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ABSTRACT

In parallel with the increasingly widespread availability of high performance imaging platforms and recent progresses
in pathobiological characterisation and treatment of gastrointestinal malignancies, imaging biomarkers have become

a major research topic due to their potential to provide additional quantitative information to conventional imaging
modalities that can improve accuracy at staging and follow-up, predict outcome, and guide treatment planning in
an individualised manner. The aim of this review is to briefly examine the status of current knowledge about imaging
biomarkers in the field of upper gastrointestinal cancers, highlighting their potential applications and future perspec-
tives in patient management from diagnosis onwards.

INTRODUCTION

The term “biomarker” refers to a characteristic that is
objectively measured and evaluated as an indicator of
normal biologic processes, pathogenic processes, or biolog-
ical responses to therapeutic interventions.' > Biomarkers
can be derived directly from human biological samples
(including blood or other biological fluids, tissues or cells) or
biosignals detected by diagnostic imaging techniques (such
as multidetector CT, MRI, ultrasound or PET), providing
anatomical and/or functional parameters that correlate
with histopathological or molecular data."” Imaging
biomarkers can be either quantitative (e.g. lesion diam-
eter or volume, CT density, MR signal intensity, radiomics
features, and any other biomarker whose magnitude can be
expressed as a quantity value) or qualitative (e.g. patholog-
ical grading systems that can be expressed as ordinal rather
than continuous quantitative data, such as clinical TNM
staging, BI-RADS, LI-RADS, PI-RADS, C-RADS, and so
on).*” Compared to “real” biological samples, imaging
biomarkers have the advantage of being noninvasive (or
minimally invasive) and easily obtainable, making them
attractive for repeated testing and follow-up. In addition,
while conventional biopsy captures only a fraction of
tumour cells that may not be representative of the entire
tumour, imaging biomarkers can capture the whole tumour
heterogeneity, thus playing a potentially critical role into
guiding biopsy or whenever biopsy is unobtainable.'’"*

Due to the incremental diagnostic and prognostic value
that imaging biomarkers can provide over conventional
modalities (which, however, remain indispensable for

the routine diagnostic workup of cancer patients), a great
interest has arisen in the scientific and medical community
in searching for biomarkers and building biobanks that
may lead to more effective, patient-specific treatment. In
this perspective, extensive research has recently been made
in the field of radiomics, a discipline dealing with high-
throughput extraction and analysis of quantitative features
from diagnostic images that cannot usually be derived
from visual assessment (including shape/size-, histogram-
or filter-based texture analysis) and form the quantitative
imaging expression of pathological processes that are also
expressed by other “omics’, such as genomics, transcrip-
tomics, metabolomics and proteomics.”®

In this paper we will give a brief, yet hopefully explan-
atory overview of the current potential role of imaging
biomarkers in the management of upper gastrointestinal
cancers, with oropharyngeal, oesophageal, and gastric
cancers as paradigm diseases.

OROPHARYNGEAL CANCER

Head and neck cancer is the seventh most frequent cancer
and the ninth most frequent cause of cancer-related death,
with a worldwide incidence of 550,000 cases and 380,000
deaths annually, of which 90% are squamous cell carci-
nomas (SCC) in the adult population.'*'* Most oropha-
ryngeal cancers are diagnosed at a locally advanced stage,
usually requiring multimodality treatment (including
surgery, chemotherapy and/or radiation therapy), and
the rate of locoregional recurrence is as high as 25-50%
depending on the lesion site, making recurrence risk the
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greatest hurdle in improving survival rate. Moreover, tumour
biology (with particular reference to human papillomavirus
[HPV] positivity) plays a pivotal role in defining the prognosis
and optimal therapeutic strategy for patients with head and neck
SCC, with HPV+oropharyngeal SCC being associated with a
better overall survival. Therefore, a comprehensive assessment
of disease extension (including primary tumour site and locore-
gional lymph nodes) at baseline and after treatment is manda-
tory, also in consideration that oropharyngeal and other head
and neck SCC recurrences tend to occur at a locoregional level
within the same volume of treatment.'””

