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POSITRON EMISSION TOMOGRAPHY 

A new tool for characterization of malignant disease and selection of therapy 

WUI-JIN KOH, THOMAS W. GRIFFIN,  JANET S. RASEY and GEORGE E. LARAMORE 

Present therapy for cancer patients is based primarily on tumor histology and anatomy. Despite 
treatment advances, clinicians have often been frustrated by their inability to assess tumor biology. 
Metabolic imaging by positron emission tomography is a promising new technology that has opened up 
a whole realm of study in oncology. Glucose metabolism, hemodynamics, oxygen utilization, protein 
synthesis and thymidine incorporation may yield valuable data regarding tumor aggressiveness and 
stage, and allow assessment of tumor response early during treatment, before morphological changes 
are detectable. Other metabolic determinations, including tumor hypoxia and estrogen receptor density, 
may predict tumor response to therapy, and lead to selection of more appropriate treatment regimens, 
such as with neutrons or hypoxic cell sensitizers for documentably hypoxic tumors. While further 
clinical validation is required, positron emission tomography promises to provide vital information 
complementary to present anatomical imaging modalities that will aid oncologists in optimal manage- 
ment of their patients. 

At present, state-of-the-art cancer therapy is primarily 
based on tumor histology and anatomy. Histology is ob- 
tained from pathologic evaluation of biopsy specimens. 
Tumor anatomy, which describes size, shape. location and 
tumor-normal tissue structural relationships, is obtained 
by physical examination and various radiographic tests 
including computed tomography (CT) and magnetic reso- 
nance imaging (MRI) .  With these factors taken into con- 
sideration. a cancer patient will then be treated with 
surgery, radiotherapy, or chemotherapy, or with a conibi- 
nation of treatment modalities. 

Unfortunately, knowledge of tumor histology and 
anatomy alone does not allow the oncologist to confidently 
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predict tumor response to  treatment, especially when using 
chemotherapy and/or radiation. The oncologist is limited 
to conventional management approaches without the abil- 
ity to select specific treatments based on a more detailed 
knowledge of individual tumor metabolism. Additionally, 
the routine assessment of tumor response to therapy using 
standard anatomic measurements is often difficult to  inter- 
pret, and is usually attempted after all, or a substantial 
amount, of treatment has already been delivered. The 
presence of significant normal tissue changes secondary to 
radiation and chemotherapy often obscures anatomic eval- 
uation. The early assessment of tumor response based on 
metabolic changes which occur prior to measurable 
anatomic effects would thus be useful in re-directing 
therapy for patients who are not responding to initially 
selected treatment, 

While it is currently used principally as a research tool 
in the study of tumor physiological and biochemical pro- 
cesses, positron emission tomography (PET) is a promising 
technology which may eventually gain routine clinical ac- 
ceptance in determining prognosis and predicting, as well 
as assessing, tumor response to therapy, leading to better 
selection of cancer treatment. Positron-emitting radioiso- 
topes, such as "C, I3N. "0, and 18F, can be incorporated 
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into biologically significant molecules, such as glucose, 
thymidine, and amino acids. After injection of a radiola- 
beled biomolecule into a patient, PET provides high-reso- 
lution, in vivo, and quantitative detection of tumor 
radiotracer uptake, which, when combined with blood 
sampling and appropriate mathematical modeling, allows 
derivation of metabolic parameters of interest, depending 
on the biochemical used. Unlike many other assays of 
tumor metabolism, PET imaging information can be ob- 
tained from deep-seated tumors in a non-invasive manner. 
Additionally, because of the short half-lives of the above 
radiolabels (2- I10 min), multiple sequential studies can be 
performed in a patient in a single day to assess different 
tumor metabolic parameters. 

Although its clinical efficacy remains to be fully proven, 
the potential impact of PET in oncology is being explored 
by  various research groups. Measures of tumor meta- 
bolism such as glucose utilization, hypoxia, blood flow and 
oxygen utilization, protein synthesis, thymidine incorpora- 
tion into deoxyribose nucleic acid (DNA), and hornione 
receptor density are promising areas of investigation that 
may soon achieve wide clinical utility (1 -3). 

