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Targeted therapies are designed to interfere with specific aberrant bio-
logic pathways involved in tumor development. The main classes of
novel oncologic drugs include antiangiogenic drugs, antivascular agents,
drugs interfering with EGFR-HER2 or KIT receptors, inhibitors of the
PI3K/Akt/mTOR pathway, and hormonal therapies. Cancer cells usurp
normal signal transduction pathways used by growth factors to stimu-
late proliferation and sustain viability. The interaction of growth factors
with their receptors activates different intracellular pathways affecting
key tumor biologic processes such as neoangiogenesis, tumor metabo-
lism, and tumor proliferation. The response of tumors to anticancer
therapy can be evaluated with anatomic response assessment, qualitative
response assessment, and response assessment with functional and mo-
lecular imaging. Angiogenesis can be measured by means of perfusion
imaging with computed tomography and magnetic resonance (MR)
imaging. Diffusion-weighted MR imaging allows imaging evaluation

of tumor cellularity. The main imaging techniques for studying tumor
metabolism in vivo are positron emission tomography and MR spectros-
copy. Familiarity with imaging findings secondary to tumor response to
targeted therapies may help the radiologist better assist the clinician in
accurate evaluation of tumor response to these anticancer treatments.
Functional and molecular imaging techniques may provide valuable
data and augment conventional assessment of tumor response to tar-
geted therapies. Supplemental material available at hzzp://radiographics
.rsna.orgllookup/suppl/doi:10.1148/rg.317115108/-/DC1.
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Abbreviations: ADC = apparent diffusion coefficient, DCE = dynamic contrast-enhanced, EGFR = epidermal growth factor receptor, FDG = fluorine
18 fluorodeoxyglucose, FLT = fluorine 18 fluorothymidine, GIST = gastrointestinal stromal tumor, HER2 = human epidermal growth factor receptor
2, HIF = hypoxia-inducible factor, MIP = maximum intensity projection, mTOR = mammalian target of rapamycin, NOD = novel oncologic drug,
PDGEF = platelet-derived growth factor, PI3K = phosphatidylinositol 3-kinase, RECIST = Response Evaluation Criteria in Solid Tumors, SUV = stan-
dardized uptake value, VDA = vascular disrupting agent, VEGF = vascular endothelial growth factor, VEGFR = VEGF receptor
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Figure 1. Relationship between
transduction pathways and tumor
hallmarks and specific biologic path-
ways targeted and disrupted by
NODs. Akt is a serine-threonine
protein kinase, cKIT is a proto-
oncogene. EGFR = epidermal
growth factor receptor, HER2 =
human epidermal growth factor re-
ceptor 2, HIF = hypoxia-inducible
factor, mTOR = mammalian target of
rapamycin, PDGF = platelet-derived
growth factor, PDGFR = PDGF re-
ceptor, PI3K = phosphatidylinositol
3-kinase, VEGF = vascular endothe-
lial growth factor, VEGFR = VEGF
receptor.

GLYCOLYSIS

Introduction
Recent advances in molecular biology have dra-
matically accelerated our understanding of how
cancer develops, grows, and spreads, thus creat-
ing great expectations for translating new discov-
eries into effective treatments for patients. Over
the past decade, there has been an increase in
knowledge about pathophysiologic processes that
are common to most tumors. Typical hallmarks
of tumors include (@) independence from growth
signals, (b) insensitivity to growth-inhibitory sig-
nals, (¢) evasion of apoptosis, (d) development
of a limitless potential for replication, (¢) devel-
opment of sustained angiogenesis, and () tissue
invasion and metastasis. These hallmarks of
cancer are caused by dysregulation of cell con-
trol pathways, which in cancers also results in an
abnormal microenvironment (1).

As a consequence, there has been an emer-
gence of a wide range of novel oncologic drugs
(NODs) designed to target and disrupt specific
biologic pathways (Fig 1). In general, these
agents use different strategies to block specific
biologic targets (2,3) (Fig 2). In current clini-
cal practice, the main classes of NODs include
antiangiogenic drugs, antivascular agents, drugs
interfering with EGFR-HER?2 or KIT recep-
tors, PI3K/Akt/mTOR pathway inhibitors, and
hormonal therapies, although the latter constitute
a specific class of therapies (4) (Table 1).

In this article, we review the spectrum of
NODs (which show mainly a cytostatic effect)
and their different mechanisms of action. In
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addition, the limitations of conventional imag-
ing techniques and current response criteria for
evaluating these drugs are described. The role of
functional and molecular imaging techniques as
a noninvasive and quantitative means to improve
the evaluation of cancer patients treated with
these therapies is discussed. Finally, we examine
the evolving roles of these techniques and chal-
lenges for their implementation. Specific top-

ics addressed are biologic pathways in cancer;
response evaluation and oncologic drugs; imag-
ing evaluation of angiogenesis, tumor cellular-
ity, tumor metabolism, tumor proliferation, and
hypoxia; assessment of NODs with imaging; and
future challenges and opportunities.

Biologic Pathways in Cancer
Cancer cells usurp normal signal transduction
pathways used by growth factors to stimulate
proliferation and sustain viability. The interaction
of growth factors with their receptors activates
different intracellular pathways affecting key
tumor biologic processes such as neoangiogen-
esis, tumor metabolism, and tumor proliferation.
This relationship between transduction pathways
and tumor hallmarks is an important element in
understanding imaging findings in evaluation of
the response to NODs (Table 2).

Angiogenesis

Neoangiogenesis, the formation of new blood
vessels, is a multistep process regulated by pro-
and antiangiogenic factors (5,6). This process
is essential for solid tumor growth beyond 2-3
mm?, when diffusion is no longer sufficient to
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Figure 2. Strategies used to block
specific biologic targets may act at
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Table 1

Functions of Biologic Pathways Targeted by NODs

Pathway Action

VEGFR, PDGFR* Activates malignant angiogenesis

EGFR-HER2 Activates proliferation, angiogenesis, invasion, metastasis, and evasion of apoptosis

PI3BK/Akt/mTOR Activates cancer cell growth and proliferation, evasion of apoptosis, synthesis of proteins

necessary for cell growth, cell cycle progression, and cell metabolism
cKIT Plays a critical role in cell proliferation and differentiation
Hormonal Cell growth and survival

*PDGFR = PDGF receptor.

Table 2

Comparison of Cytotoxic Therapy versus NODs

Characteristics of Therapy

Chemotherapy

NODs

Tumoral effect
Criteria for patient selection

Criteria for tumor response

Imaging techniques for
response evaluation

Time of response evaluation

Primary end points in drug
development

Toxic effects of drugs

Cytotoxic
Histologic features of the tumor

Tumor shrinkage

Anatomic imaging to evaluate size
and qualitative criteria (ie, tumor
appearance)

Late (2 mo)

Characterization of toxic effects
and determination of dose-
limiting toxic effects and maxi-
mum tolerated dose

Usually nonspecific: multisystemic
involvement

Mainly cytostatic

Presence of the target in the tumor or
molecular pathology

Tumor stabilization or shrinkage

Mainly, functional or molecular imag-
ing techniques; anatomic imaging to
evaluate size and qualitative criteria (ie,
tumor appearance)

Early (2-6 wk)

Determination of target inhibition, bio-
logically active, and optimal doses

Less toxic: target-specific toxic effects
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Figure 3. HIF-1 is a key feature
in the hypoxia-mediated aggressive
behavior of cancer cells and their
resistance to therapy. HIF-1 stimu-
lates a number of molecular events
required for adaptation of tumor
cells to hypoxia, including unregu-
lated glycolysis (overexpression of
membrane glucose transporters
[GLUT-1] and increased hexokinase-2
activity), angiogenesis (increased
VEGF), and mutant p-glycoprotein
(resistance to radiation therapy and
chemotherapy).

p-glycoprotein

supply tumor cells with oxygen and nutrients.
The primary stimulus for new vessel formation
is presumed to be hypoxia induced by expan-
sion of the growing cellular tumor mass. Hypoxia
induces the expression of HIF, which promotes
the expression of other factors, such as VEGF,
PDGTF, and carbonic anhydrase IX. In addition,
hypoxia leads to resistance to radiation therapy
and chemotherapy (p-glycoprotein), promotes
tumor metabolism (glucose transporter GLUT-1)
(7,8) (Fig 3), and enhances tumor progression.
Tumor angiogenesis provides an attractive
target for anticancer therapy. There are two
distinct approaches for antiangiogenesis therapy
in tumors: angiogenesis inhibitors that inhibit the
formation of new blood vessels by blocking the
function of specific growth factors or receptors
(eg, targeting VEGF-A) and vascular disrupting
agents (VDAs) that target the established tumor
vasculature, causing an acute shutdown of blood
vessel flow and secondary tumor necrosis (6,9).
VEGTF and its receptors are key regulators
of normal angiogenesis and tumor angiogen-
esis. The major mediator of tumor angiogenesis
is VEGF-A, also called VEGF, which signals
through VEGFR-2, the major VEGF signaling
receptor that mediates tumor angiogenesis. There
is an upregulation of VEGF family members and
the VEGF receptors in many different tumors
(5,6,10), providing a viable target for antiangio-
genesis therapy. Other angiogenic pathways, such
as the placental growth factor receptor or the
PDGEF receptor, are also important for angiogen-
esis (11). PDGF is important for the recruitment
of pericytes, which are required to stabilize mi-
crovessels (5,6,10,11). Different small-molecule
tyrosine kinase receptor inhibitors may inhibit the
action of both VEGF and PDGFE.