Although conventional multidetector CT and MR imaging
performed with state-of-the-art equipment is the mainstay for
diagnosis, staging and follow-up of patients with oropharyn-
geal SCC, morphologic imaging can be limited in detecting
subtle disease or differentiating disease recurrence from benign
post-treatment changes (e.g. after surgery and/or radiation
therapy) that may obscure viable tumour tissue or mimic disease,
and usually cannot provide per se any insight about prognosis,
likelihood of early and/or sustained treatment response, or eligi-
bility to patient-tailored target therapies.'**** On the other
hand, both standard CT and MRI data and those derived from
more complex implementations of cross-sectional imaging can
be joined to build specific radiomic signatures that can lead to
improved patient stratification and potentially more person-
alised treatment®*' (Table 1). In this latter setting, a recent large
multicentre study by Leijenaar et al combining 902 radiomic
features from 778 patients with oropharyngeal SCC showed
that CT-based radiomics can predict HPV+ (pl6) status from
multivariable models obtained from standard pre-treatment CT
images. More specifically, a model was developed on all training
data (M,)) and on an artefact-free subset of training data (M,
art) to assess the impact of CT artefacts in predicting HPV (p16),
and a consistent and significant split was observed between
survival curves with HPV status determined by p16 [p = 0.007,
hazard ratio (HR) 0.46], My (p = 0.036, HR 0.55) and M, o (p
=0.027, HR 0.49), along with an area under the receiver operator
curve ranging between 0.70 and 0.80 for both M,y and Mg .
In addition, evidence is growing that a radiomic approach can
provide useful prognostic quantitative information in patients
undergoing chemo-radiation therapy (CRT), such as primary
tumour volume (which correlates with treatment outcome better
than T or N stages),”” CT texture analysis (which can predict local
failure after CRT),”* and "*F-FDG PET texture as a predictor of
post-CRT patient survival in addition to clinical variables.””

Among MRI techniques, diffusion-weighted imaging (DWI) is a
powerful quantitative biomarker that can identify foci of residual
disease as areas of restricted diffusivity of water molecules, due
to cancer cells being densely packed with a relatively high nucle-
ar-cytoplasmic ratio compared with non-neoplastic tissues. This
allows overcoming potential confounding factors such as diffuse
oedema and contrast enhancement as a result of inflammation
and/or post-radiation sequelae, or faint or no enhancement in
poorly vascularised and/or highly necrotic tumours, resulting
in increased sensitivity in detection of primary oropharyngeal
SCC."?" In a recent large meta-analysis, DWI-based apparent

diffusion coefficient (ADC) quantitative assessment outper-
formed anatomical MRI for detection of primary tumour site
with a pooled sensitivity and specificity of 89% and 86% vs 84%
and 82%, respectively.”” Lower ADC values have also been found
in malignant than in benign lymph nodes sized down to 5-10
mm, and Holzapfel et al were able to correctly classify cervical
lymph nodes as benign or malignant using an ADC threshold of
1.02 x 107> mm?/s in 94.3% of cases.'***”” Furthermore, Hwang
et al assessed the performance of standard (b = 1000 s/mm?)
and high b-value (2000 s/mm?*) DWT in differentiating between
recurrent tumour and post-treatment changes, and found that
the ratio between ADCy and ADC was significantly higher
in the former than in the latter (73.5% vs 56.9%, p < 0.001),
with a cut-off value of 62.6% leading to a sensitivity, specificity,
and diagnostic accuracy of 95.0%, 69.2%, and 84.8%, respec-
tively.”® Of interest, patients with a good response to induction
neoadjuvant chemotherapy were found to have lower ADC,,
values along with smaller tumour volume than poor responders,
suggesting a potential role of high ADC values in predicting
tumour response.”’ In terms of risk stratification, it has been
reported that the combination of poor prognostic factors such
as high ®F-FDG PET-CT-derived SUV, . 1/ and high ADC,;,
values improves the prognostic role of the two separate param-
eters (with high ADC,;, identifying SCC patients with worse
prognosis among those with high SUV,,..1/5).”" Moreover, a
significant association was observed between histopatholog-
ical markers of tumour proliferation and ADC and SUV values
calculated at simultaneous '*F-FDG-PET/MRI, with mean ADC
being negatively correlated with Ki67 level (r=-0.728, p =0.011)
and total nucleic area (r = —0.691, p = 0.019), and combined
SUViax/ ADCy, positively correlated with average nucleic area
(r=0.627, p = 0.039).”!

