INVITED

PERSPECTIVE

Imaging Tumor Phenotype: 1 Plus 1 Is More
Than 2

A

n increasing trend in cancer
treatment is personalized therapy, individualized for each patient based on
patient characteristics and the biology
of the patient’s tumor (1). A key component of personalized cancer therapy
is the ability to measure tumor phenotypic features to predict clinical behavior, for example, the propensity for
progression and metastasis, and to
select therapy with a high likelihood
of success (2). An early example is
seen in the endocrine treatment of
breast cancer, in which assay of tumor
biopsy material for estrogen receptor
(ER) expression predicts both the
prognosis—that is, the aggressiveness
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of the cancer—and the likelihood of
response to ER-directed therapy such
as tamoxifen or letrozole (3). Recent
advances in molecular biology have
led to more sophisticated methods for
measuring tumor phenotype that can
simultaneously assay a variety of
tumor phenotypic features, up to thousands in the example of gene expression arrays (4). These assays have
shown considerable early promise in
predicting tumor behavior and response to therapy. For example, a 16gene quantitative expression panel
predicts the likelihood of tumor re-
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currence in early-stage breast cancer
(5) and is increasingly used to make
clinical decisions about whether to use
adjuvant chemotherapy. Because tumor behavior is the result of the
summed effect of a large number of
molecular pathways, and because pathways often interact (6), it is not surprising that assaying multiple tumor
phenotypic features at the same time
provides a more comprehensive and
predictive measure than the measure
of any single gene product.
Phenotypic characterization is most
important for those tumors that display
a range of biologic characteristics and
clinical behavior, in which case the
need for aggressive therapy and the
likelihood of response may vary considerably from patient to patient or even
from site to site. This is the case for the
group of tumors sometimes referred to
as endocrine-related cancer, which includes tumors arising from endocrine
organs, for example, thyroid cancer and
neuroendocrine tumors, and those tumors whose parent tissue responds to
endocrine signaling, including breast,
prostate, and uterine cancers. Endocrine-related cancers display a variety
of clinical behaviors. They may be well
differentiated, in which case they retain
much of their endocrine phenotype and
are often relatively indolent. They may
also be poorly differentiated tumors
that lose endocrine function, respond
poorly to endocrine treatments, and
display aggressive, frequently lethal,
clinical behavior. One example is
thyroid cancer, which ranges from
differentiated and indolent variants that
retain their endocrine function and
respond to radioiodine (with retention
related to endocrine function signaling
a cancer of thyroid origin) to dedifferentiated cancers that do not respond to