radiographics.rsna.org
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VDAs target endothelial cells and pericytes of
the tumor vasculature (9). Selective tumor vas-
cular shutdown suggests that there are structural
differences between tumor vessels and normal
vessels. Many VDAs induce changes in the shape
of endothelial cells by disruption of their cyto-
skeleton and cell-to-cell junctions. VDAs seem to
be cytotoxic rather than cytostatic drugs, since
their action results in an acute and pronounced
shutdown of blood vessels, causing almost com-
plete stoppage of blood flow and ultimately lead-
ing to central tumor necrosis.

Tumor Metabolism and Proliferation
Different pathways are involved in tumor pro-
liferation and metabolic activity regulation. The
majority of human epithelial cancers are marked
by functional activation of growth factors and
receptors of the EGFR family, including EGFR
and HER?2 (12-14). The two major intracel-
lular pathways activated by EGFR-HER?2 are

the RAS-RAF-MEK-MAPK and the PI3K/Akt/
mTOR pathways, which may result in cancer-cell
proliferation, blocking of apoptosis, activation

of invasion and metastasis, and stimulation of
angiogenesis, cell metabolism, and synthesis of
proteins necessary for cell growth. Moreover, dif-
ferent drugs such as everolimus or temsirolimus
can specifically target the downstream signaling
pathway PI3K/Akt/mTOR (15,16).

The KIT receptor also plays critical oncogenic
roles in a broad spectrum of hematologic and
solid tumors, controlling various cell processes
like cell proliferation and differentiation, apopto-
sis, and metabolic tumor activity (17). Imatinib
mesylate inhibits KIT kinase activity and repre-
sents the front-line drug for treatment of unre-
sectable and advanced gastrointestinal stromal
tumors (GISTsS).
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Table 3
Criteria for Tumor Response Evaluation
Measurability Measurability of

Criteria of Target Lesions Nontarget Lesions Response Evaluation

WHO Measurable bidimen- Nonmeasurable Change in sum of products of the LD and greatest
(ana- sionally (product of and non- perpendicular diameters of target lesions; no maximal
tomic)* LD and greatest per-  evaluable (eg, number of lesions specified; CR = disappearance of

pendicular diameter) lymphangitic all known disease, confirmed at 4 wk; PR = 50% de-

crease from baseline, confirmed at 4 wk; PD = 25%

increase in one or more lesions or appearance of new

lesions; NC = neither PR nor PD criteria met
Change in sum of LDs of target lesions (maximum of

pulmonary me-

tastases, abdom-

inal masses)
RECIST  Measurable unidimen- Nonmeasurable:

size with spiral CT =
10 mm, size of target
lymph nodes = short
axis > 15 mm, size
of nontarget lymph
nodes = 10-15 mm,
size of normal lymph
nodes <10 mm

Choi (ana- Attenuation (Houns-

tomic, field units) or unidi-
qualita- mensional size
tive)*

1.1 sionally (LD only); all other lesions,  two per organ up to five total); CR = disappearance
(ana- size with conventional including small of all target lesions, confirmed at 4 wk; PR = 30%
tomic)* techniques = 20 mm, lesions decrease from baseline, confirmed at 4 wk; PD =

20% increase over smallest sum observed and overall
5-mm net increase or appearance of new lesions; SD =
neither PR nor PD criteria met

Change in size or attenuation of target lesions; CR =

disappearance of all target lesions, confirmed at 4 wk;
PR = 10% decrease in tumor size or 15% decrease in
tumor attenuation at contrast material-enhanced CT,
no new lesions, no obvious progression of nonmea-
surable disease; PD = 10% increase in tumor size, tu-
mor attenuation criteria for PR not met, new lesions;
SD = neither PR nor PD criteria met

glycolysis, WHO = World Health Organization.
*The evaluation type is given in parentheses.

Note.—CMR = complete metabolic response, CR = complete response, CT = computed tomography, EORTC =
European Organization for Research and Treatment of Cancer, FDG = fluorine 18 fluorodeoxyglucose, LD = lon-
gest dimension, NC = no change, PD = progressive disease, PERCIST = PET Response Criteria in Solid Tumors,
PMD = progressive metabolic disease, PMR = partial metabolic response, PR = partial response, ROI = region of
interest, SD = stable disease, SMD = stable metabolic disease, SUV = standardized uptake value, TLG = total lesion

(continues)

Steroid hormone growth factors act in a dif-
ferent way, interacting with nuclear receptors di-
rectly to activate the transcription of genes whose
products stimulate the growth and viability of
hormone-dependent malignancies such as breast
cancer and prostate cancer (3,18,19). Therapy
of breast cancer is dominated by use of estrogen
receptor antagonists, such as tamoxifen, or by
depletion of estrogens with aromatase inhibitors,
while hormonal therapy in prostate cancer is
based on androgen blockade.

A detailed review of these pathways is beyond
the scope of this article. However, it seems clear
that they show several interactions that may
explain the emergence of therapy resistance in
cancer, making evaluation of drug effects a com-
plex process, since different growth factors may
converge across the same final pathway and one
single drug may interact with diverse pathways.

Response Evalu-
ation and Oncologic Drugs

Anatomic Response Assessment
When evaluating the response of tumors to
anticancer therapy, a reliable and standardized
methodology is essential, not only in daily pa-
tient care but also in clinical research. Anatomic
objective response evaluation criteria based on
assessment of the size of the tumor or metas-
tases, such as the World Health Organization
criteria or the Response Evaluation Criteria in
Solid Tumors (RECIST), have been developed
(20) (Table 3).

RECIST uses unidimensional measurements
of the sum of the longest lesion diameters. The
RECIST guidelines show some limitations for
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Table 3
Criteria for Tumor Response Evaluation (continued)
Measurability Measurability of

Criteria of Target Lesions Nontarget Lesions Response Evaluation

EORTC  Tumor regions defined Change in SUV of target lesions; CMR = complete
(molecu-  on pretreatment resolution of FDG uptake in tumor volume so that
lar)* scans should be it is indistinguishable from surrounding normal

drawn on region tissue; PMR = minimum of 15% % 25 decrease in
of high fluorine tumor FDG SUYV after one cycle of chemotherapy or
18 FDG uptake >25% decrease after more than one treatment cycle
representing viable (reduction in extent of tumor FDG uptake is not a
tumor; whole tumor requirement); PMD = >25% increase in tumor FDG
uptake should also SUV in tumor region defined on baseline scan, vis-
be recorded ible increase in extent of tumor FDG uptake (20% in
LD), or appearance of new FDG uptake in metastat-
ic lesions; SMD = <25% increase or <15% decrease
in tumor FDG SUV and no visible increase in extent
of tumor FDG uptake (20% in LLD)

PERCIST Measurable target le- Change in SUV of target lesions; CMR = complete
(molecu-  sion is hottest single resolution of FDG uptake in measurable target lesion
lar)* tumor lesion SUV of so that it is less than mean liver activity and indistin-

“maximal 1.2-cm guishable from surrounding background blood pool
diameter volume levels, disappearance of all other lesions to back-
ROI in tumor” (SUV ground blood pool levels, no new FDG-avid lesions
peak); SUV peak is at in pattern typical of cancer (if progression according
least 1.5-fold greater to RECIST, must verify with follow-up); PMR =
than mean liver SUV minimum 30% decrease in measurable target tumor
+ 2 standard devia- FDG SUYV peak with absolute decrease in SUV of
tions in normal right at least 0.8 SUV units,T no increase >30% in SUV
lobe if liver is normal or size of target or nontarget lesions; PMD = >30%

increase in FDG SUV peak with >0.8 SUV unit
increase in tumor SUV peak from the baseline scan
in a pattern typical of tumor and not of infection or
treatment effect, visible increase in the extent of FDG
tumor uptake (75% in TLG volume) with no decline
in SUV, or new FDG-avid lesions that are typical of
cancer and not related to treatment effect or infec-
tion;¥ SMD = neither PMR nor PMD criteria met

Note.—CMR = complete metabolic response, CR = complete response, CT = computed tomography, EORTC =
European Organization for Research and Treatment of Cancer, FDG = fluorine 18 fluorodeoxyglucose, LD = lon-
gest dimension, NC = no change, PD = progressive disease, PERCIST = PET Response Criteria in Solid Tumors,
PMD = progressive metabolic disease, PMR = partial metabolic response, PR = partial response, ROI = region of
interest, SD = stable disease, SMD = stable metabolic disease, SUV = standardized uptake value, TL.G = total lesion
glycolysis, WHO = World Health Organization.