Other functional imaging modalities such as dynamic contrast
enhancement (DCE)-MRI, CT perfusion imaging and dual
energy CT (DECT) can enable a quantitative evaluation of
tumour vascularity that can be useful in the pre- and post-treat-
ment setting.'*** In general, highly vascular SCC tend to have a
better treatment response compared to less vascular ones due to
their greater sensitivity to radiation and better delivery of chemo-
therapeutic drugs, yet they may have poorer outcome due to a
higher metastatic potential.'*** In terms of grading, quantitative
DCE-MRI parameters such as the blood volume transfer constant
(Kigans)» the extracellular volume fraction (V,), and the initial
area under the curve (IAUC) were shown to be higher in poorly
than in well-differentiated SCC, with K;,,,s having the greatest
diagnostic significance at a cut-off value of 0.270 min~' and an
overall diagnostic sensitivity and specificity of 95.0 and 90.9%.”*
Chen et al found that DCE-MRI parameters [Ki ., Ve and the
rate constant of contrast transfer (Kp)] allowed to discriminate
among tumour, metastatic lymph nodes and normal tissue, with
Kirans and V. values of normal tissue being significantly lower
from those of nodes (p < 0.001) and primary tumours (p < 0.001),
whereas K, values of primary tumours were significantly higher
from those of nodes (p = 0.001) and normal tissue (p = 0.002),
respectively.”> Moreover, Baker et al reported that DCE-MRI can
predict tumour response to target therapies with EGFR-targeted
tyrosine kinase inhibitors, in conjunction with '*F-FDG PET.*
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Main findings

than in nonmetastatic lymph nodes (22.4 + 9.0 vs 31.6 + 9.8x100

Todine-water decomposition values were lower in metastatic
pg ml™, p < 0.001)

nonmetastatic lymph nodes (3.50 + 1.02 vs 4.36 + 1.06 mg ml ™,

Todine-fat decomposition values were lower in metastatic than in
p<0.001)

HU distribution showed a significant gradient from centre to

periphery within non-metastatic lymph nodes (up to 20-30%

from the centre at 40keV, p < 0.035)

Metastatic lymph nodes showed no significant HU gradient
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Differentiation between metastatic
and nonmetastatic lymph nodes

based on spectral structure
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Tumour type and location
Metastatic lymph nodes from
various primary cancers (lung,

gynaecological)*

Reference
Rizzo et al.*

Table 1. (Continued)

ADC, apparent diffusion coefficient; AUC, area under the ROC curve; CNR, contrast-to-noise ratio; DFS, disease free survival; HR, hazard ratio; NPV, negative predictive value; OS, overall survival;

PFS, progression free survival; PPV, positive predictive value; SNR, signal-to-noise ratio; SUV, standardised uptake value.

?Meta-analysis article. (*) References 27 and 45 were included due to the general value of their respective findings, although not specific to oropharyngeal cancer.

Similarly, perfusion CT can quantify the vascularity of primary
head-and-neck SCC by applying specific bio-mathematical
models of tumour neoangiogenesis (Figure 1). Evidence exists
that a) better treatment response can be usually be predicted at
perfusion CT before the beginning of therapy in more perfused
tumours, and b) early perfusion response to CRT can be
assessed before the onset of morphological changes at conven-
tional morphological imaging.””** On the other hand, DECT
is emerging as an increasingly widespread imaging technique
that can join the fast imaging time, high spatial resolution, and
excellent morphological detail of multidetector CT with the
possibility to collect functional data via material decomposition,
allowing to calculate iodine content as a biomarker of tumour
vascularity with a potentially lower overall radiation and contrast
dose compared with standard single-energy CT imaging”
(Figure 2). DECT can be effective in improving the detection
and local staging of primary tumours, with particular reference
to N-staging, which is often limited due to small and/or morpho-
logically indeterminate lymph nodes leading to inconclusive
findings at conventional anatomical imaging.”***"** To this
regard, Tawfik et al reported significant differences in DECT-de-
rived iodine content and overlay among normal, inflammatory
and metastatic SCC lymph nodes.”” Moreover, DECT showed
lower iodine content and spectral attenuation slope in meta-
static oropharyngeal SCC than in non-neoplastic cervical lymph
nodes, in line with the finding of a different intranodal iodine
distribution that reflects pathological structure.***’

Overall, the integration of quantitative image biomarkers in the
diagnostic workup of patients with oropharyngeal cancer and
other tumours of the uppermost portion of the digestive tract
looks promising in an effort to optimise lesion detection and
staging, either at primary sites (especially in case of suspected
disease recurrence, when diagnosis by conventional imaging is
often hampered by gross post-treatment sequelae) and at lymph
node levels (possibly overcoming the poor performance of stan-
dard morphological imaging in differentiating smaller benign
from metastatic lymph nodes and guiding the choice towards
more or less aggressive lymph node resection). Moreover, the
correlation between imaging biomarkers and the biological
features of tumours (related e.g. to lesion aggressiveness) may be
of great value to improve patient selection for the best possible
treatment in an individualised fashion.

