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Abstract

The standardized uptake value (SUV) and other measurements of tumour uptake of fluorodeoxyglucose (FDG) on
positron emission tomography (PET) can potentially be supplemented by additional imaging parameters derived
either from the PET images or from the computed tomography (CT) component of integrated PET/CT examinations
including tumour size, CT attenuation, texture (reflecting tumour heterogeneity) and blood flow. This article illus-
trates the emerging benefits of such a multiparametric approach. Example benefits include greater diagnostic accuracy
in characterization of adrenal masses achieved by using both the SUV and measured CT attenuation. Tumour size
combined with the SUV can potentially improve the prognostic information available from PET/CT in oesophageal
and lung cancer. However, greater improvements may be realized through using CT measurements of texture instead
of size. Studies in breast and lung cancer suggest that combined PET/CT measurements of glucose metabolism and
blood flow provide correlates for tumour proliferation and angiogenesis, respectively. These combined measurements
can be utilized to determine vascular-metabolic phenotypes, which vary with tumour type. Uncoupling of blood flow
and metabolism suggests a poor prognosis for larger more advanced tumours, high-grade lesions and tumours
responding poorly to treatment. Vascular-metabolic imaging also has the potential to subclassify tumour response
to treatment. The additional biomarkers described can be readily incorporated in existing FDG-PET examinations
thereby improving the ability of PET/CT to depict tumour biology, characterize potentially malignant lesions, and
assess prognosis and therapeutic response.
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Introduction

Oncological imaging in recent years has had a profound
impact from the multiconcerted drive to move imaging
into the quantitative realm and away from conventional
qualitative or descriptive constraints. This move, forma-
lized by the Quantitative Imaging Biomarker Alliance
(QIBA) established by the Radiological Society of
North America in 2007, has brought about a wealth of
data demonstrating the benefits of extracting and utiliz-
ing quantifiable features from imaging in both the
research and clinical settings. For positron emission
tomography (PET), QIBA have mainly concentrated on
measurements of [18F]ﬂu0rodeoxyglucose (FDG) uptake
within tumours and other tissues, reflecting the revolu-
tion in cancer imaging afforded by this radiotracer.
Meanwhile, a separate computed tomography (CT)
group has initially focused on two basic parameters,
namely lesion size and CT attenuation (Hounsfield
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units). Although as yet to be considered by QIBA,
newer quantitative CT techniques such as dynamic con-
trasted-enhanced (DCE)-CT and CT texture analysis
(CTTA) have also emerged as potentially useful modal-
ities in oncology. These advances in oncological imaging
can potentially provide useful quantitative biomarkers
applicable to almost all aspects of cancer imaging.
However, until recently, such quantitative biomarkers
have largely been conceptualized and investigated in
isolation.

Multiparametric imaging combines quantitative infor-
mation from a number of techniques to provide a multi-
dimensional (multispectral, multispatial and temporally
resolved) depiction of tumour morphology and biol-
ogy!". Tt enables complex and multifaceted depiction of
tumour phenotype, improved characterization of lesion
pathology and more accurate assessment of therapeutic
response. The introduction of hybrid PET/CT systems
has heralded new possibilities to pursue multiparametric
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imaging in oncology. However, the focus is still largely on
the addition of CT for the purpose of anatomical local-
ization and attenuation correction of PET data. This
approach fails to make the most of the potential of multi-
functional imagingm.

This article outlines how quantitative measurements of
tumour FDG uptake can be combined with CT biomar-
kers of size, attenuation, DCE-CT and CTTA. Current
and future oncological applications of multiparametric
PET/CT imaging are reviewed, in particular the utility
to depict tumour biology, characterize potentially malig-
nant lesions, assess prognosis and therapeutic response,
and also a potential role in development of novel anti-
cancer agents.

Quantitative parameters available
from FDG-PET/CT

PET images are inherently quantitative as each pixel
represents the concentration of activity of FDG in
tissue (Bg/ml). Quantitation of tumour metabolism
using FDG-PET is complicated by a range of factors
apart from tumour glycolysis, including partial volume
effects, time, plasma glucose levels and innate differences
in biochemical structure between FDG and glucosem.
The most commonly used parameter for FDG uptake
in the standardized uptake value (SUV) which is essen-
tially tumour activity concentration measured at the scan-
ner (Bgq/ml) divided by the injected dose of FDG, in
proportion to lean body weight. Published consensus
guidelines for the standardization of PET image acquisi-
tion and analysis have improved the reproducibility of
SUV measurements!*!.

