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SA-CME LEArnIng ObjECTIvES 
 

After completing this journal-based SA-CME  
activity, participants will be able to:  

■ Identify the biologic and technical 
bases of advanced imaging techniques. 

 
■ Recognize the clinical value of these im-
aging techniques in patients with CRC. 

 
■ List the advantages and limitations of 
these techniques in assessment of pa-
tients with CRC.  

See www.rsna.org/education/search/RG.  

  
Imaging techniques are clinical decision-making tools in the evalu-
ation of patients with colorectal cancer (CRC). The aim of this article is 
to discuss the potential of recent advances in imaging for diagnosis, 
prognosis, therapy planning, and assessment of response to treatment of 
CRC. Recent developments and new clinical ap-plications of 
conventional imaging techniques such as virtual colo-noscopy, dual-
energy spectral computed tomography, elastography, advanced 
computing techniques (including volumetric rendering techniques and 
machine learning), magnetic resonance (MR) im-aging–based 
magnetization transfer, and new liver imaging tech-niques, which may 
offer additional clinical information in patients with CRC, are 
summarized. In addition, the clinical value of func-tional and molecular 
imaging techniques such as diffusion-weighted MR imaging, dynamic 
contrast material–enhanced imaging, blood oxygen level–dependent 
imaging, lymphography with contrast agents, positron emission 
tomography with different radiotracers, and MR spectroscopy is 
reviewed, and the advantages and disad-vantages of these modalities 
are evaluated. Finally, the future role of imaging-based analysis of 
tumor heterogeneity and multiparametric imaging, the development of 
radiomics and radiogenomics, and fu-ture challenges for imaging of 
patients with CRC are discussed.   
Online supplemental material is available for this article. 

 
©

RSNA, 2018 • radiographics.rsna.org 
 

 
Introduction  

Colorectal cancer (CRC) is the third most common cancer world-wide 
and represents 10% of all new cancer diagnoses (1). CRC is a 
heterogeneous disease that exhibits substantial spatial phenotypic and 
genotypic variations. Malignant CRC tumors are biologically com-plex, 
and our current understanding of how CRC behaves probably is limited. 
Anatomically based imaging features, such as the status of the 
circumferential resection margin and depth of tumor spread in rectal 
cancer (RC), have been validated as prognostic and/or predic-tive imaging 
biomarkers and currently are used to stratify patients into treatment 
groups. However, conventional imaging techniques exhibit clear 
limitations in the evaluation of tumor phenotypes.  

Recent developments and new clinical applications of conventional 
imaging techniques (eg, dual-energy spectral computed tomography [CT], 
elastography, virtual colonoscopy) may offer additional informa-tion in 
patients with CRC. Moreover, imaging findings derived from functional 
and molecular imaging with diffusion-weighted imaging (DWI), dynamic 
contrast material–enhanced (DCE) imaging, blood oxygen level–
dependent imaging, positron emission tomography (PET) with different 
radiotracers, and MR spectroscopy may be critical in decision making for 
patients with CRC. The use of lympho-tropic contrast agents also may be 
critical (2–4). 
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TEAChIng POInTS   
■ Anatomically based imaging features, such as the status 

of the circumferential resection margin and the depth of 
tumor spread in RC, have been validated as prognostic 
and/or pre-dictive imaging biomarkers and currently are 
used to stratify patients into treatment groups. However, 
conventional imag-ing techniques exhibit clear limitations 
in the evaluation of tumor phenotypes.  

 
■ Clinical and radiologic assessment of tumor response current-ly 

does not allow the accurate identification of patients with 

pathologic complete response after neoadjuvant therapy. 
 

■ DCE measures are totally dependent on the analysis model and 

imaging technique applied. These features limit the index-es and 

biologically relevant parameters that can be obtained. 
 

■ PET/CT is an established technique for decision making that may 

have a significant clinical effect in in patients with various stages 

of CRC. FDG PET/CT is more sensitive than CT alone for 

evaluation of apparently limited metastatic disease before 

intervention or the presence of extrahepatic disease, which may 

improve staging to avoid unnecessary surgery. However, there is 

insufficient scientific evidence to recommend the rou-tine use of 

FDG PET/CT in the preoperative staging of CRC. 
 

