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Abstract

Response prediction is an important emerging concept in oncologic imaging, with tailored, individualized treatment
regimens increasingly becoming the standard of care. This review aims to define tumour response and illustrate the
ways in which imaging techniques can demonstrate tumour biological characteristics that provide information on the
likely benefit to be received by treatment. Two imaging approaches are described: identification of therapeutic targets
and depiction of the treatment-resistant phenotype. The former approach is exemplified by the use of radionuclide
imaging to confirm target expression before radionuclide therapy but with angiogenesis imaging and imaging corre-
lates for genetic response predictors also demonstrating potential utility. Techniques to assess the treatment-resistant
phenotype include demonstration of hypoperfusion with dynamic contrast-enhanced computed tomography and
magnetic resonance imaging (MRI), depiction of necrosis with diffusion-weighted MRI, imaging of hypoxia and
tumour adaption to hypoxia, and 99mTc-MIBI imaging of P-glycoprotein mediated drug resistance. To date, introduc-
tion of these techniques into clinical practice has often been constrained by inadequate cross-validation of predictive
criteria and lack of verification against appropriate response end points such as survival. With further refinement,
imaging predictors of response could play an important role in oncology, contributing to individualization of therapy
based on the specific tumour phenotype. This ability to predict tumour response will have implications for improving
efficacy of treatment, cost-effectiveness and omission of futile therapy.
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Principles of response prediction (what
is meant by predicting response?)

Tumour response to therapy is a fundamental concept in
oncology in which imaging plays an important role. An
exact definition of response is difficult to clarify, but has
generally been considered as any beneficial response of
the tumour to a particular therapy[1,2]. However, the
changes that are considered beneficial depend on the
context in which treatment is given. For example, in an
adjuvant context the intended benefit would be prolon-
gation of survival, whereas in a palliative situation simple
relief of symptoms might be considered beneficial.
Table 1 summarizes the intended benefit for a range of
treatment contexts.

The definition of response is further complicated by
the issue of surrogate response markers. These surrogates
enable response to be assessed more readily (e.g.

compared with pathology) or at an earlier time point
than the definitive treatment benefit (e.g. as an alterna-
tive to survival).The appropriate surrogate also depends
on the treatment context as outlined in Table 1. Thus,
Partial Response by Response Evaluation Criteria In
Solid Tumours (RECIST)[3] may be an appropriate sur-
rogate for biological effect of treatment in a phase 2 trial
but does not necessarily provide a surrogate for survival
for which time to progression (TTP) by RECIST is a
validated surrogate. More recently, fundamental limita-
tions of anatomic response criteria such as RECIST
have become apparent. For example, it is increasingly
recognized that change in tumour size after treatment
may not necessarily be linked to prolongation of survival
for targeted therapies. Hence, functional imaging
approaches are becoming increasingly incorporated into
response evaluation[4,5].
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The use of imaging to predict response encompasses
the identification of tumour biological characteristics that
provide information on the likely benefit from treatment.
The above complexities around definitions of response
are therefore equally pertinent to the use of imaging to
predict response. The predicted benefit and/or its surro-
gate must be appropriate to the treatment context. For
example, an imaging method that predicts response by
RECIST might be appropriate for identifying populations
enriched for response in phase 2 trials but, in an adjuvant
setting, it would be necessary for the imaging technique
to predict survival or an appropriate surrogate such as
TTP. The use of imaging to identify patients who are
more or less likely to respond to specific treatments
would enable a more personalized approach to cancer
care. Predictably ineffective treatments could be withheld
or changed to more a more effective option. Deriving
predictive markers from imaging studies performed as
part of routine staging procedures has the benefit of
avoiding the need for additional testing.

Imaging surrogates of response have most commonly
been applied on completion of therapy and are therefore
retrospective markers. More recently, imaging surrogates
for response have been deployed during treatment. This
application of imaging is sometimes referred to as
response prediction in the sense that an early change in
imaging signal may predict either the imaging status on
completion of therapy or the ultimate treatment benefit.
Patients for whom treatment is proving less effective can
potentially be changed to an alternative and hopefully
more beneficial therapeutic regime and avoid any mor-
bidity associated with the current treatment. This situa-
tion can be complicated by uncertainty as to whether the
patient will receive any benefit from completing the cur-
rent treatment before additional therapy or whether an
immediate change in treatment would be optimal.
Randomized trials may be necessary to clarify such
areas of uncertainty. Clearly, if treatment is to be com-
pleted in any case, then response prediction during treat-
ment is pointless.

