classic analytical criteria. In general, 
FDG PET is a very sensitive but less speci fi c 
modality. Therefore, an approach to optimal 
interpretation is to maximize speci fi city by cor-
relations with clinical data and morphologic 
imaging. For typical PET scans, three sets of data 
are provided. The nonattenuation and attenua-
tion-corrected images are typically reconstructed 
in axial, sagittal, and coronal planes. Findings on 
all datasets should be closely correlated. Errors 
caused by attenuation correction may lead to an 
apparent decrease in metabolic activity. Lowering 
the arms during the acquisition will usually cause 
artifacts of attenuation correction, especially 
about the shoulder girdle but also in the chest. 
PET has decreased sensitivity but increased 
speci fi city in small lesions while PET has 
increased sensitivity but possibly decreased 
speci fi city in larger lesions. A low level of meta-
bolic activity does not always exclude a tumor. 



957 Technical Principles, Radiation Safety, and Image Interpretation

   Table 7.1    Questionnaire   

 Patient Name __________________________  Patient ID ________________________ 

 Weight _______lb ____________kg  Height ________________________cm 
 Blood sugar level mg/dL: (1)_______ (2) _______ (3) _________ 

 1. Have you been fasting?  Yes  No  Comment:  

 2. Are you hydrated?  Yes  No 
 3. Surgical history ___________________________________________________ 
 4. Where are your incision sites? _________________________________________ 
 5. Have you had any biopsies recently?  Yes  No  If yes, where?  

 6. Have you had chemotherapy?  Yes  No  If yes, when?  

 7. Have you had radiation therapy?  Yes  No  If yes, when?  

 8. Do you have an ostomy site?  Yes  No  If yes, where?  
 9.  Do you have a catheter (CVC or 

porta-cath) placed? 
 Yes  No 

 If yes, where? ____________________ when? ___________________ 
 10.  Do you have any metal objects or 

prostheses on? 
 Yes  No 

 11. Do you have a pacemaker?  Yes  No 

 12. Have you had any of the following: 
 In fl ammation  Yes  No  If yes, when?  

 Recent injury  Yes  No  If yes, when?  

 Infection (sinus, throat, bladder, etc.)  Yes  No  If yes, when?  
 13. Are you positive for any of the following in fl ammatory diseases? 

 Tuberculosis  Yes  No 

 Rheumatoid arthritis  Yes  No 

 Toxoplasmosis  Yes  No 
 14.  Were you instructed not to eat 6 h 

prior to the study? 
 Yes  No 

 15.  Were you instructed to drink 6–8 
glasses of water? 

 Yes  No 

 16.  Are you aware that the study takes 
approximately 3 h to complete? 

 Yes  No 

 17.  Were you told that family members 
are not allowed into the PET suite? 

 Yes  No 

 18. Do you have any questions or issues? 
 If so, what were they? ___________________________________________________ 
 Scheduled _______________________________ Time 
 Scheduled _______________________________ AM/PM 
 Patient information completed by: __________________________________________ 
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   Table 7.2    Worksheet   

 1. General Information 
 Patient Name ______________________________________________________ 
 Medical Record Number (MRN) _________________   Height_______________ 
 Outpatient [ ] Inpatient [ ] (room #_________) DOB________________ 
 Weight _________ 
 Male [ ] Female [ ] (Pregnant? Yes [ ] No [ ]) 
 Translation services required? No [ ] Yes [ ] language:_____________________ 
 Contact numbers: 
 Home_____________________________ Work_______________________ 
 (Local/cell)_____________________________ 
 Requesting physician__________________________________________________ 
 2. Patient instructions 

 a. Is the patient a diabetic? Yes [ ] No [ ] 
 If yes, what was the last reading? ____________ < 200? Yes [ ] No [ ] 
 Note: If the patient’s glucose level is 200 or higher, contact the nuclear medicine special procedures 
physician 

 b. Is the patient able to lie on his/her back for over an hour? Yes [ ] No [ ] 
 Note: If the patient is unable to lie on his/her back for that amount of time, he/she may wish to contact his/
her physician for a dose of pain medication. 

 c. Is the patient claustrophobic? Yes [ ] No [ ] 
 Has the patient ever had a problem having with MRI or CT? Yes [ ] No [ ] 
 Note: If the patient answers yes to either of these questions, refer this case to a 
 PET nurse to evaluate for conscious sedation. 

 d. Has the patient had radiation therapy? Yes [ ] No [ ] 
 (If yes, is the patient currently undergoing treatment, or when was the radiation therapy completed? 
_______________) 

 e. Is the patient receiving chemotherapy? Yes [ ] No [ ] 
 (If yes, include list of medications in the next question.) 

 f. Has the patient had a previous PET/gallium scan? Yes [ ] No [ ] 
 If answer is yes, date:_____________ 
 List medications (name, dosage, and frequency) that the patient is taking. 

 g.  Was the patient instructed not to eat 6 h prior to the 
study? 

 Yes [ ]  No [ ] 

 h.  Was the patient instructed to drink 6–8 glasses of water?  Yes [ ]  No [ ] 
 i.  Is the patient aware the study takes approximately 3 h to 

complete? 
 Yes [ ]  No [ ] 

 j.  Was the patient told that family members are not 
allowed into the PET suite? 

 Yes [ ]  No [ ] 

 k. Did the patient have any questions or issues?  Yes [ ]  No [ ] 
 If so, what were they?
___________________________________________________________________ 
 Scheduled___________________________________________ Time 
 Scheduled___________________________________________ AM/PM 
 Patient information completed by: _______________________________________ 
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Because PET is performed during free breathing 
whereas CT may be acquired during a breath-
hold, inaccurate localization of lesions may 
result. The head and breast may be changed in 
position between CT and PET examinations. 

 A hypermetabolic lesion does not always 
signify malignancy. It is associated with recon-
struction artifacts, metallic implants, barium-
based contrast media, certain benign tumors, 
in fl ammations, and brown fat. For oncologic 

patients, it is important to report standard 
uptake values of index lesions. The impression 
should state clearly any potential limitations of 
PET for the speci fi c disease process, and the 
relevance of PET  fi ndings should be stated 
explicitly. A uniform color scale should be 
used for evaluating maximum intensity projec-
tion and sectional images. Inverted gray and 
yellow-red scales have proved effective in 
practice.       

   Table 7.3    Checklist for female patients   

  1. Have you passed menopause:  Yes  No 
  If your answer is yes, go to question 6. If your answer is no, please answer all of the 

following questions. 
  2. Are you pregnant or do you believe you might be pregnant?  Yes  No 
  3. How many days has it been since the beginning of your last menstrual cycle? _____ 
  4. Are you practicing any form of birth control?  Yes  No 
  5. Are you nursing a baby?  Yes  No 
  6. Are you currently taking any hormones?  Yes  No 
  7. Do you have young children at home?  Yes  No 
  8. Have you had surgery on your breasts?  Yes  No 

 Implants, reconstruction? 
  9. Do you understand the above questions?  Yes  No 
 10.  Do you have any questions about using radioactive substances or about the questions 

above that you would like to discuss with a physician? 
 Yes  No 
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         Introduction 

 The clinical applications and investigations of 
positron emission tomography (PET) have 
recently been increasing. The majority of the 
clinical PET studies and the use of  18 F- fl uoro-2-
deoxyglucose (FDG) are related to oncology, but 
the uptake of this radiopharmaceutical is not 
speci fi c to malignant tissue. There are several 
physiologic uptakes and artifacts which make it 
dif fi cult to evaluate or detect malignant tissue. It 
is important to be aware of normal variants and 

benign diseases that may mimic more serious 
pathology. Uptake of FDG in a number of sites 
may be variable and may normally be seen in the 
skeletal muscle after exercise or under tension, in 
the myocardium, in parts of the gastrointestinal 
tract, especially the stomach and cecum, and in 
the urinary tract. Some causes of increased physi-
ologic uptake are avoidable, and measures can be 
taken to minimize accumulation  [  1  ] . 

 In certain clinical situations, the lack of 
speci fi city of  18 F-FDG uptake has led to the appli-
cations of  l -[methyl-C-11] methionine. Because 
of the short half-life of C-11, use of this radiop-
harmaceutical is limited to those PET scanners 
that are not far from a cyclotron. However, C-11 
methionine has now become one of the most 
commonly used radiopharmaceuticals in clinical 
PET  [  2  ] .  

   PET Imaging with  18 F-FDG 

    A.    Uptake mechanism 
    18 F-FDG is an analog of glucose that is an 

energy substrate of metabolism  [  3  ] . Although 
tumors show increased glycolysis compared 
with normal tissues, the uptake of  18 F-FDG 
is not speci fi c to malignant tissue.  18 F-FDG is 
transported into tumor cells by glucose 
 transporter membrane proteins (Glut-1 to 
Glut-5). In particular, the expression of Glut-1 
is increased in many tumors. After being 
transported into the cell,  18 F-FDG is  converted 
to  18 F-FDG-6-phosphate by  hexokinase. 
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Following that, it does not enter further enzy-
matic metabolic process. Because of its nega-
tive charge, it remains trapped in tissue. 
Glucose-6-phosphatase mediated dephospho-
rylation of the  18 F-FDG-6-phosphate. It 
occurs slowly in myocardium, brain. Many 
tumors have low concentrations of that 
enzyme, and hence the accumulation of 
 18 F-FDG-6-phosphate is proportional to the 
rate of glycolysis. Conversely, tissues such as 
the liver, kidney, intestine, and resting skeletal 
muscle with high glucose-6-phosphatase 
activity may show lower activity. 

 Tumor uptake of  18 F-FDG is poor in acute 
hyperglycemia as a result of competition 
between  18 F-FDG and glucose. To optimize 
the accumulation in tumors, patients are usu-
ally fasted for 4–6 h prior to scanning. 
Hyperglycemia after meals reduce uptake in 
tumor and normal uptake in the liver, spleen, 
etc., and increased uptake in muscle (Fig.  8.1 ). 

Fortunately it appears that chronic hypergly-
cemia, as seen in diabetic patients, only mini-
mally reduces tumor uptake, but that 
insulin-induced hypoglycemia may actually 
impair tumor identi fi cation by reducing tumor 
uptake and increasing background muscle 
activity.  

 It has also been noted that the hypoxia in 
tumors may increase the accumulation of  18 F-
FDG and also probably occurs through the acti-
vation of the anaerobic glycolytic pathway.  

   B.    Normal physiologic distribution of  18 F-FDG 
   In the abdomen, low-grade accumulation of 

FDG is usually seen in the liver and the spleen. 
Small and large bowel activity may be vari-
able, and unlike glucose,  18 F-FDG is excreted 
in the urine, leading to variable appearance in 
the urinary tract. 

 Skeletal muscle at rest usually shows low-
grade uptake of  18 F-FDG but active skeletal 
muscle, after exercise, shows increased accu-
mulation. Low-grade FDG uptake in muscles 
is part of the normal biodistribution pattern 
 [  4  ] . When this uptake is symmetric and cor-
responds to the location of a speci fi c group of 
muscles, it is easily recognized. 

 Myocardial uptake of  18 F-FDG is also 
very variable  [  4,  5  ] . Normal myocardial 
metabolism depends on free fatty acids and 
glucose. Optimal uptake of  18 F-FDG in myo-
cardial metabolic studies can be encouraged 
by the administration of oral glucose to 
increase glucose metabolism with or without 
insulin to enhance the myocardial uptake of 
glucose, and hence  18 F-FDG. A hyperinsu-
linemic euglycemic clamping technique may 
further improve myocardial  18 F-FDG uptake 
but is technically more dif fi cult. This allows 
maximal insulin administration without ren-
dering patients hypoglycemic. An alterna-
tive method to encourage glucose metabolism 
in the myocardium is to reduce circulating 
free fatty acids pharmacologically. Improved 
cardiac uptake after administration of oral 
nicotinic acid derivatives has been reported. 
This will be a simple and safe intervention 
which may also be effective in diabetic 
patients. 

  Fig. 8.1    Coronal  18 F-FDG PET images of patient after 
meal. Note signi fi cantly decreased activities in liver, 
spleen, etc., which have normal FDG uptake. In contrast 
to liver, the muscle activities are increased       
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 The brain typically shows high uptake of 
 18 F-FDG in the cortex, basal ganglia, and thal-
amus but a generalized reduction in cortical 
activity may be seen with sedative and general 
anesthetic drugs which may be required for 
uncooperative patients and children. This may 
limit the sensitivity for the detection of areas 
of hypometabolism. There is a general decline 
in metabolic activity in the frontal and soma-
tosensory areas with normal aging  [  6  ] .  

   C.    Physiologic variants that may mimic 
pathology
   1.    Skeletal muscle 

 At rest, skeletal muscle does not show 
signi fi cant accumulation of  18 F-FDG, but 
after exercise or if contraction takes place 
during the uptake period after  18 F-FDG 
injection, there is an increased uptake in 
active skeletal muscle. 
 This relates to increased aerobic glycolysis 
of active muscle tissue. 

 Increased aerobic glycolysis of active 
skeletal muscle such as paraspinal, poste-
rior cervical, or trapezius muscle may lead 
to increased accumulation of  18 F-FDG after 
exercise or as a result of tension, and is one 
of the most common causes of interpreta-
tive problems. Symmetric FDG uptake in 
the shoulder, neck, and thoracic spine 
region is possibly related to activated brown 
fatty tissue in underweight patients during 
increased sympathetic nerve activity as a 
result of cold stress  [  7  ] . Laryngeal muscle 
activity may be related to speech, and swal-
lowing may cause hyoid and tongue base 
activities. Hyperventilation may create a 
diaphragmatic uptake. Exercise should be 
prohibited on the day of scanning to mini-
mize muscle uptake, and benzodiazepines 
may be used to abolish the characteristic 
paraspinal and posterior cervical muscle 
uptakes often seen in tense patients. Even 
with these precautions, skeletal muscle 
activity may still be seen. Anxiety-related 
increased muscular tension may cause 
symmetric or asymmetric uptake in neck 
and paravertebral muscles. 

 Problems may also result from involun-
tary muscle spasm such as that seen with 
torticollis, which can lead to asymmetric, 
unilateral uptake in the sternocleidomas-
toid muscle, and that may either mimic or 
obscure the pathology in the neck. Accurate 
interpretation of asymmetric muscle activ-
ity in the neck, shoulder, or arm is at times 
dif fi cult  [  8  ] . Trauma and in fl ammation may 
also cause an enhanced skeletal muscle 
activity.  

   2.    Gastrointestinal system 
 A number of regions in the gastrointestinal 
system may show uptake of  18 F-FDG. This 
may be partly because of smooth muscle 
activity, although it has been shown that 
gastrointestinal uptake of  18 F-FDG in rats 
may be reduced either by bowel lavage or 
by use of antimicrobials, suggesting an 
alternative mechanism such as smooth 
muscle peristalsis  [  9  ] . In humans,  18 F-FDG 
activity is most noticeable in the large 
bowel and to a lesser extent in the stomach 
and small intestine. Low-to-moderate 
stomach wall activity, particularly fundal 
activity, is commonly noted and may be 
mistaken for a tumor mass. Sagittal slices 
may be helpful in de fi ning the oblique posi-
tion of the stomach as it passes caudally. 
Marked activity may on occasion be seen 
in the cecum and sigmoid/rectum, leading 
to dif fi culties in interpretation when assess-
ing local recurrence of large bowel tumors. 

 Lymphoid tissues may also demonstrate 
the signi fi cant uptake of  18 F-FDG, and the 
normal appearance of the tonsils and ade-
noids (which may be particularly marked 
in children) would be recognized  [  5  ] . After 
radiotherapy or surgery, pharyngeal lym-
phoid activity may become asymmetric, 
making it more dif fi cult to differentiate 
from physiologic activity. It is also possible 
that cecal activity, which is often seen as 
the normal variant, may be because of lym-
phoid tissue that is present in this region  [  1  ] . 

 Apart from excreted  18 F-FDG through 
the urinary system, which could be seen 
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anywhere within the urinary tract, prior 
knowledge of any urinary diversion proce-
dure may be helpful to avoid errors in inter-
pretation. An ileal conduit or other urinary 
intestinal diversions may produce unusual 
images unless the alteration in anatomy is 
appreciated.  

   3.    Urinary tract 
 Unlike glucose, FDG is not totally reab-
sorbed in the renal tubules  [  1  ] . Signi fi cant 
and variable urinary activity is seen in all 
patients. Renal collecting system activity is 
easily recognized but may limit the use of 
FDG in the investigation of tumors in the 

urinary tract. If there is signi fi cant hold up 
in the renal collecting system of an 
obstructed kidney, reconstruction artifacts 
may interfere with visualization of the 
upper abdomen. Imaging may be improved 
in a nonobstructed but dilated system by 
keeping the patients well-hydrated, and by 
administrating diuretics.  

   4.    Reticuloendothelial system 
 Hepatic and splenic activities on attenua-
tion-corrected images are slightly nonuni-
form, and thus small metastatic lesions are 
very dif fi cult to be identi fi ed. 
 Hepatic activity on uncorrected images is 
similar to lung uptakes with slightly 
increased activity in the periphery. There is 
no gallbladder activity. 
 Bone marrow and thymus harbor many 
white cells which are known to take up  18 F-
FDG. When these cells are activated by the 
growth factors or cytokine therapy, the 
activities in the bone marrow and spleen 
are markedly increased. Increased marrow 
activity is also seen in patients with acute 
infection resulting from increased produc-
tion of white cells  [  10  ] .  

   5.    Miscellaneous variants 
 On occasion, skin contamination from uri-
nary activity may be limited at the super fi cial 
areas which are usually easily recognized as 
such. Breast uptake may be variable, and 
focal increased uptake may be seen at the 
nipple. Asymmetric uptake may be noted in 
a woman who fed her baby on one side. 
Thymic activity may be seen in children or 
late teens with an inverted V shape  [  1  ] .  

   6.    Other variants 
 Intense breast tissue uptake of  18 F-FDG is 
noted in breast-feeding women (Fig.  8.2 ). 
Glandular breast tissue often demonstrates 
moderate uptake of  18 F-FDG in premeno-
pausal women. After menopause there is 
little breast activity, but women on estro-
gen for hormone replacement therapy 
(HRT) may also show an enhanced uptake. 
The symmetric nature would suggest tak-
ing HRT but there is the potential for lesions 
to be obscured by this physiologic activity.       

  Fig. 8.2    Coronal  18 F-FDG PET image of nursing female. 
Note intense increased uptake of FDG in bilateral breast       
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    D.    Artifacts 
 If attenuation correction is not performed on 
whole-body PET imaging, it may lead to 
higher apparent activity in super fi cial struc-
tures such as the skin, which may obscure 
lesions (e.g., cutaneous melanoma metasta-
ses). A common artifact resulting from this 
phenomenon is caused by the axillary skin 
fold, where a double layer of skin may mimic 
focal lymphadenopathy on coronal sections. 
The linear distribution of activity on axial or 
sagittal planes would help to prevent a 
misinterpretation. 

 Artifacts caused by prostheses are usually 
readily recognizable. Photon-de fi cient areas 
may result from metallic hip prostheses, breast 
prostheses, implants, medallions, and coins and 
keys in pockets, etc. Ring artifacts may occur if 
there is a misregistration between transmission 
and emission data (e.g., due to slight patient 
movement), and are especially apparent at bor-
ders where there are sudden large changes in 
activity (e.g., at a metal prosthesis). 

 Patient movement may compromise image 
quality. In brain imaging, splitting the study 
into a number of time frames may be helpful 
so that if movement occurs in one frame, it can 
be discarded before summation of the data. 
Whole-body imaging can lead to unusual 
appearances if the patient moves between bed 
scan positions with, for example, the upper 
part of an arm being visible in the higher scan-
ning positions, but being absent or “ampu-
tated” lower down when moved out of the 
 fi eld of view scanning positions. 

 Problem with injections may interfere with 
image interpretation. A partly in fi ltrated injec-
tion not only may cause reconstruction arti-
facts across the trunk, but may result in a 
low-count study and inaccuracies in standard-
ized uptake value (SUV) measurement. Local 
axillary lymph node uptake may occur follow-
ing subcutaneous extravasation, and thus 
radiopharmaceuticals should be administered 
on the opposite side to the known or ques-
tioned pathologic lesion, if possible. Although 
rare, an inadvertent intra-arterial injection 
may be easily recognized.      

   PET Imaging With C-11 Methionine 

     A.    Uptake mechanism 
 C-11  l - methionine represents the amino acid 
with which there is a suf fi cient clinical experi-
ence in PET imaging. Increased transport and 
utilization of amino acids are common in can-
cers. The use of  l -methionine in cancer imag-
ing is based on this observation and the 
increased activity of the transmethylation in 
some cancers. There is normally substantial 
uptake of C-11 methionine in the pancreas, 
salivary glands, liver, and kidneys. As a natu-
ral amino acid, there is some metabolism of 
 l -methionine in the bloodstream. This tracer 
is mostly used in imaging of brain tumors, 
head and neck cancers, lymphoma, and lung 
cancers as well as several other clinical set-
tings. Early clinical studies demonstrated the 
stereospeci fi city of tumor uptake.  l -methion-
ine uptake is much greater in brain tumors 
than the uptake of  d -methionine when an 
intact brain−blood barrier was present  [  2  ] .  

    B.    Physiologic distribution of C-11 methionine 
 By far the greatest experience with C-11 
methionine lies in brain tumor imaging. 
Uptake of  18 F-FDG into brain tumors is closely 
related to grade of malignancy. As there is 
high uptake of  18 F-FDG into the normal brain 
cortex and basal ganglia, it may be dif fi cult to 
identify low- or intermediate-grade tumor 
with similar or less activity. The relatively 
high uptake of  18 F-FDG in normal structure 
may, however, allow better anatomic localiza-
tion of those tumors that are visible or simi-
larly may give a number of anatomic landmarks 
to aid image registration with magnetic reso-
nance imaging (MRI) or computed tomogra-
phy (CT). In contrast to  18 F-FDG, C-11 
methionine typically shows low-grade uptake 
in the normal cortex and is better suited for 
detection of low- and intermediate-grade 
tumors. However, while tumor margins and 
extent may be more easily identi fi ed with C-11 
methionine, the correlation between tumor 
grade and uptake appears less strong than that 
with  18 F-FDG. 
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 One of the most dif fi cult problems in the man-
agement of primary brain tumors is the assess-
ment of tumor recurrence versus posttreatment 
scar and gliosis, which often remain problem-
atic with anatomic imaging such as MRI and 
CT, and where functional imaging with PET 
has a role. Soon after radiation therapy, accu-
mulation of  18 F-FDG may occur in mac-
rophages surrounding necrotic areas in 
addition to any viable tumor cells. By contrast, 
methionine has low uptake by macrophages 
and other cellular components but accumu-
lates in viable cancer cells. Uptake of C-11 
methionine therefore correlates better with 
tumor extent when compared with surgical 
and biopsy  fi ndings. Unlike  18 F-FDG, there is 
no signi fi cantly increased uptake of C-11 
methionine in stressed muscles. 

 Tumor imaging in the pelvis may be prob-
lematic because normal excreted activity in 
the urine may interfere with tumor 
identi fi cation. Because there is very little uri-
nary C-11  methionine activity in the majority 
of patients, the use of this tracer has been eval-
uated in a number of urinary and gynecologic 
cancers. Besides the response of invasive blad-
der tumor to chemotherapy, ovarian and uter-
ine cancers have been assessed with this 
radiopharmaceutical.  

    C.    Physiologic variants 
 As with all imaging techniques, a thorough 
knowledge of normal distribution and ana-
tomic, physiologic, and pathologic variants is 
required to avoid misinterpretation. As the 
clinical use of C-11 methionine PET develops, 
more and more potential pitfalls will be recog-
nized. Here we summarize the status from our 
own and others’ experience. 

 There are a number of structures in the 
head during brain tumor imaging that nor-
mally show accumulation of C-11 methionine. 
The lacrimal glands may show moderately 
intense uptake but may be easily recognized 
by virtue of the symmetric distribution and the 
anterior position below the frontal lobes. 
Normal bone marrow uptake within the sphe-
noid and clivus may cause confusion at the 
skull base, however. Pathologic variants that 

we have experienced include uptakes within a 
recent biopsy tract, into an incidental benign 
meningioma, and also within the pons to the 
surrounding area following radiotherapy. 

 In the neck, bone and bone marrow activ-
ity, which may appear quite focal at the medial 
tips of the clavicles, may cause false positive 
interpretations when investigating hyperpara-
thyroidism or focal metastatic lymph node. 
The majority of patients show no thyroid C-11 
methionine activity; however, a small percent 
show a low-grade activity that is lower than 
the activity seen in abnormal parathyroid 
glands. This may actually be helpful in identi-
fying anatomic landmarks for the surgeon. 
Unfortunately, as with other nuclear medicine 
procedures for investigating hyperparathy-
roidism, the uptake within the thyroid may on 
occasion interfere with diagnosis. We have 
noted diffusely increased uptake in patients 
with coincidental Hashimoto’s thyroiditis and 
thyrotoxicosis resulting from Grave’s disease. 
Uptake may also be seen in benign thyroid nod-
ules and thus correlative imaging may be 
required with this technique in speci fi c cases. 

 High salivary gland activity is demonstrated 
by C-11 methionine PET. This is unlikely to 
cause confusion but asymmetric activity fol-
lowing unilateral radiotherapy or extensive 
surgery for head and neck cancers may be 
problematic. 

 In the abdomen, physiologic accumulation 
within the bowel may cause dif fi culties and 
limit the use of this tracer in the investigation 
of bowel cancer and pelvic tumors. High pan-
creatic uptake in the upper mid-abdomen is 
normally identi fi ed although this may obscure 
the uptake within pancreatic tumors. We have 
found that anatomic information obtained 
from a C-11 methionine scan complements an 
 18 F-FDG scan where no signi fi cant pancre-
atic accumulation normally occurs.     
 Presence of urinary C-11 methonine activity is 

variable but occurs in the minority of patients. It 
may nevertheless lead to interpretative problems 
in the pelvis. In our experience, there is low-grade 
renal cortical activity which would not be expected 
to interfere with renal tumor evaluation.      
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 As the number of clinical positron emission 
tomography (PET) units is increasing, interpreta-
tion of PET images requires knowledge of the 
possible pitfalls that may occur because of arti-
facts and mimic pathology. In addition, the advent 
of combined PET/computed tomography (CT) 
scanners in clinical imaging practice has brought 
its own speci fi c pitfalls and artifacts. These arti-
facts may be caused by various factors such as 
injection, attenuation material, image reconstruc-
tion, contamination, patient movements, and 
pathologic variants. Knowledge of the normal 
distribution of  fl uorodeoxyglucose (FDG) and its 
pathologic variation is essential before interpret-
ing PET scans as well as an awareness of poten-
tial false positive and negative cases that can 
occur. With attention to detail in the preparation 

of patients, together with appropriate imaging 
protocols and experience in interpretation, many 
pitfalls can be avoided. 

   Normal Whole-Body FDG Distribution 

 On whole-body PET performed between 1 and 
2 h following intravenous administration of FDG, 
the brain, heart, and urinary tract are the most 
prominent sites of tracer accumulation (Fig.  9.1 ).  

 In the brain, there is high uptake in the cortex 
and basal ganglia irrespective of different sub-
strates as glucose is the predominate substrate for 
brain metabolism. The liver and spleen are asso-
ciated with slightly higher FDG activity than 
blood pool levels and are reliably identi fi ed in the 
abdomen, as are the kidneys. Some lymphoid tis-
sue is normally quite active, including the tissues 
of Waldeyer’s ring where the tonsils can show 
moderate uptake, and that is usually symmetrical. 
Salivary glands also show low to moderate sym-
metrical uptake. Thymic activity is commonly 
seen in children and can also be seen in adoles-
cents and young adults after chemotherapy as a 
result of thymic rebound phenomenon  [  1  ] . 
Cardiac activity is variable and depends to some 
extent on substrate availability such as fatty acids 
and glucose. Glandular tissue of the breast is 
associated with low-level uptake in younger 
woman. Bone marrow is normally associated 
with modest FDG uptake, roughly equivalent to 
liver. The bowel is seen to varying degrees, as is 
the stomach because of widely variable levels of 
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FDG uptake in the alimentary tract. Marrow is 
commonly identi fi ed in the vertebral bodies, pel-
vis, hips, proximal long bones, and the sternum. 
The level of FDG uptake in children is higher in 
bone marrows than in adults. Uptake of FDG into 
active, non-rested muscle is a potential cause of 
misinterpretation of FDG PET scans although 
with combined PET/CT, this is less likely. 
Activities such as talking can lead to muscle 
uptake in the neck and larynx. Asymmetric uptake 
can be seen in laryngeal muscles in patients with 
vocal code palsies  [  2  ] . In premenopausal women, 
FDG uptake of cyclical ovarian and uterine has 
been described  [  3  ] . Activity of uterine cavity is 
seen at mid cycle and during menses and ovarian 
activity can be seen at mid cycle. 

 Brown adipose tissue (BAT) expresses a 
unique mitochondrial uncoupling protein that 
permits direct heat generation from fatty acid 
oxidation in response to cold exposure, ingestion 
of food, or increased sympathetic activity. This 
process requires an increased supply of adenos-
ine triphosphate (ATP),    which in turn is provided 
by an increase in glycolytic metabolism. It is 
recognized that intense increased FDG activity 
can localize to adipose tissue in the neck, supra-
clavicular regions, axillae, paravertebral loca-
tions at the thoracic spine, mediastinum, and 
occasionally subdiaphragmatic and perinephric 
fat (Fig.  9.2 ). This phenomenon is seen more 
often in young patients, females, and slender 
patients  [  4  ] .   

  Fig. 9.2    Brown adipose tissue (BAT) FDG uptake. 
Anterior MIP image of 9-y-old boy. Intense FDG activity 
is present symmetrically at the base of neck, upper medi-
astinum, supraclavicular regions, axillae, paravertebral 
locations at the thoracic spine       

  Fig. 9.1    48-y-old, female. Normal distribution of FDG 
1 h following intravenous tracer administration. 
Attenuation-corrected anterior maximum intensity pro-
jection (MIP) image. Intense tracer activity in the brain 
and bladder. In the neck, palatine tonsil lymphoid tissue 
tracer activity ( small arrow ) is seen. Inferior to the heart is 
low-level gastric tracer activity ( arrowhead ) and the out-
lines of the liver, spleen, and kidneys are discernable. In 
premenopausal women cyclical right ovarian uptake of 
FDG is seen in pelvis ( large arrow )       
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   Artifacts in FDG PET and PET/CT 

 Injection-related artifacts may interfere with 
image interpretation (Fig.  9.3 ). A partly in fi ltrated 
injection causes a reconstruction artifact across 
the trunk. It also results in inaccuracy of the stan-
dard uptake value (SUV). If the injection leak on 
FDG PET images is demonstrated, the SUV 
derived from these images should be carefully 
evaluated. Following the subcutaneous extrava-
sations of FDG solution, the tracer may  fl ow into 
the lymphatic channel and may be trapped in 
local lymph nodes  [  5  ] . It mimics an abnormal 
FDG uptake in the lymph node metastases. The 
tracer should be administered on the opposite site 
to the known lesion. Increased levels of insulin in 
the peri-injection period cause extracardiac 
uptake in diabetic patients or patients who did not 
fast  [  6  ] .  

 On PET/CT scanners, the emission data can 
be corrected for photon attenuation using the CT 
scan to generate an attenuation map. Doing so 
confers the following advantages: there is less 
statistical noise from the CT compared with ger-
manium 68 ( 68 Ge) transmission data on stand-
alone PET scanners; the scanning time for CT is 
much shorter then for radionuclide imaging, thus 
reducing overall scanning time by 15–20 min; 
and the need for PET transmission hardware and 
the cost of replacing germanium source rods are 
eliminated  [  7  ] . 

 There is a potential risk of overestimating the 
true FDG activity with CT-based attenuation cor-
rection. When the CT images are used to perform 
attenuation correction of the PET projection data, 
dense objects can cause apparent hot spot arti-
facts on the PET, as well as beam hardening arti-
fact on CT images. Metallic prosthetic implants 
and high-density medical devices such as dental 
 fi llings, hip prosthetics, surgical clips, metallic 
stents, drainage tubes, or chemotherapy ports 
cause high CT numbers and generate streaking 
artifacts on CT images because of their high pho-
ton absorption  [  8,  9  ] . This increase in CT num-
bers results in high PET attenuation coef fi cients, 

which lead to an overestimation of the PET activ-
ity in that lesion and thereby to false-positive 
PET imaging (Figs.  9.4 ,  9.5 ,  9.6 , and  9.7 ).     

  Fig. 9.3    Anterior MIP image of a patient with retroperi-
toneal tumor ( small arrow ). Note increased uptake in 
nephrostomy tube ( large arrow ). Subcutaneous extravasa-
tion and super fi cial contamination of FDG solution are 
seen in left forearm ( arrowhead )       
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 Intravenous or oral agents such as iodine and 
barium sulfate are administered to improve the 
quality of CT images by delineating vessels and 
soft tissues  [  10  ] . High contrast concentration 
results in high CT numbers and streaking arti-
facts on CT images. Therefore, contrast media 
also can cause an overestimation of tracer uptake 
and produce false-positive PET results similar to 
metallic implants (Fig.  9.8 ).  

 Such artifacts can be recognized by review of 
the non-attenuation-corrected  fi ltered back pro-
jection PET images (Fig.  9.9 ). It is important to 
verify attenuation-corrected images against non-

attenuation corrected images to avoid false-posi-
tive results. Regarding the image reconstruction, 
attenuation correction is essentially needed to obtain 
the quantitative image data such as the SUV.  

 Present statistical image reconstruction algo-
rithms can yield focal apparent increased activity 
from movement artifacts or generalized noise. 
Transaxial attenuation-corrected images gener-
ated using ordered-subset expectation maximiza-
tion reconstruction method with three interactions 
and eight subsets show multiple tiny apparent 
foci of increased FDG activity in the liver of a 
large patient. It is advisable to have non-attenua-

  Fig. 9.4    Artifacts because of metallic dental  fi llings ( arrowhead ) and hip prosthetics ( arrows ). PET scan shows appar-
ent increased activity in oral cavity and right hip joint       
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tion-corrected  fi ltered back projection images for 
con fi rmation of such suspect abnormalities. 

 Urinary contamination is sometimes observed 
on FDG PET images. Because urinary contami-
nation is usually super fi cial activity on the skin or 
clothes, it is easily recognized as artifact. 

 Patient movements degrade the image quality 
of FDG PET. Whole-body FDG PET imaging 
can lead to an unusual appearance if the patient 
moves between the bed scan positions, with the 
upper part of an arm, for example, being visible 
in the higher scanning positions but absent or 
“amputated” lower down when moved out of the 
 fi eld of view for lower scanning positions 
(Fig.  9.10 ).  

 Respiratory motion during scanning causes 
artifact in PET/CT imaging. The artifact is caused 
by the discrepancy between the chest position on 
the CT image and the chest position on the PET 

image. Each bed position of the PET scan may 
take 2–5 min to acquire during free breathing and 
resulting in images representing an average posi-
tion of respiratory cycle. This may lead to mis-
registration of lung nodules by 15 mm  [  11  ] . 
Difference between the PET and CT acquisitions 
may be maximal at the level of the diaphragm 
which may lead to artifacts, the most common 
being an apparent area of reduced activity at the 
diaphragmatic surface when the CT data are used 
for attenuation correction. Additionally, this can 
lead to apparent mispositioning of liver metasta-
ses into the lung base (Figs.  9.11  and  9.12 ).   

 Motion artifacts lead to two major effects: 
First, it affects the accuracy of quanti fi cation, pro-
ducing a reduction of the measured SUV. Second, 
the apparent lesion volume is overestimated. 
Respiratory gating by applying a multiple-frame 
capture technique, with which PET data are 

  Fig. 9.5    55-y-old man who underwent resection for rec-
tal cancer. Transaxial PET image through pelvis reveals 
focus of increased tracer uptake in rectum ( arrow ), sug-

gestive of local recurrence. Corresponding CT scan shows 
surgical clip in place ( white arrow )       
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acquired in synchronization with the respiratory 
motion, compensates for these effects. 

 A number of benign diseases may cause 
signi fi cant uptake of FDG that may simulate 
malignant lesion. In the chest, active tuberculo-
sis, sarcoidosis, and histoplasmosis have been 
reported as showing increased FDG uptake 

(Fig.  9.13 )  [  12  ] . These disorders may lead to 
FDG uptake (SUV) in the borderline or low-
malignant range. In fl ammation in any tissue may 
cause increased FDG uptake. Common sites of 
in fl ammatory activity are surgical or radiothera-
peutic areas (Fig.  9.14 ), and the activities may 
last for several weeks after therapy.        

  Fig. 9.6    73-y-old woman with extrahepatic bile duct 
cancer. Transaxial PET image reveals focus of increased 
tracer uptake in liver ( arrows ), suggestive of tumor inva-

sion. Corresponding CT scan shows bile duct tube in place 
( arrowheads )       

 



1139 Artifacts in FDG PET and PET/CT

  Fig. 9.7    76-y-old man after gastorectomy and pancre-
atoduodenectomy for gastric cancer and pancreatic can-
cer. Transaxial PET image reveals focus of increased 
tracer uptake in residual stomach and pancreas ( arrows ), 

suggestive of recurrence. Corresponding CT scan shows 
surgical clip in the stomach and pancreatic duct tube 
( white arrow )       
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  Fig. 9.8    Focal nodal uptake is seen in the right neck on 
FDG PET ( arrow ). It apparently seems to be lymph node 
metastasis although CT scan shows intravenous contrast 

medium in right common carotid artery and internal jugu-
lar vein ( white arrow ) at the site       
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  Fig. 9.9    High-density metallic implants generate streak-
ing artifacts and high CT numbers on CT image. High CT 
numbers will then to be mapped to high PET attenuation 

coef fi cients, leading to overestimation of activity concen-
tration ( arrows ). PET images without attenuation correc-
tion help to rule out metal induced artifacts       
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  Fig. 9.10    FDG PET MIP image shows an unusual 
appearance with discontinuous activity in the right fore-
arm ( arrows ) as a result of patient’s movements between 
bed scan positions       

  Fig. 9.11    55-y-old woman with liver metastasis of colon 
cancer. Lesion at dome of liver ( arrow ) is mislocalized to 
right lung base ( arrowhead ) because of respiratory mis-
match on PET images with CT attenuation correction       
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  Fig. 9.12    46-y-old woman with peritoneal dissemination 
of ovary cancer. Lesion at dome of liver ( arrow ) is mislo-
calized to right lung ( arrowhead ) because of respiratory 
motion       
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  Fig. 9.13    Patterns of FDG PET in sarcoidosis. Increased FDG uptake involving enlarged lymph nodes in the bilateral 
mediastinum and pulmonary hila       
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 The number of  18 F- fl uorodeoxyglucose (FDG) 
positron emission tomography (PET) and PET/
computed tomography (CT) examinations that 
are performed is rapidly increasing. A total of 
308,663 FDG PET and PET/CT examinations 
were performed in Korea in 2009 compared with 
66 examinations conducted in 1994, when the 
 fi rst PET was installed  [  1  ] . In the US, probably 
more than 1.5 million PET and PET/CT patient 
studies were performed per year in recent years. 

 FDG PET and PET/CT examinations are now 
an integral part of daily oncology practice. 
Whole-body FDG PET or PET/CT is known to 
be useful during every stage of care in oncology 
patients, including diagnosis, staging workup, 
treatment response evaluation, restaging, follow-
up for recurrence surveillance, and predicting 
prognosis  [  2,   3  ] . FDG PET and PET/CT exami-
nations are also being used with bene fi t in 
patients with various neurologic and cardiovas-
cular diseases. 

 Given the increasing number of FDG PET and 
PET/CT examinations, radiation safety has 
become an important issue. Many patients 
undergo multiple PET/CT examinations along 
with other radiologic examinations throughout 
the treatment and follow-up periods. The major 
concerns of FDG PET and PET/CT examinations 

are radiation-related long-term side effects, such 
as hematooncologic diseases and heritable 
effects. 

 Those concerns have led to as the following 
questions: What is the amount of radiation expo-
sure per FDG PET or PET/CT examination? 
What are the potential hazards of radiation expo-
sure associated with FDG PET or PET/CT exam-
inations? From a radiation-effect perspective, is it 
acceptable to use FDG PET or PET/CT annually 
as a tool for cancer screening in healthy individu-
als? What kind of special attention must be paid 
to pediatric patients and pregnant women? What 
do the current risk estimates indicate? What can 
be done to minimize radiation dose and potential 
hazards while maintaining optimal image 
quality? 

 We will attempt to answer these questions by 
determining the following: (1) the basic radia-
tion dosimetry of FDG PET and PET/CT in 
oncology patients; (2) the relationship between 
radiation dose and potential hazards; (3) the use 
of FDG PET or PET/CT as a cancer screening 
tool in healthy populations; and (4) special con-
siderations for pediatric patients and pregnant 
women. 

   Basic Quantities of Radiation 
Dosimetry 

 Gamma rays from PET and x-rays from CT are 
forms of ionizing radiation. The basic radiation 
quantities for ionizing radiation are exposure 
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dose, absorbed dose, equivalent dose, and effec-
tive dose  [  4  ] . Roentgen (R) is used to express the 
quantity of radiation exposure, which is de fi ned in 
terms of the amount of ionization produced in air. 
R is an old unit and the International System of 
Units (SI) derived unit of radiation exposure is 
coulombs per kilogram (C/kg). One R equals 
2.58 × 10 −4  C/kg. The old unit for absorbed dose is 
rad and 1 R of exposure gives an absorbed dose of 
approximately 1 rad in water or human soft tissue. 
The SI unit of the absorbed dose is the gray (Gy), 
where 1 Gy equals 100 rad. Absorbed dose is used 
to evaluate the acute effect (deterministic effect) of 
radiation, while equivalent and effective doses are 
used to evaluate the late effects (stochastic effects). 

 When human soft tissue is exposed to radia-
tion, the biologic effect is different according to 
the type of radiation (alpha particles, beta parti-
cles, neutrons, ultraviolet, gamma rays, and 
x-rays), which is why equivalent dose is needed 
to be calculated to evaluate the stochastic effect 
of radiation. The quality factor (Q) links radia-
tion absorption and its biologic effect (absorbed 
dose and equivalent dose). Q takes into account 
the relative biologic effectiveness (RBE) of the 
type of radiation being used and is therefore an 
approximation. Equivalent dose is de fi ned as the 
product of the absorbed dose (rad) and Q; the 
units are roentgen equivalent man (rem). The SI 
unit is the sievert (Sv) and 1 Sv equals 100 rem. 
Because Q is 1 for photons and electrons, the 
dose equivalent is numerically equal to the 
absorbed dose for both PET and CT. 

 This is not the  fi nal step for assessing radia-
tion quantity. Generally, radiation dose to the 
body is not uniform. To evaluate the whole body 
dose, the radiation dose is needed, which re fl ects 
the different relative risk of each tissue or organ. 
The concept of effective dose has been derived to 
take this nonuniformity of each soft tissue or 
organ in the human body into account, and to 
evaluate the stochastic effect of radiation to the 
human body as a whole  [  4  ] . Tissue weighting 
factors to calculate effective dose are published 
in International Commission on Radiological 
Protection (ICRP) publication 60  [  5  ] . The unit 
for effective dose is the rem or Sv, which is the 
same as the equivalent dose.  

   Effective Dose from FDG PET/CT 

 The effective doses from PET/CT imaging 
depend on the radiopharmaceutical, the activity 
administered, the patient weight, and the CT pro-
tocol used. For example, effective doses are 
higher in obese patients receiving a large amount 
of activity of a radiopharmaceutical with a long 
effective half-life. The estimated effective dose 
of  18 F-FDG is approximately 2.1 × 10 −2  to 
2.9 × 10 −2  mSv/MBq  [  6,   7  ] , but the measured 
actual effective doses vary. The bladder wall 
receives the highest dose, and differences in void-
ing amounts and voiding intervals largely explain 
the variations of dosimetry encountered. 

 For PET/CT imaging, the effective dose for 
the accompanying CT scan depends on the CT 
protocol used. CT protocols can be designed to 
produce diagnostic quality images, localization 
images, or attenuation correction data without 
imaging  [  8  ] . Brix et al.  [  9  ]  reported that the effec-
tive dose for one FDG PET/CT examination 
ranged from 8.5 to 26.4 mSv, according to the CT 
protocol used.  

   Excess Lifetime Risks from FDG PET/CT 

 Brix et al.  [  10  ]  calculated the excess lifetime risks 
for cancer incidence and mortality based on the 
risk model devised by the Biological Effects of 
Ionizing Radiation (BEIR) VII committee in 
2006  [  11  ]  and disease and life table data for a 
German population. The excess lifetime risks for 
cancer incidence and mortality from FDG PET 
was quite small, but tended to be higher in women 
than in men of the same age. The excess lifetime 
risks for cancer incidence and mortality from 
FDG PET were also higher when patients were 
exposed to radiation at a younger age, especially 
before 30 years of age  [  10  ] . Huang et al.  [  12  ]  
examined several CT protocols by varying tube 
current and kV, and concluded that whole-body 
PET/CT scanning increases cancer incidence by 
0.231–0.514% in 20-year-old US women and by 
0.163–0.323% in 20-year-old US men based on 
lifetime attributable risk calculations. However, 
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the true risk may be lower than these estimations. 
BEIR VII presumed that a small cancer risk does 
exist and is proportional to radiation dose, even 
<100 mSv, based on the linear no-threshold 
model  [  11  ] . Many researchers have been critical 
of overestimated radiation risks based on extrap-
olation of data from much higher level of radia-
tion exposures, such as atomic bombs in 
Hiroshima and Nagasaki, which limits the esti-
mation of risks at the low level of exposure 
encountered in medical examinations  [  4  ] . 
Published data indicate that an excess number of 
malignancies can be found only at doses exceed-
ing approximately 200 mSv at a statistical 
signi fi cance level of 95%  [  5  ] . The Health Physics 
Society recommends against quantitative risk 
assessment of radiogenic health effects below an 
individual dose of 50 mGy in 1 year  [  13  ] . 
Furthermore, internal radiation exposure is alleged 
to induce less hazards than the same amount of 
external radiation exposure. Making an accurate 
estimation of radiation risk from low-level ioniz-
ing radiation is still a dif fi cult problem to solve.  

   Reducing the Effective Dose by the 3D 
PET Acquisition Mode and Iterative 
Reconstruction Method 

 The acquisition of PET images in the three-
dimensional (3D) mode provides a means of 
reducing the dose contribution from PET. The 3D 
PET acquisition mode does not have septae, 
therefore more counts are detected than in the 
two-dimensional (2D) mode, which has septae. 
3D is more sensitive than 2D by a factor of 4–5, 
which enables a lower amount of  18 F-FDG to be 
injected with a shorter acquisition time  [  14  ] . This 
is especially advantageous for small pediatric 
patients and thin adult patients. Time reduction 
using 3D mode can also be bene fi cial to reduce 
the motion artifact and the amount of anesthesia, 
and to prevent possible nerve injury from a long-
standing arm-held position  [  14  ] . The injection 
dose and/or scan time can also be reduced using 
an iterative reconstruction algorithm, which 
requires less overall count than the  fi ltered back 
projection method  [  14  ] .  

   From PET to PET/CT 

 As a result of the dif fi culty associated with the 
precise anatomic localization of hyper- or hypo-
metabolic lesions on PET images, nuclear medi-
cine physicians correlate PET and conventional 
CT or MR images by making one-by-one visual 
comparisons or using image fusion programs. 
Currently, hardware fusion PET/CT imaging is 
the general trend. Hardware fusion PET/CT not 
only increases diagnostic accuracy, but also 
signi fi cantly decreases the time required for 
attenuation correction as compared with standard 
PET imaging using a Ge-68 rod source  [  15  ] . 
Regarding radiation dosimetry, hardware fusion 
PET/CT increases the effective dose to patients 
because photon  fl ux from the CT scanner is at 
least 10 4  higher than that from the Ge-68 rod 
source  [  16  ] .  

   Reducing the Effective Dose by 
Modi fi ed CT Protocols 

 The radiation exposure from PET/CT imaging 
varies among radiotracers, however, the greater 
part of the total radiation exposure from the PET/
CT examination is generally originating from the 
CT portion. Various PET radiotracers, including 
 18 F-FDG, account for a much lesser part of the 
radiation doses. Therefore, the CT protocols used 
signi fi cantly control the effective doses from 
FDG PET/CT examinations. Some speci fi c 
examples follow. When a diagnostic-quality CT 
(a “standard” kVp of 140, 190 mA, and a pitch of 
1.25) was used for a FDG PET/CT examination, 
CT delivered an effective dose of 22 mSv and 
PET delivered an effective dose of 11 mSV  [  17–
  21  ] . When a quantitatively accurate, but nondiag-
nostic CT scan (120 kVp, 60 mAs, and a pitch of 
1.5) was used, the CT delivered an effective dose 
of 6 mSv, giving a total effective dose of 17 mSv 
 [  17–  21  ] . Wu et al.  [  15  ]  tried a 10 mA tube current 
(140 kVp and a pitch of 6) and reported a mea-
sured mean effective dose of 0.72 mSv, which 
was approximately 1/26th of the CT protocol 
based on an 80 mA tube current. They suggested 
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a revised PET/CT protocol to minimize the radia-
tion dose, while maximizing the diagnostic infor-
mation with the sequence of the topogram, an 
ultra-low-dose CT pre-scan, PET acquisition, and 
additional CT scans  [  15  ] . 

 PET image quality and diagnostic accuracy do 
not appear to be jeopardized by a low tube cur-
rent. Hany et al.  [  22  ]  decreased the CT tube cur-
rent from 120 to 10 mA, but found no obvious 
decrease in the diagnostic accuracy of PET/CT 
examination. Kamel et al.  [  23  ]  also reported that 
the tube current (120, 80, 40, and 10 mA) had no 
signi fi cant effect on the FDG standard uptake 
values (SUVs) or measured lesion sizes. They 
concluded that CT scans using tube currents as 
low as 10 mA yielded adequate attenuation cor-
rection for PET, which were consistent with the 
results of Wu et al.  [  15,   23  ] . It has been reported 
that although CT noise is highly dependent on 
acquisition parameters, the contribution of CT 
noise to PET noise is minimal. In fact, CT noise 
only caused a 2% variation in PET noise, which 
is acceptable for clinical purposes  [  21  ] . In addi-
tion, the lower sensitivity of low-dose localiza-
tion CT scans with end tidal expiration for the 
diagnosis of pulmonary nodules is not because of 
the reduced dose, but rather because of the lack 
of full inspiration  [  24  ] .  

   PET/CT With Contrast Enhancement 

 Additional CT scans with contrast enhancement 
are performed in some hospitals to obtain more 
detailed diagnostic information when perform-
ing FDG PET/CT. The scans signi fi cantly 
increase the total radiation dose; however, this 
may not always be true in the context of the total 
dose administered during the long course of 
treatment as a whole. Contrast-enhanced PET/
CT can make de fi nitive diagnoses alone without 
additional standard CT information in many 
cases, and PET/CT has nearly replaced CT in 
some steps of managing cancers where superior 
sensitivity/speci fi city has been proved  [  25,   26  ] . 
Thus, the total radiation exposure to a patient 
during the course of treatment can be reduced by 
omitting overlapping standard CT examinations, 

and thus it can bring both convenience and 
economic bene fi t for patients.  

   FDG PET/CT for Cancer Screening in 
an Asymptomatic Healthy Population 

 Radiation exposure from FDG PET/CT examina-
tions in oncology patients is justi fi ed in almost all 
cases because the clinical bene fi t is de fi nitely 
higher than the potential risk, as described in 
other chapters of this book. Then, what about the 
use of FDG PET/CT in an asymptomatic healthy 
population as a cancer screening method? In par-
ticular, would annual FDG PET/CT examinations 
be bene fi cial in terms of early cancer detection 
and a better prognosis, given the radiation risk? 

 Cancer is a leading cause of death worldwide, 
accounting for 13% of all deaths  [  27  ] . In 2009, an 
estimated 1,479,350 people in the US were newly 
diagnosed with cancer, and about 562,340 died of 
cancer  [  28  ] . The number one cause of death in 
Korea has been cancer since 2000  [  29  ] . People 
are becoming increasingly concerned with health, 
and are ready to spend money to maintain health 
and to prevent oncologic, cardiovascular, and 
cerebrovascular diseases and other life-threaten-
ing diseases. According to the National Institutes 
of Health, the estimated overall cost of cancer in 
2008 was $228.1 billion  [  28  ] . 

 Ever since FDG PET/CT became available for 
clinical use, it has been widely adopted for can-
cer screening in adults, especially in Korea, 
Japan, and Taiwan, without any reported compli-
cations  [  30–  32  ] . In Korea, FDG PET/CT has 
been available at the Health Promotion Centers 
as an elective examination for cancer screening 
tests since 1998, and today it is a popular choice, 
along with CT and MRI  [  33  ] . 

 The number of FDG PET/CT examinations 
conducted for cancer screening in the normal 
population in Asian countries is increasing mainly 
because of the promotion and lowering the cost 
of the examination among hospitals with the wide 
availability of PET/CT and cyclotrons. However, 
regulatory restrictions in many other countries 
prohibit the use of ionizing radiation without a 
legitimate indication  [  34  ] . 
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 Malignant lesions are found in approximately 
1–2% of patients who undergo FDG PET/CT for 
cancer screening  [  27,   35,   36  ] . FDG PET/CT is 
advantageous because it can detect a variety of 
malignancies and examine the whole body in one 
session in a comparatively short time period as a 
noninvasive method  [  35,   37  ] . However, FDG 
PET/CT also has disadvantages such as relatively 
high radiation exposure, high cost, and low sensi-
tivity for some cancers such as urologic malig-
nancies, low-cell density cancers, low-FDG avid 
tumors, and small-sized lesions  [  38,   39  ] . Despite 
the low cost effectiveness and the lack of 
de fi nitive evidence regarding the usefulness of 
FDG PET/CT as a cancer screening tool  [  40  ] , the 
reality is that FDG PET/CT is already in use for 
that purpose. At present, the judicious use of 
FDG PET/CT is suggested as a cancer screening 
aid combined with other selected modalities 
such as gastroscopy, abdominal sonography, pel-
vic MRI, and CA-125 level measurement in the 
older age group with a high cancer risk  [  27,   36, 
  40,   41  ] . Whether or not cancer screening with 
FDG PET/CT will contribute to the early initia-
tion of treatment and the reduction of mortality 
remains to be seen.  

   Special Consideration: Pediatric 
Patients 

 As is typically done in other general nuclear 
medicine examinations, the  18 F-FDG injection 
dosage in children is basically scaled by body 
weight or body surface area (BSA), with a 70 kg 
and a 1.73 m 2  adult as a standard, respectively. 
Organ dose, effective dose, and image quality are 
also important factors in determining pediatric 
 18 F-FDG injection dosage. Organ and effective 
doses are not necessarily proportional to body 
weight or BSA because the geometry of the 
organs may change dramatically from birth to 
adulthood  [  42,   43  ] . Differences in organ size, 
shape, density, position, and chemical composi-
tion signi fi cantly in fl uence the geometric and 
anatomic relationships  [  42,   43  ] . A tabulated 
organ dose of  18 F-FDG per unit activity adminis-
tered is available for different age groups in ICRP 

publication 80  [  44  ] . Each hospital makes its own 
policy to deal with these complex parameters, 
and the dosing scheme varies substantially among 
hospitals  [  45  ] . 

 There is a minimal dose needed to acquire 
adequate images which are sometimes larger than 
the dose simply calculated by body weight or 
BSA, especially in infants and small children. 
The European Association of Nuclear Medicine 
(EANM)  [  46  ]  set 26 MBq for 2D-acquisition and 
14 MBq for 3D-acquisition as minimum recom-
mended injection doses and the North American 
consensus guidelines  [  47  ]  set 37 MBq as the min-
imum recommended injection dose. The recom-
mended pediatric dosage of  18 F-FDG and other 
commonly used radiotracers can also be found in 
these guidelines. 

 Children are said to have a higher risk of get-
ting radiation-induced cancer than adults because 
the rapidly dividing cells are more sensitive to 
radiation exposure and the longer life expectancy 
gives a chance for potential cancer to be realized 
 [  14  ] . However, there are a number of research 
results that suggest a position contrary to this. 
After reviewing the studies of low-level radiation 
exposure with large sample sizes and long fol-
low-up, Ernst et al.  [  48  ]  argued that no available 
data could con fi rm the hypothesis that children 
are more radiosensitive than adults. Charron  [  49  ]  
also asserted that there is no direct evidence that 
low-level radiation increases the incidence of 
cancer, even in children.  

   Special Consideration: Pregnancy 
and Breastfeeding 

 Whether it is by accident or out of necessity, FDG 
PET/CT examinations are performed during 
pregnancy. Of course, it is desirable to avoid 
unnecessary radiation exposure during preg-
nancy, but FDG PET/CT examinations are not an 
absolute contraindication, as are most other 
nuclear medicine and radiologic examinations. 
FDG does cross the placenta and gives direct and 
indirect radiation to the embryo or fetus, but data 
on fetal dosimetry is limited. Zanotti-Fregonara 
et al.  [  50  ]  calculated the radiation dose received 
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by an 8-week embryo from a mother who was 
injected with 320 MBq of  18 F-FDG. The resulting 
FDG dose to the embryo was 10.6 mGy 
(3.3 × 10 −2  mGy/MBq) and they found that the 
positron ( b +) dose comprised a higher portion 
than indirect radiation by photon emission from 
the maternal tissue, such as the uterus and blad-
der, by 55% and 45%, respectively  [  50  ] . This 
amount of fetal whole body dose is higher than 
the doses from the common general nuclear med-
icine examinations using Tc-99 m, I-123, and 
I-131  [  51  ] ; however, it remains well within the 
current consensus of safe levels, even after add-
ing the CT dose of 8.3 mGy. The probability that 
a child will have malformations does not increase 
below 50 mGy. The cancer risk increases about 
0.1–0.6% up to 100 mGy, but there is a greater 
than 99% chance that the exposed fetus will not 
develop childhood cancer or leukemia  [  51  ] . 
Therefore, termination of pregnancy at fetal 
doses <100 mGy is not justi fi ed based upon radi-
ation risk. The probability of bearing healthy 
children as a function of radiation dose is 
announced in ICRP publication 84  [  51  ] . 

 Breast feeding is allowed after FDG PET/CT 
examinations. FDG is excreted via breast milk, 
but less than 1% of the total activity given to the 
mother is secreted in breast milk. Radiation dose 
to a 3-month-old infant is at most 0.2 mSv. 
Meanwhile, close contact needs to be avoided 
because radiation activity is higher in breast tis-
sue than in breast milk. Radiation exposure to a 
child is negligible when close contact is avoided 
for about 4 h  [  52  ] .      

   References 

    1.   The Korean Society of Nuclear Medicine. Nuclear 
medicine procedures statistics over 48 years: year 
2009; 2009.  

    2.    Choi J, Kim B. Whole body positron emission tomog-
raphy/computed tomography. J Korean Med Assoc. 
2006;49:1027–34.  

    3.    Czernin J, Phelps ME. Positron emission tomography 
scanning: current and future applications. Annu Rev 
Med. 2002;53:89–112.  

    4.    Cameron J. Radiation dosimetry. Environ Health 
Perspect. 1991;91:45–8.  

    5.   ICRP. Recommendations of the international com-
mission on radiological protection. ICRP Publication 
60. Ann ICRP .  1991;21(1–3).  

    6.    Mejia AA, Nakamura T, Itoh M, et al. Absorbed 
dose estimates in positron emission tomography 
 studies based on the administration of  18 F-labeled 
radio pharmaceuticals. J Radiat Res (Tokyo). 1991; 
32(3):243–61.  

    7.    Deloar HM, Fujiwara T, Shidahara M, et al. Estimation 
of absorbed dose for 2-[F-18] fl uoro-2-deoxy- d -
glucose using whole-body positron emission tomog-
raphy and magnetic resonance imaging. Eur J Nucl 
Med. 1998;25(6):565–74.  

    8.    Gelfand MJ. Dosimetry of FDG PET/CT and other 
molecular imaging applications in pediatric patients. 
Pediatr Radiol. 2009;39(Suppl 1):S46–56.  

    9.    Brix G, Lechel U, Glatting G, et al. Radiation expo-
sure of patients undergoing whole-body dual-modality 
18F-FDG PET/CT examinations. J Nucl Med. 
2005;46(4):608–13.  

    10.    Brix G, Nekolla EA, Nosske D, Griebel J. Risks and 
safety aspects related to PET/MR examinations. Eur 
J Nucl Med Mol Imaging. 2009;36(Suppl 1):S131–8.  

    11.   Committee to assess health risks from exposure to low 
levels of ionizing radiation, National Research 
Council. Health risks from exposure to low levels of 
ionizing radiation: BEIR VII phase 2. Washington, 
DC: The National Academy Press; 2006.  

    12.    Huang B, Law MW, Khong PL. Whole-body PET/CT 
scanning: estimation of radiation dose and cancer risk. 
Radiology. 2009;251(1):166–74.  

    13.    Mossman KL. The linear no-threshold debate: where 
do we go from here? Med Phys. 1998;25(3):279–84. 
discussion 300.  

    14.    Fahey FH. Dosimetry of pediatric PET/CT. J Nucl 
Med. 2009;50(9):1483–91.  

    15.    Wu TH, Chu TC, Huang YH, et al. A positron emis-
sion tomography/computed tomography (PET/CT) 
acquisition protocol for CT radiation dose optimiza-
tion. Nucl Med Commun. 2005;26(4):323–30.  

    16.    Beyer T, Townsend DW, Brun T, et al. A combined 
PET/CT scanner for clinical oncology. J Nucl Med. 
2000;41(8):1369–79.  

    17.    Brix G, Beyer T. PET/CT: dose-escalated image 
fusion? Nuklearmedizin. 2005;44(Suppl 1):S51–7.  

    18.    Fahey FH, Palmer MR, Strauss KJ, Zimmerman RE, 
Badawi RD, Treves ST. Dosimetry and adequacy of 
CT-based attenuation correction for pediatric PET: 
phantom study. Radiology. 2007;243(1):96–104.  

    19.    Groves AM, Owen KE, Courtney HM, et al. 16-detec-
tor multislice CT: dosimetry estimation by TLD mea-
surement compared with Monte Carlo simulation. 
Br J Radiol. 2004;77(920):662–5.  

    20.    Huda W, Vance A. Patient radiation doses from adult 
and pediatric CT. AJR Am J Roentgenol. 2007; 
188(2):540–6.  

    21.    Zanzonico P, Dauer L, St Germain J. Operational 
radiation safety for PET-CT, SPECT-CT, and cyclo-
tron facilities. Health Phys. 2008;95(5):554–70.  



12710 Radiation Dosimetry in  18 F-FDG PET/CT

    22.    Hany TF, Steinert HC, Goerres GW, Buck A, von 
Schulthess GK. PET diagnostic accuracy: improve-
ment with in-line PET-CT system: initial results. 
Radiology. 2002;225(2):575–81.  

    23.    Kamel E, Hany TF, Burger C, et al. CT vs  68 Ge attenu-
ation correction in a combined PET/CT system: eval-
uation of the effect of lowering the CT tube current. 
Eur J Nucl Med Mol Imaging. 2002;29(3):346–50.  

    24.    Gelfand MJ, Lemen LC. PET/CT and SPECT/CT 
dosimetry in children: the challenge to the pediatric 
imager. Semin Nucl Med. 2007;37(5):391–8.  

    25.    Rohren EM, Turkington TG, Coleman RE. Clinical 
applications of PET in oncology. Radiology. 
2004;231(2):305–32.  

    26.    Wechalekar K, Sharma B, Cook G. PET/CT in 
 oncology–a major advance. Clin Radiol. 2005;60(11):
1143–55.  

    27.    Lee JW, Kang KW, Paeng JC, et al. Cancer screening 
using  18 F-FDG PET/CT in Korean asymptomatic vol-
unteers: a preliminary report. Ann Nucl Med. 
2009;23(7):685–91.  

    28.   American Cancer Society. Cancer facts and  fi gures 
2009. Atlanta: American Cancer Society; 2009.  

    29.   Korea National Statistical Of fi ce. Causes of death sta-
tistics in 2008. In: Statistics Korea, editor. Annual 
report on the cause of death statistics, 14 Sept 2009.  

    30.    Yasunaga H. Who wants cancer screening with PET? 
A contingent valuation surgery in Japan. Eur J Radiol. 
2007;70:190–4.  

    31.    Kojima S, Zhou B, Teramukai S, et al. Cancer screen-
ing of healthy volunteers using whole-body  18 F-FDG-
PET scans: the Nishidai clinic study. Eur J Cancer. 
2007;43(12):1842–8.  

    32.    Chen YK, Ding HJ, Su CT, et al. Application of PET 
and PET/CT imaging for cancer screening. Anticancer 
Res. 2004;24(6):4103–8.  

    33.    Chung J, Cho H, Shim J, et al. Detection of cancer 
with PET and PET/CT in asymptomatic volunteers. 
Nucl Med Mol Imaging. 2009;43(6):526–34.  

    34.    Weckesser M, Schober O. Is whole-body FDG-PET 
valuable for health screening? Against. Eur J Nucl 
Med Mol Imaging. 2005;32(3):342–3.  

    35.    Yasuda S, Ide M, Fujii H, et al. Application of posi-
tron emission tomography imaging to cancer screen-
ing. Br J Cancer. 2000;83(12):1607–11.  

    36.      Minamimoto R, Senda M, Terauchi T, et al. 
Analysis of various malignant neoplasms detected 
by FDG-PET cancer screening program: based on a 
Japanese nationwide survey. Ann Nucl Med. 2011;
25(1):45–54.  

    37.    Yasuda S, Shohtsu A. Cancer screening with whole-
body  18 F- fl uorodeoxyglucose positron-emission 
tomography. Lancet. 1997;350(9094):1819.  

    38.    Robbins E. Radiation risks from imaging studies in 
children with cancer. Pediatr Blood Cancer. 
2008;51(4):453–7.  

    39.    Ide M, Suzuki Y. Is whole-body FDG-PET valuable 
for health screening? For. Eur J Nucl Med Mol 
Imaging. 2005;32(3):339–41.  

    40.    Schoder H, Gonen M. Screening for cancer with PET 
and PET/CT: potential and limitations. J Nucl Med. 
2007;48(Suppl 1):4S–18.  

    41.    Nishizawa S, Kojima S, Teramukai S, et al. Prospective 
evaluation of whole-body cancer screening with multi-
ple modalities including [18F] fl uorodeoxyglucose posi-
tron emission tomography in a healthy population: a 
preliminary report. J Clin Oncol. 2009;27(11):1767–73.  

    42.    Zhu X. Dosage of radiopharmaceuticals and internal 
dosimetry. In: Charron M, editor. Practical pediatric 
PET imaging. New York: Springer; 2006. p. 37–46.  

    43.   Cristy M, Eckerman KF. Speci fi c absorbed fractions 
of energy at various ages from internal photon sources. 
I. Methods. Oak Ridge National Laboratory Rep. 
ORNL/TM-8381/V1; 1987.  

    44.   ICRP. Radiation dose to patients from radiopharma-
ceuticals (Addendum to ICRP Publication 53). ICRP 
Publication 80. Ann ICRP. 1998;28(3).  

    45.    Treves ST, Davis RT, Fahey FH. Administered radio-
pharmaceutical doses in children: a survey of 13 pedi-
atric hospitals in North America. J Nucl Med. 
2008;49(6):1024–7.  

    46.    Lassmann M, Biassoni L, Monsieurs M, Franzius C. 
The new EANM paediatric dosage card: additional 
notes with respect to F-18. Eur J Nucl Med Mol 
Imaging. 2008;35(9):1666–8.  

    47.   Pediatric Nuclear Medicine Workgroup. North 
American consensus guidelines for administered 
radiopharmaceutical activities in children and adoles-
cents 2010.  

    48.    Ernst M, Freed ME, Zametkin AJ. Health hazards of 
radiation exposure in the context of brain imaging 
research: special consideration for children. J Nucl 
Med. 1998;39(4):689–98.  

    49.    Charron M. The biologic effects of low-level radia-
tion. In: Charron M, editor. Practical pediatric PET 
imaging. New York: Springer; 2006. p. 30–6.  

    50.    Zanotti-Fregonara P, Champion C, Trebossen R, 
Maroy R, Devaux JY, Hindie E. Estimation of the 
beta + dose to the embryo resulting from 18F-FDG 
administration during early pregnancy. J Nucl Med. 
2008;49(4):679–82.  

    51.   ICRP. Pregnancy and medical radiation. ICRP 
Publication 84. Ann ICRP. 2000;30(1).  

    52.    Leide-Svegborn S. Radiation exposure of patients and 
personnel from a PET/CT procedure with  18 F-FDG. 
Radiat Prot Dosimetry. 2010;139(1–3):208–13.      



129E.E. Kim et al. (eds.), Clinical PET and PET/CT: Principles and Applications, 
DOI 10.1007/978-1-4419-0802-5_11, © Springer Science+Business Media New York 2013

 The concept of  fl uorodeoxyglucose positron 
emission tomography (FDG PET) was conceived 
in the early 1970s by a number of researchers. In 
August 1976, the  fi rst brain and whole-body 
images were acquired successfully using the ini-
tial type of PET scanner optimized for in vivo 
imaging with positron-emitting radionuclides in 
humans  [  1  ] . This demonstrated the feasibility of 
the methodology, but it was still far from clinical 
study. 

 During most of the 1980s, FDG PET imaging 
was used to determine alterations in the brain 
function associated with a multitude of neuropsy-
chiatric disorders. In the late 1980s, imaging of 
the entire body became a reality on the basis of 
re fi nement of the PET scanner. Under these cir-
cumstances, FDG PET was expected to play a 

major role in treating malignant disorders in the 
near future. 

 By the late 1990s, it became apparent that 
FDG PET imaging was substantially superior to 
conventional techniques in diagnosing, staging, 
treatment response monitoring, and detecting 
recurrence in a variety of cancer types. Although 
FDG PET was proved to be clinically useful in 
malignant disorders, there were few PET centers 
worldwide, which were focused predominantly 
on the research aspects of PET. Smaller institu-
tions, which were interested in clinical usage of 
FDG PET, could not consider installing a PET 
system because of budget limitations. 

 By the 2000s, the introduction of PET/CT was 
a turning point, bringing great changes in the 
sociomedical status of FDG PET. FDG PET and 
PET/computed tomography (CT) have become 
popular clinical medical imaging tools, and 
recently have been accepted as the most impor-
tant and innovative methods for cancer imaging. 
For instance, the striking increase of the number 
of FDG PET-related medical articles re fl ect the 
fact that FDG PET has had much attention 
brought to it by clinicians. Between 1995 and 
1999, during the early stage of clinical usage, 
only 553 FDG PET-related articles were pub-
lished, according to a PubMed search (National 
Center for Biotechnology Information, U.S. 
National Library of Medicine, and National 
Institutes of Health), whereas 1,374 and 2,981 
articles were published between 2000–2004, and 
2005–2009, respectively (Fig.  11.1 ).  
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   Resolution of Technical Barrier to 
Popularization 

 Because the installation and management of a 
PET center is considerably more dif fi cult than 
other medical imaging systems (e.g., magnetic 
resonance image [MRI] or CT), PET could not 
advance as quickly as MRI or CT in the begin-
ning. Because positron-emitting radionuclide has 
a short half-life, cyclotron and radiosynthesis 
equipment need to be installed near the PET 
scanner. As a result of these shortcomings, PET 
systems were not easily assessable and not many 
clinicians had the opportunity to familiarize 
themselves    with FDG PET. Therefore, only few 
obvious clinical roles and indications for FDG 
PET were originated. This resulted in less use of 
FDG PET, leading to a vicious cycle. The high 
installation cost and complexity of the system 
was still a barrier for further installation and 
administration. 

 In the 1990s, manufacturers began to build 
clinically relevant PET scanners for whole-body 
imaging, beyond the brain and the heart, which 
could acquire whole-body images within a 1-h 
time period. In parallel, small-sized relatively 
cost-effective cyclotrons were built, and auto-
mated radiopharmaceutical synthesis systems 

came to the market. FDG could be produced at an 
acceptable cost and companies began to make 
infrastructures for FDG distribution to several 
satellite PET sites within 3-h (or less) travel dis-
tances. Thus, from the late 1990s to the present, 
the initial technical barrier to PET spread was 
resolved and the PET scanner could become a 
clinical modality rather than only an investiga-
tional means.  

   Advent of PET/CT 

 Another important advancement has been attrib-
uted to the popularization of PET−the develop-
ment of PET/CT. In most clinical settings, PET 
imaging is more bene fi cial when viewed with 
data from other imaging techniques, mainly CT 
and MRI, which have attained a high level of 
clinical relevance. For such clinical needs, PET 
was combined with CT into a single scanner 
(PET/CT), which further enhanced the utility of 
the methodology in daily practice. The integra-
tion of PET and CT images allows precise local-
ization of the diseased sites for optimal 
management of patients with cancer and other 
disorders, which is essential for accurate plan-
ning of surgical and biopsy procedures. PET/CT 

  Fig. 11.1    Number of articles published annually in which the title contains  fl uorodeoxyglucose positron emission 
tomography (FDG PET)       
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imaging is becoming a standard of care in radia-
tion oncology where utilizing conventional imag-
ing techniques results in either over- or 
undertreating cancer patients. 

 PET/CT imaging is more clinically relevant 
than PET alone, and after its advent into the clini-
cal world, has been replacing PET scans. It was 
presented at the European Association of Nuclear 
Medicine (EANM) Congress    in 2005 that use of 
PET was heading toward a considerable decline, 
and was being rapidly overtaken by PET/CT 
throughout Europe. Sales  fi gures for PET/CT 
scanners have surpassed those of “stand alone” 
PET systems, and it is predicted that greater than 
90% of PET scanners would be substituted for 
PET/CT in the near future. At the same Congress 
meeting, von Schulthess highlighted the fact that 
the use of PET/CT was growing by 60%, whereas 
PET use was declining at a rate of 20%. In 2001, 
91% of all PET scanners were stand-alone PET 
systems, whereas in 2004, 67% were PET/CT 
systems. 

 The other important aspect which must be 
mentioned is the higher throughput of PET/CT 
than stand-alone PET. PET/CT scanner uses fast 
CT for attenuation correction, as opposed to con-
ventional time-consuming transmission scans. 
   CT-based attenuation correction accomplished 
whole-body examination in less than 30 min. 
Although PET/CT carries a higher cost than 
stand-alone PET, PET/CT could be more cost 
effective than stand-alone PET because of its 
high throughput and clinical usefulness. PET/CT 
requires short scanning time, has high through-
put, provides more clinical information including 
functional and anatomic aspects, and is more 
convenient to patients and the operator. These 
features are encouraging for the continued explo-
ration of new clinical indications of PET.  

   Reimbursement and Insurance 

 After the 1990s, when FDG PET had been 
accepted as a clinical imaging modality, some 
developed countries had considered reimburse-
ment by national or private insurance systems. 
Eventually, based on data that had been collected 

in the literature, Medicare became convinced of 
the technique’s ef fi cacy and granted reimburse-
ment for this service by the late 1990s. 

 Although reimbursement for this service had 
been initiated in the US in the late 1990s, the 
reimbursement system was still in a transition 
state in the US and Europe until the early 2000s 
 [  2  ] . Public and private insurance systems are dif-
ferent among US and European countries. In the 
UK, both public and private insurance authorizes 
clinical PET to some extent. In Germany, private 
health insurance companies give authorization 
but public insurance does not. In Belgium, pri-
vate health insurance companies do not exist but 
public insurance authorizes clinical PET. 

 Reimbursement seems to be one of the most 
important factors in fl uencing the development of 
PET. Serious intervention or regulation by insur-
ance systems could restrict the expensive modal-
ity, whereas reimbursement by public insurance 
systems may have a positive effect on the popu-
larization of PET. Korea began reimbursement by 
public insurance systems in June of 2006. 
Between 2006 and 2007, there was a 45% increase 
in PET studies nationwide.    The market share of 
PET in the imaging branch of nuclear medicine 
was 45% in 2006 (Table  11.1 ).  

 According to a survey conducted in 2006 by 
the World Federation of Nuclear Medicine and 
Biology (WFNMB), in 2005, 67% of developed 
countries in Europe initiated reimbursement for PET 
along with 31% of developing countries. At that 
time, Luxembourg, Belgium, The Netherlands, 
France, UK, Italy, Denmark, Finland, Czech 
Republic   , Cyprus, Germany, Switzerland, Ireland, 
Israel, Japan, Spain, Indonesia, Poland, Taiwan, 
and Hungary had already initiated reimburse-
ment. However, Mongolia, Pakistan, Vietnam, 
Singapore, United Arab Emirates, Slovenia, 
Bulgaria, Chile, Paraguay, Peru, Philippines, 
Romania, Serbia and Montenegro, South Africa, 
Thailand, Argentina, and Algeria had not. The 
reimbursement fee for PET varies considerably 
throughout Europe. For example, in Great Britain, 
reimbursement is €222; Belgium, €825; France, 
€1,050; Switzerland, €1,230; and Czech Republic, 
€2,050  [  2  ] . In Korea, reimbursement is about 
710,000 KRW (764 US dollar).    
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 The spectrum of reimbursement indications 
was different among countries. A relatively broad 
spectrum of indications was accepted in Europe 
(Belgium, The Netherlands, France, Great Britain, 
Italy, Finland, Switzerland, and Spain) and the US. 
In 2006, Korea also adopted broad indications. 
Reimbursement spectrums vary by the economic 
needs, cost-effectiveness of societies, and the rec-
ommendations of health professional groups. 

 Although reimbursement systems began in 
major leading countries, cost-effectiveness analy-
sis of FDG PET had not yet been carried out. Until 
then, some researchers had reported that ovarian 
cancer, recurrent laryngeal cancer, locally advanced 
head and neck cancer, recurrent nasopharyngeal 
cancer, and suspected lung cancer are cost-effec-
tive indications for FDG PET  [  3–  7  ] . It seemed that 
the more cost-effective data would accumulate, 
more indications would be revealed.  

   Popularization of PET 

 Until the early 2000s we had witnessed a rise in 
the number of PET/CT installations. Most of the 
1,000 PET/CT units worldwide were operational 
in the US, and notably less in Europe. Only 17 
PET/CT installations existed in Germany. There 
are about 300 stand-alone PET scanners installed 
in Europe at the present time, most of them oper-
ating in clinical practice  [  8  ] . 

 According to the survey by the WFNMB, the 
number of PET installation sites increased dra-
matically after 2000 (Table  11.2 ). The installa-
tion sites increased between 1996 and 2000 in 
the US, and other countries followed between 
2000 and 2005. More are expected to be installed 

in 2010. The market share of PET in nuclear 
medicine increased (Table  11.1 ) and is probably 
be the leading most portion of market share of 
nuclear medicine at the present time.  

 For example, in Korea, the number of PET 
applications did not increase during the 1990s, 
but the trend changed and began to increase expo-
nentially since 2001 (Fig.  11.2 ). Profound distri-
bution of PET or PET/CT scanners, on-site 
medical cyclotrons, and supporting delivery 
infrastructure of radiopharmaceuticals made the 
increase possible in Korea. Between 1994 and 
2002, there were only seven PET centers in Korea 
and they distributed only around the area of the 
capital (Fig.  11.3 ). In 2008, the number of PET 
sites and PET scanners reached 78 sites with 127 
scanners, and 113 of the 127 scanners were PET/
CT. The PET sites were distributed regionally 
nationwide. There was a burst in the number of 
PET applications around 2006 as a result of reim-
bursement by public insurance systems. PET 
became an available technology for most Korean 
patients, geographically and  fi nancially.   

 The total number of scans per million head of 
population varied considerably from one country 
to another. The total number of scans per scanner 
or utilization rate also varied considerably from 
one European country to another. According to 
the EANM Congress of 2005, the Czech Republic 
performed about 3,400 scans per scanner, whereas 
Belgium performed 870 scans  [  8  ] . 

   Table 11.2    Number of facilities/sites in various coun-
tries where PET has been installed   

 Country  1992  1996  2000  2005 

 US  60  82  176  1,080 a  
 Japan  23  24  35  120 
 Germany  15  16  22  66 
 Belgium  6  6  8  11 
 England  8  8  6  11 
 Australia  2  2  5  7 
 Korea  0  2  5  52 
 China  60 
 Taiwan  8  20 
 Other  36  35  37  150 
 Total  150  175  302  1,577 

  Numbers were calculated or summed based on a ~ 2006 
WFNMB survey, 2005 EANM Conference symposium, 
and 2003 German survey  [  8  ]  
  a Number based on a 2004 survey  

   Table 11.1    Market share of PET in nuclear medicine 
departments in Korea   

 Year  1997  2001  2004  2005  2006 
 Image  239  481  742  815  941 
 Radioimmuno-
assay    

 782  1,075  1,391  1,581  1,843 

 Treatment     22  26  31  36  41 
 PET  19  75  122  574  754 
 Total  1,062  1,657  2,286  3,006  3,579 

 100 million 
won (KRW) 
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 Infrastructures that deeply in fl uence the popu-
larity of PET, such as the delivery system, distri-
bution of medical cyclotron, medical insurance 
coverage, medical care system, and economic 
status, are very different among countries. 
Although developed and developing countries 
have infrastructures and substantial PET sites, 
less developing countries do not. Moreover, the 
number of PET or PET/CT per capita is different 
between developed countries and developing 
countries. In Benelux, Austria, Switzerland, and 
Italy the number of PET studies per million 
inhabitants is more than 1,000; whereas in France, 
Iberia, and Scandinavia this number varies 
between 500 and 1,000; in Germany and the UK, 
it is less than 500 scans (Table  11.3 ).   

   Prospects and Collaboration 

 As mentioned previously, the popularization of 
PET is not geographically homogenous. However, 
despite the rising number of PET installations, 
PET imaging accounts for only a small part of the 
total expense of diagnostic imaging. Developing 
countries and less developed countries do not 
have substantial infrastructure, and PET technol-
ogy is not yet clinically relevant. Until 2006, a 
considerable number of countries had substantial 
numbers of PET and infrastructure to in fl uence 
the national medical care system. A commercial 

transportation and distribution system for FDG 
has been already been initiated in almost every 
country in Europe and Asia-Oceania, whereas in 
Japan, a typical developed country, neither trans-
portation of FDG nor full reimbursement of clini-
cal PET has been started or has been delayed. 
The coverage by insurance and regulatory 
approval systems varies among nations. 
Obviously, the applicability and recognition of 
PET as an imaging modality in diagnostic oncol-
ogy (and neurology) is affected by the recom-
mendations of professional groups regarding the 
different levels of oncologic scanning. Based on 
these facts, it would be much easier for less-
developed countries to facilitate PET centers by 
obtaining help and experience from the leading 
countries by international collaboration. 

 To overcome this unequal level of populariza-
tion, a new PET application and radiotracer, 
which cannot be replaced by other modality, 
should be developed, and PET should be more 
popularly used. A new array of promising new 
positron-emitting radiotracers, other than FDG, 
as well as new imaging instruments would make 
the future of PET brighter than its current suc-
cess. FDG is only one of many radiopharmaceu-
ticals, and others are now in production or under 
active investigation. These new radiotracers have 
characteristic roles and the indications of PET 
will be wider. Current PET scanners are rapidly 
evolving as well, with new crystal materials, 

  Fig. 11.2    Number of PET applications performed annually in Korea from 1997 to 2008       
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PET/CT combination systems, and other techni-
cal innovations that are already in use. Technology, 
such as PET and MRI combinations as well as 
new tabletop medical cyclotrons, will strengthen 
the usefulness of PET. 

 The lack of a uni fi ed international or domestic 
system and excessive requirements for regulatory 
approval of radiopharmaceuticals are serious 
obstacles that need to be addressed prior to reim-
bursement. Currently,  18 F-FDG manufacturers 
need to comply with more rigorous regulatory 
standards similar to those required for unlabelled 
drugs. Complying with such standards requires 

additional upfront costs for personnel, of fi ce 
space, and equipment. In addition, regulatory 
agencies have been increasingly moving toward a 
more stringent regulatory environment for manip-
ulation and transport of radiopharmaceuticals  [  9  ] .  

   Conclusion 

 The  fi eld of PET is relatively the newest, and will 
progress with many advantageous conditions. 
PET/CT was emerging as an investigational 
 technology for four decades prior to maturing as 

  Fig. 11.3    Chronologic 
changes of regional 
distribution of PET 
scanners and medical 
cyclotrons in Korea       
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a clinical medical imaging modality, especially 
for oncology. In the future, promising new tracers 
and new instruments will continue to drive the 
sustainable success of PET technology. 
International collaboration and the sharing of 
experience will be helpful for promoting clinical 
PET worldwide and abolishing regional unequal 
diffusion.      
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 Positron emission tomography (PET) has a key 
role in the management of patients with focal 
epilepsy as a well-established, functional imaging 
modality. Especially among various PET agents 
to evaluate brain function,  18 F- fl uorodeoxy-
glucose (FDG) has been widely used because it 
re fl ects neuronal activity and allows quanti fi -
cation of cerebral glucose metabolism using 
tracer kinetic modeling. In the management of 
patients with medically intractable epilepsy, FDG 
PET became a routine process to localize epilep-
togenic foci, particularly in cases of patients 
presenting with normal anatomic structures on 
magnetic resonance imaging (MRI). Recently, 
this pivotal role of FDG PET in presurgical eval-
uation had been challenged by high-quality 
MRI  [  1  ] . 