radioiodine and are among the most
aggressive tumors known (7). Another
example is breast cancer, of which lowgrade, differentiated forms express ER
and respond to the interruption of
estrogen stimulation, whereas highgrade forms often lose ER expression,
respond poorly to endocrine therapy,
and carry a poorer prognosis (3). The
ability to characterize phenotype, including the retention of endocrine
features and the degree of differentiation, can be especially helpful in
directing the treatment of endocrinerelated cancers.
Thus far, most work in tumor
phenotyping has been performed by
in vitro assay of tumor biopsy material. Molecular imaging, which has
largely been used for tumor detection
and staging, can also play an important role in measuring the tumor
phenotype. Imaging has the advantages of being able to measure in vivo
tumor behavior, characterize the entire
tumor burden, and capture the heterogeneity of tumor phenotype (8). There
have been some notable early studies
demonstrating the ability of molecular
imaging to characterize the in vivo
phenotype of endocrine-related tumors
and to predict clinical behavior. For
example, studies of patients with
iodine-refractory thyroid cancers have
shown that a high tumor glycolytic
rate measured by 18F-FDG PET identifies a subset with a more aggressive
and resistant phenotype. The presence
or absence of 18F-FDG uptake is
strikingly predictive of survival in this
patient population (9), and 18F-FDG
PET has become an important tool
for directing the treatment of iodinerefractory thyroid cancer.
As with in vitro assays of tumor
phenotype, imaging multiple aspects
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of tumor phenotype at the same time
has several potential advantages (10).
Besides the ability to characterize
multiple aspects of tumor biology,
there may be important practical
advantages in image interpretation
and analysis. For example, although
the dependency of partial-volume
effects on tumor size creates uncertainty in measures of radiopharmaceutical uptake for a single tracer (11),
these effects largely cancel when one
is considering the ratio of uptake for 2
radiopharmaceuticals measured on the
same imaging device. Some examples
of the predictive value of imaging
more than one aspect of tumor biology
in the same patient include the identification of flow or metabolism mismatch as a predictor of poor response
to chemotherapy in breast cancer by
PET (12), the identification of the signature of iodine-responsive and -resistant
cancers by a combination of iodine imaging and 18F-FDG PET (13), and the
ability to measure both ER expression
and ER pathway activation to predict
response to endocrine therapy in breast
cancer (14,15).
In this issue of The Journal of
Nuclear Medicine, Tsujikawa et al.
have used a combination of PET
radiopharmaceuticals to image ER
expression and glucose metabolism
in endometrial lesions (16). Endometrial cancer is the most common
gynecologic malignancy in the United
States (17). The primary treatment of
endometrial cancer is typically surgery
(18). Adjuvant therapy is considered
for patients at high risk for developing
disease recurrence, and the most
common forms of adjuvant therapy
are chemotherapy, radiotherapy, or
a combination of both. The hormonal
therapy of metastatic or recurrent
endometrial cancer involves mainly
the use of progesterone agents, although aromatase inhibitors and tamoxifen are also being used (19).
Hormonal therapy with progesterone
agents has been shown to be valuable
in the treatment of a small subset of
patients with asymptomatic or lowgrade disseminated metastases with
estrogen receptor–positive and pro-
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gesterone receptor–positive disease.
The main predictors of response in
this patient population are well-differentiated tumors, a long disease-free
interval, and the location and extent of
extrapelvic metastases. Unlike breast
cancer, tumor ER and progesterone
receptor status are not routinely assessed and are not the basis for
selection of hormonal therapy in
endometrial cancer.
In addition to 18F-FDG PET to measure glucose metabolism, Tsujikawa
et al. also used 18F-fluoroestradiol
(18F-FES) PET to image regional ER
expression in endometrial lesions (16).
18F-FES has properties similar to
estradiol (20) and has been validated
against in vitro assays as a measure
of ER expression in breast cancer
(21,22). Studies in breast cancer have
demonstrated the ability of 18F-FES
PET to image the heterogeneity of
ER expression (14) and to predict the
likelihood of response to endocrine
therapy (15,23). In their study of
endometrial lesions, Tsujikawa et al.
tested the ability of 18F-FDG and
18F-FES PET to distinguish between
3 classes of endometrial lesions: benign endometrial hyperplasia, lowerrisk endometrial cancers, and high-risk
endometrial cancers. Interestingly,
whereas neither 18F-FDG nor 18FFES uptake alone was able to classify
these lesions, the combination of the 2
imaging studies, reported as the 18FFDG–to–18F-FES SUV ratio, displayed significant differences among
all 3 classes of lesions and demonstrated some ability to classify endometrial lesions into correct categories.
Although this is an interesting early
result, there are some limitations of
the study. The number of patients in
this early study was quite small, and
there was only a limited comparison
between the imaging measures and
histopathologic analysis of the endometrial lesions and no comparison
between the PET results and in vitro
assay of ER expression. It is unlikely
that the proposed imaging approach
will affect clinical decision making in
current clinical practice because endometrial lesions are relatively ame-

nable to biopsy. The imaging studies
might help direct the approach to
endometrial cancer treatment; however, future studies will need to test
whether 18F-FES or 18F-FDG PET
can play a role in selecting therapy
for patients with endometrial cancer.
Besides the classification of lesions,
the prediction of response to endocrine therapy through the combination
of 18F-FES and 18F-FDG PET could
be tested. Combined imaging may also
provide a sensitive tool in monitoring
the response to endocrine therapy and
thus promote treatment with hormonal
agents in this patient population.
Although the immediate clinical
impact of the study of Tsujikawa
et al. may be limited, the study is
notable as an example of how the
combination of 2 imaging studies may
be particularly helpful in characterizing the phenotype of endocrine-related
cancer. 18F-FES PET provided a measure of the retention of the endocrine
phenotype of the parent tissue, which
responds to estrogens as part of
normal female reproductive physiology. On the other hand, increased 18FFDG uptake provided an indication of
aberrant glucose metabolism, increasingly recognized as a marker of tumor
dedifferentiation from the parent tissue (24) and often associated with loss
of endocrine function in endocrinerelated tumors (25). The ratio of 18FFDG to 18F-FES uptake may, in
essence, provide an index of differentiation. The ratio also provides a practical first-order compensation for
partial-volume effects, which are particularly problematic for the relatively
flat geometry of many endometrial
lesions. The study of Tsujikawa et al.
supports the potential for combinations of molecular imaging studies to
characterize in vivo tumor phenotype
and help move toward the long-term
goal of better, more individualized
cancer treatment. Future studies will
need to be designed to evaluate the
individual ability of each imaging
study to predict clinically important
endpoints and to test, in a statistically
rigorous fashion, whether the combination of the 2 approaches yields more
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predictive value than either study
alone. It may then be possible to show
that when it comes to molecular
imaging, 1 plus 1 is greater than 2.
David A. Mankoff
Seattle Cancer Care Alliance and
University of Washington
Seattle, Washington
Farrokh Dehdashti
Mallinckrodt Institute of
Radiology and Washington University
St. Louis, Missouri
REFERENCES
1. Collins I, Workman P. New approaches to molecular
cancer therapeutics. Nat Chem Biol. 2006;2:689–700.
2. Duffy MJ, Crown J. A personalized approach to
cancer treatment: how biomarkers can help. Clin
Chem. 2008;54:1770–1779.
3. Come SE, Buzdar AU, Ingle JN, et al. Endocrine
and targeted manipulation of breast cancer:
summary statement for the Sixth Cambridge
Conference. Cancer. 2008;112(3 suppl):673–678.
4. Kirby J, Heath PR, Shaw PJ, Hamdy FC. Gene
expression assays. Adv Clin Chem. 2007;44:247–292.
5. Paik S, Shak S, Tang G, et al. A multigene assay to
predict recurrence of tamoxifen-treated, node-negative
breast cancer. N Engl J Med. 2004;351:2817–2826.
6. Di Cosimo S, Baselga J. Targeted therapies in
breast cancer: where are we now? Eur J Cancer.
2008;44:2781–2790.

