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Abstract
To meet the clinical demand emerging with the changing paradigm in both diagnosis and treatment, the medical imaging techniques also proceeds into precision 
stage, becomes the major tasks beyond screening, early detection, staging and therapy evaluation. As heterogeneity of malignant tumors have major impacts on both 
scientific and clinical interests in CRC, multiple features are needed to be uncovered in order to better stratify and select the subgroups in view of their response status 
to the treatment and other biological characters. Multi-modality imaging, like PET/CT and PET/MR, using multi-biomarker specifically binding to key-targets in 
tumor and in microenvironment, might be the best choice for the goal.
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Introduction
Colorectal cancer (CRC) is one of the most common types of 

cancer worldwide, which ranked the second in the list of cancer related 
death in well-developed western countries. The mortality of CRC has 
barely changed over the last 20 years, in part due to the approximately 
50% of CRC remains undetected until late stage [1,2]. In spite of much 
improved surgical, chemical, radiation and targeted therapies, loco-
regional relapse and/or distant metastases, or metachronous secondary 
tumors are notified at an incidence of 3%-24%, 25%, and 1.5%-10% 
respectively within the first 5 years after curative therapy [3]. 

For majority of CRC, chromosomal instability (CIN), microsatellite 
instability (MSI), and CpG-island methylator phenotype (CIMP) 
involving in different genetic or epigenetic abnormalities, activate the 
Ras/mitogen-activated protein kinase (MAPK) pathway (RAS-RAF-
MAPK) and the phosphoinositide 3-kianse (PI3K) pathway (PI3K-
phosphatase and tensin homologue [PTEN]-Akt) [4]. These pathways 
are involved in CRC cell proliferation, differentiation, apoptosis, and 
cell invasion. Therefore, prediction of these different characterization of 
CRC by medical imaging is very useful for clinically precision medicine.

“Biomarker” is a term used widely in drug development and is 
defined as “a characteristic that is objectively measured and evaluated 
as an indicator of normal biological processes, pathogenic processes, 
or pharmacologic responses to a therapeutic intervention” [5]. Imaging 
biomarkers refers to those image findings able to reflect whether a 
patient is likely to respond to a treatment, or to detect and evaluate the 
treatment response, in correlation to the molecular mechanism hidden 
from ordinary investigation. Imaging biomarkers may directly illustrate 
molecular events and cellular characteristics, for example, assessing 
changes in the number of specific receptors or synthetic pathways, 
extracellular matrix signaling, intercellular signaling pathways, and 
gene expression, etc. which are specifically altered in particular tumor; 
or they may indirectly measure “downstream” sequelae of treatment 
or changes in molecular or cellular processes, for example, assessing 
tumor metabolism, and biophysics, cell density or blood flow. Those 

features revealing biochemical tumor-host interactions, are more and 
less “molecular” in nature and can be investigated by most of imaging 
methods.

This paper tries to associate what we have learnt from the molecular 
biology and medical imaging technology in an attempt to characterize 
CRC and to summarize what we could do by means of molecular 
imaging in order to provide clinically useful information for precision 
medicine, especially when targeted treatment is concerned.

Imaging through indirect “biomarkers”
In view of the current modification in CRC management, 

manufacturers and researchers made great efforts in recent years to 
improve the diagnostic performance of existing imaging modalities 
and to innovate new modalities to fulfill the emerging demands [6]. 
For the same reason, radiologists tried alternative ways in image 
acquisition and data handling to satisfy our clinical colleagues. Indeed, 
it has been reported that certain image findings are associated with 
underlying gene-expression patterns [7]. But so far, most attempts using 
conventional modalities stay mainly in indirect manner, due to lack of 
specific imaging biomarkers.

CT imaging

CT is the most widely available imaging platform. Conventional 
CT reflects anatomical and morphological features inside the body. 
Contrast enhancement, especially with multi-phase acquisition, could 
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add diagnostic power of multi-slice CT (CECT). Because CT acquires 
its images in a straightforward way, and its image quality is stable 
and reliable, CT is recommended widely for follow-up of CRC after 
treatment, and evidence showed the virtual CT colongraphy had almost 
similar sensitivity as endoscopy in screening early CRC [8].