A range of imaging methods with the potential
to provide earlier response surrogates have been pro-
posed or are under evaluation. Due to its wide avail-
ability, [18F]fluorodeoxyglucose (FDG) has attracted
greatest attention as a potential early response
marker. Prospective studies have shown that early
metabolic tumour response correlates with survival
and/or histopathologic response for lymphoma[6�11]

and oesophageal cancer[12�16]. Early changes in
[18F]fluorothymidine (FLT) avidity on positron emis-
sion tomography (PET) imaging have been evaluated
as a surrogate for response in head and neck[17],
breast[18,19] and rectal cancer[20] with potential roles
in phase 2 drug trials. By reflecting apoptosis,
annexin V scintigraphy is potentially an early surrogate
for response in patients with lung cancer treated
with platinum-based chemotherapy[21] and in patients
with breast cancer receiving chemotherapy[22].
Demonstration of reduced tumour choline content by
magnetic resonance (MR) spectroscopy may also
reflect apoptosis with the potential for providing an
early marker of chemotherapy response in breast
cancer[23,24]. Early signal changes on dynamic con-
trast-enhanced (DCE) MR and diffusion-weighted MR
have also shown promise as a surrogates for response
in a range of tumours[25�28]. However, these latter
studies have not specifically demonstrated an associa-
tion with overall patient survival. The above examples
represent the use of imaging as an early surrogate end
point rather than a predictive biomarker and therefore
these applications are not considered further in this
article.

There are two broad approaches by which imaging
can provide information on the likely benefit from
treatment of cancer: (a) identification of specific thera-
peutic targets and (b) identification of a treatment-resis-
tant phenotype. The former approach predicts response
to specific treatments, whereas the latter is likely to
predict resistance to a broad range of treatment types
(Table 2).

Table 1 Intended treatment benefit and associated imaging surrogate for a range of clinical contexts

Clinical context Intended benefit Imaging surrogate

Phase 2 trial Biological effect on tumour CR/PR by RECIST 1.1
Functional response (e.g. altered metabolism

or perfusion)
Phase 3 trial Prolongation in survival or TTP TTP by RECIST 1.1

CMR (e.g. lymphoma)
Neoadjuvant therapy
(a) Tumour reduction Tumour shrinkage Tumour size
(b) Potentially curative Complete pathologic response CR by RECIST 1.1

Complete metabolic response
Adjuvant/curative therapy (induction/first line) Prolongation in survival TTP by RECIST 1.1

Complete metabolic response
Palliative therapy Improved quality of life

CMR, complete metabolic response by FDG-PET; CR, complete response; PR, partial response; TTP, time to progression.
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Imaging identification of specific
therapeutic targets

Radioisotope therapy

Treatment of cancer with radioisotopes has for a long
time exploited specific tumour targets to increase
tumour uptake of the radioactive compound. However,
these targets may not be consistently expressed on all
tumours. Pretreatment imaging using a diagnostic equiv-
alent of the therapeutic agent can predict response by
confirming sufficient expression of the target. If target
expression is insufficient, an alternative treatment can
be sought.

The most established example of this approach is the
use of diagnostic iodine 123 scintigraphy before radio-
iodine therapy using iodine 131 for inoperable advanced
differentiated thyroid carcinoma[29]. Uptake of iodine in
thyroid cancer across the membrane of follicular cells is
predicated on expression of the sodium/iodide sympor-
ter[30,31]. In order to increase expression levels of the
sodium/iodide symporter, withholding of thyroxine
replacement medication and/or thyroid-stimulating hor-
mone (TSH) stimulation with recombinant human TSH
are used before administration of radioiodine[31].
Diagnostic pretreatment 123I scintigraphy can confirm
sufficient sodium/iodide symporter expression for effec-
tive therapy[32].

Similarly, overexpression of somatostatin receptors on
the cell surface of many neuroendocrine tumours (NETs)
make these tumours a potential target for peptide recep-
tor radionuclide therapy (PRRNT). Functional imaging
using 111In-pentetreotide (Octreoscan) (Fig. 1) or 68Ga-
labelled somatostatin analogues such as DOTATATE
(Fig. 2) or DOTATOC with PET/computed tomography
(CT) is used to assess the somatostatin receptor status of
NETs, in addition to staging the disease[33]. Patients pre-
senting with high tumour somatostatin receptor expres-
sion have significantly better responses to PRRNTs such
as 177Lu-DOTATATE or 90Y-DOTA-TOC[33]. The same
approach is used for [131I]meta-iodobenzylguanidine

(MIBG) therapy of inoperable or metastatic phaeochro-
mocytomas and paragangliomas, for which previous diag-
nostic imaging with [123I]MIBG can be used to predict
response[34].