*The evaluation type is given in parentheses.

TMeasurement is commonly made in the same lesion that was measured at baseline but can be made in another le-
sion if that lesion was previously present and is the most active lesion after treatment.

fPMD other than new visceral lesions should be confirmed at follow-up study within 1 mo unless PMD is also

clearly associated with progressive disease according to RECIST 1.1.
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Figure 4. GIST with liver metastases in a 52-year-old man. Axial contrast-enhanced CT images obtained before (a)
and 3 months after (b) therapy with imatinib mesylate show a good response, with decreases in tumor size (>10%) and

tumor attenuation (>15%).

evaluation of the treatment response of solid tu-
mors, including tumors that cannot be measured,
poor measurement reproducibility, and masses
that persist after therapy (20-24). RECIST es-
tablishes fixed and forced categories that use size
as the only criterion. These categories have been
found to be not optimal for assessment of response
in different malignancies, such as mesothelioma,
prostate cancer, or pediatric malignancies (24).

In addition, anatomic imaging techniques
that use size-based criteria may be insensitive
to changes that inform about the overall thera-
peutic success of cytostatic therapies, since the
basic assumption that changes in tumor size
reflect biologic activity is violated. Many tar-
geted agents are cytostatic and therefore tumor
shrinkage may not be seen. For example, it has
been established that RECIST was less sensitive
than the Choi criteria when monitoring GISTs
treated with imatinib (23-25).

Moreover, numerous clinical studies show
survival advantages for antiangiogenesis therapy
with only modest anatomic responses for differ-
ent tumors. In addition, the disconnection be-
tween anatomically determined progression-free
survival and therapeutic efficacy (overall survival)
is recognized for a number of cytostatic therapies
(26). All of these features may establish the ne-
cessity for using different criteria and functional

and molecular imaging techniques to evaluate
tumor response to these therapies (4,24,26-31).

Qualitative Criteria

for Response Assessment

The Choi criteria (Table 3) opened a new para-
digm for tumor response and improved the ac-
curacy of therapeutic response assessment (Fig
4). More recently, the value of changes in tumor
attenuation and morphology, not accounted for
in RECIST, has been demonstrated at contrast-
enhanced CT in patients with metastatic colorec-
tal cancer receiving bevacizumab and patients with
renal carcinoma receiving tyrosine kinase receptor
inhibitor therapy (32,33).

Among patients with liver metastases from
colorectal cancer treated with bevacizumab-
containing chemotherapy, CT-based morphologic
criteria showed a statistically significant associa-
tion with pathologic response and overall survival
(Fig 5) (32). The Morphology, Attenuation, Size,
and Structure criteria seem to be more accurate
than RECIST, the modified Choi criteria, or size
and attenuation CT criteria in assessment of the
response of metastatic renal carcinoma to anti-
angiogenic targeted therapy with tyrosine kinase
receptor inhibitors (33).
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Figure 5. Liver metastases from rectal cancer in a 63-year-old man. Axial CT image (a) and perfusion CT para-
metric map representing blood volume (b) obtained before therapy with bevacizumab and CT image obtained 2
weeks after therapy (c) show a morphologic incomplete response. After therapy, there is decreased attenuation in the
peripheral rim-enhancing area compared with the pretherapy appearance (arrows in a and b). However, a discrete
persistent ill-defined tumor-liver interface remains after treatment (arrows in ¢).

Figure 6. Functional and
molecular imaging techniques
for evaluation of tumor
hallmarks. ADC = apparent
diffusion coefficient, DW =

diffusion-weighted, FLT =
fluorine 18 fluorothymidine,
LNs = lymph nodes, MRSI =
MR spectroscopic imaging,
USPIO = ultrasmall super-
paramagnetic iron oxide.

Response Assessment with

Functional and Molecular Imaging

There has been a revolutionary improvement in
imaging techniques. Medical imaging has evolved
from a discipline focused on anatomy to one that
can measure tissue function as well as specific
molecular features (34—36). This has occurred
mainly through advances in magnetic resonance
(MR) imaging, positron emission tomography
(PET), and CT. Functional and molecular imag-
ing allows quantitative measurement of physi-
ologic and molecular features of tumors by using
noninvasive techniques (27).

FDG-PET
&~

OTHERS

HYPOXIA
PROLIFERATION
LYMPH NODES
APOPTOSIS

Functional imaging techniques, such as perfu-
sion CT, dynamic susceptibility contrast MR
imaging, dynamic contrast-enhanced (DCE) MR
imaging, or diffusion-weighted MR imaging, pro-
vide information on tissue phenotype or behavior.
Molecular imaging techniques, such as PET or
MR spectroscopy, allow evaluation of cellular and
molecular processes by measuring the levels or
activities of specific macromolecules or metabolic
pathways in vivo (Fig 6). Although these imaging
techniques are based on different biologic prop-
erties, they can provide important quantitative
imaging parameters that allow pathophysiologic
correlation (Table 4).
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CT Acquisition

As a result, there has been increased use of
functional and molecular imaging to demon-
strate cancer hallmarks, such as angiogenesis and
vascular function, metabolism, or cell density,
that influence the progression and aggressiveness
of the disease. Measurements of these parameters
can be used in diagnosis and staging of cases of
cancer, as well as for predicting and monitoring
the therapeutic response of patients to both cyto-
toxic and cytostatic oncologic drugs.

Imaging
Evaluation of Angiogenesis

Indirect measurement of angiogenesis can be
performed noninvasively by using MR imaging,
CT, ultrasonography (US), and PET (37-44), but
perfusion imaging with CT and MR imaging is
more useful in clinical practice. There are many
different features of tumor vascularity (spatial het-
erogeneity and chaotic structure, high permeabil-
ity to macromolecules, or heterogeneity of vascular
density) that are characteristic of malignancy (45).
These structural abnormalities of new tumor ves-
sels lead to pathophysiologic changes within the
tumor, including an increase in capillary perme-
ability, volume of extravascular-extracellular space,
and tumor perfusion, that permit distinction of
malignant vascularity from benign vascularity with
functional imaging techniques.

There are a few key differences when imag-
ing tumor vascularity with the main functional
imaging techniques used for studying angiogen-
esis: CT and MR imaging (46) (Table 5). Both
techniques sequentially demonstrate passage of
a bolus of contrast medium through a region of
interest and allow quantification of the profile of
tissue enhancement (Fig 7) (Movie E1 [online]).
Dynamic CT techniques yield information based
predominantly on the first pass of contrast mate-
rial (absolute perfusion, blood volume). The most
commonly used MR imaging technique (T'1-

Parametric maps

Garcia Figueiras et al 2069

Figure 7. Overview of perfusion CT. Dur-
ing the image acquisition, the CT scanner
measures the attenuation in a unit of volume
versus time (ie, time-attenuation curve). The
attenuation is directly proportional to the
quantity of contrast agent present within the
unit of volume. Software analysis uses a kinetic
model to calculate the distribution of the con-
trast agent in the intravascular compartment
and in the interstitial space, defining the para-
metric maps that characterize the perfusion in
the tumor. HU = Hounsfield unit.

weighted DCE imaging) may sample a volume of
interest over a longer time and yields parameters
that reflect microvessel perfusion, permeability,
and extracellular leakage space.

In addition, dynamic MR imaging acquisitions
allow calculation of semiquantitative parameters
such as the initial area under the gadolinium
curve or, by applying pharmacokinetic modeling,
calculation of quantitative parameters such as the
transfer constant (K™™) and extravascular leakage
space (v,). CT techniques generate quantitative
parameters such as relative blood volume, rela-
tive blood flow, and mean transit time. Although
functional CT and MR imaging techniques have
different physiologic bases, both types of param-
eters have been correlated with biologic surrogate
markers of angiogenesis such as VEGF levels,
tumor perfusion, and microvessel density (37-46).