The two basic parameters most readily assessed from
the CT component of PET/CT are size and X-ray atten-
uation. Early quantitative biomarkers in CT were based
primarily on tumour size. The continued use of CT mea-
surements of tumour size in clinical staging of many
cancers by the TNM system reflects the prognostic sig-
nificance of such measurements. CT measurements of
size are also widely used for anatomically and temporally
based therapy response criteria, such as Response
Evaluation Criteria in Solid Tumours (RECIST)'®!. On
the other hand, attenuation measurements have gained
some application in lesion characterization, for example
their use in evaluating indeterminate adrenal masses!’).
Attenuation measurements are also the basis of DCE-CT
and CTTA.

For DCE-CT, temporal changes in attenuation (pro-
portional to contrast material concentration in tissue
or vessels) after bolus intravenous administration of
iodinated contrast material are analysed with standard
kinetic modelling and software processing to produce a
range of parameters reflecting the physiology of tissue
microvasculature'®). In the context of tumour imaging,
the following physiological parameters are obtained: (a)
regional tumour blood flow of (BF; i.e. perfusion or

blood flow per unit volume of tissue); (b) regional
tumour blood volume (BV; i.e. proportion of tumour
region composed of blood); (¢c) mean transit time
(MTT; time taken for contrast to cross vessels); (d) BF-
extraction product (extraction of contrast into extravas-
cular space); and (e) permeability—surface area product
(PS; rate of transfer from the intravascular to extravas-
cular space). These parameters have been validated
for peripheral tumours against a range of references in
animals and humans (reviewed by Miles'?! and Petralia
et al.[g]). Although measurement of tumour perfusion
from the first pass of FDG has been advocated“ol, this
approach does not have the spatial resolution of CT and
commercial availability of analysis software (approved by
the US Food and Drug Administration), which are the
advantages of DCE-CT'!"'>). DCE-CT has now gained
maturity with recently published consensus guidelines
detailing use in therapeutic trials and also clinically[9’lol.

CTTA assesses the distribution of attenuation values
(heterogeneity) within a tumour or lesion. Filters can be
applied to limit the effect of photon noise, while maxi-
mizing biological heterogeneity. This enables quantifica-
tion of attenuation variability, which is unreliably
assessed visually on CT images. The computed para-
meters with CTTA include histogram descriptors such
as standard deviation, kurtosis, skewness and statistical
derivations of uniformity and entropy[13_19]. Tumour het-
erogeneity can also be quantified from FDG-PET
imagesm] but is constrained by the poorer spatial reso-
lution of PET compared with CT.

All of the above CT techniques are readily incorpo-
rated into FDG-PET examinations. The ease of adding
DCE-CT into standard PET/CT acquisition protocols
has been demonstrated>*'™2¥1 and CTTA data are
post-processed, thus extra image acquisition is not
required and it can be applied to both pre-acquired
PET/CT and DCE-CT data'****!. FDG-PET can be com-
bined with conventional CT measurements of tumour
size and attenuation, DCE-CT assessments of tumour
vascularity and CTTA quantification of tumour heteroge-
neity in a single examination (Fig. 1).

Oncological applications of
multiparametric PET/CT

Depiction of tumour biology

Multifunctional quantitative imaging is becoming increas-
ingly effective in providing a readily accessible non-
invasive method to depict many aspects of biological
perturbations occurring within the tumour, in the
tumour microenvironment and at the organ and multi-
organ system level. Such data can then be extrapolated to
understanding targeted therapy response and potential
development of novel treatment agents, with a view to
modifying or personalizing therapy. Of the various molec-
ular and cellular pathological processes in cancer,
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Figure 1 Multiple parametric PET/CT of rectal cancer comprising (A) fused FDG-PET CT image, (B) CT texture
analysis (medium texture image), (C) conventional CT, and (D) DCE-CT (blood volume image). (Courtesy of A.M.
Groves, Institute of Nuclear Medicine, University College London.)
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Figure 2 A summary of the biology of tumour hypoxia,
highlighting the aspects assessable with multiparametric
PET/CT.

multiparametric PET/CT can primarily assess tumour
glucose metabolism (FDG-PET), vascularity (DCE-CT)
and heterogeneity (CTTA). All of these features are
linked to the molecular biology related to hypoxia
(Fig. 2).