■ In radiomics and radiogenomics, advanced computational 

techniques are used to extract and analyze innumerable 

quantitative descriptors of tumor heterogeneity and pheno-

type (eg, shape, intensity, texture) from radiologic images 

and to correlate them with clinical reports, laboratory test re-

sults, and gene-expression patterns or proteomic data. 

 
 
 

CRC imaging is moving beyond pure anatomic 
evaluation. Medical images contain information that 
reflects underlying tumor biology. Multipara-metric 
evaluation and imaging assessment of can-cer 
heterogeneity are evolving tools with promising 
results (5–7). Advanced imaging may offer the 
possibility of global evaluation of tumor pheno-types 
at different levels and generation of patient 
subgroups based on imaging features, which may 
show prognostic and/or predictive relevance. The 
extraction and analysis of quantitative imaging– 
derived descriptors of tumor phenotypes may be 
correlated with clinical data and gene expression 
patterns, allowing the development of radiomics and 
radiogenomics (7–9) (Fig 1).  

In this article, we review the established and 
expected contributions of all of these imaging 
techniques in the management of CRC. 
 

recent Developments in 
Conventional Imaging Techniques  

Imaging is a major component in the evaluation of 
patients with CRC, because it is crucial for classic 
TNM staging, which allows clinical man-agement of 
CRC to be determined. In addition, some radiologic 
features can be used to clas-sify different CRC tumor 
types. Both mucinous and signet ring cell tumors are 
associated with young age, advanced tumor stage, 
different tumor spread patterns, and poor response to 
neoadju- 

 
 
vant chemotherapy and radiation therapy, which 
explains their worse disease-free and overall survival 
outcomes compared with nonmucinous tumors. 
Magnetic resonance (MR) imaging and CT enable 
detection of the mucinous component in the tumors, 
which appears as areas of high signal intensity on 
T2-weighted MR images and extensive 
hypoattenuating areas with heteroge-neous contrast 
enhancement and foci of calcifica-tions on CT 
images (10–12).  

Conventional imaging techniques are clini-cal 
decision-making tools in patients with CRC and can 
be used for noninvasive evaluation of important 
features, including the relationship of the tumor to 
surgical planes (eg, circumferential resection margin 
and anal sphincter involvement) and other important 
imaging prognostic features, such as depth of tumor 
spread, extramural vascu-lar invasion, presence of 
malignant lymph nodes and/or tumor deposits, and 
differentiation of mu-cinous from nonmucinous 
tumors (2,3,10–12) (Fig 2). In addition, imaging is 
important in the assessment of posttreatment tumor 
response (ie, tumor regression grading at MR 
imaging) and for surveillance after therapy (2). 
 

Recently, conventional imaging technology has 
improved, with substantial advances in hardware and 
software. This progress has allowed the emer-gence 
of new techniques and clinical applications of 
imaging such as dual-energy spectral CT and 
elastography and advanced computing techniques 
including volumetric rendering techniques and ma-
chine learning, MR imaging–based magnetization 
transfer, and advanced liver imaging techniques (eg, 
use of hepatospecific contrast agents), which may 
offer additional clinical information in patients with 
CRC (Table E1 [online]). 
 
Dual-energy Spectral CT  
Because the modality involves the use of different 
energy levels, dual-energy spectral CT allows ma-
terial decomposition based on energy-dependent 
attenuation profiles of specific materials and tissue 
characterization. It also permits the quantifica-tion of 
the attenuation caused by iodine contrast material 
and the calculation of iodine concentra-tion, which 
can be displayed as a color map that provides a more 
reliable measurement of tissue enhancement. In 
patients with CRC, dual-energy spectral CT allows 
detection and characterization of CRC tumors and 
extracolonic findings based on iodine uptake (Fig 3). 
 

Published data also suggest that dual-energy 
spectral CT may improve tumor grading and 
staging (13,14). Dual-energy spectral CT–de-rived 
virtual monochromatic images depict more subtle 
contrast enhancement than do the default 
polychromatic images of single-energy 
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Figure 1.  Chart shows advanced imaging techniques for global evaluation of tumor phenotypes at different levels, from pure 
ana-tomic imaging techniques to functional-molecular imaging techniques, imaging-based analysis of tumor heterogeneity and 
complex-ity, and the development of radiomics and radiogenomics. MRSI = MR spectroscopic imaging. 