Anti-angiogenenic therapy

The tumour vasculature has become an important target
for cancer treatment as illustrated by the increasing use
of targeted antiangiogenic treatments such as bevacizu-
mab. Imaging assessment of angiogenesis has the poten-
tial to identify patients most likely to benefit from such
targeted agents.

Integrins, particularly the �vb3 and �vb5 subtypes, are
strongly expressed in the activated endothelial cells of
angiogenic tumour vessels, and bind proteins expressing
arginine-glycine-aspartate (RGD)[35]. A number of RGD-
based PET agents have been developed for imaging,
including [18F]galacto-RGD and [18F]fluciclatide, and
preclinical and clinical trials have been undertaken to
assess their role in tumour response prediction and
patient management[35].

Vascular endothelial growth factor (VEGF) acts on the
VEGF receptor (VEGFR)-2 to stimulate endothelial cell
migration and proliferation, and increases vascular per-
meability, an important pathway for angiogenesis in
cancer[35]. Bevacizumab is a monoclonal antibody
against VEGF used for antiangiogenic therapy.
Radiolabelled VEGF with PET and single photon emis-
sion tomography (SPECT) imaging has been used in
preclinical studies to assess angiogenesis, along with
VEGFR-targeted microbubble ultrasonography contrast
agents, although ongoing work is required for further
development before clinical use[35].

Imaging correlates for genetic markers of
response

Analysis of genetic material derived from tumour biop-
sies is increasingly used to identify likely response to
specific cancer treatments. Most notable examples

Table 2 Summary of imaging identification of treatment targets

Target Imaging modality Treatment

Radioisotope therapy
Na/I symporter 123I 131I
Somatostatin receptor 111In-octreotide PRRNT (e.g. 177Lu-DOTATATE)

68Ga-DOTA PET
Noradrenaline transporter [123I]MIBG [131I]MIBG
Angiogenesis
Integrins 18F-galacto-RGD PET, [18F]fluciclatide Bevacizumab

PRRNT may be developed
VEGF Radiolabelled VEGF Bevacizumab
Imaging correlates for genetic markers
KRAS 68Ga-labelled oligonucleotides Anti-EGFR agents (e.g. Cetuximab, Panitumumab)

Multiparametric imaging

PRRNT, peptide receptor radionuclide therapy.
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include the V-Ki-ras2 Kirsten rat sarcoma viral oncogene
homolog (KRAS) mutation in colorectal cancer, which
predicts resistance to drugs that target the epidermal
growth factor receptor (EGFR)[36], and EGFR-tyrosine
kinase (TK) mutations in non-small cell lung cancer
(NSCLC), which predict response to EGFR-TK targeting
agents such as gefitinib[37]. However, histologic
approaches to assessing tumour genetic status have lim-
itations that create a need for more comprehensive
approaches including correlative imaging techniques.
One limitation of histologic evaluations of gene expres-
sion is heterogeneity of mutational status, which can be
either intratumoural or between tumour sites[38,39].
Failure to determine gene mutational status due to insuf-
ficient biopsy material or poor DNA quality is a further
limitation[40]. Imaging correlates for genetic markers
would potentially provide an adjunct to histologic assess-
ment by enabling simultaneous evaluation of the whole
tumour and multiple tumour sites and by providing an
indication of mutation status when tissue sampling has
failed.

68Ga-labelled oligonucleotides for PET have been pro-
posed as an imaging correlate for KRAS mutations but
have not been evaluated in humans[41]. More recently,
initial clinical studies have suggested potential for multi-
parametric imaging with FDG-PET, perfusion CT and
CT texture analysis (CTTA) to identify KRAS mutations
in human colorectal cancer[42].

Imaging the treatment-resistant
phenotype

An important concept in predicting tumour response is
determining when a neoplasm has pathophysiologic prop-
erties that may make it resistant to therapy. A number of
these parameters can be assessed with modern imaging
techniques, which therefore have the potential to guide
appropriate treatment. The relationships between these
imaging techniques and the biology of treatment resis-
tance are shown in Fig. 3.

Figure 1 111In-Octreotide SPECT/CT of the abdomen reveals octreotide-avid retroperitoneal lymphadenopathy in a
patient with metastatic carcinoid disease.
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Hypoperfusion

Tumour hypoperfusion results in reduced delivery of che-
motherapeutic agents and predisposes to hypoxia. Two
readily available techniques for assessing tumour perfu-
sion are CT perfusion (CTP) and DCE MR.