 Despite this trend, the role of PET as a 
functional imaging modality in the management 
of patients with epilepsy seems secure in terms of 
both demonstrating the epileptogenic zones and 
better understanding of the neurobiology of epi-
lepsy. FDG PET could provide useful information 
to localize the epileptogenic focus even in patients 
with medically intractable focal epilepsy who 
have unremarkable MRI scans  [  1  ] . To investigate 
neurochemistry, which is considered crucial in 
epileptogenesis and spread of epileptic activities, 
several PET tracers have been introduced and 
actively explored its feasibility in clinical practice 
 [  2  ] . Moreover, the introduction of an epoch-
making experimental tool, a dedicated small 
animal PET scanner and animal model for epi-
lepsy, has accelerated investigations to unveil 
secrets of epilepsy. 

   FDG PET 

 Surgical interventions would be an accepted treat-
ment option to effectively alleviate seizures in 
approximately 20–30% of the patients with focal 
epilepsy who became resistant to antiepileptic 
drugs  [  3,   4  ] . Although the success rates of surgi-
cal interventions in patients with temporal lobe 
epilepsies reach almost 85%  [  5–  8  ] , those rates 
decrease 50% to 60% in patients with cortical ori-
gin epilepsies  [  9,   10  ] . In this regard, careful selec-
tion of eligible patients and precise localization of 
the epileptogenic zones are imperative to achieve 
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a seizure-free outcome and  minimize side effects 
related with unsuccessful surgery, and thus metic-
ulous presurgical  evaluations including scalp 
electroencephalography (EEG) and various imag-
ing studies are required. 

 FDG PET, as a noninvasive evaluation tool, 
has been reported to have high sensitivities with 
60–90% in lateralizing temporal lobe epilepsy 
(TLE)  [  11  ] . On interictal FDG PET, the epilepto-
genic focus is usually seen as a hypometabolic 
area, which is considered to be seizure-related 
changes in the brain. The pathophysiologic basis 
of the hypometabolism remains elusive, but it has 
been suggested that the hypometabolism in the 
hippocampus may re fl ect the hippocampal neu-
ronal loss, a histopathologic hallmark of medial 
temporal sclerosis  [  12  ] . 

 In regard to the diagnostic performance of 
various imaging methods to localize the epilep-
togenic foci, sensitivities were varied between 
medial temporal lobe epilepsy and neocortical 
epilepsies  [  13  ] . The diagnostic performance for 
extratemporal neocortical epilepsy is not partic-
ularly high. Recently, the introduction of nuclear 
imaging analysis methods such as statistical 
parametric mapping (SPM) helped the localiza-
tion of the epileptogenic foci with improved 
sensitivities  [  13  ] . In a previous study using 
SPM, we investigated the diagnostic perfor-
mance of FDG PET in pediatric patients with 
TLE, and the introduction of SPM was found to 
be helpful for the localization of the epilepto-
genic zones  [  14  ] . 

 The sensitivity of FDG PET was compared in 
a head-to-head fashion with MRI or ictal    single-
photon emission computed tomography (SPECT) 
using  99m Tc-hexamethylpropyleneamine oxime 
(HMPAO) or ethylene cysteinate dimer  [  15  ]  
(Table  12.1 ). Among 118 patients who were 
operated on for medial temporal and neocortical 

epilepsies and were followed up for more than 
one year, the sensitivity of FDG PET was 85   %.  

   Diagnostic Performance of FDG PET 
in Medial Temporal Lobe Epilepsy 

 Medial temporal lobe epilepsy is well known for its 
pathologic diagnostic criteria of hippocampal scle-
rosis and/or atrophy. These hippocampal changes 
are easily found by the recent generation MRI 
machines. Both the quantitative and the qualitative 
MRI interpretation give similar diagnostic effective-
ness for TLE with the MRI machines. In cases of 
hipppocampal changes clearly identi fi ed on MRI, 
FDG PET reveals equally well the epileptogenic 
zones in medial temporal lobe epilepsy (Fig.  12.1a ).  

 The advanced equipment and acquisition 
methods such as 3-T MRI have increased the sen-
sitivity of localization of epileptogenic zones. 
However, despite these advancements, MRI 
reveals no signi fi cant anatomic structures in the 
20–25% of the patients with medically intracta-
ble epilepsy  [  16  ] . For those patients, FDG PET 
could provide useful data for lateralizing the 
lesion as well as the desirable location for an 
invasive scalp EEG recording. The use of FDG 
PET is reported to be cost effective, especially in 
patients with unremarkable MRI scans  [  11  ] . 

 In brief, FDG PET is helpful mainly for three 
types of medial TLE. The  fi rst type is represented 
by patients with ambiguous sclerosis (Fig.  12.1b ). 
In a few patients with medial TLE, hippocampal 
sclerosis is not prominent even on MRI with the 
most recent techniques. The 3-T MRI with  fl uid-
attenuated inversion recovery (FLAIR) and 
multiple channel coils could identify relevant 
abnormalities only in 20% of patients with previ-
ously unremarkable MRI scans  [  1  ] . The second 
type is of bilateral sclerosis and/or atrophy 
(Fig.  12.1c ). Quite a few confusing cases have 
been  fi led among 600 fully investigated epilepsy 
patients at our institution. The third type is repre-
sented by those patients with inherently normal 
MRI  fi ndings (Fig.  12.1d ). FDG PET and ictal    
SPECT were found to be similarly effective at 
localizing epileptogenic zones in nonlesional 
(MRI-negative) medial temporal lobe epilepsy  [  17  ] .  

   Table 12.1    Correct localization of MRI,  18 F-FDG PET, 
and ictal SPECT   

 Pathology (%)  Surgical outcome (%) 

 MRI  72  77 
  18 F-FDG PET  85  86 
 Ictal SPECT  73  78 

  (Modi fi ed from reference 12.15)  
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   Diagnostic Performance of FDG PET 
in Neocortical Epilepsy 

 About one third to one half of medically intrac-
table patients have neocortical epilepsy  [  18–  20  ] . 
Neocortical epilepsy consists of lateral temporal, 
frontal, occipital, and parietal lobe epilepsy, in 
decreasing order of prevalence  [  19  ] . Neocortical 
epilepsy poses two types of problems in localiza-
tion of epileptogenic zones. The  fi rst is that if 
MRI shows multiple candidate foci of the epilep-
togenic zones, it cannot be veri fi ed    which is the 
culprit lesion for the seizure generation. The sec-
ond is that if MRI does not show any structural 
lesion, that is to say, when the lesion is ‘crypto-
genic’, it is dif fi cult to determine where to apply 

subdural grids and strips to  fi nd the seizure focus 
during subdural EEG studies. In such cases, FDG 
PET is helpful in providing useful information on 
the virtual location of subdural electrodes to  fi nd 
the epileptogenic zone. FDG PET can at least lat-
eralize cryptogenic lesions, although it cannot 
localize a lesion. 

 According to our previous study  [  21  ] , positive 
predictive value of FDG PET in cryptogenic epi-
lepsy is over 70%. Localization rates are different 
for various epileptogenic lobes. Lateral temporal 
lobe or frontal lobe epilepsies are relatively easy 
to diagnose among complex partial seizure 
patients. In frontal lobe epilepsy, the sensitivity 
of FDG PET was 36% in patients without struc-
tural lesions on MRI and 73% in patients with 

  Fig. 12.1    Selected axial FDG PET images of lower brain 
for medial temporal lobe epilepsy. ( a ) A typical matching 
case with hippocampal atrophy and hypometabolism with 
decreased uptake of  18 F-FDG (*) in the left temporal lobe.
( b ) A case with ambiguous ictal EEG but with de fi nite 
hypometabolism with decreased activity (*) in the right 

temporal lobe. ( c ) An example of bilateral hippocampal 
atrophy on MRI but unilateral hypometabolism (*) in the 
right temporal lobe. ( d ) A nonlesional cryptogenic case 
on MRI but with mild hypometabolism (*) in the right 
temporal lobe. All four patients underwent surgery with 
outcomes of Engel class 1       
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structural lesions in frontal lobe epilepsy  [  22  ] . In 
nonlesional cryptogenic cases, epileptogenic 
zones yield similar decreased metabolism to the 
lesions in explicit cases with subdural lesions 
(Fig.  12.2 ).  

 On the contrary, it is not easy to localize epi-
leptogenic zones in occipital lobe epilepsy  [  23  ] . 
Areas showing the most severe hypometabolism 
are limited to the occipital lobes in some patients 
(Fig.  12.3 ), however, they are not limited in oth-
ers. In those other cases, the areas of highest per-
fusion were also not limited to occipital lobes on 
ictal    SPECT. The hypometabolism was localized 
even to the ipsilateral temporal lobes in a few 
patients (Fig.  12.4 ). Epileptogenic zones could 
have been misdiagnosed for temporal lobes in 
those patients. As for the occipital lobe epilepsy, 
the localization rate was found to be 47% by MRI 
and 60% by PET  [  23  ] . In such confusing cases of 
occipital lobe epilepsy, the examination of visual 
symptoms and visual  fi eld is mandatory  [  23  ] .    

   Comparison of Interictal FDG PET with 
Interictal Perfusion SPECT 

 The diagnostic performance of interictal SPECT 
for localization of epileptogenic zones is  somewhat 

disappointingly low as compared with that of 
interictal PET. The sensitivity of interictal perfu-
sion SPECT was 44% on average by a meta-anal-
ysis  [  5  ] , and 34% in our cohort study including 
both temporal and neocortical epilepsy cases. The 
sensitivities of interictal PET have been reported 
to be improved over those of interictal SPECT 
(73–97%)  [  24–  26  ] . 

 Considering the dogma of metabolism and 
perfusion coupling in the brain, it is important to 
 fi gure out the signi fi cance of, or the reason for, 
this discrepancy in the sensitivities of the two 
functional imaging modalities representing 
metabolism and perfusion. The reason why inter-
ictal FDG PET is excellent but interictal SPECT 
is poor for the localization of epileptogenic zones 
could be explained as follows. 

 Among greater than 300 patients, we identi fi ed 
14 patients with increased perfusion in the zones 
that was determined to be epileptogenic by surgi-
cal outcome or invasive studies  [  27  ] . Four of 
those were patients in whom interictal SPECT 
was performed on the second day after ictal epi-
sode. The other four patients, seemingly hyper-
perfused, were studied on the third to  fi fth day 
after ictus (Fig.  12.5a, b ). This means that the 
interictal SPECT was in fact not performed at the 
interictal phase. Subclinical seizure activity just 

  Fig. 12.2    A case with cryptogenic frontal lobe epilepsy. 
Selected axial T2-weighted, MR image of the brain was 
normal, and ictal EEG also was nonlocalizing. Selected 
axial FDG PET showed images of the head, de fi nitive 

hypometabolism with decreased uptake of  18 F-FDG (*) in 
left frontal lobe. After successful frontal lobectomy, the 
patient became seizure-free       
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prior to or during interictal studies might have 
resulted in this increased perfusion at the epilep-
togenic zones.  

 On the other hand, ‘delayed postictal perfu-
sion abnormalities’, even long after the previous 
ictus, could have resulted in the increased perfu-
sion  [  28  ] . During the delayed postictal period at 
6 h after ictal SPECT,    we found remnant hyper-
perfusion in one half of patients (Fig.  12.5c–e ). 
In one patient, severe hypoperfusion was found 
on delayed postictal SPECT, but showed recov-
ery on interictal SPECT   . Based on these  fi ndings, 
we suggest that even with EEG monitoring to 

  Fig. 12.3    Cases    of occipital lobe epilepsy. Selected 
T2-weighted axial MR image of the brain ( a ) was normal, 
but metabolism with  18 F-FDG was decreased in the right 
occipital lobe epilepsy (*) on the axial image of the head (b). 

In another case, the MR image ( c ) was normal, but perfusion 
with 99mTc HMPAO was increased in the left occipital lobe 
(*) on ictal SPECT of the head ( d ). Both patients became 
seizure-free after neocortical resection       

  Fig. 12.4    Regional prevalence if interictal hypometabo-
lism on  18 F-FDG PET in occipital lobe epilepsy. Occipital 
lobe is the most common site of hypometabolism       

 

 



144 D.S. Lee et al.

prove that there is no ictal discharge during inter-
ictal SPECT, it cannot be veri fi ed    that the ‘true’ 
interictal SPECT has been obtained.  

   Voxel-Based Analysis of FDG PET 

 SPM is a voxel-based approach for determining the 
signi fi cantly different area from normal controls 
(Fig.  12.6 ). After spatially transforming and smooth-
ing the individual PET data using the general linear 
model, the voxel count of the individual patient is 
compared with those of the normal controls. This 
analysis method is a very robust analytic tool to 
compare statistically abnormal cerebral perfusion 
with normal controls  [  22,   29,   30  ] .  

 Interestingly, SPM analysis of  15 O-water PET, 
FDG PET, and  99m Tc-HMPAO interictal SPECT 
revealed that in the same patients the areas of hypop-
erfusion were mostly concordant with but smaller 

than the areas of hypometabolism (Fig.  12.7 )  [  31  ] . 
This apparent uncoupling of perfusion and metabo-
lism in epileptogenic zones is another reason why 
interictal perfusion SPECT is inferior to interictal 
FDG PET in localizing epileptogenic zones.  

 On SPM analysis in frontal lobe epilepsy, using 
an uncorrected probability value of 0.005 as the 
threshold, the sensitivity of SPM analysis reached 
that of visual assessment. Sensitivity is decreasing 
as stricter thresholds are chosen to  fi nd abnormal 
area of decreased perfusion (Fig.  12.8 ).   

   Quanti fi cation Using Automatic Volume 
of Interest on Population-Based Atlas 

 This method is structured on population-based 
standard anatomy, which was developed by the 
Montreal Neurological Institute and named SPAM 
(Fig.  12.9 ). SPAM, an acronym for “statistical 

  Fig. 12.5    Hyperperfusion on interictal SPECT using 
99mTc HMPAO and delayed postictal hyperperfusion after 
ictus. In a patient with surgically con fi rmed right temporal 
lobe epilepsy, on the fourth day after ictal study ( a ), axial 
images of the head taken on interictal SPECT ( b ) showed 
similar increased perfusion in the right temporal lobe (*) 

and crossed cerebellar hyperperfusion (+). In the other 
patient with right temporal lobe epilepsy, perfusion was 
increased in the right temporal lobe (*) on ictal SPECT ( c ) 
and also on 6-h delayed SPECT ( d ). On interictal SPECT 
( e ), perfusion was relatively decreased in this temporal 
lobe (*)       
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probabilistic anatomic map,” differs from SPM. 
SPM is a voxel-based approach, whereas SPAM 
is an area-based approach. SPAM is an objective 
and operator-independent method of volume of 
interest (VOI) drawing. We have a population-
averaged anatomic de fi nition of gyri and lobes 
in MRI template format. To construct SPAM, 
the Montreal group collected, parceled, and seg-
mented normal MR images from 152 young 
subjects. Original PET images are transformed 
to an MRI template and the voxel counts are 
multiplied by the probabilities obtained from 
the SPAM template. For example, if the right 
hippocampus is chosen, the resulting image 
shows the probabilities of each voxel belonging 
to the right hippocampus. This method was  fi rst 
used to objectively quantify the asymmetric 
index, and these asymmetric indices could be 
used to localize epileptogenic zones on FDG 
PET  [  31  ] .  

 The methods to use SPAM for evaluation of 
extent and severity of hypometabolism on FDG 

  Fig. 12.6    SPM analysis results of  18 F-FDG PET and 
 15 O-water PET superimposed on MRI. Activities are the vox-
els that differ from the normal controls. In a coupled case, the 
left temporal lobe (*) was found to have hypometabolic vox-
els on axial FDG PET images (a) and hypoperfused voxels 

on water PET (b). In an uncoupled case, the right temporal 
lobe (*) was found to have hypometabolic voxels on FDG 
PET axial images ( c ), however, there was no area of hypop-
erfusion on water PET ( d )       

  Fig. 12.7    Number of hypoperfused voxels and hypomet-
abolic voxels on  15 O-water PET and  18 F-FDG PET in the 
epileptogenic temporal lobes. Each data point represents 
voxel number per epileptogenic whole temporal lobe per 
patient. Numbers of hypometabolic voxels tended to be 
much greater than those of hypoperfused voxels       
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PET in the epileptogenic zones are depicted in 
Fig.  12.10 . The relation of hypometabolism and 
surgical prognosis of medial temporal lobe epi-
lepsy could be evaluated. By successful applica-
tion of SPAM to six gyri of temporal lobes, this 
analysis revealed that focal severity and extent 
were not related to the surgical outcome in medial 
temporal lobe epilepsy  [  32  ] .   

   Prognostic Values of FDG PET 
in Surgical Interventions 

 The prognostic values of FDG PET in presurgical 
evaluations have been investigated both in TLE 
and neocortical epilepsies. The focal hypometab-
olism on presurgical FDG PET are known to have 
a signi fi cant correlation with postoperative 
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  Fig. 12.8    Example of SPM analysis with varying thresh-
old. According to cutoff value of voxel height, SPM anal-
ysis became less sensitive when stricter criterion was 

applied. Sensitivity decreases according to the decrease in 
probability value       

  Fig. 12.9    SPAM)as an 
objective VOI) in PET image 
processing. Frontal and 
parietal ( left ) as well as 
temporal and occipital ( right ) 
lobes were displayed on the 
MRI template. These SPAM 
masks can be used as a VOI 
on the MRI template       
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 seizure-free outcomes  [  33,   34  ] . By a meta-analy-
sis dealing with predictive diagnostic values of 
FDG PET in TLE patients, unilateral temporal 
lobe hypometabolism could predict a good surgi-
cal outcome in 86% of patients, and in 80% of 
patients with normal MRI  [  35  ] . Although MRI 
itself is strongly predictive of surgical outcome in 
TLE  [  33  ] , FDG PET seems to have a comparably 
high predictive value and even to achieve clinical 
bene fi t in the patients with suspected TLE and 
normal MRI. In addition, presurgical FDG PET is 
sure to be cost effective for localization of epilep-
togenic zones, especially if its use is restricted to 
the evaluation of patients in whom MRI and scalp 
EEG do not provide a de fi nitive answer  [  11  ] . 

 In neocortical epilepsies, surgical outcomes as 
well as localization rates of epileptogenic zones 
were lower than those of TLE. However, accord-
ing to our previous study, the localizing values of 
FDG PET and interictal EEG were well correlated 
with a seizure-free outcome, and the positive pre-
dictive value of FDG PET was 63% in patients 
with cryptogenic neocortical epilepsy  [  36  ] .   

   Beyond FDG PET in Epilepsy 

 In vivo neurochemistry, considered to be respon-
sible for neuronal modulation, has had much 
attention in the past decades with the hope of 
revealing the pathophysiology of epilepsy. In par-
ticular,  g -aminobutyric acid (GABA), a major 
inhibitory neurotransmitter that plays a major 
role in regulating neuronal excitability through-
out the central nervous system, is supposed to 
play the key role in epilepsy  [  37  ] . Besides the 
GABAergic system, other neurotransmitters such 
as serotoninergic, dopaminergic systems have 
also been suggested to have a signi fi cant 
pathophysiologic role in the epileptic brain. In 
this regard, PET agents for GABAergic, sero-
toninergic, dopaminergic systems, etc. have been 
actively investigated to evaluate the involvement 
of theses neurotransmitters in vivo. 

 PET with  11 C- fl umazenil (FMZ), which binds 
to GABA 

A
  receptor, has been widely used to 

investigate the status of GABAergic system in 
TLE patients. On FMZ PET, epileptogenic zones 

  Fig. 12.10    Assessment of severity and extent of hypo-
metabolism. Asymmetric indexes were calculated on six 
pairs of VOIs to represent the temporal lobe signi fi cant 
regional hypometabolism was estimated by comparing the 

PET images with those of controls by using SPM. The 
extent of hypometabolic area for each VOI was deter-
mined by counting the number of voxels with signi fi cantly 
decreased hypometabolism in each VOI segmented       
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show decreased FMZ uptake as compared with 
the contralateral homotopic reference region and 
the remaining neocortex (Fig. 12.11a)  [  38  ] . 
However, careful interpretation is needed for the 
abnormalities on FMZ PET because decreased 
FMZ uptake could be seen not only in the epilep-
togenic zone but also in the remote area. Several 
hypostheses including a secondary epileptogene-
sis model, multifocal cortical dysplasia, and 
underlying pathology associated with increased 
susceptibility to seizures have been suggested to 
explain the presence of the multiple decreased 
FMZ sites remote from the epileptogenic zones 
 [  39  ] . Recently, a novel  18 F-labeled PET agent 
( 18 F- fl uror fl umazenil) binding to GABA  

A
  recep-

tor was reported and expected to facilitate the use 
of FMZ PET in clinical practice  [  40  ] . 

 To evaluate the serotonergic system, PET 
agents for serotonin metabolism or serotonin 
receptor have been developed.  11 C-alpha-methyl 
tryptophan (AMT), an analog of tryptophan, 
re fl ects serotonin synthesis in vivo or induction 
of the kynurenine pathway  [  41,   42  ] . AMT PET 

has been suggested to be useful to localize 
 epileptogenic zones in cortical malformations 
(Fig.  12.11b )  [  43–  45  ] . Increased cortical AMT 
uptake was most sensitive in children with tuber-
ous sclerosis  [  43  ] . For the evaluation of the sero-
tonin receptor status,  18 F-MPPF, an antagonist of 
the 5HT 

1A
  receptor, has been investigated in 

patients with focal epilepsies. A recent study 
reported that MPPF PET could lateralize an epi-
leptogenic lobe with a sensitivity of 90%, and 
proved its usefulness in the presurgical evalua-
tion of TLE patients  [  46  ] .  

 The pathophysiologic role of the dopaminer-
gic system in the epileptic brain is not yet clearly 
understood. Recently, the striatal dopaminergic 
system became an important target for both basic 
and clinical research because it was reported to 
play a key role in modulation of seizure activity 
in animal studies  [  47  ] . To characterize the striatal 
dopaminergic system in vivo,  18 F-fallypride, a 
high-af fi nity dopamine D 

2
 /D 

3
 -receptor antago-

nist, has been actively used in animal studies as 
well as in the clinical setting. With the  introduction 

  Fig. 12.11    PET scans using 
radiotracers other than FDG 
in patients with focal 
epilepcies. Epileptogenic 
focus in the right temporal 
lobe showed relatively 
decreased glucose metabo-
lism and reduced FMZ 
uptake ( a : Modi fi ed from 
Ref.  [  38  ] ). Epileptogenic 
focus, proved to be cortical 
dysplasia later on histology, 
showed no abnormal glucose 
metabolism, but increased 
AMT uptake in the right 
frontal cortex ( b : Modi fi ed 
from Ref.  [  45  ] )       
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of dedicated PET scanner for small animals, new 
PET agents for in vivo neurochemistry are 
expected to make advances in the understanding 
of the pathophysiology of epilepsy.  

   Conclusion 

 FDG PET is helpful in localizing epileptogenic 
zones, especially in patients with nonlesional epi-
lepsy on MRI. Quantitative methods such as SPM 
and SPAM are believed to have the ability to 
enhance the objectivity of the analysis to  fi nd epi-
leptogenic zones by revealing hypometabolic 
areas. In the near future, various PET agents other 
than FDG could be utilized to unveil the nature of 
the epilepsy.      
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   Dementia    

 Dementia is a major public health challenge, not 
only for clinicians, but also for society as a whole. 
Prevalence rates of dementia are dependent on 
age, and continuously increase. Twenty-four mil-
lion people are suspected of suffering from 
dementia worldwide, with about 4.6 million new 
patients every year. The number is estimated to 
double every 20 years, and is expected to reach 
up to 81 million cases by the year 2040. The 
prevalence is likely to rise more rapidly in devel-
oping countries  [  1  ] . In the US, there are about 3.4 
million patients, and the overall prevalence in the 
US between the ages of 71–79 years is 5.0%, and 
24.2% for the ages of 80–89 years  [  2  ] . 
Furthermore, dementia is related to increased 
mortality  [  3  ] . Thus, there is an increasing demand 

on the health care system and public resources to 
care for the people with dementia. 

 A wide variety of disorders have been identi fi ed 
as causes of dementia, including primary brain 
disease and disease of other organ systems that 
lead to secondary brain dysfunction. Between 10% 
and 20% of dementias may be reversible, some of 
which may be caused by etiologies such as medi-
cation, vitamin de fi ciencies, and endocrinologic 
problems  [  4  ] . Therefore, distinguishing patients 
with potentially reversible conditions from those 
with degenerative dementia is crucial  [  5  ] . Some 
irreversible types of dementia may have important 
interventions (e.g., vascular dementia), and accu-
rate diagnosis is necessary in degenerative disor-
ders to provide prognostic and genetic counseling. 
Neuroimaging plays a critical role in the diagnos-
tic evaluation of the patient with dementia, such as 
vascular dementia, hydrocephalus, and neoplasms.    
Subdural hematomas and some infectious and 
degenerative processes can be identi fi ed with con-
temporary imaging technology. 

 Dementia causes not only a severe disability in 
normal life, but is a major cause of death in the 
elderly. A 5-year follow-up study demonstrated 
that demented people had a twice as higher mortal-
ity rate than nondemented people  [  6  ] . As the per-
centage of elderly people rises, and because the 
incidence of dementia increases with age, the eco-
nomic, social, and health care consequences of 
dementing illnesses and Alzheimer’s disease (AD) 
in particular, will increase with time. The cost of 
care for patients with dementia is on a steady 
increase. The worldwide cost for dementia care 
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has been estimated to be $156 billion US in 2003, 
and $315 US in 2005  [  7  ] . This chapter describes 
the application of functional neuroimaging in the 
evaluation of AD and other types of dementia.  

   Alzheimer’s Disease 

 Alzheimer’s disease is characterized by a pro-
gressive, global, and irreversible deterioration of 
cognitive function, which usually begins with 
memory problems, followed by de fi cits in lan-
guage, mathematical and visuospatial skills, 
abstract thinking and planning, as well as person-
ality and behavioral changes  [  8  ] . AD is the lead-
ing cause for dementia and has 9.7% prevalence 
in the US in patients 70 years or older. It increases 
up to 18.1% in people between the ages of 80 and 
89 years and up to 29.7% in people over the age 
of 90 years  [  2  ] . Since the original case report of 
AD in 1907,  clinicians have sought to  fi nd accu-
rate antemortem tests to aid in the diagnosis of 
this disorder. A biopsy or postmortem examina-
tion of cerebral tissue is needed if con fi rmation of 
the presumptive clinical diagnosis is required, 
making clinicians rely on clinical diagnostic cri-
teria. Currently, there is clinical ambiguity in 
diagnosing AD in its early stages and it is essen-
tially a diagnosis of exclusion. Until now, how-
ever, no peripheral biochemical or genetic marker 
for AD has been found. Some cerebral spinal 
 fl uid (CSF) and serum markers have been studied 
for the diagnosis of AD, however, there is no 
speci fi c marker for AD  [  9  ] . The patients, the fam-
ily, and the physician are typically faced with a 
battery of negative test results and an ambiguous 
clinical impression that leads to periodic repeti-
tion of tests involving cost, inconvenience, poten-
tial morbidity to the patient, and lack of a 
de fi nitive diagnosis. The ability to diagnose AD 
noninvasively and reliably with PET early in its 
course will have signi fi cant impact on these 
medical and economic realities. 

   Neuropathology 

 Pathologic hallmarks of AD are extracellular 
deposition of the amyloid  b  peptide in senile 

plaques and intracellular NFTs  [  10  ] . Amyloid 
precursor protein (APP), presenilin 1, presenilin 
2, and apolipoprotein E genes are known to be 
linked with autosomal dominant or familial early 
onset AD  [  10  ] . Amyloid  b  peptide is derived 
from the APP and deposits in a hierarchical man-
ner. The sequence of brain regions involved in 
AD are the neocortex, diencephalic nuclei, stria-
tum, cholinergic nuclei of the basal forebrain, 
brainstem nuclei, and cerebellum  [  11  ] . 

 NFTs are formed from paired helical  fi lament 
composed of neuro fi lament and hyperphospho-
rylated tau protein  [  10  ] . Tau protein normally 
takes a role in the stabilization of neurons, 
involved in microtubule assembly  [  12  ] . Trans-
portation and dynamics of microtubules are 
regulated by tau, a microtubule associated pro-
tein. Interaction is regulated by posttranslational 
modi fi cations such as phosphorylation. Aggre-
gation of hyperphosphorylated tau has been 
histologically proved in AD. NFTs are mostly 
found in the medium-sized pyramidal neurons of 
the hippocampus, the entorhinal cortex and of 
layers III and V of the isocortex, and also in the 
olfactory bulb at the early stage of disease  [  13  ] . 
NFTs show a characteristic distribution pattern 
according to the following stages: transentorhinal, 
limbic, and isocortical  [  14  ] . 

 The AD brain also is characterized by neu-
ronal cell loss and change in neuronal morphol-
ogy, which is re fl ected by a decreased brain 
weight and by atrophy of the cortex. Although the 
pattern and degrees of atrophy vary considerably 
from individual to individual, it is most promi-
nent in the frontal, anterior temporal parietal lobe. 
Neuronal loss is most notable in the hippocam-
pus, frontal, parietal, and anterior temporal corti-
ces; amygdale; and the olfactory system. Profound 
loss also occurs in the nucleus basalis, a large 
cholinergic system at the base of the forebrain. 
This cell loss also occurs in the locus ceruleus 
and is likely to account for reduction in brain 
level of norepinephrine noted in some patients 
with AD. As might be expected, neuronal loss is 
generally seen in areas that show plaque or tangle 
pathology. In the hippocampus, the most promi-
nently affected zones are the CA1 region, the 
subiculum, and the entorhinal cortex. Other areas 
of the limbic system that are also affected include 
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olfactory bulbs, olfactory cortices, amygdala, 
cingulate gyrus, and hypothalamus. 

 Many individuals (at least 20–30%) diagnosed 
antemortem with AD demonstrate cortical Lewy 
bodies at autopsy in addition to the neuropatho-
logic  fi ndings of AD. AD with Lewy bodies has 
been associated with excess cognitive burden, 
extrapyramidal symptoms, and more frequent 
psychotic symptoms  [  15  ] .  

   Neurochemistry 

 AD is associated with de fi cits in several neu-
rotransmitter systems, both those that project to 
the neocortex and those that reside within the cor-
tex. Among the neurotransmitters, acetylcholine 
has an important relationship with cognition and 
memory. Previous studies have led to a ‘   cholin-
ergic hypothesis’ of AD  [  16  ] . Cholinergic neuron 
loss is found in the basal forebrain and associated 
neocortical areas. The basal forebrain contains a 
well-characterized group of magnocellular cho-
linergic neurons extending from the medial septal 
region through the nucleus basalis of Meynert 
(Ch1–Ch4) which provide the majority of cholin-
ergic innervation to the hippocampus and neocor-
tex  [  17  ] . Cholinergic de fi cits are not the only 
transmitter de fi cit in AD. There are cortical losses 
of norepinephrine and serotonin that can be traced 
to cell loss in the locus ceruleus and raphe nuclei. 
In addition to de fi cits in systems that project to 
the cortex, there are abnormalities in pathways 
that are intrinsic to the cortex. A large number of 
peptide transmitters are found in cortical interneu-
rons. Of these, losses of somatostatin, neuropep-
tide Y, corticotropin-releasing factor, and 
substance P have been described in AD. 

 Presumably, the de fi cits in these various trans-
mitter systems in AD are all a re fl ection of the 
degeneration and death of neuronal populations. 
Another indication of neuronal degeneration in 
AD is the loss of synapses and presynaptic marker 
proteins in the neocortex and hippocampus. The 
loss is likely a result of both deafferentation of 
cortical and hippocampal neurons and of atrophy 
of the neurons themselves. Decline of the synap-
tic density in the neocortex and hippocampus is 
associated with brain function in AD, but it is still 

unclear whether these synaptic changes are 
related to NFTs or amyloid plaques  [  18  ] . 

 Identi fi cation of the loss of cholinergic  neurons 
in the basal forebrain and of cholinergic innerva-
tion of the cerebral cortex in AD was followed by 
investigations into the involvement of cholinergic 
receptors. In contrast to choline acetyltransferase 
(ChAT), no major or consistent changes in musca-
rinic acetylcholine receptors were observed in the 
cerebral cortex  [  19  ] , although moderate reductions 
in the cortical M2 receptor subtype have been 
reported  [  20  ] . In contrast, reductions in nicotinic 
acetylcholine receptors (nAChRs) with high 
af fi nity for agonists ranging between 20% and 
50% were consistently observed at autopsy in a 
number of neocortical areas and hippocampi of 
patients with AD  [  19  ] . A reduction in the density 
of the presynaptic vesicular acetylcholine trans-
porter binding sites measured by [ 3 H]vesamicol 
was also seen in the AD cortical tissue, but the 
decrease in [ 3 H]vesamicol binding was less than in 
nAChRs  [  21  ] . The observation suggests that the 
vesamicol binding sites may be more preserved in 
the existing presynaptic terminals of AD cortical 
tissue, thereby expressing a compensatory capacity 
to maintain cholinergic activity. Also, the reduc-
tion in vesicular acetylcholine transporter radioli-
gand binding was less than in ChAT activity in AD 
neocortex  [  22  ] . Thus, there is the possibility that 
these two presynaptic cholinergic markers may be 
differentially regulated or differentially lost in AD. 
There may be up-regulation of vesicular acetylcho-
line transporter expression to compensate for cho-
linergic terminal losses, or alternatively, ChAT 
expression may be reduced within otherwise intact 
presynaptic nerve terminals  [  23  ] . 

 Prominent reductions in postmortem measures 
of presynaptic dopamine have been reported in 
AD with Lewy bodies  [  24,   25  ] . These reductions, 
however, are not as severe as seen in Parkinson 
disease (PD)  [  25  ] .  

   Clinical Diagnosis 

 There is no de fi nitive antemortem diagnostic 
test for AD, and brain biopsy may miss subse-
quently proven cases. Clinicians must therefore 
rely on clinical diagnostic criteria for senile or 
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presenile dementia of the Alzheimer type, the 
two most common of which are those of the 
 Diagnostic and Statistical Manual of Mental 
Disorders , Fourth Edition, Revised (American 
Psychiatric Association, 2000) and those of 
the National Institute of Neurological and 
Communicative Disorders and Stroke and the 
AD and Related Disorders Association Work 
Group.When compared against the “gold stan-
dard” of pathologic AD, their diagnostic accu-
racy in dementia of the Alzheimer type varies 
widely. The diagnostic accuracy ranges from 
65% and 96%. However, the speci fi city of these 
diagnostic criteria against other types of demen-
tias is only 23–88%  [  26  ] .  

   Structural Imaging 

 In AD, structural imaging such as magnetic reso-
nance imaging (MRI) and computed tomography 
(CT) show progressive cortical atrophy associ-
ated with increases in ventricular and cortical 
cerebrospinal  fl uid space. These imaging tech-
niques are excellent in identifying the causes 
of dementia that have a structurally identi fi able 
basis on the microscopic level. Such entities 
include multiple infarcts, subdural hematomas, 
brain tumors, and hydrocephalus. Medial temporal 
lobe atrophy is a highly evocative feature of 
AD  [  27  ] . Evaluation of the entorhinal cortex is 
more accurate in the diagnosis of early AD. 
However, hippocampal volume measurement 
is more practical because of the anatomic ambi-
guity of entorhinal cortex  [  28  ] . MRI-based hippo-
campal volume measurements re fl ect hippocampal 
neuronal loss  [  29  ] . 

 Structural imaging techniques are of little use 
in differentiating AD from other degenerative 
dementias such as dementia with Lewy bodies 
(DLB), frontotemporal dementia (FTD), early 
Huntington’s disease (HD), and progressive supra-
nuclear palsy (PSP). However, CT and MRI have 
an important role for exclusion of structural 
lesions in patients with cognitive decline, partic-
ularly if the clinical presentation is in any way 
unusual  [  30,   31  ] .  

   Functional Imaging 

 Positron emission tomography (PET) assesses 
and maps regional brain function. The signal 
measured in PET is derived from the decay of 
radioactive positron-emitting nuclides that are 
introduced into the body via intravenous injec-
tion or inhalation. Common nuclides including 
 15 O,  11 C, and  18 F are used to label compounds 
such as glucose and oxygen for the purpose of 
evaluating cerebral metabolism or measuring 
regional cerebral blood  fl ow    (rCBF). Radio-
labeled receptor ligands have been developed 
and widely used for the assessment of neurotrans-
mitter systems. The short half-life of some of 
these tracers facilitates repeat studies within a 
single scanning session while ensuring low radia-
tion exposure to the subject. A circumferential 
detector placed around the head maps the distri-
bution of the positron-emitting nuclide with a 
resolution of approximately 5 mm. Currently, 
high-resolution research tomography brain dedi-
cated PET scanners are in development for both 
academic and commercial use. Also, the combi-
nation of MRI with PET has been researched for 
additional anatomic information  [  32  ] . 

   Metabolic and Blood Flow Imaging 
 [ 18 F]2-Fluoro-2-deoxy-D-glucose (FDG) PET 
has the ability to provide objective, accurate, 
and noninvasive diagnostic information about 
patients with dementia of various causes. Glucose 
metabolism is coupled with glutamate-driven 
astrocytic glucose uptake, so that FDG PET may 
be related with excitatory glutamate neurotrans-
mitter release,    and neuronal activity  [  33  ] . 

 FDG PET studies have shown a characteristic 
pattern of metabolic impairment of cortical asso-
ciation areas in AD (Fig.  13.1 ). Impairment of 
glucose metabolism seen in AD (usually 1–2 years 
after onset of the disease) typically involves the 
temporoparietal cortex, and often is bilateral. 
As the disease progresses, the areas of cortical 
involvement with hypometabolism expand. 
Later, decreased metabolism is found in the 
frontal cortex, but the primary visual cortex and 
primary sensorimotor cortices typically appear to 
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be relatively spared until the late stages of the 
disease, in accordance with pathologic data. The 
thalamus has been known to be relatively unaf-
fected in FDG PET  fi ndings, which is inconsis-
tent with the current understanding of AD 
pathology. MRI co-registered and voxel-based 
analysis revealed that glucose metabolism in the 
hypothalamus is reduced  [  33  ] . Cerebellar metab-
olism is relatively preserved in mild to moderate 
AD, and a signi fi cant reduction in cerebellar 
glucose metabolism has been reported in severe 
AD with no evident cerebellar atrophy  [  34  ] . In the 
early stages of the disease, the typical pattern 
may not yet be complete. In particular, frontal 
involvement may be missing and temporoparietal 
metabolism may only be unilaterally impaired. In 
spite of these limitations, it has been suggested 
that FDG PET may be used for early diagnosis of 
AD, which could be very valuable for therapeutic 
trials in the early stages of the disease.  

 PET may be helpful in predicting which 
patients are in the process of cognition decline. 
Patients in the stage of mild cognitive impair-
ment show certain patterns on FDG PET  fi ndings. 
Even before the possible clinical diagnosis of 
probable AD, decrease of blood  fl ow and glucose 
metabolism in the posterior cingulate and asso-
ciative cortical activity has been reported  [  35–
  37  ] . The metabolic and  fl ow reduction in these 
regions may be a result of functional deafferenta-
tion from the entorhinal cortex, which is among 
the  fi rst regions pathologically affected in AD 
 [  38  ] . Also, hypometabolism in these areas indi-
cates that a patient is more likely to undergo cog-
nitive decline faster than expected  [  39  ] . As the 
disease progresses, the medial temporal struc-
tures and parietotemporal association cortex 
show reductions in blood  fl ow and FDG metabo-
lism. Alterations in medial parietotemporal lobes 
and posterior cingulated gyrus also indicate fast 

  Fig. 13.1     18 F-FDG    PET images of normal control ( a ), and 
early-stage ( b ), midstage ( c ), advanced-stage ( d ) AD. AD 
shows a characteristic pattern of metabolic impairment in 
the bilateral temporoparietal association cortex, with rela-

tive sparing of primary sensorimotor and visual areas, 
basal ganglia, thalamus, and cerebellum. As disease pro-
gresses, temporoparietal hypometabolism is more promi-
nent and frontal hypometabolism is also seen ( b ,  c ,  d )       

 



156 S.E. Kim et al.

conversion to AD  [  40,   41  ] . Recent meta-analysis 
has shown that sensitivity of FDG PET for AD 
was 86% (95% CI: 76%, 93%), and speci fi city 
was 86% (95% CI: 72%, 93%)  [  42  ] . 

 PET and single-photon emission computed 
tomography (SPECT) imaging of patients with 
AD demonstrates progressive reductions in rest-
ing-state brain glucose metabolism and blood  fl ow 
in relation to dementia severity (Fig.  13.2 ), more 
so in association than in primary cortical regions. 
The metabolic and  fl ow reductions correlate with 
high regional densities of NFTs and evidence for 
synaptic loss and dysfunction. During cognitive or 
psychophysic stimulation, however, blood  fl ow 
and metabolism in the affected brain regions can 
increase to the same extent in mildly demented AD 
patients as in age-matched controls, despite 
reduced resting-state values. The extent of activa-
tion declines with dementia severity and is mark-
edly reduced in severely demented patients. Thus, 
there appears to be an initial functionally respon-
sive stage in AD in which direct brain analysis sug-
gests is accompanied by reversible down-regulation 

because of reduced synaptic energy demand of 
enzymes mediating mitochondrial oxidative- 
phosphorylation. A later irreversible stage of AD 
is accompanied by marked synaptic loss, 
 accumulation of intracellular NFTs, reduced gen-
eral transcriptional capacity, and death of neurons.  

 Patients with early-stage AD present with 
memory decline and impairments of language 
and visuospatial functions  [  43  ] . However, some 
AD patients occasionally show frontal lobe dys-
functions in the early stage that are known to 
emerge only at the advanced stage. This subtype 
of AD is called frontal variant of AD. In such 
patients, hypometabolism in the frontal cortex, as 
well as temporoparietal regions, was seen on 
FDG PET scans. Visual variant of AD with prom-
inent visual symptoms and metabolic impairment 
in occipital cortex has also been reported. 

 While structural imaging may show atrophy in 
the demented patient, this  fi nding is nonspeci fi c 
and overlaps with results seen in normal elderly 
subjects. Patients in whom the diagnosis of AD 
can be supported by PET may be given a chance 

  Fig. 13.2    SPM results of  18 F-FDG PET images of AD. Brain glucose hypometabolism correlates with clinical demen-
tia rating       
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for early treatment. Because it is known that meta-
bolic decline precedes a patient’s symptoms, early 
diagnosis may prevent or slower a patient’s mani-
festations. Treatment with cholinesterase  inhibitors 
delays cognitive decline and delays the need for 
hospitalization  [  44  ] . The effect of treatment may 
be assessed with FDG PET, and may be helpful in 
treating patients with early-stage dementia  [  45, 
  46  ] . FDG PET is expected to play an important 
role in early diagnosis and treatment   . 

 SPECT measures of CBF can also be used to 
assess the functional effects of therapeutic drugs 
in AD. Regional CBF assessed by SPECT in AD 
patients improved after cholinesterase treatment 
after 4 months, thus re fl ecting the short-term 
effect of treatment  [  47  ] . Signi fi cant improve-
ments of CBF were found in the left angular, 
right superior frontal gyrus; right occipital, left 
temporal lobe; and left orbital gyrus. Also, AD 
patients receiving cholinesterase treatment 
showed a different CBF change according to 
the progression of cognition loss. Patients who 
had a signi fi cant drop in Mini-Mental State 
Examination    (MMSE) score despite treatment 
showed decreased levels of CBF in the frontal, 
temporal, and parietal super fi cial cortex in the 
right hemisphere and in frontal, medial temporal 
cortex in the left hemisphere compared with 
baseline pretreatment CBF. In contrast, patients 
who showed stable MMSE scores had no 
signi fi cant interval change of CBF before and 
after acetylcholinesterase treatment  [  48  ] . 

 The magnitude of the health problem resulting 
from dementing illnesses is great in terms of med-
ical practice, economics, and family hardship. 
The ability to diagnose AD early in its course, 
noninvasively and reliably with PET, will have 
signi fi cant impact on such medical and economic 
realities. In the US, the Centers for Medicare and 
Medicaid Services have approved FDG PET 
imaging as a routine examination tool for the 
early and differential diagnosis of AD  [  33  ] .  

   Neurochemical Imaging 
 Behavioral studies provide evidence that acetyl-
choline participates in complex functions such as 
attention, memory, and cognition, and clinical 
and postmortem studies suggest its involvement 

in the cognitive deterioration seen in AD and in 
the memory loss associated with normal aging. 
Recent development in radiochemistry has made 
it possible to noninvasively evaluate the cholin-
ergic system in the human brain using PET and 
SPECT. PET and SPECT studies have been per-
formed to evaluate various elements involved 
with cholinergic neurotransmission in normal 
human aging and in dementia, including vesicu-
lar acetylcholine transporter, acetylcholinest-
erase, and muscarinic and nicotinic acetylcholine 
receptors. 

 Cholinergic neuronal integrity can be mapped 
using radiotracers for acetylcholinesterase and 
vesicular acetylcholine transporter and these bio-
chemical markers have been shown to have a good 
correspondence with ChAT. Acetylcholinesterase, 
an enzyme that catalyzes the hydrolysis of acetyl-
choline to choline and acetic acid, is consistently 
reduced in the brain of AD patients. The activity 
of acetylcholinesterase can be measured by PET 
using labeled acetylcholine analogs that serve as 
substrates for acetylcholinesterase and hydrolyze 
to a hydrophilic product that is trapped in the cell. 
Another method is to use radioligands that bind to 
acetylcholinesterase. 

 [ 11 C]Physostigmine, [ 11 C]N-methyl-4-piperidyl 
acetate, and N-[ 11 C]-methylpiperidin-4-yl propi-
onate (PMP) have been used in PET studies to 
measure acetylcholinesterase in the brains of 
healthy volunteers  [  49,   50  ] . PET studies of acetyl-
cholinesterase activity using [ 11 C]PMP, a selective 
substrate for acetylcholinesterase, showed no 
changes in acetylcholinesterase with normal aging 
and a reduction of 30% in patients with mild to 
moderate AD. The smaller reductions reported by 
this PET study as compared with the postmortem 
studies (90–95%) most likely re fl ect the fact that 
postmortem studies are mostly of patients with 
very advanced disease. A progressive loss of cor-
tical acetylcholinesterase activity has been 
observed in AD patients with cognitive decline. 
PET measurement of the acetylcholinesterase 
activity also allows assessment of the ef fi cacy of 
the various acetylcholinesterase inhibitors that are 
used therapeutically and to determine the doses 
required to achieve optimal inhibition. They can 
also help identify patients in whom the concentra-
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tion of acetylcholinesterase may be too low for 
acetylcholinesterase inhibitors to be effective. 

 Vesicular acetylcholine transporters are local-
ized in the acetylcholine terminals and carry 
 acetylcholine from the cytoplasm into the vesi-
cles. (−)-5-[ 123 I]iodobenzovesamicol (IBVM), an 
analog of vesamicol that binds to the vesicular 
acetylcholine transporter, has been used to image 
the living human brain. A SPECT study showed 
that cortical binding of [ 123 I]IBVM in normal 
subjects declined only mildly with age (3.7% per 
decade), but was markedly reduced in AD patients 
in whom the reductions predicted dementia sever-
ity  [  50  ] . The binding levels also differed accord-
ing to age of onset. With an onset age of less than 
65 years, binding was reduced severely through-
out the entire cerebral cortex and hippocampus 
(approximately 30%), but with an onset age of 65 
years or older, binding reductions were restricted 
to temporal cortex and hippocampus. This most 
likely re fl ects the greater cholinergic loss in 
early- rather tha late-onset AD. Studies of the 
vesicular acetylcholine transporter are likely to 
be particularly useful for assessing neuroprotec-
tive treatments and may be of use in the detection 
of early disease. 

 From postmortem studies, it appears that nico-
tinic receptors are markedly reduced in the brain 
of AD patients, whereas muscarinic receptors are 
less affected. Several radiotracers have been 
developed for mapping muscarinic receptors. In 
accordance with postmortem  fi ndings, imaging 
studies have shown a reduction in muscarinic 
receptors due to aging; studies in AD subjects 
have shown reductions as well as no changes in 
receptor levels. 

 The neuronal nAChRs are involved in func-
tional processes in brain including cognitive 
function and memory. A severe loss of nAChRs 
has been detected in the brains of patients with 
AD. There is a great interest in noninvasively 
imaging nAChRs for detection of receptor impair-
ments even at a presymptomatic stage of AD as 
well for monitoring outcome of drug treatment. 
[ 11 C]nicotine has been used to study nicotinic 
receptors in both normal and AD brains with PET 
 [  51  ] . The labeling of the two enantiomers of nic-
otine, (S)(−) and (R)(+), which predominantly 

bind to the low- and high-af fi nity nicotinic sites, 
respectively, allowed the separate assessment of 
nicotinic receptor subtypes. Nicotine’s binding to 
nicotinic receptors is quite selective and is pre-
dominantly seen at the  a 4 b 2 nicotinic receptor 
subtype. A signi fi cant decrease in [ 11 C]nicotine 
binding was measured in the temporal cortex, 
frontal cortex, and hippocampus of AD patients. 
The changes in [ 11 C]nicotine binding were asso-
ciated with cognitive function and interpreted as 
re fl ecting reductions in nicotinic receptors in AD. 
The studies also showed lower binding of the (R)
(+) enantiomer of nicotine relative to the (S)(−) 
in the AD brain, which was interpreted as 
re fl ecting a predominant loss of high af fi nity for 
nicotinic receptors  [  52  ] . 

 The binding of [ 11 C]nicotine is highly 
in fl uenced by CBF and is limited by its rapid dis-
sociation from the receptor and low speci fi c-to-
nonspeci fi c binding ratio. This also has led to the 
search for new radiotracers with a higher af fi nity 
for nAChR. A ligand with a selectivity for the 
 a 4 b 2 nAChRs would be particularly preferable 
because  a 4 b 2 has been recognized as the pre-
dominant subtype that is de fi cient in AD  [  53  ] . 
Recently, several azetidine analogs have been 
labeled. The azetidine analogs, 2-[ 18 F] fl uoro-3-
( 2 ( S ) - a z e t i d i n y l m e t h o x y ) p y r i d i n e 
(2-[ 18 F] fl uoro-A-85380), and 5-[ 125 I]iodo-
A-85380 represent promising imaging agents for 
noninvasive, in vivo studies of  a 4 b 2 nicotinic 
acetylcholine receptors because of their favor-
able kinetic properties, high speci fi c-to-
nonspeci fi c binding ratio, low in vivo toxicity, 
and high selectivity for  a 4 b 2 nAChRs. Several 
epibatidine analogs have also been developed. 
PET studies with analogs of epibatidine such as 
[ 18 F]norchloro fl uoroepibatidine ([ 18 F]NFEP), 
[ (±)]-exo-2-(2-[  18 F]  fl  uoro-5-pyr idyl) -7-
azabicyclo[2.2.1]heptane and N-methyl [ 18 F]
NFEP ([ 18 F]N-methyl-NFEP) showed very high 
speci fi c-to-nonspeci fi c binding ratios in the non-
human primate. However, it is still uncertain 
whether the epibatidine analogs can be applied in 
humans due to the risk of toxicity. 

 PET studies of nAChR can be useful for moni-
toring the outcome of drug treatment. Long-term 
treatment with tacrine (80 mg daily for 3 months) 
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increased binding of [ 11 C]nicotine in the temporal 
cortex of AD patients, which was interpreted as 
re fl ecting a restoration of nicotinic receptors. 
These results are in agreement with preclinical 
data showing that cholinergic stimulation leads 
to up-regulation of nicotinic receptors. Tacrine 
also decreased the differences in the binding of 
the (R)(+) enantiomer of nicotine relative to (S)
(−), suggesting a preferential effect on high-
af fi nity sites  [  19  ] . The changes in synaptic ace-
tylcholine concentration after interventions can 
be measured using a nAChR radioligand [ 18 F]
NFEP, which is sensitive to competition with 
endogenous acetylcholine  [  54  ] . Because of the 
toxicity of [ 18 F]NFEP, these studies have been 
limited to nonhuman primates and have shown 
that the acetylcholinesterase inhibitor physostig-
mine (0.03 mg/kg intravenously) signi fi cantly 
increases synaptic acetylcholine concentration in 
the striatum, as is re fl ected by decreased binding 
of [ 18 F]NFEP in the striatum. The measure of 
extracellular acetylcholine is particularly promis-
ing for the evaluation of pharmacologic treat-
ments because most drugs are targeted to enhance 
cholinergic function by increasing extracellular 
acetylcholine.  

   Amyloid Plaque Imaging 
 Con fi rmation of the clinical diagnosis of AD is 
based on the detection of amyloid plaques and 
NFTs in the brain. Unfortunately, until recently, 
such measures could only be performed postmor-
tem. However, recent developments in radio-
tracers may now allow for the measurement of 
amyloid plaques and NFTs in the brain in vivo. 
[ 11 C]Pittsburgh Compound-B (PIB) and 2-(I-{6-
[2-[ 18 F] fl uoroethyl]-(methyl)-amino}-2-napthyl)
ethylene)   malononitrile ([ 18 F]FDDNP) is being 
used most widely  [  55,   56  ] . PIB is a neutral 
thio fl avin that shows nanomolar af fi nity for neu-
ritic amyloid plaques but low af fi nity to diffuse 
amyloid deposits and intracellular NFTs  [  57  ] . 
[ 11 C]PIB retention in the cerebral cortex in AD 
patients re fl ects the amyloid plaque retention 
(Fig.  13.3 ). AD patients show increased retention 
of tracer in association with cortical areas com-
pared with controls  [  55  ] . It is also increased in 

the stage of early AD  [  57  ] , supporting the fact 
that PIB retention in the brain is an earlier 
pathologic process than metabolic changes. 
There were no changes in [ 11 C]PIB uptake in a 
2-year follow-up study, while glucose metabo-
lism decreased with MMSE scores  [  58  ] . It can be 
suggested that the maximal amyloid deposit, in 
the associated cortical areas, is already reached in 
early-stage AD.  

 Interestingly, relatively low [ 11 C]PIB uptake 
by the hippocampus, amygdala, and parahip-
pocampus compared with cortical association 
areas in AD was reported  [  57  ] . Low [ 11 C]PIB 
uptake by hippocampus is also reported in 
another study  [  59  ] . This is may be the result of 
relatively late deposition of amyloid in the 
hippocampus  [  14  ] . On the contrary, [ 11 C]PIB 
uptake in the middle frontal gyrus was promi-
nent compared with the degree of glucose hypo-
metabolism  [  59  ] , which may be a result of earlier 
deposition of amyloid than NFTs in the frontal 
lobes. 

 PET studies with [ 18 F]FDDNP have shown 
good uptake in the human brain and greater accu-
mulation and slower clearance of [ 18 F]FDDNP in 
AD patients than in control subjects. In AD 
patients, the accumulation was greater in the hip-
pocampal region and was detected even in 
patients with mild AD  [  56  ] . The areas with high 
[ 18 F]FDDNP retention were the ones with low 
glucose metabolism. The binding of [ 18 F]FDDNP 
to amyloid plaques was con fi rmed in postmortem 
studies. The limitation of [ 18 F]FDDNP is the low 
speci fi c signal, and is only 0.3-fold that of the 
reference tissue. Another limitation is its rela-
tively high nonspeci fi c binding as well as the 
potential contribution to the PET signal from tau 
protein  [  60  ] . 

 Amyloid plaque imaging will be of use not 
only in the diagnosis of AD but also in the inves-
tigation of the temporal relationship between 
amyloid deposition, neuronal loss, and cognitive 
decline and assessment of the effects of drugs in 
disease progression. Also, this imaging technique 
may provide treatment for AD patients early in 
their disease, when response to treatment is usu-
ally better.    
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   Vascular Dementia 

 Vascular dementia is the second most common 
cause of dementia in the elderly, accounting for 
15–30% of all cases  [  2  ] . There are various types 
of underlying damage to tissue and vessels in 
vascular dementia, including single or multiple 
infarcts that involve association and limbic corti-
ces (multi-infarct dementia), small subcortical 
infarcts disrupting corticosubcortical circuits 
(lacunar type subcortical vascular dementia), and 
white matter lesions (Binswanger type subcorti-
cal vascular dementia). Vascular dementia devel-
ops when a threshold of total brain tissue 
destruction has been exceeded, or when critically 
located infarctions disrupt multiple cognitive 
functions (strategic infarct dementia). Damage to 
the medial frontal region (anterior cerebral artery 
territory infarction), the angular gyrus or the dor-
solateral prefrontal region (middle cerebral artery 
territory infarction), the inferomedial temporooc-

cipital region (posterior cerebral artery territory 
infarction), and the subcortical structure such as 
basal ganglia and thalamus can cause strategic 
infarct dementia. 

 PET studies in vascular dementia have shown 
global reductions in cerebral metabolism with 
additional focal and asymmetric areas of hypo-
metabolism that are not limited to speci fi c corti-
cal or subcortical brain regions. This metabolic 
pattern differs from that in AD with hypometabo-
lism affecting the association areas and relative 
sparing of subcortical structures. Metabolic 
impairment seen on PET is often more wide-
spread than that shown on CT, MRI, or even neu-
ropathologic techniques, suggesting that single 
lesions may have extensive and distant metabolic 
sequelae. These remote metabolic effects have 
been attributed to degeneration of  fi ber tracts 
with disconnection of distal structures and to 
microscopic infarcts not apparent on gross exam-
ination but manifested as hypometabolic regions. 

  Fig. 13.3    [ 11 C]PIB PET ( upper row ) and  18 F-FDG PET images ( lower row ) of AD       
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Increasing severity of dementia correlates with 
global hypometabolism (i.e., the total volume of 
hypometabolic regions rather than the quantity 
of tissue destruction) and increasing involvement 
of the frontal cortex  [  61  ] . Also, SPECT in vascu-
lar dementia reveals diffusely diminished CBF 
with superimposed focal areas of more severe 
hypoperfusion. Vascular dementia could produce 
any pattern; however, the presence of one or more 
scattered perfusion defects, either unilateral or 
bilateral, with an asymmetric distribution is most 
suggestive of vascular dementia. 

 The clinical picture of vascular dementia var-
ies, and the role of functional brain imaging of 
cerebral blood  fl ow and metabolism would be 
expected to be different among subtypes of vas-
cular dementia. In multi-infarct dementia (corti-
cal infarcts), PET and SPECT are of value in 
detecting regions at risk, but the role would be 
supplementary in the evaluation of patients. 
Subcortical small infarcts that disrupt cortico-
subcortical circuits result in cognitive dysfunc-
tion. Small infarcts involving the thalamus, 
caudate, and globus pallidus, which are central 
components of the corticosubcortical circuits, 
are classi fi ed into strategic lesions. Disruption 
of the frontal subcortical circuits leads to cogni-
tive impairment with striking frontal lobe fea-
tures, and disruption of the memory-related 
circuits leads to amnesia. In this type of vascular 
dementia, apart from detecting regions at risk, 
the role of PET and SPECT would be to prove 
functional deprivation of remote cortices. A 
frontal involvement is a functional brain imag-
ing feature of subcortical strategic lesions lead-
ing to dementia  [  62  ] . In white matter lesions, 
documenting the presence of chronic ischemia 
and then illustrating a functional deprivation of 
cortices would be the most important roles of 
PET and SPECT. However, this needs to be 
determined in further studies. 

 Cerebrovascular disease and AD are common 
in the elderly and both frequently coexist. In 
addition to the features of dementia typical for 
AD and the accentuated atrophy in the parietal 
and medial temporal lobes demonstrated on MRI, 
temporoparietal and posterior cingulate abnor-

mality indicates involvement of Alzheimer 
pathology. When frontal abnormality is lacking, 
effects of subcortical infarcts on cortical function 
would be negligible. 

 A longitudinal analysis of regional cerebral 
glucose metabolism in vascular dementia showed 
that the progression of dementia can be delayed 
by the adenosine uptake blocker propentofylline, 
and that neuropsychologic and metabolic changes 
are closely related  [  63  ] .  

   Dementia with Lewy Bodies 

 Dementia with Lewy bodies is a common form of 
dementia, accounting for 10–15% of all dementia 
in old age  [  64  ] . The disorder shares clinical and 
pathologic features with both AD and PD. A con-
sortium on DLB has revised a new criterion for 
the clinical and pathologic diagnosis of DLB 
 [  65  ] . Lewy bodies are neuronal inclusions 
composed of abnormally phosphorylated, neuro-
 fi lament proteins aggregated with ubiquitin and 
 a -synuclein. In DLB, signi fi cant Lewy body for-
mation also occurs in paralimbic and neocortical 
structures, and extensive depletion of acetyl-
choline neuro transmission in neocortical areas 
occurs as a result of degeneration in the brain-
stem and basal forebrain cholinergic projection 
neurons. In PD, Lewy body accumulation is 
usually found in the substantia nigra and other 
brainstem nuclei such as the locus ceruleus and 
raphe. However, patients with PD typically have 
dementia symptoms 10 years or longer after the 
onset of motor symptoms, while DLB patients 
have dementia symptoms before or at the same 
time with motor symptoms  [  65  ] . 

 Structural brain imaging in DLB reveals gen-
eralized atrophy, although 40% of patients show 
preservation of medial temporal lobe structures, 
unlike AD. There is no difference from AD in 
terms of degree of ventricular enlargement, fron-
tal lobe atrophy, or presence of white matter 
changes on MRI  [  66  ] . 

 FDG PET may be used for distinguishing AD 
from DLB in patients. In a study with autopsy-
con fi rmed AD and DLB patients, metabolic 
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reductions involving parietotemporal associa-
tion, posterior cingulate, and frontal association 
cortices were found in both groups. However, 
metabolic reductions in the occipital cortex, 
particularly in the primary visual cortex, were 
found in only DLB patients  [  67  ] . Measuring the 
glucose metabolism in the occipital cortex may 
be an informative diagnostic aid to distinguish 
DLB from AD (Fig.  13.4 ).  

 There is a considerable degeneration of nigral 
neurons with depletion of striatal dopamine as 
well as cortical neuronal loss in DLB. In con-
trast, AD is not associated with signi fi cant 
changes in dopamine metabolism. Using SPECT, 
signi fi cant reduction in striatal uptake of a 
dopamine transporter (DAT) ligand [ 123 I]-2-
carbomethoxy-3-(4-iodophenyl)-N-(3- fl uoro-
propyl)nortropane was seen in DLB, but not in 
AD, indicating dopaminergic degeneration in 
DLB  [  68  ] . [ 18 F]FDOPA uptake is reduced in the 
caudate and putamen, which is not found in AD 
 [  69  ] . This may prove to be a useful diagnostic 
test for distinguishing DLB from AD in vivo. 
However, the reduced uptake of [ 18 F]FDOPA in 
DLB patients does not show a gradient pattern 
in the striatum such as in PD,    which is discussed 
later.  

   Frontotemporal Dementia 

 FTD is a one of three major clinical syndromes 
of frontotemporal lobar degeneration, the other 
prototypical syndromes being non fl uent 
 progressive aphasia and semantic dementia  [  70  ] . 
FTD is the most common form of primary degen-
erative dementia after AD that affects people in 
middle age, accounting for up to 20% of prese-
nile dementia cases. The salient clinical charac-
teristic is a profound alteration in character and 
social conduct such as social disinhibition, inap-
propriate behavior, and impulsiveness or with 
aphasia. Memory disturbance may be less promi-
nent than in AD, or absent. Parkinsonian signs of 
akinesia and rigidity develop with disease pro-
gression and may be prominent in some portion 
of patients. A minority of patients with FTD 
develop neurologic signs of motor neuron dis-
ease. Postmortem pathologic examination reveals 
bilateral atrophy of the frontal and anterior tem-
poral lobes and degeneration of the striatum. 
Only a minority of patients exhibit Pick-type his-
tologic changes, hence, the term ‘frontotemporal 
dementia’ is preferred to ‘Pick’s disease’  [  71  ] . 

 In a study of 45 patients with pathologically 
con fi rmed diagnosis, stereotactic surface projec-

  Fig. 13.4     18 F-FDG PET images of AD ( a ), DLB ( b ), and 
frontotemporal dementia ( c ). FDG PET images of DLB 
show characteristic occipital hypometabolism ( b ).  18 F-

FDG PET images of frontotemporal dementia show fron-
tal hypometabolism ( c )       
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tion analysis of FDG PET discriminated FTD 
from AD with a sensitivity of 73.2% and a 
speci fi city of 97.6%  [  72  ] . Hypometabolism was 
frequent in frontal, anterior cingulated, and ante-
rior temporal regions in FTD, whereas, hypome-
tabolism was frequent in temporoparietal and 
posterior cingulate regions in AD     [  72  ] . PET and 
SPECT studies have consistently shown anterior 
distribution of functional impairment in FTD 
(Fig.  13.4 ). Reductions in glucose metabolism 
and blood  fl ow in the frontal and anterior tempo-
ral cortices with asymmetric patterns are seen fre-
quency. In FTD, FDG PET showed hypometabolism 
in extensive cortical regions such as frontal and 
anterior temporal areas, cingulate gyri, uncus, and 
insula and subcortical areas, including basal gan-
glia and medial thalamic regions  [  73  ] . The hemi-
spheric asymmetry of hypometabolism (more 
frequently lateralized to the left) was common in 
patients with FTD, which may help differentiate 
FTD from AD or other causes of dementia  [  73  ] . 
Also shown was reduction in the binding of the 
DAT ligand [ 11 C]WIN 35,428 in the striatum of 
FTD patients with relation to the severity of 
extrapyramidal symptoms of the patients  [  74  ] .     

   Normal Pressure Hydrocephalus 

 Normal pressure hydrocephalus (NPH) is an 
obstructive communicating hydrocephalus that 
classically produces the clinical triad of demen-
tia, gait disturbance, and urinary incontinence. 
NPH is caused by obstruction of CSF absorption 
in the superior sagittal sinus. NPH may be idio-
pathic, may occur as a manifestation of the late 
decompensation of compensated congenital 
hydrocephalus, or may follow head trauma, sub-
dural hematoma, subarachnoid hemorrhage, 
meningitis, or encephalitis. 

 Structural imaging reveals enlarged ventricles 
and is crucial to the identi fi cation and differential 
diagnosis of NPH. Ventricular enlargement in 
NPH is characterized by greater dilatation of the 
anterior horns (frontal and temporal) of the lat-
eral ventricles than of the posterior horns. Usually, 
disproportionate enlargement of the ventricles 
and relatively modest sulcal dilatation, if any, are 

seen but atrophy of the cortical mantle occurs in 
the course of normal aging and the presence of 
some degree of peripheral atrophy does not 
exclude consideration of NPH. 

 SPECT reveals diffusely reduced CBF, and is 
more pronounced posteriorly than anteriorly. 
SPECT may aid in identifying patients who are 
likely to respond to shunting. It has been reported 
that patients with higher anterior than posterior 
blood  fl ow were signi fi cantly less likely to 
improve following surgery than patients who had 
equal  fl ow anteriorly and posteriorly, or greater 
posterior  fl ow. PET reveals diffusely reduced 
glucose metabolism in hydrocephalus (Fig.  13.5 ). 
Restoration of normal metabolic rates after suc-
cessful shunt surgery has been reported.   

   Infectious Dementias 

 Creutzfeldt-Jakob disease (subacute spongiform 
encephalopathy) is a prion infection of the brain 
that is rapidly progressive and usually fatal (within 
1 year). Clinically, dementia, ataxia, myoclonus, 
and muscle rigidity are characteristic. 
Neuropathologic alterations include spongiform 
changes, nerve cell loss, and marked gliosis. 
SPECT and PET imaging has revealed diffuse and 

  Fig. 13.5     18 F-FDG PET images of normal pressure 
hydrocephalus       

 



164 S.E. Kim et al.

multifocal reductions in gray matter CBF and 
metabolism. These imaging techniques can be use-
ful in selecting areas for diagnostic brain biopsy. 

 Acquired immunode fi ciency syndrome 
(AIDS) dementia complex is a progressive 
dementing illness caused by infection from the 
human immunode fi ciency virus (HIV). Between 
70% and 90% of AIDS patients develop neurop-
sychologic impairment that is characterized by 
inattention, mental slowing, loss of spontaneity, 
reduced motor performance, and incoordination. 
At autopsy, mild to moderate cerebral atrophy is 
seen; neuropathology is found primarily in sub-
cortical structures, particularly the basal ganglia 
and thalamus. CT and MRI studies revealed gen-
eral atrophy, atrophy of the basal ganglia, and 
white matter lesions that appear to increase in 
severity with progression of HIV infection. 
SPECT showed multifocal cortical and subcorti-
cal areas of hypoperfusion. PET studies have 
demonstrated relative subcortical hypermetabo-
lism in AIDS and early AIDS dementia complex, 
while more advanced AIDS dementia complex is 
associated with hypometabolism in cortical and 
subcortical gray matter and in the temporal lobe. 
In addition, PET and SPECT have been shown to 
be sensitive to reversal or improvement of abnor-
malities brought about by drug treatment, 
re fl ecting clinical improvement in neurologic and 
cognitive de fi cits.  

   Depressive Pseudodementia 

 A considerable portion of geriatric depression 
patients show a cognitive decline that is compa-
rable in severity with primary degenerative 
dementia. However, this condition is differenti-
ated from primary dementia by its reversibility. 
Reversible dementia syndrome of geriatric 
depression has been called depressive pseudode-
mentia. A PET study showed decreased blood 
 fl ow in the left anterior medial frontal lobe in 
depressive pseudodementia patients, while non-
cognitively impaired depressed patients showed 
decreased blood  fl ow in the left anterior lateral 
prefrontal areas  [  75  ] . A SPECT study of elderly 

depressive pseudodementia patients revealed 
decreased blood  fl ow in the temporoparietal 
region, a  fi nding similar to that of AD and differ-
ent from that of depression without cognitive 
impairment  [  76  ] . This functional imaging  fi nding 
may have relevance to the report that elderly 
depressed patients with cognitive impairment 
that improves with treatment carry an increased 
chance of developing an irreversible dementia in 
the future when compared with age-matched 
patients with depression alone  [  77  ] .  

   Movement Disorders 

 Functional neuroimaging can aid in the diagnosis 
of movement disorders associated with dementia. 
Imaging studies in PD, HD, PSP, Wilson’s dis-
ease, and corticobasal degeneration (CBD) are 
described.  

   Parkinson Disease 

 PD is the second most common neurodegenera-
tive disease in the United States  [  78  ] . The overall 
prevalence of PD is estimated to be 0.2%, but 
rises with increasing age, affecting as many as 
0.5–1% of individuals 65–69 years and as many 
as 1–3% of individuals older than 80 years  [  79  ] . 

   Clinical Diagnosis 

 Characteristic motor symptoms of PD are muscle 
rigidity, tremor, and bradykinesia. Diagnosis of 
PD is usually based on the clinical cardinal motor 
features, associated and exclusionary symptoms, 
and response to levodopa  [  80  ] . Clinical diagnos-
tic accuracy made by a quali fi ed neurologist was 
65% at initial presentation and 76% after 12 years 
of follow-up in pathologically proved cases  [  81  ] . 
Differential diagnosis of parkinsonian syndromes 
includes idiopathic PD, symptomatic parkin-
sonism (drug-induced, toxic,in fl ammatory), 
pseudoparkinsonism (vascular, normal pressure 
hydrocephalus), atypical parkinsonism (multiple 
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system atrophy, progressive supranuclear palsy      , 
CBD, DLB), and monogenetically inherited 
forms of PD  [  82  ] .  

   Neuropathology 

 The two main pathological hallmarks of PD are 
the loss of dopaminergic neurons in the substan-
tia nigra and the presence of Lewy bodies. In 
addition to the selective cell loss of neuromela-
nin-containing neurons from the pars compacta 
of the substantia nigra, cell loss in the locus 
 coeruleus, dorsal nuclei of the vagus, raphe nuclei, 
nucleus basalis of Meynert, and some other cate-
cholaminergic brainstem structures including the 
ventrotegmental area, also exist  [  83  ] . 

 Protein alpha-synuclein accumulates and 
binds to ubiquitin in the damaged cells. The 
alpha-synuclein-ubiquitin complex is not directed 
to the proteosome and forms cytoplasmic inclu-
sions called Lewy bodies. These are mostly found 
in the dopaminergic neurons in the substantia 
nigra, as well as in the locus ceruleus, nucleus 
basalis, hypothalamus, cerebral cortex, cranial 
nerve motor nuclei, and central and peripheral 
components of the autonomic nervous system 
 [  84  ] . According to these  fi ndings, Braak et al. 
suggested pathology-based staging of PD  [  85  ] . 
Stage 1 is Lewy body in the medulla oblongata 
and olfactory structures, extending to the pons in 
stage 2. Stage 3 involves the substantia nigra and 
midbrain nuclei, with limbic areas in stage 4. 
Stages 5 and 6 involve the neocortex. However, 
the main concern in PD is the reduced dopamin-
ergic neuron activity in the substantia nigra. It 
was reported that a constant proportion of nigral 
neurons (3–4%) contain Lewy bodies, irrespec-
tive of disease duration, which is consistent with 
the notion that, in contrast to NFTs, Lewy bodies 
are continuously forming and disappearing in the 
diseased substantia nigra  [  83  ] .  

   Neurochemistry 

 Tyrosine is converted to DOPA by tyrosine 
hydroxylase, and DOPA is converted to dopamine 
by aromatic amino acid decarboxylase (AADC) 

in the presynaptic neuron. The synthesized dop-
amine is stored in the presynaptic vesicles, and is 
released to the synapse by certain signals. After 
neurotransmission, the dopamine in the synaptic 
area is reabsorbed into the presynaptic neuron by 
the DAT. Recent reviews show that these presyn-
aptic dysfunctions may be caused by mutations 
in  a -synuclein  [  86  ] .  a -synuclein are thought to 
function in regulating presynaptic vesicles, and 
mutation in  a -synuclein may result in a reduced 
number of vesicles. For these reasons, presynap-
tic and postsynaptic dopamine-related radiophar-
maceuticals are used in clinical settings.  

   Neurochemical Imaging 

 FDG PET and cerebral blood perfusion images 
show no abnormality in PD. However, FDG PET 
was reported to be useful in differentiating 
parkinsonian type MSA from PD  [  87  ] . Presynaptic 
and postsynaptic dopamine agents are used in 
clinical settings. [ 18 F]FDOPA re fl ects the uptake 
of DOPA and conversion to dopamine in the 
nerve terminal. [ 18 F]FDOPA is converted to 
[ 18 F] fl uorodopamine by DOPA decarboxylase. In 
patients with PD, [ 18 F]FDOPA uptake is decreased 
in the striatum, especially in the putamen  [  88  ] . 
The decreased uptake correlates with the degree 
of motor de fi cits of the patient  [  89  ] . [ 18 F]FDOPA 
is not affected by levodopa treatment, and can be 
used for follow-up of disease progression. 
However, in the early stage of PD, [ 18 F]FDOPA 
may increase in the striatum by a compensatory 
up-regulation  [  90–  92  ] .Striatal AADC activity is 
increased in the early stage to compensate for the 
decreased level of dopamine, but eventually 
becomes normal or decreased in the advanced 
stage. Compensatory increase in the early stage 
may also be seen in the prefrontal cortex, anterior 
cingulated area  [  93  ] . In addition, as serotoniner-
gic and noradrenergic neurons also display 
AADC activity, [ 18 F]FDOPA uptake may not 
wholly re fl ect dopaminergic AADC activity 
 [  94  ] . 

 [ 11 C]DTBZ (dihydrotetrabenazine) is a vesic-
ular monoamine transporter type 2 (VMAT2) 
antagonist. VMAT2 transports newly synthesized 
or re-uptaked dopamine to the vesicle. Loss of 
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striatal dopamine correlates with decreased 
uptake of [ 11 C]DTBZ  [  95  ] . [ 11 C]DTBZ is also 
known not to be affected by levodopa therapy. 
VMAT2 is also contains serotonin and norepi-
nephrine containing axons. However, over 95% 
of striatal VMAT2 binding sites are associated 
with dopaminergic terminals, and striatal VMAT2 
binding site density is a linear function of mesen-
cephalic nigrostriatal neuron number  [  96  ] . 

 Dopamine transporters are located in the pre-
synaptic dopamine neurons. DAT re-uptakes the 
dopamine in the synaptic area, and is down-regu-
lated in PD. DAT is imaged by several radioligands 
such as [ 11 C]cocaine, [ 11 C]methylphenidate, [ 11 C]
WIN 35,428, [ 18 F]FP-CIT (N-(3- fl uoropropyl)-2 b -
carbomethoxy-3 b -4-[ 123 I] iodophenylnortropane). 
SPECT agents such as [ 123 I]  b -CIT ( b -car-
bomethoxy-3- b -(4-iodophenyl)-tropane), [ 123 I]IPT 
( 123 I-N-(3-iodopropen-2-yl)-2-carbomethoxy-3 
 b -(4-chlorophenyl) tropane), [ 99m Tc]TRODAT are 
also in use.  b -CIT (DOPASCAN) and FP-CIT 
(DaTSCAN) are commercially available in Europe. 
In a study using [ 123 I] b -CIT, DAT density loss 
showed good correlations with clinical PD symp-
toms such as akinesia, rigidity, axial symptoms 
and activities of daily living and correlated well 
with different stages of disease severity  [  97  ] . The 
sensitivity of [ 123 I] b -CIT in a quantitative manner 
for diagnosing PD was 92% and speci fi city was 
100%  [  98  ] . In PD, DAT uptake shows a particular 
pattern called the “rostrocaudal gradient”. Reduced 
uptake starts in the posterior putamen, advancing 
to the caudate nucleus. The decreased putamen to 
caudate    nucleus ratio re fl ects the severity of dis-
ease. Reduced uptake usually begins in the unilat-

eral striatum and involves the other side of the 
striatum as the disease progresses (Fig.  13.6 ).  

 D 
2
  receptor is the predominant dopamine recep-

tor in the striatum. In PD, the D 
2
  receptor is up-

regulated before the initiation of levodopa treatment 
as a compensatory mechanism  [  99  ] . [ 11 C]raclo-
pride, [ 18 F]fallypride are representative D 

2
  receptor 

PET imaging agents, and [ 123 I]-iodobenzamide 
(IBZM)    is used for SPECT imaging. D 

2
  receptor 

imaging is used to differentiate other movement 
disorders that have postsynaptic neuron damage. 
The binding speci fi cities of [ 11 C]raclopride and 
[ 123 I]IBZM for D 

2
  receptors are low, competing 

with levodopa or intrinsic dopamine, thus, it is not 
easy to perform in actual clinical settings because 
patients need to be taken off medication. Unlike 
raclopride, [ 18 F]fallypride has a high af fi nity for 
D2/D3 receptors, and can be used to image extras-
triatal D2 receptors, which are important in etiology 
of diseases, substance abuse drug effects, thera-
peutic drug action, and others  [  100  ] .   

   Multiple Systemic Atrophy 

 MSA is a neurodegenerative disease presenting 
with autonomic nervous system dysfunction, cer-
ebellar ataxia,and parkinsonism. The disease pro-
gresses rapidly to death and there is no effective 
therapy. There are three subtypes of multiple sys-
tem atrophy (MSA). Striatonigral degeneration 
(MSA-P) shows parkinsonism, olivopontocere-
bellar atrophy (MSA-C) shows cerebellar ataxia, 
and Shy-Drager syndrome (MSA-A) with pre-
dominant autonomic nervous system dysfunc-

  Fig. 13.6    [ 123 I] b -CIT images in normal control ( a ), essential tremor ( b ), and PD ( c ,  d ). DAT image shows rostrocaudal 
gradient in the early stage of PD ( c ). As disease progresses, DAT uptake of putamen disappears ( d )       
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tion. Postmortem neuropathology reports glial 
cytoplasmic inclusion bodies in striatonigral or 
olivonpontocerebellar systems  [  101  ] . Glial cytro-
plasmic inclusion bodies are prominent in areas 
with severe neuronal loss and correlate with the 
severity and duration of the disease  [  102  ] . MRI 
shows atrophy in the putamen, middle cerebellar 
peduncles, and pons. FDG PET shows hypome-
tabolism in the cerebellum, brainstem, striatum, 
and frontal and motor regions in MSA. MSA-P 
shows hypometabolism in the bilateral putamen 
and MSA-C shows hypometabolism in the pons 
and cerebellum  [  103  ] , in accordance with clinical 
features (Fig.  13.7 ). [ 18 F]FDOPA PET shows 
decreased uptake in the caudate nucleus and puta-

men. [ 11 C]raclopride PET also shows decreased 
uptake in the striatum. However, these dopamine 
PET images are not speci fi c for MSA, and cannot 
discriminate from other parkinsonian syndromes 
 [  104,   105  ] .   

   Progressive Supranuclear Palsy 

 Progressive supranuclear palsy, also designated 
Steele-Richardson-Olszewski syndrome, is clini-
cally characterized by early postural instability 
and falls, supranuclear gaze palsy, parkinsonism, 
pseudobulbar palsy, and frontal lobe signs such 
as impairment of executive functions, forgetful-

  Fig. 13.7    [ 123 I]FP-CIT image ( left column ) and  18 F-FDG 
image of normal control ( a ), MSA ( b ), and corticobasal 
degeneration ( c ). In MSA, both DAT and FDG uptake 
decreases ( b ). In corticobasal degeneration, DAT and 

FDG uptake decreases asymmetrically in the striatum and 
temporoparietal cortices, which are contralateral to the 
affected limb ( c )       
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ness, and slowing of thought processes. 
Pathologically, patients have neuronal loss, glio-
sis, intraneuronal neuro fi brillary tangle forma-
tion, and granulovacuolar degeneration that are 
most marked in the midbrain. 

 CT reveals atrophy of the midbrain, with less 
severe volume loss of the pons, cerebellum, and 
cerebral hemispheres. FDG PET studies reveal a 
global decrease in cerebral glucose metabolism 
and blood  fl ow but the decrease is more marked 
in the frontal cortex. Decreased activity in the 
striatum, thalamus, and midbrain is also seen. 
Frontal metabolism has been signi fi cantly corre-
lated with disease duration, intellectual deteriora-
tion, and frontal neuropsychologic scores  [  106  ] . 
Reduced frontal metabolism could be the result of 
anatomic and/or functional impairment of the 
subcortical structures despite the well-recognized 
speci fi c cortical pathology of PSP, predominating 
in the posterior frontal cortex. Striatal and thal-
amic hypometabolism is most likely a conse-
quence of functional changes in the basal neural 
circuitry because these structures are usually rela-
tively spared on the neuropathologic examination 
of PSP patients. On the contrary, midbrain hypo-
metabolism could preferentially re fl ect the severe 
neuronal loss reported at that level. Midbrain 
hypometabolism is also reported as an early diag-
nostic sign for PSP, although the degree of mid-
brain hypometabolism has not been shown to 
correlate with clinical deterioration  [  107  ] . PET 
studies have demonstrated equally severe impair-
ment of [ 18 F] fl uorodopa uptake in the caudate, 
anterior putamen, and posterior putamen of 
patients with PSP, unlike PD patients who showed 
severe impairment in the posterior putamen with 
relative sparing of the anterior putamen and cau-
date  [  88  ] . Similar results were obtained from a 
PET study with DAT ligand [ 11 C]WIN 35,428 and 
[ 123 I]IPT  [  108,   109  ] . These  fi ndings suggest that 
there is more progressively extensive nigral 
involvement in PSP than in PD. Also, the severity 
of decrease in striatal [ 18 F] fl uorodopa uptake in 
PSP patients paralleled the degree of reduction in 
frontal cerebral blood  fl ow  [  110  ]  and suggests 
that the impairment of cerebral function in 
PSP is to a large extent determined by brainstem 
pathology.  

   Corticobasal Degeneration 

 Corticobasal degeneration is an increasingly rec-
ognized neurodegenerative disease with both 
motor and cognitive dysfunction. The most char-
acteristic initial motor symptoms are akinesia, 
rigidity, and apraxia. Dystonia and alien limb 
phenomena are frequently observed. There is 
often a parkinsonian picture with failure or lack 
of ef fi cacy of dopaminergic medical therapy. 
Cognitive decline, prompting the diagnosis of 
dementia, may be the most common presentation 
of CBD that is misdiagnosed. Pathology is char-
acterized by an asymmetric frontoparietal neu-
ronal loss and gliosis with ballooned, achromatic 
cortical neurons, nigral degeneration, and vari-
able subcortical involvement. Structural imaging 
reveals asymmetric atrophy in the frontoparietal 
cortex contralateral to the dominantly affected 
limb. Statistical parametric mapping analysis of 
FDG PET images comparing CBD with controls 
showed metabolic decrease in premotor, primary 
motor, supplementary motor, primary sensory, 
prefrontal, and inferior parietal cortices, and in 
the striatum and thalamus contralateral to the 
more affected limb  [  111–  115  ]  (Fig.  13.7 ). 
[ 18 F] fl uorodopa uptake was also reduced in an 
asymmetric pattern, both the caudate nucleus and 
the putamen  [  111–  114  ] .  