Imaging

Evaluation of Tumor Cellularity
Diffusion-weighted MR imaging is an emerging
technique that allows detection and characteriza-
tion of tissues because it incorporates sensitivity
to water content and water movements into the
images that are produced. Diffusion-weighted
imaging reflects the effective thermal displace-
ment of water molecules allowed to migrate for a
given time. In biologic tissues, the movement of
water molecules is restricted because their motion
is influenced and limited by interactions with cell
membranes and macromolecules (47-49). Diffu-
sion-weighted imaging does not expose patients to
ionizing radiation and no injection of isotopes or
any other contrast medium is necessary. Diffusion-
weighted imaging allows better detection and
characterization of tumors than do morphologic
sequences. The basic biologic premise is that
malignant tissues are generally more cellular than
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Figure 8. Rectal cancer in a 58-year-old man. (a) Sagittal diffusion-weighted image obtained with a high
b value (800 sec/mm?) and an inverted gray scale shows a rectal tumor (arrow). (b) Fused image super-
imposing a sagittal T2-weighted MR image and a color-coded map derived from a high b value diffusion-
weighted image clearly shows the rectal carcinoma (arrows).

Figure 9. Prostate cancer in a 72-year-
old man. Color-coded ADC parametric
map (blue = low ADC values) shows a
tumor (arrows) with low ADC values in the
anterior part of the prostate gland.

benign or normal tissues; therefore, water diffusion
is impeded more in tumors (Fig 8).

The main diffusion-weighted imaging de-
rived parameter, the ADC, has been correlated
with important histologic properties, including
the tumor proliferation index, tumor grade, the
presence of necrosis, and tumor cell apoptosis
(26,47-49). In addition, the information ob-
tained with diffusion imaging can be quantified
and displayed as parametric maps (functional
diffusion map or ADC parametric response
map) (50), thus enabling the spatial heterogene-
ity of tissues or tumors to be analyzed before
and in response to treatment (Figs 9, 10). New
fusion techniques and sophisticated software
permit robust qualitative evaluation of diffusion-

Hislograma 5: 780

Figure 10. Rectal cancer. Axial diffusion-weighted
image and ADC parametric map show a region of
interest with a mean ADC value of 0.78 X 10 mm?/
sec. The ADC map histogram is a better representa-
tion of intratumor heterogeneity within pixels that
have an ADC value of 1.0 x 10> mm?/sec, while oth-
ers have an ADC value of 0.6 X 10 mm?/sec. max =
maximum, 77 = minimum.

weighted imaging data (Movie E2 [online]) and
quantitative analysis of ADC changes induced by
therapy (Figs 11, 12) and calculation of the rela-
tive tumor volume. The drug effects most likely
to be detected with diffusion-weighted imaging
are those likely to alter the microenvironmental
architecture (ie, apoptosis and angiolysis) (47).
As a general rule, any therapy that causes
necrosis or cellular lysis will lead to increases in
water diffusion in the extracellular space, with
lowering of signal intensity on high b value im-
ages and corresponding increases in ADC values.
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Figure 11. ADC changes after therapy. Cancer treatment induces cell death by
apoptosis, necrosis, and cell lysis, which lead to an increase in the mobility of water
in the tissue microenvironment. This increase in water diffusion translates to an in-
crease in the measured tissue ADC (7). In some scenarios, there may be an initial
increase in ADC with a subsequent decrease that dips below the anticipated nor-
mal range (2).This ADC reduction may be attributed to fibrosis or inflammatory
response. However, tumor growth or disease progression can lead to further ADC
reduction (3). In addition, antihormonal therapy in prostate cancer and antiangio-
genic therapy may not cause an initial increase in ADC values.
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Figure 12. Multiple myeloma: bone lesion. Biologic interpretation of combined
ADC histograms from all segmented voxels before (blue) and after (yellow)
therapy with lenalidomide and dexamethasone. Histograms show an increase in
ADC values with a greater proportion of pixels having ADC values greater than
pretherapy values. A portion of the voxels (1) show a decrease in the ADC value;
these may represent normal bone marrow after therapy. (2) = less cellular voxels in
the tumor after therapy; (3) = voxels with the highest ADC values (2.5-3.0 X 1073
mm?/sec), representing necrotic areas.

Garcia Figueiras et al
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Figure 13. Rectal cancer in a 51-year-
old man. Axial PET image obtained
after neoadjuvant chemotherapy and
radiation therapy shows a persistent
high metabolic focus (arrow) in the
rectal area (SUV___ = 5.4). Pathologic
analysis of the specimen demonstrated a
pT3N2 tumor.

radiographics.rsna.org

a.

b.

Figure 14. MR spectroscopy of prostate cancer. (a) Spectrum from the voxel of interest, obtained with 'H
MR spectroscopy before therapy, shows a markedly elevated choline level (white arrow) that is almost equal
to the citrate peak (red arrow). (b) Image from MR spectroscopy, obtained 3 months after hormonal therapy,
shows a reduction in the choline peak (arrow). The reduction continued with increasing duration of hormone

deprivation therapy.

However, it is important to consider tissue-
specific responses and therapy-specific effects
because there are differences in the way that
diffusion-weighted imaging appearances change
in response to treatment between soft-tissue tu-
mors and bone metastases. When one is consider-
ing therapy effects on tumors, there appear to be
differences in diffusion-weighted imaging find-
ings between different therapies. For example,
VDASs seem to work better in tumors with higher
ADC values, but in general therapies seem to
work better in more cellular tumors with lower
ADC values (26,49).

Another important feature is that ADC
measurements appear to be highly reproducible.
Koh et al (51) evaluated measurement repro-
ducibility of the median ADC total (calculated
by using all b values) in a clinical trial. The
coefficient of variance for ADC measurement
in the body was approximately 7%; ADC total
showed good measurement reproducibility, with

a coefficient of repeatability expressed as a per-
centage of baseline average of 13.3. This means
that there can be some confidence in use of the
technique to detect a significant drug effect,
although it may cause a relatively small percent-
age increase in ADC values. For example, Sun
et al (52) evaluated patients with different types
of tumors and showed that significant differ-
ences were seen in the percentage ADC changes
between responding and nonresponding tumors
(F=21.62, P<.001).

Imaging Evaluation

of Tumor Metabolism
The tumor microenvironment depends on dif-
ferent features including tumor vasculature and
tumor cell metabolism. These features cause
spatial and temporal heterogeneity in different
tumor features such as oxygenation, pH, and
glucose concentration (53). Two main imaging
techniques allow study of tumor metabolism in
vivo: PET and MR spectroscopy.
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Table 6
Radiotracers Used in PET

Uptake Mechanism

Indications

Radiotracer
Oxygen 15-water Perfusion
Copper 60—diacetyl-bis(N4- Hypoxia

methylthiosemicarbazone)
Carbon 11-acetate
18F-fluoromisonidazole Hypoxia
I8F—fluoroazomycin arabinoside
18F-fluoride
I8F-fluorotamoxifen
18F—fluor-17-estradiol
1C- or '"®F-acetate
1C- or 8F-choline

8F-fluorodopa

Hypoxia

BF—fluoro annexin V Apoptosis

Synthesis of fatty acids

Formation of fluoroapatite
Estrogen metabolism
Estrogen metabolism
Synthesis of fatty acids
Phospholipid synthesis
Metabolism of amino acids

Tumoral perfusion
High sensitivity to hypoxia

Genitourinary and brain imaging
Imaging of the prostate and cervix
Hypoxic tumors

Bone metastases

Breast imaging

Breast imaging

Prostate imaging

Prostate imaging
Neuroectodermal tumors

Tumor follow-up

Positron Emission Tomography

PET allows assessment of tissue metabolism by
using radiolabeled molecules to image biologic
processes in vivo. FDG is the most widely used
radiotracer in PET. Increased glucose utilization
in tumor cells is a well-known key cancer hall-
mark and has been attributed to tumor charac-
teristics such as overexpression of membrane
glucose transporters, increased hexokinase 2
activity, and decreased levels of glucose-6-phos-
phatase (54). FDG PET allows visualization
and quantification of FDG uptake and provides
a reproducible quantitative parameter of tumor
glucose metabolism, the SUV (Fig 13) (Movie
E3 [online]), which represents the uptake in a
tumor region of interest and is based on a ratio
between tracer uptake and homogeneous distri-
bution of the tracer within the patient.

Response assessment with FDG PET can
vary drastically because of a number of factors
unrelated to tumor response, such as blood glu-
cose level of the patient, change in body weight
and tumor size during therapy, dose of radio-
tracer injected, scanner, image reconstruction al-
gorithm, and region-of-interest selection. Unfor-
tunately, there are no generally accepted criteria
for a metabolic response in FDG PET studies,
although different classifications have been pro-
posed (Table 3), such as the European Organiza-
tion for Research and Treatment of Cancer PET
response criteria or the PET Response Criteria in
Solid Tumors, which are based on the magnitude
of the change in SUV relative to baseline (55,56).
There is an increasing trend to use PET for treat-
ment selection, response monitoring early after
the start of treatment, and prediction of outcome
for tumors treated with NODs (31).