Precontrast images are used as baseline measurement of colon 
cancers, providing information about the tissue density, presence 
of fat, necrosis, calcium, or hemorrhage [9-11]. While after contrast 
injection, arterial blood supply, visceral perfusion, and venous drainage 
of interested lesion or tissue could be well depicted. In CRC, like 
some other types of tumors, neovascularization was reported to arise 
early in the adenoma-carcinoma sequence [12]. Angiogenesis plays 
an essential role in the process of growth and metastasis [13]. Blood 
flow (BF) could be used as an indirect biomarker for angiogenesis. In 
a CECT study, rectal cancer with low BF tended to be accompanied by 
synchronous metastatic lymph nodes or distant metastases, with poor 
overall survival as the consequence [14]. That is, however, conflict to 
what people expected for a hyper-perfused tumor, but other authors 
hypothesized that reduced BF are related to increasing interstitial fluid 
pressure and hypoxia in tumor tissue [15].

The recent advances in dual-energy computed tomography (DECT) 
simultaneously acquires datasets at two different photon spectra in 
a single scan. The iodine in the contrast agent can be distinguished 
from other materials owing to its stronger photoelectric absorption at 
low tube voltages near K-edge of iodine [16]. Furthermore, the dual-
energy data can be used to generate a color-coded iodine overlay (IO) 
image that shows the distribution of iodine within the volume of tissue 
examined, and a ‘pseudo’ images of the host tissue without contrast 
(VNE) could be created with software to deduct IO from the acquired 
images. In an early study, single-phase DECT using color-coded IO and 
VNE images provide high accuracy in T-staging of CRC and suggest 
that VNE images could potentially replace the real pre-contrast (TNE) 
images. Replace TNE reduced the patient exposure to CT radiation 
by 57% [17]. Yang L et.al. study showed the radiomics signature was 
significantly associated with KRAS/NRAS/BRAF mutations. Clinical 
background, tumour staging, and histological differentiation were not 
associated with KRAS/NRAS/BRAF mutations in both cohorts [18].

MR imaging 

Similar to modern CT, Magnetic resonance imaging (MRI) provides 
simultaneous assessment of morphological and functional features 
of a tumor. MRI is an extraordinary modality with great potential in 
multiple parametric (i.e. intrinsic bio-imaging biomarkers) imaging. 
With more than 300 acquisition sequences, each revealing different 
information based on chemical status of native proton, modern MRI 
is better than CT in revealing more valuable features of tumor, such as 
regional metabolism [19], circulation, cellular density [20], inter-lesion 
texture and ‘bizarre’ angiogenesis, interstitial pH [21], PO2, mean vessel 
diameter [22] or intercellular distances in malignant tumor [23]. This 
capability of MRI is of great value since the interaction between tumor 
cells and neighbor cells in microenvironment surrounds it is known 
to impact tumor progression, even the distinct tumor cell subsets may 
contribute to the malignant phenotype [24]. All those makes multi-
parametric MRI a well-established most useful imaging modality, 
especially when the detection and characterization of soft tissue tumors 
is concerned [25]. Most of the aforementioned MRI findings could be 
more and less correlated with genetic and epigenetic counterparts [26]. 

One of the major shortcomings of contemporary MRI is its 
inherently relatively low sensitivity because only a small fraction of 

the nuclei in the sample actually contribute to measured signals [4]. 
To compensate this, ‘smart contrast agents [27], and hyperpolarization 
technique were recently developed [28,29]. MRS is also a unique 
modality in its ability to provide chemically specific information on 
changes in molecular composition and structures. 

Both ultrasound and nuclear medicine (to less extent) make use of 
indirect imaging biomarkers. While endoscopic ultrasound was proved 
useful in revealing transmural lesion and peri-intestinal tissue or lymph 
node involvement [30], which is not included in the current review. 
There is few acoustic contrast agent specific to known tumor biology 
except for blood flow [31]. 

Radionuclide imaging

Though most of radiolabeled tracers in nuclear medicine are more 
and less directed to molecular targets, [18]F-fluorine or 99mTc-MDP for 
bone scan, and even [18]F-FDG widely used for both clinical and basic 
science investigations, are in principle ‘indirect’ imaging biomarkers. In 
bony metastasis, the tracers accumulated in bone tissue around but not 
the metastatic lesion per se. The [18]F-FDG takes advantage of “Warburg 
effect” [32], but it has long been recognized for its non-specific uptake 
pattern. Never the less, both ultrasound agent and nuclear medicine 
tracers have the advantage of carrying or directly delivering therapeutic 
effectors to the tumor [33,34].