FDG-PET imaging relies on the Warburg -effect,
namely that cancer cells have the fundamental property
of switching to anaerobic glycolysis despite the presence
of adequate oxygenation, an effect mediated in part by
a hypoxia-inducible transcription factor (HIF—I)[26’27].
HIF-1 is a transcription factor that upregulates GLUT-1
and hexokinase, thus increasing the uptake of FDG. In
turn, HIF-1 activity can be increased not only by hypoxia
but also as a result of mutations in oncogenes such as the
p53 and Von Hippel Lindau tumour suppressor genes.
For DCE-CT, measurements of tumour perfusion have
been shown to reflect tumour oxygenation; tumour vas-
cular density typically correlates with peak enhancement,
blood volume and/or PS. Vascular density is also related
to HIF-1 activity, which increases angiogenesis via vascu-
lar growth factors, thereby supporting tumour growth
and survival®®). HIF-1 also upregulates other biological
processes promoting increased tumour aggression and
treatment resistance!*®).

Combined imaging of glucose metabolism and
angiogenesis can allow vascular-metabolic phenotyping
of tumours in which a mismatch between tumour
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vascularity and metabolism reflects adaptation to hypoxia
and an adverse tumour biology[m. Studies using this
approach have shown the high metabolic/low vascularity
phenotype to be more common in non-small cell lung
cancers (NSCLC) greater than 3.9cm in diameter, in
pulmonary adenocarcinomas (compared with squamous
cell carcinomas) and in colorectal liver metastases, but
uncommon in lymphomam_3 1 Multiparametric FDG-
PET/DCE-CT has also demonstrated preliminary correla-
tions with histological tumour phenotype. Goh et al.??
report that colorectal tumours with a low flow—high
metabolism phenotype show greater expression of vascu-
lar endothelial growth factor (VEGF) and HIF-1 thus
suggesting an adaptation to hypoxia in these tumours
via angiogenesis. A recent small prospective study in
NSCLC has also demonstrated that FDG uptake
(SUVnean> SUVax and metabolic tumour volume) corre-
lated with Ki67 expression, a biomarker of tumour inva-
sion capacity, whereas CT perfusion parameters (BV,
SPV, Kians) correlated with mean vascular density (as
expressed by CD34 staining)[33]. Similarly, in a recent
prospective study of 40 patients with breast cancer under-
going dynamic first-pass FDG-PET/CT and DCE-CT,
SUV,..x correlated significantly with the expression of
Ki67 in core biopsy samples, whereas tumour blood
flow (but not SUV,,,,) correlated with vascular histolo-
gical markers including CD105 and CD3434!.

The association between hypoxia and CTTA measure-
ments of tumour heterogeneity arises from the presence
of hypoxic voids due to areas of low vascularity in
tumours with an inhomogeneous distribution of tumour
vessels. These hypoxic voids lead to upregulation of HIF-
1 and its downstream transcriptional effects. A heteroge-
neous blood supply also affects treatment response due
to poor delivery of chemotherapeutic agents to areas
of low vascularity. More recently, multiparametric assess-
ment using FDG-PET/CTTA has shown potential as a
biomarker for tumour angiogenesis and hypoxia. In a
prospective study of 53 patients with colorectal cancer
undergoing pre-operative FDG-PET/CT, tumour hetero-
geneity was the best correlate for microvessel density,
whereas novel parameters that combined SUV,,, and
CT heterogeneity were the best predictors of VEGF
and Glut-1 expression (Fig. 3)[35].

FDG-PET, DCE-CT and CTTA can all be performed
in a single examination. A prior study using these tech-
niques to study the liver in patients with colorectal cancer
found that, for patients without liver metastases, CTTA
parameters correlated with the ratio of hepatic SUV/per-
fusion, which provides an index of glucose phosphoryla-
tion, whereas this correlation was lost when hepatic
metastases were present!'*).

Lesion characterization: diagnosis
(benign versus malignant)

Measurements of FDG uptake in lesions can be used
to distinguish a benign pathology from malignancy.
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Figure 3 Relationships between a combined FDG-PET/
CTTA parameter (the ratio of SUV,,,,/standard deviation
of values in the coarse CT texture image) and tumour
expression of VEGF (A) and GLUT-1 (B).