FDG is not a target-specific PET tracer, and
emerging new PET radiotracers may offer a clear
opportunity to improve the study of many bio-
logic features (Table 6) of great interest in tumor
evaluation, such as proliferation (by using FL'T
PET), hypoxia (by using '*F-fluoromisonidazole or
0Cu—diacetyl-di-N4-methylthiosemicarbazone),
or apoptosis (by using '*F—fluoro annexinV). In
addition, PET may allow evaluation of the expres-
sion-activity status of key tumor growth factor
receptors (EGFR- or VEGFR-targeted bioprobes),
which may facilitate patient selection and treat-
ment monitoring with NODs (57,58).

MR Spectroscopy
MR spectroscopy analyzes the relative amount of
chemical components within biologic tissues, al-
lowing assessment of the molecular composition
of tissues. Results are then displayed on a spec-
trum, which shows a series of peaks correspond-
ing to different metabolites. Interpretation of MR
spectroscopic results is based on checking the
elevation of certain metabolites, such as choline,
or the absence or decrease of normal metabolites
that must be present in normal tissues (eg, citrate
in the prostate gland or N-acetyl aspartate in the
brain) (59,60) (Fig 14).

The most commonly used element is 'H owing
to its natural abundance in living organisms. 'H
MR spectroscopy allows study of phospholipid or
glucose metabolism and cellular bioenergetics, but
the main clinical use of MR spectroscopy is fo-
cused primarily on phospholipid metabolism that
is associated with membrane turnover (59-61).
High levels of choline, phosphomonoesters, and
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phosphodiesters (breakdown products of cell
membrane components) are characteristic meta-
bolic features of cancer.

Imaging Evaluation

of Tumor Proliferation
FLT is a thymidine analog that follows the
salvage pathway of DNA synthesis but is not
incorporated into the DNA molecule. Intracel-
lular trapping of FLT is increased in malignant
cells and correlated with cellular proliferation
(57,58) and may be a more specific tracer for
malignancy than FDG, since FLT PET does not
show uptake in inflammatory tissues and benign
tumors.

Diffusion-weighted MR imaging as a measure
of cell density was discussed earlier, but a possi-
ble correlation between ADC values and prolifer-
ation index has been noted in some tumors (62).

Imaging Evaluation of Hypoxia
Tumor hypoxia is also an attractive therapeutic tar-
get (63), although hypoxia imaging is a challenge
in daily practice. F-fluoromisonidazole, *°Cu—di-
acetyl-di-N4-methylthiosemicarbazone, and blood
oxygen level-dependent MR imaging may be the
leading noninvasive imaging techniques for study-
ing tumor hypoxia (7,8). Blood oxygen level-de-
pendent MR imaging exploits the increase in the
transverse relaxation rate (R2¥) of water caused by
the paramagnetic effect of endogenous deoxyhe-
moglobin present in areas of hypoxia.

Garcia Figueiras et al 2075

Figure 15. Diffuse
metastatic disease
from renal cancer in
a 58-year-old woman.
Axial CT images,
blood flow parametric
maps, and time-
attenuation curves,
obtained before (a)
and 10 days after (b)
therapy with suni-
tinib (an anti-VEGF
drug), show a partial
response. There is dis-
appearance of some
metastatic foci (black
arrows in a), necrotic
changes in some,
change in enhance-
ment curve (white
arrow), and blood
flow decrease of 95%
in the tumor (median
blood flow, 256 vs 22
ml/min/100 mL).

Assessment of

NODs with Imaging
The use of imatinib in cKI'T-expressing GIST's
represents an example of personalizing molecularly
targeted therapies based on biomarkers. However,
different target therapies, such as EGFR agents
and antiangiogenic agents, have mostly been used
in unselected patient groups, and no key imaging
biomarkers that predict or reflect the efficacy of
these agents have been validated in clinical prac-
tice. Nevertheless, potential imaging biomarkers,
such as in functional imaging for antiangiogenesis
therapy, have been identified and others are under
evaluation or in development.

Antiangiogenic and

Antivascular Therapies

Quantitative CT and MR imaging kinetic param-
eters can provide insights into underlying tissue
pathophysiologic processes and also allow predic-
tion of response or monitoring of the effects of

a variety of treatments (64). A number of stud-
ies have reported on use of these techniques for
monitoring the effects of antiangiogenic or vas-
cular disruptive treatments (Table 7). The effects
of antiangiogenic drugs and VDAs on DCE MR
imaging kinetic vascular parameters have been
found to be similar, with the dominant effect of
successful therapy being reductions in blood flow
and permeability (Fig 15).
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Figure 16. Mechanisms

of action of antiangiogenic
therapy versus VDAs. Anti-
angiogenic therapies initially
improve both the structure and
function of tumor vessels. Dur-
ing this normalization window,
cancer cells may be more vul-
nerable to traditional cytotoxic
therapies and novel targeted
therapies.

The timing of the onset and duration of vascu-
lar changes enables the effects of antiangiogenic
drugs and VDAs to be distinguished at imaging.
Imaging studies of antiangiogenic drugs show
that antivascular effects are not immediate, aris-
ing at least 1-2 days after drug administration.
In contrast, VDAs cause rapid shutdown of the
vasculature within minutes to hours of adminis-
tration, with reversibility of the effects being vis-
ible in the short term (usually seen within 24-48
hours) (40,41,65).

Anti-VEGF agents can prune tumor vessels,
thus Kkilling a fraction of cancer cells, and can
reduce the number of blood-circulating endo-
thelial cells and progenitor cells. In addition,
anti-VEGF agents can decrease tumor vessel
permeability and interstitial fluid pressure in a
process of normalization of the structure and
function of tumor vasculature that can im-
prove oxygenation and perfusion, favoring drug
delivery (66,67) (Fig 16). However, in glio-
mas, normalization of the vascular bed involves
restoration of the blood-brain barrier, thereby
hampering instead of enhancing the delivery of
therapeutic compounds to tumor cells (68,69)

11 Permeability
. 1 Blood flow and blood volume
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(Fig 17). Regardless of the mechanisms in-
volved, monotherapy with bevacizumab is not
curative because it cannot kill all cancer cells;
in the longer term, it leads to a vasculature that
is inefficient for drug delivery and to tumor
relapse by means of alternative pathways for
neovascularization.

Finally, there is a need to establish clear thresh-
olds for a significant response when using quanti-
tative DCE MR imaging or perfusion CT kinetic
parameters for assessment of therapy response.

It is widely recognized that reductions in K" of
30%-50% probably represent a significant change
in cases of extracranial malignancies where a
therapy-induced change can be inferred (66). For
example, Ng et al (70) reported that the rate of
reproducibility of DCE MR imaging parameters
is in the range of 10%—-20% and is influenced by
lesion location, with the parameters being signifi-
cantly more reproducible in the liver than in the
lung. Goh et al (71) demonstrated that perfusion
CT parameters showed low interobserver varia-
tion. In addition, changes in dynamic MR imag-
ing and CT-based perfusion parameters such as
K, blood flow, blood volume, or permeability
have been shown to occur after treatment with
bevacizumab or anti-VEGFR tyrosine kinase
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Figure 17. High-grade glioma in a 40-year-old man treated with anti-VEGF antibody therapy. (a, b) Contrast-en-
hanced T1-weighted MR images and ADC maps, obtained after 14 days (a) and 12 weeks (b) of bevacizumab therapy,
show marked reduction of the rim of contrast enhancement (arrows in a), indicating that capillary permeability has
been reduced due to vascular normalization. However, values on the ADC map have not increased, indicating absence
of significant killing of tumor cells. (¢, d) T2-weighted MR images and MR spectroscopic images, obtained after 14
days (c) and 12 weeks (d) of bevacizumab therapy, show that the tumor has increased in size and thickness by growing
into the area of necrosis (large arrow). The MR spectrum (obtained from the black square on the T2-weighted image)
remains unchanged, indicating that there has been no cell death. The large choline peak correlates with hypercellularity,
the reduced N-acetyl aspartate (NAA) peak (arrowhead) indicates that neurons have been destroyed or displaced, and
the inverted lactate peak (small arrow) is indicative of anaerobic glycolysis.

receptor inhibitors in different type of tumors.
Changes in these parameters are greater than the
level of reproducibility, thus potentially enabling
these data to be useful for monitoring antiangio-
genesis therapy and associated with improved
progression-free survival and overall survival (72).
Diffusion-weighted MR imaging allows evalu-
ation of antiangiogenesis therapy directed to the
VEGTF pathway. These agents cause reductions in
tumor ADC values that coincide with reductions
in contrast enhancement (Fig 17a, 17b). The prin-
cipal explanation appears to be reduction of the
lesion extravascular-extracellular space secondary
to vascular normalization and lowering of vascular
permeability. These reductions in ADC values are
not always marked with antiangiogenesis therapy.
Indeed, increased ADC is observed if there is sig-

nificant tumor necrosis caused by the treatment.
Similar findings of an increase in ADC values have
also been noted with VDAs, which usually induce
massive necrosis within tumor centers (26,73,74).