 
Figure 2.  Mucinous RC stage cT4a cN2-V2 
in a 55-year-old man. Sagittal T2-weighted MR 
image shows peritoneal involvement (ar-row) 
and also depicts important prognostic features 
such as extramural vascular invasion (white 
arrowhead), presence of malignant lymph 
nodes (black arrowhead), and muci-nous 
differentiation (note the extensive hy-
perintense areas in the tumor).  

 
CT, improving lesion conspicuity and lesion-to-
parenchyma contrast in cases of liver metastatic 
deposits. Preliminary results suggest that iodine 
concentration may be a useful parameter for 
discriminating lymph node metastases (15). 
 
Elastography  
Tumors usually are stiffer than normal bowel wall 
tissue (Fig 4) (Movie 1). US elastography for 
assessment of tissue hardness may be a use-ful tool 
for differentiating between benign and malignant 
lesions in the rectum with an endorectal probe. 
Waage et al (16) reported that this tech-nique might 
enable distinction between benign adenomas and 
invasive adenocarcinomas. More-over, malignant 
lymph nodes also should display increased stiffness 
at elastography, although, to our knowledge, there 
are no published data on the elastographic 
assessment of lymph nodes in patients with CRC. 
 

MR elastography is also an emerging technol-
ogy for quantitative assessment of the mechani-cal 
properties of tissue, particularly in the liver.  
This technique has shown promise for focal liver 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
characterization, and malignant lesions, including 
metastases from CRC, show significantly higher 
mean shear stiffness than do benign tumors and 
normal liver tissue. 
 
Advanced Computing Techniques  
The introduction of continuous improvements in the 
computing capabilities of radiologic equip-ment has 
allowed the development of volumetric rendering 
techniques and machine learning ap-plications in 
patients with CRC.  

The value of volumetric rendering techniques (eg, 
virtual endoscopy, maximum intensity 
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Figure 3.  CRC in a 57-year-old man. Sagittal 
reformat-ted colored iodine map from dual-energy CT 
shows a polypoid tumor that is producing a sigmoid 
invagina-tion (arrows).  
 
 
projection, or surface-shaded volume rendering) has 
been documented in the literature and adds 
diagnostic capabilities in patients with CRC on the 
basis of different imaging techniques. 
 
Virtual Colonoscopy.—A particularly important 
application of surface-rendering techniques is virtual 
colonoscopy based on CT or MR imag-ing. CT 
colonography has evolved to become a clear 
alternative to optical colonoscopy for de-tection of 
colorectal neoplasias (17,18) (Fig 5). The use of MR 
colonography in clinical practice has been limited. 
Virtual colonoscopy involves the obtaining of two- 
and three-dimensional im-ages of the entire colon 
and rectum after bowel distention. CT colonography 
offers wider avail-ability, reduced examination time 
and imaging artifacts, higher spatial resolution, and 
lower costs, while MR colonography is not limited 
by the use of ionizing radiation, although it is less 
commonly used in clinical practice. 
 

Different clinical indications of virtual colo-
noscopy have emerged, such as when conven-tional 
colonoscopy is incomplete or unfeasible, in older 
and/or frail patients, when there are alarm symptoms 
suggestive of CRC, for tumor localization for 
laparoscopic surgery, and for postoperative 
evaluation of patients with colonic stoma. The exact 
role of virtual colonoscopy in CRC screening is still 
under discussion. How-ever, virtual colonoscopy is 
not sensitive for de-tection of small polyps (<5 mm) 
and flat lesions, although the clinical relevance of 
these lesions is under debate (17). 
 
 
Volumetry.—Tumor burden is an important 
prognostic feature in patients with CRC. However, 

 
 
changes in tumor volume are especially important in 
the context of tumor response to therapy. In the case 
of RC, the degree of reduction in the post-therapy 
volume ratio is associated with disease-free survival 
and tumor regression grade. Use of the tumor volume 
reduction rate is superior to use of the Response 
Evaluation Criteria in Solid Tumors (RECIST) 
criteria for prediction of the pathologic response of 
RC treated with neoadjuvant radiation therapy and 
chemotherapy.  