CTP uses kinetic modelling to assess the temporal
changes in tissue attenuation after the administration of
a bolus of intravenous (IV) radiographic contrast
medium[43]. This technique provides information regard-
ing blood flow (BF), blood volume (BV) and permeabil-
ity of tumour vessels[43]. Malignant tumours
characteristically have increased perfusion and capillary
permeability; a number of studies have suggested that
tumours with a low baseline BF and BV are more likely

to respond poorly to chemotherapy and radiotherapy[43].
Bellomi et al.[44] found that patients with rectal carci-
noma who failed to be downstaged by neoadjuvant che-
motherapy and radiotherapy had a significantly lower
tumour BF and BV compared with responders.
Hermans et al.[45] demonstrated that a low perfusion
value in head and neck cancers correlated with a statis-
tically significant poor clinical disease-free survival after
radiotherapy. CTP has also been studied in patients with
NSCLC; it has been shown that baseline BF is signifi-
cantly lower in patients who fail to respond to chemor-
adiotherapy, assessed by anatomic imaging parameters as
well as progression-free survival and overall survival.
Bisdas et al.[46] found a similar pattern in patients with
oropharyngeal squamous cell carcinoma, with high
tumour perfusion favouring a tumour response to induc-
tion chemotherapy using RECIST criteria. This tech-
nique has also been evaluated for predicting response
to chemoradiation in rectal cancer, as assessed by pre-
and post-treatment imaging (Fig. 4B)[47]. CTP therefore
has a potential role to play in response prediction, with
low perfusion reflecting a treatment-resistant phenotype.

DCE MR involves assessment of changes in T1 signal
intensity over time, using serial T1-weighted imaging after
a bolus injection of a gadolinium-based contrast agent. As
in CTP, these data can be used to assess tumour perfu-
sion and permeability using quantitative and semiquanti-
tative measures. Zahra et al.[48] found that cervical
cancers that had relatively increased perfusion exhibited

Figure 2 68Ga-DOTATATE PET/CT in the same patient as Fig. 1 with metastatic carcinoid disease. Metastatic foci
are present in the liver, retroperitoneal lymph nodes and lumbar vertebral body.

Figure 3 Summary figure of the various contributors to
the treatment-resistant phenotype and the modalities used
to image and assess them.
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greater reductions in radiologic tumour volume after
radiotherapy. These and a number of other studies sug-
gest DCE MR may also play an important role in
response prediction.

Hypoxia

Hypoxia is common in malignant tumours, and occurs
due to various structural and functional abnormalities of
tumour vasculature combined with altered oxygen diffu-
sivity within the neoplasm[49]. The hypoxic environment
within a tumour confers direct resistance to radiation
therapy, but also causes adaptive responses with upregu-
lation of hypoxia-inducible factor-1 (HIF-1), which ulti-
mately causes greater degrees of tumour invasiveness and
resistance to chemotherapy and radiotherapy[50]. A
number of PET agents have recently been developed to
enable non-invasive imaging of hypoxia, including
[18F]fluoromixonidazole (18F-MISO) and 64Cu-diacetyl-
bis(N4-methylthiosemicarbazone) (64Cu-ATSM). The
ability of 18F-MISO PET imaging to predict response as
assessed by RECIST and/or clinical and survival benefits
from treatment has been demonstrated in a number of
tumour types, including oesophageal cancer, NSCLC and
renal cell carcinoma[51�53]. A number of trials have also
shown the potential for 64Cu-ATSM PET hypoxia ima-
ging to predict clinical tumour response to therapy and
survival in patients with NSCLC, rectal cancer and head
and neck carcinoma[54�56].

CTTA is an imaging technique that enables assessment
of tumour heterogeneity. CTTA uses a number of math-
ematical models to evaluate grey-scale intensity and loca-
tion of pixels within an image, producing texture maps
that enable assessment of intratumoural heterogene-
ity[57]. Malignancies are heterogeneous due to spatial
variation in tumour cellularity, neovascularization, extra-
cellular matrix and necrosis[57]. Variations in neovascu-
larity in particular are associated with poorly vascularized
areas resulting in hypoxic voids. CTTA measurements
have been shown to correlate with hypoxia in

NSCLC[58]. Hence, tumours with heterogeneous internal
contents are potentially associated with treatment resis-
tance. A recent clinical study has shown that baseline
CTTA measurements and changes in heterogeneity
after two cycles of targeted therapy may predict TTP in
metastatic renal cancer[59].