7. Tuttle RM, Leboeuf R, Shaha AR. Medical
management of thyroid cancer: a risk adapted
approach. J Surg Oncol. 2008;97:712–716.
8. Mankoff DA, Link JM, Linden HM, Sundararajan
L, Krohn KA. Tumor receptor imaging. J Nucl
Med. 2008;49(suppl 2):149S–163S.
9. Robbins RJ, Wan Q, Grewal RK, et al. Real-time
prognosis for metastatic thyroid carcinoma based
on 2-[18F]fluoro-2-deoxy-d-glucose-positron emission tomography scanning. J Clin Endocrinol Metab.
2006;91:498–505.
10. Krohn KA, O’Sullivan F, Crowley J, et al.
Challenges in clinical studies with multiple
imaging probes. Nucl Med Biol. 2007;34:879–885.
11. Hoffman EJ, van der Stee M, Ricci AR, Phelps
ME. Prospects for both precision and accuracy in
positron emission tomography. Ann Neurol. 1984;
15(suppl):S25–S34.
12. Mankoff DA, Dunnwald LK, Gralow JR, et al.
Blood flow and metabolism in locally advanced
breast cancer: relationship to response to therapy.
J Nucl Med. 2002;43:500–509.
13. Wang W, Larson SM, Tuttle RM, et al. Resistance
of [18f]-fluorodeoxyglucose-avid metastatic thyroid cancer lesions to treatment with high-dose
radioactive iodine. Thyroid. 2001;11:1169–1175.
14. Dehdashti F, Mortimer JE, Siegel BA, et al.
Positron tomographic assessment of estrogen
receptors in breast cancer: comparison with
FDG-PET and in vitro receptor assays. J Nucl
Med. 1995;36:1766–1774.
15. Mortimer JE, Dehdashti F, Siegel BA, Trinkaus K,
Katzenellenbogen JA, Welch MJ. Metabolic flare:
indicator of hormone responsiveness in advanced
breast cancer. J Clin Oncol. 2001;19:2797–2803.
16. Tsujikawa T, Yoshida Y, Kudo T, et al. Functional
images reflect aggressiveness of endometrial carcinoma: estrogen receptor expression combined with
18F-FDG PET. J Nucl Med. 2009;50:1598–1604.

17. Jemal A, Siegel R, Ward E, et al. Cancer statistics,
2008. CA Cancer J Clin. 2008;58:71–96.
18. Greer BE, Koh WJ, Abu-Rustum N, et al.
Uterine neoplasms: clinical practice guidelines
in oncology. J Natl Compr Canc Netw. 2009;7:
498–531.
19. Temkin SM, Fleming G. Current treatment of
metastatic endometrial cancer. Cancer Control.
2009;16:38–45.
20. Kiesewetter DO, Kilbourn MR, Landvatter SW,
Heiman DF, Katzenellenbogen JA, Welch MJ.
Preparation of four fluorine-18-labeled estrogens and their selective uptakes in target tissues
of immature rats. J Nucl Med. 1984;25:1212–
1221.
21. Mintun MA, Welch MJ, Siegel BA, et al. Breast
cancer: PET imaging of estrogen receptors.
Radiology. 1988;169:45–48.
22. Peterson LM, Mankoff DA, Lawton T, et al.
Quantitative imaging of estrogen receptor expression in breast cancer with PET and 18F-fluoroestradiol. J Nucl Med. 2008;49:367–374.
23. Linden HM, Stekhova SA, Link JM, et al.
Quantitative fluoroestradiol positron emission tomography imaging predicts response to endocrine
treatment in breast cancer. J Clin Oncol. 2006;24:
2793–2799.
24. Weinhouse S. Isozyme alterations, gene regulation
and the neoplastic transformation. Adv Enzyme
Regul. 1983;21:369–386.
25. Basu S, Chen W, Tchou J, et al. Comparison of
triple-negative and estrogen receptor-positive/
progesterone
receptor-positive/HER2-negative
breast carcinoma using quantitative fluorine-18
fluorodeoxyglucose/positron emission tomography imaging parameters: a potentially useful
method for disease characterization. Cancer. 2008;
112:995–1000.

IMAGING TUMOR PHENOTYPE • Mankoff and Dehdashti

1569