   Huntington’s Disease 

 HD is an autosomal, dominantly inherited, neurode-
generative disorder that is caused by a repeat of an 
unstable and abnormally expanded trinucleotide 
(CAG) in the  IT15  gene on chromosome 4. The three 
main clinical features of HD are movement disorder, 
progressive frontostriatal dementia, and psychiatric 
disturbance. HD results from the loss of speci fi c 
sets of cholinergic and gamma- aminobutyric acid 
   (GABA)-ergic neurons in the striatum. 

 CT and MRI reveal diminished volume of the 
caudate nuclei with loss of the convex bulge of the 
nucleus into the lateral aspects of the frontal horns 
of the lateral ventricles. The bicaudate index (width 
of both lateral ventricles divided by distance 
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between the outer tables of the skull at the same 
level) distinguishes between HD and other disor-
ders with cerebral atrophy. FDG PET studies show 
reduced striatal glucose metabolism (Fig.  13.8 ). 
Clinical scores of functional capacity, bradykine-
sia, rigidity, and dementia correlate with caudate 
hypometabolism, those of chorea and eye move-
ment abnormalities correlate with putamen hypo-
metabolism, and those of dystonia correlate with 
thalamic hypermetabolism. FDG PET measures of 
cortical metabolism are normal in preclinical dis-
ease, but patients later develop extensive hypome-
tabolism in prefrontal and inferior parietal areas. 
Additionally, several studies have demonstrated 
that a percentage of relatives of patients with HD 
are at risk for the disease and have signi fi cantly 
reduced striatal glucose metabolism. Resting CBF, 
like glucose metabolism, is reduced in the striatum 
and cortex of patients with established HD.  

 The earliest histopathologic change seen in 
HD is the loss of medium spiny neurons from the 
striatum. These GABA-ergic projection neurons 
express dopamine receptors. Accordingly, severe 
loss of striatal D 

1
  and D 

2
  receptor binding in HD 

has been demonstrated postmortem and in vivo 
using PET and SPECT. Postmortem reductions in 
D 

2
  binding have also been found in the frontal 

cortex, and in vivo studies using PET have 

reported reduced D 
1
  binding in the frontal and 

temporal cortices in HD. PET has demonstrated 
that approximately 50% of at-risk asymptomatic 
adults and mutation carriers have reduced striatal 
D 

1
  and D 

2
  receptor binding. On the contrary, the 

striatal uptake of [ 18 F] DOPA is not impaired, 
which means that the nigrostriatal pathway in 
HD is preserved.     

   Wilson’s Disease 

 Wilson’s disease is an inherited defect in the 
copper-carrying serum protein ceruloplasmin, 
resulting in abnormal copper deposition in the 
basal ganglia, liver, and cornea. Neurologically, 
patients present with dysarthria, dystonia, 
rigidity, cebellar abnormalities, tremor, gait and 
postural disturbances, and mild dementia. FDG 
PET reveals g1obally diminished cerebral 
metabolism with relatively more marked changes 
in the lenticular nuclei. Severity of extrapyra-
midal symptoms was related to hypometabolism 
in the striatum. Even after improvement of 
extrapyramidal symptoms   , hypometabolism in 
the striatum still remained  [  116  ] . [ 18 F] fl uorodopa 
PET demonstrates diminished uptake in the stri-
atum of symptomatic patients with Wilson’s 
disease  [  117  ] .      
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   Cerebrovascular Disease and O-15 PET 

   Measurement of Hemodynamic 
Parameters Using O-15 PET 

 Positron emission tomography (PET) and O-15 
tracers have been used for greater than 30 years 
to evaluate human cerebral hemodynamics in 
patients with cerebral vascular disease (CVD). 
Quantitative measurement of cerebral blood  fl ow 
(CBF) and metabolism is important because criti-
cal impairment of cerebral circulation induces 
irreversible damage to the cerebral cortex, caus-
ing neuronal de fi cits or functional damage. The 
cerebral regions of impaired hemodynamics, 
“misery perfusion” are visualized by mismatch 
between oxygen metabolism and CBF  [  1,   2  ] , 
which is usually delineated by the elevation of 
oxygen extraction fraction (OEF) in O-15 gas 
PET  [  2–  6  ] . Because patients with misery perfu-
sion show a signi fi cantly higher incidence rate 
of stroke or recurrent stroke  [  7–  9  ] , evaluation of 

hemodynamic status in CVD patients is very 
important to determine indication of neurosur-
gical treatment. To quantitatively evaluate cere-
bral hemodynamic status, methods for precise 
measurement were developed and its accuracy 
has also been improved with the progression of 
PET scanner resolution. 

 The historic development of PET measure-
ment of cerebral hemodynamic parameters is 
shown in Table  14.1   [  10–  25  ] . The impaired 
hemodynamic status of misery perfusion was at 
 fi rst determined using a count-based semiquanti-
tative method  [  1,   2  ] . Quantitative methods for 
cerebral circulation and oxygen metabolism 
were proposed in the early 1980s, and the two 
common methods based on a single compart-
ment model are known as the steady-state 
method and the bolus inhalation method (so- 
called ‘autoradiographic’ or ‘three-step’ method)  
(Fig.  14.1a ). A quantitative steady-state method 
with continuous inhalation of O-15 labeled gases 
such as  15 O 

2
 , C 15 O 

2
  and C 15 O was proposed 

 [  15,   16  ] . Lammertsma et al. corrected the effect 
of cerebral blood volume (CBV) on OEF in 
the O-15 gas steady-state method  [  17  ] . OEF is 
usually overestimated when CBV    correction is 
not applied. Although this method is simple and 
easier than the bolus tracer administration 
method, speci fi c equipment must be installed to 
keep radioactive gas at a constant rate of concen-
tration during PET scans, and patients cannot 
avoid high exposure to radioactive gas. The auto-
radiographic method developed for measurement 
of CBF using O-15 water was applied  [  18,   19  ]  to 
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the measurement of  oxygen metabolism with 
bolus administration of O-15 tracers (three-step 
method)  [  20  ] . This method does not require the 
speci fi c equipment to maintain a constant con-
centration rate of radioactive gas.   

 Because various quantitative methods for 
measurement of CBF using O-15 water PET 
were proposed, the method for quantitative 
measurement was improved, as well as several 
methods for image calculation and correction of 
parameters to improve the image quality and 
calculation time  [  25–  35  ] . A two-compartment (one-
tissue compartment) model analysis increased 
the accuracy of CBF values by separating the 
vascular component from the blood  fl ow value 
as shown in the following equation (Fig.  14.1b ) 
 [  24,   25  ] :

      ( ) ( ) ( )−= ⊗ +2t
b 1 a 0 aC t ·C t e V ·C t .kK   

where C 
b
 (t) and C 

a
 (t) are the concentrations of 

tracer in the brain and arteries,  K  
 1 
  and  k  

 2 
  are 

rate constants, V 
0
  is arterial-to-capillary blood 

volume, and ⊗ denotes operation of convolu-
tion. A single-compartment model analysis can 
be described with elimination of the second 

term in this equation  [  18,   19  ] . Rate constant of 
 K  

 1 
  linearly correlates with blood  fl ow, which 

can be corrected by extraction of the tracer 
( K  

 1 
  =  E · F ;  E  = extraction,  F  = blood  fl ow). If 

this method is applied to the bolus 15O 
2 
 inha-

lation method, the cerebral metabolic rate of 
oxygen    (CMRO 

2
 ) can be calculated without 

measuring CBF and CBV by the equation of 
CMRO 

2
  = tO 

2
 c· K  

 1 
 , where tO 

2
 c is total arterial 

O 
2
  content (one-step method)  [  24  ] . This method 

includes an assumption that the metabolized 
and recirculating radioactivity of O-15 water is 
negligible during the scanning time. The 
CMRO 

2
  values tend to be overestimated 

because of this assumption as well as the fact 
that venous radioactivity cannot be eliminated 
completely despite separation of V 

0
   [  24,   36  ] . 

This simple method, however, can evaluate 
changes in oxygen metabolism during neural 
stimulation by repeated measurement of 
CMRO 

2
  in activation studies  [  37  ] . Recently, a 

report from 11 PET centers in Japan, in which 
several representative methods for O-15 PET 
were used, showed no signi fi cant differences in 
quantitative values of hemodynamic parame-
ters among the methods  [  38  ] . In this study, 
overall mean ± SD (standard deviation) values in 

   Table 14.1    Measurements of CBF and oxygen metabolism using O-15 tracers   

 Authors  Tracers  Method  Parameters  Year  References 
 Ter-Pogossian et al., 
Raichle et al. 

 H  
2
  15  O,  15 O 

2
   Bolus (No. image)  CBF, CMRO 

2
   1969–1976   [  10–  13  ]  

 Jones et al.   15 O 
2
 , C 15 O 

2
   Steady-state  Qualitative  1976   [  14  ]  

 Frackowiak et al., 
Lammertsma et al. 

  15 O 
2
 , C 15 O 

2
   Steady-state  CBF, OEF, 

CMRO 
2
  

 1980, 1981   [  15,   16  ]  

 Lammertsma et al.   15 O 
2
 , C 15 O  Steady-state(OEF-CBV 

correction) 
 OEF, CMRO 

2
   1983   [  17  ]  

 Herscovitch et al., 
Raichle et al. 

 H  
2
  15  O  Bolus, (ARG)  CBF  1983   [  18,   19  ]  

 Mintun et al.  H  
2
  15  O,  15 O 

2
 , C 15 O  Bolus, (3-step)  CBF, CBV, 

OEF, CMRO 
2
  

 1984   [  20  ]  

 Lammertsma et al.   11 CO,  11 C-HSA  Equilibrium  CBV, Htc ratio  1984   [  21  ]  
 Gambhir et al.  H  

2
  15  O  Bolus, (2-CM)  CBF, V 

d
   1987   [  22  ]  

 Lammertsma et al.  C 15 O 
2
   Build-up  CBF  1989   [  23  ]  

 Ohta et al.   15 O 
2
 , H  

2
  15  O  Bolus, (1-step, 2-CM)  CMRO 

2
 , OEF, 

CBF, V 
0
  

 1992, 1996   [  24,   25  ]  

   CBF  cerebral blood  fl ow,  CMRO  
 2 
  cerebral metabolic rate of oxygen,  OEF  oxygen extraction fraction,  CBV  cerebral 

blood volume,  V  
 d 
  distribution volume,  Htc ratio  cerebral-to-large vessel hematocrit ratio,  V  

 0 
  arterial-to-capillary 

volume,  ARG  autoradiographic method,  CM  compartment model  
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cerebral cortical regions for healthy human 
 subjects were CBF = 44.4 ± 6.5 mL/100 g/min, 
CBV = 3.8 ± 0.7 mL/100 g, CMRO 

2
  = 3.3 ± 

0.5 mL/100 g/min, and OEF = 0.44 ± 0.06. 
 Contrary to the development of precise 

quanti fi cation methods, one long-term prospec-
tive study reported that the diagnostic accuracy 
for misery perfusion was similar to, or rather, bet-
ter with the count-based method compared with 
the quantitative evaluation  [  39,   40  ] . Recent 
reports on the application of count-based semi-
quantitative methods have been controversial. A 
normalized method using cerebellar counts 
showed poor agreement with quantitative OEF 
elevation  [  41  ] . However, another study employ-
ing a simpli fi ed ipsilateral-to-contralateral asym-
metry index (AI) comparison method using 
count-based ratio images showed good accor-
dance with the AI of quantitative OEF in CVD 
patients  [  42,   43  ] . The advantage of these 

simpli fi ed methods is that the scanning protocol 
is simple and the procedure is noninvasive with-
out arterial blood sampling. For precise evalua-
tion of hemodynamic changes in the brain, 
quantitative methods with arterial blood sampling 
are required; however, in clinical studies, the 
simpli fi ed method is preferable for assessment of 
the hemodynamic status.   

   Chronic Cerebrovascular Disease 

 CBF autoregulation is the mechanism by which 
CBF is maintained during changes in systemic 
blood pressure. This physiologic function also 
can be applied to the relationship between 
changes in cerebral perfusion pressure (CPP) and 
CBF. CBF is maintained by autoregulatory vaso-
constriction and vasodilatation of arterioles when 
CPP is changed; however, CBF decreases when 

Arterial flow

Tissue 15O2

OEF, CMRO2

Tissue H2
15O

Brain tissue

Arterial 15O2

Arterial H2
15O

Venous 15O2

Venous H2
15O

Venous flow

Brain tissue

K1 k2

Arterial flow Venous flowCa, V0

Cb

a

b

CBV

  Fig. 14.1    Schematic of one-compartment ( a ) and two-
compartment (one-tissue compartment) ( b ) models for 
calculation of CBF and oxygen metabolism. In model ( a) , 
CBF calculation using H  

2
  15  O or C 15 O 

2
  can be explained by 

neglecting  15 O 
2
  elements. C 

a
  and C 

b
  are the concentrations 

of arterial and brain tissue radioactivity,  K  
 1 
  and  k  

 2 
  are rate 

constants of tracers, and V 
0
  is the arterial-to-capillary 

blood volume       
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CPP decreases below the lower limit of autoregu-
lation (Fig.  14.2 ). Experiments on cerebrovascu-
lar autoregulation have shown an increase in the 
diameter of resistance arteries as a function of the 
decrease in systemic blood pressure  [  44,   45  ] . 
Although this vasodilatory change caused by a 
reduction in blood pressure is a well-known 
physiologic reaction in the acute phase, it is not 
clear whether the cerebral circulation in patients 
with chronic CVD shows similar vasodilatory 
compensation in the resistance arteries. To 
explain the cerebral hemodynamic changes in 
CVD patients, Powers et al. originally presumed 
that the dilatory change in resistance vessels con-
tinues even after the vasodilatation can no longer 
compensate for CBF autoregulation as described 
in animal experiments (Fig.  14.2a )  [  3,   5,   6  ] . They 
later modi fi ed this model with respect to hemo-

dynamics in chronic CVD patients (Fig.  14.2b ) 
 [  39,   46  ]  and reported the importance of neurosur-
gical treatment for stage II ischemia. Recently, 
Nemoto et al. slightly corrected this hemody-
namic assumption based on their analysis using a 
two-compartment model (Fig.  14.2c )  [  47  ] . 
However, most patients with misery perfusion 
usually show a slight decrease in CMRO 

2
  

(Fig.  14.2d ) as described by Powers et al. in their 
reports  [  3–  5  ] .  

 Several researchers and neurosurgeons 
reported that the extracranial-to-intracranial (EC/
IC) bypass surgery is ef fi cient for patients with 
misery perfusion caused by cerebral arterial 
occlusive lesions  [  3–  6,   48  ] . However, the multi-
center cohort study conducted in the mid-1980s 
for evaluation of prognosis of CVD patients con-
tradicted the effectiveness of the EC/IC bypass 

a b c

Stages III II I III II I III II I

CPP

CBV

CBF

OEF

CMRO2

d

CBV

CBF

OEF

CMRO2

  Fig. 14.2    Graph explaining changes in hemodynamic 
parameters induced by decreases in perfusion pressure 
(CPP). Powers et al. initially proposed the basic concept 
of hypothesis ( a ), and later revised the model with a 
minor change in CBV ( b )  [  3–  6,   40,   46  ] . Nemoto et al. 
modi fi ed this model based on their two-compartment 

analysis ( c )  [  47  ] .  Dotted  area in the graph shows stage II 
impairment. Representative PET images for patients 
with misery perfusion (stage II) are presented in the 
right column ( d ). Misery perfusion shows a slight 
decrease in CMRO 

2
  at the region of CBF decrease and 

OEF elevation       
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surgery  [  49,   50  ] . The problem with the cohort 
study performed by the EC/IC bypass surgery 
group was that patient entry criteria were inappro-
priate. All patients with stenotic lesions in the 
internal carotid arteries were involved in the 
study, and there was no signi fi cant difference in 
outcome between the surgical treatment and simple 
medication groups. However, as many recent 
studies have suggested, if the patients do not show 
neurologic symptoms, stenoocclusive lesions do 
not necessarily cause hemodynamic impairment 
that may induce strokes in the brain  [  51–  53  ] . 
Several long-term prospective studies have shown 
that patients without hemodynamic de fi ciency did 
not have a high incidence of subsequent infarction 
compared with those with misery perfusion. In 
their 5-year follow-up study ( n  = 40), Yamauchi 
et al. (Kyoto University group) showed that the 
recurrence rate of stroke was signi fi cantly higher 
in patients with misery perfusion (57.1%) com-
pared with those without OEF elevation (18.2%) 
 [  7,   8  ] . Grubb et al. (Washington University group) 
also showed a similar result with a larger patient 
sample ( n  = 81) and 3-year follow-up period  [  9  ] . 
Their results suggest that a patient with stenooc-
clusive lesions in major cerebral arteries may not 
show neurologic de fi cits or hemodynamic impair-
ment if the lesion advances slowly enough to 
generate suf fi cient collateral circulation. 

 This evidence shows the importance of evalu-
ation of the cerebral circulation and oxygen 
metabolism; however, the degree of hemody-
namic impairment can be evaluated by a reduc-
tion of cerebral vasoreactivity (CVR) after 
acetazolamide (ACZ) or CO 

2
  loading  [  54–  56  ] . 

The vasodilatory effect of ACZ or CO 
2
  without 

changes in systemic blood pressure causes 
increases in CBF in normal circulation  [  54,   57, 
  58  ] . Recently, several long-term prospective stud-
ies were conducted using the quantitative mea-
surement of baseline CBF and CVR to con fi rm 
the risk of developing cerebral infarction in hemo-
dynamic impairment  [  59–  67  ] . The studies were 
performed to contradict the prospective cohort 
study that denied the effectiveness and bene fi ts of 
EC/IC bypass surgery for patients with cerebral 
arterial occlusion. The aim of the studies was to 
prove that symptomatic patients with CVD who 

have hemodynamic impairment should be treated 
by surgical or interventional methods to avoid 
recurrent strokes. The studies with alternative 
methods reported a bene fi t of measuring CVR to 
evaluate the hemodynamic condition and to pre-
dict the risk of subsequent strokes  [  59–  64  ] . On 
the other hand, nonquantitative evaluation of 
CVR failed to predict any signi fi cant difference 
in recurrent stroke risk between normal and 
impaired CVR groups  [  65–  67  ] . A recent study 
reported that diagnostic accuracy for detecting 
misery perfusion by using quantitative measure-
ment of CBF and CVR after ACZ administration 
had a sensitivity of 56.3%, speci fi city of 88.2%, 
and accuracy of 78.0%  [  68  ] . 

 Figures  14.3  and  14.4  show representative 
cases of stage I and stage II hemodynamic impair-
ment. A patient with stage I showed a decrease in 
CVR without elevation of OEF (Fig.  14.3 ), while 
a patient with misery perfusion (stage II impair-
ment) showed elevation of OEF as well as a 
decrease in CVR in the affected hemisphere.    

   Evaluation of Cerebral Glucose 
Metabolism Following Stroke 

 Stroke is caused by a variety of pathologic 
changes that produce a focal reduction of blood 
 fl ow or multifocal regions of compromised per-
fusion. In most of these cases, the end result of 
reduced CBF and inadequate delivery of oxygen 
and glucose to the brain is cerebral infarction 
 [  69  ] . In stabilized infarction, [ 18 F]2- fl uoro-2-
deoxy-D-glucose (FDG) PET shows a focal area 
of hypometabolism in a location consistent with 
focal cerebral infarction  [  70  ] . However, the meta-
bolic impairment in stroke patients is not limited 
to the area of infarction. PET and single-photon 
emission computed tomography studies have 
demonstrated remote effects in regional CBF and 
metabolism consequent to focal infarction  [  71  ] . 
From the early period after an acute brain lesion, 
diaschisis can develop because of reduced cere-
bral function resulting from the interruption of 
normal input to a region not directly involved in 
the stroke.    Distinguishing between regional isch-
emia and depressed neurometabolic activity is 
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aided by the calculation of OEF with CMRO 
2
  and 

cerebral metabolism  [  48,   72,   73  ] . In the regions 
of diaschisis, the metabolic rate as measured by 
local glucose consumption was decreased, while 
OEF and CMRO 

2
  are preserved. Although there 

are reports of ischemic penumbra and luxury per-
fusion persisting after stroke  [  74,   75  ] , normal 
oxygen extraction surrounding stroke suggests 
diaschisis  [  76  ] . 

 It is likely that diaschisis is associated with 
functional impairment can determine the severity 
of the clinical images in the acute stage and its 
recovery     [  77  ] . Diaschisis can occur in the areas 
surrounding the “infarcted” lesion, in the outside 
of the lesion in the affected hemisphere as well as 
in the other    hemisphere (e.g., “cross hemispheric” 
or “cross callosal” diaschisis). A regression of 
diaschisis is usually, although not invariably, 
found in the following months and may be related 
to the clinical recovery  [  78  ] . Immediately fol-
lowing stroke, extensive functional depression 
measured by glucose consumption and associ-
ated functional impairment can develop in the 

bilateral hemisphere  [  71,   79,   80  ] . In many 
reports, the improvement in function after left 
middle  cerebral artery    (MCA) stroke, e.g., pro-
gression from hand and leg weakness with apha-
sia to only hand weakness has been observed and 
seems linked to the anatomy adjacent to the cere-
bral infarction. Cortical diaschisis is particularly 
prominent with thalamic infarcts which often 
lead to pronounced thalamocortical diaschisis 
with correspon   ding cognitive de fi cits  [  81,   82  ] . In 
patients with cortical or subcortical infarction 
involved in the language area, regression of 
intrahemispheric and transhemispheric diaschisis 
may be associated with the recovery of a func-
tion that is subserved by an extensive network of 
interconnected regions in both hemispheres, at 
least in the  fi rst 6 months following stroke  [  78  ] . 
However, in cases of crossed (contralateral) cer-
ebellar diaschisis (CCD) which can occur early 
after supratentorial ischemic lesions, particularly 
in the basal ganglia or frontal or parietal corticex, 
CCD can persist over a long period of time with 
   eventual cerebellar atrophy, but usually lacks 

  Fig. 14.3    A representative case of a stage I patient with 
stenosis in the left MCA. CBF and CMRO 

2
  did not show 

a signi fi cant decrease in the affected hemisphere, but CVR 

after ACZ administration showed the lack of vascular 
reactivity. Numbers are quantitative values for each 
hemisphere MRA: MR angiography       

 



18114 Cerebrovascular Disease and PET

major correlates in neurologic functional impair-
ment. The regional glucose metabolism in 
diaschisis in the early period following stroke 
may be associated with functional improvement 
during the recovery phase  [  83,   84  ] . Cerebral glu-
cose metabolism in the left hemisphere outside 
the infarcted region, particularly temporoparietal 
metabolism, in the acute stage following stroke 
in the left hemisphere is thought to be the best 
predictor of recovery of auditory comprehension 
 [  85  ] , and suggests an important role for intra-
hemispheric diaschisis in determining the sever-
ity of the clinical picture in the acute stage and its 
recovery     [  86  ] . 

 Bilateral temporoparietal glucose metabolism 
shows a positive correlation with auditory com-
prehensive function in patients with aphasia fol-
lowing stroke. 

 Besides of the resolution of diaschisis, reorga-
nization in the brain plays an important role in 
poststroke functional recovery. Changes in 
regional glucose metabolism in the contralateral 

hemisphere associated with poststroke reorgani-
zation have been detected by FDG PET  [  83  ] . The 
parallel change in glucose metabolism and high-
energy phosphate metabolism associated with 
poststroke functional recovery is possibly 
explained by cerebral reorganization in the con-
tralateral premotor cortex. The resulting cerebral 
reorganization may account for improved patient 
functional recovery from stroke. Similar  fi ndings 
can be observed in patients with aphasia follow-
ing stroke. The changes in neuronal activities 
measured by glucose metabolism in the surround-
ing area of the “infarcted” region, in the contralat-
eral mirror area and left Broca’s area during 
activation were highly predictive of the recovery 
of auditory comprehension, indicating that the 
possibility to activate an extensive, bihemispheric 
neural network was crucial for recovery     [  84  ] . 
Hypermetabolism, measured by increased FDG 
uptake in the contralateral homologous area, indi-
cates that there is increased energy being used, 
possibly because of increased neuronal plasticity.      

  Fig. 14.4    A representative case of chronic CVD with 
misery perfusion (stage II) in the right cerebral hemi-
sphere as a result of right MCA occlusion (see MRA   ). 

This patient did not show decrease in CMRO 
2
  in the 

impaired region ( right  frontal lobe). Numbers are quanti-
tative values for each hemisphere       
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         Introduction 

 In 2009, about 61,414 new cases of primary brain 
tumors were expected to be diagnosed in the US, 
including 22,738 malignant brain tumors and 
38,677 nonmalignant brain tumors  [  1  ] . Brain 
tumors are the most common solid tumors in 
children  [  2  ]  and the second leading cause of can-
cer-related deaths in children under the age of 20 
years  [  3  ] . In 2009, approximately 4,000 children 
younger than age 20 years were diagnosed with 
primary brain tumors, 2,875 of which were 
younger than 15 years  [  4  ] . 

 According to the 1993 World Health 
Organization (WHO) classi fi cation, primary 
brain tumors are classi fi ed according to their pre-
sumed cell of origin. Of all primary brain tumors, 
meningiomas are the most common, representing 
33.4% of all primary brain tumors. Gliomas, 
which include all tumors arising from the glial 
cells or other supportive tissue of the brain, repre-
sent 33% of all brain tumors and 80% of all 
malignant brain tumors  [  1  ] . Astrocytomas and 
glioblastomas combined represent 77% of all 
gliomas  [  1  ] . Other brain tumors include pituitary 
tumors (12.2%), nerve sheath tumors (9%), lym-
phomas (2.5%), and oligodendrogliomas (2.1%) 
 [  1  ] . Medulloblastomas, embryonal, and primitive 
tumors represent 1% of all primary brain tumors 
 [  1  ] . The 2007 WHO Classi fi cation of Nervous 
System Tumors lists eight new entities including 
angiocentric glioma, atypical choroid plexus pap-
illoma, extraventricular neurocytoma, papillary 
glioneuronal tumor, rosette-forming glioneuronal 
tumor of the fourth ventricle, papillary tumor of 
the pineal region, pituicytoma, and spindle cell 
oncocytoma of the adenohypophysis  [  5  ] . 

 According to speci fi c pathologic criteria, brain 
tumors are graded as low grade, or WHO grades 
I and II; high grade, or WHO grades III (anaplas-
tic tumor) and IV (glioblastoma). 

 Metastatic brain tumors are the most common 
brain tumor with an annual incidence of more 
than four times that of primary brain tumors  [  1  ] . 
In all malignancy, 10–35% will develop brain 
metastases  [  6  ] . The most common metastatic 
brain tumor arises from primary lung tumors 
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(50–60%) and the second is breast cancer (15–
20%)  [  7  ] . As more effective treatments are used 
for primary cancers and as larger numbers of 
people live longer, the number of metastatic brain 
tumors appears to be rising.  

   Radiologic Evaluation of Brain Tumors 

   MRI and CT  

 Magnetic resonance imaging (MRI) and com-
puted tomography (CT) are still the most fre-
quently used procedures for evaluation of primary 
or metastatic brain tumors. Benign brain tumors 
often show as hypodense mass lesions (darker 
than normal brain tissue) on CT. On MRI, they 
appear either hypo- (darker than brain tissue) or 
isointense (same intensity as brain tissue) on 
T1-weighted scans, and hyperintense (brighter 
than brain tissue) on T2-weighted scan. Contrast 
agent is often used in malignant primary and met-
astatic brain tumors because these tumors disrupt 
the normal blood-brain barrier, leading to an 
increase of its permeability. However, contrast 
enhancement is not useful to differentiate high- 
versus low-grade gliomas. 

 In most cases, contrast-enhanced MRI is more 
sensitive than CT, especially for detecting small 
tumors, tumor next to bone, brainstem tumors, 
low-grade tumors, and metastatic brain tumors. 
MRI can aid in determining the location, size, 
number, and probable type of brain tumors and 
may be used as the initial screening process when 
a patient has symptoms of brain tumor or the pri-
mary cancer has been diagnosed, however, CT is 
more effective at showing calci fi cation and bony 
erosion.   

   Functional MRI 

 Functional MRI, also called real-time or fast 
MRI, acquires serial images in a fast sequence. 
This method may be useful prior to or during sur-
gery to show the speci fi c areas of the brain that 
control speech, movement, and memory. 

Functional MRI combined with imaging of cere-
brospinal  fl uid (CSF)  fl ow is called  fl ow-sensitive 
MRI (FS MRI). FS MRI can show the  fl ow of 
CSF through the ventricles and spinal cord and 
can therefore be used to plan the surgical removal 
of a skull base tumor, spinal cord tumor, or a 
tumor causing hydrocephalus.  

   Magnetic Resonance Angiography 
and Magnetic Resonance 
Spectroscopy  

 Magnetic resonance angiography (MRA) uses 
rapid MRI scans to follow the blood  fl ow, thus 
help planning for the surgical removal of a tumor 
suspected of having a large blood supply or tumor 
growing into an area of the brain with an abun-
dance of blood vessel. MRA can also be used to 
direct interventional effort to embolize or close-
off large blood vessels that feed the brain tumor, 
making surgery easier. 

 As a noninvasive scanning technique, mag-
netic resonance spectroscopy evaluates ratios of 
minute amounts of tumor metabolites such as 
NAA/Cho  [  8  ] , and can be used in characterizing 
low-grade gliomas, tumors with a large amount 
of surrounding edema, and in differentiating 
tumor recurrence from radiation necrosis. It may 
also be valuable in suggesting the degree of 
malignancy.  

   Single-Photon Emission Computed 
Tomography  

 Tools such as CT and MRI are excellent for brain 
tumor localization. However, they are unable to 
characterize the underlying histopathology. For 
example, it is dif fi cult to de fi ne tumor grade or to 
differentiate tumor recurrence from necrosis or 
scar on CT or MRI  [  9  ] . With molecular speci fi city, 
single-photon emission computed tomography 
(SPECT) can provide additional information for 
the evaluation of brain tumor. 

  201 TI is a common tracer of cardiac SPECT. 
The cellular uptake of  201 TI depends on both 
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blood  fl ow and cellular extraction fraction which 
mainly occurs via the Na/K-ATPase active trans-
port membrane pump in viable cells. In the late 
1980s, a study reported that  201 TI uptake was able 
to distinguish low-grade from high-grade lesions 
with an accuracy of 89%  [  10  ] .  201 TI SPECT dem-
onstrated a signi fi cantly better accuracy than 
contrast-enhanced CT in detecting residual tumor 
in brain tumor patients  [  11  ] .  99m Tc-MIBI is 
another commonly used SPECT radiotracer for 
brain tumor imaging. It has better imaging prop-
erties than  201 TI. As illustrated in a pediatric 
tumor imaging report,  99m Tc-MIBI showed greater 
uptake at the tumor site than did  201 Tl, and it 
de fi ned the margins of the lesion more clearly, 
but may suffer interference from intense physio-
logic uptake by choroidal plexus  [  12  ] .  

   PET and PET Radiotracer 

 The study of human brain tumor using PET 
began in the 1970s. Gross pathology such as 
perfusion abnormalities at the vascular level 
were reported with  15 O water PET  [  13  ] . 
Breakdown of blood barriers was reported by 
 68 Ga PET  [  14  ] . Differential vascular responses 
between vessels in tumor versus brain were 
reported under adenosine pharmacologic stimu-
lation using  15 O water PET  [  15  ] . In the 1980s, 
reports indicated that increasing  18 F- fl uorode-
oxyglucose (FDG) uptake in gliomas correlated 
with tumor grades  [  16,   17  ] . 

 FDG, which is used to evaluate glucose 
metabolism, remains the keystone of the PET 
radiotracer.  18 F-FDG identi fi es malignant lesions 
on the basis of glycolytic metabolism by the 
Warburg effect  [  18  ] . Normally, cerebral cortical 
and subcortical gray matter and the cerebellar 
cortex demonstrate physiologic high glucose 
metabolic activity. White matter with the cen-
trum semiovale of the contralateral cerebral 
hemisphere has relative low glucose metabolism. 
Therefore, gray matter has higher  18 F-FDG 
uptake than white matter. Brain tumor may or 
may not have higher uptake than the surrounding 
normal, gray, or white matter. Extreme measures 

such as barbiturate coma have shown higher 
tumor-to-brain uptake ratios  [  19  ] . At times, 
because of the high FDG uptake in gray matter, 
the contrast of the signals from the tumor versus 
normal brain tissue decreases, leading to low 
sensitivity. With hybrid imaging such as PET/CT 
to clearly localize tumor, gray matter, and white 
matter, this problem can be partly overcome. 
Furthermore, comparison with prior studies and 
using standardized uptake value (SUV) or other 
quantitative parameters may help in assessing 
the contrast of the metabolic signals. 

 Other PET radiotracers have also been investi-
gated, but none are used routinely in evaluating 
brain tumors. [C-11]-methionine is one of the 
most promising radiotracers as an alternative to 
 18 F-FDG because of its minimal background 
activity in the brain  [  20  ] .  11 C-labeled thymidine 
and  11 C-labeled choline have also been reported 
to show high tumor uptake  [  21,   22  ] , but these 
radiotracers have been limited by a short physical 
half-life of 20 min for  11 C. Among the recent 
radiopharmaceutical developments for oncologic 
imaging, a thymidine analog, F-18  fl uoro-3 ¢ -
deoxy-3 ¢ -L- fl uorothymidine (FLT), received 
much attention. It is trapped within the cell fol-
lowing its phosphorylation by thymidine kinase 
1.  18 F-FLT has been applied in imaging human 
brain tumor and shows correlation with tumor 
proliferation  [  23–  25  ] . 

 In recent years, a new amino acid analog, 
F-18  fl uoro dihydroxyphenylalanine (18F-FDOPA), 
was introduced to evaluate brain tumor  [  26,   27  ] . 
The main advantage of  18 F-FDOPA    was in low-
grade brain tumors. A study published in 2009 
evaluated  18 F-FDOPA,  18 F -FDG, and 18 F-FLT in 
primary and recurrent low-grade gliomas using 
PET/CT. The conclusion was that the  18 F -FDOPA 
scan is superior to both  18 F-FDG and  18 F-FLT for 
the visualization of primary and recurrent low-
grade gliomas  [  28  ] . 

 In the literature, PET or PET/CT studies of 
human brain tumor have been reported with 
radiotracers of different molecular mechanisms 
including hypoxia, transporter for amino acids, 
enzymatic activities of glucose, and nucleosides 
and somatostatin receptor (Table  15.1 ).   
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   PET/CT Imaging in Brain Tumor 

 The combination of PET and CT allows obtain-
ing both morphologic and metabolic images in a 
single imaging session, which reduces the inci-
dence of false-positive  fi ndings and increases the 
con fi dence of the image to make an af fi rmative 
diagnosis. CT data are also used for attenuation 
correction of the coincident PET data. Compared 
with PET alone, PET/CT has shown dramatic 
improvement in diagnostic accuracy  [  36  ] . 

  18 F-FDG is the most commonly used 
radiotracer in clinical PET/CT. In clinical pro-
cessing, hyperglycemia may result in decreased 
cerebral FDG uptake and poor image quality. 
Therefore, for patients with diabetes mellitus, the 
blood glucose level is usually corrected to the 
normal range before imaging. A patient’s mental 
status and mood may also affect the imaging 
result. Therefore, after  18 F-FDG is administered 
intravenously, the patient should rest in a quiet 
room with dim lights and minimal environmental 
stimulation during the uptake phase of 30–40 min 
before image acquisition. The patient’s bowel 
and bladder control may require special attention. 
The patient may be  fi tted with a thermoplastic 
mask with an opening for the eyes, nose, and 
mouth to avoid motion. It is necessary to monitor 
patients closely for safety. The CT portion of the 
study is usually acquired immediately before or 
after the PET acquisition.  

   Clinical Application of  18 F-FDG PET/
CT in Brain Tumors 

 While historically brain tumor was the  fi rst 
human tumor extensively studied by  18 F-FDG 
PET, the routine clinical use of PET or PET/CT 
on brain tumors has been limited, partly by the 
higher background uptake and partly by limited 
reimbursement. Although  18 F-FDG PET is useful 
in the diagnosis and prognosis of hypermetabolic 
brain cancers, it is not used extensively for stag-
ing, rather, it is used more often in the differentia-
tion of recurrent tumor from posttreatment 
necrosis, which contrast-enhanced MRI only per-
forms with modest sensitivity and low speci fi city. 
The detection of cerebral metastasis is also lim-
ited because of the highly variable metabolic 
activities of metastatic tumors and high back-
ground brain activities. Nevertheless,  18 F-FDG 
PET is a good tool to monitor disease progression 
and treatment responses in brain tumors when the 
baseline study demonstrates hypermetabolism in 
suspected lesions.  

   Diagnosis, Staging, and Evaluating 
Prognosis 

 Currently, MRI remains the clinical “gold stan-
dard” for evaluating brain tumors. The images 
from PET/CT may offer valuable information 

   Table 15.1    Radiotracers used in human brain tumor   

 Radiotracer  Imaging modality  Metabolism 
 Sensitivity 
% 

 Speci fi city 
%  Gold standard  References 

  18 F-FDG  PET/CT  Glucose  50  93  Pathology   [  29  ]  
  18 F-FDOPA  PET/MRI  Amino acids  90  –  Pathology   [  29  ]  
  18 F-FLT  PET  Nucleosides  79  63  Pathology   [  30  ]  
  18 F-FMT  PET  Amino acids  74  82  Pathology   [  31  ]  
  18 F-FMISO  PET  Hypoxia  47  –  Pathology   [  32  ]  
  11 C-methionine  PET  Amino acids  90  92.3  Pathology   [  33  ]  
  124 I-deoxyuridine  PET  Nucleosides  –  –  Pathology   [  34  ]  
  68 Ga-DOTA-TOC  PET  Somatostatin  –  –  Pathology   [  35  ]  

    18   F-FDG   18 F- fl uorodeoxyglucose,   18   F-FDOPA    ,   18   F-FLT  F-18  fl uoro-3 ¢ -deoxy-3 ¢ -L- fl uorothymidine,   18   F-FMT , 
  18   F-FMISO ,   68   Ga-DOTA-TOC      
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for further evaluation. Earlier reports on the cor-
relation of grades with  18 F-FDG showed that 
high-grade brain tumor demonstrated hyperme-
tabolism with high FDG uptake, while low-grade 
brain tumors revealed low levels of glucose 
metabolism with less than, equal to, or slightly 
higher than that of white matter. Quantitative 
analysis, such as receiver operating characteris-
tic (ROC) curves and SUV, can help to evaluate 
the PET/CT  fi ndings. Studies have shown when 
differentiating high-grade from low-grade brain 
tumor, ROC is a more effective quantitative 
index than SUV  [  37,   38  ] .  18 F-FDG PET can help 
to perform accurate biopsies of brain tissue and 
even allow a reduction in the number of samples 
acquired  [  39  ] . 

 It is well established that  18 F-FDG uptake is a 
good indicator of prognosis and survival in 
patients with primary brain tumors  [  40  ] . For 
patients following surgery, persistent uptake of 
 18 F-FDG also has prognostic signi fi cance. Patients 
with high  18 F-FDG uptake have a signi fi cantly 
worse prognosis than those with low uptake 
lesions  [  41  ] . However, uptake of  18 F-FDG cannot 
be used as the sole independent predictor for 
evaluating prognosis of brain tumor because his-
tologic grade is more important  [  42  ] .  

   Differentiating Tumor Recurrence 
from Necrosis 

 Differentiating tumor recurrence from necrosis 
or scar is one of the most important utilities of 
 18 F-FDG PET/CT. Radiation necrosis is com-
mon in patients with brain tumor after radiother-
apy, such as GliolSite irradiation with  125 I and 
gamma knife  [  43,   44  ] . Intense in fl ammatory 
response produces pathologic injury, resulting 
in disruption of the blood-brain barrier by vas-
cular and astrocytic damage, thus producing 
radiation necrosis, edema, and cortical dysfunc-
tion. An earlier study showed that  18 F-FDG PET 
was clearly superior to CT and MRI in the dis-
tinction between tumor recurrence and radiation 
effects  [  45  ] . On  18 F-FDG images, the areas of 
necrosis reveal signi fi cantly reduced glucose 

metabolism while recurrent tumors show 
increased metabolism (Figs.  15.1  and  15.2 )  [  46  ] . 
Areas where  18 F-FDG uptake is greater than 
adjacent normal brain are highly suspicious of 
recurrent tumors, with a sensitivity of 96% and 
speci fi city of 77%  [  47  ] .   

 A recent study suggested using dual-phase 
imaging PET to evaluate radiation necrosis. In 
this procedure,  18 F-FDG excretion from necrotic 
tissue would be faster than that of brain tumor at 
delayed times  [  48  ] . Further study is needed to 
evaluate this approach.  

   Planning Treatment and Monitoring 
and Assessing Therapy Response 

 The result of PET/CT may have a direct impact 
on clinical treatment. For example, when a 
glioma is diagnosed by  18 F-FDG PET/CT, it 
may direct the subsequent treatment plans such 
as radiotherapy, chemotherapy, further surgery, 
or observation. PET/CT can also aid in achiev-
ing accurate dosimetry estimates, guiding inter-
ventional procedures, and delineating tumor 
volumes for radiation therapy  [  49,   50  ] . A study 
used MRI-de fi ned volume and  18 F-FDG PET-
de fi ned volume at the same time to calculate 
the radiation dose of patients with glioblasto-
mas. The  fi nding was that volume de fi ned by 
 18 F-FDG uptake showed a 0.5-cm larger margin 
than MRI, which resulted in a higher radiation 
dose for patients  [  51  ] . A combination of PET 
and CT would better de fi ne the radiotreated 
area than PET alone  [  52  ] . Currently, PET/
CT-directed radiotherapy has entered the clini-
cal market  [  53  ] . 

 As a noninvasive method,  18 F-FDG PET/CT 
can be used in monitoring and assessing therapy 
response based on metabolic and volumetric 
changes of pre- and posttherapy. Reduction of 
glucose metabolism in lesions and/or shrinkage 
of tumor size can be considered a favorable 
response as early as 1 or 2 weeks after chemo-
therapy  [  54  ] . A recent study suggested that  18 F-
FLT may be a better tracer for monitoring 
treatment response of brain tumor  [  55  ] .  
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   Detecting Metastatic Brain Tumor 

 Clinically, metastatic brain tumor can be asymp-
tomatic or it can present with headache, nausea 
or vomiting, or seizure  [  56  ] . Cerebral metasta-
ses occur in the supratentorial (80%), cerebel-
lum (18%), and brainstem (2%)  [  57  ] . In  18 F-FDG 

images (Fig.  15.3 ), one or several foci of 
increased  18 F-FDG activity is highly suspicious 
of metastases. Using contrast-enhanced MRI as 
the gold standard,  18 F-FDG PET identi fi ed cere-
bral metastasis with a sensitivity of 75% and a 
speci fi city of 83%  [  58  ] . With PET/CT, sensitiv-
ity, speci fi city, and accuracy of  18 F-FDG in 
revealing metastatic brain tumor were 50%, 

  Fig. 15.1     18 F-FDG PET/CT and MRI images of a 
55-year-old male with right frontal glioblastoma multi-
forme. Recent MRI concerned for recurrent disease at the 
postsurgical site ( arrow ). FDG-PET images show focal 
increased hypermetabolism, similar to or just below nor-
mal cortical activity in the deep right frontal lobe ( arrow ), 

which corresponds to the enhancing lesion seen on MRI 
images. Noncontrast CT also show a small mass at this 
region ( arrow ). All these suggest recurrence at postsurgi-
cal site       
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93%, and 76%,  respectively  [  29  ] . However, the 
lack of FDG hypermetabolism does not rule out 
metastasis.  

 At times, the primary site can be too small to 
be detected or to cause symptoms. In this situa-
tion, metastatic brain tumors may be found  fi rst, 
and the primary site may be discovered later. For 
patients with cerebral metastasis, whole-body 
 18 F-FDG PET scans were useful in  fi nding the 
primary cancer in the body with a sensitivity of 
79%  [  59  ] , while the sensitivity of  18 F-FDG with 

PET/CT in search of the primary site increased to 
93.3%  [  60  ] . On rare occasions, extracerebral 
metastases from primary gliomas have been 
identi fi ed.  

   Other Tumors of the Nervous System 

 Central nervous system    (CNS) lymphomas most 
often occur in men. It has been found that 52% of 
cases were supratentorial, 34% were multiple, 

  Fig. 15.2     18 F-FDG PET/CT and MRI images of an 
11-year-old female with metastatic glioblastoma glioma-
tous cerebri. FDG-PET image shows a decreased meta-
bolic activity in the right cerebral cortex ( arrow ), 

suggesting necrotic masses secondary to radiation therapy 
. CT and MRI images show corresponding changes within 
this region ( arrow )       
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12% were cerebellar, 2% were in the brainstem, 
and less than 0.5% were spinal  [  61  ] . Only 1% of 
all non-Hodgkin’s lymphomas are primary CNS 
lymphomas. Increased incidence of CNS lym-
phoma is correlated with the disappearance of 
intermediate-grade histology, suggesting a shift 
in the biology of the tumors  [  62  ] . The contrast-
enhanced CT and MRI appearance of these 
lesions is sometimes distinctive. Multiple lesion 

and homogeneous enhancement of signal is sug-
gestive of CNS lymphoma. 

 Meningiomas are readily diagnosed by contrast-
enhanced MRI. However, recurrent meningiomas 
are more dif fi cult to detect by MRI and they exhibit 
a variable degree of glucose hypermetabolism. A 
recent study of pre- and postsurgical FDG PET 
reported a sensitivity of 0.43 and a speci fi city of 
0.95 in detecting recurrent meningiomas  [  63  ] . 

  Fig. 15.3     18 F-FDG PET/CT images of a patient with 
metastatic esophageal cancer. FDG-PET image demon-
strates a focal hypermetabolism in right occipital lobe 
( arrow ). On noncontrast CT images, edematous changes 

are seen within this region ( arrow ). Whole body image 
also shows the brain metastasis ( arrow )       
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Although in combination with CT, FDG PET is 
expected to further gain accuracy, it remains a 
diagnostic challenge of meningioma patients in 
routine clinical care. Nerve sheath tumors affect 
the CNS as acoustic neuroma or Schwannoma 
and the peripheral nervous system as 
neuro fi bromas    (Fig.  15.4 ). Schwannomas may 
not be readily distinguished from malignant 
peripheral nerve cell tumors based on SUV from 
PET/CT. However, SUV is able to differentiate 
the latter from neuro fi bromas and determine the 
transformation of benign peripheral nerve sheath 
tumors to malignant tumors  [  64  ] .   

   Conclusion 

 As a dominant clinical molecular imaging modal-
ity of cancer, PET/CT is rapidly growing and 
becoming more accepted in the study of brain 
tumor. In combination with precise anatomic 
information provided by contemporaneous CT, 
PET provides metabolic information for lesion 
localization and characterization. However, the 
use of PET/CT is currently limited by its com-
plex equipment and high technologic require-
ment, which depends on the future development 

  Fig. 15.4    A patient with diagnosed neuro fi bromatosis. 
FDG-PET/CT images note a large mass arising from the 
right pectoralis muscle measuring 17 × 13 × 13 cm with 
necrotic center and maximum SUV of 19.6 ( arrows ), 

which is consistent with the sarcomatoid changes in this 
patient with history of peripheral nerve sheath tumor. No 
other adenopathy is noted in whole-body images       
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of hardware and software. Nonspeci fi city, false-
negative and false-positive  fi ndings of  18 F-FDG 
affect clinical outcome. This limitation can be 
overcome by the development of other radiotrac-
ers including metabolism of lipids, amino acids 
and nucleosides, apoptosis, angiogenesis, and 
molecular retention schemes. 

 In addition to scienti fi c and clinical concerns, 
cost effectiveness of PET/CT should also be con-
sidered as a major aspect of patient management. 
Currently in the US, PET/CT imaging is being 
widely used in oncologic diseases, including 
brain tumor. To make PET/CT a routinely useful 
clinical tool, efforts still need to be made to con-
vince the public-at-large of its impact on the care 
of brain tumor. Furthermore, successful applica-
tion of PET/CT in brain tumors also requires 
meticulous documentation and strict compliance 
with regulatory requirements.      
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 Head and neck cancer is the sixth most common 
cancer worldwide and makes up 2–5% of cancers 
in the population. In 2009, the estimated number 
of new diagnosed head and neck cancers was 
35,720 in the US, which includes 10,530 tongue 
cancers, 10,750 mouth cancers, 12,610 pharynx 
cancers, and 1,830 other oral cavity cancers  [  1  ] . 
Head and neck cancers are more common in men 
and account for 66–95% of all cases. Most 
patients with head and neck cancer are between 
the ages of 50 and 70 years and the number 
increases with age, especially after 50 years of 
age  [  2  ] . Head and neck cancers are strongly asso-
ciated with certain environmental and lifestyle 

risk factors, including tobacco smoking, alcohol 
consumption, occupational exposure, and certain 
strains of viruses, such as the sexually transmit-
ted human papillomavirus  [  3–  5  ] . 

 Most head and neck cancers occur in the 
tongue base or within the tonsillar fossa (75%). 
Head and neck squamous cell carcinomas 
(HNSCC) make up the vast majority of head and 
neck cancers (90%). It mostly occurs in males 
over the age of 40 years with a history of heavy 
alcohol use coupled with smoking. 

 Staging criteria for head and neck cancer 
based on the tumor node metastasis (TNM) sys-
tem, which is outlined in Table  16.1 .  

 There are more than 30,000 new cases of pri-
mary thyroid cancers in the US annually, and the 
incidence is increasing  [  6  ] . In 2009, there were 
37,200 new cases of thyroid cancers in the US of 
which 27,200 were in women, accounting for 4% 
of all cancers occurring in women  [  1  ] . According 
to the histology or cell structure, thyroid cancers 
are classi fi ed into four types: Papillary cancer 
(70–80%), follicular (10%), medullary (5–10%), 
anaplastic (2–5%), metastases (3–5%). Papillary 
and follicular tumors, still named “differentiated 
thyroid cancer”, are the most common types, 
with a more favorable prognosis than the medul-
lary and undifferentiated types, but, if metastasis 
occurs, the prognosis is poor  [  7  ] . 

 Staging of thyroid cancer depends on the type 
of cancer and the age of the patient. TNM staging 
for differentiated thyroid cancer and medullary 
thyroid cancer are outlined in Table  16.2 .  
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   Imaging    of Head and Neck Tumors 

   Computed Tomography and Magnetic 
Resonance Imaging 

 Currently, computed tomography (CT) and 
magnetic resonance imaging (MRI) with con-
trast enhancement are the standard imaging 

techniques for the evaluation of head, neck, and 
thyroid cancers, which can provide structural 
information at a high spatial resolution. MRI is 
superior to CT for laryngeal and hypopharyn-
geal tumor staging, with high sensitivity and 
speci fi city  [  8  ] . Soft tissue between the cricoids 
cartilage and the airway may represent subglot-
tic carcinoma or extension. Thyroid adenomas 
may appear brighter than normal thyroid tissue 
on T1-weighted images, possibly related to 
hemorrhagic degeneration. Thyroid carcinomas 
show T1 and T2 prolongation. Parathyroid ade-
nomas tend to have longer T2 relaxation times 
than thyroid adenomas. Tissue characterization 
of MRI, such as spin-echo sequences, is useful 
in distinguishing posttreatment  fi brosis from 
recurrent cancer. Discrimination between ade-
nomas and hyperplasia is not possible with MRI 
 [  9  ] , because metastatic nodes show contrast 
enhancement in the rim. MRI has another 
advantage over CT in the differentiation of 
lymphadenopathy with various slice orienta-
tions and gradient echo techniques revealing 
vessels  [  10  ] . Magnetic resonance angiography 
allows excellent depiction of the carotid ves-
sels, and is indicated in evaluating vascular dis-
placement or compression by tumor growth and 
perfusion.   

   Magnetic Resonance Spectroscopy 

 Early experience with in vivo magnetic reso-
nance spectroscopy (MRS) has shown its poten-
tial for obtaining biochemical information, thus 
enhancing the diagnostic sensitivity of MRI 
studies  [  11  ] . However, when applied in head and 
neck tumor, MRS is disappointing because MRS 
requires a homogeneous magnetic  fi eld, while 
susceptibility artifacts introduced by the parana-
sal sinuses, airway, and bone, and pulsation arti-
facts from the carotid artery, severely degrade 
data. Additionally, a large amount of fat within 
the neck produces a lipid peak that obscures the 
relatively small peaks of tumor markers, such as 
choline. Finally, MRS remains nonspeci fi c. 
However, with the development of newer tech-
niques, MRS may become practical for evaluat-
ing head and neck tumors  [  12  ] .  

   Table 16.1    TNM staging for head and neck cancer   

 TX: Cannot be assessed 
 T0: No primary tumor 
 Tis: In situ 
 T1: <2 cm 
 T2: 2–4 cm 
 T3: >4 cm 
 T4: Invades adjacent structures (bone, deep muscle, 
sinus, skin) 
 NX: Cannot be assessed 
 N0: No evidence of regional lymph node metastasis 

 N1: Metastasis in a single ipsilateral lymph node ( £ 3 cm) 
 N2: a. Single ipsilateral lymph node (3–6 cm) 

 b. Multiple ipsilateral lymph nodes (<6 cm) 
 c. Bilateral or contralateral lymph nodes (<6 cm) 

 N3: Metastasis in a lymph node (>6 cm) 
 MX: Presence of distant metastasis cannot be assessed 
 M0: No evidence of distant metastasis 
 M1: Distant metastasis present 

   Table 16.2    Staging for thyroid cancers   

 Differentiated thyroid cancer 
 Less than 45 years of age 

 Stage I: Tumor of any size with regional node 
metastasis, no distant metastasis 
 Stage II: Tumor of any size with regional node 
metastasis, distant metastasis 

 45 years of age or older 
 Stage I: Tumor <2 cm, and remains localized to the 
thyroid 
 Stage II: Tumor 2–4 cm, and remains in the thyroid 
 Stage III: Tumor of any size with regional lymph 
node metastasis 
 Stage IV: Tumor of any size with distant metastasis 

 Medullary thyroid cancer 
 Stage 0: Cancerous cells have been found through a 
special screening but there is no tumor 
 Stage I: Tumor <2 cm, and remains in the thyroid 
 Stage II: Tumor 2–4 cm, and remains in the thyroid 
 Stage III: Tumor >4 cm, with regional tissues or 
lymph node metastasis 

 Stage IV: Distant metastasis 



20116 Head and Neck Tumors

   Neck Ultrasound 

 Neck ultrasound (US) has been reported to be 
superior to palpation in the detection of lymph 
node metastases  [  13  ] . A study reported a sensi-
tivity of 96.8% and a speci fi city of 93.3% for US 
in the diagnosis of head and neck cancers, and 
91.7% and 91.7%, respectively, in the diagnosis 
of papillary thyroid cancers  [  14  ] . 

 US-guided  fi ne-needle aspiration biopsy 
(USGFNAB) of thyroid nodules is currently used 
by many clinicians, with accuracy of 98% in the 
diagnosis for primary thyroid cancers. The result 
from FNAB could affect clinical management in 
85% of patients with thyroid nodules  [  15  ] . The 
false negative rate of FNAB for benign thyroid 
lesions is from 1% to 5%  [  16  ] . In addition to thy-
roid nodules, USGFNAB is also applied to neck 
masses, including cervical nodal metastases from 
thyroid and other head and neck cancers. 
Suf fi cient cells from lymph nodes as small as 
3–4 mm can be obtained by USGFNAB  [  17  ] . 

 The disadvantages of US include the follow-
ing facts: First, procedures are time consuming 
and operator-dependent; Second, interpretation 
of US images is subjective, requiring experience 
and expertise with head and neck US and anat-
omy knowledge by individual acquiring the 
images; Third, regions, such as areas deep to 
bone or air- fi lled structures, are not well visual-
ized by US; Fourth, it is limited to regional study, 
not a whole-body imaging technique.  

   Single-Photon Emission Computed 
Tomography 

 Functional imaging such as  99m Tc-MIBI or  201 TI 
single-photon emission computed tomography 
(SPECT) has been reported as a useful modality 
in the staging of primary neck and head tumors, 
in the differentiation of metastatic from reactive 
lymph nodes, and is particularly useful for detec-
tion of occult head and neck tumors and for 
assessing recurrences. On the basis of whole-
body scanning, SPECT is also helpful for screen-
ing of distant metastases  [  18,   19  ] . 

 Fused SPECT/CT has emerged during the 
past decade, which correlates anatomic infor-
mation from CT with functional information 
from SPECT. In recent years, SPECT/CT has 
been used for SN mapping, which is very impor-
tant clinically if the tumor is located in body 
parts with ambiguous lymph node drainage. 
Fused SPECT/CT SN mapping is often per-
formed before SN biopsy and could provide 
additional data that are of clinical relevance to 
SN biopsy in patients with trunk or head and 
neck melanoma and in patients with mucosal 
head and neck  [  20  ] . 

 Some studies have reported on the role of  131 I 
SPECT/CT for investigation of differentiated 
thyroid cancers. This modality could accurately 
localize regional and distant metastases and, in 
the postsurgical patient, may identify residual 
thyroid tissues. This allows staging and risk 
strati fi cation of patients prior to  131 I therapy 
 [  21  ] . With speci fi c cancer types such as thyroid 
and parathyroid cancer, SPECT/CT is indeed a 
useful tool.  

   Positron Emission Tomography (PET) 
and PET/CT 

 The anatomic information from CT or MRI alone 
cannot completely reveal histopathologic and 
physiologic characteristics of tumors. Metabolism 
imaging such as PET might help to characterize 
the biologic behavior of both primary and meta-
static diseases. 

 Head, neck, and thyroid tumors, either pri-
mary or metastatic tumors, have been studied 
with PET using  18 F- fl uorodeoxyglucose (FDG) 
for viability,  11 C-methionine for amino acid trans-
port  [  22  ] ,  18 F- fl uorothymidine for cell prolifera-
tion  [  23  ] , as well as  18 F- fl uoromisonidazole for 
hypoxia  [  24  ] . The apparent advantages of these 
agents are their higher speci fi city and low back-
ground. To date,  18 F-FDG PET has become an 
accepted and widely used imaging modality for 
the evaluation of head and neck cancer  [  25–  28  ] . 
However, because of the complex anatomy of the 
head and neck region, the clinical application of 
PET is limited by lack of anatomic detail. 
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 Hybrid PET/CT is a promising imaging tech-
nique that permits almost synchronous image 
acquisition of anatomic and metabolic datasets. 
Compared with PET alone, PET/CT showed a 
higher accuracy for the detection of head and 
neck cancer (96% for PET/CT, 90% for PET 
alone)  [  29  ] . Another major advantage of PET/CT 
is the reduction of scanning time. Single PET 
examination alone still requires a transmission 
scan for attenuation correction. Combined CT 
and PET can obtain anatomic and functional 
images consecutively in one examination, and 
attenuation correction by incorporation of fast 
CT technology (2 min for a whole-body study), 
which is much faster than using a transmission 
scan. Therefore, the examination time of PET/CT 
is notably shortened  [  30  ] . 

 Hybrid PET/CT is performed approximately 
1 hour after the intravenous injection of  18 F-
FDG, with acquisition of CT data immediately 
preceding acquisition of emission data. During 
the uptake period, patients are advised not to 
speak, as this may result in vocal cord uptake 
which could be misinterpreted as pathologic. 
Patients are also advised not to move or chew 
during the uptake period. In order for images to 
be easier illustrated, oral diazepam may be used 
before the injection of  18 F-FDG to help prevent 
unwanted uptake in neck muscles as a result of 
tension  [  31  ] . 

 Clinically used radiopharmaceuticals include 
those involved in metabolism of glucose, nucleo-
sides, amino acids, hypoxia, or transporters 
(Table  16.3 ).   

   Clinical Application of  18 F-FDG PET/
CT in Head and Neck Tumors 

 As MRI or CT can better evaluate local soft-tis-
sue and bony anatomy, PET/CT is rarely used for 
initial T staging of primary tumors. Hybrid PET/
CT may be helpful in delineation of extent of 
regional lymph node involvement, detection of 
distant metastases, identi fi cation of an unknown 
primary tumor, monitoring of the treatment 
response, long-term surveillance for recurrence 
and metastases, and planning radiotherapy.  

   Staging Primary Head and Neck 
Tumors 

 Accurate staging has a prognostic value and is 
important in selecting the appropriate treatment 
strategy. A recent multicenter prospective study 
showed that adding whole-body  18 F-FDG PET to 
the pretherapeutic conventional staging modality, 
such as US, CT, or MRI, can improve the TNM 
classi fi cation of HNSCC and it altered the man-
agement of 13.7% of 233 patients  [  39  ] . The result 
supports the implementation of  18 F-FDG PET in 
the routine imaging work-up of HNSCC. 
Compared with PET alone, PET/CT provides 
better localization of foci increased FDG uptake, 
thus reducing the number of equivocal PET  [  40  ] . 
A recent study reported that sensitivity of PET/
CT was slightly higher than that of PET alone, 
while speci fi city of PET/CT was signi fi cantly 
higher than that of PET alone in patients with ini-
tial staging and follow-up of head and neck can-
cers (initial staging: 90.5% vs. 62.2%; follow-up: 
97.2% vs. 74.4%)  [  41  ] . Results of PET/CT may 
alter the treatment plan in some patients with 
head and neck cancers  [  42  ] . For the detection of 
distant metastases,  18 F-FDG PET/CT had a sensi-
tivity of 89%, a speci fi city of 97%, and an overall 
accuracy of 96%, while sensitivity and speci fi city 
were 61–97% and 21–100% for MRI or CT  [  43  ] . 
The initial staging and detecting metastases of 
head and neck tumors with  18 F-FDG PET/CT are 
demonstrated in Figs.  16.1  and  16.2 .   

 It is clear that nodal size alone has not been a 
good discriminator in the assessment of possible 
malignant involvement. Small nodes can harbor a 
metastatic tumor and large nodes may simply 
re fl ect reactive change.  18 F-FDG PET/CT is help-
ful in the detection of nodal metastases as small 
as 10 mm. Its sensitivity, speci fi city, and accu-
racy were 84%, 91%, and 89% respectively  [  44  ] . 
While false-positives were notable in some 
patients with lymph nodes smaller than 3 mm 
 [  45  ] . In these cases, selective neck dissection or 
lymph node biopsy is more de fi nitive. 

 Thyroid nodules are relatively common. The 
prevalence of incidental thyroid FDG uptake 
(including both focal and diffuse lesions) was 
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3.8% on FDG PET/CT. Of focal lesions, the can-
cer risk is 63.6% on pathologic basis  [  46  ] . Diffuse 
thyroid FDG uptake is most probably benign and 
usually caused by thyroiditis  [  47  ] . 

 In thyroid tumors, PET/CT is no better than 
US and CT for initial evaluation of cervical node 
 [  48  ] . Hybrid PET/CT may be used for detecting 
recurrent thyroid cancer and localizing neoplasm 
to facilitate biopsy of incidental  fi ndings. The 

correlation between standard uptake value (SUV) 
intensity and the risk for a malignant lesion is 
still controversial  [  49,   50  ] . In the case of focal 
FDG uptake, USGFNAB is likely to obtain a tis-
sue diagnosis, with diagnostic accuracy of 98% 
 [  15  ] . For medullary tumor, PET/CT is superior to 
anatomic imaging in identifying the source of 
persistent measurable calcitonin in patients who 
have undergone total thyroidectomy  [  51,   52  ] .  

  Fig. 16.1    A 62-year-old male with recently diagnosed 
left tonsillar carcinoma. FDG-PET images show a focal 
abnormal uptake at the left tonsil represents the patient’s 
known primary tumor with maximum SUV of 5.1 ( arrow ). 

The corresponding lesion is noted on CT ( arrow ). Fused 
and MIP images show the lesion clearly ( arrows ). No evi-
dence of active regional nodal or distant metastatic 
disease       
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   Detecting Recurrent Tumors 

 After therapy, early detection of recurrence is 
critical to achieve an optimal outcome. After sur-
gery or radiation therapy for head and neck 
tumors, the regional anatomy is distorted. 
Therefore, anatomic imaging such as CT and 
MRI has relatively poor speci fi city in the assess-
ment of residual or recurrent disease  [  53,   54  ] . 
There is a relatively high sensitivity for  18 F-FDG 
PET/CT to detect recurrent disease at the primary 

tumor site (Fig.  16.3 ). It also  fi nds regional lymph 
node metastases at earlier stage than conventional 
imaging  [  28,   55,   56  ] . Approximately 70% of 
patients with head and neck cancer with positive 
PET/CT  fi ndings were con fi rmed to have recur-
rent tumor by histopathology  [  57  ] . Abnormal 
physiologic uptake, metabolically active tissues 
such as brown adipose tissue and muscle contrac-
tions are the main reasons of false-positive results 
for PET/CT  [  58  ] . FNAB should be performed if 
PET/CT  fi ndings could not settle the issue.  

  Fig. 16.2    A patient with squamous cell cancer in the 
tongue who has undergone chemoradiation. FDG-PET/
CT images show an active area at left hilar with maximum 

SUV of 14.5, which may represents a head/neck meta-
static lesion ( arrows ). Deep FNA con fi rms metastatic 
squamous carcinoma       
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 Although well-differentiated papillary and 
follicular thyroid cancers are treatable, 20% of 
patients have a recurrence associated with an 8% 
death rate. Earlier detection and effective man-
agement of local recurrence can improve the 
prognosis for these patients. Whole-body  131 I 
scintigraphy (WBS) and serial thyroglobulin 
measurement are standard methods for detecting 
differentiated thyroid cancer recurrence. However, 

WBS is negative in 10–15% of patients with 
detectable serum Tg levels  [  59  ] . A meta-analysis 
reported the sensitivity and speci fi city of  18 F-
FDG PET/CT in detection of recurrent or meta-
static differentiated thyroid cancer were 93.5% 
and 83.9% respectively in patients with elevated 
serum thyroglobulin and negative  131 I scan  [  60  ] , 
as demonstrated in Fig.  16.4 . When used as a pre-
dictor for survival of thyroid cancer,  18 F-FDG 

  Fig. 16.3    A 54-year-old male with history of T1 
squamous cell cancer in the left glottis and underwent 
laser resection in 09/2006. FDG-PET/CT images note a 
hypermetabolic lesion measuring 2.5 × 2 cm in the left 
oropharynx with SUV of 11, which is consistent with 

recurrence of tumor ( down arrows ). There is also hyper-
metabolic adenopathy in the left neck measuring 1.9 × 1.7 
cm and SUV of 15.8 ( arrows ), which is con fi rmed to be 
metastatic squamous cell carcinoma by lymph node 
biopsy       
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uptake of thyroid tumor correlated with elevated 
Tg and negative  131 I scan. High  18 F-FDG uptake 
may mean shorter survival  [  61  ] .   

   Finding Unknown Primary Tumors 

 Approximately 2–9% of all HNSCCs present in 
the way how cervical malignant nodes have been 
detected but primary tumor site has failed to dem-
onstrate  [  62  ] . Hybrid PET/CT is useful in these 
cases. A recent meta-analysis addressed 150 
patients who had initial negative MRI  fi ndings, in 

which the primary tumors in 40 patients were 
detected by  18 F-FDG PET  [  63  ] . Another study 
reported patients with biopsy-proved metastatic 
disease from unknown head and neck primary 
tumor undergoing further evaluation with  18 F-
FDG PET/CT. It showed that 57% of unknown 
primary tumors were detected by PET/CT  [  64  ] . 
The common sites for false-negative  18 F-FDG 
PET/CT scans are often the lingual and palatine 
tonsils because of their physiologic uptake. In 
such cases, asymmetric uptake may be an 
   indicator of tumors. One precaution for salivary 
gland tumor is that the vast majority of FDG 

  Fig. 16.4    A 64-year-old female with poorly differenti-
ated thyroid cancer. Thyroidectomy was performed in 
10/2008, followed by radioiodine ablation therapy. Of 
note, she has rising thyroglobulin level, with negative 

I-131 whole body scan. FDG-PET/CT images show focal 
hypermetabolism in the left supraclavicular region with 
SUV 6.3, which is consistent with recurrent thyroid can-
cer ( arrows )       
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 hypermetabolic lesions in the salivary glands 
(especially the parotids) are benign tumors 
including pleomorphic adnoma (80%) or 
Warthin’s tumor (<15%) (Fig.  16.5 )  [  65  ] .   

   Monitoring the Response to Therapy 

 Patients could bene fi t from periodic surveillance 
after treatment. For example, the early 
identi fi cation of nonresponders to a particular 
therapy would allow physicians to discontinue 
ineffective treatments and initiate alternative 
approaches. Theoretically, metabolic changes of 
tumor cells are earlier and better predictors of 

therapeutic effects than anatomic changes shown 
by CT or MRI  [  66  ] . Additionally, because often 
in cases there is residual  fi brosis, edema, or tissue 
necrosis after surgery, chemotherapy, or radiation 
therapy, it is dif fi cult for anatomic imaging to dif-
ferentiate these conditions from tumor recur-
rence. Therefore, anatomic imaging is not 
suf fi cient for assessing response to therapy. 
Hybrid PET/CT could make up for this limitation 
and provide valuable information about the 
ef fi cacy of radiation therapy or chemotherapy 
regimens (Fig.  16.6 ).  

 An early study has suggested that reduced 
FDG uptake after treatment appeared to coincide 
with a decline in the number of viable tumor cells 

  Fig. 16.5    A 73-year old female with diagnosed right 
non-small cell lung cancer and right hilar nodal metasta-
ses ( right arrows ). An incidental  fi nding of pleomorphic 

adenoma with hypermetabolism is noted in the left parotid 
gland, likely representing benign lesion such as pleomor-
phic adenoma or Warthin’s tumor ( arrows )       

 



  Fig. 16.6    A 69-year-old male with carcinoma of the 
left parotid. Before chemotherapy, FDG-PET/CT 
images show extensive nodular hypermetabolism 
involving left head and neck, extending from left tem-
poralis muscle region to left axillary nodes ( arrows ). 

After chemotherapy, the primary left parotid tumor has 
decreased dramatically in intensity, and nodal hyperme-
tabolism in the left neck and left axilla has resolved 
completely, which are consistent with an excellent 
response to treatment       
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 [  67  ] . A decline in  18 F-FDG uptake during chemo-
therapy was signi fi cantly associated with a clini-
cal response and survival  [  28,   68  ] . SUV may be 
helpful in the evaluation of the response to ther-
apy. A signi fi cant reduction in SUV after therapy 
would be a good response. Tissue in fl ammation 
in response to radiotherapy may lead to false-
positive results. Normal variants of  18 F-FDG 
uptake in head and neck locations may also pose 
dif fi culty in interpreting images. So, there is no 
 fi xed quantitative scheme to use SUV to differen-
tiate cancerous tissue from noncancerous tissue. 
Therefore, it is particularly important to have a 
baseline PET/CT scan to help differentiate inci-
dental physiologic  18 F-FDG-avid foci from 
malignant foci on subsequent posttreatment 
scans. 

 The timing of PET/CT after therapy is very 
crucial for accurate assessment of treatment 
response. The metabolic activity of residual viable 
tumor might be decreased immediately after the 
completion of radiation therapy, and it may take 
several weeks to recover their metabolic activity. 
Additionally, in fl ammation caused by radiation 
may result in diffuse increased FDG uptake, 
which can impair the identi fi cation of residual 
tumor. A report noted an improvement in both 
sensitivity and speci fi city of  18 F-FDG PET when 
the scan was obtained at 8 weeks, as compared 
with 4–8 weeks, after the end of chemoradiother-
apy. A false-positive or false-negative result on 
 18 F-FDG PET/CT did not occur later than 8 weeks 
after radiation therapy  [  69  ] . A recent study has the 
consensus opinion that PET/CT should be 
 performed about 10–12 weeks after the end of 
therapy  [  70  ] .  

   Planning Radiotherapy 

 Precise and accurate localization of radiotherapy 
targeted to the gross tumor volume (GTV) is crit-
ical for optimizing the radiation therapeutic ratio. 
With the development of molecular imaging, 
speci fi c physiologic and molecular information 
about tumors can now be incorporated into radia-
tion treatment planning. Hybrid PET/CT is a 
bridge between anatomic imaging and functional 

imaging, which can provide important informa-
tion complementary to CT. Therefore, PET/CT 
appears to be ideally suited to radiotherapy plan-
ning in the era of conformal radiotherapy  [  71  ] . 
A recent study reported 42 patients with head and 
neck cancer of various stages and treated with 
 18 F-FDG PET/CT based intensity-modulated 
radiation therapy (IMRT). The 2-year overall sur-
vival and disease-free survival rates are 83% and 
71%, respectively  [  72  ] , which were notably 
higher than those in patients receiving standard 
fractionation (46.1% vs. 37.1%) or receiving 
accelerated fractionation with concomitant boost 
(50.9% vs. 39.3%)  [  73  ] .  18 F- fl uoromisonidazole 
( 18 F-FMISO) is a nitroimidazole PET tracer that 
is bound to cell constituents under hypoxic con-
ditions. The feasibility of  18 F-FMISO PET/CT in 
detecting hypoxic subvolume for IMRT has been 
reported in select patients to achieve favorable 
outcome  [  74  ] . 

 To date, the value of PET/CT for radiotherapy 
planning is still under investigation. Integrated 
PET/MRI may further improve the accuracy of 
GTV delineation, especially for oropharyngeal 
and oral cavity tumors, because of its higher spa-
tial and temporal resolution. 

 There has been increasing concern about radi-
ation exposure from PET/CT, especially from the 
CT portion. The total effective doses from CT 
and PET scanning ranged from 1.0 to 3.0 cGy 
 [  75  ] . The CT component contributed 54–81% of 
the total combined dose. However, in light of 
head and neck cancer, for a patient who is 
expected to receive 3,000–6,000 cGy to the treat-
ment regions, the exposure from PET/CT should 
be less of a concern.  

   Conclusion 

 Hybrid PET/CT is an effective noninvasive clini-
cal tool for the assessment of head, neck, and thy-
roid cancer. The primary bene fi ts of this modality 
are detecting distant metastases, discovering 
unknown primary tumors, and monitoring 
response to therapy. This technique can also be 
used for long-term surveillance. However, the 
clinical application of PET/CT is currently 
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 limited because of its inadequate scanner resolu-
tion and nonspeci fi city of FDG. Ultimately, with 
the progression of hardware and software, and 
with the application of tumor-speci fi c tracers, 
PET/CT may be more valuable in evaluation of 
head, head and thyroid tumors.      
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 Lung cancer is the most frequently diagnosed 
cancer in the world, and the prevalence of lung 
cancer is increasing globally  [  1  ] . It is the leading 
cause of death from cancer, and the death occurs 
at a higher frequency in men than in women in 
most parts of the world  [  2  ] . There were 169,400 
estimated new cases of lung cancer in 2002. Lung 
cancer claims approximately 150,900 lives each 
year in the US, and 20,000 more women died of 
lung cancer than breast cancer in 2002  [  3  ] . The 
survival rate is poor, largely because lung cancer 
is usually diagnosed at an advanced stage. The 
overall 5-year survival of patients with lung can-
cer is approximately 14% and has remained 
unchanged over several decades despite aggres-
sive treatment protocols  [  3  ] . Therefore, new diag-
nostic and treatment strategies are needed if an 
impact is to be made on the survival of patients 
with lung cancer. A cure may be achieved by 

 surgery, which is feasible only in patients who 
present at an early stage. However, even in the 
early stage, approximately 75% of patients will 
die of recurrent disease  [  1,   4  ] . Lung cancer is rare 
before the age of 40 years, after which age-speci fi c 
rates rise sharply. The ages with the greatest inci-
dence are between 65 and 79 years  [  1  ] . 

 There are several extrinsic risk factors for lung 
cancer. There is general agreement that lung can-
cer risks are increased by 60% from long-term 
environmental tobacco smoke exposure, making 
secondhand smoke a signi fi cant added risk factor. 
Other extrinsic factors include exposure to radon, 
asbestos, arsenic, and chromium compounds. 
Radon and asbestos share the distinction of hav-
ing a synergistic relationship with cigarette smok-
ing. There is increasing evidence that genetic 
factors can also contribute to lung cancer risk. 
However, research has not yet identi fi ed the gene 
locus or the mechanism  [  1,   4  ] . 

 Malignant mesotheliomas are highly aggres-
sive tumors that arise primarily from the surface 
serosal cells of the pleural, peritoneal, and peri-
cardial cavities. Epidemiologic studies have 
established that exposure to asbestos  fi bers is the 
primary cause of mesothelioma. 

 Imaging plays a critical role in the initial detec-
tion and diagnosis of thoracic malignancies, as 
well as in pretreatment staging, which is impor-
tant in identifying patients with localized disease 
who are likely to bene fi t from surgical resection 
 [  5  ] . Chest radiography, computed tomography 
(CT), and magnetic resonance imaging (MRI) are 
frequently used in patients with suspected lung 
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cancer. These modalities provide anatomic and 
morphologic information, but they cannot accu-
rately characterize lung, pleural, or lymph node 
abnormalities as benign or malignant. The diag-
nosis of lung cancer is usually obtained by spu-
tum cytology, bronchoscopy, percutaneous needle 
biopsy, thoracoscopy, or open lung biopsy  [  6  ] . 
Because than 50% of radiographically indetermi-
nate lesions resected at thoracosopy were benign 
 [  1  ] , the accurate method of noninvasively charac-
terizing these lesions could result in the avoidance 
of unnecessary and expensive procedures that are 
not always diagnostic. Several radionuclide imag-
ing techniques using Tl 201 chloride, technetium 
(Tc)-99 m sestamibi, Tc-99 m P-829 (Neo-Tect), 
and  18 F-2- fl uoro-2-deoxyglucose (FDG) have 
been proposed to evaluate solitary pulmonary 
nodules and stage lung cancer. The increased glu-
cose metabolism results from increased expres-
sion of glucose transporter messenger RNA, 
enhanced levels of glucose transporter proteins, 
Glut-1 and -3, high levels of hexokinase II, and 
down-regulation of glucose-6-phosphatase 
enzyme  [  7  ] . The biochemical differences of FDG 
between normal and neoplastic tissue have 
resulted in its routine use for characterizing lesions 
that are indeterminate by conventional imaging 
modalities and to stage the tumors. 

   Pathology of Lung Cancer 

 Lung cancer arises from epithelial tissue in the 
lining of the bronchi, bronchioles, alveoli, and 
trachea. Approximately 90–95% of all primary 
lung cancers are bronchogenic carcinomas. 
Histologically, approximately 20% of them are 
small cell carcinomas, and the other 80% are 
grouped together as non-small cell lung cancers 
(NSCLCs), which are divided into adenocarci-
noma (40%), squamous cell carcinoma (30%), 
and large cell undifferentiated carcinoma (10%). 
The classi fi cation of lung cancer by the World 
Health Organization has been accepted world-
wide (Table  17.1 )  [  8  ] .  

 Small cell lung cancer has almost always 
spread systemically at the time of diagnosis, and 
chemotherapy is almost always used. 

Approximately 90% of small cell carcinomas are 
located centrally and tend to invade longitudi-
nally along submucosal and intramural portions 
of the bronchial walls and in the supporting tis-
sues and lymphatics  [  9  ] . They are often charac-
terized by extensive and bulky mediastinal 
lymphadenopathy. Small cell and squamous cell 
carcinomas have a dose–response relationship to 
increasing tobacco exposure. Adenocarcinoma is 
increasing worldwide, despite the fact that it does 
not have a signi fi cant dose–response relationship 
with smoking. This increasing incidence of ade-
nocarcinoma is more often seen in women in the 
US. Most adenocarcinomas are peripheral in ori-
gin and arise from alveolar surface epithelium or 
bronchial mucosal glands. They also can arise as 
peripheral scar tumors. Squamous cell carcinoma 
arises most frequently in the proximal segmental 
bronchi and is associated with squamous meta-
plasia. It tends to be slow growing and requires 
3–4 years from its onset before clinical detection 
as an in situ carcinoma. It can be detected early 

   Table 17.1    World Health Organization classi fi cation of 
epithelial lung tumors   

 I. Preinvasive lesions 
  Carcinoma in situ and squamous dysplasia 
  Atypical adenomatous hyperplasia 
 II. Invasive malignant lesions 
  (A) Adenocarcinoma 
   1. Acinar 
   2. Papillary 
   3. Bronchoalveolar: nonmucinous (Clara cell) and 
mucinous (goblet cell) types 
   4. Mucus-secreting solid adenocarcinoma 
   5. Adenocarcinoma with mixed subtypes 
  (B) Squamous cell carcinoma 
   Variants: papillary, clear cell, small cell, basaloid 
  (C) Large cell carcinoma 
   Variants: neuroendocrine, basaloid, 
lymphoepithelioma 
  (D) Small cell carcinoma 
  (E) Adenosquamous carcinoma 
  (F) Others 
   1. Carcinoid tumors 
   2. Adenoid cystic carcinoma 
   3. Mucoepidermoid carcinoma 
   4. Spindle or giant carcinoma 
   5. Unclassi fi ed 
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by cytologic examination because its cells exfoli-
ate. Squamous cell carcinomas are located cen-
trally and are frequently associated with bronchial 
obstruction. A speci fi c subtype of adenocarci-
noma, known as bronchoalveolar carcinoma, 
presents in three different forms: a solitary 
peripheral nodule, multifocal disease, or a pro-
gressive pneumonic form spreading from lobe to 
lobe and affecting the bilateral lungs. Large cell 
tumors also tend to be peripheral, and many 
tumors previously characterized as large cell car-
cinomas are being classi fi ed as adenocarcinoma 
or squamous cell carcinoma with the improved 
histologic techniques. The prognosis of large cell 
undifferentiated carcinomas is similar to that of 
adenocarcinoma  [  8  ] . 

 Adenocarcinomas from primary lung, breast, 
ovary, stomach, kidney, or prostate cancer fre-
quently metastasize to the pleura and can be 
extremely dif fi cult to differentiate from epithelial 
mesothelioma. Metastatic adenocarcinoma with 
extensive pleural involvement may grossly 
resemble mesothelioma and has been called 
pseudomesothelioma.  

   Diagnosis and Staging of Lung Cancer 

 Lung cancer growing within the lung parenchyma 
or the bronchial wall eventually invades the lym-
phatic channels and vascular structures, resulting 
in distant metastases. The lymphatic drainage 
follows the bronchoarterial branching pattern 
with lymph nodes situated at the origin of these 
branchings. Lower lobe lymphatics drain into the 
posterior mediastinum and ultimately to the sub-
carinal lymph nodes. Right upper lobe lymphat-
ics drain into the superior mediastinum, whereas 
left upper lobe lymphatics run along the great 
vessels in the anterior mediastinum and along the 
main bronchus into the superior mediastinum. 
Metastatic lymphatic spread of lung cancer fol-
lows these lymphatic channels with tumor involv-
ing bronchopulmonary (N1), mediastinal (N2-3), 
and supraclavicular (N3) lymph nodes  [  10  ] . 
Lymphatic spread to the pleural surface can occur 
in peripheral tumors. Autopsy has revealed lung 
cancer metastases in every organ system, and the 

most frequent metastatic sites of NSCLC are 
bone, liver, adrenal glands, and brain  [  8  ] . In 1997, 
staging of lung cancer was revised by anatomic 
extent of the primary lung tumor (T), regional 
lymph nodes (N), and metastases (M) has been 
used worldwide in the management of lung can-
cer (Table  17.2 ). Tumor node metatsasis (TNM)    
staging (Table  17.3 ) includes clinical, surgical, 
and pathologic assessment. Clinical staging typi-
cally understages patients compared with the 
 fi nal staging obtained at surgery and pathology. 
The 5-year survival rate is highly correlated with 
the stage of lung cancer: 60–70% for stage I, 
25–50% for stage II, 18–20% for stage IIIa, and 
3–7% for stage IIIb or IV  [  8  ]  (Table  17.3 ). The 
medical    history and physical examination are 
very important in evaluating a patient with sus-
pected lung cancer. Sputum cytology (three sam-
ples) will be positive in 80% of central tumors, 
but the yield is less than 20% for small peripheral 
tumors  [  8  ] .   