One technical might help to improve the diagnostic performance 
of indirect ‘targeted’ imaging. Texture analysis (TA) quantifies the 
spatial variations on the images [35-40], thus might add information 
concerning the heterogeneity within a tumor. It is a common finding 
with many studies that greater heterogeneity and higher fractal 
dimension was characteristic of malignant tumors, especially the more 
aggressive/advanced stage ones. Gneshaoh V, Gan et al found a coarse 
texture features may reflect the vasculature as defined by CD34 [41]. 
And coarse texture entropy on CT related to micrometastasis formation 
thus correlated with patient survival [42]. 

Texture analysis is proven to make ordinary imaging more 
informative, either CT or PET in detecting biological heterogeneity 
[43]. With texture analyzed, power in differential diagnosis between 
aggressive and non-aggressive/early stage tumors was proved with 83.3 
% accuracy using CECT [44], so was the prediction of 65 % increase 
risk of death by an increase of 6.5 % via heterogeneity in [18]F-FDG 
uptake [45]. Our texture analysis on 113 PET/CT cases derived from 
a previous multicenter trial on pulmonary lesions [46] found a 12% 
increase in diagnostic accuracy in comparison to randomized, blind, 
multi-readers’ collective reading performance (83% vs 71%) .Using the 
same tracers, Wang et al firstly reported successful differentiation of 
a human CRC model with higher metastatic potential from another 
model from the same origin but low in metastases, and then proved 
the difference of the two tracers in evaluation of therapeutic effect [47]. 

Increased [18]F-FDG SUV (max) and TW (PET/CT-based tumor width) 
(40%) were associated in CRC tumors with TP53 and KRAS mutations, 
respectively [48]. 

Imaging with direct biomarkers
Traditionally, CRC is treated with surgery, chemotherapy and 

radiotherapy, depends on the type, location and stage of the tumor. 
However, due to heterogeneous nature of the tumor, CRC showed 
different biological behavior and way of evolution. As Esserman et al 
suggested, the term “cancer” should be reserved for those tumors of 
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lethal progression if left untreated [49], it makes more sense to select the 
patients who are most likely to benefit from particular treatment and to 
deny those who not [50]. 

Currently, the selection of subgroup of patients is mainly depending 
on in vitro assessment of the related molecular biomarkers [51]. But the 
incomplete, fixed, frozen, out-of-living body samples might not be able 
to fully uncover the heterogeneity of molecular aberrations in the entire 
tumor, to say nothing about the acquired resistance during evolution 
of living cells. Multiple biopsies might solve the problem partially, as 
demonstrated in a report that F2108L mutation in MTOR causing 
resistant to everolimus was undetectable in the pretreatment tumor 
[52]. But molecular imaging, using those over expressed biomarker as 
imaging tracers, might serve the same purpose in a less invasive, more 
convenient, and direct way.

From clinical perspective, PET/CT (PET/MR) and MRI might be 
the modalities of choice when evaluating patients with a suspicion of 
recurrent disease, or of resistance to a certain regimen because of their 
best performance in revealing in vivo characteristic and confidence 
in prediction of disease status [53]. PET/CT uses radiotracers that 
directly bind to interested targets. Numerous radiotracers have been 
developed for a big variety of molecular and cellular targets, ranging 
from metabolism, proliferation, hypoxia, protein and lipid synthesis, 
membrane transporter of proteins, hormone receptors, tumor receptors, 
angiogenesis, apoptosis, and gene expression, etc. 

Proteins expression imaging

Proteins are of enormous importance in living bodies for its being 
the main drivers of phenotypes. The aberrations on gene expression, 
mRNA and so on, could be expressed by relevant change of proteins. 
Quantification of proteins, their location, modifications, functions and 
their interactions would be a preferred target [54]. 

EGFR overexpression is present in approximately 80% of CRC 
cases, correlated with poor prognosis, shortened survival, and early 
recurrence [55,56]. A morpholino-[124I]-IPQA probe was reported able 
to bind the activated EGFR kinase adenosine triphosphate-binding 
site, but not to the inactive form [57]. Other tracers labeled by 99mTc 
was able to differentiate sensitive and resistant mutation of EGFR [58]. 
The mechanism of acquired resistance to Everolimus was identified 
as a mutation in mTOR that prevented Everolimus from binding to 
mTOR. The mutant mTOR remained sensitive to direct mTOR kinase 
inhibition [59]. The latest report suggested a synthesis and labeling of 
an agent with potential of binding and imaging the pathway [60]. MRI 
has also been used to delineate constitutively activated EGFR in murine 
models, using an IgG antibody conjugated to iron oxide nanoparticles 

[61]. In another study, overexpression of LIM and SH3 domain 
protein 1 (LASP-1) in SW480 human CRC resulted in an aggressive 
phenotype and promoted cancer growth and metastasis [62]. Yang L 
showed multispectral imaging reveals hyper active TGF-β signaling in 
colorectal cancer [63].

miRNAs expression imaging

MicroRNAs (miRNAs) may also be a promising target [64]. The 
first systematic analysis of miRNA expression in CRC was published in 
2006 [65], followed by several studies confirming the dye-regulation of 
miRNAs. Chakrabarti et al designed, synthesized and evaluated 99mTc 
and 64Cu labeled probes specifically targeting oncogene mRNAs for 
SPECT or PET imaging [66]. 