MR volumetry based on T2-weighted MR im-
ages is also better than tumor size for suggesting a 
pathologic complete response after radiation therapy 
and chemotherapy (Fig 6). However, it is difficult to 
distinguish between therapy-induced fibrosis and 
residual viable tumor on the basis of only T2-
weighted MR images (19–21). Finally, tumor 
delineation is easier with functional and molecular 
imaging techniques, such as DWI or fluorine 18 (18F) 
fluorodeoxyglucose (FDG) PET, because these 
techniques have superior intrinsic contrast resolution 
(19–21).  

Surgical resection improves survival in pa-tients 
with CRC that has metastasized to the liver. In these 
patients, the size of the remnant liver affects 
postoperative mortality and morbid-ity. The use of 
CT- or MR imaging–based liver volumetry and 
virtual liver resection for preop-erative planning of 
the hepatectomy is critical to ensure procedural 
success in hepatic resection of metastatic CRC 
(12,22) (Fig 7). 
 
Three-dimensional Endoscopic US.—
Endoscopic US is becoming an established imaging 
modality for use in local-regional staging of RC. 
Three-dimensional endoscopic US has improved the 
accuracy of tumor and node staging compared with 
that of conventional endoscopic US. 
 
Machine Learning in CRC.—An active area of 
investigation is the application of machine learning in 
patients with CRC. The use of computer-aided 
detection and diagnosis in CT colonography has been 
explored and has shown increased reader sensitivity 
at CRC screening (23). In addition, the increasing 
volume of imaging data in clini-cal practice will 
require the use of automated and intelligent systems 
for analysis in multiple applica-tions, such as image 
segmentation and registration, image fusion, and 
image-guided therapy. 
 
Magnetization Transfer Mr Imaging  
Discriminating between fibrosis and tumor rem-
nants on the basis of morphologic MR imaging alone 
is a challenge. Conventional MR imaging shows low 
sensitivity for discriminating pathologic complete 
response from residual tumor (24). Magnetization 
transfer imaging is a technique that 
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Figure 4.  Rectal adenocarcinoma in a 64-year-old man. (a) Optical colonoscopic image shows a rectal tumor. (b) Endorectal 
ul-trasonographic (US) image (right) with strain elastogram (left) shows tumor extension (arrows). Tumor tissue appears harder 
(more blue) than the reference tissue on the elastogram. (c) Contrast-enhanced US images show tumor enhancement (arrows). 
(d) Fused axial T2-weighted MR image and superimposed color-coded map derived from high-b-value DWI shows the tumor 
areas with re-stricted diffusion (red). (e) Histogram from whole-tumor voxel-based analysis of the apparent diffusion coefficient 
(ADC) shows a higher relative fraction of low ADCs (<1.0 3 10−3 mm2/sec) in the tumor. (f) DCE MR image shows a curve type 3 
(left, arrow) and extensive areas of increased volume transfer constant on the quantitative parametric map obtained from the 
DCE imaging performed in the axial plane. 
 
 
enables indirect evaluation of macromolecular 
protein content by using the differences in the 
magnetization interaction of free water protons 
and macromolecularly bound protons.  

Preliminary data suggest that the transfer of 
magnetization will be higher in areas of fibrosis, 

 

 
which are rich in macromolecules due to the 
presence of collagen. Martens et al (25) sug-gested 
that magnetization transfer imaging can be helpful 
for discriminating between good responders 
(Mandard histopathologic tumor regression grades 
1–2) and poor responders 
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Figure  5.   Relapsing CRC in a 67-year-old woman in whom conventional colonoscopy was not feasible.  
(a) Conventional axial CT image shows an endoluminal mass (arrow). (b) Virtual colonoscopy shows the tu-
mor (arrows) both in three-dimensional endoluminal virtual dissection view (left, presenting the bowel as if it 
has been straightened and unfolded) and three-dimensional endoluminal view of the colon (right).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.  T2 volumetry for the evaluation of tumor response in a 72-year-old man. (a) Before therapy, 
volum-etry based on sagittal T2-weighted MR image (red) shows a large mass in the upper rectum with a 
volume of 95 mL. (b) After therapy, MR image shows a dramatic reduction in tumor volume (7 mL). 
 