With MR spectroscopy, evaluation of response
to anti-VEGF or anti-VEGFR therapy does not
demonstrate significant changes in metabolites
after bevacizumab therapy of brain tumors (75)
(Fig 17¢, 17d).

PET has also been used to evaluate drugs that
interfere with the VEGFR or PDGF receptor
pathways. Use of bevacizumab or sorafenib as
well as a combination of these agents in several
types of solid tumors usually showed no changes
at FDG PET (76); however, published data seem
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Figure 18. Lung adenocarcinoma with a
mutation in exon 21 of EGFR in a 55-year-
old woman with no history of smoking. PET
images obtained before (a) and after (b)
erlotinib anti-EGFR therapy show a partial
response, with decreases in the size of the
tumor (arrow in a) and in SUV__ (18.3 be-
fore therapy vs 10.2 after therapy).

to be contradictory between different series. A
possible explanation could be that changes in
perfusion may interfere with FDG extraction in
tissues or tumors. Antiangiogenesis therapy may
cause decreases in perfusion attributable to vas-
cular pruning in the tumor or increases attribut-
able to reduced interstitial pressure and vascular
normalization. However, use of dynamic FDG
studies with quantitative analysis and kinetic
modeling may overcome this limitation (31).
Another study suggests that FDG PET or FLT
PET may not be suitable for evaluation of early
markers of response to antiangiogenic agents
and mTOR inhibitors in which antiangiogenic or
vascular effects predominate because the method
could produce false-negative results (77).

Anti-EGFR and Anti-HER2 Drugs
There is only limited experience with evaluation
of anti-EGFR and anti-HER2 drugs with func-
tional imaging. Published data suggest that FDG
PET may allow early and quantitative assessment
of therapeutic efficacy, thus supporting its in-
corporation into clinical testing of these targeted
cancer drugs (31,54,57,58) (Fig 18). In patients
with non—small cell lung cancer treated with
erlotinib or gefitinib, an FDG PET study dem-
onstrated increases in glucose metabolism after
discontinuation of therapy, followed by decreases
in SUV__ with reintroduction of erlotinib or
gefitinib therapy (78).

However, PET may open new perspectives
with use of new radiotracers such as FLT that
may improve detection of early tumor response

radiographics.rsna.org
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to EGFR inhibitors (79) or with development of
EGFR-targeted radiotracers to improve patient
selection and treatment monitoring (80). For
example, FLT PET was found to allow predic-
tion of response to EGFR inhibitors and patient
outcome (positive and negative predictive values
0f 92.9%); a reduction in SUV___of greater
than 10.4% 7 days after gefitinib therapy was
predictive of a RECIST response at CT 6 weeks
after therapy (81). In that study, the percentage
changes in SUV__ were significantly different
between responders and nonresponders (—36.0%
+154vs10.1% * 19.5, P<.001).

Evaluation of EGFR inhibitors with perfu-
sion techniques has been limited. In patients with
nasopharyngeal cancer treated with combined
therapy including cetuximab, DCE MR imaging
did not show a significant change in quantitative
parameters (4,82) (Fig 19). In contrast, DCE CT
in patients with non—small cell lung cancer dem-
onstrated a significant decrease in tumor blood
flow after sorafenib and erlotinib therapy; early
changes in tumor blood flow correlated with an
objective response, and patients with a decrease in
tumor perfusion greater than the median at week
6 tended to have a longer progression-free survival
(7.1 months vs 5.7 months, P = .06) (83).

To our knowledge, there are no published
articles on evaluation of anti-EGFR and anti-
HER2 agents with diffusion-weighted MR
imaging. However, it seems rationale to expect
increases in ADC values with successful antipro-
liferative drug therapy.

Finally, increased understanding of the me-
chanics of the EGFR pathway has revealed that
the efficacy of these medications seems to corre-
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late with the presence of mutations in the EGFR
gene (84) (Fig 20) (Movie E4 [online]). It is now
widely accepted that specific activating muta-
tions in EGFR allow prediction of the response
of non—small cell lung cancer to these NODs.
Similar findings have been demonstrated in cases
of colorectal cancer and mutations in KRAS

(a tyrosine kinase of the pathways activated by
EGFR signaling). Recent data suggest that both
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Figure 19. Invasive ductal carcinoma
in a 56-year-old woman. (a) Prether-
apy images. Top left: Mammogram
shows a 5-cm mass. Top center, top
right: Color-coded contrast material
uptake parametric map (top center)
and maximum intensity projection
(MIP) image (top right) from DCE
MR imaging show the enhancing
mass. Bottom left: Enhancement
curve for the mass shows a type III
curve, which is suspicious for ma-
lignancy. Bottom center: ADC map
shows a mean ADC of 0.9 X 107
mm?/sec in the mass (arrow). Bottom
right: Image from MR spectroscopy
shows a marked choline peak (ar-
row). (b) Images obtained after che-
motherapy and anti-HER?2 therapy
with trastuzumab. Top left: Mam-
mogram shows the residual mass.
Top center, top right: Color-coded
contrast material uptake parametric
map (top center) and MIP image
(top right) from DCE MR imaging
show changes in dynamic enhance-
ment that are mainly secondary to
conventional chemotherapy. Bottom
left: Enhancement curve shows pro-
gressive enhancement, which is non-
suspicious for malignancy. Bottom
center: ADC map shows a high ADC
value of 2.6 X 10~ mm?/sec (arrow).
Bottom right: Image from MR spec-
troscopy shows a decreased choline
peak (arrow). Tumorectomy revealed
fibrosis without tumor cells.

cetuximab and panitumumab are effective only in
the treatment of colorectal cancer with a wild-
type KRAS gene; patients with tumors harboring
mutations in KRAS are resistant to these two
EGFR inhibitors. All of these features clearly
illustrate the increasing importance of molecular
biology in selection of cancer treatments.
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Figure 20. Lung adenocarcinoma with a deletion in exon 19 of EGFR in a 65-year-old
woman with no history of smoking. (a) Pretherapy axial CT image shows tumoral consolida-
tion in the right lung. (b) Axial CT image obtained after erlotinib anti-EGFR therapy shows
almost complete disappearance of the consolidation. Seventy-five percent of tumors that
respond to EGFR-targeted tyrosine kinase receptor inhibitors contain an activating EGFR
mutation. EGFR mutations are found in lung cancers (mainly adenocarcinomas) arising
in nonsmokers and are more frequent in the Asian population and in women.

Figure 21. Liver metastasis from renal cancer after treatment with the anti-mTOR drug
temsirolimus. Axial CT image (left) and parametric maps of blood volume (center) and
blood flow (right) show low perfusion parameters in the metastasis.

Inhibitors of the

PI3K/Akt/mTOR Pathway

Many clinical observations support targeting the
downstream signaling PI3K/Akt/mTOR pathway
in human cancer (16). This pathway is a con-
vergence point for many growth stimuli (Fig 1)
and, through its downstream substrates, controls
cellular processes that contribute to the initiation
and maintenance of key tumor processes, includ-
ing tumor proliferation and metabolism. The
main PI3K/Akt/mTOR pathway inhibitors are
rapamycin and its analogs (everolimus and tem-

sirolimus), which target a distal pathway compo-
nent, mTOR. Activation of mTOR in response to
growth, nutrient, and energy signals leads to an
increase in protein synthesis, which is required
for tumor development.

PET studies show decreases in metabolic activ-
ity and tumor proliferation with mTOR inhibi-
tors, but it is not clear that an early PET response
correlates with a clinical response to these drugs
(77,85,86). mTOR signaling is critical in the
development of many tumors, including renal cell
carcinoma, in which mTOR plays a specific role
in the angiogenesis pathways that are frequently
upregulated via HIF. To our knowledge, no clinical
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studies have used DCE CT or DCE MR imag-
ing to measure response to anti-PI3K/Akt/mTOR
therapy; however, preclinical DCE MR imaging
studies have shown slightly reduced tumor blood
volume after 2—7 days of treatment (87) (Fig 21).

NODs Targeting the cKIT Pathway

NODs targeting the cKIT pathway have mainly
focused on GISTs treated with imatinib. No
other targeted agent has generated as much
interest in response monitoring with FDG PET
(Fig 22) (Movie E5 [online]). Many studies have
found that FDG PET shows a dramatic decrease
in glucose metabolism.