One of the well-studied imaging markers is a small poly peptide: Arg-
Gly-Asp (RGD) and its analogues. RGD, with favorable biodistribution 

properties and specific affinity to integrin receptor αvβ3, plays an active 
role in angiogenesis, mediates cell attachment and many other cellular 
bioprocesses. Studies had demonstrated its usefulness in tumors and 
other situations when formation of new blood vessels is activated. 99mTc, 
68Ga and 18F labeled RGD were reported promising tracers for tumor 
imaging and monitoring anti-angiogenesis therapy, and are used widely 
for SPECT, PET and MRI imaging [67,68].

Low expression of epiregulin mRNA has been shown to be 
prognostic of improved OS for KRAS WT patients who did not receive 
EGFR-targeted therapy [69]. Tumor mRNA using a gene signature 
derived from liver metastases was proposed as a predictive biomarker 
for response to EGFR-targeted therapies [70]. A fraction of above cited 
studies demonstrated strong connection between abnormal imaging 
features, pinpointing particular abnormal molecular event in tumor, 
and their impact on the survival and clinical outcomes.

Gene mutation imaging

Single-nucleotide point mutations in codons 12 and 13 of exon 
2 of KRAS gene were found in approximately 40% of patients with 
metastatic CRC [71]. Mutations in gene PI3KCA and loss of suppressor 
gene PTEN found in 15%-20% and 20%-40% of metastatic CRC were 
associated with resistance to cetuximab [72]. Those highly expressed 
mutations may be exploited as an imaging target for lesion detection. 

According to the concept of tumor cell heterogeneity, highly 
metastatic cells are present as a sub-population in a primary tumor. In 
an in vivo selection of subpopulation of CRC cells of aggressive behavior, 
CD44 expression and c-MET activity represent greater tumorigenic 
potential, and an increased metastasis [73-75]. 

McKinley ET used preclinical models of CRC to demonstrate [18]

F-FLT PET as a sensitive predictor of response to (V600E) BRAF 
inhibitors. Because [18]F-FLT PET predicted reduced proliferation 
associated with attenuation of BRAF downstream effectors, yet [18]

F-FDG PET did not, these data suggest that [18]F-FLT PET may 
represent an alternative to [18]F-FDG PET for quantifying clinical 
responses to BRAF inhibitors [76]. Schulte ML study showed 4-[18F]

F-GLN PET selectively reflected pharmacodynamic response to BRAF 
inhibition when compared with 2-deoxy-2[18F]fluoro-D-glucose PET, 
which was decreased non-specifically for all treated cohorts, regardless 
of downstream pathway inhibition [77].

Mutated KRAS caused higher [18]F-FDG accumulation possibly 
by upregulation of GLUT1; moreover, HIF-1α additively increased [18]

F-FDG accumulation in hypoxic lesions. [18]F-FDG PET might be useful 
for predicting the KRAS status noninvasively [78].

Conclusion
Targeted therapies have improved the survival of patients with 

advanced CRC. However, further improvements in patient outcomes 
may be gained by the development of predictive biomarkers in order 
to select individuals who are most likely to benefit from treatment, 
thus personalizing treatment. Biomarkers can be prognostic, predictive 
target, or both. A predictive biomarker indicates the likelihood 
of response or resistance to a particular therapy, and a prognostic 
biomarker provides information on the outcome. 

Ultimately, a comprehensive knowledge of mechanisms behind 
acquired resistance, coupled with the ability to diagnose the relevant 
aberrant molecular pathway in vivo, may lead to proper use and 
development of therapeutic strategies. Even most of techniques used 
with indirect imaging markers, the potential in scientific as well as 
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clinical study will certainly be enhanced along with the improvements 
in acquisition and analysis technology, or it may serve as a component 
in the integrated CRC management with multi-tracer imaging and 
combination of targeted therapy. 
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