Glucose metabolism 

The accelerated glycosis of tumor cells, even under 
conditions of adequate oxygenation, was first described by 
Warburg in 1930 (4). The exact mechanisms for this 
observation remain to  be fully elucidated. Nevertheless, of 
all the physiological and biochemical parameters measur- 
able by PET, imaging of tumor glucose utilization has 
gained the greatest clinical acceptance. The radiotracer 
most widely used is "F-fluorodeoxyglucose (FDG), an 
analog of glucose that is readily transported across the cell 
membrane and then rapidly phosphorylated by hexokinase. 
However, unlike glucose, further metabolism is halted, and 
IXF activity within tissues in the form of FDG-phosphate 
can be imaged by PET and modeled to  calculate regional 
glucose metabolic rates of tumor and normal tissues ( 5 ) .  

FDG PET imaging has been most extensively studied in 
patients with malignant gliomas. Di Chiro et al. have 
shown that FDG uptake, evaluated both visually and 
quantitatively as glucose metabolic rate, correlated in a 
strong and linear fashion with tumor grade, which would 
permit determination of tumor differentiation in patients 
whose malignancies cannot be adequately sampled surgi- 
cally (6). A follow-up study showed that F D G  PET imag- 
ing provided additional prognostic information beyond 
that obtained by histopathologic review of the gliomas. In 
45 patients with high-grade astrocytomas (grades 111 and 
IV), patients who had high glucose metabolic rate ratios 
( > 1.4 when compared to contralateral non-tumor cortex) 
had a median survival of 5 months, compared to  a median 
survival of 19 months in those having a lower utilization, 
a statistically significant finding that was independent of 

the actual tumor grade (7). Furthermore, these investiga- 
tors found that PET imaging of FDG uptake was useful in 
differentiating tumor recurrence from radiation or chemo- 
therapy-induced cerebral necrosis in cases where conven- 
tional anatomical imaging such as CT and MRI provided 
indeterminate results (8). 

In addition to primary brain tumors, there have been 
recent investigations into the role of F D G  PET imaging in 
the management of patients with soft tissue sarcomas (3), 
non-Hodgkin's lymphomas ( 9 ) ,  head and neck, colorectal, 
and breast cancers (10, 11). These studies have focused on 
the correlation of F D G  uptake and histologic grade of the 
tumor, or on the ability of FDG to identify early tumor 
recurrence following definitive therapy at a time when 
clinical evaluation was inconclusive. In an intriguing pre- 
liminary report, Goodman et al. (12) used F D G  PET 
imaging to help in tumor localization of a patient undergo- 
ing pion radiotherapy for malignant glioma, and obtained 
follow-up PET scans after radiation (without FDG) to 
detect the short-lived radioactive breakdown products of 
pions and hence confirm that the volume irradiated ade- 
quately encompassed the tumor. 

Tumor hypoxia 

It has been recognized for over 50 years that oxygen 
plays an important role in modifying the biological effects 
of radiation. In controlled laboratory experiments, fully 
oxygenated cells are approximately three times more sensi- 
tive to conventional sparsely-ionizing radiation as com- 
pared to anoxic but viable cells. Based on the histological 
observations of lung cancers by Thomlinson & Gray (13), 
as well as numerous experiments documenting the exis- 
tence of hypoxic elements in animal solid tumor systems, it 
has been inferred that hypoxia exists, and limits radiother- 
apeutic cure, in many human malignancies (14). More 
recently, direct oxygen electrode measurements of human 
tumors have shown the presence of hypoxic regions in 
patients with cervical and head and neck cancers, and 
several of these studies have shown a correlation between 
tumor hypoxia and outcome following radiotherapy ( 15- 
18). Unfortunately, oxygen electrode measurements are 
invasive, technically demanding, and limited to accessible 
tumors. 

Despite the relative paucity of documentation regarding 
the existence of viable hypoxic cancer cells in humans, this 
concept has remained at the forefront of experimental and 
clinical radiotherapy for over three decades. Multiple trials 
have used a variety of approaches aimed at overcoming the 
presumed cure-limiting effect of hypoxic cells in patients 
receiving radiation, including hyperbaric oxygen, correc- 
tion of anemia, oxygen-mimetic hypoxic cell sensitizing 
drugs such as the nitroimidazoles, and densely-ionizing 
high linear energy transfer (LET) radiation, particularly 
with neutrons. While there has been some limited success, 
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the majority of these clinical trials showed no improve- 
ment in outcome for patients receiving ‘tumor hypoxia-di- 
rected’ therapy over conventional radiotherapy alone ( 14, 
19-21). It would therefore seem that hypoxia may be a 
cure-limiting factor in only a proportion of human can- 
cers, and the primarily negative clinical efforts to date 
result from the non-selective inclusion of patients in hy- 
poxic tumor trials, without knowledgc of their tumor 
oxygenation status (21). 