Criteria for therapeutic response assessment
have also been established for FDG PET. The Eu-
ropean Organization for Research and Treatment
of Cancer has defined guidelines for use of FDG
PET in GISTs. These guidelines state that a 25%
reduction in SUV__should be considered the
threshold for definition of a partial response (56).
This finding can be observed as early as 24 hours
after the start of treatment, and an early decrease
in SUV__ after commencement of treatment is
associated with longer progression-free survival
(92% vs 12% at 1 year, P=.00107) (88).

Garcia Figueiras et al 2081

Figure 22. GISTs in a 53-year-old
woman. (a) Pretherapy coronal MIP PET
image obtained with 374 MBq of FDG
shows multiple GISTs (arrows). (b) PET
image obtained with 400 MBq of FDG 72
hours after therapy with imatinib mesylate
shows an early partial response with a de-
crease in tumor uptake (arrow).

Diffusion-weighted MR imaging may rep-
resent a useful predictive biomarker in GISTs
treated with imatinib mesylate. In a recent study,
a low pretherapy ADC and marked ADC in-
crease 1 week after therapy were associated with
a good response. Tang et al (89) reported an early
and statistically significant (P < .001) increase in
ADC in patients with a good response (median
ADC increase, 44.8%) but not in patients with a
poor response (median ADC increase, 1.5%).

Hormonal Therapy

Hormonal therapy is a powerful therapeutic op-
tion in hormone receptor—positive breast cancer
and prostate cancer. Steroid hormones are drivers
of gene expression in certain cancer cells; chang-
ing the levels or activity of hormones can cause
certain cancers to cease growing or even undergo
cell death. Androgen deprivation shows antivas-
cular effects in prostate cancer, with reductions
in tumor blood volume and blood flow within the
1st month; changes in DCE MR imaging param-
eters can also be seen (90).
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Figure 23. Multifocal prostate cancer in a 68-year-old man. (a) ADC maps obtained before
hormonal therapy show extensive areas of low ADC (mean, 0.8 X 10> mm?/sec) (arrows).
(b) ADC maps obtained 3 months after hormonal therapy show increased ADC values
(mean, 1.25 X 10> mm?/sec) in the areas of low ADC in a. This is not the usual response
to hormonal therapy in prostate cancer. In general, hormonal therapy does not change ADC

values in prostate cancer.

Initial data from diffusion-weighted MR imag-
ing of patients with prostate cancer treated with
hormonal therapy suggest a minimum change in
prostate ADC values, although there is limited
experience in this field and further studies are
necessary (91) (Fig 23). 'H MR spectroscopy of
patients with prostate cancer treated with hor-
monal therapy demonstrates reductions in citrate
peaks in the tumor and normal peripheral zone,
a finding consistent with glandular atrophy, as
well as slower loss of choline and creatine with
increasing duration of hormone deprivation
therapy (92) (Fig 14). In this setting, persistent
elevation of choline levels can indicate ongoing
active disease in the prostate gland.

FDG PET shows only limited value in evaluat-
ing response in prostate cancer, whereas tamoxifen
and aromatase inhibitors produced an increase in

tumor FDG uptake early after treatment in some
patients with breast cancer. This increase in FDG
uptake after therapy is the so-called metabolic flare
and reflects a hormone-induced change in tumor
metabolism. This phenomenon has been corre-
lated with positive tumor response to hormonal
therapy in breast cancer. Dehdashti et al (93)
noted a higher tumor SUV in responders (SUV =
3.5 £ 2.5) than in nonresponders (SUV = 2.1 *
1.8) (P =.0049) and longer overall survival in
patients with metabolic flare (P = .0062).
Whole-body diffusion-weighted MR imag-
ing also appears to be useful for monitoring the
effect of hormonal therapy in breast cancer and
prostate cancer (Fig 24). Successful treatment re-
sulting in substantial cell killing appears to lower
signal intensity on high b value images, while
disease progression appears as new areas of ab-
normal signal intensity or changes in the extent,
symmetry, and intensity of abnormalities (26).
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Aromatase inhibitors also cause bone marrow
atrophy, which is observable with whole-body
diffusion-weighted imaging.

New Therapeutic Agents

Currently, the capabilities of functional and mo-
lecular imaging include the ability to image gene
expression, receptors, signaling pathways, apopto-
sis, the extracellular matrix, and hypoxia (94). On
this basis, many other new therapeutic agents are
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Figure 24. Treatment re-
sponse of metastases at MR
imaging. Sagittal T1-weighted
(left) and T2-weighted (center)
turbo spin-echo MR images
and whole-body diffusion-
weighted MR images with an
inverted gray scale (b = 800 sec/
mm?) (right) show metastases
before (a) and after (b) hor-
monal therapy with an aroma-
tase inhibitor. The conventional
MR images show no significant
change after therapy, while the
diffusion-weighted images show
death of metastatic cells after
hormonal therapy.

under development, including HIF-1a inhibitors,
matrix metalloprotease inhibitors, and integrin
avb3 inhibitors. Among these, antihypoxia drugs
may represent the most attractive future target,
with hypoxia-specific cytotoxins appearing as the
most promising hypoxia-directed agents (8,63).
However, there are limited data on imaging evalu-
ation of these agents in clinical practice (95).
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Figure 25. Bone
metastases from renal
cancer in a 63-year-
old woman. Axial

CT images (left) and
parametric maps of
blood flow (center)
and blood volume
(right), obtained be-
fore (a) and 15 days
after (b) therapy with
the anti-VEGF drug
sunitinib, show no
change in lesion size
(blue circles, purple
ovals). The parametric
maps show a 40% de-
crease in blood flow
and 60% decrease in
blood volume, but a
significant decrease in
perfusion parameters
that may show a cor-
relation with clinical
end points (time to
progression, disease-
free survival) has not
been established. Fu-
ture standardization
of data acquisition
and response criteria
is required.

Future Chal-
lenges and Opportunities

Biomarkers are characteristics that may be mea-
sured objectively as indicators of normal biologic
processes, pathologic changes, or pharmaceu-
tical responses to a therapeutic intervention.
Anatomic, functional, or molecular parameters
detected with imaging may function as tumor
response biomarkers (96). In addition, quantita-
tive imaging biomarkers may be of assistance in
drug development. In this last setting, they allow
identification of therapeutic targets, guidance of
dose and scheduling, and demonstration of proof
of concept, proof of mechanism, and drug ef-
ficacy; they can also be early surrogate end points
of benefit (97,98). However, there are several
challenges that imaging needs to overcome before
being used for evaluation of response biomarkers.

First, cancers are complex ecosystems that
are characterized by profound spatial and tem-
poral heterogeneity. An emerging concept states
that tumors with the most heterogeneity are
more readily adaptable to perturbations, such as
chemotherapy, and thus have the worst prognosis
(67). Tumor heterogeneity is a major feature of
tumor resistance. Imaging techniques should be
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Figure 26. Functional and molecular imaging may
demonstrate an early tumor response in advance of
anatomic changes (decrease in size).

able to represent the functional, anatomic, and
pathophysiologic features of tumor heterogeneity.
Second, tumor response is often differential
throughout the neoplasm. Functional imaging
techniques are increasingly used to provide in vivo
assessment of tumor features. However, if the eval-
uation is of a limited volume, the results may be
unrepresentative of the tumor burden. Whole-body
techniques may compensate for spatial variability
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Figure 27. Metastatic renal cancer. MIP images (top) and parametric maps of blood flow (bottom), obtained
before (a) and 15 days after (b) therapy with sorafenib, show decreased blood flow in the tumor (arrow in a) after
therapy. This feature was predictive of treatment response in renal tumors treated with the multikinase VEGFR
inhibitors sorafenib and sunitinib.

and potentially improve reproducibility. Whole-
body imaging (eg, whole-body PET or whole-body
MR imaging) allows analysis of multiple lesions
and represents a viable solution to the problem of
differential response (Movie E6 [online]).

Third, quantitative parameters need to be
robust and repeatable across different platforms,
and data acquisition and analysis methods need
to be standardized. A major challenge to wide-
spread implementation of functional and molecu-
lar imaging techniques for evaluation of response
biomarkers to cancer therapies is the lack of stan-
dard approaches to data collection and analysis.
In addition, to enable use of quantitative imaging
parameters for evaluation of therapy response,
assessments of measurement error are needed.
Estimates of measurement errors allow one to
decide whether changes in imaging parameters
are real and significant (Fig 25).