Necrosis

MRI diffusion-weighted imaging (DWI) has long been
used as a biomarker for a number of conditions, includ-
ing oncology imaging. It is well known that malignant
tumours tend to have a low activated diffusion coefficient
(ADC) value, which is attributed to the high cellularity of
malignant tumours, and this fact is used in both the diag-
nosis and characterization of a variety of tumours such as
prostate cancer (Fig. 5)[26]. However tumours with
higher ADC values are more likely to have intratumoural
necrosis, which, due to hypoxia-related radioresistance in
adjacent tumour regions, predicts poor radiotherapy
response[26]. A number of studies have also shown that
ADC values can be used to predict early treatment
response during therapy. Kim et al.[27] found that in
patients with squamous cell carcinoma of the head and
neck, those with lower pretreatment ADC values were
more likely to respond to chemoradiation therapy,
assessed by clinical, radiologic and pathologic para-
meters. In patients with rectal cancer, a negative correla-
tion between pretreatment tumour ADC values and
subsequent response to chemotherapy and chemoradia-
tion therapy using radiologic WHO criteria has been
demonstrated (see Fig. 4C)[60].

Adaption to hypoxia

Tumours may upregulate HIF-1 to adapt to their hypoxic
environment. In turn, HIF-1 upregulates GLUT-1 glucose
transporter and VEGF expression, resulting in increased
tumour glucose uptake and metabolism, along with
increased angiogenesis[61]. This adaptive response of

Figure 4 Rectal carcinoma as evaluated by FDG-PET (A), CT perfusion (B) and DWI using ADC mapping (C).
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tumours can be directly imaged with [18F]FDG-PET, a
commonly used modality in oncology imaging. Several
studies have suggested that tumours with high glucose
metabolism (and therefore high standardized uptake
values with FDG-PET imaging) respond poorly to treat-
ment and are associated with poorer prognosis[62�64].
However, FDG uptake can also be increased in the
absence of hypoxia and thus increased FDG uptake in
the presence of hypoxia or low perfusion is more reflec-
tive of tumour adaption to hypoxia than measurements of
FDG uptake alone[65]. Thorwarth et al.[53] reported that
the combined use of [18F]FDG and
[18F]fluoromisonidazole (FMISO) in patients with head
and neck squamous cell cancer can be successfully used
to predict response to radiation therapy, as defined by
absence of detectable disease on follow-up clinical exam-
ination and endoscopy. Metabolic perfusion mismatch
has been shown to be associated with treatment resis-
tance in breast and pancreatic cancer[66�68].

99mTc-MIBI (sestamibi) has been shown in a number
of tumours to be a non-invasive marker for the multidrug
resistance (MDR)-related P-glycoprotein (P-gp)[69].
Overexpression of P-gp by tumours results in resistance
to a broad spectrum of chemotherapeutic agents[70].
99mTc-MIBI is a transport substance recognized by the
MDR-related P-gp, with increased accumulation in MDR
tumour cells caused by inhibition of the efflux transport
function[70]. A recent systematic review by Mohan and
Miles[69] found that 99mTc-MIBI SPECT imaging in
patients with lung cancer identified chemotherapy
responders with a sensitivity, specificity and accuracy
of 94%, 90% and 92%, respectively. This review found

that the use of 99mTc-MIBI to preselect non-resistant
patients for chemotherapy could potentially result in sig-
nificant health cost savings and modest increases in life
expectancy[69]. The use of 99mTc-MIBI has also been
studied to assess for the multidrug resistant phenotype,
and thus to predict poor treatment response, in osteosar-
coma and other musculoskeletal sarcomas, multiple mye-
loma, breast cancer and lymphoma[71�75].

Conclusion

Response prediction is becoming an important concept
in oncology and radiology, particularly in the clinical
setting of individualized cancer treatment regimens.
Imaging has an emerging role to play in the prediction
of tumour response, both by the assessment of specific
therapy targets and the broad-scale assessment of the
treatment-resistant phenotype. There are an increasing
number of imaging techniques being developed to predict
tumour response. However, to date, introduction of these
techniques into clinical practice has often been con-
strained by inadequate cross-validation of predictive cri-
teria and lack of verification against appropriate response
end points such as survival. With further refinement,
imaging predictors of response could play an important
role in oncology, contributing to individualization of ther-
apy based on the specific tumour phenotype. This ability
to predict tumour response will have implications for
improving the efficacy of treatment, cost-effectiveness
and omission of futile therapy.

Figure 5 MRI of the pelvis in a patient with prostate cancer. (A) Delayed post-gadolinium image with fat saturation
demonstrates early washout of the carcinoma in the left lateral aspect of the peripheral zone. (B) A DWI sequence
demonstrating restricted diffusion. (C) An ADC map, with low ADC signal consistent with true diffusion restriction.
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