However, the incorporation of CT biomarkers into the
PET evaluation has the potential to improve diagnostic
accuracy. This concept has been clearly demonstrated by
the example of adrenal lesions. Recent studies suggest a
combined SUV and CT attenuation threshold in adrenal
lesions detected in patients presenting for staging of
NSCLC by FDG-PET/CT"®. Furthermore, when per-
formed in conjunction with delayed contrast enhanced
CT to allow for washout measurements, diagnostic
accuracy was found to increase to up to 100%371,
Most recently, combining CT histogram analysis with
FDG uptake parameters was reported to further increase
the diagnostic accuracy of undifferentiated adrenal
lesions*8!.

Cancer prognostication

Tumour SUV measurements have demonstrated prognos-
tic value for survival in patients with NSCLC and oeso-
phageal cancer®**%!. CT measurements of tumour size,
perfusion and heterogeneity have also been shown to
predict survival in a range of tumours. Thus, combining
PET and CT imaging biomarkers has the potential to
improve estimates of term survival for patients with
cancer.

In oesophageal cancer, combining SUV from FDG-
PET with CT measurements of tumour length or width
was found to have better prognostic value than SUV
measurements alone!*"**). A more recent study using
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Figure 4 Kaplan—Maeier survival curves for patients with NSCLC (A—C) and oesophageal cancer (D—F) categorized by
SUV,ax (A,D), SUV ..« combined with tumour size (B,E) and SUV,,,, combined with CT texture (C,F). Incorporation
of CT biomarkers improves prognostic performance and is greatest for SUV ,,, combined with CTTA. (From Ganeshan

et al.[z‘”).

FDG-PET/CTTA in oesophageal cancer demonstrated
that the improvements in prognostic value afforded
by combining SUV with CT measurements of size and
attenuation where out-performed by combinations of
SUV with CTTA (Fig. 4D—F)**!. Similar findings
have also been reported for NSCLC (Fig. 4A—C)[24].
These preliminary studies suggest a very promising
role for multiparametric PET/CT in identifying tumours

with an adverse biological phenotype and predicting
survival.

Prediction and evaluation of therapy
response in cancer

Assessment of therapeutic response is a major compo-
nent of cancer imaging and multiparametric PET/CT
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imaging is emerging as a potentially powerful adjunct to
current response assessment criteria. Accurate, compre-
hensive and reproducible quantitative response biomar-
kers enable early identification of responders and non-
responders during treatment, allowing for modification of
therapy regimens with the clear benefit of avoiding cyto-
toxic and expensive agents and personalizing targeted
treatment protocols. Response assessment following com-
pletion of a therapy protocol is equally as vital as it can
avoid excessive and often more invasive treatments and
allow for proven consolidation treatments. The limita-
tions of the widely used conventional response evaluation
criteria, namely RECIST (1.0) are now well recognized,
especially since the advent of targeted therapies that may
prolong survival without producing a measurable change
in tumour size. These limitations have led to an increas-
ing increase in alternative imaging techniques for assess-
ment of tumour response.

FDG-PET is now gaining wider acceptance as a bio-
marker for assessing metabolic response to therapies and
a number of consensus guidelines have been published.
Complete metabolic response on FDG-PET has been
associated with improved survival with a number of
malignancies and new metabolic activity indicates pro-
gression of disease!**!. However, developing robust quan-
titative response criteria with SUV measurements has
proven difficult. More recently, FDG-PET response cri-
teria using semi-quantitative SUV metrics alongside ana-
tomic size values, have been proposed: PET Response
Criteria in Solid Tumours (PERCIST)[43]. Briefly, these
criteria require a decline of 30% in SUV along with size
reduction, the use of normal liver tissue as background
reference and obtaining SUV measurements from a small
region of interest within the most active area of tumour.

Other imaging techniques have been shown to be more
closely related to clinical outcome than RECIST for par-
ticular tumours and/or treatment regimes, including com-
bined measurements of tumour size and enhancement/
attenuation (Choi criteria) in patients with gastrointesti-
nal stromal tumours treated with imatinib!**! and in
metastatic renal cell cancer treated with tyrosine kinase
inhibitors (TKIS)[19’45’46]. CTTA may also offer similar
benefits. In a study by Goh et all'), 87 renal cell carci-
noma metastases in 39 patients were analysed with
CTTA parameters before and after two cycles of TKI
therapy. They found time to progression of disease and
prediction of adequate response was better predicted
by CTTA parameters than previous RECIST and Choi
criteria.