OESOPHAGEAL AND GASTRIC CANCER
Oesophageal cancer is the eighth most common cancer and
the sixth most common cause of cancer-related deaths world-
wide, accounting for more than 509,000 deaths in 2018.*° While
initial staging of oesophago-gastric cancer is usually performed
with contrast-enhanced CT, multimodality imaging with endo-
scopic ultrasound and F-FDG PET is useful to define local
disease extent and rule out metastatic spread in patients being
considered for curative treatment, in an effort to reduce futile
surgery."” MRI is a less routinely used, yet valuable tool that can
reveal the detailed anatomic structure of the oesophagus, differ-
entiating among the various wall layers for proper local staging
and providing an accurate assessment of lesion length before and
after radiation therapy.*®*’
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Figure 1. An 83-year-old male with locally advanced, partially necrotic gingival SCC as displayed on standard morphological CT
image (a). Quantitative CT perfusion analysis revealed increased blood flow (BF) (b), blood volume (BV) (c), permeability surface
(PS) product (d), and reduced mean transit time (MTT) (e) values in the viable portion of the tumour compared with contralateral
normal tissue (Ref) taken as reference. Note lack of perfusion inside the necrotic portion of the tumour as visually depicted on

colour-coded perfusion maps.

Figure 2. A 51-year-old female with small keratinising SCC of
the left retromolar trigone (arrow on DECT monochromatic
55keV image, (a). Material decomposition iodine/water image
(b) improves lesion conspicuity by boosting iodine signal and
reveals high lesion vascularisation (measured mean iodine
concentration of 32 x 100 ug ml™, whereas virtual precon-
trast image (c) shows no abnormal density or beam hard-
ening artefacts at the lesion site. Avid lesion enhancement
was confirmed by spectral curve analysis (d). All images
had been obtained at the same anatomic level from a single
contrast-enhanced DECT acquisition.

Spectral HU Curve 2

Several imaging biomarkers have been identified that can help
predict response of oesophageal cancer to CRT (Table 2). In
this latter setting, Aoyagi et al reported that ADC values were
significantly higher in patients with better survival rates,”
whereas in a recent meta-analysis the variation of ADC before
and after treatment and post-treatment ADC were found
to have good performance for evaluating CRT response.’’
Furthermore, van Rossum et al showed that a treatment-in-
duced relative increase in ADC during the first 2-3 weeks of
neoadjuvant CRT for oesophageal cancer was highly predic-
tive of histopathologic response,”” and also AUC changes at
DCE-MRI were predictive of complete pathological response
to neoadjuvant CRT at a threshold of —24.6% with sensitivity,
specificity, positive and negative predictive values of 83%, 88%,
71% and 93%, respectively.”

In parallel, a comparative study of DECT and standardised
iodine concentrations in patients with oesophageal cancer
before and after CRT showed a significant reduction of tumour
normalised iodine concentration on iodine maps in responders,
allowing to functionally evaluate treatment response and prog-
nosis in terms of reduced tumour iodine uptake.*® Radiomics
approaches have also recently been proposed for preoperative
prediction of lymph node metastasis’* and tumour response
to CRT in patients with oesophageal cancer,”>® and of note,
it has emerged that radiomics features can outperform size
criteria in discriminating lymph node metastasis in resectable
oesophageal SCC.””

Gastric cancer is the fourth most common malignancy and
the second most common cause of cancer-related death world-
wide (738,000 deaths annually), whose prognosis and survival
rate are poor in advanced stage disease and for which only
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Figure 3. A 49-year-old male with T3N2 advanced gastric
cancer without peritoneal seeding showed entropy of 7.05
within the region of interest (a). A 59-year-old female with
T3N2 advanced gastric cancer with occult seeding (b) showed
entropy of 7.70, higher than the cut-off value (>7.141) obtained
from receiver operating characteristic (ROC) curve analysis
(). Reproduced and adapted from.®*

Sensitivity

L L

L L
0 20 40 60 80 100

100-Specificity

surgical resection of the primary tumour can be curative.”®

In light of this, quantitative imaging represents a promising
area for gastric cancer research and management, and in
particular, ADC and contrast-enhanced CT-based texture
features are noninvasive, quantitative imaging biomarkers
that hold promise in the evaluation of tumour aggressive-
ness, treatment response and prognosis (Table 3).*7¢*¢! CT
texture analysis can predict histopathological characteristics
of gastric cancers (such as differentiation degree, Lauren clas-
sification and vascular invasion status),’” the expression level
of immunohistochemical biomarkers (including E-cadherin,
Ki67, and VEGFR2),” and even occult peritoneal carcinoma-
tosis in patients with advanced disease®* (Figure 3). Radiomic
feature extraction is another area of active research that has
yielded promising results, especially in terms of prognostic
assessment."” %777