 
(tumor regression grades 3–5). Further research is 
needed to establish the promising role of MR 
imaging in this scenario. 
 
Advanced Liver Imaging for 
Therapy Planning in CrC 
Hepatobiliary contrast media combine dynamic and 
hepatocyte-specific properties and biliary and renal 
excretion. On delayed hepatobiliary phase T1-
weighted MR images, lesions that lack functional 
hepatocytes (eg, liver metastases) do not retain the 
contrast agent. These contrast media allow increased 
diagnostic accuracy and detection of additional liver 
metastatic depos-its in patients with CRC. Published 
studies in which different imaging techniques were 
com-pared show the highest sensitivity for MR 
imag- 

 
 

 
ing with the use of hepatocyte-specific contrast 
agents (26).  

Patients with underlying liver disease such as fatty 
liver require a larger liver remnant after hepatectomy 
for metastatic disease than do pa-tients with a normal 
liver. In these patients, MR relaxometry and DCE 
MR imaging with hepa-tobiliary contrast agents have 
shown promising results in the assessment of global 
and regional liver function and hepatic functional 
reserve, respectively. Furthermore, preoperative 
assess-ment with hepatobiliary contrast agents may 
help identify patients at risk for liver failure after 
major hepatic resection. Hepatocyte-specific contrast 
agent uptake is strongly affected by liver function. 
The liver-to-spleen contrast ratio and the assessment 
of relative enhancement 
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 Imaging Tumor Biology in CRC with Functional and Molecular Imaging Techniques   
           

  Oxygen-  Angio-   Cell    
 Imaging Technique ation Glycolysis genesis Perfusion Proliferation Density Apoptosis Necrosis 
           

 Molecular imaging          
 FDG PET … ++ … … … ± … … 
 FLT PET … … … … ++ ± … … 
 Nitroimidazoles ++ … … … … … … +  
 with PET*          
 Hydrogen 1 MR … … … … ++ … … … 
 spectroscopy          
 Functional imaging          
 DCE MR imaging/ + … + ++ … … … … 
 CT/US          
 Diffusion imaging … … … +† + ++ + ++  
 Blood oxygen level– ++ … … ± … … … … 
 dependent MR          
 imaging          
    

 Note.—FLT = fluorotymidine, ++ = clear value, + = relative value, ± = little value, … = no value.   
 *Nitroimidazoles include fluoroazomycin arabinoside and fluoromisonidazole.     
 †Intravoxel incoherent motion model.        
            
 
 
 
during the hepatobiliary phase may serve as a useful 
image-based test for determining regional and global 
liver function (27).  

Advanced MR imaging techniques that in-clude 
the use of either MR spectroscopy or the proton-
density fat fraction (the fraction of mo-bile protons in 
the liver attributable to fat) have shown high 
potential for accurate detection and quantification of 
hepatic steatosis. This param-eter correlates with 
biochemically determined liver tissue triglyceride 
concentration. Permutt et al (28) reported a close 
correlation between proton-density fat fraction and 
grade of steatosis at histologic evaluation. MR 
spectroscopy is also a valid alternative to evaluate 
hepatic fat frac-tion, although it provides only a focal 
assess-ment and is technically challenging. However, 
the use of these MR sequences is limited to research 
and not to routine practice. 
 
 

Functional and  
Molecular Imaging in CrC  

Structural imaging techniques have shown clear 
limitations in tumor evaluation. Apart from the 
anatomic evaluation, increasing importance is being 
placed on the noninvasive imaging as-sessment of 
tumor hallmarks and the microen-vironment of 
CRC. Different functional and molecular imaging 
techniques such as DWI and DCE imaging, PET, 
and MR spectroscopy are transitioning to clinical 
practice and appear to be useful tools for providing 
insights into tumor phenotype and improving the 
assessment of tumor response to treatment (3,4) 
(Table). 

 
 
 
 

Functional Imaging  
Functional imaging techniques can reveal physi-
ologic activities within tissues or organs. The main 
functional techniques for use in patients with CRC 
include DWI and DCE imaging. 
 