 Imaging studies are essential in the evaluation 
of patients with suspected lung cancer. The detec-
tion and diagnosis of lung cancer usually begins 
with a chest radiograph. The appearance of lung 
cancer is variable and can range from a subtle 
 fi nding to the dramatic, depending on location, 
stage at presentation, and associated  fi ndings. In 
many cases, the major radiographic abnormality 
is abnormal parenchymal opaci fi cation resulting 
from atelectasis or postobstructive pneumonitis, 
which may obscure the central tumor. Central 
tumors may be visible as an abnormal convexity 
or density in the hilar region. Often the  fi rst indi-
cation that a cancer exists is the  fi nding of a soli-
tary pulmonary nodule (SPN), measuring usually 
less than 3 cm in diameter. This is seen in up to 1 
in 500 chest radiographs, with an estimated 
malignancy rate between 20% and 40%  [  11  ] . 
Lung cancer is most often located in the upper 
lobes, particularly the right upper lobe, and, not 
surprisingly, most missed cancers are in the right 
upper lobe. The right lower lobe is the next most 
common site. Size alone is insuf fi cient for dif-
ferentiation of benign and malignant lung tumors, 
although a lesion less than 3 cm is more likely to 
be malignant. Lamellation or central calci fi cation 
in granulomas and a popcorn pattern in 
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 hamartomas are highly speci fi c, but growing lung 
cancer may surround a calci fi ed granuloma, and 
dystrophic calci fi cations can rarely be seen in 
primary or metastatic tumor. A minority of carci-
noid also calcify. Lobulation of a nodule suggests 
uneven growth and supports malignancy. 
Spiculations are thought to represent a desmo-
plastic response to local tumor extension  [  12  ] . 

 Cavitation is seen in a minority of lung can-
cers, mostly squamous cell carcinoma, but also 
occasionally in adenocarcinoma or large cell car-
cinoma. The cavity wall is usually thick (>5 mm) 
and may show a nodular internal margin. A maxi-

mum wall thickness of less than 4 mm is unlikely 
to be malignant except for rare cases  [  12  ] . Growth 
correlates with doubling time, which is a measure 
of volumetric growth, not diameter. Most tumors 
have a doubling time of between 30 and 490 days 
(mean value of 120 days). A 9-mm SPN with a 
doubling time of 100 days will measure 1.1 cm at 
3 months and 1.4 cm at 6 months. The absence of 
growth over a 2-year period is the most reliable 
indicator of benignity  [  4,   12  ] . 

 Cancers arising in the lung apex, known as 
superior sulcus or Pancoast tumors, are a dis-
tinct subgroup with constellation of symptoms. 

   Table 17.2    TNM classi fi cation of lung cancer   

 Primary tumor (T) 
  Tx  Positive cancer cells but no lesion visualized 
  T0  No evidence of tumor 
  Tis  Carcinoma in situ 
  T1  <3 cm in greatest dimension 
  T2  <3 cm; invasion of main bronchus or visceral pleura; distal atelectasis 
  T3  Extension into chest wall, diaphragm; mediastinal pleura or 

pericardium; <2 cm from carina or total atelectasis 
  T4  Invasion of mediastinal organs; pleural effusion 
 Lymph node (N) 
  Nx  Cannot be evaluated 
  N0  No involvement 
  N1  Ipsilateral bronchopulmonary or hilar 
  N2  Ipsilateral mediastinal, subcarinal, or supraclavicular 
  N3  Contralateral mediastinal, hilar, or supraclavicular 
 Distant metastasis (M) 
  Mx  Cannot be evaluated 
  M0  None 
  M1  Present 

   Table 17.3    Current and proposed TNM staging and 
5-year survival rate for lung cancer   

 Staging  T,N,M  5-year survival rate (%) 

 I,A  T1,N0,M0  65 
 I,B  T2,N0,M0  45 
 II,A  T1,N1,M0  46 
 II,B  T2,N1,M0  30 

 T3,N0,M0  22 
 III,A  T3,N1,M0  20 

 T1-3,N2,M0  18 
 III,B  T4,N0-2,M0  7 

 T1-4,N3,M0  3 
 IV  T1-4,N0-3,M1  1 
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Radiographic  fi ndings can be quite subtle and 
are frequently obscured by overlying musculo-
skeletal structures, brachiocephalic vessels, or 
pleural thickening. Findings suggestive of 
malignancy include an apical cap of greater than 
5 min, asymmetry of apical caps, apical mass, or 
adjacent bone destruction  [  12  ] . Arm pain sec-
ondary to involved brachia plexus or Horner’s 
syndrome (meiosis, ptosis, and anhydrosis) are 
classically associated with Pancoast tumors 
because of involvement of the stellate ganglion. 
Although the most common appearance of bron-
choalveolar carcinoma is an SPN (43%), con-
solidation is the second most common pattern 
(30%) caused by tumor growth along the periph-
eral airways and alveoli. Air bronchograms and 
alveolograms are characteristic but not speci fi c. 
Bronchorrhea (copious white mucoid or watery 
expectoration) is an unusual and late manifesta-
tion. The consolidative pattern has a poorer 
prognosis than the solitary nodular pattern  [  12, 
  13  ] . Hilar or mediastinal adenopathy is some-
times the sole manifestation of lung cancer. 
Small cell carcinoma tends to show a central 
adenopathy, but all cell types can have meta-
static spread centrally. 

 Enlargement of the aortopulmonary window, 
right paratrachial thickening or soft tissue den-
sity, double density adjacent to the aortic knob, 
and abnormal convexity in the azygoesophageal 
recess are frequent  fi ndings of mediastinal 
metastasis of lung cancer  [  12  ] . Pleural involve-
ment usually manifests as a pleural effusion, but 
a nonmalignant effusion can result from central 
lymphatic obstruction, pneumonia, congestive 
heart failure, or pulmonary embolus. Pancoast 
tumors are often associated with direct extension 
to ribs or vertebral bodies. Metastatic disease 
may show destruction or osteolytic lesions in the 
humerus, sternum, clavicle, or scapula. Lung 
cancer can also involve the heart by direct exten-
sion, or show an enlarging cardiac silhouette by 
malignant pericardial effusion. Elevation of the 
diaphragm can indicate phrenic nerve involve-
ment, or be mimicked by a subpulmonic effu-
sion. Hoarseness can be caused by tumor 
involvement of the recurrent laryngeal nerve in 
the aortopulmonary window  [  12  ] . 

 It is well accepted that CT is the imaging modal-
ity of choice for the staging of lung cancer. 
Compared with MRI, CT is faster, less expensive, 
has better spatial resolution, offers superior evalua-
tion of the lung parenchyma, and is more sensitive 
in detecting calci fi cation. CT plays several vital 
roles in the evaluation of patients with known or 
suspected lung cancer. One role is to further char-
acterize a suspicious abnormality seen on a chest 
radiograph. A second and indispensable role is that 
of pretreatment or preoperative staging. 
Additionally, CT provides a roadmap for other pro-
cedures such as bronchoscopy, mediastinoscopy, 
video-assisted thoracoscopy, and transthoracic nee-
dle biopsy. CT is more accurate in measuring nodu-
lar size and quantifying interval growth than chest 
radiography. It also can better detect and evaluate 
calci fi cations within a nodule. The wall thickness 
of a cavitary lesion can be measured more accu-
rately with CT. A new technique for the assessment 
of SPN is based on differential nodular enhance-
ment, as measured with thin-slice CT. Malignant 
nodules tend to enhance more signi fi cantly (20 
Houns fi eld unit increase) than benign nodules at 
2-min postinjection of the contrast agent  [  14  ] . The 
CT angiogram sign of branching pulmonary ves-
sels extending more than 3 cm in the midst of con-
solidated pulmonary parenchyma has been noted in 
the majority of bronchoalveolar carcinoma, but can 
also be seen in pneumonia, infarction, or lymphoma 
 [  15  ] . With CT, the primary tumor is evaluated for 
initial size and location as well as metastasis to 
pleura, chest wall, mediastinum, vertebral bodies, 
adrenal glands, or liver. 

 The best criterion for diagnosing chest wall 
invasion is bony destruction. Less reliable signs 
are pleural thickening, loss of the extrapleural fat 
plane, an obtuse angle between mass and chest 
wall, and more than 3 cm of contact between 
mass and chest wall. Chest wall invasion does not 
necessarily exclude resection, but there is 
increased morbidity and mortality with en bloc 
resection and chest wall reconstruction  [  16  ] . 
There are CT criteria that distinguish subtle 
mediastinal invasion from mere mediastinal con-
tiguity. Tumor contact of less than 3 cm with the 
mediastinum, less than 90% of contact with the 
aorta, and the presence of mediastinal fat between 
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the mass and mediastinal structures suggest tech-
nically feasible resectability of the lesion. 

 Lymph nodes are generally identi fi ed as non-
enhancing soft-tissue densities surrounded by 
mediastinal fat. A node measuring more than 
1 cm is usually considered abnormal, but enlarged 
nodes may represent benign reactive adenopathy. 
Nodes less than 1 cm in size also may contain 
microscopic metastases. Central low density can 
represent fat in a normal node or necrosis in a 
malignant node. With the advent of helical CT, 
particularly multidetector-row helical CT, the 
possibility of accurate mass screening of the at-
risk population has been revisited for the preven-
tion of, or delay of developing, lung cancer by 
means of earlier detection. Current estimates of 
the prevalence of detectable preclinical lung can-
cer in at-risk populations based on the ages of 
50–55 years, history of smoking, or prior lung 
cancer range from 2% to 4%  [  17  ] . This preva-
lence results in a positive predictive value of 50% 
if the screening test is good, with 95% sensitivity 
and speci fi city  [  17  ] . The cost of lung cancer 
screening depends on the fee for CT scans, how 
many false-positive results occur, and how the at-
risk population being screened is de fi ned. 
Screening could cost more than $39 billion per 
year, but it may be cost effective because the cost 
associated with caring for late-stage lung cancer 
patients is very high  [  18  ] . Most academic radiol-
ogy societies have suggested that CT screening 
for lung cancer be reserved for patients enrolled 
in clinical trials. 

 MRI may play a complementary role to CT in 
certain circumstances because of its superior tis-
sue contrast, multiplanar imaging capability, and 
superb delineation of thoracic vessels. For exam-
ple, for the evaluation of Pancoast tumors, direct 
coronal and sagittal MRI facilitates the assess-
ment of invasion of the chest wall, brachial 
plexus, subclavian vessels, vertebral bodies, arid 
neural foramina. The superior contrast resolution 
of MRI suggests an advantage over CT in detect-
ing subtle mediastinal invasion, but its poorer 
spatial resolution limits this advantage. The 
replacement of high-signal mediastinal fat by 
lower signal tumor on T2-weighted images sug-
gests mediastinal invasion. MRI is also believed 

to be more accurate in establishing superior vena 
caval potency or obstruction resulting from 
thrombus, soft-tissue mass, or direct tumor inva-
sion  [  19  ] . MRI may also demonstrate chest wall 
invasion better, and signs include loss of subpleu-
ral fat stripe and visualization of soft-tissue tumor 
extension into the chest wall. MRI can differenti-
ate a low-signal benign pleural nodule from high-
signal malignant nodules on T2-weighted images 
 [  19  ] . Several studies compared CT with MRI for 
detection of mediastinal nodal metastases and 
reported similar sensitivities and speci fi cities of 
these modalities. 

 Fluorodeoxyglucose positron emission tomog-
raphy (FDG PET) is now being used in the evalu-
ation of patients with focal pulmonary opacities 
on chest radiographs and in the staging of lung 
cancer, and is replacing some of the invasive pro-
cedures previously used in the evaluation of lung 
cancer. 

 It has been advocated that radionuclide bone 
scans be used in clinical stage III disease before 
considering curative therapy.    The role of bone 
scans in asymptomatic patients with early-stage 
disease is controversial. 

 Percutaneous  fi ne-needle aspiration biopsy of 
pulmonary nodules is used to obtain tissue for 
identi fi cation of malignancy in pulmonary nodules 
and other abnormalities detected by CT. It is usu-
ally performed using CT guidance, and the posi-
tive yield is approximately 95%. A de fi nite benign 
diagnosis is rarely made using this technique. An 
indeterminate biopsy must be further evaluated. 

 Bronchoscopy provides a greater than 90% 
diagnostic yield when a lesion is identi fi ed dur-
ing the procedure. Peripheral lesions larger than 
2 cm in diameter can be reached by brushes, nee-
dles, or forceps. It is also useful in staging because 
of the location of the cancer in the major airway 
as well as the ability to biopsy enlarged mediasti-
nal lymph nodes. 

 The most accurate method of staging the supe-
rior mediastinal lymph nodes is mediastinoscopy. 
Anterior mediastinal lymph nodes are evaluated 
by the extended mediastinoscopic technique, 
anterior mediastinostomy, or video-assisted tho-
racoscopy, which also is used to excise peripheral 
nodules and evaluate pleural disease. Posterior 
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mediastinal nodes can be biopsied by ultrasono-
graph-guided transesophageal endoscopy. 

 Thoracotomy is used for diagnosis and  staging 
in less than 5% of patients being evaluated for 
lung cancer, and unexpected involvement of 
structures is frequently found, changing the stage 
of disease at thoracotomy.  

   FDG PET 

 FDG PET is one of the more recent advances in 
oncologic imaging and has generated renewed 
interest in diagnosis, staging, and response to 
treatment. It allows for the evaluation of the rela-
tive level of metabolic activity of a lesion com-
pared with other tissues. It is based on the 
principle that there is increased utilization of glu-
cose in malignant cells compared with most nor-
mal tissues due to the increased number of 
glucose transporters (I, III) in malignant cells 
 [  20  ] . There is also an increase in the glycolytic 
rate as a result of increased hexokinase (II) activ-
ity. When FDG is administered intravenously, it 
competes with glucose for transport into the cells. 
Once intracellular, it competes with glucose for 
phosphorylation by hexokinase to FDG-6-
phosphate, which is not a substrate for glycolysis 
and is not further metabolized. Thus, it becomes 
trapped in the cancer cells, and the accumulated 
 18 F-FDG-6-phosphate allows for imaging. 
Malignant lesions demonstrating increased glu-
cose metabolism appear as focal areas of abnor-
mally increased activity.  

   Technique 

 FDG PET is performed on patients who have 
been fasting to minimize competitive inhibition 
of FDG uptake by serum glucose. Fasting for 4 h 
prior to the procedure is generally recommended, 
but 12-h fasting may decrease the myocardial 
activity to improve the detection of mediastinal 
metastases. A serum glucose level is routinely 
obtained at our institution before FDG injection. 
If the serum level is less than 200 mg/dL, then 

FDG is administered. If the serum glucose level 
is greater than 200 mg/dL, the study is delayed 
through insulin injection and FDG is not advised 
because it leads to increased activity in skeletal 
muscle, and thus FDG is less available in tumors. 
The blood sugar in diabetic patients should be 
well controlled by oral hypoglycemic agents or 
insulin before scheduling FDG PET. 

 The FDG dose is 145   m  Ci (5.4 MBq   ) to a max-
imum of 20 mCi (740 MBq) for dedicated PET. 
Smaller doses are required for camera-based 
PET. Attenuation-corrected whole-body scans 
provide more accurate detection of small lesions 
and lesions deep within the body. For a whole-
body scan on a PET scanner with a 15-cm axial 
 fi eld of view, 10 bed positions are needed. 
Segmentation of transmission scans for 1–2 min 
per bed position reduces the scan time to approxi-
mately 100 min for whole-body PET. The nonat-
tenuation-corrected whole-body scan at 8–10 bed 
positions usually last for 32–48 min of acquisi-
tion time. In a patient with lung cancer, a 4-min 
brain scan using the three-dimensional (3D) 
acquisition mode ideally begins 30 min after 
FDG injection. The 3D mode without septa pro-
vides approximately four-fold increased sensitiv-
ity for detection of annihilation radiation. There 
is certainly increased scatter radiation, and 
improved sensitivity yields better image quality. 
The scatter radiation in the body is greater than 
that in the head, and thus 3D acquisition is not 
currently used for body imaging. After the brain 
scan, nonattenuation-corrected scans are obtained 
in two-dimensional (2D) acquisition mode for 
4 min per bed position from the level of the skull 
base through the midthighs, and then an attenua-
tion-corrected chest scan at two bed positions is 
obtained in the 2D mode lasting 8 min for the 
emission scan and 10 min for the transmission 
scan at each bed position  [  21  ] . 

 FDG PET scans are usually interpreted quali-
tatively. If the FDG uptake in the lesion is greater 
than that in the mediastinal blood pool, a malig-
nancy is suggested. The semiquantitative param-
eter, which is an index of glucose metabolism 
called the standard uptake ratio or standard uptake 
value (SUV) normalizes the amount of FDG 
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uptake in the lesion to the total injected dose and 
the patient’s body weight after the lesion or region 
of interest (ROI) is outlined on the attenuation-
corrected image and the mean activity is  measured. 
The decay-corrected activities are then used to 
compute the SUV by the following formula:

         

 The use of lean body weight and as well as 
correction for serum glucose has been suggested, 
and the time of acquisition also must be standard-
ized because the SUV may change with time after 
FDG injection  [  22  ] .  

   Solitary Pulmonary Nodules 

 Focal lung opacities including solitary nodules 
are usually identi fi ed on routine chest radio-
graphs. They are found in approximately 130,000 
patients every year in the US  [  22  ] . Studies to fur-
ther characterize SPN are often performed with 
chest CT. If the SPN is stable in size for 2 years 
or longer, it is likely benign. By morphologic cri-
teria, many lesions are indeterminate as to 
whether they are benign or malignant. Patients 
may require invasive biopsy, mediastinoscopy, 
thoracoscopy, or even thoracotomy to determine 
the nature of the lesion. More than half of radio-
graphically indeterminate lesions that are thora-
coscopically resected are found to be benign  [  6  ] . 
FDG PET has been shown to be an accurate, non-
invasive tool for the assessment of pulmonary 
nodules. 

 A comprehensive meta-analysis by Gould 
et al.  [  23  ]  of 40 eligible studies, including 1,474 
focal pulmonary lesions of any size, found that 
the mean sensitivity and speci fi city for detecting 
malignancy were 96.0% and 73.5%, respectively. 
However, in this analysis, there was little data for 
nodules smaller than 1 cm in diameter. In a pro-
spective, multicenter study of 89 patients who 
underwent evaluation of intermediate SPN, FDG 
PET had a sensitivity of 92% and a speci fi city of 
90% using the SUV of 2.5 as the cutoff value 
 [  21  ] . Visual analysis of the images demonstrated 

a sensitivity of 98% and a speci fi city of 69%, and 
these results were not signi fi cantly different from 
the results using the SUV data. When the data 
were evaluated by separating the nodules into 
those 0.7 to smaller than 1.5 cm in diameter and 
compared with those greater than or equal to 
1.5 cm in diameter, the sensitivity and speci fi city 
were not statistically signi fi cantly different. 

 Although there is much enthusiasm about the 
use of FDG PET in oncology, the technique has 
its limitations. False-positive results from FDG 
PET can occur with infectious or in fl ammatory 
processes. Abnormally increased FDG uptake 
with the SUV in the abnormal range can be seen 
with sarcoidosis, tuberculosis, histoplasmosis, 
cryptococcosis, aspergillosis, and other infec-
tions  [  21  ] . However, most chronic or indolent 
in fl ammatory processes and most acute infec-
tious processes do not have signi fi cant FDG 
accumulation. False-negative FDG PET results 
have been seen with primary pulmonary carci-
noid and bronchoalveolar cell cancer  [  21,   23  ] . 
Six of seven carcinoids had SUVs less than 2.5. 
The typical carcinoid is slow growing and dem-
onstrates minimal mitotic activity, resulting in 
less FDG uptake than in NSCLC. Of seven bron-
choalveolar lung carcinomas, four were negative 
using FDG PET because of less proliferative 
potential and longer mean doubling time than for 
other NSCLCs  [  21,   23  ] . False-negative PET 
 fi ndings are also a problem if the lesion is too 
small for the resolution of the instrument. 

 A relationship between prognosis and the 
amount of FDG uptake in nodules has been docu-
mented. Of the 118 patients with SUV less 
than 10, a median survival of 24.6 months was 
found, whereas 37 patients with SUV greater or 
equal to 10 had a statistically signi fi cant shorter 
median survival of 11.4 months. Multivariate 
analysis demonstrated that the results of a PET 
scan provided prognostic information indepen-
dent of other clinical and imaging  fi ndings. 
Nodules with increased FDG uptake require a 
biopsy for diagnosis and PET aids in directing 
the biopsy. FDG PET precludes the need for inva-
sive biopsy in patients with metabolically inac-
tive lesions. The cost savings of FDG PET in the 
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evaluation of SPN result in the prevention of 
unnecessary thoracotomies.  

   Staging of Lung Cancer 

 When a lung mass is found to be malignant, it is 
important to stage the extent of disease accu-
rately. Appropriate clinical management depends 
on whether there is mediastinal involvement and/
or distal disease. Several studies have shown that 
PET is more accurate than CT for the staging of 
NSCLC. A tabulated summary of FDG PET lit-
erature concentrating on lung cancer from 1993 
to 2000 showed 83% sensitivity and 91% 
speci fi city for NSCLC staging, versus 64% and 
74%, respectively, for CT  [  24  ] . The mediastinum 
is the most common site for metastases, and PET 
appears more accurate than CT in detecting met-
astatic mediastinal lymphadenopathy. In one ret-
rospective study of 96 patients, 66 with 
histologically proved malignant tumors and 30 
with benign masses, the sensitivity and speci fi city 
of PET for detecting malignancy was 97% and 
89%, respectively. In that study, 111 lymph nodes 
were surgically sampled and the accuracy of FDG 
PET in predicting malignancy of nodes was 91% 
compared with 64% for CT. The sensitivity and 
speci fi city of FDG PET in detecting metastatic 
mediastinal lymph nodes was 98% and 94%, 
respectively  [  25  ] . 

 In a prospective study by Pieterman et al.  [  26  ] , 
a logistic regression analysis was used to evaluate 
the ability of PET and CT to identify malignant 
mediastinal lymph nodes and distant sites in 102 
patients with resectable NSCLC. The sensitivity 
and speci fi city of PET for the detection of medi-
astinal metastases were 91% and 86%, respec-
tively. Detection of unsuspected metastatic 
disease by PET may permit a reduction in the 
number of thoracotomies performed for nonre-
sectable disease. For broad groupings of NSCLC 
stage, 10% of cases were downstaged and 33% 
upstaged after PET. Stating that incorporated 
PET provided a more accurate prognostic 
strati fi cation than did staging with conventional 
means  [  27  ] , PET may reduce the need for medi-

astinoscopy when the primary NSCLC SUV is 
less than 2.5 and the mediastinum is negative on 
PET  [  28  ] . The high negative predictive values of 
PET are benign, biopsy is not needed, and radio-
graphic follow-up is recommended. Some reports 
have noted that up to 60% of patients with 
NSCLC develop adrenal metastases, and PET 
showed 100% sensitivity and 80% speci fi city for 
the diagnosis of adrenal metastasis in CT-detected 
adrenal lesions between 1 and 9 cm in size.  

   Detection of Residual or Recurrent 
Lung Cancer 

 After potentially curative therapy of NSCLC, 
abnormalities or symptoms suggesting recur-
rence can be dif fi cult to characterize. Early detec-
tion is important because salvage therapies are 
available for localized recurrence. PET better 
assesses the status of disease and strati fi es prog-
nosis than does conventional staging, affects 
patient management, and should be incorporated 
into paradigms for suspected recurrence of 
NSCLC. Lesions with higher tumor-to-muscle 
ratios responded better to treatment than those 
with lower ratios. The decrease in FDG uptake 
after therapy correlated with a partial response to 
therapy. The relapse rate was higher in tumors 
with higher uptake ratios before and/or after ther-
apy. The results of a pilot study of PET use in 
monitoring response to chemotherapy in 13 
patients with primary lung cancer and mediasti-
nal metastases are encouraging. Patz et al.  [  29  ]  
studied 43 patients on whom FDG PET was per-
formed between 4 and 182 months after initial 
diagnosis and treatment of NSCLC. Thirty- fi ve 
patients had recurrent or persistent cancer. The 
median SUV in the 35 patients who had recurrent 
or persistent cancer was 7.6 (range 1.9–18), 
whereas the median SUV in patients who had 
 fi brosis after therapy was 1.6 (range 0.6–2.4). 
Using an SUV of greater than 2.5 to indicate 
malignancy, FDG PET had a sensitivity of 97% 
and a speci fi city of 100% for the detection of 
recurrent or persistent disease. In another study 
of 39 lesions in 38 patients using PET after ther-
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apy, a sensitivity of 100% and a speci fi city of 
62% were found for the detection of recurrent or 
persistent lung cancer  [  30  ] .  

   False-Positive and Negative FDG PET 
and PET/CT 

 FDG PET may yield false-positive  fi ndings in 
patients with  fl orid in fl ammatory diseases such 
as tuberculosis, histoplasmosis, and aspergillosis. 
These infectious processes can be dif fi cult to dis-
tinguish from an early stage of lung cancer in the 
absence of clinical information because they are 
also associated with the morphologic  fi nding of 
nonspeci fi c nodular lesions in the lungs. Most 
chronic in fl ammatory diseases are characterized 
by little or no increased FDG uptake. 

 Stressed muscular activity also leads to 
increased FDG uptake and is often found in the 
lower anterior neck. PET/CT was able to localize 
increased FDG uptake to the internal laryngeal 
muscles due to compensatory activation of the 
ipsilateral laryngeal muscle  [  31  ] . The same 
applies to the anatomic localization of brown fat 
which can be easily identi fi ed as a physiologic 
source. 

 The limited spatial resolution and acquisition 
times of FDG PET may lead to false-negative 
 fi ndings, especially in the detection of nodal 
micrometastases. PET/CT cannot completely 
replace mediastinoscopy for the staging of nodal 
involvement. Only 38% of lymph node metasta-
ses smaller than 1 cm in size could be identi fi ed 
with PET/CT  [  32  ] . Pulmonary carcinoids and 
bronchoalveolar carcinomas are a potential source 
of false-negative  fi ndings because of the relatively 
low metabolic activity and proliferation rates. 

 Small cell lung cancer is an aggressive tumor 
that grows rapidly and usually has metastasized by 
the time it is diagnosed. Given the frequent pres-
ence of overt metastases, it is customarily investi-
gated by thoracic and abdominal CT, brain MRI, 
and nuclear bone scan. FDG PET was found to 
have a sensitivity of 98% and speci fi city of 92% in 
the detection of distant metastases, compared with 
83% and 79%, respectively, for CT  [  33  ] .  

   Lung Metastases 

 Metastases account for the highest percentage of 
malignant lung nodules. The lung is the most fre-
quent site for hematogenous metastasis from 
extrapulmonary cancers such as nasopharynx, 
 thyroid, breast, prostate, kidney, uterus, ovary can-
cers, as well as bone and soft-tissue sarcomas. 

 CT is the imaging modality of choice for diag-
nosing lung metastases with a sensitivity of 94% 
for 6–10 mm-sized metastases but 100% for 
metastases larger than 1 cm in size  [  34  ] . FDG 
PET is of limited accuracy for metastases smaller 
than 1 cm as well as for low metabolic tumors 
such as carcinoids. It has a sensitivity of 95–100% 
and a speci fi city of 90–96% for the detection of 
lung metastases from colon or breast cancer  [  35  ] .  

   Pleural Mesothelioma 

 Malignant pleural mesothelioma is the most com-
mon pleural cancer and accounts for less than 2% 
of all thoracic tumors. It typically spreads within 
the pleural cavity, and hemorrhagic effusion is 
almost invariably present. Initial nodal metastasis 
is usually to lymph nodes that drain the parietal 
pleura, and distant metastases are rare. There are 
epithelial, mesenchymal, and mixed types, with 
the epithelial type being the most common. 

 CT shows a complete encasement of the lung 
or multiple sites of nodular pleural thickening, 
and the tumor usually demonstrates intense and 
inhomogeneous contrast enhancement. The 
tumor will also show increased FDG uptake. A 
sensitivity of 91% and a speci fi city of 100% were 
achieved, with the epithelial type revealing lower 
FDG uptake than the other types  [  36  ] . 

 PET/CT was more accurate than PET and CT 
separately in establishing an indication for extra-
pulmonary pneumonectomy  [  37  ] . PET/CT also 
provides useful information for evaluating lymph 
node status. However, it is dif fi cult to differenti-
ate mesothelioma from pleural metastases using 
PET/CT, therefore, the diagnosis should be 
con fi rmed by biopsy.  
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   Conclusion 

 PET is an exciting diagnostic tool that can quan-
tify the metabolic activity of a tumor or node, and 
may reveal additional sites of disease not suspected 
on CT, thereby increasing the accuracy of the 
 staging process. Familiarity with the various mani-
festations of lung cancer on chest radiography may 
help suggest the initial diagnosis. Once a suspi-
cious abnormality is detected, CT is necessary to 
help con fi rm diagnosis by identifying CT  fi ndings 
that would most likely suggest cancer, and to stage 
the disease. The role of MRI is generally limited to 
speci fi c problem-solving areas or when CT 
 fi ndings are equivocal or indeterminate.      
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 In 2003, breast cancer was the most frequently 
diagnosed cancer (212,600 new cases), and the 
second leading cause of cancer death (40,200 
deaths) in American women  [  1  ] . In women ages 
40–55 years, breast cancer is the leading cause of 
mortality  [  1  ] . There has been a slight decline in 
breast cancer mortality overall  [  1  ] , that can be 
attributed both to the success of early detection 
and to advanced treatment, particularly systemic 
therapy. Caucasian women in the US have a 
13.1% lifetime incidence of developing breast 
cancer, whereas African-American women have 
a 9.6% lifetime incidence  [  1  ] . However, the life-
time risk of dying from breast cancer is 3.4% for 
both African-American and Caucasian women in 
the U.S. While the incidence of invasive breast 
cancer has leveled off, the number of ductal car-
cinomas in situ (DCIS) has been on the rise, 
probably a result of the increasing use of screen-
ing mammography. 

 The most common modality for detecting 
breast cancer is mammography, which has a high 
sensitivity rate but has a low positive predictive 

value  [  2  ] . It is dif fi cult to distinguish the  difference 
between malignant and benign breast tumors 
using sonography  [  3  ] . The sensitivity of magnetic 
resonance imaging (MRI) is almost 90%, but the 
speci fi city is 70%  [  3  ] . A reliable noninvasive 
imaging technique is needed to differentiate 
benign from malignant breast tumors. Nuclear 
medicine methods, including positron emission 
tomography (PET), have been developed for 
evaluating biochemical and physiologic charac-
teristics of tumors, and they have added unique 
functional information to the anatomic abnormal-
ities provided by conventional imaging. 

 Technetium (Tc)-99 m hexakis-isobutyl 
isonitrile (MIBI) is the most popular contrast agent 
for scintimammography, but Tl 201 chloride and 
Tc-99 m ethylene-bis [bis (2-ethoxyethyl)] phos-
phine (tetrofosmin) are also used with single-pho-
ton emission computed tomography (SPECT)  [  4  ] . 
 18 F- fl uorodeoxyglucose (FDG) and  11 C-methionine 
have also been widely used as tumor-seeking 
agents with PET. Few comparative studies have 
described the uptake of radiopharmaceuticals as a 
method of detecting breast cancer. Among SPECT 
agents, tumor uptake of tetrofosmin was higher 
than that of MIBI and Tl in mice implanted with 
MCF-7 breast cancer cells  [  4  ] . The order of tumor 
uptake, from greatest to least, was L- 18 F- a -
methyltyrosine =  11 C-methionine >  18 F-FDG = tet-
rofosmin > MIBI = Tl. Tl 201 chloride showed the 
highest tumor-to-blood ratio (12.8). Tumor-to-
muscle ratio, from highest to lowest, was 
 18 F-methyltyrosine =  11 C-methionine >  18 F-
FDG > MIBI > tetrofosmine = Tl  [  4  ] . Various 
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 radiopharmaceuticals for breast cancer detection 
have been used for scintimammography and PET. 

 Although breast cancer is frequently charac-
terized by increased FDG uptake, it displays con-
siderable variation, with many variables affecting 
the cellular level as well as the microenvironment 
of tumor masses. Nontumoral tissue such as 
necrotic and  fi brotic tissue may reduce tracer 
uptake, whereas the presence of in fl ammatory 
cells may result in increased FDG accumulation. 
Similar to glucose, FDG is a substrate for the  fi rst 
enzyme of glycolysis, hexokinase, and is phos-
phorylated intracellularly to FDG-6-phosphate. 
However, because FDG lacks a hydroxyl group 
in the second position, FDG-6-phosphate is not a 
substrate for either the second enzyme of glycol-
ysis, glucose-6-phosphate isomerase, or for other 
intracellular metabolic pathways. FDG-6-
phosphate is a charged molecule and does not dif-
fuse out of the cell. Because glucose-6-phosphatase 
activity is minimal in cancer cells and most nor-
mal tissues, the reverse transformation of FDG is 
relatively slow. Therefore, FDG-6-phosphate 
remains trapped within the cell, and the cellular 
level of  18 F activity is related to the rate of glu-
cose uptake and use by the cell. The expression 
of different types of glucose transporters and 
hexokinases has been suggested to determine the 
level of FDG uptake in cancer tissue. PET has 
attracted considerable attention because of its 
ability to study a variety of biologic and func-
tional characteristics of breast cancer, such as 
blood  fl ow, glucose metabolism, and receptor 
status. Study of tumor blood  fl ow and oxygen uti-
lization does not appear to be clinically relevant. 

 Staging refers to the grouping of patients 
according to the extent of their disease, and it is 
useful in determining the choice of treatment for 
individual patients, estimating their prognosis, 
and comparing the results of different treatment 
programs. Clinical staging includes physical 
examination, imaging, and pathologic examina-
tion of the breast or other tissues to establish the 
diagnosis of breast carcinoma. The extent of tis-
sue examined pathologically for clinical staging 
is less than that required for pathologic staging. 
Appropriate surgical  fi ndings are elements of 
clinical staging, including the size of the primary 

tumor and chest wall invasion, and the presence 
or absence of local or distant metastasis. 
Pathologic staging includes all data used for clin-
ical staging, surgical exploration, and resection 
as well as pathologic examination (Table  18.1 ).  

   PET Techniques 

 Patients must fast for at least 4–6 h prior to receiv-
ing an intravenous injection of 370–555 MBq of 
(10–15 mCi)  18 F-FDG over 2 min so that the 
serum insulin concentration will be at the basal 
level and the blood glucose level will be within 
the normal range (<130 mg/dL). An intravenous 
cannula is placed in the arm contralateral to the 
breast tumor, and blood samples are drawn. 
Patients are positioned supine or prone with a 
foam rubber support after comfortable position-
ing on the scanner table with both arms at their 
sides. A 25-min transmission study for attenua-
tion correction is performed either before the 
study or after the completion of the emission 
study injection, using a connection for emission 
counts during transmission. 

 Dynamic imaging of metabolism is performed 
for 60 min after the start of  18 F-FDG infusion. 
The standard clinical protocol is started 60 min 
after tracer injection, and images are acquired 
over 6–8 bed positions and displayed in axial, 
coronal, and sagittal planes. Transmission scans 
are obtained with Ge 68 and rod sources, and 
images are reconstructed using algebraic algo-
rithms. Attenuation correction is required for 
quantitative or semiquantitative assessment of 
tracer uptake. Blood  fl ow imaging is performed 
using 962–1,998 MBq of  15 O-water. Dynamic 
 15 O-water images are collected for 7.75 min after 
injection, and peak total coincidence counting 
rates do not exceed 700 kilocycles per second 
(kcps). Background counts from the  15 O water 
study are less than or equal to 4 kcps at the start 
of the  18 F-FDG studies with a typical  18 F-FDG 
peak counting rate of 80 kcps. Also, 1,500–
2,000 mL of 0.45% or 0.9% saline over 1.5–2 h 
and 20 mg furosemide given over 20 min are 
helpful in facilitating clearance of the activity 
from the renal collecting system and ureter. 
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A Foley catheter in the bladder is also useful to 
ensure adequate clearance of bladder activity.  

   Breast Cancer Diagnosis and Staging 
Using PET 

 PET of the breast offers physiologic information 
and therefore can act as an adjunct to conven-
tional imaging, which provides morphologic 
information. PET can identify larger breast 
tumors with high accuracy and has also shown 
encouraging results in detecting regional lymph 
node metastases  [  5  ] . However, PET is currently 
restricted in detecting small breast tumors by its 
limited sensitivity. Partial-volume effects play an 
important role, but an increase in metabolic activ-
ity with tumor growth may also occur. There was 
no signi fi cant relationship between FDG accu-
mulation and tumor size, but a signi fi cant differ-
ence in FDG uptake was found to be dependent 
on the microscopic growth pattern of breast can-

cer  [  5  ] . Nodular tumors with clearly visible tumor 
borders had a higher FDG uptake than did breast 
carcinomas with diffuse in fi ltration of surround-
ing tissue [standard uptake value (SUV) 4.1 ± 2.3 
vs. 0.8 ± 0.2]  [  5  ] . Invasive lobular carcinomas 
had signi fi cantly lower FDG uptake (SUV 3.8) 
compared with invasive ductal carcinomas (SUV 
5.6)  [  6  ] . Invasive lobular carcinoma is generally 
more dif fi cult to diagnose than invasive ductal 
carcinoma by imaging procedures including 
mammography, sonography, and MRI  [  7  ] . 

 Tissue heterogeneity is an important factor 
contributing to the total FDG uptake in tumors. 
The relative composition of malignant tumors 
ranges from a few transformed cells to greater 
than 90% of malignant cells. Because of the lim-
ited spatial resolution of PET scanners, the sig-
nal derived from tumors represents an average 
FDG uptake in all tumor components. 
Components with low metabolic activity, namely, 
cells containing mucine, connective tissue, and 
necrosis, may reduce the total FDG uptake in 

   Table 18.1    Staging of breast cancer   

  Primary tumor  ( T ) 
 T0  No evidence of tumor 
 Tis  Carcinoma in situ 
 T1mic  Microinvasion < 1 mm 
 T1   £ 2 cm (0.1 < 1a < 0.5, 0.5 < b < 1, 1 < 1c < 2) 
 T2  2–5 cm 
 T3  >5 cm 
 T4  Extension to chest wall (4a), skin (4b), both (4c), or 

in fl ammatory carcinoma (4d) 
  Regional lymph node  ( N ) 
 N0  No node metastasis 
 N1  Movable ipsilateral axillary node 
 N2  1a: 1–3 axillary; 1b: internal mammary,  fi xed 

ipsilateral axillary nodes 
 N3  2a: 4–9 axillary; 2b: internal mammary, ipsilateral 

internal mammary nodes, >10 
  Distant metastasis  ( M ) 
 Mx  Cannot be assessed 
 M0  No distant metastasis 
 M1  Metastasis including ipsilateral supraclavicular node 
 Stage 0  Tis, N0, M0 
 Stage I  T1, N0, M0 
 Stage IIA  T0 or T1, N1, M0; T2, N0, M0 
 Stage IIB  T2, N1, M0; T3, N0, M0 
 Stage IIIA  T0 or T1, or T2, N2, M0; T3, N1 or N2, M0 
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tumors, resulting in false-negative PET  fi ndings 
 [  8  ] . A weak relationship was found between 
FDG uptake and the percentage of tumor cells 
 [  5  ] . It has been suggested that the number of 
tumor cells may gain substantial importance 
only if the percentage of tumor cells is low 
(<30%); above this level, the PET signal from 
tumors re fl ects primarily the metabolic activity 
rather than the number of malignant cells. Breast 
carcinomas consisting of only scattered malig-
nant cells are dif fi cult to identify on PET images 
 [  5  ] . In fl ammatory cells may signi fi cantly con-
tribute to FDG uptake in tumors. Newly formed 
granulation tissue around the tumor as well as 
macrophages in the margins of necrosis showed 
an increased FDG uptake; however, no relation-
ship was found between the presence of 
in fl ammatory cells and the intensity of FDG 
uptake  [  5  ] . A weak inverse relationship was 
found between FDG uptake and the density of 
microvessels  [  5  ] . Under anaerobic conditions, 
most malignant tumors metabolize glucose pri-
marily to lactate, which results in higher utiliza-
tion rates for glucose molecules. Hypoxia is 
present in tumor tissue beyond 100–200   m  m of 
functional blood supply and is commonly found 
in solid tumors. A signi fi cant increase in FDG 
accumulation was found under moderately 
hypoxic conditions  [  9  ] . Studies with  15 O-water 
in human squamous cell carcinoma of the head 
and neck revealed no correlation between tumor 
perfusion and FDG uptake  [  10  ] . 

 Recent clinical data indicate that tumor 
hypoxia negatively affects the therapeutic out-
come of both radiotherapy and chemotherapy in 
various cancers. There was a more than twofold 
increase in  3 H-FDG uptake in MCF7 breast can-
cer cells under hypoxic conditions, partly due to 
an increase in glucose transporter activity by 
reduction of the thiol group in the glucose trans-
port protein  [  11  ] . Modulation of hexokinase 
activity was probably not involved. 

 Radiodense breasts are found in women under-
going hormone replacement therapy and in those 
who have had breast augmentation or breast-con-
serving therapy for breast cancer. Mammographic 
evaluation of the postbiopsy or postsurgical 

breast is very dif fi cult because of scar formation 
or the high density of implants. In such situations, 
FDG PET seems to be particularly useful and 
may obviate biopsy. FDG PET can image tumors 
in the augmented breast without implant dis-
placement and without obvious degradation of 
image quality by the implant  [  12  ] . The potential 
role of FDG PET in breast imaging would be for 
the detection of multicentric or multifocal lesions 
and thus demonstrate the true extent of breast 
cancer. The  fi nding of multifocal cancer may 
alter the therapy from lumpectomy to mastec-
tomy. Another potential role of FDG PET in 
detecting occult primary breast cancer in a patient 
with known metastasis to axillary lymph node 
has been investigated. 

 One of the most important roles of FDG PET 
is the accurate staging of regional lymph node 
metastasis. Approximately 60% of patients with 
breast cancer have regional nodal metastasis at 
initial diagnosis. The axillary lymph nodes are 
involved in 40% of patients with breast cancer. 
The 10-year survival rate is signi fi cantly higher 
in patients with no involvement of nodes (65–
80%) than in those with involvement of one to 
three nodes (38–63%) or more than three axillary 
nodes (13–27%)  [  13  ] . The axillary lymph node 
status is the single most important prognostic 
indicator in breast cancer patients. Using qualita-
tive FDG PET in 51 patients, Avril et al.  [  14  ]  
reported an overall sensitivity of 79% and a 
speci fi city of 96% for detection of axillary nodal 
involvement. However, the sensitivity was only 
33% without any change of speci fi city in patients 
with tumors smaller than 2 cm. In a prospective 
study of 124 patients, Utech et al.  [  15  ]  demon-
strated a weak correlation between the quantita-
tive FDG uptake in the metastatic axillary nodes 
and the size and the S-phase fraction of the pri-
mary breast tumor in the 44 patients who had 
axillary nodal involvement. Guided by PET 
results, axillary dissection might be limited to 
patients with positive PET studies. However, PET 
is notable in detecting micrometastatic disease in 
lymph nodes. No imaging technique is routinely 
used to image internal mammary nodes, and sam-
pling is not routinely performed. 
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 FDG PET can not only detect the primary 
breast cancer and nodal metastases, but also bone 
and liver metastases. The overall sensitivity of 
FDG PET for the detection of all malignant 
lesions is reportedly greater than 85%, with a 
positive predictive value of 94%  [  16  ] . Many 
reports have suggested that PET is more sensitive 
than conventional staging imaging at detecting 
the true extent of disease and often reveals unsus-
pected metastases.  

   PET for Monitoring Therapy 

 PET offers the ability to quantitatively assess 
tumor metabolic activity, and thus may predict 
tumor behavior and therapeutic response. After 
therapy, the amount of tumor FDG uptake re fl ects 
the number of viable tumor cells present with the 
glucose metabolic rate of tumor cells  [  17  ] . It has 
been shown that an increase in FDG uptake in 
breast cancer over time is associated with tumor 
progression  [  18  ] . Semiquantitative and qualita-
tive FDG PET of primary breast cancers showed 
a rapid and signi fi cant decrease in tumor glucose 
metabolism shortly after instituting chemohor-
monotherapy  [  19  ] . We have compared FDG PET 
with mammography and sonography in 16 
patients with locally advanced breast carcinoma 
who received preoperative chemotherapy. FDG 
PET was superior to both mammography and 
sonography for the detection of primary breast 
cancer. There was a substantial decrease in tumor 
metabolism early in the course of effective che-
motherapy  [  20  ] . Those reports suggest that based 
on tumor response at the biochemical level, PET 
could be used to guide changes in treatment regi-
men during the early course of therapy. Recent 
studies also reported that FDG PET can be used 
to improve prediction of the clinical outcome of 
previously treated breast cancer patients relative 
to what is achievable through conventional imag-
ing alone. The positive and negative predictive 
values of PET were 93% and 84%, respectively. 
The prognostic accuracy of single whole-body 
PET was superior to that of multiple procedures 
with conventional imaging (90% vs. 75%)  [  21  ] .  

   Receptor Imaging 

 Most breast cancers are hormone dependent, as 
shown by increases in the estrogen and progester-
one receptors in the tumor. Estrogen receptor 
(ER)-positive breast cancers are less aggressive 
than ER-negative cancers, and are likely to 
respond to hormonal therapy. Quantitative and 
qualitative assays provide limited information 
about the functional status of the receptors and 
responsiveness to hormone therapy: only 55–60% 
of patients with ER-positive breast cancer respond 
to such treatment  [  22  ] . Therefore, a noninvasive 
method for the functional status of receptors 
would be of critical importance in identifying 
patients who will bene fi t from hormone therapy. 
Various steroidal and nonsteroidal estrogens 
labeled with  77 Br,  75 Br,  18 F,  123 I, and Tc-99 m have 
been synthesized. 16d- 18 F- fl uro-17B-estradiol 
(FES) has high speci fi c activity and high af fi nity 
for ER-positive target tissues. FES PET has been 
shown to be highly sensitive (93%) for the detec-
tion of ER-positive metastatic foci in patients 
with breast cancer  [  23  ] . In addition, FES accu-
mulation within metastatic lesions decreased 
after instituting tamoxifen therapy  [  24  ] . However, 
there was no signi fi cant relationship between 
FDG uptake and either ER status or FES uptake 
 [  25  ] . The overall rate of agreement between the 
results of in vitro ER assays and the results of 
FES PET was 88%  [  25  ] . Tumor heterogeneity 
and ER concordance between primary and meta-
static breast cancers have been observed. The 
information about the intrinsic heterogeneity of 
receptor expression within individual lesions as 
well as the concordance or discordance between 
the primary and metastatic or recurrent lesions 
may be useful in selecting the mode of therapy, 
and the biologic availability of the receptors 
in vivo may more reliably predict hormone 
responsiveness than in vitro assay results. The 
discordance between primary and metastatic or 
recurrent lesions has been reported in 20–25% of 
breast cancer patients  [  25  ] . 

 The clinical  fl are reaction is seen in 5–20% of 
patients with ER-positive metastatic breast  cancer 
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and generally occurs within 7–10 days after insti-
tuting antiestrogen therapy  [  26  ] . Clinically and 
radiographically, the  fl are reaction is not distin-
guishable from progression of disease, and is pre-
sumably due to temporary agonist effects of the 
antiestrogen agent on the tumor. It has been 
shown that tamoxifen and estrogen cause a simi-
lar increase in FDG uptakes in ER-rich organs 
early in the course of therapy  [  27  ] . Response to 
tamoxifen was correctly predicted by the pres-
ence of metabolic  fl are (increased FDG uptake) 
and the degree of ER blockade (decreased FES 
uptake) after tamoxifen therapy  [  28  ] .  

   Future 

 Conventional FDG PET or PET/CT often fails to 
provide relevant information on small breast 
tumors because of the limited resolution of cur-
rent scanners, resulting in less contrast between 
tumor and background. Positron emission mam-
mography achieves a spatial resolution of 1.5 mm. 
It can be combined with conventional mammo-
graphic technology for the precise anatomic 
localization of positive  fi ndings. There are sev-
eral other PET agents that image other metabolic 
mechanisms: F-18  fl uoro-L-thymidine for tumor 
proliferation, F-18 annexin V for apoptosis, and 
matrix metalloproteinase for metastasis.      
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         Introduction 

 Positron emission tomography (PET) is a prom-
ising tool for evaluating coronary artery disease 
(CAD). Assessments of the myocardial uptakes 
of PET tracers such as N-13 ammonia, O-15 
water, and Rb-82 (Table  19.1 ) have proven to be 
useful for evaluating myocardial perfusion. 
Quantitative measurements of myocardial perfu-
sion using PET have been performed successfully 
in basic and clinical research  [  1–  3  ] . Because of 
its high accuracy at detecting jeopardized myo-
cardial perfusion, PET is viewed with promise 
with respect to the noninvasive diagnosis of CAD 
 [  4  ] . Furthermore, the integration of  function and 

anatomy as offered by state-of-the-art PET/CT 
demonstrates the potential clinical utility of PET/
CT  [  5  ] .   

   Myocardial Perfusion PET 

 N-13 ammonia is a widely used PET tracer for the 
assessment of myocardial perfusion. The initial 
distribution of N-13 ammonia demonstrates the 
perfusion status of myocardium. Because N-13 
has a short half-life of 10 min, N-13 ammonia 
PET can be performed under rest and stress con-
ditions. The delayed uptake of N-13 ammonia 
was reported to demonstrate myocardial reten-
tion, and consequently a type of myocardial 
metabolism. 

 N-13 ammonia is present in plasma as a form 
of NH  

4
  +   or NH 

3
 , and taken up in tissue in the 

form of N-13 glutamine through the glutamate-
glutamine reaction. This process is demonstrated 
by a 2-compartment model (Fig.  19.1 ). In 
Figure  19.1 ,  C  

 a 
  and  C  

 E 
  represent unmetabolized 

free ammonia in the artery and tissue, respec-
tively, and  C  

 M 
  represents metabolized N-13 

compounds.  V  is the volume of distribution for 
free ammonia, and the constant of 0.8 is usually 
used.  

 When considering the spillover effect from 
the blood pool to the myocardial area, the total 
radioactivity demonstrated on PET images is:

         
= + + ⋅( ) ( ) ( ) ( )tiss E M aC t C t C t Sp C t

    W.W.   Lee ,  M.D.    (*)
     Department of Nuclear Medicine ,  Seoul National 
University College of Medicine, Bundang Hospital ,
  Gyeonggi-Do   463-707 ,  South Korea    
e-mail:  wwlee@snu.ac.kr  

     D.S.   Lee ,  M.D., Ph.D.   
     Department of Nuclear Medicine ,  Seoul National 
University College of Medicine ,
  Seoul   110-744 ,  South Korea  

   WCU Department of Molecular Medicine and 
Biopharmaceutical Sciences ,  Seoul National University ,
  Seoul ,  South Korea    
e-mail:  dsl@snu.ac.kr  

     M.-C.   Lee ,  M.D., Ph.D.  
     Department of Nuclear Medicine ,  Gachon University 
School of Medicine ,   1198 Guwol-dong ,  Namdong-Gu , 
 Incheon   405 ,  South Korea    
e-mail:  mclee@gilhospital.com   

  19      Coronary Artery Disease       

     Won Woo   Lee       ,    Dong Soo   Lee       , and    Myung-Chul   Lee            



236 W.W. Lee et al.

 With the results of the differential equation for 
 C  

 E 
  and  C  

 M 
 , it is calculated with the assumption of 

k 
2
  = 0 as:

         

 In this equation, K is a slope of a  fi rst order 
function and it can be acquired by the linear 
regression method. Subsequently, the regional 
myocardial blood  fl ow can be calculated by the 
relationship between K and blood  fl ow, FL:

         

 O-15 water PET can also be used as a tracer 
for perfusion as the water is taken up in the myo-
cardium through free diffusion. Therefore, the 
single compartment model can be adopted for the 
assessment of myocardial perfusion. As in the 
protocol for stress-rest SPECT, stress and rest 
perfusion can be assessed. Perfusible tissue index 
(PTI) can be calculated from a single compart-
ment model and constant of partial volume effect. 

PTI has been reported to demonstrate a myocar-
dial viability and demonstrate heterogeneity of 
perfusion in another study. 

 As water diffuses freely into tissue, a Kety-
Schmidt model can be used (Fig.  19.2 ). In this 
model, C 

t
  is expressed as: 

         

 This differential equation can be solved by 
assuming that tracer concentrations in tissues and 
veins are in an instantaneous equilibrium as:

        

where  l  is the partition coef fi cient and usually 
set as 0.92. This equation can be written using 
correction parameters for partial volume effect 
(FMM) and spill-over as:

         

 Rb-82 is also used as a perfusion tracer. Its 
short physical half-life of only 75 s made it pos-
sible to obtain repetitive studies such as stress-
rest protocol in less than 30 min. Rb-82 is taken 
up by myocardial cells via Na/A ATPase. The 
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   Table 19.1    PET tracers used for myocardial perfusion measurements   

 N-13 ammonia  O-15 water  Rb-82 

 First-pass extraction (maximum)  80−100%  100%  50−60% 
 Physical half-life  10 min  2 min  75 s 
 Positron energy (maximum)  1.19 MeV  1.72 MeV  3.35 MeV 
 Positron range in water (root mean 
square) 

 0.57 mm  1.02 mm  2.60 mm 

 Uptake mechanism  Passive diffusion, metabolism  Free diffusion  Na/K ATPase 
 Production  Cyclotron  Cyclotron  Sr-82/Rb-82 generator 

  Fig. 19.1    Metabolism of ammonia in 2-compartment 
model Ca and CE represent unmetabolized free ammonia 
in the artery and tissue, respectively, and CM represents 
metabolized N-13 compounds. V is the volume of distri-
bution for free ammonia       

  Fig. 19.2    Kety-Schmidt model for the calculation of per-
fusible tissue index (PTI). Water diffuses freely into 
tissue       
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 fi rst-pass extraction fraction of Rb-82 is approxi-
mately 50−60% at rest, but this reduces to 
25−30% as blood  fl ow increases in a nonlinear 
manner. The positron emitted by Rb-82 has a 
high kinetic energy  [  6  ]  and a long range  [  7  ]  
before annihilation (Table  19.1 ). However, Rb-82 
can be easily obtained by elution from a commer-
cialized Sr-82/Rb-82 generator, and PET techni-
cal advances compensate for the physical 
shortcomings of Rb-82. Thus, Rb-82 became one 
of the most popular PET perfusion tracers, par-
ticularly in the US.  

   Diagnostic Accuracy of Myocardial 
Perfusion PET for the Detection
 of CAD 

 Myocardial perfusion PET has been widely used 
for the detection of CAD (Table  19.2 ). According 
to a summary result, the sensitivity, speci fi city, 
and accuracy of perfusion PET for the detection 
of CAD are found to be 92%, 85%, and 90%, 
respectively. This lower speci fi city is attributable 
to posttest referral bias. Two studies have evalu-
ated the normalcy rates in patients with a low 
likelihood of CAD (<5%), and both found a nor-
malcy rate of 100% (Table  19.2 )  [  8,   9  ] .  

 The diagnostic accuracy of perfusion PET has 
been reported to be superior to that of perfusion 
SPECT in head-to-head comparative studies  [  8–  10  ] . 
Furthermore, the image quality of perfusion PET 

is usually better than that of perfusion SPECT 
because of its greater counting ef fi ciency, robust 
attenuation correction, and higher spatial resolu-
tion  [  8  ] . However, further studies are required to 
clarify the cost effectiveness of perfusion PET 
over perfusion SPECT.  

   Integration of PET and CT 
for the Assessment of CAD 

 CT information obtained from current PET/CT 
scanners is primarily used for the attenuation cor-
rection of perfusion PET images. However, the 
simultaneous acquisition of perfusion PET and 
cardiac CT data may dramatically change the 
diagnosis of CAD in the near future because the 
presence of an obstructive coronary anatomy is 
effectively diagnosed by CT angiography (CTA) 
and atherosclerotic burden can be determined 
through coronary calcium scoring  [  7  ] . 
Furthermore, radiation overexposure resulting 
from the integration of cardiac PET/CT can be 
effectively minimized by using a stress-only per-
fusion protocol, prospective electrocardiography 
(ECG)-triggering, ECG-gated tube modulation, 
and other techniques  [  11  ] . 

 Functionally relevant coronary stenosis or a 
subtending coronary artery responsible for perfu-
sion abnormality can be readily demonstrated 
using the three-dimensional (3D) fusion images 
of integrated PET/CT (Fig.  19.3 )  [  5  ] . Furthermore, 

   Table 19.2    Diagnostic accuracy of perfusion PET for the detection of CAD   

 Author  Year 
 Patient 
no. 

 PET perfusion 
tracer  Sensitivity  Speci fi city  PPV  NPV  Accuracy 

 Gould et al.  [  12  ]   1986  31  N-13 NH3/Rb-82  0.95  1.00  1.00  0.90  0.97 
 Tamaki et al.  [  13  ]   1988  51  N-13 NH3  0.98  1.00  1.00  0.75  0.98 
 Go et al.  [  10  ]   1990  202  Rb-82  0.93  0.78  0.93  0.80  0.90 
 Stewart et al.  [  14  ]   1991  81  Rb-82  0.85  0.86  0.94  0.67  0.85 
 Marwick et al.  [  15  ]   1992  74  Rb-82  0.90  1.00  1.00  0.36  0.91 
 Grover-McKay et al.  [  16  ]   1992  31  Rb-82  1.00  0.73  0.80  1.00  0.87 
 Bateman et al.  [  8  ]   2006  112  Rb-82  0.87  0.93 (normalcy 

rate 1.00) 
 0.95  0.81  0.89 

 Sampson et al.  [  9  ]   2007  102  Rb-82  0.93  0.83 (normalcy 
rate 1.00) 

 0.80  0.94  0.87 

 Total  684  0.92  0.85  0.93  0.81  0.90 

   PPV  positive predictive value,  NPV  negative predictive value  
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coronary calcium scoring plays a crucial role in 
determining the intensity of medical therapy. 
Thus, a one-stop approach for the evaluation of 
CAD can be achieved using integrated PET/CT. 
However, it remains to be determined whether 
integrated PET/CT affects survival or clinical 
outcomes.       
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         Introduction 

 Ischemic heart disease is the most common cause 
of heart failure. For the treatment of heart fail-
ure, medical treatment, heart transplantation, 
and revascularization can be a therapeutic 
method  [  1  ] . Because of the ease of the procedure 
and good therapeutic performance, revascular-
ization has been widely used in ischemic heart 
disease  [  2  ] . However, revascularization has a 
substantial degree of risk associated with the 
procedure, especially in patients with severe 
heart failure, and heart function is recovered 
only in some of the patients who undergo revas-
cularization  [  3  ] . 

 Myocardium with decreased contractility that 
can be recovered after revascularization, such as 
stent or coronary artery bypass grafting, is called 
viable myocardium although myocardial scar is 
not recovered even after successful revasculariza-
tion. In view of the histology, viable myocardium 
is composed of viable myocytes, while myocar-
dial scar is composed of extensive  fi brosis  [  4  ] . 

Differentiation of viable myocardium and scarred 
myocardium is of great importance because 
selecting appropriate patients for revasculariza-
tion can reduce the possible risks that might be 
caused by an unnecessary procedure. 

 The mechanism of viable myocardium is 
explained by ‘hibernation’ that has contractility 
dysfunction caused by long-standing chronic 
ischemia and ‘stunning’, which has contractility 
dysfunction after an ischemic episode  [  5,   6  ] . 
Hibernation and stunning are not separate pro-
cesses, but can be present in the same patient  [  7  ] . 
Hibernation is thought to be a natural protecting 
mechanism by which ventricular work and energy 
consumption can be reduced. A repetitive isch-
emic episode can cause myocardial dysfunction 
even after restoration of resting blood  fl ow, which 
is called ‘repetitive stunning’  [  8  ] . Stunned myo-
cardium with preserved resting blood  fl ow is 
thought to be converted into hibernation with 
decreased resting blood  fl ow after the passing of 
a certain period of time (Table  20.1 ).  

 The prevalence of viable myocardium is of 
value in selecting patients with viable myocar-
dium, which can be in fl uenced by the characteris-
tics of enrolled patients, and the method to 
evaluate viable myocardium.    A meta-analysis 
involving four different studies reported that 
approximately 50% of enrolled patients had via-
ble myocardium  [  9  ] .  
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   Gold Standard for Viable Myocardium 

 As the gold standard to determine presence of 
viable myocardium, improvement of regional left 
ventricular wall contractility, improvement of left 
ejection fraction, symptomatic improvement, 
improvement of exercise capacity, improvement 
of left ventricular remodeling, prevention of sud-
den cardiac death, and long-term prognosis were 
suggested. The most widely used endpoint for 
viable myocardium studies is assessment of 
regional left ventricular functional improvement 
following revascularization. In terms of clinical 
application, patient-based global function, such as 
ejection fraction, is most important. However, 
many studies measured segmental wall motion 
improvement after revascularization. A meta-anal-
ysis studying 15,045 segments from 3,003 patients 
showed a sensitivity of 84% and a speci fi city of 
69% by using segmental wall motion improve-
ment as the gold standard  [  10  ] . Generally, nuclear 
imaging has had reports of higher sensitivity than 
other imaging modalities, while dobutamine stress 
echocardiography showed higher speci fi city. 

 To expect an increase in the ejection frac-
tion, a substantial amount of viable myocardium 
is needed in the patient base. Studies reported 
that over 25–30% of overall myocardium would 
be needed to show improvement in ejection 
fraction  [  11  ] . 

 However, Samady et al. reported that the sur-
vival rate was improved even in patients without 
ejection fraction improvement. In addition to 
 ejection fraction improvement, improvements in 

myocardial remodeling, prevention of arrhythmia, 
and prevention of sudden cardiac death should also 
be considered as parameters for viability studies 
 [  12  ] . A viability study using  fl uorodeoxyglucose 
(FDG) positron emission tomography (PET) 
showed predictive value in the improvement of 
exercise capacity and heart failure symptoms fol-
lowing revascularization  [  13  ] .  

   Assessment of Viability with 
Myocardial SPECT 

 A persistent or  fi xed perfusion defect on myocar-
dial single-photon emission computed tomogra-
phy (SPECT) is likely to have scar tissue   . 
However, about 20% of persistent perfusion 
defects can be caused by hibernating myocar-
dium rather than scar. In hibernating myocar-
dium, cardiac myocytes have preserved cell 
membrane potential and preserved metabolism 
status to support cellular survival despite 
decreased perfusion. Hibernating myocardium 
with decreased perfusion and contractile dysfunc-
tion is viable myocardium that can restore con-
tractile function by means of revascularization. 

 For the evaluation of viable myocardium, thal-
lium-201 myocardial SPECT is most widely 
used. The procedure of thallium absorption to 
myocardium is an energy-dependent process and 
requires preserved cell membrane integrity. 
Therefore, myocardium with thallium uptake 
represents viable myocardium. The degree of 
thallium uptake depends on tissue survival, and 
thallium myocardial perfusion SPECT can be 

   Table 20.1    Myocardial perfusion SPECT  fi ndings according to perfusion status   

 De fi nition  SPECT  fi ndings 

 Ischemic myocardium  Myocardium with insuf fi cient oxygen supply by 
coronary stenosis 

 Defect on stress image 

 Infarction  Myocardial necrosis by coronary obstruction  Defect on stress and rest images 
 Hibernation  Myocardium with contractile dysfunction by 

chronically decreased perfusion abnormality 
 Rest perfusion defect; Improved 
perfusion on delayed thallium 
image or reinjection image 

 Stunning  Myocardium with persistent contractile dysfunction 
despite restoration of perfusion after ischemic injury 

 Normal SPECT (left ventricular 
dysfunction) 
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used for differentiation of scar and hibernating 
myocardium. Generally, the myocardium with 
rest thallium uptake greater than 50% is thought 
to be viable myocardium. Occasionally, addi-
tional increased uptake over 10% on delayed 
thallium images is thought to be a hallmark of 
viable myocardium (Fig.  20.1 )  [  14  ] .  

 Several protocols can be used for the evalua-
tion of myocardium using thallium myocardial 
SPECT, such as a rest-redistribution image or a 
stress-redistribution-reinjection image. The rest-
redistribution protocol using thallium is mostly 
used for viability evaluation, and assesses rest 
blood  fl ow and delayed redistribution simultane-
ously. The stress-redistribution-reinjection proto-
col can evaluate ischemia by stress-rest reversibility 
workup and viability by a reinjection technique. 

 The sensitivity and speci fi city of thallium 
SPECT to predict regional wall motion recovery 
after revascularization was reported to be 86% 
and 59%, respectively  [  9  ] . Relatively low 
speci fi city was thought to be the result of  inclusion 

of the subendocardial infarction with thallium 
uptake lower than 50%. 

 Recently, myocardial SPECT with sestamibi or 
tetrofosmin has been used for the study of viabil-
ity  [  15  ] . Sestamibi or tetrofosmin SPECT assesses 
the myocardium with preserved mitochondrial 
function, and subsequently viability using the fact 
that viable myocardium has preserved mitochon-
drial function. Generally speaking, the sensitivity 
of setamibi or tetrofosmin SPECT has inferior 
sensitivity to thallium SPECT for detection of 
viable myocardium. To reinforce the sensitivity, 
additional images following sublingual or intrave-
nous nitrate administration can be obtained on 
sestamibi or tetrofosmin SPECT  [  16  ] .  

   Assessment of Viability with FDG PET 

 FDG is an analog for glucose and enters the 
cytoplasm and undergoes the phosphorylation 
process which requires adenosine phosphate 

  Fig. 20.1    Thallium-201 rest ( top ) and 24-h delayed ( bot-
tom ) images. Severe perfusion decrease was noted on rest 
image, but perfusion was almost restored on 24-h delayed 

image. According to  fi ndings, signi fi cant amount of viable 
myocardium was expected on septum       
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(ATP). Because the phosphorylation process 
using ATP is conducted only in viable cells, and 
myocardium with FDG uptake can be regarded 
as viable myocardium. Myocardial FDG uptake 
is in fl uenced by metabolic status, especially 
blood glucose and fatty acid level. Fatty acid 
metabolism is increased in the normal myocar-
dium, while glucose is the main substrate in the 
ischemic myocardium  [  17  ] . For obtaining FDG 
images to assess viable myocardium, hyperin-
sulinemic-normal glucose level is most pro fi t 
metabolic-hormonal status, which can be 
achieved by insulin clamp.    However, because of 
the ease of accessibility, oral glucose intake is a 
preferred method in clinical practice  [  18  ] . 
Nicotinic acid derivatives such as acipimox 
inhibit peripheral lipolysis and indirectly 
increase myocardial glucose uptake.    Acipimox 
can be used in performing myocardial FDG PET 
instead of using an insulin clamp  [  19  ] . 

 The chronically hypoperfused myocardium 
can have severe hypoperfusion even in a rest 
state, thus, myocardial on SPECT can represent a 
persistent perfusion defect. In chronically hypop-
erfused myocytes, glycolysis is promoted to pro-
duce ATP, and therefore, FDG uptake on 
chronically hypoperfused myocardium shows 
greater FDG uptake than normal myocytes. 

 To obtain a more reliable result, it is recom-
mended that myocardial perfusion be compared 
with myocardial FDG uptake. Myocardium with 
FDG uptake over 50% of the normal area is con-
sidered to be viable myocardium. The FDG 
uptake can be quantitatively assessed but semi-
quantitative assessment comparing normal tissue 
is more widely used in the clinical setting. 

 FDG PET results can be classi fi ed into nor-
mal, viable myocardium, and scar tissue. 
Myocardial perfusion can be measured by myo-
cardial perfusion PET using N-13 ammonia or 
Rb-82. Myocardial perfusion and glucose metab-
olism are preserved in normal myocardium, while 
myocardial perfusion and metabolism are 
impaired in scar tissue. In both cases myocardial 
perfusion and metabolism images look similar 
and are called matched lesions. In dysfunctioning 
viable myocardium, FDG uptake is preserved in 
the area of decreased perfusion assessed by N-13 

ammonia or Rb-82 PET, which is called ‘perfu-
sion-metabolism mismatch’ (Figs.  20.2  and  20.3 ). 
Perfusion-metabolism mismatch is a strong indi-
cator for viable myocardium (Table.  20.2 ), and 
functional improvement is expected after revas-
cularization  [  20,   21  ] .    

 A meta-analysis summarizing 12 studies 
reported that the sensitivity and speci fi city of 
FDG PET in detecting viable myocardium were 
93% and 58%, respectively  [  9  ] . Another study 
analyzing 12 FDG PET studies revealed that the 
left ventricular ejection fraction (LVEF) of 
patients with viable myocardium improved from 
37% to 47%, while the LVEF of patients without 
viable myocardium showed no signi fi cant change 
at 39% to 40%  [  22  ] . 

 Determining a treatment plan according to the 
presence of viable myocardium is an important 
prognostic factor. Data from a meta-analysis 
showed that the prognosis in viable myocardium 
was better in the revascularization group than in 
the medical treatment group, while the prognosis 
of nonviable myocardium was not different 
between the revascularization and the medical 
treatment group  [  23  ] . This result showed that the 
cardiovascular event rate can be decreased only 
in patients with viable myocardium by perform-
ing revascularization.  

   Conclusion 

 The assessment of viable myocardium is impor-
tant in selecting patients who will bene fi t from 
revascularization. For patients with suf fi cient 
viable myocardium, revascularization is indi-
cated, while patients with scar tissue should be 
treated medically. Myocardial perfusion SPECT 
and FDG PET are established methods with good 
diagnostic performance in assessing viable myo-
cardium. Recently, advancements for tools such 
as SPECT/CT and PET/CT allow combining of 
anatomic information from CT angiography and 
functional information from SPECT or PET. The 
combined information of anatomic and functional 
information is expected to improve diagnostic 
accuracy in viability workup and to play a role in 
determining a treatment plan.      



  Fig. 20.2    Thallium-201 and  18 F-FDG PET images of 
viable myocardium. Severe perfusion decrease was noted 
on anterior, septum, and inferior wall on short axis of thal-

lium SPECT. However FDG uptake was preserved on cor-
responding areas, suggestive of viable myocardium       

  Fig. 20.3    Thallium-201 and  18 F-FDG PET images of 
scarred myocardium. Severe perfusion defect was noted 
in inferior and inferolateral wall on short axis of thallium 

SPECT. FDG PET showed matched defect, suggestive of 
scarred myocardium       

 

 



246 W.J. Kang

   References 

    1.    Challapalli S, Bonow RO, Gheorghiade M. Medical 
management of heart failure secondary to coronary 
artery disease. Coron Artery Dis. 1998;9:659–74.  

    2.    Alderman EL, Corley SD, Fisher LD, Chaitman BR, 
Faxon DP, Foster ED, Killip T, Sosa JA, Bourassa 
MG. Five-year angiographic follow-up of factors 
associated with progression of coronary artery disease 
in the Coronary Artery Surgery Study (CASS) CASS 
Participating Investigators and Staff. J Am Coll 
Cardiol. 1993;22(4):1141–54.  

    3.    Schinkel AF, Poldermans D, Vanoverschelde JL, 
Elhendy A, Boersma E, Roelandt JR, et al. Incidence 
of recovery of contractile function following revascu-
larization in patients with ischemic left ventricular 
dysfunction. Am J Cardiol. 2004;93:14–7.  

    4.    Maes A, Flameng W, Nuyts J, Borgers M, Shivalkar 
B, Ausma J, et al. Histological alterations in chroni-
cally hypoperfused myocardium. Correlation with 
PET  fi ndings. Circulation. 1994;90:735–45.  

    5.    Rahimtoola SH. The hibernating myocardium. Am 
Heart J. 1989;117:211–21.  

    6.    Braunwald E, Kloner RA. The stunned myocardium: 
prolonged, postischemic ventricular dysfunction. 
Circulation. 1982;66:1146–9.  

    7.    Bolli R. Myocardial ‘stunning’ in man. Circulation. 
1992;86(6):1671–91.  

    8.    Vanoverschelde JL, Melin JA. The pathophysiology 
of myocardial hibernation: current controversies and 
future directions. Prog Cardiovasc Dis. 2001;43:
387–98.  

    9.    Bax JJ, van der Wall EE, Harbinson M. Radionuclide 
techniques for the assessment of myocardial viability 
and hibernation. Heart. 2004;90(Suppl 5):v26–33.  

    10.    Bax JJ, Poldermans D, Elhendy A, Boersma E, 
Rahimtoola SH. Sensitivity, speci fi city, and predictive 
accuracies of various noninvasive techniques for 
detecting hibernating myocardium. Curr Probl 
Cardiol. 2001;26:147–86.  

    11.    Bax JJ, Maddahi J, Poldermans D, Elhendy A, Cornel 
JH, Boersma E, et al. Sequential (201)Tl imaging and 
dobutamine echocardiography to enhance accuracy of 
predicting improved left ventricular ejection fraction 
after revascularization. J Nucl Med. 2002;43(6):
795–802.  

    12.    Samady H, Elefteriades JA, Abbott BG, Mattera JA, 
McPherson CA, Wackers FJ. Failure to improve left 
ventricular function after coronary revascularization 
for ischemic cardiomyopathy is not associated with 
worse outcome. Circulation. 1999;100:1298–304.  

    13.    Marwick TH, Zuchowski C, Lauer MS, Secknus MA, 
Williams J, Lytle BW. Functional status and quality of 
life in patients with heart failure undergoing coronary 
bypass surgery after assessment of myocardial viabil-
ity. J Am Coll Cardiol. 1999;33:750–8.  

    14.    Dilsizian V, Bonow RO. Current diagnostic tech-
niques of assessing myocardial viability in patients 
with hibernating and stunned myocardium. 
Circulation. 1993;87:1–20.  

    15.    Bonow RO, Dilsizian V. Thallium-201 and techne-
tium-99 m-sestamibi for assessing viable myocar-
dium. J Nucl Med. 1992;33:815–8.  

    16.    Sciagrà R, Pellegri M, Pupi A, Bolognese L, Bisi G, 
Carnovale V, Santoro GM. Prognostic implications of 
Tc-99 m sestamibi viability imaging and subsequent 
therapeutic strategy in patients with chronic coronary 
artery disease and left ventricular dysfunction. J Am 
Coll Cardiol. 2000;36:739–45.  

    17.    King LM, Opie LH. Glucose delivery is a major deter-
minant of glucose utilisation in the ischemic myocar-
dium with a residual coronary  fl ow. Cardiovasc Res. 
1998;39:381–92.  

    18.    Gropler RJ. Methodology governing the assessment 
of myocardial glucose metabolism by positron emis-
sion tomography and  fl uorine 18-labeled 
 fl uorodeoxyglucose. J Nucl Cardiol. 1994;1:S4–14.  

    19.    Knuuti MJ, Yki-Järvinen H, Voipio-Pulkki LM, Mäki 
M, Ruotsalainen U, Härkönen R, et al. Enhancement 
of myocardial [ fl uorine-18] fl uorodeoxyglucose 
uptake by a nicotinic acid derivative. J Nucl Med. 
1994;35:989–98.  

    20.    Bax JJ, Patton JA, Poldermans D, Elhendy A, Sandler 
MP. 18-Fluorodeoxyglucose imaging with positron 
emission tomography and single photon emission 
computed tomography: cardiac applications. Semin 
Nucl Med. 2000;30:281–98.  

    21.    Di Carli MF, Davidson M, Little R, Khanna S, Mody 
FV, Brunken RC, et al. Value of metabolic imaging 
with positron emission tomography for evaluating 
prognosis in patients with coronary artery disease and 
left ventricular dysfunction. Am J Cardiol. 1994;
73:527–33.  

   Table 20.2    Interpretation of myocardial perfusion and glucose metabolism images   

 Diagnosis  Myocardial perfusion  Glucose metabolism (FDG)  Presence of viable myocardium 

 Normal (matched)  Normal  Normal  Present 
 Scar (matched)  Decreased  Decreased  Absent 
 Ischemia (stunning/
hibernation) 

 Decreased  Normal or increased  Present 



24720 Myocardial Viability

    22.    Maddahi J, Schelbert H, Brunken R, Di Carli M. Role 
of thallium-201 and PET imaging in evaluation of 
myocardial viability and management of patients with 
coronary artery disease and left ventricular dysfunc-
tion. J Nucl Med. 1994;35:707–15.  

    23.    Allman KC, Shaw LJ, Hachamovitch R, Udelson JE. 
Myocardial viability testing and impact of revascular-
ization on prognosis in patients with coronary artery 
disease and left ventricular dysfunction: a meta-anal-
ysis. J Am Coll Cardiol. 2002;39:1151–8.      



249E.E. Kim et al. (eds.), Clinical PET and PET/CT: Principles and Applications, 
DOI 10.1007/978-1-4419-0802-5_21, © Springer Science+Business Media New York 2013

 Atherosclerosis is a condition where arteries 
harden following the formation of atheroma in 
the vessel wall. As a result of atherosclerosis, the 
lumen of arteries narrows and blood  fl ow to the 
subtended organ is restricted. Angina and tran-
sient ischemic attack are clinical manifestations 
from atherosclerosis of coronary or cerebral 
arteries. However, a graver consequence of ath-
erosclerosis is thromboembolism of the end 
organs, such as cerebral infarct, myocardial 
infarct, or unstable angina. Thromboembolism is 
caused by rupture of atherosclerotic plaques in 
the critical arteries. 

 In the US, heart disease, including coronary 
artery disease, is the most common cause of death 
and cerebrovascular disease is the third most 
common cause. Additionally, based on a world-
wide survey, coronary and cerebrovascular dis-
eases are included in the three most common 
causes of death. Therefore, atherosclerosis is one 
of the most intriguing  fi elds of medical imaging. 
In nuclear medicine, myocardial or cerebral per-
fusion imaging has been used for the assessment 
of hemodynamic changes caused by atheroscle-
rosis. While perfusion imaging can provide infor-
mation on the hemodynamic signi fi cance of an 
atherosclerotic lesion and a patient’s prognosis, 
direct imaging of atherosclerosis is required for 

lesion localization and selection of treatment 
 target. Conventional coronary angiography 
(CAG) and computed tomography (CT) CAG are 
the types of imaging methods used for athero-
sclerosis because they visualize the presence of 
atherosclerotic narrowing. However, evaluation 
of the simple presence of atherosclerotic plaques 
or resultant vascular narrowing has limited clini-
cal signi fi cance because atherosclerosis is only a 
predisposing factor for fatal complications of 
thromboembolism, such as myocardial or cere-
bral infarct. Atherosclerosis is observed in 85% 
of the elderly population who are older than 50 
years, and even 1 of 6 adolescents present with 
atherosclerosis  [  1  ] . However, all do not result in 
fatal complications. Furthermore, in many cases 
of myocardial infarct, culprit lesions of coronary 
artery thrombosis do not show critical arterial 
narrowing  [  2  ] . As a result, the  fi rst manifestation 
of coronary artery disease is fatal myocardial 
infarct or sudden cardiac death in 62% of male 
and 42% of female patients without preceding 
ischemic symptoms caused by chronic athero-
sclerosis  [  3  ] . Therefore, ‘active-forming’, ‘rup-
ture-prone’, or ‘vulnerable’ plaque should be 
discriminated from other ‘stable’ plaques. 

 In the imaging of pathophysiologically 
signi fi  cant atherosclerotic plaque,  18 F- fl uorode-
oxyglucose (FDG) positron emission tomogra-
phy (PET) is now type of established method. In 
this chapter we will review pathogenesis of ath-
erosclerosis, and various PET imaging methods 
targeting atherosclerotic plaques will be dis-
cussed with focus on FDG PET. 
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   Pathogenesis and Imaging Targets 

 Lipid is the most important component of athero-
sclerosis, and lowering of the circulating lipid 
(triglyceride or cholesterol) has been the major 
treatment targeting atherosclerosis  [  4,   5  ] . While 
hyperlipidemia remains an important contributor 
to the pathogenesis of atherosclerosis, recent inter-
est has been directed on in fl ammation. Currently, 
atherosclerosis is considered a kind of chronic 
in fl ammation triggered by hyperlipidemia. 

 Low density lipoprotein (LDL) is critical in 
the initiation of atherosclerosis, which can dif-
fuse through arterial endothelium. Although 
deposited LDL may involute spontaneously, it is 
prone to oxidization in the vessel wall because it 
is isolated from circulating antioxidants  [  6,   7  ] . 
LDL is converted to minimally modi fi ed LDL 
(mmLDL), oxidized LDL (oxLDL), and glycated 
LDL by oxidation. oxLDL is a powerful evoker 
of in fl ammation by stimulating endothelial cells 
(EC) and macrophage through CD14 and toll-
like receptors  [  8,   9  ] , when even mmLDL can 
stimulate EC. Following in fl ammatory stimula-
tion, vascular EC express adhesion molecules 
such as selectin (CD62) and vascular cell adhe-
sion molecule (VCAM)-1  [  10  ] , which are neces-
sary for rolling or attachment of circulating 
leukocytes for migration into the in fl ammatory 
site. Recruited monocytes and derived mac-
rophages release proteases such as matrix metal-
loproteinase (MMP) and cathepsin for easier cell 
migration in the in fl ammatory tissue  [  11,   12  ] . In 
addition, expression of scavenger receptors on 
macrophage is so enhanced that macrophage can 
engulf LDL derivatives through receptor- 
mediated endocytosis. Lipid-laden macrophages 
are called ‘foam cells’. Macrophages also release 
critical cytokines such as tumor necrosis factor- a  
and interleukin (IL)-1 b  to amplify in fl ammation. 

 While atherosclerosis is initially pathologi-
cally characterized by foam cells, the progression 
of atherosclerosis is characterized by deposition 
of  fi brous tissue. In this phase, atheroma is 
 loosened by several proteases, and vascular 
smooth muscle cells (SMC) migrate into the 

 loosened atheroma. The SMC produce 
 extracellular matrix- fi lling materials such as col-
lagen. Although various cytokines function via 
this process, IL-18, interferon (IFN)- g , and 
CD40L are critical because they affect most of 
the in fl ammation-involved cells including the 
EC, macrophage, T-cell, SMC, and platelet. 
Therefore, there are drugs targeting these cytok-
ines under development for atherosclerosis. 

 Neoangiogenesis and apoptosis in plaque are 
also results of in fl ammation and contribute to the 
progression of atherosclerosis  [  13  ] . Newly devel-
oped vessels in a plaque function as portals for leu-
kocytes to migrate into the plaque, and thus, enhance 
in fl ammation. Moreover, the vessels are so fragile 
as to result in hemorrhage, by which plaque enlarges 
abruptly and thrombin is generated. Thrombin is 
another activator for in fl ammation-involved cells. 
Apoptosis of the in fl ammation-involved cells is a 
routine process in in fl ammation and is evidence of 
active in fl ammation. 

 Fatal complications of atherosclerosis occur 
when atherosclerotic plaque ruptures. The rup-
ture of plaque is also caused by an in fl ammatory 
process in the plaque. IFN- g , released by helper 
T-cells, inhibits collagen production through 
SMC. Furthermore, IL-1 and CD40L promote 
release of collagenase and MMP from mac-
rophage  [  14  ] . The process induces thinning, ero-
sion, and even disruption of the  fi brous cap. 
Disruption of the  fi brous cap results in the con-
tact of blood with the highly thrombogenic 
plaque, and thus, is followed by rapid thrombus 
formation. Thrombus with a thin stalk can cause 
fatal complications such as acute coronary syn-
drome and cerebral infarct. 

 As described above, in fl ammation plays a key 
role in the entire process of atherosclerosis, 
including initiation, progression, and rupture. 
Therefore, most molecular imaging for vulnera-
ble plaque has been targeted at in fl ammation. In 
nuclear medicine, various imaging probes labeled 
with gamma ray-emitting radioisotopes have 
been developed. They target each of the 
in fl ammatory processes, including oxLDL accu-
mulation  [  15–  17  ] , glycated end-product accumu-
lation  [  18  ] , monocyte recruitment  [  19,   20  ] , 
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proteolytic enzyme activation  [  21,   22  ] , SMC 
 proliferation  [  23–  25  ] , platelet accumulation 
 [  26–  29  ] ,  neoangiogenesis  [  30–  32  ] , apoptosis 
 [  33–  37  ] , cytokine activation  [  38  ] , and scavenger 
receptor activation  [  39,   40  ] , etc. Many imaging 
probes have also been reported for PET and tar-
get platelet accumulatioin  [  41–  43  ] , choline 
metabolism  [  44,   45  ] , MMP activation  [  46  ] , mac-
rophage accumulation  [  47  ] , neoangiogenesis 
 [  48  ] , and enhanced VCAM-1 expression  [  49  ] . 
However, FDG PET has been reported most often 
in atherosclerosis imaging, probably because 
FDG is an easily accessible radiotracer. There are 
also considerable clinical data from human stud-
ies for FDG PET as an imaging modality for 
atherosclerosis.  