Among quantitative imaging biomarkers, DWI has shown
higher accuracy than conventional MRI for T- and N-staging
of gastric adenocarcinoma (80% vs 73% and 93% vs 80%,
respectively),®® and the addition of 3T-MR DWI provides
significantly higher sensitivity over conventional MRI or
contrast-enhanced CT for the assessment of lymph node
metastasis.”” In a multivariate analysis of 99 patients with
gastric cancer (of whom 71 underwent surgery and 28 neoad-
juvant chemotherapy, respectively), ADC values of 1.5 x 10°
mm?/s or lower were associated with a negative prognosis
along with pathologic T and N stages, suggesting an important
role of DWT in outcome prediction.”® Overall, such findings
seem to reflect a relationship between quantitative imaging
biomarkers and different molecular tumour fingerprints that
may be exploited to tailor treatment, and to this latter regard it

is worth mentioning, for instance, that ADC values were found
to correlate with HER?2 status.”’

Perfusion CT and especially DECT can also give a relevant
contribution to local staging and prognostic assessment of
gastric cancer. Zongqiong et al showed a correlation between
perfusion CT parameters (BE, BV and PS values) and the degree
of differentiation of gastric adenocarcinoma,”’ whereas Zhang
et al reported a significant difference in the PS values between
patients with or without lymphatic involvement (p = 0.038),
different histological grades (p = 0.04) and TNM staging (p =
0.026).”” On the other hand, in Liang et al's study DECT-de-
rived normalised iodine content on arterial and portal venous
phase acquisitions was higher in poorly differentiated gastric
adenocarcinomas than in moderately differentiated tumours,
along with a significant difference in portal venous phase
normalised iodine content between tumours with high and
low microvessel density, as determined by CD34 staining.”
Quantitative analysis of DECT imaging parameters for the
gastric mucosa can be useful to differentiate malignant from
benign gastric mucosal lesions, with iodine concentration
and normalised iodine concentration in gastric cancer being
significantly different from those in normal and inflammatory
mucosa, showing a sensitivity and specificity of about 90% in
differentiating gastric cancer from normal mucosa on portal
venous phase images.”* More generally, DECT with mono-
chromatic imaging and quantitative iodine concentration
measurements has higher diagnostic accuracy than conven-
tional single-energy CT for T and N staging of gastric cancer
(81.2% and 80% vs 73.9% and 75%, respectively), with iodine
concentration indexes differing significantly between differ-
entiated and undifferentiated gastric carcinoma, and between
metastatic and non-metastatic lymph nodes.”” The diagnostic
potential of DECT may be pushed even further to a molecular
level, with quantitative parameters (such as iodine concen-
tration, normalised iodine concentration, and curve slope)
showing a significant positive correlation with Ki-67 antigen
expression as a marker of tumour proliferation and allowing
to differentiate between early and advanced gastric cancer.”®

Based on the above considerations, the evidence collected so
far shows that imaging biomarkers can provide a significant
added value to conventional imaging for improving T and
N staging of oesophageal and gastric cancers and predicting
early response to neoadjuvant CRT and overall prognosis. This
might play a pivotal role into identifying the best treatment
strategy for patients on a case-by-case basis [e.g. surgery with
or without CRT, or neoadjuvant CRT? which degree of surgical
radicality? which expected lesion aggressiveness (including
conditions with a dramatic impact on treatment choice and
prognosis, such as peritoneal dissemination)? any and which
potential targets for specific therapies?], possibly leading to
better patient outcomes, higher quality of life, and more effec-
tive use of healthcare resources.

CONCLUSIONS
Imaging biomarkersrepresentan excitingarea of active research
that can currently be considered a new frontier of oncologic
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imaging, owing to their potential to provide a substantial
amount of additional information to guide all management
steps of cancer patients (from lesion detection and staging to
treatment planning, follow-up and prognostic assessment).
In particular, the diagnostic workup of upper gastrointestinal
cancers should significantly benefit from a combined and
thorough analysis of available imaging biomarkers, due to the

outcome.

heterogeneous biological features of such diseases that usually

BJR|Open

require a complex diagnostic and therapeutic approach. It is
likely that in the near future, a growing number of imaging
biomarkers and radiomics features will reach the status of
validated parameters to be routinely assessed along with
established diagnostic imaging criteria, possibly favouring
treatment individualisation and improving overall patient
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