Difusion-weighted Imaging  
Diffusion refers to the random microscopic 
movement of water in tissue due to thermal 
collisions. DWI is an MR imaging method that 
allows the in vivo and noninvasive mapping of the 
diffusion process of water molecules in biologic 
tissue. DWI allows evaluation of the Brownian 
movement of water molecules at a microscopic level, 
which is related to many different phenom-ena in 
vivo. This imaging technique provides information 
about tissue microstructure and reflects cell 
membrane integrity and cellularity. DWI is actually a 
fundamental imaging technique in oncology and has 
been shown to be valuable for tumor detection and 
characterization, staging, prognosis, evaluation of 
response, and assess-ment of recurrence in patients 
with CRC (Fig 8) (Table E2 [online]). 
 

Until recently, the clinical use of DWI in patients 
with CRC has been based mainly on the 
monoexponential model, in which water diffu-sion 
behavior is presumed to be free or Brownian 
diffusion. However, water proton signal attenu-ation 
due to diffusion weighting in living tissue does not 
decay monoexponentially in relation to tissular 
complexity, with multiple interacting ele-ments that 
hinder water diffusion. The deviation from 
monoexponential behavior is best observed 
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Figure 7.  Metastasis of CRC to the liver (arrows and red lesions) in a 68-year-old patient. (a) Selected axial CT section 
through the liver shows automated contour tracing of the hepatic segments by using the IntelliSpace portal before liver resec tion 
(left). The result of semiautomatic Couinaud segmentation and tumor volume and localization is shown on the right. The left 
lateral segment shows a volume of 346 mL before portal vein ligation. (b) After portal vein ligation, axial CT image through the 
liver shows automated contour tracing of the hepatic segments by using the IntelliSpace portal before liver resection (left). 
Anatomic resection image (right) shows the result of the surgical planning, with selection of segments to be cut. There is 
hypertrophy of the future liver remnant (vol-ume, 620 mL). (c) Photograph shows surgical liver partition. 
 
 
by using the non-Gaussian diffusion models, 
including intravoxel incoherent motion, diffusion 
kurtosis imaging, and the stretched exponential 
model (29) (Table E2 [online]). 
 
Gaussian Diffusion Model in CRC.—The mono-
exponential ADC model is the simplest possible 
description of DWI signal behavior. DWI based on 
this model is currently a basic tool in abdomi-nal and 
pelvic MR imaging. Signal from water molecules 
decays exponentially with the use of increasing b 
values. The higher the b value, the stronger the 
diffusion effects, and increasing the b value 
attenuates the signal from many struc-tures and 
lesions. However, malignant tumors are usually more 
cellular and have a more complex extravascular-
extracellular space than do benign tumors and normal 
tissue, causing lower attenu-ation of the signal in 
tumors, with increased b val-ues. This feature usually 
improves tumor detec-tion and sometimes 
characterization with DWI.  

In the case of CRC, DWI is a highly accurate 
technique for detecting tumor lesions (30). How-
ever, although DWI has the advantage of higher 
contrast resolution, it still is hampered by lower 
spatial resolution compared with T2-weighted 

 
 
 
imaging. Thus, simultaneous use of both data sets 
provides better results for tumor delineation. 
Quantitative parameters of the diffusion also can be 
useful for tumor characterization. The ADC, which is 
essentially the absolute line slope value of the 
exponential decrease in signal intensity on diffusion 
images, may be a potential noninvasive biomarker of 
CRC tumor aggressiveness, and it also may be useful 
for distinguishing poorly differ-entiated from well-
differentiated tumors, allowing prediction of the 
degree of extramural depth inva-sion, mesorectal 
fascia and lymph node status, and evaluation of 
response to therapy in CRC tumors (31–33) (Fig 9). 
The use of whole-body DWI may be an attractive 
alternative for staging or detecting relapsing tumors 
in patients with CRC (34,35).  