   Atherosclerosis Imaging Using FDG PET 

   Mechanism 

 FDG accumulation in atherosclerotic plaques has 
been reported for about a decade  [  50,   51  ] . It is 
well known that FDG is accumulated in 
in fl ammatory lesions and FDG accumulation in 
atherosclerosis is regarded as a marker for active 
in fl ammation in the plaque, and therefore, for 
rupture-prone vulnerable plaque. FDG accumu-
lation in in fl ammatory lesions is a result of acti-
vation of various in fl ammation-involved cells, 
mainly macrophage. Although some researchers 
reported nonspeci fi c accumulation of FDG in 
calci fi ed plaque  [  52  ] , others observed close cor-
relation of FDG accumulation with lesional mac-
rophage. In rabbit atherosclerosis models, FDG 
uptake was closely correlated with distribution 
and density of macrophage in the plaques  [  53–  56  ] . 
Additionally, FDG uptake on preoperative PET 
in human studies showed close correlation with 
distribution of CD68-positive macrophages in the 
specimens from endarterectomy  [  50,   57,   58  ] . 
With regard to other in fl ammation markers, FDG 
uptake was most closely correlated with CD68-
positive cells in an endarterectomy specimen, 
although it has weaker correlation with other 
markers such as cathepsin K, MMP-9, and IL-18 
in the specimen  [  59  ] .  

   Clinical Implication 

 FDG PET in atherosclerosis is expected to be an 
imaging modality for vulnerable plaque, and sub-
sequently, a marker for risk strati fi cation and 
therapeutic ef fi cacy monitoring. Selection of a 
treatment target is also an expected role of the 
imaging. For this purpose, FDG uptake should be 
correlated with in fl ammatory activity and 
prognosis. 

 FDG uptake is closely correlated with local 
in fl ammatory activity as described above. It is 
also correlates well with systemic in fl ammatory 
markers of serum MMP-1 and leukocyte count 
 [  60  ] , although some researchers reported no 
de fi nite correlation of FDG uptake with other 
in fl ammatory markers such as IL-18,  fi brinogen, 
or C-reactive protein (CRP)  [  61  ] . This result 
 suggests that FDG uptake can be a surrogate 
marker for systemic, or at least local, vascular 
in fl ammatory activity in atherosclerosis. In 
another study, FDG uptake was directly corre-
lated with plaque disruption in a rabbit model fed 
with a high-cholesterol diet  [  55  ] . 

 FDG uptake increases with increasing risk 
factors for fatal atherosclerotic diseases. It corre-
lates with waist circumference, hypertension, 
carotid intima-media thickness, serum high-den-
sity lipoprotein, and CRP, all of which are 
signi fi cant risk factors for myocardial or cerebral 
infarct  [  62  ] . In that study, FDG uptake increased 
with increasing numbers of risk factors for meta-
bolic syndrome. Another study reported similar 
results that FDG uptake correlates with risk fac-
tors such as smoking, age, hypertension, and 
hypercholesterolemia  [  63  ] . Although in regard to 
the risk factor of aging, a report stated that age 
does not affect FDG uptake in the vessels  [  51  ] , 
while most other studies reported the correlation 
between them  [  63–  65  ] .    

 Calci fi cation in major arteries detected on CT 
is direct evidence of atherosclerosis irrespective 
of in fl ammatory activity, and is an independent 
risk factor in the case of coronary artery involve-
ment. However, it was repeatedly reported that 
calci fi cation on CT does not correlate with FDG 
uptake on PET  [  51,   61,   66,   67  ] . This is reason-
able because calci fi ed plaque is regarded as rather 
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stable, because FDG is accumulated mainly in 
active in fl ammatory lesions. As a result, FDG 
uptake was reported to be a better predictor of 
vascular events than calci fi ed plaque detected on 
CT, although both were signi fi cant predictors 
 [  68  ] . In the correlation with MRI, FDG uptake 
was observed in atherosclerosis with necrotic 
lipid core  [  69  ] . 

 Currently, some researchers have adopted 
FDG PET as an established imaging tool to assess 
in fl ammatory activity of atherosclerotic plaque 
 [  70,   71  ] . Moreover, therapeutic ef fi cacy of anti-
atherosclerotic drugs can be assessed using FDG 
PET. Probucol, an antioxidant, was reported to 
reduce FDG uptake of atherosclerotic plaques in 
a hypercholesterolemic rabbit model. The assess-
ment of the ef fi cacy of vitamin B or simvastatin, 
one of the main drugs used for atherosclerosis, 
were also reported using FDG PET [    72,   73  ] .    The 
application of FDG PET in therapeutic ef fi cacy 
monitoring is a promising  fi eld for FDG PET in 
atherosclerosis.     

   Methods 

 The reproducibility of FDG PET in atherosclero-
sis was reportedly rather high when FDG PET 
was performed in the same patients and the 
uptake was assessed as standardized uptake 
value (SUV) with an interval of 2 weeks  [  74,   75  ]  
or with a longer-term interval  [  76  ] . However, 
selection of an adequate parameter on FDG PET 
is not as simple a problem for atherosclerosis as 
it is for cancer, where the maximal SUV is usu-
ally used. Among the reported studies on FDG 
PET of atherosclerosis, some researchers adopted 
maximal SUV for lesions  [  60,   61,   67,   68  ] , while 
others adopted mean SUV for vessels of interest 
 [  62,   65,   74  ] . Theoretically, maximal SUV that 
represents maximal in fl ammatory activity will 
show better correlation with the vulnerability of 
a speci fi c plaque. In another aspect, however, 
mean SUV may be a marker for the summed bur-
den of a patient’s whole vulnerable plaques, 
because it represents averaged total in fl ammatory 
activity   . With this concept, some researchers 
have suggested a parameter of ‘atherosclerosis 

burden’ that is  calculated by multiplying SUV 
with the volume of segmented vessel wall. The 
selection of parameter on FDG PET should be 
discreetly determined according to the purpose 
of the study. 

 The recent trend of combined imaging will be 
very useful in atherosclerosis imaging. The com-
bined imaging modalities of PET and MRI can 
obtain synergistic information regarding the 
characteristics of a speci fi c plaque  [  69  ]  because 
each assesses a different aspect of plaque. 
Furthermore, newly developed atherosclerosis 
imaging probes for MRI and CT can be validated 
by combined imaging using FDG PET  [  77,   78  ] . 
MRI can also be used for partial volume correc-
tion of PET images  [  79  ]  because most of the ves-
sels are so small that they cannot avoid partial 
volume effect.    However, myocardial FDG uptake 
is also a nasty problem in addition to the small 
size of coronary arteries, and some researchers 
have reported on a method for suppression of car-
diac FDG uptake using a special diet of low car-
bohydrate and high fat  [  80,   81  ] .  

   Arteritis Imaging Using FDG PET 

 Arteritis is usually observed in rheumatologic 
disorders, unless the patient has grafted vessels, 
stents, or some other form of vascular interven-
tion. Takayasu’s arteritis and giant cell arteritis 
are the most common types seen. As is in other 
in fl ammatory conditions, FDG PET can be used 
for the imaging of arteritis. There are many case 
reports in the literature that have reported 
signi fi cant FDG uptake in Takayasu’s arteritis or 
giant cell arteritis. The role of FDG PET in arteri-
tis is as a marker for in fl ammatory activity and to 
show the distribution of involved arteries. 
Although some researchers reported that FDG 
uptake in arteritis lesions is not directly corre-
lated with other in fl ammatory markers  [  82  ] , oth-
ers have reported that FDG PET is correlated 
well with in fl ammatory activity by showing that 
FDG uptake in arteritis lesions decreased after 
treatment  [  83  ] . Therefore, more data are required 
to de fi ne an adequate parameter for in fl ammatory 
activity in arteritis using FDG PET.          
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         Esophageal Cancer    

 Esophageal cancer is a leading cause of cancer 
mortality worldwide. Complete resection of 
esophageal cancer and adjacent malignant lymph 
nodes is the only potentially curative treatment. 
Accurate preoperative staging and assessment of 
therapeutic response after neoadjuvant therapy 
are crucial in determining the most suitable ther-
apy and avoiding inappropriate attempts at cura-
tive surgery. 

 The diagnosis of esophageal cancer is 
con fi rmed by endoscopy and histopathologic 
examination. The major purposes of imaging in 
esophageal cancer are to distinguish between 
locoregional and systemic disease, to assess 

response to chemotherapy or chemoradiotherapy, 
and to identify recurrence of cancer. 

 Endoscopic ultrasonography (EUS) is the best 
modality for determining the depth of tumor 
invasion and presence of regional lymph node 
involvement. Combined use of  fi ne-needle aspi-
ration and EUS can improve assessment of lymph 
node involvement. Computed tomography (CT) 
is recommended for initial imaging after 
con fi rmation of malignancy at pathologic analy-
sis, primarily to rule out unresectable or distant 
metastatic disease. Positron emission tomogra-
phy (PET) is useful for assessment of distant 
metastases but is not appropriate for detecting 
and staging primary tumors. PET may also be 
helpful in restaging after neoadjuvant therapy 
because it allows identi fi cation of early response 
to treatment and detection of interval distant 
metastases. Each imaging modality has its own 
advantages and disadvantages; therefore, CT, 
EUS, and PET should be considered complemen-
tary modalities for preoperative staging and ther-
apeutic monitoring of patients with esophageal 
cancer. 

 Fluorodeoxyglucose  ( FDG) PET adds clini-
cally useful information to the information 
already obtained by standard means (mainly CT 
and EUS) throughout the different phases of clin-
ical patient management: (1) At initial diagnosis: 
PET detects the most frequently distant lymph 
node involvement and organ metastases com-
pared with conventional diagnostics, allowing a 
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more accurate selection of the most appropriate 
treatment. (2) During chemotherapy: semiquanti-
tative FDG PET allows early identi fi cation of 
nonresponding patients. Indeed, the metabolic 
response as measured by serial FDG PET can be 
used to predict the clinical and histopathologic 
response. Moreover, the PET response seems to 
be related to overall and disease-free survival. (3) 
After treatment: FDG PET allows accurate 
assessment of the residual tumor load. (4) During 
follow-up: FDG PET allows accurate detection 
and restaging of recurrent disease  [  1  ] . 

   Staging 

 Accurate diagnosis of the extent and number of 
lymph node metastases is important for the man-
agement of patients with esophageal cancer 
because it relates to patients prognosis. The diag-
nositic accuracy and speci fi city of FDG PET for 
detection of regional lymph node metastases are 
relatively high, 82% and 90%, respectively 
(Fig.  22.1 ).  

 Depending on the applied standard of refer-
ence, the sensitivity of CT and FDG PET for 
detection of regional lymph node metastases 
are approximately 50%  [  2,   3  ] . The sensitivity of 
FDG PET and CT was not so high because of the 

existence of microscopic metastasis. Either 
intense FDG uptake in the primary lesions or 
physiologic FDG uptake in the myocardium and 
stomach may also obscure the tracer uptake in the 
metastatic lesion of adjacent lymph nodes. The 
detection of lymph node metastases, such as 
supraclavicular and infraclavicular lymph nodes 
in the border zone area between the cervical 
region and upper mediastinum, was dif fi cult 
using CT in some cases of esophageal cancer, for 
which FDG PET could help with the visual inter-
pretation of lymph node metastases on CT 
images.    A skip metastasis beyond the adjacent 
lymph node area is a characteristic phenomenon 
of metastasis from esophageal cancer. If the range 
of the  fi eld of view of CT or MRI was not 
suf fi cient to observe skip lesions, whole-body 
FDG PET would be helpful in their detection. 
FDG PET, CT, and EUS are probably equivalent 
in tumor node metastasis staging accuracy when 
used independently. 

 Metastases from esophageal cancer are fre-
quently found in the liver, lungs, and bones.  

   Monitoring Therapeutic Effect 

 Assessment of tumor response by FDG PET has 
been shown to correlate with histopathologic 
tumor regression and patient survival. 
Furthermore, quantitative measurements of tumor 
FDG uptake may predict histopathologic tumor 
response and patient outcome as early as 2 weeks 
after initiation of preoperative chemotherapy 
(Fig.  22.2 ). 

 Wieder et al.  [  4  ]  investigated the time course 
of tumor glucose utilization in patients with 
esophageal cancer undergoing preoperative 
chemoradiotherapy. They measured the standard 
uptake value (SUV) of primary lesions prior to 
beginning therapy, 2 weeks after the initiation of 
chemoradiotherapy, and immediately preopera-
tively   . Mean SUV at each point was 9.3, 5.7, and 
3.3, respectively. The decrease in tumor SUV 
from baseline to day 14 was 44% in patients 
with histopathologic response, whereas it was 
21% in patients without histopathologic response. 

  Fig. 22.1    Midesophageal cancer with lymph node metas-
tasis on a PET/CT combined image: selected transverse 
PET/CT image of the midchest shows a markedly 
increased uptake of  18 F-FDG in the esophagus ( arrows ) 
and periesophageal lymph node.  Bigger arrow and arrow-
head  in Fig.22.1       
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These results suggested that FDG PET may be 
used for early identi fi cation of nonresponding 
tumors and therapy modi fi cation.  

 Rebollo Aquirre et al.  [  5  ]  reviewed the litera-
ture analyzing the utility of FDG PET in the eval-
uation of neoadjuvant therapy response 
assessment. Ranges of sensitivity, speci fi city, 
positive predictive value, and negative predictive 
value for primary tumor response assessment 
were 27.3–93.3%, 41.7–95.2%, 70.8–93.3%, and 
71.4–93.5%, respectively, and for N restaging 
they were 16.0–67.5%, 85.7–100%, 33–100%, 
and 91.7–93.3%, respectively. This result indi-
cates that FDG PET is the promising imaging 
modality for neoadjuvant therapy response 
assessment in esophageal cancer and that pro-
spective randomized multicenter trials with stan-
dardized protocols are needed. The accuracy for 
correct identi fi cation of recurrence in esophageal 
cancer is higher for FDG PET than for CT.   

   Gastric Cancer 

 Gastric cancer is the fourth most common cancer 
worldwide with approximately 930,000 new cases 
and 700,000 deaths per year. A cure can only be 
achieved by radical resection including an ade-
quate lymphadenectomy. However, prognosis 
remains poor and cancer recurrence rates are high 
because of lymph node metastases. The main 
diagnostic tool to use for patients with suspected 
gastric cancer is an endoscope. FDG PET studies 
have been widely used in oncology  diagnosis, but 
rarely in the diagnosis of gastric cancer. One rea-
son could be that physiologic FDG uptake in the 
stomach is observed frequently and its contour of 
the tracer uptake is variable making it impossible 
to differentiate from gastric cancer  [  6  ] . The physi-
ologic gastric uptake of FDG may partly be the 
result of smooth muscle activity  [  7  ] , but the detail 
mechanism is still unknown. 

  Fig. 22.2    ( a ) Esophageal cancer ( arrow ) with right mediastinal lymph node metastasis ( arrowhead ), ( b ) improved 
esophageal cancer after radiation therapy          
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   Staging 

 Accurate assessment of lymph node status is 
important for appropriate treatment planning and 
determining prognosis in patients with gastric 
cancer. For the evaluation of lymph node metas-
tasis, CT and FDG PET studies can be used 
(Fig.  22.3 ), although the sensitivity of these 
imaging modalities are low. The low sensitivity 
of PET and CT was insuf fi cient to allow decision 
making for the extent of lymphadenectomy.  

 Although FDG PET is not an appropriate  fi rst-
line diagnostic procedure in the detection of gas-
tric cancer, and is not helpful in tumor staging, it 
may play a valuable role in the detection of distant 
metastases such as those of the liver, lungs, adre-
nal glands, ovaries, and skeleton. FDG PET may 
also be helpful in the follow-up of patients under-
going chemotherapy as it allows the identi fi cation 
of early response to treatment. Nevertheless, the 
combined use of CT and PET can be helpful in 
preoperative staging of gastric cancer and in the 
therapeutic monitoring of affected patients. 
Yoshioka et al.  [  8  ]  reported that FDG PET exhib-
ited whole lesions in 42 gastric cancer patients 
with a sensitivity of 71%, speci fi city of 74%, and 
accuracy of 73%. Uptake was high for the primary 
lesions, liver, lymph node, and lung metastases, 
but low for bone metastases, peritonitis, and pleu-
ritis carcinomatoses. 

 The diagnosis of intra-abdominal dissemina-
tion in patients with gastric cancer is important 
for determining the indication for surgical resec-
tion. Nodules in the intra-abdominal cavity can 
be seen on FDG PET images, but the differentia-
tion from physiologic intestinal FDG uptake is 
dif fi cult. This diagnostic dilemma can be resolved 
by with a combined PET/CT technique.  

   Monitoring Therapeutic Effect 

 Use of FDG PET or combined PET/CT for the 
evaluation of gastric cancer recurrence after cura-
tive resection is useful in patients with recurrent 
gastric cancer, especially when recurrence is sus-
pected in the clinical setting. 

 A multicenter study has con fi rmed the useful-
ness of FDG PET for suspected recurrent gastric 
cancer. The study evaluated 92 patients, of which 
46 patients were suspected of recurrence by other 
imaging modalities (Group A), 19 patients were 
suspected of recurrence by tumor markers (Group 
B), and 27 underwent PET evaluation without 
evidence of recurrence (Group C). Recurrence of 
gastric cancer was con fi rmed in 31 patients (67%) 
in Group A, in 11 patients (58%) in Group B, and 
in 2 patients (7%) in Group C  [  9  ] . 

 Ott et al.  [  10  ]  investigated the predictability 
of FDG PET for responder to    neoadjuvant 

  Fig. 22.3    ( a)  Gastric cancer ( arrow ),  (b)  lymph node metastasis ( arrowhead )       
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 chemotherapy in patients with gastric cancer. 
They conducted FDG PET examinations on 
patients with advanced gastric cancer at baseline 
and 14 days after initiation of cisplatinum-based 
polychemotherapy. When a reduction of tumor 
FDG uptake by more than 35% was used as a 
criterion for subsequent tumor response, the 
 positive and negative predictive values of FDG 
PET for histopathologic response were 77% and 
86%, respectively (Fig.  22.4 ).    

   Pancreatic Cancer 

 Patients with pancreatic cancer continue to have 
poor prognosis, with a 5-year survival rate of less 
than 5%. Surgery is the only treatment that offers 
a potential cure, but only 15–20% of patients are 

candidates for surgery. Although the morbidity 
and mortality of pancreas surgery has decreased 
during recent years, the long-term outcome of 
patients with pancreatic cancer remains poor. This 
poor outcome is generally attributed to a relatively 
chemotherapy-resistant disease and undetected 
metastases at the time of surgery. The preopera-
tive diagnosis of primary pancreatic adenocarci-
noma remains challenging, even for experienced 
clinicians. FDG PET is a novel imaging modality 
that takes advantage of selective FDG uptake and 
retention by malignant cells (Fig.  22.5 ).  

 FDG PET is one of the imaging modalities 
expected to improve the diagnostic accuracy for 
pancreatic tumors especially for differentiation 
between benign and malignant diseases. 
Generally, FDG PET reveals a high uptake of 
primary and metastatic lesions of pancreatic 

  Fig. 22.4    ( a)  Gastric cancer with regional lymph node 
metastases ( arrow ) and left supraclavicular lymph node 
metastasis ( arrowhead ), ( b)  improved gastric cancer after 

chemotherapy, but newly developed multiple lymph node 
metastases ( arrowheads )       
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cancer (Fig.  22.6 ), while a lower FDG uptake 
shows benign pancreatic lesions such as chronic 
pancreatitis.    Overexpression of glucose trans-
porter (GLUT) and increased permeability of 
tumor vessels contribute to increased FDG 
uptake in pancreatic cancer. GLUT-1, a subtype 
of GLUT, is especially overexpressed in pancre-
atic cancer     [  11,   12  ] .  

   Diagnosis of Primary Pancreatic Cancer 

 Because the normal pancreas has low glucose uti-
lization, the focal areas of increased FDG uptake 
in the pancreas can be easily visualized. However, 
there is a limitation on FDG PET in the differen-
tiation of pancreatic cancer from benign pancre-
atic diseases such as chronic pancreatitis and 

  Fig. 22.6    ( a)  Pancreatic cancer ( arrow ),  (b)  improved pancreatic cancer after radiation therapy    ( arrow ), but newly 
developed metastases in the liver and lung ( arrowheads )       

  Fig. 22.5    ( a)  Pancreas tail cancer ( arrow ), ( b)  lymph node metastasis ( arrowhead )       
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benign pancreatic cysts. In the case of chronic 
pancreatitis, a postin fl ammatory mass formulat-
ing pancreatitis mimics a malignant pancreatic 
disease. It is dif fi cult to have an accurate differen-
tial diagnosis between the two diseases. The util-
ity of FDG PET for differential diagnosis between 
benign and malignant disease was reported in a 
comparative study using CT  [  13–  15  ] , with the 
sensitivity and speci fi city of FDG PET ranging 
from 85% to 100%, and from 77% to 88%, respec-
tively. Overall accuracy ranged from 85% to 95%. 
Gambhir et al.  [  16  ]  reported that the weighted 
average sensitivity and speci fi city were 94% and 
90%, compared with 82% and 75% for CT, 
respectively. These diagnostic results of FDG 
PET were superior to those of CT. 

 Objective interpretation of FDG PET in oncol-
ogy is based on the semiquantitative index of 
FDG uptake in lesions (e.g., SUV). Several stud-
ies reported that the average SUV in pancreatic 
cancer was higher than that of benign pancreatic 
disease  [  13–  15  ] . A lesion with an SUV of greater 
than 5.0 is likely to be malignant, while a lesion 
with an SUV of less than 2.5 is likely to be benign. 
However, we must keep in mind that the distribu-
tion of SUVs overlaps between benign and malig-
nant lesions. A relatively lower speci fi city of 
FDG PET may be caused by the FDG uptake in 
in fl ammatory cells. 

 Early detection of pancreatic cancer is still 
dif fi cult despite the recent development of imag-
ing technology such us multi-detector CT, fast 
spin-echo MRI, and Doppler sonography. Overall 
detection sensitivity of PET and PET/CT varies 
between 90% and 95% and speci fi city from 82% 
to 100% for the diagnosis of pancreatic cancer, 
whereas for staging, sensitivity data vary from 
61% to 100% and speci fi city data from 67% to 
100%  [  17  ] . Although FDG PET can exhibit the 
biomorphologic information needed to identify 
the disease early, it is not acceptable as a screen-
ing tool for pancreatic cancer.  

   Staging 

 The identi fi cation of primary tumor extent and 
regional lymph node metastasis with FDG PET 

alone is not clinically suf fi cient because of a lack 
of spatial resolution. Physiologic intestinal FDG 
uptake and an intense FDG uptake in the primary 
lesion obscure the faint FDG uptake in the adja-
cent small lymph node lesions. The preoperative 
evaluation of resectability for pancreatic cancer 
fails to identify up to 25% of patients who are 
unfortunately found to be unresectable during 
surgical exploration. The combined imaging 
modalities of CT and FDG PET will aid in the 
interpretation of tumor extent and regional lymph 
node metastasis. PET/CT increased the sensitiv-
ity (87%) for detection of metastatic disease 
when combined with standard CT. In invasive 
cancer, PET/CT changed the management of 
11% of patients. PET/CT should be considered in 
the initial workup of patients with potentially 
resectable pancreatic lesions  [  18  ] . 

 The major advantage of FDG PET on staging 
has been its ability to identify distant metastases. 
The liver is the organ most commonly affected 
followed by the lungs and the bone marrow. FDG 
PET is useful in distinguishing metastatic hepatic 
lesions from pancreatic cancer.    The sensitivity 
for detecting hepatic metastasis is about 70%. 
Signi fi cant intrahepatic cholestasis can be a cause 
of false-positive  fi ndings. In certain cases of pan-
creatic cancer, metastatic lesions in the liver that 
are invisible with CT and MRI could be visible 
with FDG PET.  

   Monitoring Therapeutic Effect 

 FDG PET is useful for the clinical follow-up and 
diagnosis of recurrent disease in patients with 
colorectal cancer and head/neck cancer because a 
good prognosis in patients with these cancers 
requires long-term follow-up after initial treat-
ment. On the other hand, recurrent or metastatic 
lesions in patients with pancreatic cancer occur 
earlier than in patients with colorectal and head/
neck cancers. There are few reports describing 
the utility of FDG PET for the detection of recur-
rent disease in patients with pancreatic cancer. 
Ruf et al.  [  19  ]  reported that in 31 patients with 
suspected recurrent disease, 96% of local recur-
rences were detected with FDG PET compared 
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with 23% with CT or MRI. The use of FDG PET 
may be useful for the detection of recurrent 
lesions after initial surgical treatment because 
postsurgical scars, which interfere the accurate 
diagnosis of recurrent disease on CT or MRI, 
may show faint or no FDG uptake. 

 The change of tumor FDG uptake derived 
from PET imaging before and after treatment 
can be used as an index for monitoring therapeu-
tic effect. Patients with higher FDG uptake in 
pancreatic tumors tend to have a poor prognosis. 
Nakada et al.  [  20  ]  compared the survival of 37 
patients with high and low FDG SUVs using a 
mean SUV threshold of 3. In their study, high 
SUV correlated with shorter survival, and multi-
variate analysis of survival showed the SUV to 
be an independent prognostic factor in the inop-
erable group.       
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         General Considerations 

 Cancers of the liver can materialize in the paren-
chymal cells in hepatocellular cancers or from 
the intrahepatic bile ducts in cholangiocarcino-
mas, or they can metastasize from other organ 
tumors.  

   Hepatocellular Carcinoma 

 Hepatocellular carcinoma (HCC) is the most 
common cancer in the world in males, especially 
in the Far East Asian and sub-Saharan African 
countries, where the annual incidence is up to 
500 cases per 100,000 population. In the US and 
Western Europe, it is less common; however, the 

annual incidence in the US has increased from 
1.4 per 100,000 in the time period from 
1976–1980 to 2.4 per 100,000 in the time period 
from 1991–1995  [  1  ] . HCC is up to four times 
more common in men than in women. The inci-
dence peaks in the  fi fth to sixth decades of life in 
Western countries but in one to two decades ear-
lier in regions of Asia and Africa that have a 
high prevalence of HCC. The principal reason 
for the high incidence rates in parts of Asia and 
Africa is the frequency of chronic infection with 
hepatitis B or C viruses, which is an important 
risk factor. The incidence HCC is about 100-fold 
higher in individuals with evidence of hepatitis 
B virus infection than it is in noninfected con-
trols. Any agent or factor that contributes to 
chronic, low-grade liver cell damage and mito-
sis causes hepatocyte DNA to become more sus-
ceptible to genetic alterations. In addition to 
chronic viral hepatitis, alcoholic liver disease, 
 a  

1
 -antitrypsin de fi ciency, hemochromatosis, 

tyrosinemia, and a fl atoxin Bi are other risk fac-
tors for HCC. 

 Because HCC has a less speci fi c clinical appear-
ance, early diagnosis is dif fi cult. The determina-
tion of serum levels of  a -fetoprotein (AFP) and 
ultrasonography are suitable diagnostic or moni-
toring methods for patients with known risk fac-
tors. Only biopsy and histologic examination of 
suspected liver lesions can provide de fi nitive diag-
nosis and grading of HCC. Imaging procedures to 
detect liver tumors include ultrasonography, com-
puted tomography (CT), magnetic resonance 
imaging (MRI), hepatic artery  angiography, and 
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technetium scans. Ultrasonography is frequently 
used to screen high-risk populations and should be 
the  fi rst imaging modality of choice if HCC is sus-
pected; it is less costly than CT and MRI and is 
relatively sensitive, detecting most tumors larger 
than 3 cm in diameter. Helical CT and MRI scans 
with contrast agents are being used with increas-
ing frequency and show higher sensitivity. 
Percutaneous liver biopsy can be diagnostic if the 
sample is taken from the area localized by ultra-
sonography or CT. Because these tumors tend to 
be hypervascular, percutaneous biopsies should be 
performed with caution. 

 Staging of HCC is based on tumor size (<50% 
or  ³ 50% of the liver), ascites (absent or present), 
bilirubin (<3 or  ³ 3 mg/dL), and albumin (<3 or 
 ³ 3 g/dL) to establish Okuda stages I, II, or III. 
The Okuda system predicts clinical course better 
than the American Joint Cancer Committee tumor 
node metastasis classi fi cation system. The natu-
ral history of each stage without treatment is 
stage I, 8 months; stage II, 2 months; and stage 
III, less than 1 month. 

 Most patients die within 1 year of diagnosis. 
Anorexia and cachexia of malignancy are the 
most frequent causes of death. Although few 
patients have a resectable tumor because of 
underlying cirrhosis or distant metastases at the 
time of diagnosis, surgical resection offers the 
only chance for cure. Common sites of metasta-
ses are the lung, brain, bone, and adrenal gland. 
In patients at high risk for the development of 
HCC, screening programs have been initiated to 
identify small tumors at the time that they are still 
resectable. Because 20–30% of patients with 
early HCC do not have elevated levels of circulat-
ing AFP, screening using ultrasonography is 
recommended. 

 Liver transplantation can be considered as 
therapeutic option, but tumor recurrence and 
metastasis are major obstacles. Other approaches 
include hepatic artery embolization and chemo-
therapy, alcohol or radiofrequency ablation via 
ultrasound-guided percutaneous injection, and 
cryoablation. In patients with resectable tumors, 
polyprenoic acid (a retinoic acid formulation) 
and intra-arterial  131 I-labeled lipiodol have been 
reported to reduce the rate of recurrence. 

 A combined occurrence of HCC and cholang-
iocellular carcinoma has been noted. Fibrolamellar 
HCC is an important variant, and can be found in 
younger patients without liver cirrhosis.  

   Cholangiocellular Carcinoma 

 Cholangiocellular carcinoma (CCC) originates 
from the intra- or extrahepatic bile duct, with 
adenocarcinoma of the extrahepatic ducts being 
more common. There is a slight male preponder-
ance (60%), and incidence peaks in the  fi fth to 
seventh decades of life. Apparent predisposing 
factors include some chronic hepatobiliary para-
sitic infestations, congenital anomalies with 
ectactic ducts, sclerosing cholangitis and chronic 
ulcerative colitis, and occupational exposure to 
possible biliary tract carcinogens (nitrosamines, 
a fl atoxins). CCC lesions can be diffuse or nodu-
lar. Nodular lesions often arise at the bifurcation 
of the common bile duct (Klatskin tumors) and 
are usually associated with a collapsed gallblad-
der, a  fi nding that mandates cholangiography to 
view proximal hepatic ducts. 

 The diagnosis is most frequently made by 
cholangiography following ultrasound demon-
stration of dilated intrahepatic bile ducts. Any 
focal strictures of the bile ducts should be consid-
ered malignant until proved otherwise. 
Endoscopic cholangiography permits obtaining 
specimens for cytology and insertion of stents for 
biliary drainage. In some cases, survival of 1–2 
years is possible. Approximately 20% of patients 
have surgically resectable tumors, but 5-year sur-
vival is only 10–30%. The high recurrence rate 
limits the value of liver transplantation. 
Photodynamic therapy (intravenous hematopor-
phyrin with cholangioscopically delivered light) 
has been used with promising early results.  

   Metastatic Tumor 

 Metastatic tumor of the liver is common. Its size, 
high rate of blood  fl ow, double perfusion by the 
hepatic artery and portal vein, and its Kupffer cell 
 fi ltration function combine to make it the next 
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most common site of metastases after the lymph 
nodes. In the US, the incidence of metastatic car-
cinoma is at least 20 times greater than that of 
primary carcinoma. At autopsy, hepatic metasta-
sis was seen to occur in 30–50% of patients who 
died from malignant disease. Virtually all types 
of neoplasms, except those primarily in the brain, 
may metastasize to the liver. T   he most common 
primary tumors are those of the gastrointestinal 
tract, lung, and breast, as well as melanomas. 
Less common are metastases from tumors of the 
thyroid, prostate, and skin. 

 Most patients with hepatic metastases present 
with symptoms of only the primary tumor, and 
the asymptomatic hepatic involvement is discov-
ered in the course of clinical evaluation. Evidence 
of metastatic invasion of the liver in any patient 
with a primary malignancy, especially of the 
lung, gastrointestinal tract, or breast, should be 
actively sought before resection of the primary 
lesion. An elevated level of alkaline phosphatase 
or a mass apparent on ultrasound, CT, or MRI 
examination of the liver may provide a presump-
tive diagnosis. Blind percutaneous needle biopsy 
of the liver results in a positive diagnosis of met-
astatic disease in only 60–80% of cases with 
hepatomegaly and elevated alkaline phosphatase 
levels. Serial sectioning of specimens (with two 
or three repeated biopsies) or cytologic examina-
tion of biopsy smears may increase the diagnos-
tic yield by 10–15%. The yield is increased when 
biopsies are guided by ultrasonography or CT, or 
obtained during laparoscopy. 

 Most metastatic carcinomas respond poorly to 
all forms of treatment, which is usually only pal-
liative. Rarely can a single, large metastasis be 
removed surgically. Systemic chemotherapy may 
slow tumor growth and reduce symptoms, but it 
does not alter the prognosis. Chemoembolization, 
intrahepatic chemotherapy, and alcohol or radiof-
requency ablation may provide palliation.  

   Small Bowel Carcinoma 

 Small bowel carcinomas are rare, and most pri-
mary malignancies of the small bowel are of neu-
roendocrine origin. Special radiopharmaceuticals 

have been developed for positron emission 
tomography (PET) imaging of somatostatin-
receptor positive tissue because FDG PET is less 
suitable for the investigation of neuroendocrine 
tumors, and the agent being most commonly used 
for this purpose is  68 Ga-DOTATOC  [  2  ] . The small 
bowel is a potential site for metastatic carcinoma 
and sarcoma. Although sarcomas are very hetero-
geneous,  fl uorodeoxyglucose (FDG) PET can be 
used to differentiate sarcomas from benign 
tumors of the small bowel and also distinguish 
between high- and low-grade sarcomas with good 
results  [  3  ] .  

   Positron Emission Tomography 

 Although many articles have been published on 
the usefulness of FDG PET for metastatic can-
cers of the liver, only a few were reported for pri-
mary liver tumors. In 1982, Fukuda et al.  [  4  ]  
reported increased uptake of  fl uorine-18- fl uoro-
2-deoxyglucose (FDG), which is a glucose ana-
log that competes with glucose at transport sites 
on the cell membrane and in intracellular enzy-
matic pathways, in the transplantable ascitic 
hepatoma (AH109A) cells by autoradiography. 
Yonekura et al.  [  5  ]  also reported a continuous 
increase of FDG uptake in metastatic liver tumors 
from colon carcinoma compared with decrease of 
FDG uptake in normal liver tissues. In 1985, Paul 
et al.  [  6  ]  imaged HCC after FDG injection using 
the Anger camera, and Nagata et al.  [  7  ]  reported 
successful imaging of recurrent HCC and lymph 
node metastasis using dedicated whole-body 
FDG PET. The metabolism of FDG in HCC was 
described by Okazumi et al.  [  8  ]  using a dynamic 
PET scanning method and hexokinase activity 
measurement. In their study, the rate of glucose 
in fl ow from the plasma into the cells was lower 
for the tumors than that for the surrounding liver 
tissue, and the rate of phosphorylation by hexoki-
nase was signi fi cantly increased in malignant 
tumors. 

 In general, glycolysis and glucose utilization 
are increased in malignant tumors. FDG  competes 
with glucose for phosphorylation by the enzyme 
hexokinase to FDG-6-phosphate. Phosphohexose 
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isomerase, the enzyme involved in the next step 
of the glycolytic pathway, cannot act on phos-
phorylated FDG. The glucose-6-phosphatase, 
which catalyzes the dephosphorylation of FDG-
6-phosphate, is relatively scant in malignant 
cells. Thus, there is more FDG trapped in malig-
nant tumor cells than in normal cells. 

 In the normal liver, the concentration of 
 glucose-6-phosphatase is high and may clear 
FDG faster. The differences in the hexokinase/
glucose-6-phosphatase ratios and metabolic 
activity of normal and malignant liver tissue 
result in visibly increased FDG accumulation in 
HCC and metastatic tumors on FDG PET 
images. 

 Well-differentiated HCC may retain the prop-
erties of normal hepatocytes, and the enzyme 
activities of the glycolytic pathway resemble 
those of normal hepatocytes. A decrease in dif-
ferentiation increases glycolytic enzymes and 
decreases glucose-6-phosphatase levels. The 
kinetic rate constants and uptake values are 
signi fi cantly higher in poorly differentiated HCC 
compared with those with higher differentiation. 
The glucose-6-phosphatase/hexokinase ratios of 
low-grade HCC have been found to be 
signi fi cantly higher than of high-grade HCC. 
This enzyme activity can be obtained from the 
rate constants using compartment models in 
dynamic FDG PET and has proven to be useful in 
the characterization of the tumor and monitoring 
of the therapeutic effect. Tumor size, morphol-
ogy, vascularity, or lipiodol deposits do not 
in fl uence the quantitative evaluation of viability 
by glucose metabolism. 

 Okazumi et al.  [  8  ]  categorized HCC into three 
types depending on the pattern of accumulation 
60 min after FDG injection: type 1, greater tumor 
FDG accumulation compared with surrounding 
liver tissue; type 2, nearly the same degree of 
accumulation as the surrounding liver tissue; type 
3, less accumulation than the surrounding liver 
tissue. In their study of 20 patients with HCC, 
type 1 tumors were found in 11 patients (55%), 
type 2 tumors in six patients (30%), and type 3 
tumors in three patients (15%). Three patients 
with CCC and 10 patients with metastatic liver 
cancer showed greater tumor FDG accumulation 

than surrounding liver tissue (corresponding to 
type 1 HCC). 

 Torizuka et al.  [  9  ]  evaluated the metabolic 
activity of HCC after transarterial chemoembo-
lization therapy in 30 patients using the tumor-to-
nontumor standard uptake value (SUV) ratio and 
correlated it with the extent of tumor necrosis. 
They found that increased or similar FDG uptake 
(SUV ratio  ³ 0.6) suggests viable residual tumor, 
whereas decreased or absent FDG uptake (SUV 
ratio <0.6) indicates effective therapy (necrosis 
occurred in more than 90% of tumor tissue). 

 The results of these studies are important in 
understanding the pathophysiology of primary 
liver tumors, but study using dynamic FDG PET 
impractical because of its dif fi culty in perform-
ing as a common clinical study. 

 In 1998, Delbeke et al.  [  10  ]  evaluated the use-
fulness of static whole-body FDG PET in the dif-
ferentiation of benign and malignant hepatic 
lesions. Their prospective blinded-comparison 
clinical cohort study included 110 patients with 
hepatic lesions that were 1 cm or larger on screen-
ing CT. Con fi rmatory diagnosis was obtained by 
biopsy or surgery. Sixty-six liver metastases from 
adenocarcinoma and primary sarcoma and eight 
from CCC showed increased FDG uptake (SUV, 
>3.5; lesion-to-background ratio, >2), whereas 
only 16 of 23 HCCs had increased FDG uptake. 
Seven of 23 patients with HCC had poor FDG 
uptake. All 23 benign hepatic lesions, except for 
three abscesses, had poor uptake (SUV, <3.5; 
lesion-to-background ratio, <2). One of three 
abscesses had de fi nitely increased FDG uptake 
and the others had equivocal uptake. These 
 fi ndings support the results of the studies by 
Okazumi et al. and Torizuka et al. 

 Trojan et al.  [  11  ]  performed whole-body and 
regional FDG PET on 14 consecutive patients 
with HCC and compared the results with ultra-
sonography, contrast-enhanced helical CT, histo-
logic grading, p53 protein expression, and serum 
AFP level. Increased FDG uptake of seven 
patients with HCC were indistinguishable from 
surrounding normal liver tissue in the other seven 
patients.    Patients with increased FDG uptake had 
larger tumors and higher serum AFP levels than 
those with indistinguishable FDG uptake from 
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normal tissue. Seven of eight moderately or 
poorly differentiated HCCs clearly had increased 
FDG uptake, whereas none of six well-differenti-
ated HCCs were detected. The tumors in patients 
with strong p53 expression had increased FDG 
uptake. In this study, tumor size (>5 cm), differ-
entiation, and serum AFP level were major pre-
dictors of tumor visualization on FDG PET. It 
was concluded that static FDG PET was not a 
useful modality in the early diagnosis of HCC, 
but was superior to other imaging methods for 
detection of extrahepatic spread. 

 To evaluate the diagnostic usefulness of FDG 
PET, Iwata et al.  [  12  ]  used it in 48 HCCs, 5 CCCs, 
20 metastatic tumors, 2 hemangiomas, and 3 focal 
nodular hyperplasias. The SUV ratios of multiple 
HCCs were signi fi cantly higher than those of 
single HCCs. They also compared the SUV and 
SUV ratio with the Child-Turcotte classi fi cation 
score and the Cancer of the Liver Italian Program 
score. Shiomi et al.  [  13  ]  assessed the usefulness 
of FDG PET for predicting outcome in 48 patients 
with HCC. The tumor volume doubling time cor-
related signi fi cantly with SUV ratio but did not 
correlate with SUV. The cumulative survival 
rates of the patients with an SUV ratio greater 
than 1.5 were signi fi cantly lower than those of 
the patients with an SUV ratio below 1.5. On 
regression analysis using the Cox proportional 
hazards model, the SUV ratio and tumor number 
were signi fi cantly related to survival. 

 In 1999, Koyama et al.  [  14  ]  acquired PET two 
sets of images (at 1 and 2 h) after FDG injection 
in 11 patients with 18 HCCs and 4 patients with 
15 metastatic liver tumors. Tumor-to-nontumor 
ratios and tumor-to–soft-tissue ratios on 2-h 
images were signi fi cantly higher than those on 
1-h images, whereas nontumorous liver tissue-to-
soft-tissue ratios were not signi fi cantly different 
and showed no constant tendency. 

 Morikawa et al.  [  15  ]  demonstrated increased 
FDG uptake on pretreatment PET in a patient 
with HCC, decreased FDG uptake after treat-
ment, and re-increase on follow-up, which 
turned out to be a recurrence. They suggested 
that FDG PET might be useful in the evaluation 
of therapy response and recurrence monitoring 
for HCC. 

 Although many of the authors mentioned 
found that CCC usually showed increased FDG 
uptake compared with surrounding normal liver 
tissue, the number of cases was not large enough 
to analyze statistically. Kluge et al.  [  16  ]  studied 
the usefulness of FDG PET for the detection and 
staging of CCC in 26 adenocarcinomas of the bil-
iary tree, eight benign lesions of the bile ducts, 
and 20 controls. Twenty-four of 26 CCCs were 
positive, and all benign lesions as well as 18 of 20 
controls were negative. Evaluation by visual 
means and tumor-to-nontumor ratios were equally 
accurate, whereas evaluation by SUV revealed 
lower accuracy. For the detection of metastatic 
lesions of CCC, FDG PET detected 7 of 10 dis-
tant metastases and only 2 of 15 regional or hepa-
toduodenal lymph node metastases. These 
 fi ndings suggest that FDG PET can be helpful for 
the detection of distant metastasis but not for the 
detection of regional lymph node involvement in 
CCC patients. 

 Keiding et al.  [  17  ]  attempted to noninvasively 
detect CCC with FDG PET in patients with pri-
mary sclerosing cholangitis (PSC), which predis-
poses to CCC. Nine patients with PSC, six 
patients with PSC and CCC, and  fi ve controls 
were included in their study. In each of the PSC 
plus CCC patients, from two to seven hot spots 
(increased FDG uptake compared with surround-
ing liver tissue) were seen. No hot spot was seen 
in the other two groups. The net metabolic clear-
ances (from Gjedde-Patlak plotting) of FDG in 
CCCs were signi fi cantly higher than in those of 
the other two groups. Thus, FDG PET may be 
useful in the detection of CCC during follow-up 
of patients with PSC. 

 Some authors found that FDG PET was more 
accurate than CT and could obtain additional infor-
mation in detecting hepatic metastases  [  18–  20  ] . 
The reported accuracy ranged between 93% and 
98%. False-positive results can occur in marked 
intrahepatic cholestasis, abscess, and lung basal 
metastases  [  21  ] , and false-negative results can be 
achieved when the metastatic lesion is small 
(<1 cm in diameter). The usefulness or diagnostic 
accuracy of metastatic hepatic tumors is described 
in the chapters on primary tumors. Other radiop-
harmaceuticals, such as  13 N-ammonia  [  22  ]  and 
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 11 C-ethanol  [  23,   24  ] , have been tested in trials to 
detect liver tumors, but their use is not yet proved 
practical. 

 FDG PET/CT can be of de fi nite value for 
investigating indeterminate hepatic lesions. FDG 
uptake in hepatic lesions that are also detectable 
by CT is highly suggestive of malignancy. FDG 
PET/CT has also demonstrated its usefulness for 
monitoring response to local palliative treat-
ments such as thermal tumor ablation, and 
yielded better results than PET alone in the 
identi fi cation of residual or recurrent tumor fol-
lowing radiofrequency ablation  [  25  ] . PET/CT 
can further improve the detection of recurrent 
colorectal carcinoma and can increase staging 
accuracy from 78% with PET alone to 89% with 
PET/CT     [  26  ] .  

   Outlook 

 The number of studies on FDG PET in primary 
hepatobiliary tumors was too small to establish 
clear indications. This was probably a result of 
relatively low sensitivity, but FDG PET can be 
used in the differentiation of malignant hepatic 
lesions from benign lesions, prediction of prog-
nosis by noninvasive grading of differentiation, 
and the detection of distant metastases. 
Nevertheless, further studies are necessary for 
determining the exact role of FDG PET in the 
evaluation and management of patients with 
hepatobiliary tumors.      
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                 Introduction 

 Approximately 13% new cases of colorectal 
cancer are diagnosed in the US every year, and 
approximately 70% of these patients undergo a 
radical surgical resection of primary lesions, but 
only two thirds are cured. About one third of 
patients who undergo curative surgical resection 
of the primary lesion have a recurrence after the 
initial treatment  [  1  ] . After the initial surgical 
colorectal cancer resection, the accurate and 
early detection of potentially resectable meta-
static tumors localized in the liver and lung is 
important in patient management. In cases of 
rectal cancer and sigmoid colon cancer, impor-
tant also is the detection of pelvic recurrence that 
is amenable to resection with curative intent dur-
ing the course of clinical follow-up after initial 
surgical treatment     [  2  ] . Diagnosis of recurrence 
and the appropriate selection of patients for sur-
gery are dif fi cult because of the low sensitivity 
of computed tomography (CT) for early metasta-
sis. Scar formation after resection of rectal 

 cancer, which mimics local recurrence on CT 
and magnetic resonance imaging (MRI) can 
make it dif fi cult to accurately diagnose local 
recurrence. More accurate preoperative restag-
ing using  fl uorodeoxyglucose (FDG) positron 
emission tomography (PET) would reduce the 
frequency of surgery for nonresectable recur-
rence, and a more sensitive form of detecting 
tumor recurrence may increase the rate of resect-
ability at restaging.  

   Staging 

 In stage 0, abnormal cells are found in the inner-
most lining of the colon. These abnormal cells can 
become cancer and spread into nearby normal tis-
sue. Stage 0 is also called carcinoma in situ. In 
stage I, cancer has formed and spread beyond the 
innermost tissue layer of the colon wall to the 
middle layers. Stage I colon cancer is also referred 
to as Dukes A colon cancer. Stage II colon cancer 
is divided into stage IIA and stage IIB. Stage IIA: 
Cancer has spread beyond the middle tissue layers 
of the colon wall or has spread to nearby tissues 
around the colon or rectum. Stage IIB: Cancer 
has spread beyond the colon wall into nearby 
organs and/or through the peritoneum. Stage II 
colon cancer is also referred to as Dukes B colon 
cancer. Stage III colon cancer is divided into stage 
IIIA, stage IIIB, and stage IIIC. Stage IIIA: Cancer 
has spread from the innermost tissue layer of the 
colon wall to the middle layers and has spread to 
as many as three lymph nodes. Stage IIIB: Cancer 
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has spread to as many as three nearby lymph 
nodes and has spread: beyond the middle tissue 
layers of the colon wall; or to nearby tissues 
around the colon or rectum; or beyond the colon 
wall into nearby organs and/or through the perito-
neum. Stage IIIC: Cancer has spread to four or 
more nearby lymph nodes and has spread to or 
beyond the middle tissue layers of the colon wall, 
to nearby tissues around the colon or rectum, or to 
nearby organs and/or through the peritoneum. 
Stage III colon cancer is also referred to as Dukes 
C colon cancer. In stage IV, cancer may have 
spread to nearby lymph nodes and has spread to 
other parts of the body, such as the liver or lungs. 
Stage IV colon cancer is also referred to as Dukes 
D colon cancer. 

 For rectal cancer in stage 0, abnormal cells are 
found in the innermost lining of the rectum. The 
abnormal cells can become cancer and spread 
into nearby normal tissue. Stage 0 is also called 
carcinoma in situ. In stage I, cancer has formed 
and spread beyond the innermost lining of the 
rectum to the second and third layers and involves 
the inside wall of the rectum, but has not spread 
to the outer wall of the rectum or outside the rec-
tum. Stage I rectal cancer is also referred to as 
Dukes A rectal cancer. In stage II, cancer has 
spread outside the rectum to nearby tissue, but it 
has not spread into the lymph nodes (small, bean-
shaped structures found throughout the body that 
 fi lter substances in a  fl uid called lymph and help 
 fi ght infection and disease). Stage II rectal cancer 
is also referred to as Dukes B rectal cancer. In 
stage III, cancer has spread to nearby lymph 
nodes, but it has not spread to other parts of the 
body. Stage III rectal cancer is also referred to as 
Dukes C rectal cancer. In stage IV, cancer has 
spread to other parts of the body, such as the liver, 
lungs, or ovaries. Stage IV rectal cancer is also 
referred to as Dukes D rectal cancer.  

   Differential Diagnosis 
and Preoperative Staging 

 Preoperative staging with imaging modalities is 
usually limited because most patients will bene fi t 
from colectomy to prevent intestinal obstruction 

and bleeding. The extent of the disease can be 
evaluated during surgery with peritoneal explora-
tion and excision of pericolonic and mesenteric 
lymph nodes. Performing an FDG PET examina-
tion preoperatively may be helpful if the detec-
tion of distant metastases will cancel surgery in 
patients with increased surgical risk. 

 The utility of FDG PET for initial preopera-
tive staging in patients with colorectal cancer has 
not been established. Nabi et al. reported 100% 
sensitivity, 43% speci fi city, 90% positive predic-
tive value, and 100% negative predictive value 
for FDG PET in the detection of primary colorec-
tal cancer  [  3  ] . Yasuda et al. reported that 14 of 59 
patients (24%) with colorectal adenoma had pos-
itive results on FDG PET  [  4  ] . In cases of colonic 
adenoma larger than 13 mm in diameter, sensitiv-
ity was 90%. The sensitivity of FDG PET for 
lesions localized in the ascending colon, descend-
ing colon, and cecum appeared to be higher than 
that of other sites because of less motion artifact 
by  fi xation. 

 Both FDG and CT had a poor sensitivity 
(29%) for detecting local lymph node involve-
ment. FDG PET was, however, superior to CT for 
detecting hepatic metastases with a sensitivity of 
88% and speci fi city of 100%, compared with 
38% and 97%, respectively, for CT  [  3  ] . These 
data were con fi rmed in the studies by Mukai et al. 
and Kantorova et al.  [  6  ]  who reported that FDG 
PET changed the treatment modality in 8% of 
patients and the extent of surgery in 13%.5, 6 

 Using PET/CT for staging caused a change in 
stage to occur in 26 patients (31%) as opposed to 
conventional imaging .    Twelve patients (14%) 
were upstaged (change in N stage, 7; change in M 
stage, 4; change in N and M stages, 1), and 14 
patients (17%) were downstaged (change in N 
stage, 10; change in M stage, 3; change in N and 
M stages, 1). Using PET/CT altered management 
intent in seven patients (8%) (curative to pallia-
tive, 6; palliative to curative, 1). Management 
was altered in ten patients (12%)  [  7  ] . Accuracy of 
PET/CT was evaluated as a lesion-based analy-
sis. PET/CT detected 15 more intra-abdominal 
metastatic lesions than abdominopelvic CT (liver, 
5; peritoneal seeding, 3; lateral pelvic node, 2; 
para-aortic node, 1; spleen, 1; synchronous  cancer 
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in stomach, 1; synchronous lesion in colon, 1). 
The sensitivity of FDG PET for the diagnosis of 
primary lesions and local lymph node metastases 
at initial diagnosis and initial preoperative stag-
ing is of limited clinical importance. Relative to 
PET alone, PET/CT has been reported to improve 
colorectal carcinoma staging up to 11%  [  8  ] . PET/
CT images can detect more lesions than PET or 
CT; however, this would only be clinically rele-
vant if the additional lesions change the tumor 
node metastasis system stage and cause change 
in patient management to occur. Although only a 
few studies have evaluated the performance of 
[18F]-FDG PET during the initial staging of col-
orectal carcinoma  [  6,   9  ] , it is possible to hypoth-
esize that PET/CT can be more effective in 
primary colorectal carcinoma because it provides 
both functional and anatomic data.  

   Diagnosis of Recurrence 

 Overall sensitivity of FDG PET imaging is in the 
range of 90% and speci fi city is higher than 70%, 
both superior to CT in detecting recurrent or met-
astatic colorectal carcinoma (Fig.  24.1 ). A meta-
analysis of 11 clinical reports and 577 patients 
determined that the sensitivity and speci fi city of 
FDG PET for detecting recurrent colorectal can-
cer were 97% and 76%, respectively  [  10  ] . The 
accuracy, sensitivity, and speci fi city of FDG PET 
for the detection of local recurrent tumors were 
greater than 90%  [  10  ] . Ito et al. compared  fi ndings 
of FDG PET and MRI with histopathologic 
 fi ndings, and found that FDG PET could differ-
entiate a scar from local recurrent tumor  [  11  ] . 
False-negative results on T2-weighted images on 
which the lesion is not shown as a high intense 
area, may be a result of the pathologic character-
istic of recurrence as  fi brotic changes with less 
tumor cell density. Abouzied et al. assessed the 
usefulness of FDG PET in 79 patients, including 
55 colorectal patients with rising tumor markers 
and negative or inconclusive conventional imag-
ing modalities, and FDG PET was able to eluci-
date the lesion responsible for the rising tumor 
markers in 59 of 79 patients (75%), and to guide 
appropriate patient management  [  12  ] .   

 Flangen et al. reported the use of FDG PET in 
22 patients with unexplained elevation of serum 
carcinoembryonic antigen    (CEA) level after 
resection of colorectal carcinoma, and no abnor-
mal  fi ndings on conventional workup, including 
CT  [  13  ] . Sensitivity and speci fi city of FDG PET 
for tumor recurrence were 100% and 71%, 
respectively. Valk et al. reported a sensitivity of 
93% and a speci fi city of 92% in a similar group 
of 18 patients  [  14  ] . In both studies, PET correctly 
determined tumor in two thirds of patients with 
rising CEA levels and negative CT scans. 

 Direct comparison of CT and FDG PET in a 
total of 306 patients showed overall sensitivity 
of 95% for FDG PET and 66% for CT for all 
sites of recurrence     [  10–  13  ] . Sensitivity for detec-
tion of hepatic    recurrence was 95% and 83% for 
PET and CT, respectively, and for pelvic recur-
rence, 97% and 63%, respectively. FDG PET 
seems to be a more sensitive imaging modality 
than CT, especially in the abdomen and pelvis 
where approximately one third of the sites that 
were true positive using FDG PET were false 
negative using CT. Other studies have compared 
the accuracy of FDG PET and CT for detection 
of hepatic metastases [  14–  18  ] . Overall, FDG 
PET was more accurate than CT. A meta-analy-
sis performed to compare noninvasive imaging 
methods (sonography, CT, MRI, and FDG PET) 
for the detection of hepatic metastases from col-
orectal, gastric, and esophageal cancers demon-
strated that at an equivalent speci fi city of 85%, 
FDG PET had the highest sensitivity at 90% 
compared with 76% for MRI, 72% for CT, and 
55% for sonography  [  19  ] . 

 Delbeke et al. [    17  ]  compared PET and con-
ventional CT to CT portography, which is more 
invasive than conventional CT and FDG PET. 
Diagnostic accuracy for hepatic recurrence of 
FDG PET was more accurate than CT or CT por-
tography (92%, 78%, and 80%, respectively). 
The sensitivity of CT portography for hepatic 
recurrence was higher than that of FDG PET 
(97% vs. 91%), but FDG PET had a much higher 
speci fi city for hepatic recurrence  [  17  ] . In a recent 
prospective study on the clinical impact of  18 F-
FDG in patients with suspected recurrence of 
colorectal cancer  [  17  ] , the management plan for 
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54 of 102 patients (53%) was altered as a direct 
result of unexpected PET  fi ndings, and planned 
surgery was canceled in 26 of 43 patients (60%) 
with incremental PET  fi ndings. 

 In a meta-analysis of the literature, FDG PET 
imaging changed the management of 102 of 349 
patients (29%)  [  12  ] . FDG PET imaging detects 
unsuspected metastases in 13–36% of patients 

and has a clinical impact on 14–65%  [  12  ] . In the 
study by Delbeke et al., because of PET  fi ndings, 
surgical management was altered in 28% of 
patients (one third by initiating surgery, two 
thirds by avoiding surgery)  [  17  ] . In a survey-
based study of 60 referring oncologists, sur-
geons, and generalists, FDG PET performed at 
initial staging had a major impact on the 

  Fig. 24.1    ( a – d)  A 55-year-old woman with previously 
treated colon carcinoma. Whole-body PET maximum-
intensity-projection (MIP)    image reveals multiple 
abnormal uptake including the left supraclavicular 

node and suprahepatic lesion ( a ). Co-registered PET/
CT reveals mislegistration    of intrahepatic metastasis 
that was described as suprahepatic lesion on MIP 
image ( b – d )       
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 management of patients with colorectal cancer 
and contributed to a change of clinical stage in 
42% (80% upstaged, 20% down-staged) and a 
change in the clinical management in over 60% 
of patients  [  20–  27  ] . 

 The results of PET/CT had an impact on the 
management of 28 of 204 patients (14%); 7 of 28 
patients with a change in treatment management 
had colorectal cancer representing 20% of 
patients (8 of 34) with gastrointestinal tumors 
 [  28  ] . Selzner et al. compared contrast-enhanced 
CT and noncontrast-enhanced PET/CT in 76 
patients referred for restaging prior to resection 
of hepatic metastases  [  29  ] . For detection of 
hepatic metastases, contrast-enhanced CT and 
noncontrast-enhanced PET/CT had similar sensi-
tivities of 95% and 91%, respectively. However, 
for the evaluation of patients with a prior hepatic 
resection, PET/CT had a superior speci fi city of 100% 
compared with 50% for contrast-enhanced CT. 

For local recurrence, PET/CT had a superior sen-
sitivity of 93% compared with 53% for contrast-
enhanced CT. A similar conclusion was reached 
for extrahepatic metastases with a sensitivity of 
89% for PET/CT compared with 64% for con-
trast-enhanced CT. PET/CT had an impact on the 
management of 21% of patients. False-negative 
PET/CT results were seen for small lesions    less 
than 5 mm and in some patients who had under-
gone chemotherapy in the month prior to PET/
CT. Another study reported that recurrence and/
or metastasis were con fi rmed in 56 of 68 patients 
during clinical follow-up after PET/CT imaging. 
The sensitivity of PET/CT diagnosis of colorec-
tal cancer recurrence and/or metastasis was 
94.6%, and the speci fi city was 83.3% (Fig.  24.2 ). 
The positive predictive value was 96.4% and the 
negative predictive value was 76.9%. PET/CT 
imaging detected one or more occult malignant 
lesions in eight cases where abdominal/pelvic CT 

     Fig. 24.2    Coronal  18 F-FDG PET/CT image ( top ) of the 
axial body shows a focal area of moderately increased 
activity in the rectum ( arrow ). Axial PET image ( left 
lower ) of the pelvis shows a focal area of slightly increased 

activity in the rectum ( arrow ). Noncontrasted CT image 
( right lower ) of the pelvis at the same level shows a thick-
ening of the rectal wall after radiation therapy. Biopsy 
showed a recurrent rectal cancer       
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and/or ultrasonography showed negative  fi ndings, 
and also detected more lesions than CT or ultra-
sonography did in 17 of 56 patients (30.4%). 
Recurrence and/or metastasis were detected in 22 
of 24 cases (91.7%) with elevated serum CEA 
levels isomg FDG PET/CT imaging  [  30  ] . The 
major bene fi t of using FDG PET (PET/CT) may 
be avoiding inappropriate local therapies by doc-
umentation of widespread disease (Fig.  24.1 ).     

   Monitoring Therapy of Colorectal 
Carcinoma 

 Only a few studies have reported on the issue of 
PET criteria for de fi ning response to treatment in 
comparison with clinical and pathologic response 
criteria. The speci fi city of PET/CT in the detec-
tion of neoadjuvant response has generally 
ranged between 70% and 80%, which is much 
higher than the performance of any other imag-
ing modality  [  31  ] . 

 Findlay et al. reported that responders could be 
discriminated from nonresponders after 4–5 weeks 
of chemotherapy by measuring FDG uptake before 
and during therapy  [  32  ] . Guillem et al. demon-
strated that FDG PET imaging performed before 
and 4–5 weeks after completion of preoperative 
radiation, and 5- fl uorouracil- based chemotherapy 
had the potential to assess pathologic response 
 [  33  ] . It was subsequently demonstrated that FDG 
PET imaging could predict long-term outcome 
after a median follow-up of 42 months  [  34  ] . The 
mean percentage decrease in SUV 

max
  was 69% for 

patients free of recurrence and 37% for patients 
with recurrence. Currently, FDG PET/CT appears 
to be the best diagnostic tool for predicting the 
response to neoadjuvant chemoradiation    therapy 
in locally advanced rectal cancer.  

   Conclusion 

 PET/CT has a signi fi cant impact on the manage-
ment of patients with primary colorectal cancer. 
PET/CT speci fi city in the detection of neoadju-
vant response is much better than that of any 
other imaging modality. Further evaluation is 

required to assess the impact of PET/CT on the 
outcome of patients with colorectal cancer and to 
explore the additional prognostic information 
that can be obtained by functional imaging.      
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 Positron emission tomography (PET) is a unique 
imaging modality with the capability of studying 
regional metabolism.  18 F- fl uoro-deoxyglucose 
(FDG) is the most widely used tracer in the  fi eld 
of PET oncology. The clinical utility of oncology 
PET using FDG has been proven in the staging 
and restaging of malignant tumors such as those 
in the head/neck, lung, breast, and colorectal can-
cers, as well as malignant lymphoma and mela-
noma. In the  fi eld of urology, FDG PET has been 
evaluated for relevant malignancies with promis-
ing results in certain areas and disappointing 
results in others. At present, FDG PET is capable 
of visualizing urologic tumors and associated 
lymph nodes and distal metastatic sites. However, 

its use is severely limited by excretion of the most 
commonly used radioisotope via the urinary tract, 
making pelvic imaging particularly unrewarding. 
 11 C-choline, up-regulated in malignant cells, has 
shown potential usefulness in brain, prostate, and 
esophageal cancers with enhanced synthesis of 
membrane phospholipids. This chapter discusses 
the clinical usefulness of oncology PET in the 
 fi eld of urology, including renal cell, urinary 
bladder, and prostate cancer, as well as testicular 
tumors. 

   Renal Cell Carcinoma 

 Renal cell cancers are responsible for 3% of all 
malignant tumors in adults, and males predomi-
nate in a 2:1 ratio. Clear cell type is the most com-
mon, accounting for 70–80%, with papillary 
(chromophilic, 10–15%), chromophobic (5–10%), 
and medullary (<1%) carcinomas accounting for 
much less. Approximately 5% of renal cell can-
cers develop a local recurrence in the tumor bed. 
The staging of renal cell cancer is based on the 
tumor node metastasis (TNM) classi fi cation 
(Table  25.1 ).  

 Few studies have to date reported on the imag-
ing of renal cell carcinoma with PET or PET/CT. 
Most reports have dealt with the use of FDG, and 
other tracers such as  18 F-DOPA have become an 
object of clinical research. FDG accumulates with 
some cases of renal cell carcinoma. The accuracy 
of FDG PET for staging and management of renal 
cell carcinoma was reviewed by Khandani et al. 
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 [  1  ] , who addressed the utility of FDG-PET in the 
detection of primary and metastatic lesion of RCC 
comparing with CT. In regard to the diagnostic 
accuracy of FDG PET for restaging of renal cell 
carcinoma, Safei et al.  [  2  ]  found that FDG PET 
classi fi ed the clinical stage correctly in 32 of 36 
patients with advanced renal cell carcinoma (89%) 
and was incorrect for 4 patients (11%). The sensi-
tivity and speci fi city of FDG PET were 87% and 
100%, respectively. In 25 biopsied lesions with 20 
malignant lesions and  fi ve benign lesions, PET 
correctly classi fi ed 21 of 25 (84%) (sensitivity, 
88% ; speci fi city, 75%). Poggi et al.  [  3  ]  reported a 
case of a minimally symptomatic intramedullary 
spinal cord metastasis, an uncommon and often 
diagnostically challenging lesion, which was 
con fi rmed by PET. 

 As mentioned above, FDG PET can be useful 
in characterizing anatomic lesions of unknown 
signi fi cance in patients with renal cell carci-
noma. However, we need clinical results of larger 

patient numbers to establish the clinical utility of 
FDG PET in staging and restaging renal cell 
carcinoma. 

  11 C-acetate, as a metabolic substrate of beta-
oxidation and a precursor of amino acid, fatty acid 
and sterol, has proved useful in detecting various 
malignancies. High-quality whole-body images 
could be obtained by using large doses (20 mCi) 
of  11 C-acetate. PET with  11 C-acetate can detect 
renal cell cancer. The advantages of  11 C-acetate 
are that it is less time consuming (the whole pro-
cedure can be completed within 45 min after 
injection), and it has no hyperglycemic effect and 
no sink phenomenon due to the high accumula-
tion of radioactive tracer in the urinary tract. The 
disadvantages are increased uptake in the salivary 
glands, pancreas, and sometimes the bowels, 
which may cause either false-positive or false-
negative results, and it is dependent on an on-site 
cyclotron.  

   Ureter Cancer 

 The primary lesions of urinary tract cancer can-
not be clearly found using FDG PET because of 
the urinary excretion of radioactivity in the uri-
nary tract. However, recurrent or advanced cases 
of ureter cancer are detected by FDG PET. The 
clinical usefulness of FDG PET in detecting ure-
ter cancer has not been established.  

   Urinary Bladder Cancer 

 Bladder cancer accounts for 3% of all malignant 
tumors, and males are affected two to three times 
as often as are females. Approximately 95% of 
bladder cancers are urothelial carcinomas, and 
less common types are squamous cell carcinoma 
(<5%) and adenocarcinoma (<1%). Irrespective 
of the staging level being addressed, the available 
techniques uniformly have limitations, as well as 
advantages and disadvantages. A common short-
coming of computed tomography (CT) and 
 magnetic resonance imaging (MRI) is a lack of 
speci fi city. The speci fi city of conventional 
 imaging techniques is further compromised by 

   Table 25.1    TNM classi fi cation and American Joint 
Committee on Cancer    staging of renal cell cancer (revised 
in 2010)   

  T stage  
 T0  No tumor 
 T1  <7 cm and limited to kidney 

 1a: <4 cm; 1b: 4–7 cm 
 T2  >7 cm and limited to kidney ; 2a: 7-10 

cm; 2b: >10 cm 
 T3  Invasion of major veins, adrenal or 

perirenal fat within Gerota fascia; 3a: 
renal vein or perirenal fat; 3b: adrenal(s) 
or inferior vena cava    below diaphragm; 
3c: inferior vena cava    above diaphragm 

 T4  Beyond Gerota fascia (including 
contiguous extension into the ipsilateral 
adrenal gland) 

  N stage  
 N0  No regional node metastasis 
 N1  Regional node(s) 
  M stage  
 M0  No distant metastasis 
 M1  Distant metastasis 
  AJCC stage  
 Stage I  T1, N0, M0 
 II  T2, N0, M0 
 III  T3, N0, or T1-3, N1, M0 
 IV  T4, N2 or M1 
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attempts to increase sensitivity. As long as 
nonspeci fi c anatomic changes are used as dis-
criminating criteria, increases in diagnostic sen-
sitivity can occur at the price of speci fi city. 

 Few data are available on FDG PET imaging of 
bladder cancer as a result of physiologic excretion 
of FDG via the bladder. It is hoped that advances 
in PET imaging will overcome the limitations of 
the currently available techniques. The signi fi cance 
of the limitations of a given imaging modality 
depends to some degree on whether the modality 
is being used for clinical decision making or for 
patient strati fi cation in a clinical trial  [  4  ] . 

 The detection of primary lesions of urinary 
bladder cancer is dif fi cult because it is hampered 
by the urinary excretion of administered radiop-
harmaceuticals. From the viewpoint of pharma-
cokinetics of radiopharmaceuticals,  11 C-methionine 
or  11 C-choline is available for detecting primary 
bladder tumor. It is possible to visualize urinary 
bladder tumors larger than 1 cm in diameter with 
PET using  11 C-methionine, but the value of the 
method in the staging of the lesions is not superior 
to conventional methods  [  5  ] . 

 Lymph node staging with FDG PET in patients 
with urinary bladder cancer is valuable in uro-
logic oncology. Heicappell et al.  [  6  ]  used FDG 
PET on eight patients with bladder cancer before 
pelvic lymph node dissection. The results of FDG 
PET were then compared with the histology of 
pelvic lymph nodes obtained at surgery. Lymph 
node metastases were detected by histopatho-
logic examination in three patients with bladder 
cancer. At the sites with histologically proven 
metastases, increased FDG uptake suspicious of 
metastatic disease was found in two of three 
patients. These results suggest that FDG PET 
may be a valuable diagnostic tool in the staging 
of pelvic lymph nodes in bladder cancer.  

   Prostate Cancer 

 The prostate, seminal vesicles, and Cowper bul-
bourethral glands make up the accessory sex glands 
in the male and are extraperitoneally embedded in 
vascular connective tissue of the subperitoneal 
space. The base of the prostate abuts the bladder 

neck and encircles the urethra. The Denonvillier 
fascia lies between the anterior surface of the 
 rectum and the posterior surface of the prostate. 
The prostate has a volume of approximately 
4.5 × 4 × 3 cm and has three zones (inner periure-
thral, estrogen-dependent transitional, and 
 testosterone-dependent outer zones). Prostate can-
cer is the most frequent cancer diagnosed in males 
and the second leading cause of male death from 
cancer. The diagnosis is based on palpable  fi ndings, 
prostate-speci fi c antigen    (organ but not tumor 
speci fi c) values, endorectal ultrasound, and is 
con fi rmed by transrectal segmental biopsy. Reasons 
for referral imaging include tumor visualization 
and assessment of tumor extent. Tumor staging is 
based on the TNM classi fi cation (Table  25.2 ). 
Prostate cancer poses a diagnostic dilemma in 
regard to FDG PET for the detection of primary 
lesions, which may be blocked by the crosstalk 
from eliminated radioactivity in the urinary blad-
der. The detectability of FDG PET for metastatic 
bone lesions, which are common in prostate can-
cer, is inferior to that of a conventional bone scan.  

 PET with  11 C-choline and  11 C-acetate can be 
started at 5–10 min postinjection. Because there 

   Table 25.2    TNM classi fi cation of prostate cancer   

  T stage  
 Tx  Cannot be assessed 
 T0  No tumor 
 T1  Not palpable or visible 

 1a: histologic tumor <5% tissue; 1b: >5%; 1c: 
tumor by systemic needle biopsy 

 T2  Within prostate 
 2a: < one half of one lobe; 2b: > one half of 
one lobe; 2c: both lobes 

 T3  Extend through capsule 
 3a: peristaltic issue or microscopic invasion of 
the bladder neck; 3b: seminal vesicles 

 T4  Invasion of bladder neck, pelvic muscles, 
rectum, or pelvic wall 

  N stage  
 Nx  Cannot be assessed 
 N0  No regional node metastasis 
 N1  Metastasis in external (obturator), internal or 

presacral node 
  M stage  
 M0  No distant metastasis 
 M1  Distant metastasis 
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is no elimination of the tracer in the urinary 
bladder during image data acquisition, the 
uptake of tracer in the prostate gland can be 
easily visualized.  11 C-choline is a metabolic 
tracer of phospholipids on the cell membrane; 
turnover is accelerated in the presence of cell 
proliferation, such as cancer cells  [  7  ] . The 
uptake of  11 C-choline in prostate cancer is 
higher than that of prostate hypertrophy  [  8  ] , but 
there is some overlap between the tracer uptake 
in prostate cancer and that in benign disease. 
PET with  11 C-choline is also effective in detect-
ing the metastatic lesions in intrapelvic lymph 
nodes  [  9  ] . However, in some cases, intestinal 
elimination of  11 C-choline restricts the detec-
tion of metastatic lesions in intrapelvic and 
intra-abdominal lymph nodes. Preliminary PET 
studies on patients with recurrent prostate can-
cer revealed uptake of  18 F- fl uorocholine in the 
prostatic bed and also in metastatic lymph 
nodes  [  10  ] . Recently, hybrid PET/MRI has been 
developed and it is suggested that it may further 
improve identi fi cation and localization of 
signi fi cant primary prostate cancer  [  11  ] . In 
addition, application of newly developed 18F-
FACBC is reported to have promising ability to 
detect primary and metastatic lesion of prostate 
cancer  [  12  ]   

   Testicular Cancer 

 Testicular cancer is a rare disease, representing 
only 1% of all cancers in males and is the most 
common cancer in the age group between 20 and 
40 years; 40–50% of testicular tumors are semi-
noma and 50% are nonseminomatous cancers. 

 There is substantial uptake of FDG into the 
normal testis, which declines with age. The nor-
mal levels of FDG uptake in the testis relative to 
patient age should be considered in the interpre-
tation of FDG scans of the inguinal and lower 
pelvic regions  [  13  ] . 

 In restaging, a negative FDG PET result pre-
dicts  fi brotic residual mass in seminomatous 
germ cell tumors. Moreover, it could be useful 
in predicting  fi brotic residual mass in semi-
nomatous germ cell tumors in those patients 

with no teratoma component in their primary 
tumor  [  14  ] . FDG PET is a clinically useful pre-
dictor of a viable tumor in postchemotherapy 
residuals of pure seminoma, especially those 
greater than 3 cm  [  15  ] . FDG PET is superior to 
CT for the assessment of residual tumors after 
chemotherapy of germ cell cancer and may thus 
have an increased effect on patient management. 
PET must be performed at least 2 weeks follow-
ing completion of therapy. However, the possi-
bility of false-positive PET  fi ndings as a result 
of reactive supradiaphragmatic in fl ammatory 
processes early after chemotherapy must be 
considered  [  16,   17  ] .  

   Conclusion 

 FDG is the most commonly used PET radiophar-
maceutical in assessing malignant tumors. 
However, urinary tract tumor assessment is 
restricted by the renal elimination of FDG. PET 
imaging using FDG offers no signi fi cant bene fi ts 
over conventional imaging modalities for renal 
cell and bladder carcinomas. As a result of the 
low metabolic activity of prostate cancer, FDG 
PET does not differentiate adequately between 
adenoma and carcinoma, or detect local recur-
rence after radical prostatectomy with suf fi cient 
sensitivity. 

 PET using  11 C-choline and  11 C-acetate enables 
us to obtain pelvic images without radioactivity 
of eliminated tracer in the urinary tract. We can 
identify the radioactivity of primary lesions in 
the urinary bladder and prostate. Lymph node 
staging with FDG PET, speci fi cally in bladder 
cancer, has been shown to have a potential clini-
cal bene fi t. Further studies are required to deter-
mine the clinical value of retroperitoneal lymph 
node staging and recurrent disease detection in 
germ cell tumors. Encouraging early results have 
been obtained for the use of serial PET measure-
ments to predict and assess therapy response to 
chemotherapy, which can also be valuable in 
urologic oncology. PET undoubtedly is capable 
of diagnosing malignancy in soft-tissue masses 
or lymph nodes before such changes become 
apparent on conventional cross-sectional imag-
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ing modalities (CT or MRI). Future  accumulation 
of large studies related with PET/MRI and new 
PET tracer will enhance the development of clin-
ical application of PET in the  fi eld of urology.      
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         Introduction 

 Gynecologic cancers constitute approximately 
20% of visceral cancers in women and are divided 
into three major types: ovarian, cervical, and 
endometrial cancers. The majority of gyneco-
logic cancers require surgical removal, along 
with adjuvant radiotherapy or chemotherapy. The 
therapeutic option varies with the type and stage 
of cancer. Therefore, accurate staging is neces-
sary for optimal treatment. 

 A variety of radiographic techniques are used 
for evaluating patients with suspected or diag-
nosed gynecologic malignancies. Unfortunately, 
morphologic imaging techniques are not optimal 
for diagnosis, staging, or identifying recurrent 
disease, when a speci fi c tumor marker, such as 
serum CA-125, can hold some value for tracking 
status and heralding recurrence during postopera-
tive patient management  [  1,   2  ] . 

 The advent of positron emission tomography 
(PET) enables us to metabolically detect active 
gynecologic cancers with greater accuracy than 
anatomic imaging techniques. Furthermore, PET is 
more sensitive for the presence of active cancer than 
that determined by tumor markers, which, at pres-
ent, are generally available     [  3  ] . Currently, most PET 
systems are installed as combined PET/computed 
tomography (CT) scanners that provide combined 
PET and CT images with acceptable precision. 
Anatomic information obtained from CT increases 
the usefulness of PET because the abdominopelvic 
cavity has complex spatial structures. As for other 
tumors,  fl uorine-18- fl uorodeoxyglucose ( 18 F-FDG) 
is the most commonly used PET agent in gyneco-
logic oncology today.  

   Ovarian Cancer 

 Ovarian carcinoma is the leading cause of death 
among women with gynecologic malignancies. 
There were 25,400 new reported cases of ovarian 
cancer, with 14,300 deaths attributed to this dis-
ease in the US in 1999     [  4  ] . 
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 Most ovarian tumors are  fi rst discovered when 
they are already in the advanced stage. Imaging 
techniques are relied on to identify the location of 
suspected lesions and to provide optimal treat-
ment in the hope of reducing mortality. Ovarian 
cancer commonly seeds the peritoneal surfaces 
of the abdomen and pelvis and is often seen on 
the serosal and mesenteric surfaces of the large 
and small intestine, as well as the liver surface. 
The right and left hemidiaphragms are also com-
mon metastatic sites. Ovarian cancer recurs quite 
frequent despite successful implementation of 
cytoreductive surgery and chemotherapy, and 
20–30% of early ovarian cancer and 50–75% of 
advanced ovarian cancer recurs although initial 
complete remission has taken place. Thus, exact 
diagnosis and early detection of recurrence are 
crucial to patient management. Ovarian cancer 
also has the potential to spread through the lym-
phatic vessels and commonly involves para-aortic 
lymph nodes without affecting the pelvic nodes. 
Ovarian cancer rarely metastasizes via the blood 
to the liver parenchyma, lungs, bones, or brain. 

 Although the disease usually spreads trans-
peritoneally as tumor implant accompanying 
ascites, some tumor seedings are often not visible 
by conventional techniques such as sonography, 
CT, and MRI. The clinical requirements for PET 
imaging in patients with ovarian cancer are pre-
operative diagnosis and staging and differentia-
tion between metastases and nonmalignant 
pathologic conditions. For pretreatment staging, 
FDG PET could be helpful in a limited patient 
group possessing high risks of ovarian cancer. 
Because it was recently discovered that PET/CT 
could provide additional anatomic information, 
PET/CT is expected to be used more for pretreat-
ment staging than PET alone.    In addition to stag-
ing, FDG PET could be useful for patients with a 
high suspicion of recurrence (i.e., rise of CA-125), 
especially in cases where conventional imaging 
techniques present no evidence of disease. FDG 
PET provides critical information for treatment 
planning such as recurrence site or pattern. FDG 
PET can evaluate treatment response early and 
show a close relationship with overall survival, 
although this has not been yet been determined 
using large scale clinical trials. 

   Differential Diagnosis of Adnexal Mass 
and Preoperative Evaluation 

 Although the CA-125 tumor marker is elevated 
in the majority of patients with advanced ovarian 
cancer, an established screening procedure for 
early detection of ovarian cancer is not yet avail-
able. A mass lesion of the ovary is usually 
detected during gynecologic examination, 
whereas imaging methods are necessary for eval-
uating the tumor status and spread. Chou et al.  [  5  ]  
reported a quite high diagnostic accuracy of about 
90% for transvaginal color Doppler sonography, 
whereas the diagnostic roles of other imaging 
modalities have not been fully investigated. Grab 
et al.  [  6  ]  compared diagnostic accuracy of sonog-
raphy, MRI, and PET in the evaluation of adnexal 
masses. In a series with 101 patients, sonographic 
examination resulted in correct classi fi cation of 
11 of 12 ovarian malignancies (sensitivity, 92%) 
but with a speci fi city of only 60%. With MRI and 
PET, speci fi cities improved to 84% and 80% 
respectively, but sensitivities decreased. When all 
imaging modalities were combined, sensitivity 
and speci fi city were 92% and 85%, respectively, 
and accuracy was 86%. The combination of 
sonography with MRI and PET may improve 
accuracy in the differentiation of benign from 
malignant ovarian lesions. However, MRI, CT, 
and FDG PET have not been fully investigated in 
their role in the initial workup of all ovarian 
tumors. A study reported that ultrasonography, 
PET, and MRI were not helpful in selected 
women after the diagnosis of ovarian cancer [ 7  ] . 
However, Ju and Kim [    8  ]  reported that FDG PET/
CT could be helpful in selected patients with 
clinically high suspicion of ovarian malignancy. 
They enrolled 101 patients according to CA-125 
level, sonography  fi nding, and menstrual status. 
In those patients, the sensitivity and speci fi city 
for ovarian cancer were 100% and 92.5%, respec-
tively. FDG PET appeared to be more helpful in 
the differential diagnosis of solid ovarian mass 
rather than cystic ovarian mass. 

 The values and limitations of FDG PET in the 
diagnosis of suspected primary ovarian cancer 
have recently been detailed. It has been reported 
that most ovarian carcinomas show an increased 
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FDG uptake, whereas the borderline ovarian 
tumor shows mild FDG accumulation, which 
indicates the modest nature of borderline ovarian 
tumor  [  8  ] . Borderline ovarian tumor is one of the 
most important clinical disease entities, and prog-
nosis is better than for other ovarian malignancy, 
although it might require laparotomy and surgi-
cal staging for diagnosis. However, low glucose 
metabolism of borderline tumors or early-stage 
ovarian cancers, together with high FDG uptake 
in in fl ammatory lesions, diminishes the sensitiv-
ity and speci fi city of FDG PET for the diagnosis 
of primary ovarian cancer  [  6  ] . 

 Immunoscintigraphy has been thought to be 
the most speci fi c imaging technique, however, it 
has not been accepted as a routine method for 
imaging. Krag  [  9  ]  reported that in patients with 
ovarian cancer, immunoscinitigraphy had a sen-
sitivity and speci fi city of 69% and 57%, respec-
tively, for CT, 44% and 79%, respectively.  

   Preoperative Evaluation of Patients 
With a Pelvic Mass 

 The  fi rst report on FDG accumulation in ovarian 
cancer was by Hubner et al.  [  10  ] . They found a 
sensitivity of 93% and a speci fi city of 82% for 
assessing previous tumors. In the preoperative 
evaluation of patients with a pelvic mass, PET 
has been reported to have positive and negative 
predictive values (NPV) of 86% and 76%, respec-
tively, for malignancy. Zimny et al.  [  11  ]  evalu-
ated FDG PET in 26 patients suspected of having 
ovarian cancer. Quantitative analysis revealed a 
mean standardized uptake value (SUV) of 
6.8 ± 2.3 in primary ovarian carcinoma compared 
with 2.6 ± 1.2 in benign masses. The sensitivity, 
speci fi city, and diagnostic accuracy were 88%, 
80%, and 85%, respectively. 

 FDG accumulation from an in fl ammatory 
lesion could cause additional issues in ovarian 
cancer, such as in other cancers.    Schroder et al. 
 [  12  ]  Reported on the preoperative detectability of 
FDG PET in ovarian carcinoma. With regard to 
metabolic differentiation of primary ovarian 
tumors, 24 of 28 the cases (85.8%) were correctly 
diagnosed using PET. The only false-positive 

 fi ndings resulted from an in fl ammatory adnexal 
mass, which illustrates the limitation of PET in 
distinguishing malignant from in fl ammatory pro-
cesses (also showing an increased glucose metab-
olism). Römer et al.  [  13  ]  conducted a study 
comprising 24 patients, four of 19 with a primary 
ovarian mass who had an in fl ammatory adnexal 
process, and showed an increased FDG uptake in 
all cases. Because of this fact, in their study, FDG 
PET showed a speci fi city of only 54%, whereas 
the sensitivity was 83%. Quantitative analysis of 
SUV, as recommended by the interdisciplinary 
consensus meeting,    does not improve the diag-
nostic differentiation of in fl ammatory adnexal 
masses from malignant tumors.  