A promising recent development in the assessment of 
human tumor hypoxia began with the rccognition that 
nitroimidazoles bind to intraccllular macromolecules in the 
absence of oxygen, and that an appropriately radiolabeled 
form could be detectable by external camera imaging to 
provide a ‘positive’ image of hypoxia (22). A quantitative, 
although non-linear, inverse relationship bctwcen nitro- 
imidazole binding and oxygen tension has been described, 
and its retention in cells varies most markedly over the same 
range of oxygen concentration that most impacts radio- 
sensitivity (23). After extensive study using in vitro and 
in vivo animal systems, our laboratory at the Univcrsity 
of Washington has characterized ‘*F-fluoromisonidazole 
(FMISO). in conjunction with PET imaging, as a promising 
hypoxia probe for in vivo human studies (21). 

Based on extensive normal tissue data from animals and 
initial human FMISO PET imaging studies, Koh et al. 
(21, 24), in  attempting to quantify the extent of hypoxia, 
consider any tumor region with a tumor:blood FMISO 
ratio 3 1.4 by two or more hours after radiotracer injec- 
tion as having detectable hypoxia, and have defined the 
fractional hypoxic volume (FHV) as the fraction of the 
imaged tumor volume with a tumor:blood ratio above this 
‘threshold’ value of 1.4. They have reported the non-inva- 
sive assessment of tumor hypoxia in 26 patients prior to 
radiotherapy, including 10 patients with non-small cell 
lung cancers, 9 with head and neck malignancies, 4 with 
prostate adenocarcinomas, and one each with renal, 
breast, and rectal cancers. Five tumors showed no evidence 
of hypoxia, while the remaining 21 had FHVs ranging 
from 1-91‘%1 with a median FHV of 23%. Normal tissues 
such as muscle and brain rapidly equilibrated with blood 
FMISO levels, yielding ratios around 1 .O. Seven patients 
with pretreatment FMlSO PET studies documenting tu- 
mor hypoxia underwent repeat scans in the latter half of 
their fractionated radiotherapy courses, with 5 of the 
patients showing complete reoxygenation and no residual 
hypoxia ( 24). Preliminary analysis of clinical outcome 
suggests a slight correlation between tumor response and 
preradiation FHV, but further follow-up is needed for 
confirmation. Other investigators have also reported pos- 
sible early promise in the use of FMISO PET imaging to 
assess hypoxia in human glionias (25). 

While further validation, particularly with regard to 
clinical correlation, is required, FMISO PET imaging 
holds significant promise as a predictor of response to 

conventional radiotherapy, and may eventually be used to 
select patients who would best benefit from further efforts 
aimed at  overcoming tumor hypoxia, such as with high 
LET radiation or  hypoxic cell sensitizers. 

Hemodynamics and oxygen utilization 

The sequential inhalation of C’’OZ, ”CO and I5O, 
combined with PET imaging allows calculation of tumor 
blood flow, blood volume, oxygen metabolic rate, and 
oxygen extraction fraction. The extremely short half-lives 
of the radioisotopes used (0-1 5 = 2 min, C-11 = 20 min) 
permit such multiparameter assessment within a single 
short study session, typically lasting less than an hour. 

While the quantification of hemodynamics is important 
for incorporation into more complex models in which 
substrate delivery to the tumor is an important consider- 
ation, such as with glucose, amino acids, and thymidine, 
these parameters have been found useful as independent 
measures of tumor physiologic status. Regional blood flow 
within tumors may be markedly heterogenous, but on 
average, is increased in comparison to adjacent normal 
soft tissues, and may be useful in delineating tumor extent 
for patients undergoing radiotherapy ( 1, 5).  Additionally, 
blood flow measurements within a tumor may have impor- 
tant implications in predicting adequate vascular delivery 
of chemotherapeutic agents. 

I t  has been suggested that measures of tumor blood flow 
and oxygen mctabolism may provide an indirect measure 
of tumor hypoxia. However, such an approach would be 
suboptimal for detection of small areas of hypoxia within 
a tumor that also has regions of hypervascularity. In this 
context, FMISO, as discussed above, would be a better 
probe, as it would provide a ‘positive’ image of tumor 
hypoxic zones, as opposed to the ‘negative’ images of 
hypoxia that may be obtained by blood flow and oxygen 
utilization. Various patterns of change in tumor hemody- 
namics and oxygen metabolism during and after radiother- 
apy have been observed, and these measures may 
eventually be used to assess early tumor response before 
morphological changes arc apparent (1, 5). 