DCE-CT has also demonstrated value in the assess-
ment and prediction of therapy response. A number of
small studies have demonstrated that elevated blood
volume and flow in head and neck cancer[47_49], higher
blood flow in NSCLC"®! and high BF and BV in rectal
cancer®!! has strong predictive value in response to
either adjuvant or neo-adjuvant chemo/radiotherapy.
The pattern emerging from these preliminary clinical

data suggests that poor response to chemotherapy or
radiotherapy is more likely in tumours with low perfu-
sion, which may relate to relative paucity of tumour vas-
culature limiting local delivery of cytotoxic agents.
Several early phase I and II drug trials in a range of
cancers have reported changes in CT perfusion para-
meters in response to both standard and targeted che-
motherapies and radiotherapy in a range of cancers
including head and neck cancer !, oesophageal carci-
noma'*?!, NSCLC!*°!, rectal adenocarcinoma!®'>*! and
hepatocellular carcinoma®*!.

As discussed above, the use of multiparametric PET/
CT to determine the tumour phenotype with regard to
adaptation to hypoxia has implications for prediction of
response to therapy. Tumours exhibiting flow-metabolic
uncoupling represent successful adaptation to a hypoxic
environment and are thus more aggressive and resistant
to standard treatments. Furthermore, clinical studies that
have used multiple imaging markers of response indicate
that the various imaging parameters do not necessarily
change in parallel following treatment. Mismatched
responses have been shown particularly for changes in
tumour FDG uptake and perfusion following ther-
apy[26’55 1. Frequently it may not be possible to predict
which single imaging marker is the best choice for any
particular tumour /therapy combination and therefore
the use of multiple imaging response markers in a
single examination increases the probability of demon-
strating response. The power of multiple quantitative bio-
markers allows logistic regression analysis to determine
whether certain combination of parameters provide more
accurate response prediction and assessment. In addi-
tion, new methods of classifying differential responses
have been proposed in which different response cate-
gories may be of distinct biological signiﬁcance[26].
This approach offers the potential to personalize therapy
based on the multiparametric imaging response
proﬁle[z(’].

Improving biological depiction of treatment
response and implications for drug
development

PET/CT multiparametric imaging may significantly
improve standard therapeutic assessment measures to
evaluate novel therapies in clinical trials. DCE-CT has
now matured to be a standardized and reproducible
measure in a number of phase I and II trials evaluating
anti-angiogenic agents[”’m. There is future potential to
utilize the full range of parameters offered by PET/CT to
provide more comprehensive assessment of drug efficacy.
An even more exciting prospect is the ability to provide
quantitative surrogate markers of in vivo tumour biology
and the tumour microenvironment and therefore a better
understanding of the mechanism of action of novel drugs.
This is most relevant in assessing drug effects on tumour
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blood flow—metabolism coupling, which as discussed
earlier, may play a crucial role in treatment outcomes.

Limitations and future directions

Multiparametric imaging with PET/CT is an emerging
area in oncological imaging and there is potential to sig-
nificantly improve cancer imaging at all levels, from
lesion characterization, non-invasive depiction of com-
plex metabolic and vascular biology of tumour and
tumour microenvironment, disease staging and progno-
sis, prediction and evaluation of response to novel thera-
pies and in vivo assessment for novel drug development.
However, large-scale prospective clinical data are still
required before these parameters evolve into mature
quantitative biomarkers implementable in phase III
trials and clinical guidelines. Standardized and reproduc-
ible methods have evolved for DCE-CT and consensus
guidelines to perform and acquire useful parameters are
now available, which will allow wider implementation
and future improvements. A current limitation of
CTTA is that it utilizes single-section CT data and
tumours generally exhibit variability across an entire
volume. However, work is underway to evaluate three-
dimensional volumetric CTTA analysis[56] in oncological
imaging.

Multiparametric imaging with PET/CT can be readily
incorporated into current clinical imaging protocols and
the techniques described have the potential to improve
depiction of tumour biology, lesion characterization, and
assessment of prognosis and therapeutic response. A mul-
tidisciplinary effort is required to confirm these prelimi-
nary results and to encourage greater analysis of
multiparametric data from existing hybrid PET/CT ima-
ging systems.
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