   Staging 

 Staging diagnosis is one of the major prognostic 
factors of ovarian cancer  [  14  ] . At diagnosis, 
approximately 70% of patients have tumors that 
have spread beyond the ovary and pelvis to the 
abdomen (stage III) or beyond (stage IV). Fewer 
than 20% of patients with advanced ovarian can-
cer (stage III and IV) live for 5 years after diag-
nosis  [  15  ] . CT and MRI are not reliable in 
evaluating tumor spread because lymph node 
metastases and smaller peritoneal implants can 
be missed. 

 At present, exploratory laparotomy is the 
“gold standard” in the staging of ovarian cancer. 
Staging laparotomy is required for histologic 
con fi rmation of the diagnosis, identi fi cation of 
tumor spread, and debulking of tumor masses 
prior to chemotherapy. Modern imaging tech-
niques have been introduced for preoperative 
evaluation of the disease. Sonography, CT, and 
MRI, however, lack the potential for distinguish-
ing benign reactive changes from cancer 
in fi ltration  [  16  ] . FDG PET can be clinically used 
for more complete staging of patients with pri-
mary or recurrent ovarian cancer. 

 Manuel et al.  [  17  ]  evaluated the detectability 
of FDG PET prior to surgical exploration and 
correlated PET images with surgicopathologic 
 fi ndings in primary ovarian cancer. The sensitiv-
ity and speci fi city of FDG PET were 78% and 
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86%, respectively. On a region basis (the abdo-
men and pelvis were divided into  fi ve regions of 
interest) the sensitivity and speci fi city of PET 
were 43% and 92%, respectively, while CT or 
MRI was only 29% sensitive. PET is of limited 
value for the detection of microscopic seeding. 
A typical  fi nding on FDG PET, in cases with peri-
toneal seeding, is diffused and increased uptake 
around the peritoneal pouch.  

   Extraperitoneal Metastasis 

 Another important strength of FDG PET is the 
ability of detecting distant metastasis. Although 
distant metastasis (except peritoneal spread) is 
not frequent in ovarian cancer, extraperitoneal 
involvement such as lymph node metastasis, and 
rarely solid organ metastasis, take place. In 
advanced cases, FDG PET could detect unex-
pected metastases to the supraclavicular lymph 
node or cardiophrenic lymph node. The clinical 
importance of this additional extraperitoneal 
metastasis remains to be clari fi ed.  

   Recurrent Ovarian Carcinoma 

 To date, studies have focused on the role of FDG 
PET in patients with recurrent ovarian cancer. 
FDG PET can be helpful in detecting small recur-
rent lesions in patients in whom posttherapeutic 
alterations in anatomy may make it dif fi cult to 
interpret conventional imaging studies. In recent 
reports  [  18–  20  ] , FDG PET was superior to con-
ventional CT or MRI for detecting recurrent dis-
ease. The sensitivity was 83–91% versus 45–91%, 
and speci fi city was 66–93% versus 46–84% for 
PET and CT/MRI, respectively  [  18  ] . 

   Posttreatment Surveillance Without the 
Evidence    or Suspicion of Recurrence 
 Second-look laparotomy, de fi ned as “a system-
atic surgical reexploration in asymptomatic 
patients who have no clinical evidence of tumor 
following initial surgery and completion of a 
planned program of chemotherapy for ovarian 
cancer” has been widely used to assess response 

to chemotherapy in clinical trials and standard 
management of ovarian cancer  [  21  ] . However, 
the second-look laparotomy does not affect sur-
vival. In patients with advanced disease, as many 
as 50% with negative results on second-look lap-
arotomy following combination chemotherapy, 
have experienced a subsequent recurrence. This 
discouraging statistic suggests that, (1) even a 
thorough exploration does not reveal microscopic 
residuals in many patients, and (2) this group of 
patients should be strongly considered for adju-
vant chemotherapy. 

 PET has been evaluated as a substitute for 
second-look surgery in ovarian cancer patients 
with a complete clinical, radiographic, and sero-
logic response following primary surgery and 
chemotherapy  [  22  ] . Casey et al.  [  23  ]  studied the 
role of PET with second-look laparotomy in 
seven patients. PET scans were consistent with 
the presence of tumors in all six patients with 
residual cancer, even though serum ovarian tumor 
markers remained below the normal threshold in 
three of the patients at the time of scanning. 
Whole-body PET would provide a sensitive non-
invasive “second-look method” with little patient 
discomfort, with reasonably fast patient through-
put and at a reasonable cost. 

 Although PET cannot rule out microscopic 
persistent or recurrent disease, a negative scan 
provides prognostic information. It has been 
demonstrated that patients with a longer relapse-
free interval have a higher likelihood of bene fi ting 
from surgery. Furthermore, the response rate to 
re-treatment increases with the duration of the 
treatment-free interval. Patients with a 6-month 
treatment-free interval have potentially platinum-
sensitive disease and patients with a treatment-
free interval of longer than 24 months have the 
greatest likelihood of bene fi ting from re-treatment. 
Zimny et al.  [  24  ]  reported that the median relapse-
free interval was 20 months for negative PET 
scans compared with only 6 months for positive 
scans. Chung et al.  [  25  ]  showed that the median 
duration of survival was 29.6 months with the 
second-look laparotomy and 30.9 months after 
PET ( p  > 0.05) in patients on who PET was per-
formed or second-look laparotomy after primary 
chemotherapy. 
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 In comparing FDG PET with second-look 
laparotomy, the sensitivity for small residual 
lesions of FDG PET was not as sensitive as for 
second-look laparotomy  [  26,   27  ] . Therefore, we 
do not have enough evidence to recommend FDG 
PET as routine substitute for second-look laparo-
tomy. The value of second-look laparotomy 
seems questionable in the aspects of safety and 
survival gain; and FDG PET is noninvasive and 
could evaluate unexpected extraperitoneal distant 
metastasis simultaneously. Therefore, FDG PET 
could be considered as a substitute for second-
look laparotomy.  

   Cases With High Risk or Suspicion 
of Recurrence 
 FDG PET can more accurately detect recurrent 
lesions in the setting of suspicious recurrence is 
clinically high, such as unexplained high CA-125 
levels, whereas the accuracy of FDG PET seems 
to be lower in the cases of low suspicious recur-
rence. The high accuracy of FDG PET with the 
addition of CA-125 suggests that this combina-
tion may have a signi fi cant role in the manage-
ment of patients with ovarian cancer. The most 
appropriate biopsy site can be localized by PET 
prior to tissue changes detected by CT or MRI 
 [  18  ] . In a study by Zimny et al.  [  24  ]  with 106 
scans obtained from 54 patients, the overall sen-
sitivity and speci fi city for detecting recurrent 
ovarian cancer were 83% and 83%, respectively. 
However, the diagnostic accuracy assessed by 
receiver operating characteristic analysis varied 
between the subgroups of patients enrolled in the 
study. PET was more accurate in patients with 
suspected recurrence with a diagnostic accuracy 
of 93% and sensitivity of 94% compared with 
71% and 65% in patients judged as clinically free 
of disease  [  19  ] . More importantly, the analysis of 
patients with rising tumor marker CA-125 and 
negative or nondiagnostic  fi ndings of conven-
tional imaging revealed a sensitivity of 96% with 
only one false-negative result  [  20  ] . In a report by 
Nakamoto et al.  [  26  ]  on a patient-based analysis, 
overall sensitivity, speci fi city, and accuracy of 
conventional imaging modalities were 73%, 75%, 
and 73%, respectively, and these rates improved 
to 92%, 100%, and 94%, respectively, by consid-

ering both conventional imaging modalities and 
PET  fi ndings. Although FDG PET is useful in a 
setting of high CA-125, FDG PET alone might 
be more accurate than CA-125. The sensitivity 
and speci fi city of CT or MRI were 0.68 (range, 
0.49–0.83) and 0.58 (range, 0.33–0.80), whereas 
those of CA-125 were 0.81 (range, 0.62–0.92) 
and 0.83 (range, 0.58–0.96), and those of FDG 
PET were 0.90 (range, 0.82–0.95) and 0.86 
(range, 0.67–0.96)  [  19,   20  ] . 

 Corresponding to the studies where the old 
PET scanner was used, many studies using newly 
developed PET/CT scanners were reported to 
show the same clinical effectiveness as the PET 
scanner  [  28–  31  ]  evaluated the lesion detectability 
and effectiveness in patients with recurrent ovar-
ian cancer and compared CT with combined PET/
CT. PET/CT identi fi ed additional lesions com-
pared with CT in 12 or 15 patients (80%) and 
changed the management course in 11 of 15 
patients (73%). The sensitivity, speci fi city, and 
accuracy using PET/CT in recent studies ranges 
from 88.2%–93.3%, 71.4%–96.9%, and 85.4%–
91.2%, respectively  [  29,   32,   33  ] .   

   Peritoneal Carcinomatosis 

 PET is of limited value for the detection of micro-
scopic seeding. Typical  fi ndings of FDG PET in 
cases with peritoneal seeding are diffused 
increased uptake around the peritoneal pouch. 
However, it is sometimes dif fi cult to differentiate 
abnormal uptake form the normal uptake pattern. 
Special attention is required to differentiate peri-
toneal seeding from increased bowel activity. 
Zimny et al.  [  11  ]  reported that the sensitivity, 
speci fi city, and diagnostic accuracy were 50%, 
95% and 80%, respectively, for evaluating perito-
neal metastases. In other words, PET misses 
poorly localized microscopic spread disease  [  26  ] . 
Schroder et al.  [  12  ]  reported that the sensitivity of 
FDG PET for the detection of peritoneal carcino-
matosis was 72%, which is somewhat lower, but 
still higher than the 45% achieved with CT. MRI 
also is not a great improvement over CT because 
most metastases in the mesentery and the small 
intestine remain undetected by both methods. 



292 S.-K. Kim et al.

 FDG PET imaging of the abdomen and pelvis 
can be dif fi cult because of the physiologic bowel 
uptake and bladder activity and the lack of ana-
tomic landmarks. A new combined PET/CT 
scanning technique provides combined PET and 
CT images without the problem of organ motion, 
temporal differences, and patient positioning 
 [  31  ] . Although CT imaging compared with PET/
CT might not be optimal for diagnostic aim, 
PET/CT obtains more anatomic information over 
CT, and is more advantageous than PET, espe-
cially in lesions with complex peritoneal loca-
tion.    PET/CT seems to be helpful in some types 
of ovarian cancers with moderate FDG accumu-
lation, mucinous ovarian cancer, because CT 
could depict easily the FDG void cystic portion 
of mucinous portion of the tumor. But its utility 
for peritoneal carcinomatosis remains to be 
investigated  [  12,   34,   35  ] .  

   Treatment Response Monitoring, 
Clinical Impact on Patient Management, 
and Cost Effectiveness 

 FDG PET is used for prediction for treatment 
response in ovarian cancer  [  36,   37  ] . As men-
tioned in the previously, FDG PET could be used 
as a substitute for the second-look laparotomy in 
patients with risk for surgery and can subse-
quently impact the clinical pathway. 

 FDG PET is helpful in detecting and staging 
recurrent ovarian cancer when applied in select-
ing the most appropriate treatment and avoiding 
second-look surgeries using the Monte Carlo 
simulation analysis  [  38,   39  ] . Assumptions in the 
management pathway were: (1) a PET-positive 
scans led to either laparoscopy or laparotomy, 
followed by chemotherapy (true-positive PET) 
or follow-up (false-positive PET); (2) a PET-
negative scan resulted in continued follow-up 
(true-negative PET) or laparotomy (false-negative 
PET); and, (3) a laparotomy led to chemother-
apy or follow-up. The number of unnecessary 
laparotomies was reduced from 70% to 5% 
using PET to manage the diagnostic evaluation. 
Cost savings per patient ranged from $1,941 to 
$11,766. Therefore, FDG PET can reduce 

unnecessary invasive staging procedures and 
management with PET in place of second-look 
surgery would yield substantial cost savings to 
the patient. Early detection of recurrence also 
could have a positive impact on cost effective-
ness  [  38  ] . FDG PET could have an impact on 
the patient management pattern. As a result of 
FDG PET  fi ndings, the treatment management 
was changed in 24.7% to 58% of patients with 
ovarian cancer  [  26,   29,   30,   39  ] . 

 FDG PET and CA-125 were compared as pre-
dictors to chemotherapy  [  39  ]  with FDG PET 
being superior to CA-125 in prediction after che-
motherapy. FDG PET could predict the effect of 
chemotherapy using pre- and postchemotherapy 
FDG PET imaging and was more accurate than 
the routinely used CA-125. More importantly, 
FDG PET following chemotherapy was related to 
survival, although CA-125 was not.  

   Indications in Ovarian Cancers 

   Initial Evaluation and Staging 
of Ovarian Tumor 
 There is no evidence for the usage of differential 
diagnosis of ovarian tumor, although FDG PET 
could be used for clinically and serologically sus-
picious ovarian tumor. 

 Although FDG PET alone has not been used 
routinely as a preoperative staging tool, it is 
useful combining CT and FDG PET in preop-
erative staging where PET/CT could be an opti-
mal tool. Because initially advanced ovarian 
cancer has a possibility of extrapelvic or extra-
abdominal metastatic lesion, FDG PET could 
be helpful.  

   Surveillance After Initial Treatment 
 FDG PET is recommended in cases with a high 
risk of recurrence, where CA-125 increased with-
out explanatory lesions. Additionally, it is 
strongly recommended if other conventional 
imaging has a negative result. It is also recom-
mended in patients with low risk, and if second-
look laparotomy is planned, FDG PET should be 
considered as a noninvasive substitute, especially 
in inoperable cases.   
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   Limitation in Ovarian Cancers 

   Distinguishing Malignant 
From Benign Lesions 
 The limitation of FDG PET is distinguishing 
malignant from in fl ammatory processes, which 
also show an increased glucose metabolism  [  17  ] . 

 False-positive results for corpus luteum 
cyst, ovarian endometriosis, and gestational 
pouch were reported with a focally raised FDG 
uptake  [  14  ] .  

   Type of Tumor 
 False-positive results were seen in benign serous 
cyst adenoma, endometriosis, and endometrioma, 
and false-negative PET results observed in a 
mesothelioma and a borderline serous tumor  [  8  ] .  

   Tumor Size 
 Lesions smaller than 1 cm are quite dif fi cult to 
identify not only because of the relatively poor 
spatial resolution but also the longer acquisition 
time of PET. Count recovery from small lesions 
may not be suf fi cient because of peristalsis of the 
alimentary tract and respiratory movement dur-
ing image acquisition. Thus, even if PET  fi ndings 
are negative, small lesions may sometimes be 
detected by second-look laparotomy. However, 
follow-up patients typically receive chemother-
apy for recurrence and systemic metastasis. Small 
lesions that cannot be detected on PET scans can 
be sensitive to drugs, while larger lesions are 
resistant to drugs because of possible penetration 
barriers. Therefore, if FDG PET reveals highly 
accumulated lesions remaining in a patient even 
after repeated chemotherapy, resection would be 
recommended. If PET  fi ndings are negative, che-
motherapy can be proposed because some small 
lesions may remain. Thus, PET can be useful for 
therapeutic decision making  [  26  ] .  

   Nonpathologic (Physiologic) Uptake 
 Physiologic uptakes in the stomach, colon, ure-
ter, and bladder are sometimes dif fi cult to differ-
entiate from pathologic lesions. Such 
accumulation can mask abnormal uptake because 
of tiny disseminated lesions  [  26  ] . The combina-
tion of hydration, administration of a diuretic 

such as furosemide, and use of a Foley catheter 
with a drainage bag is an effective method of 
reducing physiologic uptake in the kidneys, ure-
ter, and bladder, although reducing physiologic 
uptake in the colon is dif fi cult  [  40  ] . 

 The use of SUVs and SUV ratio can be helpful 
in the distinction between physiologic bowel 
activity and ovarian cancer metastatic to the 
bowel serosa. Manuel et al.  [  17  ]  suggested that 
SUV and SUV ratio (cut-off value of 3.0 for SUV 
and 1.75 for SUV ratio) were signi fi cantly higher 
in cases of cancer metastasis to the bowel than 
those with no evidence of bowel metastases.   

    11 C Methionine PET 

 Tumor imaging in the pelvis can be problematic 
because normal excreted activity in the urine 
may interfere with tumor identi fi cation. An 
essential amino acid, methionine, labeled with 
 11 C, has been found to be a valuable tracer for 
metabolic imaging of human cancer. High uptake 
of  11 C methionine may correlate with poor histo-
logic grade of differentiation and high cell pro-
liferation, which suggests that tissue uptake of 
methionine may re fl ect the biologic aggressive-
ness of cancer  [  41  ] . 

 Lapela et al.  [  41  ]  showed that it is possible to 
separate poorly differentiated from well- 
differentiated tumors. They tried to differentiate 
benign and malignant ovarian tumors. They 
reported that benign or borderline malignant 
tumors did not accumulate  11 C methionine, 
whereas all carcinomas had signi fi cant uptakes. 
The mean SUV of the primary carcinoma was 
7.0 ± 2.2, and the mean Ki was 0.14 min −1 . 

 We found that  11 C methionine PET can be used to 
differentiate physiologic uptake of FDG from true 
lesion  [  42  ] . In a series of 16 gynecologic  cancers, 
the higher diagnostic accuracy of the methionine 
PET (sensitivity = 80% [4/5cases], speci fi city = 100% 
[11/11 cases], and accuracy    = 94% [15/16 cases]) 
than that of FDG PET (sensitivity = 40% [2/5 cases], 
speci fi city = 91% [10/11 cases], accuracy = 75% 
[12/16 cases]) was found for the detection of the 
recurrent gynecologic cancer in the pelvic region 
postoperatively.   
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   Cervical Cancer 

 Uterine cervix carcinoma is estimated to be the 
second most frequently diagnosed cancer in 
women worldwide. Although the overall mortal-
ity from cervical cancer has decreased because of 
early detection and treatment of preinvasive dis-
ease, the mortality of invasive cervical cancer has 
not changed in the last 30 years. 

 The treatment and prognosis of invasive cer-
vical cancer are determined by the stage of dis-
ease, volume of the primary tumor, grade of 
tumor, and presence of lymph node metastasis. 
Cross-sectional imaging modalities such as CT 
and MRI have proved to be useful for evaluating 
morphologic risk factors such as tumor size, 
depth of stromal invasion, stage of disease, and 
lymph node metastasis. An overall staging accu-
racy of 58–88% has been reported, but a low sen-
sitivity of 44% was found. Neither tumor size 
nor early parametrial invasion can be evaluated 
reliably. MRI is now considered to be the most 
accurate imaging method for evaluation of tumor 
size and parametrial invasion. An overall staging 
accuracy of 80–92% has been shown, whereas 
50% sensitivity for nodal metastasis is similar to 
that with CT  [  43  ] . 

 Tumor volume can be overestimated as a result 
of paralesional edema. Small parametrial inva-
sion and lymph node metastasis could be missed 
and tumor invasion or spread could be 
underestimated. 

   Preoperative Staging: 
Lymph Node Staging 

 Patients with an early stage of cervical cancer 
without lymph node metastasis are considered 
surgical candidates, whereas radiotherapy is often 
the preferred treatment when lymph node metas-
tases are present  [  44  ] . Uterine cervical cancer 
metastasizes in a predictable pattern. The tumor 
usually spreads sequentially from the primary 
cervical lesion to the pelvic, para-aortic, and 
supraclavicular lymph nodes, and then ultimately 
to nonnodal distant metastatic sites such as the 

lung, liver, and bone. Metastasis to para-aortic 
lymph nodes in the absence of pelvic nodal 
metastasis is exceptionally uncommon  [  44,   45  ] . 
The status of lymph node metastasis is an impor-
tant prognostic factor and crucial to creating a 
treatment plan. Conventional modalities such as 
CT and MRI have been used for noninvasive test-
ing for lymph node staging. 

 Several reports have compared FDG PET 
with CT and surgical staging for detecting lymph 
node metastasis in patients with cervical cancer. 
Sugawara et al.  [  46  ]  reported an 86% sensitivity 
of FDG PET for pelvic and para-aortic lymph 
node metastasis, as compared with a 57% sensi-
tivity of CT in a study of 21 patients with cervi-
cal cancer with stages 1B to 4A. Grigsby et al. 
 [  47  ]  reported that FDG PET detects abnormal 
lymph node regions more often than does CT. In 
101 patients, CT demonstrated abnormally 
enlarged pelvic lymph nodes in 20 (20%) and 
para-aortic lymph nodes in seven (7%) of the 
101 patients. PET demonstrated abnormal FDG 
uptake in pelvic lymph nodes in 67 (67%), in 
paraaortic lymph nodes in 21 (21%), and in supr-
aclavicular lymph node in eight (8%) of the 101 
patients. FDG PET could depict unexpected 
lesions that CT could not. 

 Reinhardt et al.  [  48  ]  reported that node stag-
ing resulted in sensitivities of 91% with FDG 
PET and 73% with MRI and speci fi cities of 
100% with PET and 83% with MRI, respec-
tively. The positive predictive value (PPV) of 
PET was 100%, and that of MRI was 67%. The 
metastatic involvement of lymph node sites was 
identi fi ed on PET with a PPV of 90%, and on 
MRI it was 64%  (p  < 0.05). Earlier, Narayan 
et al. also reported similar results for accuracy 
(PET, 85% vs. MRI, 75%)  [  49  ] . A study by 
Williams et al.  [  50  ]  reported the different result 
with others, but their study protocol of PET 
appeared suboptimal.    

 Para-aortic lymph nodes are out of the irradia-
tion  fi eld in standard pelvic radiation treatment of 
uterine cervical cancer. If para-aortic lymph node 
metastasis is suspected, the irradiation of the para-
aortic area is needed. The sensitivity and speci fi city 
of CT and MRI for para-aortic lymph node metas-
tasis are not satisfactory. Rose et al.  [  51  ]  reported 
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a sensitivity and speci fi city of 75% and 92%, 
respectively, for FDG PET in depiciting para-
aortic lymph node metastasis in patients with 
more advanced stages (2B to 4A) before surgical 
staging lymphadenectomy. They observed a 
higher sensitivity of FDG PET for pelvic (100%) 
than for para-aortic (75%) lymph node metas-
tases. Although the accuracy of FDG PET for 
para-aortic lymph node is not satisfactory, it 
seems to be the most accurate noninvasive 
method for assessing para-aortic status. 
Generally, FDG PET is a reliable alternative to 
conventional imaging for lymph node staging in 
patients with cervical cancer.  

   Recurrence 

 The recurrence rate of uterine cervical cancer is 
reported to be 6.5% following surgery and 26.2% 
after radiation therapy alone. About half of all 
cases of recurrent uterine cervical cancer are 
con fi ned to the pelvic cavity, but some cases 
show metastatic lesions in the lymph nodes, lung, 
bone, and liver. 

 Radiologic studies such as intravenous renog-
raphy, ultrasonography, CT and MRI are used to 
detect recurrent cervical cancer. It is dif fi cult, 
however, for these imaging modalities to differ-
entiate recurrent tumor from postoperative or 
radiation  fi brosis, and to detect normal-sized 
metastatic lymph nodes and extrapelvic metasta-
ses. PET is effective in differentiating recurrence 
from scar tissue, and, in addition, can be used to 
obtain whole-body images to detect recurrence 
that was not clinically suspected. 

 Park et al.  [  52  ]  reported the accuracy of CT 
and PET in the diagnosis of recurrent uterine cer-
vical cancer in 36 patients. The sensitivity, 
speci fi city, and accuracy of CT were 78%, 83%, 
and 81%, respectively, while for PET, the corre-
sponding  fi gures were 100%, 94%  (p  = 0.0339), 
and 97%  (p  = 0.0244), respectively. Sun et al.  [  53  ]  
reported the sensitivity and speci fi city of 90% 
and 100%, respectively, with FDG PET in evalu-
ation of recurrent ovarian cancer. PET could 
detect 7.9% of early recurrence in patients with 
clinically NED status. 

 Diagnostic accuracy of recent research using 
PET/CT is superior to PET (92.3% vs. 78.8%) 
[22, 26   ]. Sensitivity, speci fi city, and accuracy of 
the most recent study were 90.3%, 81.0%, 86.5%, 
respectively, and patient treatment plans changed 
following PET/CT in 23.1% of patients  [  54  ] .  

   Treatment Response 

 Nakamoto et al.  [  55  ]  reported a high sensitivity 
of FDG PET in monitoring therapeutic response 
of cervical cancer .  In that study, FDG PET was 
performed prior to therapy and at a mean of 
4.6 months after radiation in 20 patients with his-
tologically proved uterine cervical cancer who 
were undergoing a “curative” course of radiation. 
FDG PET is a sensitive tool for detecting active 
cervical cancer following radiation therapy. The 
sensitivity, speci fi city, and accuracy were 100%, 
60%, and 70%, respectively. With regard to the 
relatively low speci fi city, it is well known that 
FDG also accumulates in in fl ammatory foci, 
which can lead to false-positive  fi ndings. 

 Although PET would not completely replace 
monitoring of tumors using these modalities, this 
noninvasive technique could have a greater role 
for screening patients during follow-up because 
of its high sensitivity.  

   Prognosis 

 Grigsby et al.  [  47  ]  reported that the  fi ndings on 
PET are a better predictor of survival than those 
on CT in patients with carcinoma of the cervix. 
The 2-year progression-free survival, based 
solely on para-aortic lymph node status, was 64% 
in CT-negative and PET-negative patients, 18% 
in CT-negative and PET-positive patients, and 
14% in CT-positive and PET-positive patients 
( p  < 0.0001). A multivariate analysis demon-
strated that the most signi fi cant prognostic factor 
for progression-free survival was the presence of 
positive para-aortic lymph nodes as detected 
using PET ( p  = 0.025). Pinkus et al.  [  56  ]  evalu-
ated the prognostic value of FDG PET in patients 
with cervical cancer using a simple visual  analysis 
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of primary tumor characteristics (scoring of 
 heterogeneity, size, shape, and lymph node 
involvement). Only 8% of patients with a good 
prognosis by PET died, while 76% of patients 
with a poor prognosis by PET died within 2 years. 
The study extended the value of FDG PET in cer-
vical cancer patients, powerfully separating 
patients who have an excellent prognosis from 
those with a poor prognosis who may require 
more aggressive initial treatment. 

 In a study of the prognostic value of SUV on 
FDG PET, squamous cell type uterine cervix can-
cer with high glucose metabolic activity results in 
a poor outcome. The survival of the high peak 
SUV group (> 13) was worse than the low peak 
SUV group (< 13). Two-year survival rates were 
76.0% and 92.3% for the high and low peak SUV 
groups, respectively  [  57  ] .  

   Indications in Cervical Cancers 

     (1)    FDG PET is recommended for recurrent cer-
vical cancer.  

    (2)    FDG PET is recommended for lymph node 
staging for initial workup. 

 FDG PET is a more sensitive and speci fi c 
noninvasive test for lymph node staging in 
pelvic and para-aortic lymph nodes than 
other conventional imaging. FDG PET could 
depict unexpected distant metastatic lesion in 
some advanced cases. This could potentially 
change the treatment plan.  

    (3)    FDG PET could be helpful in the prediction 
of the prognosis and treatment effect but 
additional research is needed.      

   Limitations 

 Substantially increased uterine vascularity was 
generally observed in the secretory and men-
strual phases using radionuclide imaging. In vivo 
FDG uptake could be altered by blood  fl ow, 
transport, and hexokinase activity, therefore, 
FDG uptake in a normal uterus could be altered 
by the menstrual cycle phase. Preclinical studies 
have shown that FDG uptake in an estrogen-

stimulated uterus is signi fi cantly greater than if 
no stimulation is present. Recently, a case of 
intrauterine accumulation of FDG during men-
struation was reported  [  58  ] .   

   Other Gynecologic Cancers 

   Endometrial Cancer 

 Endometrial cancer is one of the most common 
gynecologic malignancies and is predominant in 
postmenopausal women. Clinically, many endo-
metrial cancers are found during the early stage 
of cancer because of clinical signs and symptoms 
such as vaginal bleeding, where the prognosis is 
known to be good. However, a considerable num-
ber of patients with advanced and relapsed dis-
ease reveal a poor prognosis. 

 As of yet, there is not suf fi cient data to vali-
date the usefulness of FDG PET in detecting 
endometrial cancer. However, several studies 
have shown promising results that FDG PET is 
sensitive and speci fi c in detection of recurrent or 
metastatic lesions. Nakahara et al.  [  59  ]  reported 
on a case of endometrial cancer. FDG PET 
revealed heterogeneous and marked accumula-
tion in the endometrium. Belhocine et al.  [  60  ]  
reported that feasibility of FDG PET for detect-
ing early recurrence in endometrial cancer in 14 
patients who showed no evidence of disease fol-
lowing treatment. Of the 14 patients, FDG PET 
diagnosed recurrence in two patients, where one 
of the two patients had a PET  fi nding of enlarged 
hypermetabolic abdominal focus, although CT 
showed a negative result. The second patient had 
a single focus of hypermetabolic activity on the 
liver and a focal hypodensity in the same location 
on CT. Therefore, PET can be a useful method 
for detecting early recurrence in patients with 
endometrial cancer who showed no evidence of 
disease on conventional follow-up.  

   Uterine Sarcoma 

 FDG PET was useful in the diagnosis of sarcoma 
even though SUV was low. Umesaki et al.  [  61  ]  
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reported the cases of  fi ve sarcomas and evaluated 
the effectiveness of FDG PET for the diagnosis 
of uterine sarcoma in comparison with other 
diagnostic methods. PET examinations were 
100% positive for the  fi ve sarcomas; MRI was 
80% positive (four of  fi ve cases), and sonography 
was 40% positive (two of  fi ve cases). The mean 
SUV of the sarcomas was 4.5 ± 1.3.  

   Vulvar Cancer 

 Cohn et al.  [  62  ]  undertook a prospective pilot 
study on the performance of FDG as a method for 
detection of groin metastases from vulvar cancer. 
Fifteen patients underwent PET prior to explora-
tion of 29 groins.    On a patient-by-patient basis, 
PET had a sensitivity of 80%, speci fi city of 90%, 
PPV of 80%, and NPV of 90% in demonstrating 
metastases. On a groin-by-groin basis, PET had a 
sensitivity of 67%, speci fi city of 95%, PPV of 
86%, and NPV of 86%. The results of PET were 
relatively insensitive in predicting lymph node 
metastasis, and a negative study is not a reliable 
surrogate for a pathologically negative groin. 
   However, the high specifi city of PET suggests 
that it is useful in planning radiation therapy as 
an adjunct to lymphatic mapping and sentinel 
lymph node dissection.       
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 The term  lymphoma  identi fi es two distinct 
groups of tumors: Hodgkin’s disease (HD) and 
non-Hodgkin’s lymphoma (NHL). Since the 
late 1970s, signi fi cant progress has been made 
in the elucidation of the pathogenesis of NHL as 
a clonal malignant expansion of B or T cells. B 
lymphocytes are generated in the bone marrow 
as a result of a multistep differentiation process. 
On entering the germinal center (GC), B cells 
activate into centroblasts, proliferate, and 
mature into centrocytes. Cells that have exited 
the GC have two fates: differentiation into either 
plasma cells or into memory B cells. Based on 
the absence or presence of somatic immuno-
globulin (Ig) hypermutation, B-cell NHL can 
be grouped into two broad histogenetic catego-
ries: One derived from pre-GC B cells and 
devoid of Ig mutations (mantle cell lymphoma, 
chronic  lymphocytic leukemia/small lympho-

cytic  lymphoma), and the other derived from B 
cells that have transited through the GC and har-
bor Ig mutations (follicular lymphoma, lympho-
plasmacytoid lymphoma, mucosa-associated 
lymphoid tissue lymphoma, diffuse large cell 
lymphoma, Burkitt’s lymphoma). The patho-
genesis of lymphoma represents a multistep 
process involving the progressive and clonal 
accumulation of multiple genetic lesions affect-
ing proto-oncogenes and tumor suppressor 
genes. The genome of lymphoma cells is rela-
tively stable and is characterized by few non-
random chromosomal abnormalities, commonly 
represented by chromosomal translocations. 
A new classi fi cation, called the Revised 
European-American Lymphoma, was created in 
the early 1990s to establish de fi nitions for dis-
tinct lymphomatous diseases, based on morpho-
logic, clinical, immunophenotypic, and 
molecular genetic features (Table   28.1    ). 

 Lymphomas are the third most common child-
hood malignancy and account for approximately 
10% of cancers in children  [  1  ] . Approximately 
two thirds of the lymphomas diagnosed in chil-
dren are NHL, but the remainder are HD. The 
three major histologic categories of NHL in chil-
dren are lymphoblastic lymphoma, small non-
cleaved cell (Burkitt’s) lymphoma, and large cell 
lymphoma. In adults, Burkitt’s and lymphoblas-
tic lymphoma are rare, but follicular center cell 
lymphoma predominates. The age of Hodgkin’s 
incidence is bimodal, with a  fi rst peak in adults 
20–30 years old and a second peak in late 
adulthood. 
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 Most patients present with rapidly enlarging 
neck and mediastinal lymphadenopathy. Cough, 
wheezing, or shortness of breath and facial swell-
ing are frequent complaints. Other presenting 
sites include cervical nodes, Waldeyer’s ring, 
cutaneous lesions, bone marrow, and single or 
multiple bone disease. 

 It was predicted that in 2002 there would be 
60,900 new cases of lymphoma (7,000 HD and 
53,900 NHL) diagnosed in the UA, and that 
25,800 people (1,400 HD and 24,400 NHL) 
would die from this diagnosis  [  2  ] . NHL 
accounts for 5% of new cancers in men and 4% 
of new cancers in women each year in the US, 
and is responsible for 5% of deaths  [  3  ] . The 
median age at NHL diagnosis was 65 years, 
and NHL incidence increases with age and 
peaks in the 80–84-year age group. There has 
been a striking increase in NHL incidence rates 
over the past four decades, with NHL being 
more common in males. The overall mortality 
rate for NHL has decreased signi fi cantly in the 
past 25 years  [  4  ] . The 5-year survival rate is 
approximately 90% for children with early-
stage NHL and 70% for those with advanced-
stage disease  [  4  ] . 

 The phases of patient management include 
obtaining an adequate biopsy for an accurate 
diagnosis, a careful history and physical exami-
nation, appropriate laboratory studies, imaging 
studies, and, possibly, further biopsies to deter-
mine stage accuracy and to plan therapy. 
Treatment choices include no initial therapy, 
radiotherapy, cytotoxic chemotherapy, a variety 
of new biologic therapies, and hematopoietic 
stem cell transplantation. 

 The purpose of laboratory studies is to aid in 
determining the prognosis (e.g., lactate dehydro-
genase [LDH],  b  

2
 -microglobulin, albumin) and 

identifying abnormalities in other organ systems 
that might complicate therapy (e.g., renal or 
hepatic dysfunction). Almost all patients should 
have a bone marrow aspirate and biopsy per-
formed. Patients with follicular lymphoma have 
bone marrow involvement approximately 50% 
of the time, while it is seen in approximately 
15% of patients with diffuse large B-cell lym-
phoma  [  5  ] . 

   Diagnosis and Staging of Lymphoma 

 The goal of the initial evaluation of a patient with 
lymphoma is to provide information that allows 
intelligent planning of therapy, imparting the 
prognosis to the patient, and making possible 
comparisons between patients in clinical trials. 
The studies to accomplish these goals can be 
aimed at identifying sites of involvement, charac-
teristics of the patient, or characteristics of the 
lymphoma that predict treatment outcome. 

 The Ann Arbor staging system was developed 
for patients with HD and identi fi es anatomic sites 
of involvement by lymphoma type (Table  27.1 ). 
Patients are also subcategorized by the presence 
of unexplained fevers, night sweats, or weight 
loss (Table     27.2 ).   

 Although chest radiography is abnormal in 
less than 50% of patients, identi fi cation of hilar 
or mediastinal adenopathy, parenchymal lesions, 
or pleural effusions provides an easy method for 
reevaluation. Computed tomography (CT) can 
identify both nodal and extranodal sites of 
involvement for monitoring the response to ther-
apy. Magnetic resonance imaging (MRI) is useful 
in identifying bone, bone marrow, and central 
nervous system (CNS) involvement. However, it 
has not yet been accepted as a substitute for bone 
marrow biopsy. Nuclear bone scans can some-
times be useful in patients who present with or 
develop back pain. Gallium scans are more often 
used as part of the staging evaluation, and they 
are more likely to be positive in patients with 
aggressive diffuse large B-cell lymphoma than in 
more indolent follicular lymphoma. Gallium 
avidity at midtreatment cycle or at the end of 
treatment is associated with a much higher relapse 
rate than seen in patients who have negative 
results on gallium scan  [  6,   7  ] . After a patient has 
received three or four cycles of the planned treat-
ment regimen, or at the completion of the entire 
regimen, they should be reevaluated to determine 
response to therapy. Patients who have a com-
plete response are more likely to be cured than 
patients who have achieved only a partial 
response. Documenting complete remission is 
particularly important because salvage treatment 
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such as high-dose therapy and marrow transplan-
tation can sometimes cure disease in patients who 
fail to respond to initial therapy. In sites of bulky 
disease, masses do not always completely regress. 
This does not necessarily mean that patients will 
have persisting lymphoma. Biopsy can be dif fi cult 
under such circumstances and is not always accu-
rate. If the patient was known to have a positive 
gallium or  fl uorodeoxyglucose (FDG) uptake at 
the onset of treatment, normal results of that scan, 
despite a residual mass, raise the possibility that 
only residual  fi brous tissue is present. 

 Positron emission tomography (PET) offers 
the unique capability of revealing metabolic 
activity throughout the body. Increased glucose 
metabolism is a basic biochemical hallmark of 
tumor cells, and the glucose analog FDG is trans-
ported, phosphorylated, and metabolically 
trapped in malignant cells  [  7,   8  ] . L-[methyl- 11 C] 
methionine (MET) is another widely used tumor-
seeking tracer for PET. Methionine is an essen-
tial amino acid needed for protein and polyamine 
synthesis, and is also involved in transsulfura-
tion and transamination reactions. Furthermore, 

   Table 27.1    Groups of malignant lymphoma based on World Health Organization classi fi cation      

 B cell  T cell 

  Indolent (low risk)  
 Chronic lymphocytic leukemia, lymphocytic lymphoma  Large granular lymphocytic leukemia, T and NK 
 Lymphoplasmacytic lymphoma, Waldenström disease  Mycosis fungoides, Sezary syndrome 
 Hairy cell leukemia  Chronic T cell leukemia/lymphoma (HTLV+) 
 (Splenic) Marginal zone lymphoma 
 Nodal and extranodal MALT B cell lymphoma 
 Follicular center lymphoma, grade I or II 
  Aggressive (intermediate risk)  
 Prolymphocytic leukemia  Prolymphocytic leukemia 
 Plasmacytoma, multiple myeloma  Peripheral T cell lymphoma, unspeci fi ed 

 Mantle cell lymphoma  Angioimmunoblastic T cell lymphoma 
 Follicular center lymphoma, grade III  Angiocentric lymphoma 
 Diffuse large cell B cell lymphoma  Intestinal T cell lymphoma 
 Primary mediastinal large B cell lymphoma  Anaplastic large cell lymphoma (T and null cell) 
 High grade B cell lymphoma, Burkitt-like 
  Very aggressive (high risk)  
 Precursor B lymphoblastic lymphoma/leukemia  Presursor T lymphoblastic lymphoma/leukemia 
 Burkitt lymphoma, acute B cell leukemia 
 Plasma cell leukemia 

  Hodgkin’s disease  

   Table 27.2    Ann Arbor staging system   

 Stage  Findings 

 I  Single lymph node region or single extralymphatic organ or site (IE) 
 II  Two or more lymph node regions on the same side of diaphragm or localized extralymphatic organ 

or site (IIE) 
 III  Lymph node regions on both sides of diaphragm or localized extralymphatic organ or site (IIIE) or spleen 

(IIIS) or both (III SE) 
 IV  Diffuse one or more extralymphatic organs with or without lymph node involvement 

  Modi fi ers base on constitutional symptoms (>38°, night sweat, >10% BW    loss in 6 m) 
  A , not present,  B , present symptoms (subcategory indicators)     



304 E.E. Kim and F.L.C. Wong

 methionine acts as a precursor for S-adenosyl-
methionine, which is the predominant biologic 
methyl group donor  [  9  ] . Methionine metabolism 
is altered in cancer cells, and the accumulation 
of MET in malignant tumors is principally 
caused by its enhanced transport across the 
plasma membrane of tumor cells. Leskinen-
Kallio et al.  [  10  ]  found that MET uptake was 
increased both in high- and low-grade NHL, 
whereas FDG was found to be superior to MET 
in distinguishing high-grade from other grade 
tumors. Rodriguez et al.  [  11  ]  also concluded that 
FDG uptake was associated with malignancy 
grade, but no relationship was found between 
MET uptake and malignancy grade. 

 Nodal staging is instrumental, but not the only 
factor, in de fi ning the treatment strategy for a 
patient with HD or NHL. The histologic type, 
presence of B symptoms such as weight loss, 
fever or night sweats, age, extent of disease, 
extranodal manifestations, and serum level of 
LDH are also important prognostic factors. 
However, nodal staging is the major factor dif-
ferentiating limited from advanced disease. 
Advanced disease is best managed by aggressive 
chemotherapy, but involved  fi eld radiotherapy, 
possibly combined with a short course of chemo-
therapy, is often curative for limited disease. 
Nodes smaller than 10 mm are usually consid-
ered to be free of disease. However, normal-sized 
nodes may contain tumor cells, whereas enlarged 
nodes may show only immunoreactive cells. 

 FDG and MET seem to accumulate avidly in 
both high- and low-grade lymphomas, and the 
total number of discrepant  fi ndings in individual 
lymph node sites (15/178) on CT and PET was 
similar to those on FDG and MET  [  12  ] . The avid 
physiologic accumulation of MET in the liver, 
pancreas, intestine, and bone marrow concealed a 
group of pathologic lymph nodes detected by 
FDG and CT. On the other hand, MET was supe-
rior to FDG in detecting mediastinal disease in 
the patient with diabetes. FDG and MET are 
known to accumulate in in fl ammatory tissue, 
although MET probably accumulates to a lesser 
extent  [  13  ] . The small size of the lesion is prob-
ably the major reason for false-negative  fi ndings. 

The central location, together with lack of 
 attenuation correction, may have further affected 
lesion detectability in the para-aortic area. 
Attenuation correction has not been shown to 
improve overall sensitivity for tumor detection 
either with conventional  fi ltered back-projection 
reconstruction or new iterative reconstruction 
methods. The advantages of attenuation correc-
tion and sophisticated image reconstruction may 
manifest in easier image interpretation and better 
anatomic localization. Attenuation correction 
also makes possible the elimination of recon-
struction artifacts and the quanti fi cation of tracer 
uptake. In current clinical practice, the detection 
of lymphoma in small abdominal nodes can pose 
a problem. Unfortunately, the current method for 
PET does not resolve this challenge completely. 
Further clinical studies are warranted using com-
bined PET/CT, which has been suggested to be a 
more useful diagnostic tool in cancer patients 
than PET alone  [  14  ] . Overall, PET shows a 
greater number of positive lesions than does CT, 
and rigorous histologic veri fi cation of all sus-
pected  fi ndings in patients with lymphoma is 
dif fi cult because of possible multiorgan involve-
ment in deeply situated sites. 

 The bone scan has been used traditionally in 
the evaluation of bone involvement in lymphoma. 
Findings are characterized by relatively discrete 
uptake of tracer, and the sensitivity in detecting 
bone metastases using diphosphonate molecules 
results from the early osteoblastic reaction. 
Osteolytic lesions that are commonly encoun-
tered in NHL often escape scintigraphic detec-
tion. Radiography is mainly used to exclude 
false-positive  fi ndings on bone scans. The Ga 67 
scan is of limited usefulness in detecting skeletal 
involvement of lymphoma. Lymphomatous 
in fi ltration of skeletal structures may occur as a 
result of both hematogenous spread of the dis-
ease and direct invasion from adjacent involved 
tissues. Even localized lymphomatous in fi ltration 
of bone marrow is considered evidence of gener-
alized disease, whereas scintigraphic or radio-
logic  fi ndings of an isolated osseous lesion are 
thought to be local disease. FDG PET was 
 suitable for identifying osseous involvement in 
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malignant lymphoma with a high positive predic-
tive value and was thereby more sensitive and 
speci fi c than bone scan  [  15  ] . A potential limita-
tion of FDG for assessing malignant osseous 
lesions may be its physiologic accumulation in 
bone marrow. In untreated patients, this accumu-
lation is generally quite homogeneous, and is 
comparatively low with standard uptake value 
(SUV) levels of 0.7–1.3. On the other hand, in 
areas of lymphomatous involvement, despite 
large differences depending on the degree of 
malignancy, FDG uptake is high, with SUVs of 
3.5–31.0 (median 8.5)  [  15,   16  ] . 

 Human immunode fi ciency virus (HIV) is 
neutrotrophic and is involved in the pathogenesis 
of several of the neurologic syndromes, includ-
ing HIV encephalopathy and progressive 
dementia. The CNS may also be involved with 
opportunistic infections or malignancies associ-
ated with progressive immunosuppression. The 
opportunistic infection that most commonly 
involves the CNS in patients with acquired 
immune de fi ciency syndrome (AIDS) is 
 Toxoplasma gondi.  This infection may produce a 
diffuse meningoencephalitis or cause focal 
lesions. Imaging studies such as CT and MRI are 
used to detect treatable complications of HIV 
infection such as toxoplasmosis or lymphoma 
and may often reveal focal or multifocal ring-
enhanced lesions. However, without histopatho-
logic con fi rmation, a speci fi c diagnosis can be 
dif fi cult. It is not possible to differentiate CNS 
lymphoma from toxoplasmosis in the HIV-
infected individual on the basis of CT or MRI 
 fi ndings because of the similarity in the appear-
ance of the lesions. FDG PET was able to accu-
rately differentiate between a malignant 
(lymphoma) and nonmalignant etiology for CNS 
lesions  [  17  ] . Both qualitative visual inspection 
of the images as well as semiquantitative analy-
sis using count density ratios revealed similar 
results. It was concluded that FDG PET can be 
useful in the management of AIDS patients with 
CNS lesions because high FDG uptake most 
likely represents a malignant process that should 
be biopsied for con fi rmation rather than treated 
presumptively as infectious.  

   Assessment of Lymphoma Therapy 
Using  18 F-FDG-PET 

 Accurate evaluation of therapeutic response is 
of vital importance in the management of 
patients with lymphoma  [  18  ] . The main end-
point of chemotherapy is achieving complete 
remission which is associated with a longer 
progression-free survival and potential cure 
than is partial remission. The de fi nition of com-
plete remission is usually based on anatomic 
imagings that may be unable to differentiate 
viable tumor from posttreatment changes such 
as scarring or  fi brosis. Residual abnormalities 
that occur after therapy are usually considered 
to represent persistent lymphoma; however, 
only a maximum of 10–20% of residual masses 
was reported to be positive for lymphoma at the 
completion of treatment  [  19  ] . Thus, there was 
no difference in the CT-documented response 
rates and the size of residual masses between 
patients who experience disease relapse and 
those who remain disease free  [  20  ] . CT does 
not consistently distinguish between dividing 
tumor cells and posttherapy  fi brosis. Patients 
with aggressive NHL have positive CT  fi ndings 
in approximately 50% of cases after chemo-
therapy, and long-term follow-up shows that 
only 50% or fewer of those with positive CT 
 fi ndings have disease relapse or other evidence 
of residual tumor  [  21  ] . CT is a poor predictor of 
clinical outcome after treatment of aggressive 
NHL, and a posttherapy CT positive for NHL 
does not indicate that the time to progression 
for that patient will be signi fi cantly different 
from that for a patient with normal CT  fi ndings 
 [  20  ] . Although MRI provides better morpho-
logic details than does CT when contrast mate-
rial is not used, the low sensitivity rate (45%) 
showed that MRI was not ideal for predicting 
outcome  [  22  ] . The Ga-67 scan has also been 
reported to be an independent predictor of out-
come after one to two cycles of chemotherapy 
 [  21  ] . Nevertheless, the Ga-67 scan is less 
ef fi cacious than  18 F-FDG PET for intra-abdominal 
tumors, and may be less sensitive in  detecting 
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disease in some instances of aggressive lym-
phoma or HD  [  23  ] . 

 Over the past few years, a large body of evi-
dence has con fi rmed the potential role of  18 F-
FDG PET, including both dedicated and 
coincidence PET systems, in the monitoring of 
lymphomas  [  24  ] . Although a change in  18 F-FDG 
uptake at multiple early times during chemo-
therapy has been described, this change was 
only marginally predictive of outcome  [  25  ] . The 
response to neoadjuvant chemotherapy has been 
characterized as one of the most important prog-
nostic factors. It has been recently found that 
 18 F-FDG PET has a high prognostic value for 
evaluation of therapy as early as after one cycle 
of chemotherapy in aggressive NHL and HD 
 [  26  ] . After the completion of chemotherapy, 
although there was a statistically signi fi cant dif-
ference between patients with  18 F-FDG PET-
negative  fi ndings and patients with  18 F-FDG 
PET-positive  fi ndings,  18 F-FDG PET results 
were not as good a predictor of long-term out-
come.  18 F-FDG PET  fi ndings following the 
completion of chemotherapy yielded a 
signi fi cantly lower sensitivity and negative pre-
dictive value than did  fi ndings after the  fi rst 
cycle. Resolution of therapy-induced anatomic 
changes on CT or MRI usually lags behind 
tumor cell mortality. 

 Various reports have shown the effectiveness 
of  18 F-FDG PET in the posttreatment evaluation 
of lymphomas.  18 F-FDG PET was found to be 
superior to the Ga-67 scan in accurately detecting 
disease sites in aggressive NHL and HD, with a 
sensitivity of 100% and 80.3%, respectively  [  23  ] . 
Furthermore,  18 F-FDG PET has a higher diagnos-
tic and prognostic value than CT in the posttreat-
ment evaluation of lymphomas  [  27  ] . Thus, 
 18 F-FDG PET has become the most helpful non-
invasive modality in differentiating tumor recur-
rence from  fi brosis when CT shows a residual 
mass  [  26  ] . Positive  18 F-FDG PET results after 
one cycle of chemotherapy re fl ect the metabolic 
activity of potentially resistant clones that, 
although responding to chemotherapy, do so 
more slowly than do those homogeneously sensi-
tive tumor cells. Negative  18 F-FDG PET results 

after the  fi rst cycle were highly suggestive of 
long-term remission, whereas negative results 
after the completion of chemotherapy were less 
accurate.  18 F-FDG PET after the  fi rst cycle of 
chemotherapy remains far more predictive of 
outcome than later use of  18 F-FDG PET. 

 I 131 anti-B1 (CD 20) radioimmunotherapy 
(RIT) has been recognized as a promising 
approach for treatment of NHL. It is sometimes 
dif fi cult to differentiate posttherapeutic scar tis-
sue from viable residual tissue on CT, potentially 
leading to incorrect management of patients. 
Baseline tumor glucose metabolism (SUV) did 
not predict the response of NHL to treatment, and 
SUV at 1–2 months after RIT correlated well 
with the ultimate best response of NHL to RIT. 
The decreases in SUV in responders were almost 
parallel to the decreases in tumor size measured 
by CT  [  28  ] . Metabolic changes with radiation 
therapy appear to be more gradual than those 
after chemotherapy. 

 Studies on the initial staging and restaging of 
lymphomas have shown a de fi nite bene fi t with 
higher sensitivity (93–98%) in detection of 
lymph nodal involvement using FDG PET/CT, 
compared with 61–87% sensitivity using con-
trast-enhanced CT. The speci fi city of PET/CT 
was 99–100%, compared with 85–91% using 
contrast-enhanced CT  [  29  ] . PET/CT also pro-
vides signi fi cantly better exclusion of lymphoma-
tous involvement when compared with 
contrast-enhanced CT alone. Additionally, PET/
CT did not result in false-positive  fi ndings with 
regard to lung and bone involvement  [  30  ] . It has 
been reported that PET/CT can provide informa-
tion on long-term prognosis after only two to 
four cycles of induction chemotherapy  [  31  ] . One 
study investigated the clinical diagnostic neces-
sity of PET/CT after only two or four cycles of 
induction chemotherapy and concluded that PET/
CT would have reduced the diagnostic imaging 
costs over the course  [  32  ] . The diagnostic value 
of low-dose CT in the setting of PET/CT is cur-
rently the subject of scienti fi c studies. It has been 
indicated that low-dose CT acquisitions may be 
adequate for the staging and restaging of lym-
phoma  [  33  ] .  
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   Conclusion 

 Three principal opportunities for FDG PET to 
optimize the management of HD and NHL can be 
de fi ned: in improving the accuracy of initial stag-
ing, in de fi ning response to treatment, and in 
re fi ning follow-up after completion of treatment. 
In low-grade lymphoma, FDG PET appears to be 
of less value, frequently failing to demonstrate 
disease seen on conventional imaging  [  34  ] . 
Functional imaging with FDG PET may have an 
important role in the management of lymphoma, 
enabling more precise and accurate tailoring of 
treatment to the true disease status of the patient, 
both at presentation and subsequently during and 
after completion of  fi rst-line treatment.      

   References 

    1.    Sandlund JT, Downing JR, Crist WM. Non-Hodgkin’s 
lymphoma in childhood. N Engl J Med. 1996;334:
1238–41.  

    2.    Jemal A, Thomas A, Murray T, et al. Cancer statistics. 
CA Cancer J Clin. 2002;52:23–47.  

    3.    Newton R, Ferlay J, Beral V, et al. The epidemiology 
of non-Hodgkin’s lymphoma: comparison of nodal 
and extranodal sites. Int J Cancer. 1997;72:923–7.  

    4.    Glass AG, Karnell LH, Menck HR. The national can-
cer data base report on non-Hodgkin’s lymphoma. 
Cancer. 1997;80:2311–20.  

    5.    Weisenburger D. The International Lymphoma Study 
Group classi fi cation of non-Hodgkin’s lymphoma: 
pathology  fi ndings from a large multicenter study. 
Mod Pathol. 1997;10:136A.  

    6.    Larcos G, Farlow DC, Antico VF, et al. The role of 
high dose Ga-67 scintigraphy in staging untreated 
patients with lymphoma. Austr N Z J Med. 1994;
24:5–8.  

    7.    Tatsumi M, Kitayama H, Sugahara H, et al. Whole-
body hybrid PET with F-18 FDG in the staging of non-
Hodgkin’s lymphoma. J Nucl Med. 2001;42:601–8.  

    8.    Carr R, Barrington S, Madam B, et al. Detection of 
lymphoma in bone marrow by whole-body positron 
emission tomography. Blood. 1998;91:3340–6.  

    9.    Finkelstein JD, Martin JJ. Methionine metabolism in 
mammals. J Biol Chem. 1986;26:1582–7.  

    10.    Leskinen-Kallio S, Ruotsalainem U, Nägren K, et al. 
Uptake of C-11 methionine and  fl uorodeoxyglucose 
in non-Hodgkin’s lymphoma: a PET study. J Nucl 
Med. 1991;32:1211–8.  

    11.    Rodriguez M, Rehn S, Ahlstrom H, et al. Predicting 
malignancy grade with PET in non-Hodgkin’s lym-
phoma. J Nucl Med. 1995;36:1790–6.  

    12.    Sutinen E, Jyrkio S, Varpula M, et al. Nodal staging of 
lymphoma with whole-body PET: comparison of 
C-11 methionine and FDG. J Nucl Med. 2000;
41:1980–8.  

    13.    Kubota R, Kubota K, Yamada S, et al. Methionine 
uptake by tumor tissue: a microautoradiographic com-
parison with FDG. J Nucl Med. 1995;36:484–92.  

    14.    Charion M, Beyer T, Kinahan PE, et al. Whole-body 
FDG PET and CT imaging of malignancies using a 
combined PET/CT scanner. J Nucl Med. 1999;
40:256.  

    15.    Moog F, Kotzerke J, Reske SN. FDG-PET can replace 
bone scintigraphy in primary staging of malignant 
lymphoma. J Nucl Med. 1999;40:1407–13.  

    16.    Lapela M, Leskinen-Kallio S, Minn H, et al. Increased 
glucose metabolism in untreated non-Hodgkin’s lym-
phoma: a study with PET and F-18 FDG. Blood. 
1995;9:3522–7.  

    17.    Hoffman JM, Waskin HA, Schifter T, et al. FDG-PET 
in differentiating lymphoma from nonmalignant cen-
tral nervous system lesions in patients with AIDS. 
J Nucl Med. 1993;34:567–75.  

    18.    DeVita VT, Cannelos GP. The lymphomas. Semin 
Hematol. 1999;36:84–94.  

    19.    Surbone A, Longo DL, DeVita VL, et al. Residual 
abdominal masses in aggressive non-Hodgkin’s lym-
phoma after combination chemotherapy; signi fi cance 
and management. J Clin Oncol. 1988;6:1832–7.  

    20.    Janicek M, Kaplan W, Neuberg D, et al. Early restag-
ing gallium scans predict outcome in poor prognosis 
patients with aggressive non-Hodgkin’s lymphoma 
treated with high-dose CHOP chemotherapy. J Clin 
Oncol. 1997;15:1631–7.  

    21.    Front D, Bar-Shalom R, Mor M, et al. Aggressive 
non-Hodgkin’s lymphoma: early prediction of out-
come with Ga-67 scintigraphy. Radiology. 2000;214:
253–7.  

    22.    Hill M, Cunningham D, MacVicar D, et al. Role of 
magnetic resonance imaging in predicting relapse in 
residual masses after treatment of lymphoma. J Clin 
Oncol. 1993;11:2273–8.  

    23.    Kostakoglu L, Leonard JP, Coleman M, et al. 
Comparison of F-18  fl uorodeoxyglucose PET and 
Ga-67 scintigraphy in evaluation of lymphoma. J Clin 
Oncol. 2000;19:10a.  

    24.    Mikhaeel NG, Timothy AR, Hain SF, O’Doherty MJ. 
F-18 FDG PET for the assessment of residual masses 
on CT following treatment of lymphomas. Ann Oncol. 
2000;11:147–50.  

    25.    Romer W, Hanauske A, Ziegler S, et al. Positron 
emission tomography in non-Hodgkin’s lymphoma: 
assessment of chemotherapy with  fl uorodeoxyglucose. 
Blood. 1998;91:4464–71.  

    26.    Kostakoglu L, Coleman M, Leonard JP, et al. PET 
predicts prognosis after 1 cycle of chemotherapy in 
aggressive lymphoma and Hodgkin’s disease. J Nucl 
Med. 2002;43:1018–27.  

    27.    Jerusalem G, Beguin Y, Fassotte MF, et al. Whole-body 
PET using F-18 FDG for post-treatment  evaluation in 
Hodgkin’s disease and non-Hodgkin’s lymphoma has 



308 E.E. Kim and F.L.C. Wong

higher diagnostic and prognostic value than classical 
CT scan imaging. Blood. 1999;94:429–33.  

    28.    Torizuka T, Zasadny KR, Kison PV, et al. Metabolic 
response of non-Hodgkin’s lymphoma to I-131 anti-
B1 radioimmunotherapy: evaluation with FDG PET. 
J Nucl Med. 2000;41:999–1005.  

    29.    Hernandez-Maraver D, Hernandez-Navarro F, Gomez-
Leon N, et al. Positron emission tomography/com-
puted tomography: diagnostic accuracy in lymphoma. 
Br J Haematol. 2006;135(3):293–302.  

    30.    Schaefer NG, Strobel K, Taverna C, Hany TF. Bone 
involvement in patient with lymphoma: the role of 
FDG-PET/CT. Eur J Nucl Med Mol Imag. 2007;
34(1):60–7.  

    31.    Querellou S, Valette F, Bodet-Milin C, et al. FDG-
PET/CT predicts outcome in patients with aggressive 

non-Hodgkin’s lymphoma and Hodgkin’s disease. 
Ann Hematol. 2006;85(11):759–67.  

    32.    Strobel K, Schaefer NG, Renner C, et al. Cost-
effectiveness therapy remission assessment in 
 lymphoma patients using 2-F-18  fl uor-2-deoxy-D-
glucose positron emission tomography/computed 
tomography: is an end of treatment exam necessary in 
all patients? Ann Oncol. 2007;18(4):658–64.  

    33.    Schaefer NG, Hany TF, Taverna C, et al. Non-
Hodgkin’s lymphoma and Hodgkin’s disease: coreg-
istered FDG PET and CT at staging and restaging- do 
we need contrast-enhanced CT? Radiology. 2004;
232(2):823–9.  

    34.    Hoskin PJ. FDG PET in the management of 
 lymphoma: a clinical perspective. Eur J Nucl Med. 
2002;29:449–51.      



309E.E. Kim et al. (eds.), Clinical PET and PET/CT: Principles and Applications, 
DOI 10.1007/978-1-4419-0802-5_28, © Springer Science+Business Media New York 2013

 Cutaneous melanoma is a readily curable tumor, 
with 85% of diagnosed patients enjoying long-
term survival following simple surgical excision. 
There has been a steady increase in melanoma 
incidence over the past century. In the United 
States, melanoma is diagnosed in at least 54,200 
people a year, approximately 15 in 100,000  [  1  ] . 
Disseminated melanoma is a devastating illness 
with limited effective treatment options, prompt-
ing the evolution of efforts designed to identify 
metastatic disease early and to develop novel bio-
logic therapies. The application of immunother-
apy has so far provided bene fi t to only a small 
percentage of patients. In the majority of patients 
with metastatic disease, many of whom are 
young, the chemotherapy or biologic therapy is 
unsuccessful. 

 Melanomas are the most common (70%) pri-
mary intraocular malignancy in Caucasians, and 
they arise from uveal melanocytes residing in the 

uveal stroma and originating from the neural 
crest. The precise anatomic origin of ocular mel-
anomas was unspeci fi ed in approximately 25% 
of cases, and 73% of the tumors arose within the 
globe (mainly from the choroid). Uveal mela-
noma, similarly to retinitis pigmentosa, may not 
constitute a single disease but consist of an 
assortment of maladies with multiple genetic 
origins that simply culminate in a limited pheno-
type. In contrast to a phenotype associated with 
cell death, uveal melanoma is characterized by 
uncontrolled proliferation. Lymphatic spread has 
not been demonstrated, as would be expected 
from the absence of lymphatics in the eye in con-
trast to cutaneous melanomas. Hematogenous 
metastasis to the liver is frequent, and plasmino-
gen activator as well as epidermal growth factor 
may play a role in the occurrence and progres-
sion of metastases. 

 Many aspects of melanoma treatment such as 
sentinel node dissection, isolated limb perfusion, 
and cytotoxic or biologic (or both) therapies 
remain controversial and inconclusive. No lack 
of effective alternatives has allowed the imple-
mentation and evolution of new treatments 
because no systemic therapy has yet been shown 
to signi fi cantly prolong survival. The identi fi cation 
of tumor rejection antigens recognized by CD4 
and CD8 T cells as well as prognostically 
signi fi cant roles of antibody response to mela-
noma antigens has spawned a renaissance    of 
immunotherapy. Cutaneous and ocular melano-
mas differ in their systemic symptoms, metastatic 
patterns, and susceptibility to treatments. 
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 Multiple myeloma is the major plasma cell 
tumor and represents a spectrum of diseases char-
acterized by clonal proliferation and accumula-
tion of immunoglobulin-producing cells that are 
terminally differentiated B cells. The spectrum 
includes clinically benign conditions such as 
monoclonal gammopathy of unknown 
signi fi cance (MGUS); indolent conditions such 
as Waldenström’s macroglobulinemia; the more 
common malignant entity, plasma cell myeloma, 
a disseminated B-cell malignancy; and a more 
aggressive form, plasma cell leukemia, with cir-
culating malignant plasma cells in the blood. It is 
a relatively uncommon malignancy in the US. 
Among hematologic malignancies, it constitutes 
10% of tumors and ranks as the second most fre-
quently occurring cancer after non-Hodgkin lym-
phoma. Approximately 14,600 new patients were 
diagnosed in 2003  [  1  ] . Its incidence has slowly 
increased in the US and increases with advancing 
age. Clinical manifestations are the results of a 
variety of pathogenic mechanisms, including 
cytokine production, effect of the tumor mass 
itself, deposition of the M protein, suppression of 
T- and B-cell functions, and occasionally autoim-
mune disorders. 

 In the US, the incidence of soft-tissue sarcoma 
is approximately 7,800 new cases per year  [  1  ] . A 
little more than 50% of these new patients will 
die of the disease. It is clear that soft-tissue sar-
coma diagnosed at an early stage is eminently 
curable by wide en bloc resection, but when diag-
nosed at the time of extensive local or metastatic 
disease, it is rarely curable. Soft-tissue sarcomas 
can occur in any site throughout the body. Almost 
50%appear in the extremities, with two thirds of 
extremity lesions occurring in the lower limbs, 
and 30% intra-abdominally divided equally 
between visceral and retroperitoneal lesions. 
Soft-tissue tumors generally are categorized 
according to the normal tissue they mimic. 
Although most soft tissues arise from embryonic 
mesoderm, tumors of the peripheral nervous sys-
tem (ectoderm), and some tumors of uncertain 
histogenesis are included as soft-tissue tumors 
that can be benign or malignant. The ratio of 
benign to malignant tumors is more than 100:1. 
Unlike carcinomas, sarcomas do not demonstrate 

in situ changes, nor does it appear that sarcomas 
originate from benign soft-tissue tumors except 
for malignant peripheral nerve sheath tumor in 
patients with neuro fi bromatosis. Sarcomas are 
characterized by local invasiveness. Lymph node 
metastases are uncommon, with the exception of 
selected cell types usually associated with child-
hood sarcoma. Most sarcomas metastasize 
hematogenously, and the clinical behavior is 
determined by anatomic location, grade, and size, 
rather than by speci fi c histologic pattern. 

 Malignant tumors arising from the skeletal 
system are rare. Osteosarcoma and Ewing’s sar-
coma, the two most common bone tumors, occur 
mainly during childhood and adolescence. Other 
mesenchymal (spindle cell) tumors such as 
malignant  fi brous histiocytoma (MFH) are less 
common. Today, limb-sparing surgery is routine, 
and adjuvant chemotherapy dramatically 
increases overall survival. 

   Diagnosis and Staging 

 Identi fi cation of features that may mark lesions 
suspicious for melanoma can be simply recalled 
by using the minemonic ABCDE: asymmetry, 
borders that are irregular or diffuse, color varie-
gation, diameter larger than 5 mm, and enlarge-
ment or evolution. Bleeding and ulceration occur 
in 10% of localized melanomas and in 54% of 
late melanomas, and is a poor prognostic  fi nding. 
Suspicious lesions with irregular raised surfaces, 
ulceration, bleeding, variegations, or recent 
changes in color or size should have a full-thick-
ness excisional biopsy performed on them. 

 The staging of cutaneous melanoma involves 
segregation by local, regional, or distant disease 
and strongly correlates with survival. The most 
important staging information is the Breslow 
depth, presence of ulceration, and nodal status. 
Stages I and II designate early (low-risk) and 
later (intermediate-risk) tumors, respectively. 
Distant metastases de fi ne stage IV disease, 
whereas regional lymph node metastases (N1 or 
N3) de fi ne stage III disease (Table  28.1 ).  

 Asymptomatic patients with T1 lesions do not 
appear to bene fi t from any diagnostic imaging. 
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A chest radiograph is obtained in patients with 
stage IB or greater. Liver function tests, especially 
lactate dehydrogenase (LDH), and radiologic 
tests such as brain magnetic resonance imaging 
(MRI) and body computed tomography (CT) are 
indicated in stages III and IV disease or otherwise 
symptomatic patients. Advances in imaging tech-
niques have improved the ability to identify and 
localize primary and metastatic melanomas. 
Lymphoscintigraphy can provide valuable assis-
tance in localizing sentinel lymph node(s) for 
biopsy, and it is particularly helpful for tumor 
locations with variable lymphatic drainage. 
Imaging using technetium (Tc-99m) sestamibi, 
Tc-99m tetrafosmin, and I-123 iodobenzamide 
(for melanotic melanomas) show promise, and 

Tc-99m sestamibi appears a reasonably inexpen-
sive substitute for whole-body positron emission 
tomography (PET) with  18 F- fl uorodeoxyglucose 
(FDG) in staging melanoma. 

 The diagnosis of choroidal and ciliary body 
melanomas has reached a high degree of accu-
racy at eye centers by utilizing clinical examina-
tion, sonography, and  fl uorescein angiography. 
No biopsy is performed. The most commonly 
encountered conditions mimicking melanoma 
include a choroidal nevi, peripheral disciform 
degeneration, congenital hypertrophy of the reti-
nal pigment epithelium, and choroidal heman-
gioma. Ocular sonography is more sensitive than 
MRI or CT for the detection of extraocular exten-
sion of choroidal malignant melanoma  [  2  ] . 

   Table 28.1    Tumor node metastasis staging of malignant melanoma with 5-year survival rates   

  T stage  
 T1  a: <1 mm thickness, no ulcer; b: <1 mm thickness with ulcer 
 T2  a: 1–2 mm thickness, no ulcer; b: 1–2 mm thickness with ulcer 
 T3  a: 2–4 mm thickness, no ulcer; b: 2–4 mm thickness with ulcer 
 T4  a: >4 mm thickness, no ulcer; b: >4 mm thickness with ulcer 
  N stage  
 N1  a: 1 microscopic node metastasis; b: 1 macroscopic node metastasis; c: 1 in-transit or satellite node 

metastasis 
 N2  a: 2–3 microscopic nodal metastases   .; b: 2–3 macroscopic nodal metastases; c: 2–3 in-transit or satellite 

nodal metastases 
 N3  Metastases in > 4 nodes, or matted or in-transit or satellite regional nodes 
  M stage  
 M1  a: Distant metastases in skin, subcutaneous tissue, distant node with normal LDH 

 b: Lung metastasis with normal LDH 
 c: Metastases in all other visceral sites with normal LDH, or any distant metastasis with abnormal LDH 

  Stage    5-year survival rate (%)  
 0  Tis  N0  M0  – 
 IA  T1a  N0  M0  95 
 IB  T1b/2a  N0  M0  90 
 IIA  T2b/3a  N0  M0  78 
 IIB  T3b/4a  N0  M0  65 
 IIC  T4b  N0  M0  45 
 IIIA  Any Ta  N1a/2a  M0  67 
 IIIB  Any Tb  N1a/2a  M0  52 

 Any Ta  N1b/2b,c  M0  54 
 IIIC  Any Tb  N1b/2b,c  M0  26 

 Any T  N3  M0  27 
 IV  Any T  Any N  M1a  19 

 Any T  Any N  M1b   7 
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Sonography and  fl uorescein angiography com-
bined are useful in patient follow-up. The useful-
ness of radioactive phosphorus ( 32 P) in 
determining malignancy remains controversial, 
and radioimmunoscintigraphy using Tc-99m 
monoclonal antibodies are still too preliminary to 
be reliable diagnostic tools  [  3  ] . Metastatic workup 
should be performed with liver enzyme measure-
ment and CT or sonography. Although it is known 
that the detection of melanoma cells in blood 
cannot automatically be presumed as a de fi nite 
sign for the presence of metastatic disease, poly-
merase chain reaction might help in interpreting 
the result of conventional markers for metastasis 
in the future  [  4  ] . 

 Because patients with myeloma present with 
a variety of symptoms, the diagnosis of myeloma 
is quite often delayed. An older patient with 
unexplained back or bone pain, infection, ane-
mia, or renal insuf fi ciency should be screened 
for myeloma. The evaluation includes a hemo-
gram, serum and urine protein electrophoresis 
and immuno fi xation, quantitative immunoglobu-
lin levels, urinary protein excretion in 24 h, bone 
marrow aspiration and biopsy, and complete 
skeletal radiographic survey. Radiography shows 
early-phase osteopenia, and lytic punched out 
lesions with increasing tumor burden. Bone 
scans are seldom positive because of the pre-
dominant osteolytic activity. Measurement of 
bone mineral density is useful for the therapeutic 
response. MRI provides a better assessment of 
tumor burden, and more than 95% of patients 
with myeloma show MRI abnormalities  [  5  ] ; one 
third have focal lesions, and another one third 
have heterogenous marrow. A focal marrow plas-
macytoma can be analyzed using CT-guided 
 fi ne-needle aspiration allowing cytologic diag-
nosis. MRI and CT do not readily distinguish 
between active disease and scar tissue, necrosis, 
bone fracture, or benign disease. Traditional 
staging depends heavily on the extent of disease 
evident on a radiologic bone survey. 

 The presence of soft-tissue sarcoma is almost 
invariably suggested by the development of a 
mass. The mass is usually large, often painless, 
and may be associated with an episode of injury 
by the patient. The focus of the clinical evalua-

tion is to determine the likelihood of a benign or 
malignant soft-tissue tumor, the involvement of 
muscular or neurovascular structures, and the 
ease with which biopsy or subsequent excision 
can be obtained. Accurate diagnosis requires ade-
quate and representative biopsy of the tumor, and 
the tissue must be well  fi xed and well stained. 

 The most useful immunohistochemical mark-
ers are the intermediate  fi laments such as keratin 
and S-100. Cytogenetic analyses reveal clonal 
chromosome alterations in the majority of sarco-
mas  [  6  ] . The three most common histopathologic 
subtypes of soft-tissue sarcoma are MFH, lipos-
arcoma, and leiomyosarcoma. The most common 
extremity sarcomas are liposarcoma, MFH, ten-
dosynovial sarcoma, and  fi brosarcoma. Most ret-
roperitoneal sarcomas are liposarcomas or 
leiomyosarcomas. The most frequently encoun-
tered chest wall sarcomas are desmoids, liposar-
comas, and myogenic sarcomas. Virtually all 
gastrointestinal sarcomas were previously 
classi fi ed as leiomyosarcomas or leiomyoblasto-
mas. It is now recognized that many gastrointes-
tinal sarcomas do not express markers of 
myogenic differentiation and are better classi fi ed 
as gastrointestinal stromal tumors, or, if they 
exhibit neural differentiation, gastrointestinal 
autonomic nerve tumors. The pattern of recur-
rence is intra-abdominal, including hepatic 
metastasis  [  7  ] . Leiomyosarcoma is the most 
 common type of genitourinary sarcoma and 
arises in the bladder, kidney, or prostate. 
Rhabdomyosarcoma arising in paratesticular tis-
sues is a disease seen in young men. Approximately 
10–15% of all sarcomas occur in children. The 
majority of pediatric patients have small cell sar-
comas, including embryonal rhabdomyosarcoma, 
Ewing’s sarcoma, and primitive neuroectodermal 
tumor. There have been signi fi cant changes in the 
staging of soft-tissue sarcoma. The new staging 
system (Table  28.2 ) includes both size and depth, 
and the criteria of the Hajdu staging system are 
tumor size, location and grade (Table  28.3 ). Size 
is a continuous variable, and the decision to 
divide tumors into less than 5 cm or greater than 
or equal to 5 cm is arbitrary. Stage IB (low-grade, 
large super fi cial tumors) is uncommon, as is stage 
IIC (high-grade, large super fi cial tumors). Depth 
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is of less value when incorporated with other 
prognostic factors such as size. Stage IV disease 
from lymph node metastasis is rare.   

 For early recurrence, grade seems predomi-
nant, whereas for late recurrence, size assumes a 
progressively more important role. Whether or 
not age should be a determinant in a staging sys-
tem is as yet unclear. It does appear that the early 
and the late stages of disease are similar in both 
children and adults, but the intermediate-stage 
lesions have a better prognosis in children  [  8  ] . 
Site appears to be a signi fi cant factor in survival. 
Patients with retroperitoneal sarcoma can and do 
die of local recurrence, an uncommon event in 
extremity lesions. The intra-abdominal visceral 
leiomyosarcomas still maintain a high metastatic 
rate as the primary cause of death. 

 Radiographic evaluation combined with the 
clinical history and histologic examination is 
necessary for accurate diagnosis of bone sar-
coma. A bone tumor is evaluated by  fi ve radio-
graphic parameters: anatomic site, border, bone 
destruction, matrix formation, and periosteal 

reaction. Benign tumors have round, smooth, 
well-circumscribed borders without cortical 
destruction or periosteal reaction. Malignant 
lesions have irregular, poorly de fi ned margins 
with bone destruction and wide area of transition 
with periosteal reaction. The surgical staging sys-
tem developed by Enneking and colleagues  [  9  ]  is 
based on the grade (G), location (T), and lymph 
node involvement as well as metastasis (M). MRI 
and CT, combined with nuclear bone scans and 
angiography, allow the physician to develop a 
three-dimensional construct of the local tumor 
area before surgery and thereby formulate a 
detailed surgical approach. MRI is most accurate 
for determining the intraosseous extent of tumor. 
Angiography is performed only if the primary 
tumor is in the vicinity of the major vascular 
structures. CT and MRI are equally accurate in 
evaluating cortical changes. MRI is superior to 
CT for detecting muscle involvement in the knee, 
pelvis, and shoulder  [  10  ] .  

   PET in Melanoma, Myeloma, 
and Sarcoma 

 The accurate staging and surveillance of melano-
mas remain dif fi cult, and a range of conventional 
structural imaging modalities are often used on 
patients with melanoma. Functional imaging 
using Ga-67 citrate has restricted its regular use 
to relatively few centers because of its inconve-
nience of multiple imaging sessions. Ga-67 scan-
ning in melanoma is predicated on the avidity of 
tumor uptake, most likely mediated by transfer-
ring receptor expression. Its utility in the man-
agement of patients with malignant melanoma 
has shown a sensitivity of greater than 80% and 
a speci fi city of 90%  [  11,  12  ] . The use of FDG in 
the management of patients with malignancy has 
recently been implemented. FDG tumor uptake 
is related to the nonspeci fi c increase in glucose 
transporters seen in many malignant processes, 
and malignant melanoma appears to have a par-
ticularly high avidity for this metabolic marker 
 [  13  ] . Comparison of Ga-67 citrate, single photon 
emission computed tomography (SPECT), and 
FDG PET has been made in 121 patients with 

   Table 28.2    The new staging system for soft-tissue sarcoma   

 Stage  Description 

 IA (G1, T1, M0)  Low-grade intracompartmental 
lesion without metastasis 

 IB (G1, T2, M0)  Low-grade extracompartmental 
lesion, without metastasis 

 IIA (G2, T1, M0)  High-grade intracompartmental 
lesion without metastasis 

 IIIA (G1 or G2, T1, M1)  Intracompartmental lesion, 
any grade, with metastasis 

 IIIB (G1, or G2, T2, M1)  Extracompartmental lesion, 
any grade, with metastasis 

   Table 28.3    Hajdu staging for soft-tissue tumors   

 Stage  Grade  Size (cm)  Location 

 0  G1  <5  Super fi cial 

 IA  G2/G3  <5  Super fi cial 

 IB  G1  <5  Deep 
 IC  G1  >5  Super fi cial 

 IIA  G2/G3  <5  Deep 
 IIB  G2/G3  >5  Super fi cial 

 IIC  G1  >5  Deep 
 III  G2/G3  >5  Deep 
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melanoma with high clinical risk of occult meta-
static disease  [  12  ] . PET correctly identi fi ed more 
disease than Ga-67 SPECT in 14 cases, includ-
ing three incidental primary tumors, and showed 
true-negative results in three additional patients 
with abnormal Ga-67 SPECT. There were six 
patients with true-positive Ga-67 SPECT results 
in whom FDGPET showed false-negative 
 fi ndings. FDG PET provided incremental diag-
nostic information compared with Ga-67 SPECT 
in 17 of 23 patients, while Ga-67 SPECT pro-
vided incremental information compared with 
PET in 6 of 23 cases ( p  = 0.035). It was con-
cluded that FDG PET provides incremental and 
clinically important information in approxi-
mately 10% of patients at a low incremental cost, 
which, combined with greater patient conve-
nience and lower radiation dosimetry, makes 
FDG PET the functional imaging technique of 
choice for the evaluation of suspected metastatic 
melanoma. Recognition of small-volume disease 
is a potential limitation of both FDG PET and 
Ga-67 SPECT. For deep lesions, the higher spa-
tial resolution of PET may offer a relative advan-
tage. The combination of FDG PET and CT 
improves diagnostic capability by combining the 
ability of CT to detect small lung metastases 
with the high sensitivity of FDG PET in detect-
ing intra-abdominal tumors. 

 The ef fi cacy of FDG PET in the diagnosis of 
involved lymph node basins was good  [  14  ] . 
Sensitivity was 95% (35/37); speci fi city, 84% 
(16/19); accuracy, 91% (51/56); positive predic-
tive value, 92% (35/38); and negative predictive 
value, 89% (16/18). Metastases were shown his-
tologically in 114 of 657 surgically removed 
lymph nodes. FDG PET detected 100% of metas-
tases that were larger than10 mm, 83% of metas-
tases that were 6–10 mm in size, and 23% of 
metastases less than or equal to 5 mm. Moreover, 
FDG PET had high sensitivity ( ³ 93%) only for 
metastases with more than 50% lymph node 
involvement or with capsular in fi ltration. The 
sensitivities of whole-body PET and planar coin-
cidence scintigraphy in 55 patients with mela-
noma with 108 lesions were 89% and 18%, 
respectively  [  15  ] . The tumor to background activ-
ity contrast was generally lower in planar coinci-

dence scintigraphy than in PET, and the decrease 
in planar coincidence scintigraphy detection was 
found in lesions smaller than 22 mm in diameter. 
Pretreated melanoma lesions can cause diagnos-
tic problems at restaging if the FDG uptake is low 
and equivalent to the surrounding tissue. 
Therefore, a new radiopharmaceutical that can 
provide further information about a lesion is 
needed. Tyrosine is a well-known amino acid 
used for melanin formation. It is transported into 
the cells and transformed to dihydroxyphenylala-
nine (DOPA). The phenoloxidase is responsible 
for the complete conversion of DOPA to melanin. 
6-[ 18 F]- fl uoro-L-dopa (FDOPA) uptake was 
enhanced in 14 of 22 metastatic lesions (64% 
sensitivity). FDG uptake was 1.5-fold higher than 
FDOPA uptake in 18 of 22 metastases from mela-
noma, whereas FDOPA uptake was 1.5-fold 
higher than FDG uptake in two patients with 
hepatic metastases. FDOPA can help to identify 
viable melanoma metastases in patients with neg-
ative FDG  fi ndings and thus may help in the 
selection of patients who would bene fi t from fur-
ther treatment  [  16  ] . 

 A reliable whole-body technique with both 
functional and morphologic information is neces-
sary to identify the extent and activity of multiple 
myeloma for staging arid monitoring treatments. 
Ninety-eight PET scans using  18 F-FDG were 
obtained in 66 patients with myeloma, with 25 
patients having two or more scans, and compared 
with clinical and staging information including 
MRI and CT scans  [  17  ] . Negative PET  fi ndings 
reliably predicted stable MGUS. Conversely, 16 
previously untreated patients with active myeloma 
all had focal or diffusely positive scan  fi ndings; 
four (25%) had negative full radiologic surveys, 
and another four had focal extramedullary dis-
eases that were con fi rmed by biopsy or other 
imaging modalities. Persistent positive PET 
 fi ndings after therapy predicted early relapse. In 
13 of 16 patients (81%) with relapsing myeloma, 
new sites were identi fi ed using PET. PET also 
was helpful in identifying focal recurrent disease 
in six patients with nonsecretory or hyposecre-
tory myeloma. 