Protein synthesis 

Tumors have accelerated amino acid uptake and protein 
synthesis compared to normal tissues. This characteristic 
can be exploited using PET imaging of radiolabeled amino 
acid accumulation, of which the most widely investigated 
is “C-methionine. Pilot studies have included assessment 
of patients with brain tumors, lung cancers, breast cancers, 
non-Hodgkin’s lymphomas, and head and neck malignan- 
cies. While there is some disagreement over the relation- 
ship between quantitative uptake of “C-methionine and 
the histologic grade of cancer, it appears that tumors 
can be reliably imaged with this tracer. PET imaging of 
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I 'C-methionine accumulation may find utility in accurate 
localization of tumor extent and aid conventional anatomic 
imaging modalities in the delineation of tumor volume for 
precise radiotherapy treatment planning (9, 26). 

Thymidine uptake, DNA synthesis and tumor proliferation 

Tumors generally have an increased cellular proliferation 
rate compared to slowly-cycling normal tissues. The uptake 
of thymidine for measurement of DNA synthetic rate 
and tumor proliferation has been described as a useful 
tool for predicting disease aggressiveness and response to 
chemotherapy (27). To  date, this technique has required ex 
vivo analysis of biopsy samples, and is subject to problems 
associated with sampling inadequacy and a complex, time- 
consuming methodology. Using PET imaging of ' 'C- 
thymidine uptake and appropriate modeling, it has been 
shown that tumor DNA synthetic rate may be calculated 
non-invasively (28). Current studies are ongoing to define 
the role of "C-thymidine PET imaging in staging malignan- 
cies, and in predicting their response to therapy. 

Hormone receptor density 

Using PET and "F-fluoroestradiol (FES), hormone re- 
ceptor density has been studied primarily in patients with 
breast cancer. The concentration of estrogen receptors (ER)  
in a tumor not only has prognostic implications, it also 
predicts response to  anti-estrogen therapy, which forms a 
major part of the oncologic armamentarium in the treat- 
ment of breast cancer, particularly for patients with 
metastatic disease. Presently, ER status in breast cancer 
requires surgical removal of a tumor sample, with ER levels 
then determined ex vivo using techniques such as radioim- 
munoassay (RIA). This approach for determining ER 
status and subsequent hormonal therapy is confounded by 
heterogeneity and sampling error within a given tumor 
mass, and, in the context of a patient with rnetastascs, does 
not readily permit evaluation of multiple disease sites. 
While relatively uncommon, there is known incongruence 
between tumor ER status and response to  anti-estrogen 
therapy, as well as site-to-site variability in response of 
paticnts with metastatic disease. 

Investigators using PET imaging of FES uptake in breast 
cancer patients who subsequently underwent surgical resec- 
tion of their tumors have noted a very strong linear 
correlation ( r  = 0.96) between FES accumulation and ER 
content as determined by RIA. Several patients with axil- 
lary lymph nodes of uncertain clinical significance were 
determined to have metastatic nodal disease on the basis of 
PET imaging, which was later confirmed on pathological 
review (29). This suggested that ER status can be deter- 
mined non-invasively in multiple tumor sites using PET, 
and that this technique may also aid in staging of patients 
with ER positive tumors. These researchers have also 

performed sequential PET imaging studies in patients with 
metastatic diseasc undergoing anti-estrogen therapy before 
and after initiation of hormonal treatment. FES PET 
imaging may provide early assessment of the efficacy of 
therapy by measuring the magnitude of decrease in FES 
uptake following hormonal manipulation (30). 

Metabolic imaging by PET has opened up a whole new 
realm of study in oncology that may yield valuable data 
regarding tumor grade, stage, prognosis, and potential and 
early response to conventional therapy. Clinical validation 
is required for the various physiological and biochemical 
parameters currently actively investigated, and improve- 
ments in modeling and comparisons of the different radio- 
tracers are necessary to determine optimal feasibility ( 3  1). 
Nevertheless, PET promises to provide information com- 
plementary to present anatomical and pathological diag- 
nostic methods that will eventually allow better selection of 
patients for clinical trials, as well as better delivery of 
therapy for individual patients based on their unique tumor 
characteristics. 
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