For example, initial data suggest that the
reproducibility of the mean or median change in
tumor ADC is likely to be somewhere in the range

of 10%—-20% in extracranial applications (26).
Summary parameters such as mean and median
values oversimplify data and may mask critical
information about tumor heterogeneity. Alterna-
tive methods of data evaluation such as histograms
(Figs 10, 12) are a viable alternative, but parametric
response maps (a novel method of image analy-
sis that uses a voxel-by-voxel approach) seem to
represent the most useful method of analysis. They
allow separate analysis of tumor subregions and
can be applied to various functional imaging tech-
niques such as perfusion or ADC maps (26,50).
Fourth, imaging must demonstrate an early tu-
mor response (Fig 26). Some of these functional
and molecular imaging techniques allow predic-
tion of the success of therapy before conventional
size measurements demonstrate change (Fig 27)
(99). For this role, the critical question of how to
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Table 8

Timing of Evaluation for Drug Effects according to the Literature

Time Drug Target Imaging Technique

0-6 h Vascular disruptive agent, HIF DCE MR imaging, DCE US, diffusion-weighted MR imaging,
transverse relaxation rate MR imaging

24-48 h  VEGF inhibitor DCE MR imaging, DCE US

24-48 h  EGFR inhibitor FDG PET

1 wk VEGF DCE MR imaging, perfusion CT (transient normalization phe-
nomenon with increasing flow after VEGF therapy)

1 wk PI3K/Akt/mTOR inhibitor FDG PET, perfusion CT

1 wk EGFR FLT PET

Table 9

Relationships between Tumor Hypoxia, Perfusion, and Glucose Metabolism and Their Possible Biologic

Significance

Hypoxia Perfusion Glucose Metabolism Significance

Absent Low Moderate Probable low tumor aggression and low-grade neoplasm

Absent High High Probable constitutive upregulation of angiogenesis and me-

tabolism, possible moderate tumor aggression
Present Low Low Necrosis
Present  Low Moderate Failure of adaptation to hypoxia, probable tumor aggression,
probable moderate treatment resistance
Present  Low High Adaptation to hypoxia, high tumor aggression, treatment

resistance

determine the exact timing of imaging to match
the expected action of the drug must be clarified.
The available data on the optimal time for imag-
ing according to the class of therapeutic agent are
still preliminary (Table 8) (41,49,58).

Fifth, functional and molecular imaging
must play a role in establishing a prognostic for
tumor response. For this role, several published
studies have suggested that in certain tumors,
baseline characteristics such as a high ADC, low
K= or high SUV may represent poor prognos-
tic factors for response to treatment with both
cytotoxic chemotherapy and targeted agents
(26,27,41,55,56,58).

Finally, the limitations of individual tech-
nologies must be minimized. To this end, the
simultaneous use of two or more techniques to
achieve multiplexed or multiparametric imaging
is a promising approach (99-101). Currently, it
appears clear that an adequate understanding

of tumor hallmarks and improved accuracy in
imaging characterization of tumor phenotype
and microenvironment characteristics represent
mandatory elements in evaluating tumor re-
sponse to NODs.

By combining data on tumor perfusion and
vascularity, cellular density and necrosis, tumor
metabolism, and degree of hypoxia together with
the receptor expression for the intended target,
an “imaging phenotype” of the tumor can be
created (Table 9) and one may begin to truly
understand which cellular processes are affected
by therapy in vivo (Fig 28). The multiparametric
approach is being used for depiction of biologic
features, lesion characterization, radiation therapy
planning, and improved understanding of the
biologic effects of therapies.

Multiplexed evaluation uses different strate-
gies such as combination of multiple modalities
(eg, PET and CT or PET and MR imaging) or
collection of multiple signals. (MR imaging may
offer the greatest ability to harness differences

Teaching
Point
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in molecular composition by collecting multiple
signals: for instance, signals from T'1- and T2-
weighted imaging, MR spectroscopy, diffusion-
weighted imaging, and DCE imaging [Fig 19].)
By using this approach, anatomic, molecular,
cellular, and functional imaging data may be
obtained simultaneously.

Discordant results can be biologically mean-
ingful. Thus, the balance between tumor blood
flow and metabolism will be an important indica-
tor of the biologic status of a tumor and thus the
likely progression of the tumor and its response
to treatment (102). Currently, integration of mul-
tidimensional imaging datasets represents a major
challenge. In the future, computer platforms will

Figure 28. Perfusion CT and PET of lung cancer in a 57-year-old
man. (a) Axial CT image (top left), parametric maps of blood vol-
ume (top right) and blood flow (bottom left), and time-attenuation
curve (bottom right [arrow]) show a large lung tumor with very poor
perfusion. (b) PET image shows that the tumor (arrow) has very in-
tense FDG uptake (SUV___ = 26.4) with metastatic involvement of a
mediastinal lymph node (arrowhead). Balance between tumor blood
flow and metabolism will be an important indicator of its biologic
status. This tumor shows an aggressive phenotype with extensive
regional areas of mismatch between vascularity and metabolism.

need to be able to coregister and integrate mul-
tiple data analyses to follow changes in response
to therapy (Fig 29).

However, important efforts in qualification
and standardization need to be achieved be-
fore acceptance of some of these functional and
molecular imaging biomarkers as surrogate end
points. Imaging data must be correlated with
clinical end points, and functional and molecular
imaging techniques must be validated for every
tumor and therapy. In addition, new elements
such as multidrug resistance must be integrated
into imaging evaluation of tumor response (103).
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Figure 29. Fusion PET-MR imaging of a liver metastasis from colorectal cancer in a
56-year-old man. FDG PET image (left), diffusion-weighted MR image (b = 500 sec/mm?)
(center), and fused image produced with fusion software (right) show heterogeneous distribu-
tion of metabolism and cellularity in the tumor. The area of higher FDG uptake (dark area on
PET image, black arrow in fused image) and the area of higher cellular density (bright area on
diffusion-weighted image, white arrow in fused image) are indicative of a mismatch between
metabolism and cellularity. FDG uptake is greatest at the edge of the necrotic central area (i),
a finding possibly related to upregulated glucose transporters (Glut-1) secondary to hypoxic
stress. The area of higher cellular density (white arrow in fused image) demonstrates FDG up-
take similar to that of the normal liver.

Finally, with the use of complex multitargeted
therapies, the anticipated effects on functional
and molecular imaging measurements become
more difficult to predict.

Conclusions

Our understanding of the complexity of cancer
hallmarks and their modification by anticancer
therapy is still rudimentary. We lack an integrated
view and understanding of the overall effects
of targeted therapies on tumor characteristics
such as perfusion, glycolysis, hypoxia, and cel-
lularity. New functional and molecular imaging
techniques offer insight into these tumor hall-
marks, and these imaging features should allow
us to answer questions about drug development
or response evaluation such as assessment and
definition of response, early prediction of clinical
outcome, and identification of therapeutic targets
for selecting patients for a given therapy.

However, most of these techniques are still in
development. Although there is accumulating evi-
dence about the biologic meaning of the various
imaging parameters, there is an imperative need
for rigorous, standardized methodology in both
data acquisition and analysis. The value of these
imaging techniques should be demonstrated
in different situations because the extent and
duration of tumor changes induced by therapy
depend on the type of treatment administered,

lesion location, tumor type, and the timing of
imaging with respect to the treatment.

In the future, by combining existing func-
tional and molecular imaging modalities and
taking new innovations from the bench to the
clinic, the goals of characterization of tumor
hallmarks and the tumor microenvironment,
monitoring of therapy response, and improved
treatment will be achieved.
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Page 2060

Typical hallmarks of tumors include (@) independence from growth signals, (b) insensitivity to growth-
inhibitory signals, (¢) evasion of apoptosis, (d) development of a limitless potential for replication, (e)
development of sustained angiogenesis, and (f) tissue invasion and metastasis.

Page 2060 (Table on page 2061)

In current clinical practice, the main classes of NODs include antiangiogenic drugs, antivascular agents,
drugs interfering with EGFR-HER?2 or KIT receptors, PI3K/Akt/mTOR pathway inhibitors, and hor-
monal therapies, although the latter constitute a specific class of therapies (4) (Table 1).

Page 2065

In addition, anatomic imaging techniques that use size-based criteria may be insensitive to changes
that inform about the overall therapeutic success of cytostatic therapies, since the basic assumption
that changes in tumor size reflect biologic activity is violated.

Page 2066 (Figure on page 2066)

Functional imaging techniques, such as perfusion CT, dynamic susceptibility contrast MR imaging, dy-
namic contrast-enhanced (DCE) MR imaging, or diffusion-weighted MR imaging, provide information
on tissue phenotype or behavior. Molecular imaging techniques, such as PET or MR spectroscopy, allow
evaluation of cellular and molecular processes by measuring the levels or activities of specific macromol-
ecules or metabolic pathways in vivo (Fig 6).

Page 2086 (Table on page 2086. Figure on page 2087)

By combining data on tumor perfusion and vascularity, cellular density and necrosis, tumor metabo-
lism, and degree of hypoxia together with the receptor expression for the intended target, an “imaging
phenotype” of the tumor can be created (Table 9) and one may begin to truly understand which cellular
processes are affected by therapy in vivo (Fig 28).