 Soft-tissue sarcomas are a heterogeneous 
group of tumors that arise from tissue of mesen-
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chymal origin and are characterized by in fi ltrative 
local growth and hematogenous metastases. 
Morphologic imaging modalities are used for the 
assessment of tumor location, form, size, 
in fi ltration of the surrounding tissue, and pres-
ence of satellite metastases. FDG PET visualized 
soft-tissue sarcomas, indicated the grade of 
malignancy, and detected local recurrence  [  18  ] . 
The data reported in the literature indicate a high 
sensitivity (>90%) but a lower speci fi city (65–
88%) in the detection of soft-tissue sarcomas. 
The false-negative results in patients with sus-
pected soft-tissue lesions are in low-grade tumors 
which have low FDG uptake. False-positive 
results may be caused by in fl ammatory lesions, 
previous irradiation with scar tissue, and 
 fi brolipoma  [  19  ] . The standard uptake value 
(SUV) has been helpful in the diagnosis of high-
grade tumors. The limitation of the SUV is the 
differentiation of low-grade sarcomas or at least a 
subset of low-grade soft-tissue tumors because 
sarcomas are histologically heterogeneous. 
Depending on histology and phosphorylation, 
FDG uptake can be different for the various his-
tologic subtypes. The use of several kinetic 
parameters obtained from the dynamic FDG data 
provides more information about FDG pharma-
cokinetics than SUV of a single acquisition. The 
transport constant k 

1
  is primarily a parameter for 

the transport capacity of FDG, and the rate con-
stant k 

3
  is associated with the phosphorylation 

rate of the radiopharmaceutical. 
 The blood volume in a tumor tissue is a param-

eter that modulates the uptake of the tracer. 
Therefore, the use of the vascular fraction of a 
target volume is another parameter that may 
improve the diagnostic accuracy. In addition to 
compartment analysis, the fractal dimension may 
help to quantify heterogeneity. All of these 
parameters can be in fl uenced by the size and 
shape of a tumor as well as the resolution of 
imaging system. Pixels at the center of the tumor 
may have higher values, whereas the values may 
decrease for pixels located toward the edge of the 
tumor. However, this effect is generally modu-
lated by the inhomogeneous distribution of FDG 
within the malignancy because of differences in 
blood supply, viability, and other factors. The 

SUV and the fractal dimension seemed to be 
helpful for the grade II and the grade III 
classi fi cation versus lipoma and scar  [  20  ] . 
According to the data, the FDG turnover in lipo-
mas is more deterministic than in tumors and in 
scars. Because of large overlap of SUVs between 
the different grading groups, the comparison of 
the mean SUV may not be useful in the individual 
patient. The FDG metabolic rate according to the 
graphic Patlak method was comparable with the 
one calculated with the transport rates of the two-
tissue compartment  [  21  ] . The metabolic rate of 
FDG could distinguish high-grade sarcomas from 
benign lesions but not low-grade tumors. With 
92% accuracy for the prediction of grade III 
tumors but a low prediction for all other groups 
when only the SUV was used  [  20  ] , the differen-
tiation of in fl ammatory lesions from tumor tis-
sue, especially grade III tumors, can be a problem. 
However, an in fl ammatory lesion has low preva-
lence and can often be diagnosed using clinical 
criteria and laboratory values. 

 Another problem is the differentiation of scar 
tissue and tumor recurrence, which is a biologic 
problem and concerns primarily irradiated 
patients. Nonspeci fi c repair processes lead to 
an enhanced FDG uptake, although radiation 
 therapy usually is performed at least 3 months 
before the use of FDG PET. Interestingly, one 
abscess with high uptake of FDG and 
enhanced tissue perfusion did not accumulate 
 11 C-aminoisobutyric acid  [  22  ] . The amino acids 
can be advantageous, with clear signal showing 
only the transport capacity of the tumor and no 
further metabolic steps. A direct comparison of 
FDG PET and FDG PET/CT for detection of 
recurrent melanoma showed that both studies 
had signi fi cantly higher sensitivity (100%) and 
speci fi city (99%) than noncontrast CT (67% and 
92%, respectively)  [  23  ] . Another advantage of 
PET/CT is that the entire body can be scanned 
in a single examination, which is especially 
bene fi cial in patients with multiple morbidities. 
The detection of distant metastasis can spare 
patients the ordeal of costly and unnecessary 
surgeries. Downstaging after a successful treat-
ment also reduces costs by ruling out the need 
for further therapy.      
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         Introduction 

 Carcinoma of unknown primary (CUP) repre-
sents the group of heterogeneous tumors, which 
can be de fi ned as the presence of histologically 
proven metastatic disease and unidenti fi ed site 
of origin at the time of diagnosis in spite of com-
prehensive diagnostic workup  [  1  ] . CUP tumors 
are not infrequently encountered in oncologic 
practice. The incidence of CUP tumors in onco-
logic patients is 0.5–7% at the time of the initial 
diagnosis  [  2,   3  ]  and its prevalence is between 3% 
and 15%  [  4  ] . Frequent  fi rst settings for the meta-
static lesions are lymph nodes (37%); of these, 
31% are located in the head and neck region, 
which is the most common site for metastases of 
unknown origin  [  5,   6  ] . CUP tumors present met-
astatic dissemination patterns that are different 
from those observed in oncologic conditions 
with known primary tumors: (1) Short symptom-
atic prediagnostic interval exists before the clini-
cal presentation; (2) CUP tumor becomes 
symptomatic at the time of metastatic dissemina-
tions; (3) the most frequent primary sites in 
patients with CUP tumors do not include the 

 several most common primary tumors in the 
general population; (4) no speci fi c metastatic 
location has been consistently associated with a 
speci fi c primary tumor site  [  7  ] . These aspects 
make it dif fi cult to locate the primary tumor, 
which is one of the most important factors for 
establishing the most effective treatment  [  8  ] . 

 The management of these tumors presents 
considerable challenges to the treating physicians 
because therapeutic decisions are often deter-
mined by the nature of the primary tumors and 
failure to detect the primary tumors impedes opti-
mization of treatment planning and may nega-
tively in fl uence patient prognosis  [  1,   6  ] . Five-year 
survival rates for patients with CUP tumors vary 
greatly between 6% and 70% and largely deter-
mined by histology and location of metastases 
 [  9,   10  ] . Patients with undifferentiated tumors and 
adenocarcinomas have a poorer prognosis than 
those with squamous cell carcinomas  [  6  ] . Cervical 
metastases offer a better prognosis than metasta-
ses in the lung or liver  [  5  ] . It was reported that 
median survival of patients with CUP tumors was 
approximately 1 year, but a median survival of 
23 months was described for patients with CUP 
tumors and identi fi ed primary sites, which was 
subsequently treated with a speci fi c therapy  [  11  ] . 
This suggested that early detection of the primary 
lesion enables a rational approach to treatment 
and can signi fi cantly change the prognosis of 
patients with CUP tumors  [  12  ] . 

 The primary tumor is detected in less than 
40% of patients by conventional diagnostic pro-
cedures, frequently, only after having performed 
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many examinations, which are often nonconclu-
sive and generate discomfort for the patient as 
well as a high economic cost  [  3,   4  ] . It is clear, 
therefore, that it is becoming increasingly neces-
sary to use new diagnostic tools and concepts to 
uncover occult primary tumors even if these do 
not yet play a role in routine diagnostic work 
(Fig.  29.1 )  [  6  ] .  

 Positron emission tomography (PET) using 
 fl uorodeoxyglucose (FDG) has become the pre-
ferred imaging modality in the diagnosis and 
management of many different types of cancers 
 [  13  ] . As most malignant tumors have a high glu-
cose metabolism compared with normal tissue, a 
high tumor-to-background contrast can be 
achieved on FDG PET imaging, which is fre-
quently of bene fi t when screening for the 
unknown primary tumors  [  6  ] . Combined PET/CT 
has proved superior to CT or PET alone in detect-
ing primary and metastatic cancer  [  14  ] . In the 
case of head and neck malignancy, FDG PET/CT 
can detect overall malignant lesions with a sensi-
tivity of 91–98%, a speci fi city of 92–93%, and an 

accuracy from 72% to 94%  [  13–  15  ] . As a result 
of the relatively good prognosis of patients with 
CUP tumors located in the head and neck and the 
expected favorable cost effectiveness, research 
examining the use of FDG PET in CUP tumors in 
the head and neck region has been published 
 [  6,   14,   15  ] . However, the use of FDG PET is still 
limited because of its availability and relative 
high cost, and is not established as a clinical 
bene fi t in this area  [  6  ] .  

   General Diagnostic Procedure 

 Although the therapeutic response and prognosis 
of patients with CUP tumors are generally poor, 
it is dependent on the cancer types or origins. 
Generally, patients with undifferentiated tumors 
and adenocarcinomas have a poorer prognosis 
than those with squamous cell carcinomas  [  6  ] . As 
some cancers (breast, ovarian, prostatic, and thy-
roid) have a speci fi c treatment, metastases from 
those speci fi c cancers offers a better prognosis 

  Fig. 29.1    PET/CT in patients with unknown primary head and neck cancer.  FNA   fi ne-needle aspiration,  HN  head and 
neck,  SCC  squamous cell carcinoma (Courtesy by Fleming and Johansen  [  45  ] )       
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and therapeutic response  [  11  ] . However, as the 
median survival of patients with CUP syndrome 
is short, the remainder of the life of the patient 
should not be passed in an endless round of fruit-
less diagnostic studies causing discomfort and 
frustration  [  6  ] . 

 Basic investigation for patients with CUP 
tumors and cervical lymph node metastases 
include patient history documentation, physical 
examination with inspection and palpation of the 
oropharynx; endoscopy of the nasopharynx and 
hypopharynx; laryngoscopy; sonography of the 
neck, thyroid, and abdomen; and serology 
(Table  29.1 )  [  16  ] . The most important aspect of 
the workup of a patient with CUP tumor is the 
evaluation of the tissue obtained at biopsy. If  fi ne 
needle aspiration cytology is insuf fi cient for diag-
nostic certainty, excision biopsy is recommended 
for histologic diagnosis  [  17,   18  ] . In poorly differ-
entiated tumors, immunohistochemical, cytoge-
netic, and molecular biologic studies can be 
extremely useful in identifying sarcomas, germ 
cell tumors, lymphomas, neuroendocrine carcino-
mas, and other tumors for which diagnosis would 
suggest a more speci fi c therapeutic approach. 
Because in most situations, no single antibody is 
speci fi c enough to identify the primary site with 
certainty, a battery of immunohistochemistry test-
ing is often used and sometimes valuable in locat-
ing tumor characteristics such as thyroglobulin, 
cytokeratines, S-100 antigen, prostatic speci fi c 
antigen, estrogen receptor, etc., which can lead to 
histologic tumor identi fi cation  [  19  ] .  

 Radiography and/or computed tomography 
(CT) of the thorax are essential and CT/magnetic 
resonance imaging (MRI) of the abdomen is 
highly recommended in case of adenocarcinoma 
 [  6  ] . Endoscopy of the upper aerodigestive tracts 
with systematic biopsies should be performed for 
all patients with CUP tumors of the cervical 
lymph nodes. Often, serum tumor markers such 
as prostate-speci fi c antigen (PSA)   , thyroglobulin, 
 b -human chorionic gonadotropin ( b -hCG), 
 a -fetoprotein (AFP), carcinoembryonic antigen 
(CEA),    etc., are helpful in indicating the primary 
site of CUP tumors, but they are nonspeci fi c for 
tumor localization in most case  [  20  ] , and addi-
tional diagnostic procedures of asymptomatic 
organs, such as contrast enemas of the bowel or 
urogenital tract, mammography, thyroid scan, or 
endoscopy of other tracts, are of a little diagnos-
tic value  [  6  ] .  

   Positron Emission Tomography 

 CUP tumor represents a heterogeneous group of 
metastatic tumors for which no primary site can 
be detected following a thorough medical history, 
careful clinical examination, and extensive diag-
nostic workup  [  1  ] . Attempts to identify the pri-
mary tumor in patients with CUP tumors are 
often time consuming, expensive, and ultimately 
unsuccessful  [  1,   6  ] . 

 PET imaging of increased glucose metabo-
lism using FDG has been found to be of value in 
patients with CUP tumors in spite of the rather 
unspeci fi c metabolic processes involved. Because 
most malignant tumors have a high glucose 
metabolism compared with normal tissue, a high 
tumor-to-background contrast can be achieved 
on FDG PET imaging, which is frequently of 
bene fi t when screening for unknown primary 
tumors  [  6  ] . In 1994, studies that evaluated the 
usefulness of PET with  18 F-FDG in detecting the 
primary origin in patients with CUP tumors 
began to be reported  [  21  ] . The reason was that 
the technique’s capacity to noninvasively detect 
different tumor types in the whole body a single 
examination  [  22  ] . Most studies report that 
 18 F-FDG PET detects the primary tumor in 

   Table 29.1    Diagnostic procedure performed in patients 
with CUP syndrome presenting with cervical lymph node 
metastases   

 Sonography of neck and abdomen 
 Panendoscopy (oropharynx, larynx, nasopharynx, 
hypopharynx) 
 Fine-needle biopsy of suspicious lymph node 
 Chest radiography; mammography; CT and/or MRI of 
head, neck, and thorax 
 Bone scintigraphy 
 Stool for occult blood, urinalysis, blood count, 
erythrocyte sedimentation rate    
 Serum analysis (electrolyte, liver function test, 
amylase, phosphatase, etc.) 
 Tumor markers (PSA, hCG, AFP, CEA, CA125, etc.) 
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approximately 40% of cases in which negative 
results were found using conventional diagnostic 
procedures  [  8  ] . Because of the high sensitivity 
and speci fi city of  18 F-FDG PET for tumor 
 detection, if the primary tumor is not located 
using 18 F-FDG PET, it is not detected during 
 follow-up in most cases     [  22,   23  ] . 

 In a meta-analysis, Kwee    and Kwee  [  24  ]  
reviewed previous reports systematically  [  25–  35  ]  
and described the detection of unknown primary 
tumors on FDG PET (Table  29.2 ). Their results 
indicated that overall, FDG PET/CT was able to 
detect 37% of primary tumors in patients with 
CUP tumors, and sensitivity and speci fi city were 
reasonably high (both 84%). In their meta-analy-
sis, lung cancer and oropharyngeal and pancre-
atic carcinoma were the most frequently detected 
primary tumors using FDG PET/CT (33%, 16%, 
and 5%, respectively). The most commonly 
reported locations of false-positive FDG PET 
results were in the lung and oropharynx (both 15%). 
Causes of false-positive results may be a result of 
FDG uptake in benign conditions with increased 
glycolysis, high physiologic FDG uptake, and 
artifacts of attenuation correction. False-negative 
FDG PET results were found most often in breast 
cancer (27%). They suggested that the reasons of 
false-negative PET results in breast cancer could 
be attributed to the small size (<1 cm), slow 
growth, and low grade of malignancy with low or 

no FDG uptake, which could be overlooked on 
FDG PET   .  

 Seve et al.  [  36  ]  performed a meta-analysis 
and reported similar  fi ndings in detection rate of 
FDG PET (41%; range, 24%−63%). FDG PET 
detected 17% more tumors than were identi fi ed 
using CT, but there were no tumors that were 
detected only by CT. PET/CT was able to detect 
more primary tumors than either of the other 
imaging modalities. They reported that six stud-
ies  [  23,   37–  41  ]  provided data on changes in 
treatment planning in response to additional 
information provided by FDG PET scans. In 42 
of 121 patients (34.7%) from those studies, a 
therapeutic change was attributed to FDG PET 
 fi ndings, that is, either to the detection of the pri-
mary tumor and/or to the detection of previously 
unknown metastases. In 32 of those 42 patients 
who had an unknown primary tumor identi fi ed, 
the treatment strategy changed from CUP che-
motherapy to speci fi c therapy for the tumor site, 
whereas the detection of unknown distant metas-
tases (10 of 42) led to a transition from curative 
to palliative intent. However, no study formally 
has assessed the contribution of FDG PET with 
survival in patients with CUP tumors  [  36  ] . 
Although Mantaka et al.  [  40  ]  reported better sur-
vival in patients who were diagnosed using PET, 
survival was not altered by discovery of the pri-
mary tumors in the other study  [  37  ] . 

   Table 29.2    Diagnostic performance of FDG PET/CT in primary tumor detection   

 Study and year 
 Primary tumor 
detection rate (%) 

 Sensitivity (%)  Speci fi city (%) 

 Value  95% CI  Value  95% CI 

 Fencl et al. 2007  [  25  ]   22   55  38–70  75  62–85 
 Nassenstein et al. 2007  [  26  ]   28  100  74–100  85  69–94 
 Fleming et al. 2007  [  27  ]   73   94  73–99  100  61–100 
 Bruna et al. 2007  [  28  ]   38   93  70–99  77  57–90 
 Wartski et al. 2007  [  29  ]   34   93  69–99  73  48–89 
 Ambrosini et al. 2006  [  30  ]   53  100  84–100  95  76–99 
 Fakhry et al. 2006  [  31  ]   32   70  40–89  75  47–91 
 Pelosi et al. 2006  [  32  ]   35   83  66–93  87  73–94 
 Nanni et al. 2005  [  33  ]   57  100  76–100  89  57–98 
 Freudenberg et al. 2005  [  34  ]   57   86  60–96  100  65–100 
 Gutzeit et al. 2005  [  35  ]   33   88  66–97  89  73–96 
 Pooled estimate a   37   84  78–88  84  78–89 

   a Adapted from Kwee and Kwee  [  24  ]   
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 FDG PET was sensitive for the detection of 
primary tumor and, in approximately 41% of 
patients, revealed tumors that had gone unde-
tected by other modalities  [  36  ] . Whole-body 
FDG PET also detected previously unrecognized 
regional or distant metastases in approximately 
37% of patients. FDG PET exhibits high overall 
sensitivity for detection of unknown primary. 
However, a relatively low rate of primary site 
detection of CUP was found in the reported data 
 [  21–  26,   36  ] , although FDG PET had higher sen-
sitivity and speci fi city than any other imaging 
modalities. The reasons for the relatively low 
rates of primary site detection can be attributed to 
the following facts: (1) the biologic features of 
the primary tumor can be different from those of 
the tumor cells in the nodal regions (metastases 
may have higher uptake levels of FDG than in the 
primary); (2) the primary lesion is usually small, 
making it dif fi cult to  fi nd, especially in anatomi-
cally complicated areas; and (3) the primary 
tumor can disappear after seeding the metastasis 
because its angiogenic incompetence leads to 
marked apoptosis and cellular turnover, or it may 
have regressed spontaneously  [  12  ] . 

 The role of FDG PET is limited in slowly 
growing tumors such as well-differentiated neu-
roendocrine tumors, compared with the most 
common malignancies of CUP tumor, namely 
adenocarcinoma, squamous cell carcinoma, and 
poorly differentiated carcinoma. In case of neu-
roendocrine tumors, tumor-speci fi c tracers in 
addition to FDG can be used to detect the pri-
mary site and assess stage  [  42,   43  ] . Prasad    et al. 
    [  43  ]  performed receptor PET/CT using Ga-68-
DOTA-NOC for the detection of undiagnosed 
primary sites of neuroendocrine tumors. Among 
59 patients with documented neuroendocrine 
tumors and unknown primary, Ga-68-DOTA-
NOC localized the primary site in 35 patients 
(59%), which was superior to In-11 octreotide 
scan (39%) as well as CT alone (20%). Although 
only a limited number of studies  [  42–  44  ]  have 
been published dealing with CUP of pathologi-
cally identi fi ed speci fi c tumors such as neuroen-
docrine tumor, PET imaging with a speci fi c 
radiotracer including peptide receptor, monoclo-
nal antibody, or other kinds of tumor-speci fi c 

 targeting agents can play a role in the manage-
ment of patients with a certain speci fi c tumors.  

   Conclusion 

 FDG PET/CT has been successfully used for the 
detection of CUP tumors, identifying the primary 
lesions in 22–73% of patients (average, 37%) 
with a negative diagnostic workup  [  25–  35  ] . The 
detection of primary tumors in patients with CUP 
tumor is important for several reasons, including 
 fi nding a potentially treatable tumor and allowing 
therapy to be targeted as appropriately as possible 
 [  36  ] . Early identi fi cation of the primary tumor is 
a fundamental prerequisite for changing a 
patient’s prognosis and prolonging survival  [  11  ] . 
Prognosis increases considerably for patients 
with CUP syndrome and curable tumor node 
metastasis staging, if the primary tumor is found 
before the start of therapy  [  6  ] . Furthermore, FDG 
PET is useful for de fi ning prognosis, because the 
prognosis depends on the tumor burden and stage 
of the disease. 

 FDG PET is an important diagnostic tool for 
exploration for unknown primary tumors and 
offers high sensitivity and whole-body imaging 
in a single test. Therefore, FDG PET should be 
considered in the early stage of diagnostic 
workup, prior to routinely performed morpho-
logic imaging modalities  [  45  ] . On the other hand, 
it should be realized that FDG PET/CT is an 
expensive examination, and false-positive 
 fi ndings may result in unnecessary additional 
invasive diagnostic procedures which have asso-
ciated morbidities and costs  [  36  ] . No systematic 
study has been performed to determine the inci-
dence and clinical course of CUP tumors. The 
additive value of FDG PET and its cost effective-
ness for patients with CUP tumors should be fur-
ther investigated.      
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         Introduction 

 Positron emission tomography (PET) with 
 fl uorine-18  fl uoro-2-deoxy- d -glucose (FDG) is a 
powerful diagnostic tool that detects cells with 
enhanced glucose utilization. While this imaging 
technique is most widely applied for cancer dis-
ease, FDG is not a tumor-speci fi c probe but is 
also avidly accumulated by in fl ammatory cells. 
Owing to this property, in the appropriate set-
tings, FDG PET can also be applied in detecting 
and characterizing a variety of infectious and 
in fl ammatory diseases, which includes diseases 
caused by infections from bacteria, mycobacte-
ria, virus, and fungi, as well as many noninfec-
tious in fl ammatory processes. 

 In patients with infectious diseases, computed 
tomography (CT) and magnetic resonance imag-
ing (MRI) offers lesion delineation with excellent 
anatomic resolution and soft-tissue contrast  [  1  ] . 
However, such methods can be less speci fi c, and 
dif fi culties often arise in differentiating active 

from indolent lesions in areas of previous surgi-
cal intervention. In such settings, radiolabeled 
leukocyte or gallium scintigraphy can provide 
valuable information regarding in fl ammatory 
activity and physiologic alterations associated 
with disease. Leukocyte scans, however, have 
several shortcomings, including the need for 
laborious preparation and risk of blood handling. 
Gallium scans have the disadvantage that results 
can only be obtained after several days of delay 
 [  2  ] . In addition, the diagnostic accuracy of these 
methods depends on the site of disease. For 
instance, gallium scans have decreased sensitiv-
ity for abdominal lesions resulting from substan-
tial background uptake, and leukocyte scans have 
low sensitivity for spine infection. 

 FDG PET offers several advantages over 
conventional scintigraphic techniques for evalu-
ating infectious diseases. Infectious lesions are 
imaged using high contrast because they show 
high FDG uptake amid low background activity 
 [  3  ] . Spatial resolution is superior to gamma 
cameras, and thereby allows better anatomic 
localization of regions with abnormal activity; 
this is particularly true for hybrid PET/CT 
 systems. Furthermore, diagnostic results are 
 available within approximately two hours. Other 
advantages of FDG PET include higher sensitiv-
ity for chronic and low-grade infections, appli-
cability to patients with neutropenia, and 
minimal interference from metal implants. 
Combined, FDG PET is becoming increasingly 
accepted as a cost-effective and ef fi cient modal-
ity, and an adjunct or alternative to other  imaging 
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modalities for the evaluation of infectious and 
in fl ammatory diseases. 

 The role of FDG PET in the diagnosis and 
evaluation of infectious diseases has rapidly 
expanded over the years. In general, the sensitiv-
ity of FDG PET in depicting infections compares 
favorably with other diagnostic modalities. It has 
shown to be highly useful in patients with sus-
pected osteomyelitis, especially in chronic low-
grade infections and in vertebral osteomyelitis. 
The sensitivity of FDG PET in prosthetic joint 
infections is also high, and while reported 
speci fi city varies, recognition of typical uptake 
patterns has been shown to diagnose infection 
with acceptable speci fi city. Furthermore, the 
body of evidence is growing for the utility of 
FDG PET in evaluating many other diseases, 
including vasculitis and fever of unknown origin, 
especially when a de fi nite diagnosis is not 
achieved using other modalities. 

   FDG Uptake in In fl ammatory Cells 

 The ability of FDG PET to image infectious and 
in fl ammatory foci is largely based on avid uptake 
of the tracer by in fi ltrating macrophages, neutro-
phils, and lymphocytes  [  4–  7  ] . Active glucose utili-
zation (and increased FDG uptake) occurs when 
such cells are activated by in fl ammatory stimuli, 
and the molecular mechanisms mediating this 
metabolic response are now being revealed. When 
phagocytic leukocytes come into contact with a 
stimulus, their oxygen consumption is dramati-
cally increased in a phenomenon called the “respi-
ratory burst”. In this response, microbicidal radical 
oxygen species are generated through the assem-
bly and activation of the multicomponent complex 
nicotinamide adenine dinucleotide phosphate 
(NADPH) oxidase. Oxygen consumed during this 
process is coupled to increased glucose catabolism 
through the hexose monophosphate shunt, which 
provides the cells with NADPH that acts as the 
electron donor to the oxidase. Thus, phagocytes 
activated by in fl ammatory stimuli exhibit a dra-
matic in fl ux of glucose as an energy source 
required for high metabolic activity associated 
with chemotactic and phagocytic activities  [  8,   9  ] . 

 Neutrophils comprise two thirds of the white 
blood cells in normal peripheral blood and con-
stitute the prime part of our defense against vari-
ous microorganisms. In the acute phase of 
bacterial infection, neutrophils are one of the 
 fi rst in fl ammatory responders recruited by 
chemotactic signals to the lesion site. The cells 
then internalize and kill the microbes with reac-
tive oxygen species generated by consuming 
large amounts of oxygen and glucose through 
the process of respiratory burst. Tan et al. showed 
that neutrophils that are chemically activated 
with phorbol myristate acetate (PMA) 
signi fi cantly increase deoxyglucose uptake. This 
effect could be blocked by inhibition of either 
protein kinase C or tyrosine kinase, implicating 
that the process requires both signaling pathways 
 [  10  ] . Our group showed that PMA-stimulated 
neutrophil enhancement of FDG uptake is depen-
dent on phosphatidyl inositol-3 kinase activity, a 
key signaling pathway through which insulin 
augments glucose metabolism  [  11  ] . Jones and 
colleagues demonstrated a temporal dissociation 
between stimulated respiratory burst activity and 
deoxyglucose uptake in neutrophils  [  12  ] . It was 
noted that priming without actual stimulation of 
respiratory burst was suf fi cient to enhance neu-
trophil glucose uptake, demonstrating that respi-
ratory burst stimulation is not essential for the 
metabolic response  [  12  ] . More recently, Schuster 
and coworkers reported a linkage between 
lipopolysaccharide-stimulated neutrophil deoxy-
glucose uptake with p38 and hypoxia-inducible 
factor-1 pathways  [  13  ] . 

 Monocyte-macrophages participate both in 
nonspeci fi c innate immunity and in helping in the 
initiation of speci fi c defense mechanisms, and 
are thus vital to the regulation and development 
of in fl ammation. Similarly to neutrophils, mono-
cytes also robustly augment glucose uptake in 
response to in fl ammatory stimulators. Fukuzumi 
et al. showed that macrophages accelerate deoxy-
glucose uptake two- to three-fold in response to 
lipopolysaccharide stimulation  [  14  ] . Ahmed and 
coworkers showed in monocyte-macrophage 
cells that PMA-induced respiratory burst was 
accompanied by a 50% increase in deoxyglucose 
uptake, and that this required tyrosine kinase and 
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protein kinase C    activity  [  9  ] . Using interferon- g  
as the primer, our group demonstrated that 
enhancement of monocyte FDG uptake actually 
occurs during the priming process without the 
requirement of respiratory burst activation  [  15  ] . 

 Augmentation of in fl ammatory cell glucose 
uptake by their activation appears to be largely 
mediated by up-regulation of glucose transporter 
function. PMA-stimulated glucose uptake in 
neutrophils was accompanied by 1.6- to 2.1-fold 
increases in transporter af fi nity for glucose  [  10  ] . 
Ahmed and coworkers showed that PMA-
stimulated macrophage deoxyglucose uptake 
occurs through an increase in transporter af fi nity 
for glucose  [  9  ] . In T cell enriched lymphocytes, 
Chakrabarti et al. observed increases in Glut-1 
levels that peaked at 48 h after stimulation by 
phytohemagglutinin  [  16  ] . Furthermore, enhance-
ment of glucose uptake by lipopolysaccharide 
was accompanied by increased Glut-1 expres-
sion in macrophages  [  14  ]  or translocation of the 
transporter from neutrophil interior to the cell 
surface  [  13  ] . 

 In contrast to tumors that show gradual 
increase in FDG uptake for hours after injection, 
there are several reports that in fl ammatory lesions 
may gradually reduce their uptake levels after 
60 min  [  6,   7  ] . Such  fi ndings can partly be 
explained by dephosphorylation of FDG-6-P in 
in fl ammatory cells because of signi fi cant levels 
of glucose-6-phosphatase  [  17  ] . Also, whereas 
false negative  fi ndings resulting from elevated 
blood glucose concentrations are a well- 

recognized problem for FDG PET imaging in 
tumor patients, there is some evidence that FDG 
uptake in infectious or in fl ammatory lesions is 
less affected by hyperglycemia compared with 
tumor tissue  [  18  ] . While this suggestion awaits 
further veri fi cation, the implication is of 
signi fi cant importance because infection imaging 
is often required in diabetes patients with sus-
pected infection and poor blood glucose control 
such as detecting Charcot osteoarthropathy and 
osteomyelitis in the setting of complicated dia-
betic feet (Fig.  30.1 ).    

   Clinical Applications 

   Chronic Osteomyelitis 

 Osteomyelitis is an infection of the bone or bone 
marrow, most commonly caused by 
 Staphylococcus aureus . Chronic osteomyelitis is 
a severe and sometimes incapacitating condition 
that is often recurring because it is dif fi cult to 
treat de fi nitely despite prolonged antibiotics and 
surgical débridement. The condition may result 
from inadequate treatment of acute osteomyeli-
tis, from infection caused by trauma, iatrogenic 
causes or compound fractures, from infection 
with organisms such as  Myocobacterium tuber-
culosis , or from contiguous spread from soft-tis-
sues lesions. Unlike acute osteomyelitis, chronic 
osteomyelitis usually causes no acute constitu-
tional symptoms and presents as a long-standing 

  Fig. 30.1     (a)  Three-phase 
bone scintigraphy scan of a 
diabetic patient with chronic 
osteomyelitis of the  fi rst toe 
shows focal increase in blood 
 fl ow, pool, and delayed 
uptake.  (b)  PET demonstrates 
high focal FDG uptake in the 
chronic osteomyelitis lesion 
of the toe ( arrow )       
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discharging sinus or chronic bone pain. Diagnosis 
can remain a clinical challenge because lesions 
are often reactivated after years of indolence, 
with uncharacteristic laboratory and radiologic 
features. 

 A variety of imaging techniques are available 
to assist in the diagnosis of chronic osteomyeli-
tis. Plain radiographs can provide clues of oste-
olytic or sclerotic lesions but are more often 
equivocal. MRI is highly sensitive in detecting 
bone marrow changes and can provide detailed 
information regarding the extent and activity of 
the infectious process. However, MRI studies 
often show nonspeci fi c  fi ndings and are of lim-
ited value in infections of small bones, diabetic 
or immune compromised patients, previous 
trauma, surgery, or preexisting marrow condi-
tions. Three-phase bone scans are highly sensi-
tive for detecting skeletal lesions but lack 
speci fi city for discerning infection. Gallium 
scans have better speci fi city but the accuracy in 
suspected osteomyelitis is only 70–80%  [  19  ] , 
and false-positive results are seen in healing frac-
tures or uninfected endoprostheses  [  20,   21  ] . 
Leukocyte scans have a reasonable accuracy for 
detecting chronic osteomyelitis. However, the 
false-negative rate can be relatively high, particu-
larly in osteomyelitis of the axial skeleton where 
granulocytes are naturally present  [  22,   23  ] . In 
addition, it is sometimes dif fi cult to differentiate 
between osteomyelitis and soft-tissue infections 
surrounding the bone using this method. 

 FDG PET has emerged as a promising imag-
ing technique for evaluating infections of the soft 
tissues and the skeleton  [  24  ] . Figure  30.1  demon-
strates three-phase bone scintigraphy and FDG 
PET images of a patient with chronic osteomyeli-
tis in the foot. It appears that FDG PET is particu-
larly useful in patients who are suspected of 
having chronic osteomyelitis but show negative 
 fi ndings on other imaging modalities or when 
infection of the axial skeleton is suspected. In an 
early prospective study of 31 patients, FDG PET 
could detect chronic osteomyelitis with a sensi-
tivity of 100% and a speci fi city of 92%  [  25  ] . In 
another study of 51 patients with chronic osteo-
myelitis suspected in the peripheral or central 

skeleton, the sensitivity and speci fi city of FDG 
PET were 97–100% and 95%, respectively, com-
pared with 86–92% and 77–82%, respectively, 
for combined bone scanning and antigranulocyte 
imaging  [  26  ] . de Winter et al. investigated 60 
patients with suspected chronic musculoskeletal 
infection and found that FDG PET correctly 
identi fi ed all 25 cases with infection  [  27  ] . Of the 
four false-positive  fi ndings, two cases underwent 
surgery within 6 months. The sensitivities, 
speci fi cities, and accuracies were 100%, 88%, 
and 93%, respectively, for the entire group, and 
100%, 90%, and 94%, respectively, for patients 
with suspected infection of the central skeleton 
 [  27  ] . FDG PET is also sensitive in identifying 
chronic spondylitis from tuberculous infection 
 [  28,   29  ] , and FDG uptake in these lesions appears 
to decrease or normalize with tuberculostatic 
treatment  [  30  ] . 

 Because of its extremely high sensitivity, a 
negative PET study virtually rules out osteomy-
elitis  [  31  ] . This can be important when bone 
anatomy and structure have been altered by 
trauma, surgery, or soft-tissue infection, which 
makes diagnosis of chronic osteomyelitis dif fi cult 
by radiologic modalities. Thus, FDG PET is 
highly useful in patients with suspected chronic 
osteomyelitis in whom bone anatomy has been 
altered (Fig.  30.2 ). In a recent study of 33 patients 
with suspected chronic osteomyelitis with trauma, 
FDG PET showed a sensitivity, speci fi city, and 
accuracy of 88%, 100%, and 90% for axial skel-
eton and 100%, 85%, and 91% for appendicular 
bone, respectively  [  32  ] .  

 A recent study compared the accuracy of cur-
rent imaging modalities in the diagnosis of 
chronic osteomyelitis by a systematic review and 
meta-analysis of 23 clinical studies  [  33  ] . Pooled 
data revealed FDG PET to be the most sensitive 
technique, with a sensitivity of 96% compared 
with 82% for bone scintigraphy, 61% for leuko-
cyte scintigraphy, 78% for combined bone and 
leukocyte scintigraphy, and 84% for MRI. Pooled 
speci fi city was also highest for FDG PET at 
91%, followed by leukocyte scintigraphy at 84%, 
and MRI at 77%, and lowest for bone scintigra-
phy at 25%  [  33  ] .  
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   Limb Arthroplasty-Associated Infection 

 Arthroplasty is operative surgical procedure in 
which the arthritic or dysfunctional joint surface 
is arti fi cially replaced or remodeled by surgical 
procedure. The most successful and common 
form of arthroplasty is the replacement of the 
arthritic joint with prosthesis to relieve pain, 
restore range of motion, and improve muscle 
strength and function. Total hip arthroplasty, for 
example, would replace an entire osteoarthritic 
hip joint with a prosthetic hip that includes both 
the acetabulum and the head and neck of the 
femur. Arthroplasty-related pain commonly 
occurs in patients after surgery, and because 

 prosthesis infection is potentially dangerous, 
accurate differentiation between prosthesis infec-
tion and aseptic loosening is crucial in order to 
apply the correct treatment. 

 Multiple imaging modalities can be used for 
evaluating patients with painful arthroplasty. 
MRI has limited speci fi city caused by the pres-
ence of violated bone. Bone scintigraphy is highly 
sensitive and has a high negative predictive value, 
but lacks suf fi cient speci fi city to discern prosthe-
sis infection from loosening  [  34  ] . A combination 
of a gallium scan with bone scan can improve 
speci fi city, but at the expense of a signi fi cant 
decrease in sensitivity  [  35,   36  ] . Leukocyte scin-
tigraphy has better accuracy for diagnosing an 

  Fig. 30.2    FDG PET/CT scan of a patient who had under-
gone partial mandibulectomy with reconstruction showed 
focal increased FDG uptake on the left mandible ( arrow ). 

This lesion was later revealed to be caused by chronic 
osteomyelitis of the mandible around the surgical site       
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infected prosthesis. A previous study of 143 
patients who underwent reoperation for a loose 
or painful joint arthroplasty or a resection arthro-
plasty showed indium-111 leukocyte scans to 
have 77% sensitivity, 86% speci fi city, and 84% 
accuracy for predicting bone infection  [  37  ] . 

 FDG PET offers an effective modality for 
detecting postarthroplasty infection. FDG PET, 
unlike CT or MRI, is not affected by the pres-
ence of metal implants, and is particularly useful 
in patients who have clinical and laboratory 
signs of infection but indistinct signs on bone 
scan and radiographs  [  38  ] . In an early study of 
62 patients (74 prostheses) in whom infection 
was suspected, FDG PET showed 90% sensitiv-
ity, 89% speci fi city, and 90% accuracy for detect-
ing hip prostheses infection  [  39  ] . In a recent 
meta-analysis that reviewed and analyzed  fi ve 
selected studies in the literature, FDG PET 
showed a pooled sensitivity of 83% and 
speci fi city of 87% for distinguishing between 
septic and aseptic loosening of hip prosthesis 
 [  40  ] . However, caution is necessary to avoid 
false-positive interpretation of nonspeci fi c 
periprosthetic FDG activity that often persists 
for long periods compared with other bone pro-
cedures. As such, it has been suggested that pos-
itive results should be reserved for lesions with 
increased FDG uptake present along the inter-
face between the prosthesis and bone  [  41  ] . 

 In the study by Zhuang et al., FDG PET 
showed a lower speci fi city of 72% for detecting 
knee prostheses infection, although the sensitiv-
ity was 91%  [  39  ] . A somewhat lower speci fi city 
for FDG PET in detecting arthroplasty-related 
infection of the knee compared with the hip is 
con fi rmed by other studies. Van Acker et al. 
reported that in 21 patients, FDG PET demon-
strated a sensitivity of 100% but lower speci fi city 
of 73% for detecting knee prostheses infection 
 [  42  ] . The diagnostic criteria for interpretation of 
FDG uptake in infections associated with knee 
prostheses are not yet as optimal as with hip 
prosthesis. Although the reason for relatively 
higher false-positive rates is not clear, artifacts 
introduced by attenuation correction of PET 
images may contribute  [  43  ] . FDG PET is highly 
useful for detecting infections associated with 

arthroplasty of the hips, and to a lesser extent in 
knee prosthesis.  

   Vasculitis 

 Vasculitis is a disorder characterized by 
in fl ammation of the blood vessels with diverse 
clinical manifestations that depend on size of 
involved vessels and organs affected by ischemia. 
Although some cases manifest with only symp-
toms and signs of systemic in fl ammation, vary-
ing degrees of presentation can range from mild 
morbidities to severe life-threatening multisys-
temic diseases. Different types of primary sys-
temic vasculitis include giant cell arteritis, 
Takayasu arteritis, polyarteritis nodosa, Wegener’s 
granulomatosis, and Kawasaki disease. As with 
any less than common disease, making a diagno-
sis or management decision in patients with vas-
culitis can be dif fi cult  [  44  ] . Suppression of 
in fl ammation and preservation of vascular com-
petence are the aims of treatment. 

 Doppler sonography, CT, and MRI allow a 
noninvasive approach to evaluating vasculitis, 
partially replacing angiography by allowing 
simultaneous evaluation of luminal and vascular 
wall changes  [  45  ] . Leukocyte scintigraphy allows 
visualization of focal areas of neutrophil accu-
mulation as well as information regarding abnor-
mal neutrophil kinetics in the lung and spleen 
 [  46  ] . It has also been found to be useful for detect-
ing unsuspected sites of disease, help monitor 
disease activity, and is particularly superior to CT 
for detecting vasculitic involvement of the respi-
ratory tract  [  47,   48  ] . However, leukocyte scans 
can have limited utility in vasculitic diseases that 
present as chronic in fl ammation with lower lev-
els of neutrophil content. 

 FDG PET is increasingly recognized as a use-
ful tool for evaluating in fl ammation of large ves-
sels. FDG PET has been shown to identify a 
greater number of affected vascular regions in 
both giant cell arteritis and Takayasu’s arteritis 
than morphologic imaging using MRI. Visual 
grading of vascular FDG uptake helps discrimi-
nate arteritis from atherosclerosis and therefore 
provides high speci fi city  [  49  ] . 
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 Giant cell arteritis and polymyalgia rheumat-
ica show increased FDG uptake on affected ves-
sel walls (Fig.  30.3 )  [  50,   51  ] . Such increases in 
FDG have been shown to normalize after suc-
cessful steroid therapy  [  52,   53  ] , suggesting that 
FDG PET may aid in the evaluation of the 
extent, therapy response, and recurrence of 
these diseases. Takayasu’s arteritis is a form of 
chronic large vessel vasculitis that mostly affects 
young females in Asian and Latin American 
regions. The disease mainly involves and causes 
stenosis or obstruction of the aorta and its main 
branches as well as the coronary and pulmonary 
arteries. Because signs and symptoms at the 
early stage are nonspeci fi c, diagnosis is usually 
made at a relatively later stage. By demonstrat-
ing FDG accumulation on affected vessels, FDG 

PET has been shown to have potential to detect 
Takayasu’s arteritis at an early phase, thus per-
mitting early treatment and possible prevention 
of progression  [  54–  56  ] .  

 FDG PET can also provide information regard-
ing disease activity and treatment response of 
large-vessel vasculitis  [  57  ] . Walter et al. exam-
ined the ability of FDG PET for assessing disease 
activity and extent in 26 patients with giant cell 
arteritis or Takayasu’s arteritis. PET revealed 
abnormal uptakes in 18 cases, and showed a sen-
sitivity of less than 50% in patients with low 
C-reactive protein (CRP) and erythrocyte sedi-
mentation rate (ESR)    levels and sensitivities of 
95.5% and 80.7%, respectively, when CRP and 
ESR levels were high  [  58  ] . In another study, 
Otsuka et al. observed three cases of vasculitis 

  Fig. 30.3    FDG PET/CT scan of a 65-year-old female 
with unexplained fever for 4 weeks showed increased 
FDG uptake in the aortic arch ( arrow ; peak SUV, 3.2) and 

brachiocephalic artery. Clinical signs and symptoms 
improved with corticosteroid therapy under the diagnosis 
of giant cell arteritis       

 



332 K.-H. Lee and J.-K. Chung

with initial intense FDG uptake in the vessels that 
normalized after steroid therapy, correlating with 
normalization of laboratory data and symptom-
atic improvement  [  59  ] . These  fi ndings suggest 
FDG PET to be an effective technique for assess-
ing the activity and the extent of large-vessel 
vasculitis. 

 The use of new combined PET/CT scanners 
provides additional anatomic information, 
thereby allowing the evaluation of disease activ-
ity and vessel morphology as well as the localiza-
tion of the in fl ammatory process in the same 
session  [  60,   61  ] . Thus, FDG PET/CT may help in 
the diagnosis of systemic vasculitis when 
nonspeci fi c symptoms and equivocal serology 
are presented; to de fi ne the distribution of 
in fl ammatory lesions; to monitor the response of 
in fl ammatory lesions to treatment; and to improve 
our understanding of the pathophysiology the 
disease.  

   Fever of Unknown Origin 

 Fever of unknown origin (FUO) is generally 
de fi ned as recurrent fever of 38.3°C or greater 
lasting 2–3 weeks or longer, with uncertain diag-
nosis after appropriate evaluation. The three 
major categories of disease that accounts for FUO 
are infection, neoplasm, and noninfectious 
in fl ammatory disease. Routine diagnostic 
approaches include physical examination, thor-
ough history taking, standardized laboratory 
tests, and simple imaging procedures. There is a 
need for more complex or invasive techniques, 
however, if routine diagnostic strategies fail. 

 Traditional scintigraphic imaging studies for 
FUO have been done with Ga-67 citrate, labeled 
leukocytes, and bone scintigraphy. Leukocyte 
scans have a high diagnostic accuracy in the 
detection of granulocytic pathology, but they are 
only of limited value in FUO because of the low 
prevalence of purulent processes in these cases 
 [  62  ] . Ga-67 citrate is taken up by acute or chronic 
granulomatous and autoimmune in fl ammations 
as well as various tumors, and is thus currently 
considered to be the tracer of choice in the diag-
nostic workup of FUO  [  63  ] . However, gallium 

scans have low image resolution, require delayed 
imaging, and physiologic intestinal distribution 
of gallium reduces its speci fi city for detecting 
abdominal lesions. 

 FDG PET has recently emerged as a useful 
alternative for scintigraphic evaluation of FUO. 
Because of its high sensitivity, FDG PET can be 
useful for detecting foci as an origin of fever in 
these patients. An example of a patient with FUO 
caused by large vessel vasculitis is shown in 
Figure  30.3 . FDG PET has a particular advantage 
in that it is capable of detecting all three major 
categories of disease that account for FUO. This 
is a signi fi cant trait because infection actually 
accounts for only 20–40% of FUOs, with the 
remaining patients having tumors, collagen vas-
cular disease, or noninfectious in fl ammation. 

 In an early study, Lorenzen et al. described 
FDG PET  fi ndings in 16 FUO patients with 
inconclusive conventional diagnostics  [  64  ] . 
Among 12 cases that showed nonphysiologic 
FDG accumulation, PET  fi ndings led to the  fi nal 
diagnosis in 11 cases. FDG PET was negative in 
two patients with rheumatic fever and in two 
patients in whom the origin of fever was unre-
vealed  [  64  ] . Blockmans et al. investigated FDG 
PET in 58 consecutive cases of FUO and found 
that 24 of 46 abnormal FDG PET scans were 
helpful for diagnosis, while 22 were noncontribu-
tory  [  65  ] . In a subgroup of 40 patients who had 
both FDG PET and gallium scintigraphy, each 
was helpful for diagnosis in 35% and 25%, 
respectively  [  65  ] . 

 These earlier reports have subsequently been 
supported with prospective investigations. Kjaer 
and coworkers conducted a prospective study 
comparing the diagnostic value of FDG PET and 
indium-111 granulocyte scintigraphy in 19 
patients with FUO  [  66  ] . The results showed sen-
sitivities of 71% and 50%, and speci fi cities of 
92% and 46% for granulocyte scintigraphy and 
FDG PET, respectively. Their study showed 
superior diagnostic performance of granulocyte 
scintigraphy for detection of localized causes of 
FUO, and that high false-positive rates of FDG 
PET can lead to lower speci fi city  [  66  ] . In another 
prospective study, Buysschaert et al. performed 
FDG PET on 74 of 110 collected patients who 
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ful fi lled the criteria of classic FUO  [  67  ] . 
Abnormal FDG PET results were found in 53 
cases in which 19 scans were helpful. A diagno-
sis was established in 31 of the 53 patients with 
an abnormal scan and in 8 of the 21 patients with 
a normal scan. Among the 39 patients with a  fi nal 
diagnosis, 49% of the scans were helpful  [  67  ] . A 
more recent multicenter prospective study was 
performed by Bleeker-Rovers et al. in an effort to 
validate the use of FDG PET as part of a struc-
tured diagnostic protocol in patients with FUO 
 [  68  ] . A structured diagnostic protocol including 
FDG PET was used on 70 recruited patients with 
FUO, and was found to be clinically helpful in 
33% of cases. In that study, FDG PET contributed 
more often to the  fi nal diagnosis in patients with 
continuous than periodic fever, and was not help-
ful in patients with normal ESR and CRP  [  68  ] . 

 With its current widespread availability, hybrid 
PET/CT scanners could facilitate the usefulness 
of FDG imaging in patients with FUO by allow-
ing anatomic localization of increased uptake 
leading to better achievement of a  fi nal diagnosis. 
Federici et al. evaluated the value of FDG PET/
CT in 14 hospitalized patients with FUO or unex-
plained prolonged in fl ammatory syndrome  [  69  ] . 
A diagnosis was reached in 88% and 50% of 
patients with abnormal and normal PET/CT 
 fi ndings, respectively. In this study, however, 
FDG PET/CT was essential for  fi nal diagnosis in 
only 23% of cases, suggesting its role as a sec-
ond-level test, when conventional CT is normal 
or unable to discriminate active from silent 
lesions  [  69  ] . Keidar and coworkers performed a 
recent prospective study of FDG PET/CT in 48 
consecutive patients with FUO  [  70  ] . FDG PET/
CT detected suggestive foci of increased uptake 
in 27 patients, which was found to be correct in 
22 cases. The identi fi ed underlying disease was 
infection in nine patients, in fl ammatory process in 
10, and malignancy in three. All 21 patients with 
negative PET/CT had a systemic nonfocal infec-
tion or drug-induced fever, or showed spontane-
ous resolution of the febrile state  [  70  ] . A recent 
study investigated the value of FDG PET/CT 
using whole diagnostic contrast enhanced CT in 
FUO  [  71  ] . Among 48 patients, the cause was 
explained in 44 cases; 18 microbial infections, 

nine autoimmune in fl ammations, four noninfec-
tious granulomatous diseases, eight malignan-
cies, and  fi ve immunity disorders. In 46 cases, the 
PET/CT interpretation was correct. The cause 
was overlooked in one case, and uptake in athero-
sclerotic change was misinterpreted as vasculitis 
in another case. The reached sensitivity was 97% 
and speci fi city was 75%  [  71  ] . 

 Although there is relatively limited data on the 
precise clinical role of FDG PET in FUO, avail-
able data indicate that it could play a role as a 
second-line procedure contributing to the  fi nal 
diagnosis in about one third to one half of patients. 
In the category of infectious diseases, focal 
abdominal-thoracic or soft-tissue infections, or 
chronic osteomyelitis can be diagnosed using 
FDG PET with a high degree of certainty. 
Negative  fi ndings using FDG PET essentially 
rule out orthopedic prosthetic infection. In nonin-
fectious in fl ammation, FDG PET can detect 
large-vessel vasculitis and can visualize such dis-
eases as in fl ammatory bowel disease and sarcoi-
dosis. FDG PET is highly sensitive in detecting 
many diseases in the category of neoplasm, 
including lymphoma, colorectal cancer, and sar-
coma. Because of favorable characteristics of 
FDG PET, conventional scintigraphic techniques 
can be replaced by FDG PET in institutions in 
where PET is available. Hybrid PET/CT scanners 
will improve the diagnostic impact of FDG imag-
ing even further. Exactly how FDG PET/CT 
should be implemented into an evidence-based 
diagnostic algorithm for FUO will need to be 
resolved with the accumulation of additional pro-
spective data analyzed without selection bias.  

   In fl ammatory Bowel Disease 

 Intense colonic FDG uptake can be seen in such 
nonmalignant pathologic processes as acute 
enterocolitis (Fig.  30.4 ), pseudomembranous coli-
tis, and in fl ammatory bowel disease (IBD)  [  72  ] . 
IBD is a group of diseases that cause in fl ammation 
in either or both small and large bowels. Crohn’s 
disease and ulcerative colitis are the best-known 
forms. The chronicity and unpredictability of IBD 
makes it a dif fi cult disease to treat; therefore, early 
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detection is essential in developing patient 
con fi dence and cooperation. Imaging techniques 
can aid in the diagnosis of IBD, a process that is 
essentially one of exclusion, as well as for deter-
mining disease activity, which can be clinically 
important for making appropriate treatment plans. 
Leukocyte scintigraphy is useful in evaluating the 
disease activity of IBD, but is time consuming 
and requires blood handling.  

 Active in fl ammatory lesions in Crohn’s dis-
ease or ulcerative colitis have increased glucose 
consumption allowing visualization using FDG 
PET. PET studies in IBD include the incidental 
identi fi cation of IBD during studies performed 
for other indications, the evaluation of suspected 
IBD, and the assessment of known IBD. Thus, 

FDG PET can be used to identify active 
in fl ammation in IBD  [  73  ] . In an early study by 
Bicik et al., six patients with Crohn’s disease or 
ulcerative colitis prospectively underwent endos-
copy and FDG PET. PET showed high glucose 
uptake in histologically con fi rmed areas of 
in fl ammation, which was higher with clinically 
active disease  [  74  ] . Additionally, FDG PET was 
recently investigated for its  fi ndings in patients 
with quiescent ulcerative colitis in a remission 
state. Among 10 patients, four had increased 
FDG uptake in the colonic or ileal uptake despite 
negative endoscopic, histologic, and symptom 
assessment. This has important implications in 
the understanding of ulcerative colitis disease 
quiescence  [  75  ] . 

  Fig. 30.4    A 57-year-old male who had a history of previ-
ous left hemicolectomy for colon cancer was admitted for 
abdominal pain and diarrhea. FDG PET/CT scan showed 

intense uptake ( arrow ; peak SUV, 8.6) in a long segment 
of the rectosigmoidal colon. The patient was diagnosed as 
having ischemic colitis by clinical workup       
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 Children who are suspected of having IBD 
require particularly noninvasive diagnostic tools 
that depict localization and acuity of in fl ammation. 
FDG PET was shown to be a useful adjunct to 
colonoscopy and barium studies in 18 young 
patients with IBD and seven with nonspeci fi c 
abdominal pain or diarrhea. The overall sensitiv-
ity of PET for detecting IBD was 81% and a 
speci fi city of 85%. On a segment-by-segment 
basis, PET correctly identi fi ed active disease in 
76% of individual bowel segments, with a sensi-
tivity and speci fi city of 71% and 81%, respec-
tively  [  76  ] . In another study of 23 young patients 
with suspected IBD, FDG PET showed a sensi-
tivity of 98%, speci fi city of 68%, and accuracy of 
83% with histology as reference. FDG PET was 
even more reliable for the small bowel  [  77  ] . 
These studies indicate that high sensitivity and 
accuracy allows FDG PET to be an attractive 
noninvasive tool for depicting bowel in fl ammation 
in children and young patients. 

 PET/CT can provide structural information 
regarding FDG uptake sites that help identify 
regions of active in fl ammation in IBD with ana-
tomic accuracy. This was demonstrated in a pro-
spective study by Meisner et al. who performed 
FDG PET/CT on 12 patients experiencing exac-
erbation of IBD; seven with Crohn’s disease and 
 fi ve with ulcerative colitis  [  78  ] . In ulcerative coli-
tis patients, FDG activity was seen in 13 of 24 
regions, and there was 96% correlation between 
FDG activity and clinical indicators of disease 
activity. In Crohn’s disease patients, FDG activ-
ity was seen in 19 of 32 regions, and again, there 
was 81% correlation between FDG and clinical 
disease activity. These  fi ndings indicate that FDG 
PET/CT can be used to monitor in fl ammation 
activity in IBD  [  78  ] . The role of FDG PET/CT in 
patients with Crohn’s disease for differentiating 
acute transmural in fl ammatory stenoses was also 
evaluated. FDG PET/CT was prospectively per-
formed in 17 Crohn’s disease patients scheduled 
to undergo surgical resection for obstructive 
symptoms. Of the 13 patients who underwent 
surgery, 12 had histopathologic correlation. 
Acute and chronic in fl ammation,  fi brosis, and 
muscle hypertrophy were found in all patients. 
FDG uptake was higher in severe chronic 

in fl ammation and no patient with predominant 
 fi brosis or muscle hypertrophy had a high uptake 
level. These  fi ndings indicate that FDG PET 
helps identify Crohn’s disease patients with active 
in fl ammation and may provide helpful informa-
tion in deciding surgery for patients with obstruc-
tive symptoms  [  79  ] . In a recent study, the ability 
of repeat FDG PET/CT for monitoring of 
improvement of disease activity with was investi-
gated before and after successful medical therapy 
in  fi ve patients with moderately active IBD  [  80  ] . 
All patients showed signi fi cant clinical improve-
ment. Repeat PET/CT showed a signi fi cant 
improvement in the total score of all segments 
from 32 pretreatment to 14 posttreatment. Of 11 
pretreatment active segments, nine segments 
became inactive or displayed decreased activity. 
Thus, appropriate PET/CT quanti fi cation demon-
strates decreased FDG uptake with successful 
treatment in active IBD and correlates with symp-
tom improvement  [  80  ] . 

 Available evidence to date indicates FDG PET 
as having excellent sensitivity for detecting active 
bowel in fl ammation in suspected or known IBD. 
It can be especially useful in children for early 
evaluation of suspected IBD who may not toler-
ate an invasive test such as colonoscopy. It also 
appears useful in known IBD patients for differ-
entiating between in fl ammatory  fl ares from 
nonin fl ammatory processes. Furthermore, as the 
magnitude of FDG accumulation appears to cor-
relate with disease activity, FDG PET can be a 
useful aid in long-term monitoring or assessment 
of therapeutic ef fi cacy in patients with IBD. In 
view of the physiologic intestinal FDG activity 
seen in subjects without abdominal disease, how-
ever, it is probably important to avoid potential 
false-positive interpretations of bowel activity.  

   Pulmonary Infection and In fl ammation 

 Active infection or in fl ammation in the lungs 
often displays high FDG uptake that can be 
dif fi cult to differentiate from malignancy or 
metastases  [  81  ] . Pneumonia typically appears on 
FDG PET as segmental or lobar uptake lesions 
(Fig.  30.5 )  [  82,   83  ] . Thus, FDG uptakes that are 
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apical, segmental, or lobar in distribution can 
readily be identi fi ed as infectious lesions. The 
magnitudes of FDG in infectious lesions are gen-
erally lower than that of cancers. However, orga-
nizing bacterial pneumonia lesions often show 
substantially elevated uptake levels comparable 
with those of malignancies  [  84,   85  ] .  

 Tuberculosis is an infectious disease caused 
primarily by  Myocbacterium tuberculosis  that 
usually attacks the lungs, although other parts of 
the body can be affected. Radiographs are relied 
on for diagnosis, as well as microscopic exami-
nation and culture of bodily  fl uids. In endemic 
regions, tuberculosis is a common cause for false-
positive PET  fi ndings because lesions have robust 

FDG accumulation that mimics malignancy 
(Fig.  30.6 )  [  86,   87  ] . FDG PET may show activi-
ties and extents of infection not demonstrable by 
chest radiographs or CT images, and may thus be 
useful in the assessment of disease activity of 
tuberculosis. In patients with known pulmonary 
tuberculosis, intense uptake of lung lesions on 
FDG PET indicates acute active and open stages 
 [  88  ] . FDG PET may also have the potential for 
monitoring response to antituberculosis treat-
ment, where metabolic response could indicate 
clinical response and guide duration of antimi-
crobial therapy  [  89  ] .  

 Pulmonary areas of high glycolysis rate can 
also re fl ect in fl ammatory activity of interstitial 

  Fig. 30.5   (a)    FDG PET in 
a case with acute bacterial 
pneumonia demonstrates 
intense segmental FDG 
uptake in the right lower 
lung ( arrow ).  (b)  FDG 
uptake normalized on 
follow-up examination 
after antibiotic therapy 
( arrow )       

  Fig. 30.6     (a)  Chest 
radiograph of a patient 
undergoing evaluation of 
esophageal cancer showed 
active pulmonary 
tuberculosis in the right 
upper lung.  (b)  FDG PET 
scan demonstrates intense 
uneven FDG uptake in the 
lung lesion ( arrow )       
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lung disease. A prospective study investigated 
FDG PET in 21 patients referred for lung biopsy 
because of diffuse interstitial lung disease. The 
results showed a tendency for the 14 patients with 
idiopathic pulmonary  fi brosis to have higher FDG 
uptake levels, although this did not reach statisti-
cal signi fi cance  [  90  ] . In a more recent study, 
Umeda et al. applied dual-time-point FDG PET 
in 50 patients with idiopathic interstitial pneumo-
nia, including 21 cases with idiopathic pulmo-
nary  fi brosis, 18 with nonspeci fi c interstitial 
pneumonia, and 11 with cryptogenic organizing 
pneumonia  [  91  ] . Early FDG uptake value was 
higher for the organizing pneumonia group and 
the accuracy for distinguishing the group was 
sensitivity, speci fi city, and accuracy of 91%, 94% 
and 94%, respectively. Late FDG uptake values 
in the  fi rst two groups were signi fi cantly higher 
in patients with deteriorated pulmonary function 
after 1 year of follow-up  [  91  ] . These studies sug-
gest that FDG uptake levels can be useful for the 
differential diagnosis and prediction of disease 
progression in patients with idiopathic interstitial 
pneumonia.  

   Sarcoidosis 

 Sarcoidosis is a chronic systemic disorder of 
unknown cause that most frequently affects the 
lung, although virtually any organ can be 
involved. Signi fi cant FDG uptake is observed in 
both thoracic lesions and lymphadenopathy from 
sarcoidosis  [  92–  94  ] . Increased FDG uptake in the 
mediastinal lymph nodes affected by sarcoidosis 
is often comparable with malignant lymphoma or 
lymph node metastases  [  95  ] , which can lead to 
false-positive interpretation as malignancy. 

 Gallium scintigraphy has been successfully 
used to diagnose and stage sarcoidosis. 
Comparison of the uptake of FDG and Ga-67 cit-
rate was evaluated in 18 patients with pulmonary 
and extrapulmonary sarcoidosis. Gallium scan 
detected 17 of 21 pulmonary and 15 of 31 extra-
pulmonary sites, while FDG PET detected all 21 
pulmonary and 28 of 31 extrapulmonary sites 
 [  96  ] . In another study of 24 patients with histo-
logically proved thoracic sarcoidosis, gallium 

scan detected a total of 64 lesions with a mean of 
2.6 lesions per patient, while FDG PET detected 
a total of 85 lesions with 3.5 lesions per patient. 
The interobserver variability showed a kappa 
value of 0.79  [  97  ] . These studies indicate that 
FDG PET may allow a more accurate evaluation 
of thoracic and extrapulmonary sarcoidosis. 

 Brudin et al. measured regional glucose 
metabolism rates from FDG PET in seven patients 
with histologically proven sarcoidosis, which 
returned to normal in those patients treated with 
high-dose steroids  [  98  ] . Theirs was the  fi rst study 
to suggest that FDG PET could be useful for 
evaluating disease activity in sarcoidosis  [  98  ] . In 
a study evaluating longitudinal changes in FDG 
PET in a patient with pulmonary sarcoidosis 
receiving corticosteroid therapy, initial PET 
showed high FDG uptake in the hilar and medi-
astinal lymph nodes and a high focal uptake in 
the peripheral lungs. Although there was no 
signi fi cant change in FDG uptakes by treatment 
with inhaled corticosteroids, PET following treat-
ment with systemic corticosteroids showed com-
plete normalization of FDG uptake  [  99  ] . Braun 
et al. retrospectively evaluated FDG PET/CT 
 fi ndings in 20 consecutive patients with biopsy-
proved sarcoidosis; 13 had thoracic sarcoidosis 
and seven had extrathoracic sarcoidosis  [  100  ] . As 
a result, the sensitivity of FDG PET/CT for local-
izing thoracic, sinonasal, and pharyngolaryngeal 
lesions was 100%, 100%, and 80%, respectively. 
Follow-up PET/CT was performed on  fi ve 
patients after corticosteroid treatment. Complete 
regression of all foci of pathologic tracer uptake 
was exhibited in two cases permitting corticoster-
oid withdrawal. Improvement of incomplete 
regression of mediastinopulmonary disease 
occurred in two patients, and disease progression 
was assessed in one patient  [  100  ] .    A recent study 
correlated pre- and posttherapy FDG PET with 
standard disease activity parameters in 12 patients 
with refractory sarcoidosis during in fl iximab 
treatment. All patients showed clinical improve-
ment by conventional parameters although in one 
case to only a minor degree. Symptoms improved 
in 11 of 12 patients although chest radiographic 
stages did not change. FDG PET revealed 
either improvement or normalization in 11 of 12 
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 clinically responding patients. Peak standardized 
uptake value (SUV) decreased 55% overall but 
increased 34% in the patient with a limited 
response. Changes imaged using FDG PET dur-
ing in fl iximab treatment in patients with sarcoi-
dosis correlated with signs of clinical improvement 
to a considerate extent  [  101  ] . Aide et al. showed 
that a reduction in FDG uptake in response to 
2 weeks of oral corticosteroids can also provide 
diagnostic information for discriminating sarcoi-
dosis from cancer  [  102  ] . 

 The imaging features of sarcoidosis are diverse 
and can be seen using a variety of imaging tech-
niques. It is important for physicians in the imag-
ing  fi eld to recognize the common imaging 
features and patterns of sarcoidosis in order to 
raise the possibility in the appropriate clinical 
setting. While PET does not currently appear to 
have a major role for diagnosing sarcoidosis, it 
can be useful for assessing in fl ammatory activity 
and treatment effects in known patients.  

   Acquired Immunode fi ciency Syndrome 

 Human immunode fi ciency virus (HIV) primarily 
infects and kills helper T cells, macrophages, 
and dendritic cells. Therefore, patients with 
acquired immunode fi ciency syndrome (AIDS) 
whose helper T cell numbers decline below a 
critical level, cell-mediated immunity is lost, and 
the body becomes progressively more suscepti-
ble to opportunistic infections including cyto-
megalovirus,  Cryptococcus neoformans , and 
tuberculosis. Malignancies are also increased 
including HIV-associated lymphoma as a result 
of Epstein-Barr virus, Kaposi’s sarcoma-associ-
ated herpes virus, and anogenital cancer as a 
result of the human papilloma virus. Because of 
the variety of the types of infection that occur in 
patients with AIDS, it is essential to determine 
the nature of the underlying infection before 
effective therapy is instituted. FDG PET can be 
used to detect opportunistic infections and malig-
nancies in AIDS patients. A major role of FDG 
PET is to detect the correct location for initiating 
further procedures such as biopsy, aspiration, or 
other diagnostic modalities. FDG PET has been 

shown to successfully localize infection sites 
caused by pseudomonas, mycobacteria, crypto-
coccal, and staphylococcal microorganisms in 
AIDS patients. 

 O’Doherty et al. evaluated FDG PET  fi ndings 
in 80 patients with AIDS and FUO, confusion, 
and/or weight loss  [  103  ] . Half-body PET per-
formed on 57 patients had a sensitivity of 92% 
and a speci fi city of 94% for localization of focal 
pathology that needed treatment. Patients with a 
variety of infections had disease localized for 
appropriate biopsy or sampling, and nodal and 
extranodal sites were identi fi ed in 13 patients 
with lymphoma. Brain PET performed in 23 
cases showed abnormalities in all 19 patients 
with MRI identi fi ed focal space occupying 
lesions103. Caution was required, however, so 
that lymph node uptake in patients with general-
ized lymphadenopathy were not mistaken for 
lymphoma. In a recent study using FDG PET/CT 
in AIDS patients suffering from FUO, results 
were abnormal and helpful for diagnosis in nine 
of 10 cases  [  104  ] . Tuberculosis infection was 
diagnosed in six patients; two cases had lym-
phoma and one had Kaposi’s sarcoma. FDG PET/
CT directly suggested sites for biopsy in six 
patients. The remaining single patient with nor-
mal PET/CT had drug-induced fever  [  104  ] . 

 The incidence of primary central nervous sys-
tem lymphomas  [  105  ]  is increased several thou-
sand-fold in AIDS patients, but differentiation 
from toxoplasmosis infection is dif fi cult because 
both appear as ring-enhancing lesions. FDG PET 
can detect lymphomas with high sensitivity and 
can be separated from toxoplasmosis lesions that 
have lower FDG accumulation. Thus, FDG PET 
has been proposed to differentiate brain lym-
phoma and opportunistic infections in AIDS, and 
may obviate the need for brain biopsy in sus-
pected patients  [  106–  108  ] .   

   Conclusion 

 FDG PET is rapidly evolving to becoming very 
sensitive for the detection and localization of a 
variety of infectious and in fl ammatory diseases. 
PET has theoretical and practical advantages over 
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other scintigraphic methods such as leukocyte 
scan or gallium scintigraphy. It is becoming more 
and more evident that FDG PET imaging can 
play a major role in the evaluation of patients 
with suspected infection or in fl ammation, in 
whom other imaging modalities are inconclusive. 
PET has been shown to be particularly valuable 
in the evaluation of chronic osteomyelitis, 
infected prostheses, sarcoidosis, and fever of 
unknown origin. PET imaging used to detect and 
characterize infection and in fl ammation will 
increasingly contribute to our understanding of 
these disorders and may well become a major 
clinical indication in the day-to-day practice of 
medicine.      
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 In the era of image-guided radiation therapy, 
treatment plans require narrower tumor margins 
and more attention dedicated to the location and 
con fi guration of tumor for better outcomes. 
Traditional anatomy-based modalities such as 
plain radiographs, computed tomography (CT), 
sonography, and magnetic resonance imaging 
(MRI) that yield high spatial resolution and accu-
rate anatomic localization, are essential for radia-
tion therapy planning, but may signi fi cantly 
under- or overestimate the extent of the disease. 
Advances in medical imaging, such as portal 
imaging, ultrasound, cone-beam CT, positron 
emission tomography (PET), MRI, and new soft-
ware and hardware systems demonstrate accurate 
staging, planning, and delivery in radiation ther-
apy with high geometric precision. Functional 
imaging such as single-photon emission com-
puted tomography (SPECT), PET/CT, and 

 magnetic resonance spectroscopy (MRS) that 
permit the visualization of the biologic pathways 
of tumors, are being incorporated into the algo-
rithm for the workup, management, and evalua-
tion of treatment effects in the radiation oncology 
practice. PET/CT could provide biologic imag-
ing information and modify the clinical staging 
and target de fi nition from the anatomic imaging. 
In addition to the concept of gross tumor volume, 
clinical and planning target volume, biologic tar-
get volume and dose painting were introduced 
 [  1–  3  ] . This chapter will focus on the role of PET/
CT in the staging (sensitivity and speci fi city), tar-
get volume de fi nition, and possible assessment of 
response to radiation treatment. Future possibili-
ties of new radiotracers to evaluate hypoxia, pro-
liferation, etc. will be discussed. 

   Changes in the Staging and Target 
Volume by PET/CT 

 The use of PET/CT in radiation oncology treat-
ment planning is a recent clinical research activ-
ity. It is clear that PET/CT is superior to CT for a 
variety of tumor sites, and 25–30% of patients 
will have alterations in their radiation treatment 
plan as a result of new  fi ndings on PET/CT  [  2–  4  ] . 
Modern radiation treatment paradigm of using 
ever increasingly narrow margins requires greater 
precision in target volume delineation, and fail-
ure to do so can clearly increase the risk of mar-
ginal failure when using such highly conformal 
approaches such as intensity-modulated radiation 
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therapy (IMRT) or imaging-guided radiation 
therapy. There is an abundance of data on PET 
and PET/CT systems on the diagnosis and stag-
ing of a variety of malignancies in the other chap-
ters of this textbook. 

 Carcinoma of unknown primary (CUP) repre-
sents a heterogeneous group of tumors presenting 
remarkably without an identi fi able origin that are 
seen in 2–5% of newly diagnosed cancer cases. 
Identi fi cation of the site of origin facilitates tar-
geted management and in its absence often results 
in less than optimal outcomes. Greater than 41% 
of patients with CUP had an identi fi able primary 
after  fl uorodeoxyglucose (FDG) PET. The over-
all sensitivity, speci fi city, and accuracy of PET in 
this setting were 92%, 82%, and 80%, respec-
tively. Knowledge of the site of origin can re fi ne 
the selection of radiation therapy techniques in 
this cohort of patients. 

 Contrast-enhanced MRI and CT remain the 
mainstay for the diagnosis and evaluation of pri-
mary and metastatic brain tumors. The role of 
FDG PET is relatively limited because of the 
rather high physiologic glucose metabolism of 
the normal brain parenchyma. However, the PET-
avid areas were treated with a 10–20% higher 
dose without untoward toxicities. In brain tumor 
imaging,  O -(2- 18 F  fl uoroethyl)- l -tyrosine    (FET) 
and L-[Methyl- 11 C]methionine    (MET) both have 
an advantage over FDG, as they do not accumu-
late in normal brain cells. FET PET reliably dis-
tinguished between posttreatment benign lesions 
and tumor recurrence.  18 F- fl uorodeoxythymidine 
(FLT) has shown that uptake correlated to tumor 
grade with less effect from disruption of the blood 
brain barrier than FET. The ideal tracer for brain 
tumors is yet to be identi fi ed. 

 Head and neck tumors are surrounded by a 
multitude of sensitive and critical structures 
con fi ned to a small area of the body, and neces-
sitate narrow margins to minimize the risk of 
treatment-related toxicities. In the diagnosis and 
staging of head and neck cancers, PET/CT has 
been shown to have a higher sensitivity, 
speci fi city, and accuracy when compared with 
PET or CT alone for a variety of histologies, but 
limitation exists as a result of physiologic uptake 
of the radiotracer in normal tissues such as the 

lymphoid-bearing tissues (e.g., Waldeyer’s ring), 
salivary glands, brown fat, vocal folds, and skel-
etal muscle. Over 70% of patients with head and 
neck cancers will present with locally advanced 
disease. The correct staging and evaluation will 
assist in tailoring therapy and avoid unnecessary 
interventions of therapeutic approaches. In 
patients with node negative (N0) head and neck 
cancers, 25–30%will have pathologically posi-
tive neck metastases. Several PET studies have 
shown that in small volume disease, the detection 
rate of PET ranges from 0% to 30%. This is not 
unexpected, however, because 40% of occult 
metastases are less than 1 cm, which is below the 
resolution for many of the older PET systems. On 
average, gross target volumes GTVs of the pri-
mary tumor based on CT were three times as 
large as volumes based on PET. Although there 
was no difference in volumes of individual lymph 
nodes, PET/CT detected a greater number of 
tumor-bearing nodes and revealed occult meta-
static disease in several patients. Twenty- fi ve 
percent of patients had a change in management 
because of changes noted on PET/CT. In the 
assessment of response to treatment, PET seems 
to offer an advantage in detecting persistent or 
recurrent disease with a sensitivity and speci fi city 
near 100% compared with 75% for CT or MRI. 
Early identi fi cation of residual or recurrent dis-
ease may provide the opportunity for early sal-
vage therapies and avoid unnecessary surgical 
interventions  [  5–  8  ] . 

 In lung cancers, treatment is often compli-
cated by associated atelectasis and/or consolida-
tion. If a lung tumor causes atelectasis, it becomes 
extremely dif fi cult to de fi ne the actual tumor 
using CT. In this situation, most radiation oncol-
ogists would, when in doubt, prefer to de fi ne a 
larger target volume and possibly encompass 
part of the atelectasis rather than risk missing 
part of the tumor with a smaller target volume. 
The result of this approach was further compro-
mise of pulmonary function along with the asso-
ciated increased risk of radiation-induced 
pneumonitis. The planning target volumes    PTVs 
changed by up to 50% and improvement in GTV 
de fi nitions were observed using PET/CT in non-
small cell lung cancer. This can potentially result 
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in a  reduction of pulmonary toxicity by reducing 
the mean lung dose in patients currently eligible 
for high-dose radiotherapy. In primary lung can-
cer, the presence of mediastinal involvement 
dramatically alters the outcome in patients 
treated with multimodality therapy. In evaluating 
the mediastinum, the negative predicative value 
for PET is 90% although the positive predicative 
value remains less than optimal (80%). In 
patients who are PET-negative assessment of the 
mediastinum, elective irradiation of this area can 
be omitted safely. There are signi fi cant advan-
tages to avoiding mediastinal irradiation when 
possible. These include the ability to escalate 
dose to the primary and reduction in the volume 
of normal tissue irradiated such as the esopha-
gus, heart, and lung. Malignant mediastinal 
involvement can be missed in those patients with 
relatively high FDG uptake in the heart. Issues 
associated with organ motion by gating image 
acquisition and irradiation to the respiratory 
cycle are still being researched  [  9–  12  ] . 

 In esophageal cancers, the superior detection 
of distant metastases compared with conventional 
methods has resulted in the increasing role of 
PET/CT imaging in the initial staging, assess-
ment of treatment response, and follow-up of 
patients. PET surpassed CT for locoregional 
lymph node staging, although its sensitivity rates 
are yet quite modest. Perhaps the greatest bene fi t 
of PET/CT in esophageal cancer is the 
identi fi cation of locoregional and distant meta-
static disease with an incremental bene fi t of 20% 
over CT staging alone. Additionally, there is a 
decrease in the GTV with the addition of FDG 
PET information in 35% of patients, and an 
increase of 21% with modi fi cations of the GTV 
that affected the planning treatment volume by 
52%. These modi fi cations also affected the per-
centage of total lung volume in 74% of the 
patients receiving 20 Gy, which may potentially 
affect treatment-related toxicities and treatment 
response. PET imaging may also differentiate 
responders to preoperative chemotherapy from 
nonresponders with adenocarcinomas of the 
esophagogastric junction. In addition, PET may 
reveal metastatic lymph nodes and lead to 
increases in the target volume that can signi fi cantly 

in fl uence radiotherapy management. It may still, 
however, have some limited utility in assessing 
locoregional therapeutic response such as unde-
tected residual microscopic disease or false-posi-
tive results due to in fl ammatory esophagitis and 
ulceration. The accuracy of PET/CT detection 
also can be improved in combination with other 
modalities such as endoscopy  [  13  ] . 

 Among gynecologic cancers, PET and PET/
CT are superior to CT alone in the staging of cer-
vical cancer. For patients with pelvic and para-
aortic metastases, extended- fi eld radiation 
therapy (EFRT) offers a survival advantage. 
However, the toxicities associated with EFRT 
have historically limited its use in most cervical 
cancer patients, even in those with high-risk dis-
ease. Noninvasive approaches to staging such as 
PET/CT can help to select patients who can 
bene fi t from EFRT using PET/CT. A number of 
dosimetric publications have reported varying 
IMRT techniques to boost grossly involved para-
aortic nodes. PET-guided IMRT planning was 
performed to determine if the pelvis could be 
treated with conventional anterior-posterior/pos-
terior-anterior  fi elds while treating the para-aortic 
nodes with IMRT. 59.4 Gy to PET-avid grossly 
involved para-aortic nodes could be achieved 
while delivering 50.4 Gy to the pelvis and limit-
ing the dose to the small bowel, kidney, and spi-
nal cord. Similarly, the use of FDG PET was 
shown to be feasible with cervical brachytherapy 
for monitoring sequential response and individu-
alizing dose optimization. A complete response 
on PET was predictive of excellent survival 
(5-year survival, 92%) whereas partial response 
was predictive of poor survival (5-year survival, 
46%). Of the patients with new sites of abnormal 
FDG uptake outside the treatment volume, none 
were alive at 5 years. In a small trial of patients 
with advanced ovarian cancer (stages III and IV) 
treated with neoadjuvant chemotherapy, PET 
response after the  fi rst and second cycle of che-
motherapy clearly predicted the likelihood of 
survival with a median survival time of 38 months 
in responders and 23 months in nonresponders. 
Although radiation therapy is not routinely used 
for ovarian cancer, special indication may offer 
an opportunity for focal irradiation in patients 
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who have completed consolidative chemotherapy 
after maximal surgical debulking. In such cases, 
focal residual masses or focal recurrences can be 
effectively managed with irradiation. 

 For patients with early stage of colorectal can-
cer (CRC), surgical management remains the 
standard of care. In patients with more advanced 
disease, preoperative chemoradiation therapy has 
been encouraged because of its reduced recur-
rence rate and toxicity. Nevertheless, nearly half 
of these patients will have recurrence within the 
 fi rst 3 years after treatment. The goal of posttreat-
ment surveillance strategies is to detect early, 
small volume recurrent or metastatic deposits in 
the hope of maximizing the chances of survival. 
Because the majority of the recurrences are local 
and frequently amenable to surgery, it is vital that 
the precise location and extent of the relapse is 
well documented. Currently, diagnostic imaging 
strategies using CT are controversial in the sur-
veillance of CRC. It is frequently dif fi cult to dif-
ferential scar tissue from recurrent disease, thus 
lowering the sensitivity and speci fi city of CT. 
MRI and PET can be used to augment surveil-
lance programs in the posttreatment setting. 
Although MRI has been shown to be more valu-
able in detecting recurrent pelvic disease with 
higher sensitivity, speci fi city, and accuracy rates 
than CT, its use has not been supported as a sub-
stitute for CT in routine surveillance and should 
be selectively used. Studies evaluating the utility 
of PET/CT in the detection of recurrence in CRC 
appeared to suggest a high sensitivity for detect-
ing the primary tumor but a relative insensitivity 
of PET and PET/CT in detecting regional lymph 
node metastases in rectal cancer despite a high 
speci fi city of nearly 96%. However, PET/CT was 
found to be more useful in the identi fi cation of 
distant metastatic sites such as the liver or lung. 
PET/CT seems to be superior in the restaging of 
CRC and for surveillance strategies after 
de fi nitive therapies. This added bene fi t of PET/
CT clearly can in fl uence surgical decision mak-
ing, better stratifying candidates for resection and 
identifying those who are more appropriately 
treated with alternate approaches, including pal-
liation. FDG/PET detected unsuspected disease 
in 25% of patients considered to have resectable 

hepatic metastasis by conventional staging. In 
addition, they demonstrated that FDG PET 
screening was associated with excellent postresec-
tion 5-year overall survival for patients undergo-
ing resection. In planning for radiation therapy, 
an increase in the size of the GTV in 50% of their 
cases leading to a 20% increase in the size of the 
PTV compared with volumes based on CT alone 
was reported. PET/CT in radiation treatment 
planning for rectal cancer produced greater uni-
formity between observers’ de fi nition of the GTV 
based on combined PET/CT compared with CT 
alone. The area of greatest enhancement was in 
the de fi nition of nodal disease potentially leading 
to few marginal misses. 

 The management of both Hodgkin lymphoma 
(HL)    and non-Hodgkin’s lymphomas with radia-
tion has undergone a dramatic evolution in the 
last decade from  fi rst-line comprehensive ther-
apy in some cases to adjuvant therapy after che-
motherapy in most stages, currently. Results of a 
number of prospective trials continue to con fi rm 
the contribution of focal consolidative radiation 
therapy in bulky and advanced disease. Staging 
of HL is carried out by a variety of invasive and 
noninvasive modalities. Improved accuracy in 
staging lymphomas with PET/CT over conven-
tional anatomic imaging has made functional 
imaging a cornerstone in this disease entity. 
Because most lymphomas are highly FDG-avid, 
the ability of PET/CT to show anatomy and 
metabolism is the ideal modality for early assess-
ment of response and routine surveillance. 
Therefore, it is essential to have a pretreatment 
FDG PET study to assess residual masses accu-
rately and early monitoring of response to the 
treatment. Several researchers have been investi-
gating the role of PET/CT in the early assess-
ment of response to chemotherapy before 
treatment completion [ 14 ,  15 ].    Such important 
data could help stratify and identify patients who 
may bene fi t from more tailored treatments based 
on response, perhaps after one or two cycles of 
therapy. Although the appropriate therapy change 
has not yet been established, high-risk patient 
subsets can be reliably identi fi ed. FDG PET 
has also been a useful tool for assessing initial 
staging, response to therapy, and follow-up of 
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children diagnosed with lymphoma. FDG PET 
imaging was performed before and after the  fi rst 
cycle of therapy predicts outcome in diffuse 
large cell and HL   . PET-negative scans after the 
 fi rst cycle portended a sustained complete 
response with a median follow-up at 28 months. 
PET seems to have a prognostic value in patients 
undergoing bone marrow transplantation as well, 
where a positive FDG PET scan after salvage 
chemotherapy and prior to autologous stem cell 
transplantation is indicative of an extremely poor 
prognosis. Certainly, the ability of FDG PET to 
better differentiate between viable tumor and 
 fi brosis has proved valuable for response assess-
ment after completion of therapy and as a prog-
nostic marker early during treatment. With 
respect to radiation treatment planning,  fi eld 
reductions, which are the modern equivalents of 
the so called involved node radiotherapy, are 
now routinely used for the standard approach to 
radiation therapy. As a result, precise anatomic 
delineation of lymphoma involvement becomes 
increasingly important. In this scenario, PET is 
rapidly being introduced, providing better 
de fi nition of the involved  fi eld because of its 
higher accuracy for nodal and organ staging than 
CT. The radiation  fi eld was altered based on PET 
information. However, FDG PET and PET/CT 
have a greater tendency toward upstaging HD 
patients that will relate to larger RT volumes 
trend as well. 

 Stereotactic radiosurgery and body radiosur-
gery/radiotherapy are special applications of ste-
reotactic techniques to radiation therapy. The 
key concept behind these applications is the use 
of specialized localization techniques coupled 
with limited tumor margins to tumors treated 
with very high doses in a limited number of frac-
tions. Precise target delineation is very critical in 
this instance. Failure to accurately de fi ne the 
tumor in most instances results in treatment fail-
ure or greater worrisome compromise of nearby 
critical structures given the high dose per frac-
tion. For brain metastases treated with radiosur-
gery, FDG PET augmented MRI evaluation for 
the examination of tumor radionecrosis versus 
tumor progression. Linac-based hypofraction-
ated stereotactic body radiation therapy was 

performed for the liver, lung tumors and recur-
rent, unresectable, previously irradiated 
squamous cell carcinoma of the head and neck 
without signi fi cant toxicity. The impact of PET/
CT in treatment planning can be of great clinical 
signi fi cance in dose escalation approaches to 
further minimize in- fi eld failures  [  16  ] .  

   Identi fi cation of GRV With PET 

 CT is the reference imaging modality for radia-
tion treatment planning, however, CT images 
lack contrast between soft-tissue structures and 
tumor extension. Compared with CT, MRI has 
shown to be more accurate in evaluating soft 
tissue and can be more sensitive for bone inva-
sion of head and neck tumors, but it also has its 
limitations, such as geometric distortions at 
 fi eld-of-view edges, and artifacts at interfaces 
of bone and air. 

 FDG PET can identify the primary tumor in 
head and neck cancer more accurately than con-
ventional imaging. FDG PET missed a small 
super fi cial tumor and misinterpreted a  fl oor of 
mouth tumor for a tongue tumor. Comparing the 
role of co-registered CT, MRI, and FDG PET in 
delineating the primary tumor, PET was closest 
to depicting the true tumor volume, although all 
three imaging modalities (in addition to PET) 
failed to identify a small fraction (approximately 
10%) of the macroscopic tumor, mainly super-
 fi cial mucosal extension  [  17–  20  ] . 

 Application of radiopharmaceuticals other 
than FDG (Fig.  31.1 ) that depict different char-
acteristics of tumor cells may also play a role 
in accurate tumor de fi nition (e.g., amino acid-
based radiopharmaceuticals FET and MET). 
In brain tumor imaging, FET and MET both 
have an advantage over FDG, as they do not 
accumulate in normal brain cells. When com-
paring FET PET with FDG/PET and CT in 
patients with head and neck cancer, both FET 
PET and FDG PET were superior to CT in the 
detection of tumor. FET PET showed no uptake 
in physiologic and in fl ammatory tissue, resulting 
in a higher speci fi city for tumor detection than 
FDG PET. A drawback of FET PET was a 
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lower sensitivity, caused by a relatively low 
tumor uptake  compared with FDG PET. MET 
PET images in patients with brain tumors were 
investigated by correlating MET uptake with 
histologic examination of stereotactic biopsies. 
Solid parts of brain tumors as well as brain tissue 
with in fi ltrating tumor cells were detected with 

high sensitivity (87%) and speci fi city (89%). 
In target volume de fi nition of meningioma 
patients with skull-base tumors, MET PET is 
superior in de fi ning tumor in fi ltration in the 
surrounding structures compared with CT/
MRI. Furthermore, MET PET signi fi cantly 
decreased the interobserver variability in tumor 

  Fig. 31.1    An example of delineation of the GTV and the 
corresponding HTV with a T/C ratio of 1.3 from 
 18 F-FMISO PET/CT data.  (a)  GTV in a CT axial image. 
( b)  HTV 

1.3
  in a  18 F-FMISO PET axial image.  (c)  GTV and 

HTV 
1.3

  delineated together from  18 F-FMISO PET/CT 
data.  (d)  PTV for each tumor volume.  GTV  gross tumor 
volume,  HTV  hypoxic tumor volume,  PTV  planning target 
volume,  T/C  tumor-to-cerebellum ratio       
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delineation as compared with CT/MRI-based 
delineation  [  13  ] .   

   Interobserver Variability in Target 
Volume De fi nition 

 Interobserver variability of radiation target vol-
ume de fi nition is a widely recognized problem. 
In laryngeal cancer for example, target de fi nition 
using only CT leads to signi fi cant inter- and 
intraobserver variations in delineation of the 
GTV  [  21  ] . When imaging modalities become 
more accurate, the interobserver variability will 
decrease. A reduction in the interobserver vari-
ability is seen by incorporating FDG PET/CT 
data into the treatment planning  [  13,   17–  20  ] . A 
reduction in the mean volume difference was 
reported when FDG PET was incorporated into 
the CT-based GTV de fi nition of various solid 
tumors. This was associated with a reduction of 
the standard deviation from 38.6 to 14.4 cm 3 . 
When analyzing target de fi nition of 22 patients 
with no-small cell lung cancer by 11 observers, 
the amount of disagreement was reduced from 
45% (CT-based) to 18% (PET/CT-based).  

   Thresholding in GTV De fi nition 

 Studies comparing GTV de fi nition using FDG 
PET (GTVpet) and T1-weighted contrast-
enhanced MRI (GTVmri) in high-grade astrocy-
tomas consistently showed that GTVpet was 
smaller than GTVmri  [  22,   23  ] . Similar studies 
comparing GTVpet to delineation using CT or 
MRI (GTVct/mri) have been performed in head 
and neck cancer. Results show either no differ-
ence between GTVs or that GTVpet was 
signi fi cantly smaller than GTVct/mri. A reason 
for this might be that the optimal way to delin-
eate a tumor on PET is not clearly de fi ned, 
resulting in variations in the methods for de fi ning 
GTVpet. In clinical nuclear medicine, PET stud-
ies are usually interpreted qualitatively, while in 
radiation oncology a more quantitative approach 
is necessary as edge detection is required for 

tumor contouring. PET images can be inter-
preted by visual assessment only (GTVvis) or 
by choosing thresholds (i.e., segmenting a lesion 
on the basis of a given level of radioactivity) 
 [  22  ] . The threshold could be any  fi xed cut-off of 
the standardized uptake value, and some investi-
gators choose a cut-off of 2.5 (GTV2.5). 
Thresholds are more commonly de fi ned as a 
 fi xed percentage of the maximum tumor activ-
ity, for example 40% (GTV40%), or adaptive 
threshold based on the signal-to-background 
ratio (GTVucl). This method aims to incorporate 
speci fi c PET imaging properties by deriving a 
mathematical function from phantom measure-
ments of objects of various sizes under various 
signal-to-background conditions. The choice of 
a tool for target volume de fi nition based on PET 
images is far from trivial.  

   Intratumoral Biologic Characteristics 

 Tumor hypoxia is a strong contributor to radia-
tion resistance. Kaanders et al. correlated the 
hypoxic fraction measured by staining tumor 
biopsies with pimonidazole, an exogeneous 
hypoxia marker, with locoregional tumor control 
after radiotherapy of advanced head and neck 
cancer.    Tumor control inversely correlated with 
the hypoxic fraction [ 24 ]. Various treatment 
modi fi cations are available to counteract hypoxia 
induced radioresistance: irradiating during hyper-
oxic gas breathing under normobaric or hyper-
baric conditions, adding a hypoxic cell sensitizer 
(nimorazole) or a hypoxic cytotoxin (tira-
pazamine), or increasing the radiation dose. To 
various extents these modi fi cations lead to 
increased toxicity. Because not every patient 
bene fi ts from these treatment intensi fi cations, 
careful selection of patients is necessary, and PET 
could be of value as a predictive tool. For imaging 
of tumor hypoxia, both imidazole- and nonimida-
zole-containing agents have been  developed. 
Imidazole-containing radiopharmaceuticals are 
[ 18 F]  fl uoromisonidazole (FMISO) and [ 123 I] 
iodoazomycin arabinoside. Nonimidazole tracers 
are  99m Tc 4,9-diaza-3,3,10,10- tetramethyldode-
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can-2,11-dione-dioxime ( 99m Tc HL91) and 
 64 Cu-diacetyl-bis( N -4-methylthiosemicarbazone) 
( 64 Cu-ATSM)  [  23  ] . Hypoxia can be transient due 
to structural and functional abnormalities of the 
tumor microvessels. These abnormalities cause 
disturbances in the blood supply leading to tem-
poral shutdown of vessels. Therefore, areas 
identi fi ed as ‘normoxic’ could be ‘hypoxic’ at a 
different time point. These changes occur at the 
microregional level and little is known about the 
sensitivity of PET scanning for such changes. 
Irradiation itself can cause rapid changes in oxy-
genation and perfusion. Even if the information 
obtained by functional imaging correlates with a 
relevant tumor characteristic, and even if that 
characteristic has an impact on clinical decision 
making on treatment selection, one must be aware 
that the temporal stability of the imaged data may 
be limited. 

 Another tumor characteristic associated with 
radioresistance is tumor cell proliferation, espe-
cially in squamous cell carcinomas that can be 
counteracted by shortening the overall treatment 
time, which has been shown to be effective in 
several randomized clinical trials. Because this is 
also treatment intensi fi cation, PET could possi-
bly help in selecting patients by identifying 
highly proliferating tumors, and thereby spare 
those patients who are not likely to bene fi t from 
the increased toxicity. Cell proliferation can be 
identi fi ed by labeling DNA precursors, such as 
thymidine or deoxyuridine, that are incorporated 
in DNA replication during the S phase of cycling 
cells. Clinical studies show a correlation between 
FLT uptake and the Ki-67 labeling index [ 25 ].    

 Epidermal growth factor receptor (EGFR) 
inhibition is another strategy to counteract tumor 
cell proliferation. EGFR plays a key role in cel-
lular proliferation of head and neck cancer. The    
amount of EGFR expression in tumor biopsies 
could reliably be used to select the dose fraction-
ation scheme that had the greatest chance of 
bene fi ting the patient. Adding an EGFR-inhibitor 
(cetuximab) to the radiation treatment in a ran-
domized clinical trial resulted in increased tumor 
control with only limited increase of toxicity. 
New radiopharmaceuticals are developed in the 
preclinical phase to quantify tumor EGFR 

expression with PET (e.g., Ga-68-EGF and 
Zr-89- cetuximab).  

   Concept of Dose Painting 

 The concept of dose painting is    to visualize tumor 
subvolumes with a potential resistance to irradia-
tion and to paint some additional dose onto that 
volume [ 26  , 27 ].    This was applied in a pilot study 
demonstrating an IMRT plan where a subvolume 
of the oropharyngeal tumor, identi fi ed by increased 
 64 Cu-ATSM retention, received an extra dose of 
10 Gy. Despite the dose escalation in this dose 
painting exercise, the parotid glands could still be 
adequately spared with this high-precision IMRT 
technique (Fig.  31.2 ). At the level of the tumor 
microenvironment, it is conceivable that new cells 
formed in the proliferating cell compartment push 
older cells away from the blood vessels resulting in 
a gradual depletion of oxygen and nutrients. Tumor 
cells in the hypoxic compartment would be pushed 
further down the oxygen gradient and eventually 
die of oxygen de fi ciency and starvation. This ‘pat-
tern of hypoxia’ is measured in micrometers and 
therefore cannot be detected by in vivo imaging 
techniques such as PET because of limited spatial 
resolution, as PET images hypoxia at a more global 
level. Furthermore, the radiation dose delivery also 
has a certain resolution. Given these limitations, 
dose painting will most likely only be feasible with 
subvolumes greater than 0.5 cm 3 . PET imaging 
would then need to identify subvolumes within the 
tumor with a larger-than-average content of 
hypoxic cells  [  23,   24  ] .   

   Conclusion 

 Integrating biologic or molecular information of 
tumors into radiation oncology might help in 
deciding not only where, but also how, radiation 
therapy should be delivered. The addition of 
functional imaging to the standard anatomically 
based target volume de fi nition has already shown 
signi fi cant advantages, especially when images 
are co-registered. The reduction of interobserver 
variability is obvious and can increase the stan-
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dard of care for all patients, not only by reducing 
geographically missing parts of the cancer, but 
also by reducing the irradiated volume of normal 
tissues and organs at risk. As more studies vali-
dating the various functional imaging properties 
become available, more treatment-related deci-
sions (dose painting, shortening overall treat-
ment time, adding a sensitizer) will need to be 
tested in clinical trials. The goals are challeng-
ing and clear. First, to enlarge the therapeutic 
window by increasing the tumor control proba-
bility and decreasing the normal tissue compli-
cation probability; second, to develop predictive 
assays that can serve as selection tools for 
patients that are likely to bene fi t from intensi fi ed 
treatments.      
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 The clinical applications and investigations of 
positron emission tomography (PET) using F-18 
 fl uoro-2-deoxyglucose (FDG) have been dra-
matically increasing over the past 10 years. The 
main cause of this boom is the development of 
the PET/computed tomography (CT) scanner, 
which can provide both the metabolic and ana-
tomic information of a cancer. PET/CT has been 
shown to have a better diagnostic accuracy in 
tumors than either CT or conventional PET. The 
individual practitioner makes a clinical decision 
according to his or her experience. Different 
chance of exposure to evolving medical tech-
nologies makes different behavior for the practi-
tioners to order new modalities.    Underutilizing 
new technology does not offer enough diagnos-
tic information leading to appropriate decision 
making, and overutilization of technology 
increases medical cost.     The results of PET 
based on researches can give the appropriate 
amount of information to practitioners and helps 
them to make the best medical decisions. 

 An extensive search of the literature was per-
formed on the use of PET for oncology. In this 
chapter, current evidence and indications for 
speci fi c diseases or organs of PET are summa-
rized. Indications were categorized into initial 

treatment strategy and subsequent treatment strat-
egy. Initial treatment strategy included diagnosis, 
tumor grading, initial staging, treatment planning, 
and prognosis prediction. Subsequent treatment 
strategy included monitoring response to treat-
ment, restaging, diagnosis of recurrence, treat-
ment planning, and prognosis prediction after 
initial therapy. 

 The use of FDG PET for initial treatment 
strategies and subsequent treatment strategies of 
the discussed cancers is covered by medical 
insurance in both Korea and in the US.    

   Head and Neck Cancer 

   Initial Treatment Strategy 

 For detection of primary tumor, PET demon-
strates high sensitivity of 83–97%, signi fi cantly 
better than that of CT  [  1–  3  ] . However, it is 
dif fi cult for PET to determine T stage in head 
and neck cancer, and PET/CT can be better than 
CT for T staging. However, further studies are 
necessary. 

 For nodal staging, FDG PET showed a good 
diagnostic ef fi cacy of 67–100% sensitivity and 
89–100% speci fi city for detecting metastatic cer-
vical lymph nodes, which are signi fi cantly better 
than for CT and/or MRI showing a sensitivity of 
53–84% and a speci fi city of 71–95%  [  1–  17  ] . 
Recent studies suggest that PET/CT is more 
accurate than PET for the nodal staging of head 
and neck cancer  [  16,   17  ] . Clinically, in stage N0 
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oral squamous cell carcinoma, PET demonstrates 
a low sensitivity    of 33–67%, which supports the 
need of sentinel lymph node biopsy in such 
patients  [  18,   19  ] . 

 PET or PET/CT can  fi nd clinically unexpected 
distant metastases or second primary cancer in 
9–24% of patients with head and neck cancer  [  1, 
  13,   14,   20  ] . The results of PET or PET/CT change 
the therapeutic plan in 9–31% of patients with 
head and neck cancer  [  1,   2,   13–  15,   20  ] .  

   Subsequent Treatment Strategy 

 For diagnosis of recurrence, FDG PET demon-
strates a good diagnostic ef fi cacy of 82–100% 
sensitivity and 72–100% speci fi city  [  21–  36  ] . In 
several comparative studies, PET (sensitivity, 
88–100%; speci fi city, 78–100%) showed 
signi fi cantly better diagnostic ef fi cacy than CT 
and/or MRI (sensitivity, 25–96%; speci fi city, 
30–88%)  [  22,   26,   29,   31,   34,   36  ] . 

 Radiation therapy and/or chemotherapy fol-
lowing PET are helpful in evaluating the thera-
peutic response. The sensitivity and speci fi city of 
FDG PET for detecting residual viable tumor are 
67–100% and 53–95%, respectively  [  34,   37–  44  ] . 
For residual viable metastatic lymph node, PET 
showed a 40–100% of sensitivity and 25–91% of 
speci fi city  [  45–  47  ] . This metabolic response by 
PET is signi fi cantly associated with prognosis of 
patients  [  48–  52  ] .   

   Thyroid Cancer 

   Initial Treatment Strategy 

 Although FDG PET or PET/CT has been widely 
used in oncology, there are many reports about 
clinically unexpected thyroid incidentaloma 
detected using PET. According to a recent sys-
temic review, the incidence of an unexpected 
focal abnormality in the thyroid gland found 
using PET is 1.0%  [  53  ] . Overall risk of malig-
nancy in a subgroup of patients undergoing diag-
nostic con fi rmations is 33.2%  [  54–  71  ] . Papillary 
thyroid carcinoma is the most prevalent thyroid 

malignancy (82.2%). In eight studies reporting 
individual maximum standardized uptake values 
(SUVs), there was a signi fi cant difference in 
maximum SUV between benign lesions (4.6 ± 2.1) 
and malignant lesions (6.8 ± 4.6;  p  < 0.001) with 
some overlap in values  [  55,   59,   62,   63,   65,   67,   68, 
  71  ]  which is compatible with previous PET stud-
ies on thyroid nodules  [  72  ] . Therefore, the high 
prevalence of malignancy associated with focal 
hypermetabolic thyroid nodules found on FDG 
PET warrants further evaluation when detected. 
For thyroid nodule evaluation, FDG PET showed 
an excellent sensitivity and moderate speci fi city. 
For initial staging of thyroid cancer, there are few 
positive results showing the usefulness of PET in 
addition to conventional staging methods  [  73  ] . 
However, in selected patients suspicious of dis-
tant metastasis, FDG PET can be recommended.  

   Subsequent Treatment Strategy 

 FDG PET is useful for re-staging and detecting 
recurrence after total thyroidectomy in patients 
with differentiate thyroid carcinoma (DTC), 
which is better than I-131 whole-body scan on 
Tc-99 m MIBI scan  [  74  ] . FDG PET showed a 
good diagnostic ef fi cacy in the detection of 
recurrent or metastatic DTC with elevated serum 
thyroglobulin levels that a radioiodine whole-
body scan    failed to detect. In a recent meta-anal-
ysis, the overall patient-based sensitivity and 
speci fi city of FDG PET in such patients are 
83.5% and 84.3%, respectively  [  75  ] . The pooled 
lesion-based sensitivity and speci fi city are 91.6% 
and 77.5%, respectively  [  76  ] . PET/CT showed a 
better diagnostic ef fi cacy than PET in DTC  [  77, 
  78  ] . In addition, PET/CT changes the manage-
ment plan in 48–67% of the patients with cancer 
 [  77,   78  ] . 

 In medullary thyroid carcinoma (MTC), FDG 
PET showed a good diagnostic ef fi cacy for 
detecting recurrent or residual lesions with ele-
vated serum calcitonin levels  [  79–  81  ] . The sensi-
tivity of FDG PET for detecting recurrent or 
residual MTC is 78–96%, which is better than 
that of the  111 In-pentetreotide scan or anatomic 
imaging modalities.   
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   Lung Cancer 

   Initial Treatment Strategy 

 FDG PET is useful for evaluating single pulmo-
nary nodule/mass detected by chest radiography 
and/or chest CT. According to a meta-analysis 
including 1,474 patients from 40 studies, PET 
showed a 97% sensitivity and 78% speci fi city for 
differentiating benign from malignant single pul-
monary nodule/mass  [  82  ] . PET/CT demonstrates 
a better sensitivity and negative predictive value 
for characterizing single pulmonary nodule than 
dynamic chest CT  [  83  ] . High sensitivity and neg-
ative predictive value of PET help to avoid unnec-
essary invasive diagnostic procedures in such 
patients. Cost effectiveness of PET for evaluating 
single pulmonary nodule was proved in several 
countries including the US, Japan, Germany, 
Italy, Australia, and Hungary  [  84–  93  ] . 

 FDG PET is useful for initial staging of non-
small cell lung cancer (NSCLC). According to a 
meta-analysis including 2,226 patients from 29 
studies, PET showed a 79% of sensitivity and 
91% of speci fi city for detecting metastatic medi-
astinal lymph nodes, which is signi fi cantly bet-
ter than a sensitivity of 60% and a speci fi city of 
77% on chest CT  [  94  ] . In another meta-analysis 
with 1,959 patients from 32 studies, PET showed 
a sensitivity of 85% and speci fi city of 90% for 
detecting metastatic mediastinal lymph nodes, 
which is signi fi cantly better than a sensitivity of 
61% and speci fi city of 79% on chest CT  [  95  ] . In 
a recent meta-analysis with 833 patients from 
17 studies, PET showed a sensitivity of 83% 
and speci fi city of 92% for detecting metastatic 
mediastinal lymph nodes, which is signi fi cantly 
better than a sensitivity of 59% and speci fi city 
of 78% on chest CT  [  96  ] . Because of the whole-
body coverage of PET, good results in  fi nding 
clinically unexpected distant metastasis in 
6–11% of patients with NSCLC were demon-
strated using PET  [  97,   98  ] . For initial staging of 
NSCLC, PET results contribute to changes in 
the therapeutic plan such as avoiding unneces-
sary curative surgery in 11–26% of patients  [  99, 
  100  ] . PET/CT is superior to PET for initial stag-

ing of NSCLC  [  101–  103  ] . The degree of FDG 
uptake in primary tumor (i.e., SUV) and PET 
stage are signi fi cant prognostic factors in 
NSCLC  [  104–  109  ] . Cost effectiveness of PET 
for initial staging of NSCLC was proved in 
many countries including the US, France, 
Germany, Italy, Netherland, Japan, and Australia 
 [  87,   92,   110–  124  ] . 

 FDG PET is useful for the initial staging of 
small cell lung cancer (SCLC) by providing addi-
tional information to conventional staging meth-
ods  [  125–  131  ] . The results of PET contribute to 
the change in therapeutic plan in 8–33% of 
patients with SCLC  [  82–  87  ] .  

   Subsequent Treatment Strategy 

 FDG PET showed good results (sensitivity, 
96–100%; speci fi city, 53–100%) for detecting 
recurrence of NSCLC after curative treatment, 
when recurrence is suspicious clinically or radio-
logically  [  132–  136  ] . The results of PET contrib-
ute to the change in therapeutic plan in 29–63% 
of patients suspicious of recurrence  [  134,   135  ] . 

 FDG PET showed good results for predicting 
pathologic response of neoadjuvant therapy and 
restaging in NSCLC. For detecting residual via-
ble primary tumor, PET showed a sensitivity of 
81–97% and speci fi city of 64–100%, which is 
signi fi cantly better than that of chest CT  [  137–
  141  ] . For detecting residual viable metastatic 
lymph nodes, PET showed a sensitivity of 
50–77% and speci fi city of 83–99%, which is 
better than that of chest CT  [  137,   140,   142,   143  ] . 
PET response to primary tumor to neoadjuvant 
therapy is one of the signi fi cant prognostic fac-
tors in NSCLC  [  137,   141,   144–  146  ] . PET can 
help locate clinically unexpected distant metas-
tasis in 17% of patients after neoadjuvant ther-
apy, which helps to avoid unnecessary curative 
surgery  [  137  ] . 

 Although only several studies were reported, 
FDG PET is useful for therapy response evalua-
tion and re-staging in SCLC because of its supe-
riority to conventional methods  [  127,   131,   146, 
  147  ] . The re-staging results of PET can cause a 
change in the therapeutic plan in 52% of patients 
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with SCLC. Positive PET results after therapy are 
associated with poor prognosis  [  147  ] .   

   Esophageal Cancer 

   Initial Treatment Strategy 

 FDG PET is useful for initial staging of esopha-
geal cancer. For N staging, PET showed a sensi-
tivity of 45–81% and speci fi city of 69–100%, 
which is signi fi cantly better than 31–60% sensi-
tivity and 71–100% speci fi city of chest CT  [  148–
  157  ] . For M staging, PET showed a diagnostic 
accuracy of 43–100%, which is signi fi cantly 
better than 14–64% of chest CT  [  148,   151,   153, 
  155,   156    ]. For comparison with endoscopic ultra-
sound (EUS), PET demonstrates better or similar 
results in N staging and better results in M stag-
ing  [  152,   153,   156  ] . In addition, EUS has a limi-
tation that complete examination is not available 
in 20–30% of patients because of severe esopha-
geal stenosis  [  152,   153,   156  ] . PET can help to 
locate clinically unexpected M1 disease in 5–20% 
of patients, which can help in avoiding unneces-
sary curative surgery  [  148,   149,   151,   156,   158  ] . 
PET  fi ndings change the treatment plan in about 
40% of patients with esophageal cancer  [  159, 
  160  ] . The SUV of primary tumor, PET stage, and 
the number of PET-positive lymph nodes are 
signi fi cant prognostic factors in esophageal 
cancer  [  151,   154,   159–  162  ] . However, the stag-
ing system of esophageal cancer was completely 
revised in 2010. Therefore, reanalysis or further 
evaluation is warranted.  

   Subsequent Treatment Strategy 

 Although few references are available, FDG PET 
showed better sensitivity and worse speci fi city 
than conventional diagnostic workup for detect-
ing recurrence of esophageal cancer  [  163,   164  ] . 

 FDG PET has shown good results for predict-
ing pathologic response of neoadjuvant therapy 
in esophageal cancer. In a meta-analysis includ-
ing 691 patients from 24 articles on esophageal 
cancer, overall accuracy for predicting pathologic 

response of neoadjuvant therapy was 85% for 
PET, 54% for CT, and 86% for EUS, respectively 
 [  165  ] . However, to our knowledge, at the time of 
this meta-analysis, there were no studies dealing 
with direct comparison of PET with EUS. 
Subsequent studies reported that PET is better 
than EUS for predicting pathologic response of 
neoadjuvant therapy and restaging of esophageal 
cancer  [  166,   167  ] .   

   Gastric Cancer 

   Initial Treatment Strategy 

 FDG PET has a complementary role to contrast-
enhanced CT for initial staging of adenocarci-
noma of the stomach. For lymph node staging, 
FDG showed a sensitivity of 23–56% and 
speci fi city of 92–99%. In comparison with PET, 
CT demonstrates signi fi cantly better sensitivity 
of 44–78% and worse speci fi city than in 62–99% 
    [  168–  173  ] . In case of signet ring carcinoma that 
shows low FDG uptake in general, the worst sen-
sitivity for detecting metastatic lymph node is 
reported  [  90  ] . FDG PET showed a better sensitiv-
ity for detecting N3 nodes than N1 and N2 nodes, 
which contributes to treatment strategy changes 
 [  169,   174  ] . For M staging, PET shows favorable 
results for liver and lung metastasis. On the con-
trary, PET has a low sensitivity for detecting peri-
toneal, pleural, and bone metastases  [  169,   175, 
  176  ] . FDG PET can help locate clinically unex-
pected distant metastasis or second primary can-
cer in 8% of patients with gastric cancer  [  171  ] . 
Combined use of PET and contrast-enhanced CT 
improves the staging results in gastric adenocar-
cinoma  [  169  ] . Currently, there are few studies 
using PET/CT for the initial staging of stomach 
cancer  [  173  ] . Further studies using PET/CT are 
warranted.  

   Subsequent Treatment Strategy 

 FDG PET is useful for detecting recurrence in 
patients with postoperative gastric cancer. In 
patients with clinically, endoscopically, or radio-
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logically suspected recurrent gastric cancer, PET 
showed a sensitivity of 70–81% and speci fi city 
of 69–100%  [  177–  179  ] . In patients without sus-
picion of recurrence, PET showed a sensitivity of 
50% and speci fi city of 88%, and can  fi nd clini-
cally unexpected recurrence in 27% of patients 
 [  179,   180  ] . In known recurrent stomach cancer, 
PET detects clinically unexpected metastasis in 
22 % of patients  [  181  ] . PET results had clinical 
impact, such as change in treatment decision for 
17–48% of patients with known or suspected 
recurrent stomach cancer  [  179–  181  ] . 

 Metabolic response to chemotherapy mea-
sured by PET predicts histopathologic response 
and survival in gastric cancer, although metabolic 
response can be evaluated only in FDG-avid 
tumors  [  182–  186  ] .   

   Colorectal Cancer 

   Initial Treatment Strategy 

 For detecting regional metastatic lymph node of 
colorectal cancer, FDG PET showed a low sensi-
tivity of 29–37% and high speci fi city of 83–97%, 
which are not signi fi cantly better than those of 
CT  [  187–  190  ] . 

 PET is useful for detecting distant metastasis 
of colorectal cancer. In a meta-analysis on 61 
studies, the sensitivity of PET was 95%, which is 
better than 60% for nonhelical CT, 65% for heli-
cal CT, and 76% for 1.5-T    MRI  [  191  ] . In advanced 
colorectal cancer, PET is more sensitive than 
conventional methods for detecting extrahepatic 
distant metastasis  [  192–  195  ] . The results of PET 
impact the treatment plan in 2–29% of patients 
with colorectal cancer  [  188,   192–  194  ] .  

   Subsequent Treatment Strategy 

 FDG PET is useful for detecting recurrence of 
colorectal cancer. In a meta-analysis of 11 stud-
ies, the sensitivity of PET for diagnosing recur-
rent colorectal cancer was 97% and speci fi city 
was 76%  [  196  ] . In another meta-analysis of 32 
studies, PET demonstrated a sensitivity of 88% 

and speci fi city of 96% for detecting hepatic 
metastasis, which is better than 83% and 84% for 
CT, respectively  [  197  ] . For detecting recurrent 
extrahepatic metastasis, PET demonstrates a sen-
sitivity of 92% and speci fi city of 95%,better than 
61% and 91% for CT  [  197  ] . For restaging of 
recurrent colorectal cancer, PET/CT is more 
accurate than PET  [  198,   199  ] . The results of PET 
impact the treatment plan in 28–61% of patients 
with recurrent colorectal cancer  [  196,   197,   199, 
  200  ] . In locally advanced rectal cancer, PET is 
useful in predicting pathologic response to neo-
adjuvant therapy  [  201–  203  ] .   

   Uterine Cervical Cancer 

   Initial Treatment Strategy 

 FDG PET is useful for detecting lymph node 
metastasis in uterine cervical cancer. For detect-
ing metastatic pelvic lymph nodes, PET or PET/
CT showed a sensitivity of 60–100% (median, 
84%) and speci fi city of 55–100% (median, 84%) 
 [  204–  209  ] . For detecting metastatic extrapelvic 
lymph nodes, PET or PET/CT showed a sensitiv-
ity of 50–100% (median, 85%) and speci fi city of 
83–100% (median, 94%)  [  204,   206,   209–  212  ] . In 
comparison with CT or MRI, PET showed better 
results for detecting metastatic lymph nodes  [  204, 
  205,   210–  214  ] . Only one study reported that CT 
and MRI were better than PET for nodal staging 
 [  215  ] . However, PET acquisition protocol was 
inadequate for obtaining good quality PET 
images in that study (for example, no attenuation 
correction). The SUV of primary tumor or para-
aortic lymph node, and presence of metastatic 
extrapelvic lymph nodes on PET are signi fi cant 
prognostic factors in uterine cervical cancer 
 [  216–  220  ] .  

   Subsequent Treatment Strategy 

 FDG PET is useful for detecting recurrence in 
posttherapy surveillance without symptoms or 
when recurrence is suspicious  [  221–  231  ] , and is 
better than CT for detecting recurrence in uterine 
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cervical cancer  [  229,   231  ] . FDG PET impacts the 
therapeutic or management plan in 23–55% of 
patients with recurrent uterine cervical cancer 
 [  230–  234  ] . The  fi ndings on posttherapy PET are 
associated with prognosis of patients with uterine 
cervical cancer  [  235,   236  ] .   

   Ovarian Cancer 

   Initial Treatment Strategy 

 There are several reports dealing with the initial 
staging of FDG PET or PET/CT in ovarian can-
cer  [  237–  239  ] . All of the studies suggest that the 
addition of PET or PET/CT to CT signi fi cantly 
improves the preoperative staging results over 
CT alone (53% to 69–87%). PET can locate 
unexpected stage IV disease in 8% of patients 
(4 of 50), which is not found using CT  [  238  ] .  

   Subsequent Treatment Strategy 

 FDG PET is useful for detecting recurrence and 
restaging in ovarian cancer. In patients with suspi-
cious recurrence such as elevated serum tumor 
marker, FDG PET showed better or similar results 
than CT or MRI  [  240–  246  ] . Recent studies using 
PET/CT also report better results than conventional 
modalities for diagnosing recurrence and restaging 
 [  247–  249  ] . FDG PET impacts the therapeutic or 
management plan in 25–58% of patients with recur-
rent ovarian cancer  [  248–  251  ] . PET shows better 
results for evaluating response to chemotherapy than 
conventional imaging  [  252  ] . Metabolic response to 
neoadjuvant chemotherapy using PET is predictive 
of a longer survival compared with non-response 
    [  253  ] . FDG PET is cost effective for detecting recur-
rence and restaging in ovarian cancer  [  254,   255  ] .   

   Cutaneous Malignant Melanoma 

   Initial Treatment Strategy 

 FDG PET is useful for the initial staging of 
patients with cutaneous malignant melanoma. In 
a recent meta-analysis of 28 published studies, 

the pooled estimates of PET for the detection of 
metastasis in the initial staging of cutaneous 
malignant melanoma had a sensitivity of 83% 
and speci fi city of 85%, providing signi fi cant 
additional diagnostic information  [  257  ] . PET is 
more helpful in patients with stage III or IV than 
with stage I or II, in terms of detecting deep soft-
tissue, lymph node, and visceral metastases  [  256  ] . 
The diagnostic performance of PET is low for the 
detection of small nodal metastases when com-
pared with sentinel lymph nodes biopsy  [  257  ] . 
PET/CT provides additional diagnostic informa-
tion than PET alone or PET/CT in the initial stag-
ing of cutaneous malignant melanoma  [  256–  259  ] . 
The  fi ndings on FDG PET are associated with 
disease management changes in 8–64% of 
patients  [  256,   260–  264  ] .  

   Subsequent Treatment Strategy 

 FDG PET is useful for detecting recurrence in 
cutaneous malignant melanoma which can cause 
re-staging. In patients with suspicious or known 
recurrent cutaneous malignant melanoma, PET 
showed a sensitivity of 74–100% (except com-
parison studies with sentinel lymph node biopsy) 
and speci fi city of 82–100%, which are better than 
those of conventional imaging methods  [  257, 
  262,   265–  272  ] . The results of FDG PET can have 
an impact on disease management changes in 
8–48% of patients  [  262,   267–  272  ] . A negative 
effect on patient management using the wrong 
results of PET is found in 3–20% of patients 
    [  268,   271  ] . Metabolic response to chemotherapy 
in cutaneous malignant melanoma is associated 
with patients’ good survival  [  273  ] .   

   Malignant Lymphoma 

   Initial Treatment Strategy 

 FDG PET is useful for the initial staging of 
patients with malignant lymphoma. In a meta-
analysis of 14 studies on the staging of patients 
including mostly diffuse large B cell lymphoma 
and Hodgkin lymphoma, with some follicular 
lymphomas, PET showed the median sensitivity 
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of 90% and the median speci fi city of 91%, which 
is better than those of CT  [  274,   275  ] . Staging 
using PET leads to a change of clinical stage in 
10–40% of patients  [  276  ] . PET/CT is more sensi-
tive and speci fi c than contrast-enhanced full-dose 
CT for the evaluation of nodal and extranodal 
lymphomatous involvement  [  277,   278  ] . Some 
histologic types of lymphoma such as marginal 
zone B cell lymphoma, peripheral T cell lym-
phoma, and small lymphocytic lymphoma show 
variable FDG uptake where PET has a limited 
role in the initial staging  [  279,   280  ] . The degree 
of FDG uptake is associated with prognosis in 
malignant lymphoma  [  281  ] .  

   Subsequent Treatment Strategy 

 FDG PET is useful in restaging and therapy 
response evaluation of patients with malignant 
lymphoma. In a systematic review of 15 pub-
lished studies, the sensitivity and speci fi city of 
PET for detecting active residual disease after 
chemotherapy were 71–100% and 69–100%, 
respectively  [  282  ] . In contrast, the speci fi city and 
positive predictive value of CT was low (4–31% 
and 19–60%, respectively, except in one study 
where the positive predictive value was 82%) 
 [  282  ] . A systematic review of 19 published stud-
ies showed that the sensitivity and speci fi city of 
FDG PET in predicting disease relapse for 
Hodgkin lymphoma was 50–100% and 67–100%, 
respectively, and for non-Hodgkin lymphoma it 
33–77 % and 82–100 %, respectively  [  283  ] . In 
general, metabolic response to chemotherapy by 
PET predicts prognosis in malignant lymphoma 
 [  284,   285  ] . In a systematic review of 13 published 
studies, interim response assessment using PET 
re fl ected prognosis with overall sensitivity of 
81% and a speci fi city of 97% for advanced-stage 
Hodgkin lymphoma, and a sensitivity of 78% and 
a speci fi city of 87% for diffuse large B cell lym-
phoma  [  286  ] . The results of FDG PET before 
high-dose chemotherapy and autologous stem 
cell transplantation in patients with relapsing/
refractory lymphoma are signi fi cantly associated 
with progression-free survival and overall sur-
vival on meta-analysis  [  287  ] . There is little evi-

dence to support the use of FDG PET for 
monitoring therapy response of histologic types 
of lymphomas showing variable FDG uptake.       
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   Necessity of PET/MRI 

 As described in the previous chapter, combined 
positron emission tomography (PET)/computed 
tomography (CT) scanners have several advan-
tages over conventional stand alone PET (PET 
only) systems. Most importantly, accurately 
aligned PET and CT images are produced imme-
diately after the PET/CT examination. In addi-
tion, the overall PET scan time is signi fi cantly 
reduced by using the CT information for the PET 
attenuation correction. 

 In spite of the advantages of PET/CT, do we 
really need a combined PET/magnetic reso-
nance imaging (MRI) device? Is there any limi-
tation on CT as an anatomic imaging modality 
for hybrid PET scans? An obvious negative 
aspect of PET/CT is the radiation exposure dur-
ing the examination, which is approximately 
twice that of individual PET or CT. Therefore, 
PET/MRI will be potentially useful in studies of 
pediatric patients, and repeated scans for treat-
ment monitoring. In addition, PET/CT is not a 
truly simultaneous study. Because the same 

physical principles are involved in the detection 
of gamma-rays (PET) and x-rays (CT), the 
crosstalk of x-rays on PET detectors will cause 
signi fi cant artifacts on PET images if the PET 
and CT data are simultaneously acquired. 

 In addition to the limitations involved in PET/
CT examination, higher soft-tissue contrast on 
MRI than on CT is another important reason that 
PET/MRI is gaining attention as a complemen-
tary hybrid imaging modality to PET/CT. The 
advantageous properties of MRI yield superior 
diagnostic accuracy to CT, particularly in brain 
studies. MRI would also be useful in local tumor 
assessment and whole-body staging in where 
higher soft-tissue contrast on MRI is bene fi cial.  

   Potential Clinical Applications 

 PET has been used for diagnosis, therapeutic 
monitoring, and management decisions of dis-
eases in the  fi elds of neurology, cardiology, and 
oncology. Combined PET/CT is helpful in the 
diagnosis of a disease by exact localization of 
metabolic activity, especially in patients with 
cancer. However, MRI has some advantages over 
CT. Speci fi cally, MRI provides better soft-tissue 
contrast than CT, especially in the brain, abdomi-
nal organs, and the musculoskeletal system. MRI 
can provide functional and molecular informa-
tion, such as MR spectroscopy, diffusion imag-
ing, perfusion imaging, and functional MRI. 

 Hybrid PET/MRI is still in its infancy, thus 
little clinical experience has accumulated. 
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According to a report from a pilot study involv-
ing 10 patients with intracranial masses who were 
scanned with a prototype of a clinical hybrid 
PET/MRI system that consisted of a MRI-
compatible PET system (BrainPET; Siemens 
Healthcare) inserted into a slightly modi fi ed 3-T 
whole-body MRI scanner (Magnetom Tim Trio; 
Siemens Healthcare), methionine or DOTATOC 
PET images from the PET/MRI system showed 
similar diagnostic image quality to those from 
the PET/CT studies  [  1  ] . From the PET/MR 
images of a patient with a meningioma, a small 
satellite lesion is clearly visible in the dorsal area 
of the frontal sinus. PET/MRI will be helpful in 
diagnosing small or suspected lesions in the brain 
by co-localizing PET and MR images, while CT 
images from PET/CT are not helpful in delineat-
ing brain lesions. 

 The brain is surrounded by the skull, thus ren-
dering an exact combining of PET and MRI that 
is not collected at the same time, by using regis-
tration algorithms with rigid body transforma-
tion.    However, the whole body is not rigid and 
combining PET and MR images obtained from 
different time points leads to errors in co- 
registration (Fig.  33.1 ). Simultaneous acquisition 
of PET and MRI data reduces motion artifacts 
that particularly affect small lesions. The clinical 
utility of whole-body hybrid PET/MRI will be 

better than that of PET/CT in cancers in which 
the tissues have high soft-tissue contrast on MRI, 
including musculoskeletal, head and neck, breast, 
liver, and intracranial tumors. Lung cancer is 
prone to distant metastasis  [  2  ] . Although CT is 
better in detecting pulmonary lesions than MRI, 
whole-body MRI is better in detecting brain, 
adrenal, and bone marrow lesions than CT. 
Therefore, M staging using whole-body PET/
MRI will be superior to PET/CT.  

 Because both PET and MRI are applicable for 
visualizing molecular targets or processes of cells 
in the tissues and body, combining the two 
modalities will overcome the weakness of each 
modality. PET has a high sensitivity, but poor 
spatial resolution, and a limited follow-up time of 
molecular probes because the radioactivities from 
PET probes decay in a short period of time. MRI 
has high spatial resolution, but the sensitivity of 
molecular probes is approximately 1,000 times 
less than that of PET. Molecular imaging has two 
components (molecular probes for targeting 
speci fi c biomarkers and sensors to detect the sig-
nals from those probes). MRI can detect signals 
from gadolinium or ion-oxide nanoparticles as a 
molecular probe.    Radiolabeled ion-oxide nano-
particles can be detected using both PET and 
MRI. When PEGylated magnetic silica nanopar-
ticles containing near-infrared  fl uorescent dye 

  Fig. 33.1    Co-registration of MR ( a ) and PET ( b ) images 
that were taken on different machines at different time 
points using Syngo MultiModality Workplace software 
(Siemens Medical Solutions) in a patient with a 

Krukenberg tumor. The combined image ( c ) showed a 
mismatch of PET and MR images of the right ovarian 
mass because the mass was tilted in both studies       
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(NIR-797 isothiocyanate and iron oxide core 
conjugated with Ga-68 NOTA) was injected sub-
cutaneously into the foot pads of mice, the nano-
particles localized sentinel lymph nodes by triple 
modal imaging using animal PET/CT, animal 
MRI, and an in vivo optical imaging system 
(Fig.  33.2 )  [  3  ] . PET is sensitive and makes it easy 
to localize the distribution of the probe. The 
injected dose of the probe that is delivered is 
quanti fi able. Although MRI probes are less sensi-
tive than PET probes, MRI probes can be moni-
tored longer than PET probes because MRI 
probes are not affected by the physical half-life 
of radioisotopes. If T-cells or stem cells labeled 
with multimodal probes are injected into the body 
for therapeutic purposes, the distribution of 
T-cells or stem cells can be effectively monitored 
using combined whole-body PET/MRI.   

   Technical Issues Of PET/MRI 

   Hardware Systems 

 To understand the technical issues of PET/MRI 
hardware, we need to review the principles of 
gamma-ray detectors used in PET scanners. 
Common PET detectors consist of scintillation 
crystals and photosensors. The energy of gamma-
rays is absorbed by the scintillation crystal that 
emits the visible light photons. Therefore, photo-

sensors are required to measure the light output 
from the scintillation crystals. 

 Most common photosensors used in PET 
scanners are photomultiplier tubes (PMTs). PMTs 
have excellent gain of signal ampli fi cation (~10 6 ) 
and stability in operation. However, the PMT is 
sensitive to the external magnetic  fi eld because 
the signal ampli fi cation in the PMT relies on the 
acceleration of electrons that travel over cascade 
dynodes (Fig.  33.3 ). Within the PMT located in 
the strong magnetic  fi eld, the trajectories of elec-
trons are changed by Lorenz forces, leading to 
the distortion of PMT output signals (Figs.  33.4  
and  33.5 ).    

 Therefore, if the conventional PMT-based 
PET detector in which the scintillation crystals 
and PMTs are coupled directly or via a short light 
guide is used in the back-to-back or serial combi-
nation of PET and MRI similar to PET/CT, severe 
shielding of the PET detectors and gantry is nec-
essary. In addition, PET and MRI scanners should 
be separated by a certain distance to avoid the 
direct exposure of PMT-based detectors to the 
strong magnetic  fi eld generated by the MRI coils. 
In this case, because only sequential PET and 
MRI scans are permitted, a long total scan time 
and possible patient movement between the PET 
and MRI scans are concerns. 

 Because both the PET and MRI examina-
tions are time-consuming procedures, truly 
simultaneous PET/MRI is most desired and 

  Fig. 33.2    A multimodal probe containing radioisotope, 
ion-oxide, and  fl uorescent dye ( a ), PET/CT ( c ), MRI ( d ), 
and optical images ( e ) of the sentinel lymph node in a 

mouse. PET/MRI combined image ( b ) shows a hot spot in 
the left axillary lymph node       
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  Fig. 33.3    Structure and principle of PMT (Courtesy of Hamamatsu Photonics)       

  Fig. 33.4    Distortion of energy spectrum of PMT-based scintillation detector ( blue : B = 0,  red : B  ¹  0)       

several approaches are actively being pursued 
to achieve this ultimate technical goal of PET/
MRI system development. Use of an optical 
 fi ber bundle and semiconductor photosensors 
are two main approaches for simultaneous PET/
MRI data acquisition. 

 The optical  fi ber bundles are useful in trans-
ferring the light signal from the scintillation 

 crystals to PMTs located outside of the fringe 
magnetic  fi eld because the signal traveling along 
the optical  fi ber is immune to electromagnetic 
interference (Fig.  33.6 )  [  5  ] ). Minimization of 
light loss during the optical signal transfer is the 
most important technical issue in this approach 
because the light loss destroys most physical 
properties of PET detectors.  
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 Semiconductor photosensors are not suscepti-
ble to electromagnetic interference because the 
electric signal pathways in these devices are 
much shorter than in PMTs (Fig.  33.7 ). The most 
investigated semiconductor photosensor for MRI-
compatible PET detectors is the avalanche photo-
diode (APD). The APD device has a similar 
structure to regular photodiodes, but a much 
higher signal ampli fi cation gain (~10 3 ) because 
of the avalanche multiplication of photo-gener-
ated electron and hole pairs. Another semicon-
ductor photosensor that is attracting attention in 

PET/MRI is the silicon photomultiplier (SiPM), 
which is also referred to as Geiger-mode APD, 
solid-state photomultiplier, and multipixel pho-
ton counter. Although SiPM is not a mature tech-
nology yet, it is promising for PET/MRI systems 
because it is insensitive to the magnetic  fi eld and 
has comparative internal gain and timing proper-
ties with the PMT  [  6,   7  ] .   

   Attenuation Correction 

 Attenuation and scatter corrections are essential 
in PET studies because the photon attenuation 
and Compton scattering are the most dominant 
physical factors that degrade the quantitative 
accuracy of PET data. It is dif fi cult to use the 
conventional rotating gamma- or x-ray transmis-
sion sources with PET/MRI to obtain the attenu-
ation maps for 511 keV gamma-rays used in these 
physical corrections. This is because there is a 
space constraint in placing the external radiation 
sources within the MRI scanner, and mechanical 
movement of radiation sources within the MRI 
scanner can cause the artifact.    Furthermore, the 
use of these radiation sources in PET/MRI will 
diminish the advantage of the PET/MRI exami-
nation by increasing radiation exposure. 

 It is therefore necessary to obtain the PET 
attenuation map from PET data or anatomic MR 
images. However, no information about the 

  Fig. 33.5    Distortion of 
the crystal map of a 
PMT-based block detector 
by the magnetic  fi eld 
(Reprinted from  [  4  ]  with 
permission)       

  Fig. 33.6    Optical  fi bers to transfer light signal from scin-
tillation crystal for simultaneous PET/MRI (Reprinted 
from  [  5  ]  with permission)       
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gamma-ray attenuation is intrinsically obtained 
using MRI, which dominantly provides the infor-
mation associated with proton distribution 
(Fig.  33.8 ). The truncation of extremities fre-
quently shown on MR images as a result of  fi eld-
of-view limitation is another challenging problem 
in obtaining the accurate PET attenuation map 
from MR images (Fig.  33.9 ;  [  8,   9  ] ).   

 A calculated attenuation correction algo-
rithm that is based only on PET data would be a 
possible choice for imaging the brain because 
of its simplicity and robustness. In this approach, 
the head boundary is outlined automatically 
using an edge detection algorithm on the emis-

sion sinogram. Uniform skull thickness is 
assumed to surround the soft tissue, and uni-
form attenuation coef fi cients are assigned to 
the skull and soft tissues  [  10,   11  ] . Although the 
calculated attenuation correction algorithm can 
be easily used for brain PET data, this method 
has limited accuracy in the parietooccipital 
region due to the assumption of uniform skull 
thickness and lower frontal region because of 
the ignorance of air cavities such as the frontal 
sinuses (Fig.  33.10 )  [  12  ] ).  

 Another approach is template-guided (atlas-
guided or atlas-based) attenuation correction 
(Figs.  33.11  and  33.12 ), in which nonrigid image 

  Fig. 33.7    Semiconductor photosensors.  (a)  APD (Courtesy of Hamamatsu Photonics).  (b)  SiPM       

  Fig. 33.8    Comparison of x-ray CT ( a ) and MRI ( b ) in the brain       
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registration is performed to obtain the  deformation 
 fi eld between the individual MR image or PET 
image and standard template     [  13,   14  ] . The tem-
plate of the PET attenuation map generated by 
averaging measured attenuation maps of several 
subjects after spatial normalization is then trans-
formed using the same deformation  fi eld to yield 
the patient-speci fi c attenuation map. Because the 
anatomic information of each individual is incor-
porated into the attenuation map through the spa-
tial normalization procedure, this method has 
better quantitative accuracy than the calculated 
attenuation correction method  [  15  ] . The accuracy 
of this method has been validated in human and 
animal brain PET studies  [  15–  17  ] . The easy 
incorporation of bone information into the atten-
uation map is an advantage of this method over 
the MRI-segmentation approaches.   

 A combination of a template-guided approach 
and pattern recognition was also suggested to 
predict the attenuation map from the MR image 
and a set of aligned MRI and CT datasets  [  18  ] . 

 Although the template-guided attenuation cor-
rection method performs well for the brain PET 
data, the feasibility of this method in whole-body 
PET/MRI studies is questionable. Nonrigid image 
registration in the thorax and abdomen is more 
technically challenging than in the brain because 
of the higher intersubject anatomic variability 
and nonrigidity of the anatomic structures. 
Furthermore, it would be dif fi cult to fully com-
pensate for the large anatomic variations using a 
template-guided approach which are especially 
common in cancer patients after removal of the 
tumor and affected body areas.   Fig. 33.9    Truncation of extremities frequently shown on 

MR images (Reprinted from  [  8  ]  with permission)       

  Fig. 33.10    Limitation of calculated attenuation correction (CAC) in brain FDG PET. Comparison with measured 
attenuation correction (MAC) using  68 Ge/ 68  Ga transmission sources (Reprinted from  [  12  ]  with permission)       

 

 



  Fig. 33.11    Concept of template-guided (atlas-guided or 
atlas-based) attenuation correction. Nonrigid image regis-
tration is performed to obtain the deformation  fi eld ( T ) 
between the individual MR (or emission PET) image and 

standard template, and the template of the attenuation 
map (  m  - map ) is transformed into an individual space using 
the same deformation map       

  Fig. 33.12    Comparison of template-guided versus measured attenuation corrections       
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 An alternative approach is the segmented 
MRI-based attenuation correction method, in 
which approach MR images are segmented into 
several tissue classes (i.e., bone, soft tissue, and 
air) and voxels belonging to these classes are 
assigned the corresponding known linear atten-
uation coef fi cients. The feasibility of this 
approach in the brain using T1 MRI has been 
suggested by several authors who have also 
noted underestimation of the skull thickness 
associated with the dif fi culty in delineation of 
bone tissue on T1 MRI  [  19  ] . 

 For whole-body studies, Martinez-Möller 
et al.  [  20  ]  suggested segmentation of the attenu-
ation map into four classes (background, lungs, 
fat, and soft tissue). The authors also proposed 
that the two-point Dixon MRI sequence is par-
ticularly well-suited for the segmentation 
because it provides separate water and fat images 
(Fig.  33.13 ). When this method was applied to 
CT-based attenuation maps from [ 18 F] 
 fl uorodeoxyglucose (FDG) oncologic PET/CT 
studies, there were no differences in the clinical 
interpretations made by the experienced observer 
with nonsegmented and segmented attenuation 
maps (Fig.  33.14 ). Although negligible differ-
ences in standardized uptake value (SUV) were 
found in nonosseous lesions, the most osseous 

lesions showed decreased SUV (average, 8.0%; 
maximum, 13.1%). Hofmann et al.  [  21  ]  reported 
a similar effect of ignoring cortical bone in the 
attenuation map (Fig.  33.15 ). Therefore, a 
 possible bias on the SUV estimation in bone 
metastasis should be considered when this 
approach is applied.    

 Because of the short relaxation time and low 
proton density in bone, it is dif fi cult to extract 
bone structures from images acquired using con-
ventional MRI sequences. On conventional MR 
images, the intensity of bone structures cannot be 
distinguished from that of air and robust segmen-
tation of bone structures is regarded as a dif fi cult 
task (especially in torso images). Keereman et al. 
 [  22  ]  have proposed the use of MR images 
acquired with an ultrashort echo time (UTE) 
sequence for a three-class segmented attenuation 
map (bone, soft tissue, or air). In this approach, 
the map of R2 (the inverse of the spin–spin 
 relaxation time T2) was calculated from the 
images (I 

1
  and I 

2
 ) acquired at two different TEs 

(TE 
1
  = 0.14 ms; TE 

2
  = 1.80 ms for human head 

data) using the following equation: R2 = (lnI 
1
 −lnI 

2
 )/

(TE 
2
 −TE 

1
 ). Because the signal intensity differ-

ence between I 
1
  and I 

2
  is greater in the cortical 

bone region (medium-to-high in I 
1
  and much 

lower in I 
2
 ) than soft tissue (medium-to-high in 

  Fig. 33.13    Water-fat separation using two-point Dixon sequence (Courtesy of Prof. IC Song in Seoul National 
University Hospital)       
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both images) and air (low in both images), the 
R2 map provides useful information for 
 straightforward segmentation of those regions. 
Minimizing the acquisition time and overcoming 
the potential image artifacts introduced by patient 
motion, Catana et al.  [  23  ]  recently proposed the 
use of dual UTE sequence in which the signals 
from both TEs were collected during the same 
acquisition (Fig.  33.16 ). The applicability of this 
approach in whole-body examinations is cur-
rently under investigation.    

   Current Status of PET/MRI Scanners 

   PMT-Based PET/MRI (Optical Fiber) 

 Since the  fi rst attempt of acquiring simultaneous 
PET/MRI scans by the UCLA group, several 
groups have developed the MRI-compatible PET 
detectors using optical  fi ber and PMT, mostly for 
small animal studies  [  5,   24–  29  ] . One of the limi-
tations in the early stage of these investigations 
was the small number of crystal rings because the 

  Fig. 33.14    Attenuation correction (AC) of whole-body PET images using MRI segmentation based on two-point 
Dixon sequence (Reprinted from  [  20  ]  with permission)       
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scintillation light was read out by the optical  fi ber 
from the side surfaces of the crystals  [  24–  26  ] . 
Coupling of 90° bending optical  fi ber bundles or 
slanted light guides to the back of crystal array 
[ 27    , 29  ]  were suggested to overcome this limita-
tion (Fig.  33.17 ).  

 The University of Cambridge group suggested 
a design that combines the optical  fi ber-based 
PET detectors with split MRI. In their approach, 
PMTs are located in regions of low magnetic  fi eld 
and connected by 1.2-m-long  fi bers to the crystal 
block placed right in the center of the magnetic 
 fi eld  [  30  ] .  

   PMT-Based PET/MRI (Separate 
Scanners) 

 In the approach where a conventional PMT-based 
PET scanner is used, PET and MRI scanners are 
arranged in parallel, as in the current PET/CT 
con fi guration  [  31  ] . The combined time-of- fl ight 

(TOF) whole-body PET and self-shielded 3T 
MRI scanners by Philips Healthcare are accom-
modated in the same scan room, with a patient 
table between the two scanners (Fig.  33.18 ). The 
PET gantry was recrafted to provide magnetic 
shielding for PMTs so that they operate in nomi-
nal magnetic  fl ux levels, and all electronics from 
the PET gantry were moved to the equipment 
room so as to satisfy the strict noise requirements 
of MRI. In a typical clinical environment, an MR 
image is  fi rst acquired for PET attenuation cor-
rection and then the patient is moved to the PET 
scanner for scanning. The patient will then be 
moved back to the MRI scanner for diagnostic 
MRI/spectroscopy as required by the clinical 
indication  [  8  ] .   

   APD-Based PET/MRI (Small Animal) 

 As previously mentioned, APD is the mostly 
investigated MRI-compatible semiconductor 

  Fig. 33.15    Effects of ignoring bone in attenuation map.  (a)  Corrected on original CT.  (b)  Corrected on CT with all bone 
structures set to soft tissue.  (c)  Relative difference (%) between (a) and (b) (Reprinted from  [  21  ]  with permission)       
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  Fig. 33.16    Attenuation correction using MR images acquired using UTE sequence (Reprinted from  [  23  ]  with 
permission)       
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photosensor for simultaneous PET/MRI. The 
feasibility of the APD-based PET detectors has 
been shown by several groups, and a commercial 
animal PET system using APD (LabPET TM ; GE 
Healthcare) is also available. The APD has sev-
eral attractive characteristics to be used in the 
PET detectors closely combined with MRI coil 
systems for simultaneous PET/MRI, such as its 
relatively compact size and insensitivity to mag-
netic  fi elds. 

 Figures  33.19  through  33.21  show MRI-
compatible PET insert systems using the APD that 
has been developed by several research groups for 
small animal imaging studies. The PET/MR images 
acquired using PET insert developed by the 
University of Tubingen group is shown in 

Figure  33.19 , which consists of 10 APD PET detec-
tor modules and is built into 7-T MRI. In each 
detector module which was built into a MRI-
compatible copper shielding, an lutetium oxyortho-
silicate (LSO) scintillation crystal array (12 × 12) 
block is coupled with the APD array  [  32,   35,   36  ] .  

 Brookhaven National Lab has also developed 
an APD-based PET insert for simultaneous PET/
MRI acquisition of the rat brain in a 9.4-T animal 
MRI scanner (Fig.  33.20 ). The system is modi fi ed 
from the RatCAP (Rat Conscious Animal PET) 
scanner from the same group, and is capable of 
imaging an awake rat brain. To minimize the 
interference between PET and MRI, the nonmag-
netic version APD array was used and the detec-
tor housing material was changed from aluminum 

  Fig. 33.17    PMT-based PET/MRI using optical  fi bers. ( a ) PET/MRI using slanted light guides and optical  fi ber. ( b ) 
PET/MRI using split magnet and optical  fi ber (Reprinted from  [  29  ]  and  [  28  ]  with permission)       

  Fig. 33.18    PMT-based PET/MRI using parallel scanners (Courtesy of Philips Healthcare)       
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  Fig. 33.19    Simultaneously acquired PET/MR images using APD-based MRI-compatible PET insert (Reprinted from 
 [  32  ]  with permission)       

  Fig. 33.20    PET/MR 
images acquired using 
MRI-compatible RatCAP 
scanner (Reprinted from 
 [  37  ]  with permission)       
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  Fig. 33.21    Combined approach with optical  fi ber and APD technologies (Reprinted from  [  33  ]  and  [  34  ]  with 
permission)       

to copper  [  37  ] . Extension of this system for breast 
PET/MRI is currently in progress  [  38  ] .  

 The University of California at Davis group 
combined the optical  fi ber and APD technologies 
to develop a similar MRI-compatible PET insert, 
as shown in Fig.  33.21 . In their approach, the 
LSO crystal array is coupled to a position-sensi-
tive APD (PSAPD) via short 90° bending optical 
 fi bers. By use of the optical  fi bers, the PSAPD 
and front-end electronics can be placed outside 
of the MRI  fi eld-of-view so that they are less 
likely to interfere with the MRI system  [  33,   34  ] .   

   APD-Based PET/MRI (Clinical) 

 An APD PET insert for simultaneous human brain 
PET/MRI was developed by Siemens Healthcare 
and has been in use for the last several years by 
several research groups. The insert consists of 192 
LSO-APD PET detector modules, has an inner 

diameter of 35 cm, and was built into a 3-T clini-
cal MRI scanner (Fig.  33.22 ). Their system has 
provided useful data to demonstrate the feasibility 
of simultaneous PET/MRI in human brain studies 
and to develop MRI-based attenuation and motion 
corrections  [  1,   23,   40,   41  ] .  

 Recently, Siemens Healthcare announced the 
fully integrated PET/MRI scanner (Biograph 
mMR) based on the same detector technology. In 
this system, the LSO-APD PET detector modules 
were inserted between radiofrequency    and gradi-
ent coils of large-bore 3-T MRI, yielding a 60-cm 
bore size for a simultaneous whole body PET/MRI 
scan with a common axial center (Fig.  33.23 ).   

   SiPM-Based PET/MRI 

 SiPM is a promising alternative semiconductor 
photosensor for PET/MRI applications. SiPM is 
composed of an array of micro-APDs operated in 
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Geiger mode. Because SiPMs operate in Geiger 
mode rather than in proportional mode, SiPMs 
provide greater gain than conventional APDs  [  7  ] . 
SiPMs are also relatively compact and inexpen-
sive. Several studies have shown that SiPM-based 
PET detectors are MRI-compatible and provide 
excellent coincidence timing resolution suf fi cient 
for TOF PET data acquisition  [  42,   43  ] . PET/MRI 
scanners with TOF measurement capability will 
have the same advantages as TOF PET/CT, 
including an improvement in image quality  [  44  ] . 

 Seoul National University in South Korea 
reported the  fi rst PET prototype based on a 2 × 6 

SiPM array with individual diodes with an 
active surface of 4.4 mm 2 , and showed that this 
system is feasible for small animal PET imag-
ing studies  [  45  ] . Recently, the second SiPM 
PET of this group was been developed in which 
the array-type SiPM was used and every aspect 
of the physical characteristics of the system 
have been signi fi cantly improved from the  fi rst 
version. Figure  33.24  shows the simultaneously 
acquired PET/MR image using the second 
SiPM PET system that was combined with a 
loop radiofrequency coil and 3-T clinical MRI 
 [  46,   47  ] .        

  Fig. 33.23    Fully integrated whole-body PET/MRI using APD PET detectors (Courtesy of Siemens Healthcare)       

  Fig. 33.22    APD PET inserts for brain PET/MRI (Reprinted from  [  39  ]  and  [  1  ]  with permission)       
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 administration of , 89–90  
 normal physiologic distribution of , 100–101  
 physiological variants that may mimic pathology 

with , 101  

 positron emission tomography with , 99–103  
 production of , 82–83  
 synthesizer , 82  
 uptake mechanism , 99–100  
 voxel-based analysis with , 144  
 whole-body positron emission tomography 

using , 311   
  Fluoroerythronitroimidazole (FETNIM), 

production of , 64   
  Fluoromisonidazole (FMISO) , 64, 210   
  Fluorotamoxifen , 66   
  FMISO.   See   Fluoromisonidazole  
  FNA.   See   Fine-needle aspiration (FNA) biopsy  
  F-NFEP , 159   
  Focal lung opacities , 222   
  Follicular ovarian cyst , 108   
  FORE.   See   Fourier rebinning (FORE)  
  Fourier rebinning (FORE) , 9   
  Fourier transform , 9   
  FOV.   See   Field of view (FOV)  
  FPAMT, synthesis of , 66, 68   
  Frontotemporal dementia (FTD) , 162–163   
  FTD.   See   Frontotemporal dementia (FTD)  
  FTX, production of , 63   
  Full width at half maximum (FWHM) , 11   
  Full width at tenth maximum (FWTM) , 11   
  FUO.   See   Fever of unknown origin (FUO)  
  FWHM.   See   Full width at half maximum (FWHM)  
  FWTM.   See   Full width at tenth maximum (FWTM)   

  G 
  Gadolinium oxyorthosilicate , 15  

 physical properties of , 15   
  Gamma camera PET systems, coincidence , 13–14   
  Gamma rays , 4   
  GANTs.   See   Gastrointestinal autonomic 

nerve tumors (GANTs)  
  Gas system, Sumitomo , 82   
  Gastric cancer , 259–261  

 case presentation , 259   
  Gastrointestinal autonomic nerve tumors 

(GANTs) , 312   
  Gastrointestinal stromal tumors (GISTs) , 312   
  Gastrointestinal system, physiological 

variants in , 101–102   
  Gemini scanner , 55   
  Gene expression markers , 63, 66, 70–72   
  GE scanners , 52–53   
  Giant cell arteritis , 331   
  GISTs.   See   Gastrointestinal stromal 

tumors (GISTs)  
  Glioblastoma multiforme , 192, 193   
  Gliomas , 187   
  Gliomatosis cerebri , 193   
  Glucose, FDG , 3, 7, 42, 59–60   
  Glucose metabolism, brain , 156   
  Glucose transport , 59–60, 63   
  Glucose uptake, in leukocytes , 326–327   
  Granulomatosis , 330   
  Gynecologic cancers , 287–297    
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  H 
  HBV.   See   Hepatitis B virus (HBV)  
  HCC.   See   Hepatocellular carcinoma (HCC)  
  HCFA.   See   Health Care Financing Administration 

(HCFA)  
  HD.   See   Hodgkin’s disease (HD)  
  Head squamous cell cancer , 230   
  Head tumors , 199–211  

 diagnosis of , 201  
 meta-analysis of FDG-PET in management of , 206  
 PET in , 201–202   

  Health Care Financing Administration (HCFA) , 85   
  Hepatitis B virus (HBV) , 265   
  Hepatobiliary tumors, positron emission 

tomography for , 270   
  Hepatocellular carcinoma (HCC) , 265–266   
  Heterogeneity , 229   
  Hexokinase , 267   
  Hibernation , 241   
  High-yield pileup event-recovery (HYPER) , 14   
  Hippocampal changes , 140   
  Hip prostheses infection , 330   
  Histoplasmosis, pulmonary , 222   
  HIV.   See   Human immunode fi ciency virus (HIV)  
  Hodgkin’s disease (HD) , 301   
  Horner’s syndrome , 219   
  Human immunode fi ciency virus (HIV) , 338   
  Huntington’s disease (HD) , 154, 168–169   
  Hydrocephalus, normal pressure (NPH) , 163   
  HYPER.   See   High-yield pileup event-recovery (HYPER)  
  Hypopharyngeal cancer , 200   
  Hypoxia, tumor , 230    

  I 
  IBD.   See   In fl ammatory bowel disease (IBD)  
  Image quality test , 12   
  Image reconstruction , 7–9   
  Image-selected in vivo spectroscopy (ISIS),      
  Image warping algorithms , 45   
  Imidazole, FETNIM , 64   
  Infection 

 lung , 335  
 prosthesis-associated , 329–330  
 soft tissue , 328   

  Infectious dementias , 163–164   
  Infectious diseases , 325–339   
  In fl ammation, abdominal , 333–334   
  In fl ammatory activity , 112   
  In fl ammatory bowel disease (IBD) , 333–334   
  In fl ammatory diseases , 325–339   
  Injection-related artifacts , 109   
  Interaction, photoelectric , 5   
  Interictal perfusion SPECT , 142–144   
  Intracranial tumors , 374   
  Intrahepatic bile ducts , 265   
  Intramedullary spinal tumors , 282   
  Intraventricular tumors,      
  Intrinsic scatter fraction , 11   
  Ion source , 34   

  ISIS.   See   Image-selected in vivo spectroscopy (ISIS)  
  Isomerase , 268   
  Isotopes, positron-emitting.   See   Radionuclides  
  Iterative algorithms , 9   
  ITX, production of , 64    

  K 
  Klatskin tumors , 266   
  Knee prostheses infection , 330   
  Krypto fi x , 63    

  L 
  Lac/Cho ratio,      
  Laparotomy, second-look , 290–291   
  Lead-shielded box for automated modules, 

Sumitomo , 82   
  Leiomyosarcomas , 312   
  Leukemia , 303   
  Leukocyte scans , 325   
  Leukocytes, glucose uptake in , 326–327   
  Leukoplakia,      
  Lewy bodies, dementia with (DLB) , 161–162   
  LINACs.   See   Linear accelerators (LINACs)  
  Linear accelerators (LINACs) , 33   
  Lines of response (LORs) , 9   
  Linopirdine,      
  Lipid metabolism, markers of , 62, 65, 69   
  Liposarcoma , 312   
  Liver metastatic tumor , 266–267   
  Liver transplantation , 266   
  Lobular carcinoma, invasive , 229   
  Lorentz force , 30   
  LORs.   See   Lines of response (LORs)  
  LSO.   See   Lutetium oxyorthosilicate (LSO)  
  Lung cancer , 215–225  

 detection of residual or recurrent , 223–224  
 diagnosis and staging of , 217–221  
  fi ve-year survival rate of , 215  
 lymphatic drainage of , 217  
 pathology of , 216–217  
 screening , 220  
 small cell , 216  
 staging of , 223  
 tumor-node-metastasis (TNM) classi fi cation of , 218  
 World Health Organization classi fi cation of , 216   

  Lung infection , 335   
  Lung opacities, focal , 222   
  Lutetium oxyorthosilicate (LSO) , 12  

 crystals , 15  
 physical properties of , 15   

  Lymphadenopathy , 216   
  Lymphatic drainage of lung cancer , 217   
  Lymph node metastasis, regional , 269   
  Lymph nodes , 220   
  Lymphoma , 301–307  

 assessment of therapy , 305–306  
 bone scan in , 304  
 central nervous system (CNS) , 338  
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 diagnosis and staging of , 302–305  
 non-Hodgkin’s , 301  
 term , 301    

  M 
  Magnetic resonance spectroscopy (MRS) , 188   
  Malignant  fi brous histiocytoma (MFH) , 310   
  Malignant peripheral nerve sheath tumor (MPNST) , 310   
  Mammography , 231   
  Maximum likelihood expectation maximization 

(ML-EM) algorithm , 9   
  Measurement 

 oxygen , 65  
 PET , 10–12   

  Medial temporal lobe epilepsy , 140–141   
  Mediastinal lymphadenopathy, metastatic , 223   
  Mediastinoscopy , 219–220   
  Medicare , 85   
  Medulloblastomas , 187   
  Melanoma , 309–315  

 cutaneous , 309  
 diagnosis and staging , 310–313  
 disseminated , 309  
 ocular , 309  
 PET in , 313–315  
 uveal , 309   

  Meningeal carcinomatosis,      
  Meningiomas , 187, 194   
  Mesotheliomas, malignant , 215   
  Metabolites , 188   
  Metastasis, lymph node , 269   
  Methionine radionuclide 

 for ovarian carcinoma , 293  
 physiologic distribution of , 103–104  
 physiologic variants with , 104  
 positron emission tomography with , 103–104  
 uptake mechanism , 103   

  Methyluridine,      
  MFH.   See   Malignant  fi brous histiocytoma (MFH)  
  Micrometastases , 224   
  Microvascular perfusion,      
  MISO.   See   Misonidazole  
  Misonidazole (MISO) , 62, 65   
  Misonidazole, FMISO , 65   
  ML-EM.   See   Maximum likelihood expectation 

maximization (ML-EM) algorithm  
  Monocytic cells,      
  Movements, patient , 111, 116   
  MPNST.   See   Malignant peripheral nerve sheath tumor  
  MRS.   See   Magnetic resonance spectroscopy (MRS)  
  MSRB.   See   Multislice rebinning (MSRB)  
  Multiinfarct dementia , 160   
  Multiple myeloma , 310   
  Multislice rebinning (MSRB) , 9   
  Muscarinic receptors , 158   
  Myeloma , 309–315  

 diagnosis of , 310–313  
 multiple , 310  
 PET in , 313–315   

  Myocardial oxygen consumption rate , 236–237   
  Myocardial perfusion positron emission tomography , 

235–237   
  Myocardial positron emission tomography , 235–237   
  Myocardial viability , 241–246   
  Myocardium 

 hibernating , 242  
 stunned , 241    

  N 
  NAA/Cho ratio , 188   
  NaI(Tl) (thallium-doped sodium iodide) 

 detectors, dedicated PET camera with , 14–15  
 gamma cameras , 13–14  
 with lead collimators , 13  
 physical properties of , 15   

  Nasopharyngeal carcinoma (NPC) , 353   
  National Electrical Manufacturers Association 

(NEMA) , 10   
  NEC.   See   Peak noise equivalent count (NEC)  
  Neck squamous cell cancer , 199   
  Neck tumors , 199–211  

 diagnosis of , 201  
 meta-analysis of FDG-PET in management of , 206  
 PET in , 201–202   

  Necrotic tissues , 191   
  NEMA.   See   National Electrical Manufacturers 

Association (NEMA)  
  Neocortical epilepsy , 141–142   
  Neurilemomas,      
  Neuro fi brillary tangles , 168   
  Neuronal loss , 167–168   
  Neutrinos , 4   
  Neutrons , 4   
  Neutrophils , 326   
  NHL.   See   Non-Hodgkin’s lymphoma (NHL)  
  Nicotinic receptors , 158, 159   
  Nodules, pulmonary , 222   
  Noise equivalent count (NEC), peak , 12   
  Non-Hodgkin’s lymphoma (NHL) , 301   
  Non-small cell lung cancers (NSCLCs) , 216   
  Normalization , 10   
  Normalization coef fi cients , 10   
  Normal pressure hydrocephalus (NPH) , 163, 164   
  NPC.   See   Nasopharyngeal carcinoma (NPC)  
  NPH.   See   Normal pressure hydrocephalus (NPH)  
  Nuclear reactions , 29–30  

 compound nucleus model for , 29  
 cross section for , 30    

  O 
  Occipital lobe epilepsy , 142–143   
  Ocular melanoma , 309   
  Oligodendrogliomas , 187   
  Opacities, lung , 222   
  Ordered subsets expectation maximization (OSEM) 

method , 9   
  Oropharyngeal cancer , 320   
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  OSEM.   See   Ordered subsets expectation maximization 
(OSEM) method  

  Osteomyelitis, chronic , 327–329   
  Osteosarcoma , 310   
  Ovarian carcinoma , 287–293  

 differential diagnosis of adnexal mass , 288–289  
 epithelial,     
 methionine radionuclide for , 293  
 PET/CT for , 292  
 recurrent , 290  
 staging , 289–290   

  Oxygen consumption rate, myocardial , 236–237   
  Oxygen needle probe measurements, polar graphic , 65    

  P 
  Pain, arthroplasty-related , 329–330   
  Palmitate,      
  Palsy , 167–168   
  Pancoast tumors , 219   
  Pancreatic cancer , 261–264  

 case presentation , 258  
 diagnosis of recurrent disease , 261  
 differential diagnosis , 262–263  
 monitoring therapeutic effect , 263–264  
 staging , 263  
 tumor detection , 263   

  Parathyroid adenomas , 200   
  Parenchymal cells , 265   
  Parkinson’s disease , 164–166   
  Particle accelerators , 30–33   
  Patients 

 female, checklist for , 94  
 questions and answers asked by, about positron 

emission tomography , 93–94   
  Patlak-plot method , 21   
  Peak noise equivalent count (NEC) , 12   
  Performance measurements, positron emission 

tomography , 10–12   
  Perfusion-metabolism mismatch , 244   
  Perfusion, microvascular,      
  PET.   See   Positron emission tomography (PET)  
  PET/CT , 41  

 advantages of , 45–46  
 challenges of , 46–48  
 CTI scanners , 51–52  
 data acquisition of , 49  
  fi nancial decision , 57  
 GE scanners , 52–53  
 image analysis of , 92  
 for ovarian carcinoma , 292  
 Philips scanners , 54–56  
 principles of , 3–22  
 prototype scanner , 52  
 reasons behind , 41  
 Siemens scanners , 53–54   

  Philips scanners , 54–56   
  Phosphatidylcholine , 62   
  Phosphohexose isomerase , 267–268   

  Photoelectric interaction , 5   
  Photomultiplier tubes (PMTs) , 9   
  Photons , 4   
  Pick’s disease , 162   
  Plaques, senile , 152   
  Plasma cell leukemia , 310   
  PMTs.   See   Photomultiplier tubes (PMTs)  
  Pneumonia , 335   
  Point resolved spectroscopy (PRESS),      
  Polymyalgia rheumatica , 331   
  Position, scan , 48   
  Positron cameras , 12–14   
  Positron emission tomography (PET) 

 artifacts in   (see   Artifacts)  basic physics of , 4–5  
 basic principles of , 3–135  
 clinical applications , 139–389  
 clinical utility of, in brain tumors , 190  
 combined with computed tomography   (see   PET/

CT)  de fi ned , 11  
 disadvantages of , 42  
 economics of clinical operation , 85–88  
 facility , 86  
 feasibility study , 86–87  
  fi nancial decision and marketing , 87  
 with  fl uorodeoxyglucose , 99–103  
 future developments in , 19–20  
 general procedure , 90  
 for hepatobiliary tumors , 270  
 with methionine radionuclide , 103–104  
 myocardial , 235–237  
 myocardial perfusion , 235–237  
 normal and variable patterns in , 99–104  
 performance measurements , 10–12  
 principles of imaging , 3–22  
 protocol for , 90–93  
 quality control , 9–10  
 quantitation , 20–22  
 questions and answers asked by patients about , 93–94  
 as research tool to study brain tumors , 189–190  
 scan duration , 44–45  
 technical considerations , 89–98  
 whole-body, using FDG , 311  
 worksheet for , 94   

  Positron-emitting isotopes.   See   Radionuclides  
  Positron range , 5   
  Positrons , 4   
  PRESS.   See   Point resolved spectroscopy (PRESS)  
  Primary sclerosing cholangitis (PSC) , 269   
  PRIME.   See   Proton imaging of metabolities (PRIME)  
  Probe, oxygen needle , 65   
  Production cross section , 36   
  Production yield , 37–38   
  Progressive supranuclear palsy (PSP) , 167–168   
  Proliferating cell nuclear antigen (PCNA) , 352   
  Proliferation, cell , 62–63, 65–66, 81   
  Prostate cancer , 283–284   
  Prosthesis-associated infection , 329–330   
  Proton imaging of metabolities (PRIME),      
  Protons , 4   
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  PSC.   See   Primary sclerosing cholangitis (PSC)  
  Pseudodementia, depressive , 164   
  Pseudomesothelioma , 217   
  PSP.   See   Progressive supranuclear palsy (PSP)  
  Pulmonary histoplasmosis , 222   
  Pulmonary nodules, solitary (SPNs) , 222   
  Puri fi er, water , 81    

  Q 
  Quality control , 9–12   
  Quantitation, positron emission tomography , 20–22   
  Questions and answers asked by patients about positron 

emission tomography , 93–94    

  R 
  Radiations, annihilation , 4   
  Radicular spinal syndrome,      
  Radioactive decay , 36   
  Radiodense breasts , 230   
  Radioimmunotherapy (RIT) , 306   
  Radionuclides , 3, 7, 59–74  

 automated synthesis of , 79–83  
 physical properties of , 4  
 production of , 29–39   

  Radon , 215   
  Random coincidences , 5–6   
  Reactions, nuclear , 29–30   
  Receiver Operating Curve (ROC) analysis , 191   
  Receptor 

 estrogen , 60–64  
 muscarinic , 158  
 nicotinic , 158, 159   

  Reconstruction , 7–9   
  Regional lymph node metastasis , 269   
  Renal cell carcinoma , 281–282   
  Reperfusion,      
  Resolution , 11   
  Reticuloendothelial system, physiological variants in , 

102   
  Retinitis pigmentosa , 309   
  Reveal HD,      
  Reveal RT,      
  Reveal XVI,      
  Rhabdomyosarcomas , 312   
  Ring artifacts , 103   
  RIT.   See   Radioimmunotherapy (RIT)  
  ROC.   See   Receiver operating curve (ROC) analysis   

  S 
  Sarcoidosis , 337–338   
  Sarcoma , 309–315  

 diagnosis of , 310–313  
 PET in , 313–315  
 rhabdomyo , 312  
 soft tissue   (see   Soft tissue sarcoma)  uterine , 296–297   

  Saturation activity , 38   

  Scan , 44–45, 328   
  Scanner 

 Phillips , 54–56  
 Siemens , 53–54   

  Scanner sensitivity , 48–49   
  Scanning position , 48   
  Scatter coincidences , 5   
  Scatter correction methods , 6   
  Scatter fraction , 11   
  Second-look laparotomy , 290–291   
  Segmentation , 44   
  Seminoma , 284   
  Senile plaques , 152   
  Sensitivity, scanner , 48–49   
  Service code numbers, billing with , 121   
  Siemens scanners , 53–54   
  Single photon emission computed tomography See     SPECT  
  Single-slice rebinning (SSRB) , 9   
  Skeletal muscle, physiological variants in , 101   
  Skinfold artifacts , 103   
  Small cell lung cancer , 216   
  Smoking , 199, 251   
  Soft tissue infections , 328   
  Soft tissue sarcoma , 314  

 staging system for , 361   
  Solitary pulmonary nodules (SPNs) , 222   
  SPAM.   See   Statistical probabilistic anatomical map  
  Spatial resolution , 12   
  SPECT, interictal perfusion , 142–144   
  SPECT/PET camera , 12, 14   
  Spectroscopy , 188   
  Spiculations , 218   
  Spinal tumors, intramedullary , 282   
  SPM.   See   Statistical parametric mapping (SPM)  
  SPNs.   See   Solitary pulmonary nodules (SPNs)  
  Spondylitis , 328   
  Squamous cell carcinoma , 216–217   
  SSRB.   See   Single-slice rebinning (SSRB )  
  Staging 

 Ann Arbor , 302, 303  
 TNM , 199–200   

  Standardized uptake value (SUV) , 20   
  Statistical parametric mapping (SPM) , 140   
  Statistical probabilistic anatomical map (SPAM) , 

144–146   
  Steele-Richardson-Olszewski syndrome , 167   
  Streaking artifacts , 48   
  Stroke , 179–181   
  Stunning , 241   
  Subacute spongiform encephalopathy , 163   
  Sumitomo gas system , 82   
  Sumitomo lead-shielded box for automated 

modules , 82   
  Sumitomo water puri fi er , 81, 82   
  SUV.   See   Standardized uptake value (SUV)  
  Syndrome 

 spinal , 194  
 SRO , 167   

  Synthesizer , 80–83    
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  T 
  Tacrine , 159   
  Takayasu arteritis , 331   
  Tamoxifen,  fl uoro , 66   
  Tamoxifen therapy , 61–62   
  Testicular cancer , 284   
  Test, image quality , 12   
  Thallium-doped sodium iodide.   See   NaI(Tl)  
  Thoracic cancer , 215–225  See    also  Lung cancer  
  Thoracic sarcoidosis , 337   
  Thoracotomy , 221   
  Three-dimensional reprojection algorithm (3DRP) , 8, 9   
  Three-phase bone scans , 328   
  Thyroglobulin , 206   
  Thyroid carcinomas , 200   
  Tissue heterogeneity , 229   
  Tissue, necrotic , 191   
  TNM.   See   Tumor-node-metastasis (TNM) system  
  Tobacco use , 199   
  Tomography.   See   SPECT  
   Toxoplasma gondi  infection , 305   
  TRACERlab synthesizers , 81–82   
  Transmission scan , 42–44   
  Transmission segmentation , 44   
  Transplantation , 266   
  True coincidences , 5   
  Truncation artifact , 48   
  Tuberculosis , 336   
  Tuberculous spondylitis , 328   
  Tumor 

 brain , 187–193  
 cranial , 374  
 head , 199–211  
 hepatobiliary , 265–270  
 metastatic liver , 267  
 neck , 199–211  
 pancoast , 218   

  Tumor cell death , 309   
  Tumor cell proliferation, markers of , 62–63, 65–66, 

69–70   
  Tumor hypoxia , 230  

 markers of , 62, 64–65, 69  
 PET studies of , 64–65   

  Tumor marker , 288   
  Tumor-node-metastasis (TNM) system , 199  

 classi fi cation of lung cancer , 216   
  Tumor tissue, blood volume in , 315   
  Tyrosine , 314    

  U 
  Ulterative colitis , 333–334   
  Ultrasonography, endoscopic (EUS) , 257   
  Unidirectional  fl ow model , 21   
  Uracil , 69–70   
  Ureter cancer , 282   
  Uridine , 63   
  Urinary bladder cancer , 282–283   
  Urinary contamination , 111   
  Urinary tract, physiological variants in , 102   
  Urologic cancer , 281–284   
  Uterine sarcoma , 296–297   
  Uveal melanoma , 309    

  V 
  Values , 20   
  Variants , 101–102, 104   
  Vascular dementia , 160–161   
  Vasculitis , 330–332   
  Velnacrine,      
  Viability, term , 242   
  Visceral cancers , 287   
  VOI.   See   Volume-of-interest (VOI) drawing  
  Volume-of-interest (VOI) drawing , 

145–147   
  Voxel-based analysis with  fl uorodeoxyglucose , 144   
  Vulvar cancer , 297    

  W 
  Water-eliminated Fourier transform (WEFT) , 9   
  Water puri fi er, Sumitomo , 82   
  WEFT.   See   Water-eliminated Fourier transform 

(WEFT)  
  Wegener’s granulomatosis , 330   
  Whole-body positron emission tomography using 

FDG , 311   
  Wilson’s disease , 169   
  Windowing , 44   
  Worksheet for positron emission tomography , 94   
  World Health Organization classi fi cation 

of lung cancer , 216    

  Y 
  Yield , 37–38  

 production , 37–38           
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