Many authors have explored the use of DWI for 
prediction of tumor response in patients with CRC, 
with controversial results. Some study results 
suggested a significant correlation of the pretreatment 
mean ADC with the response, while others did not 
confirm this relationship (19,36). Concerning the role 
of ADC in the evaluation of tumor response, DWI 
showed significantly better results for tumor 
restaging compared with stan-dard morphologic 
sequences. 
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Figure 8.  DWI for tumor detection in a 56-year-old man with a relapsing rectal tumor. (a) Sagittal T2-weighted MR 
image does not adequately show the tumor extension. (b) Sagittal diffusion-weighted image at a high b value (b = 
1000 sec/mm2) clearly shows the tumor (arrows). DWI has the advantage of higher contrast resolution but is still 
hampered by lower spatial resolution compared with T2-weighted imaging. Thus, simultaneous use of both data 
sets provides better results for tumor delineation. DWI is an accurate technique for detecting CRC. 

 
Figure 9.  ADCs in the evaluation 
of tumor response in a 76-year-old 
man with RC. (a) Pretherapy sagit-
tal ADC map and volumetry (left, 
blue) and corresponding histogram 
(right) show a large RC (volume, 95 
mL) with a low mean ADC (0.937  
3 10−3 mm2/sec). (b) Posttherapy 
image (left) and histogram (right) 
show reduced volume of 15 mL 
and increased ADCs (mean ADC, 
1.232 3 10−3 mm2/sec). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Results of many published studies have sug-

gested that ADC is useful for distinguishing good 
responders from poor responders; however, a re-cent 
systematic analysis (37) showed the limited accuracy 
of imaging methods to confirm a patho-logic 
complete response in patients with RC. In 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
this study, DWI and FDG PET/CT showed the 
greatest potential for the assessment of patho-logic 
complete response, but both modalities 
demonstrated limitations. This point is especially 
important because organ preservation strategies in 
the management of RC treated with radiation 
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therapy and chemotherapy have gained inter-est. 
However, clinical and radiologic assessment of 
tumor response currently does not allow the accurate 
identification of patients with pathologic complete 
response after neoadjuvant therapy.  

Perhaps the major strength of imaging tech-niques 
including DWI is in the identification of 
nonresponders (38). DWI also may allow 
differentiation of locally relapsing RC from scar 
tissue. Grosu et al (39) showed that a cutoff ADC of 
1.34 3 10−3 mm2/sec produced sensitiv-ity, 
specificity, and accuracy of 93%, 91%, and 92%, 
respectively. 
 
Non-Gaussian Diffusion Models in CRC.—Non-
Gaussian models were proposed to reflect and 
evaluate more closely the distribution of water 
molecular diffusion in human tissue and thus to 
allow the more realistic physiologic and patho-logic 
characteristics of in vivo tissue to be pro-filed, such 
as cellularity, microcirculation, and heterogeneity. 
The clinical value of these models continues to be 
under research.  

Intravoxel incoherent motion is a diffusion model 
that allows separate quantification of tissue 
diffusivity and tissue capillary perfusion. Diffusion at 
low b values (<200 sec/mm2) is significantly affected 
by perfusion in the normal capillary network but also 
by other physiologic processes such as glandular 
secretion and duc-tal flow (40). In patients with RC, 
preliminary results also suggest that the diffusion 
coefficient and perfusion fraction might be correlated 
with microvessel density (41), although a correlation 
between intravoxel incoherent motion–related 
parameters and DCE parameters is controversial. 
 

Intravoxel incoherent motion also may be useful 
in RC staging.Yu et al (42) reported that metastatic 
lymph nodes exhibited significantly lower diffusion 
and pseudodiffusion coefficients than did 
nonmetastatic lymph nodes. Finally, the main use of 
intravoxel incoherent motion in patients with CRC is 
focused on evaluation of tumor response (Fig 10). 
Intravoxel incoherent motion–related parameters 
were useful for early prediction of response after 
chemotherapy for CRC metastasis to the liver (43) 
and reflected early changes to antiangiogenic 
therapy (44), although some of the intravoxel 
incoherent motion–derived parameters have shown 
limited reproducibility. 
 

Diffusion kurtosis imaging is a different model 
that includes the assumption of non-Gaussian 
diffusion behavior of water at very high b values. 
The diffusion kurtosis imaging model provides more 
information on tissue structure, reflecting the 
complexity and hetero-geneity of the tissue. This 
imaging technique of- 

 
 
fers different quantitative parameters, including the 
apparent kurtosis coefficient and the ADC, 
corrected to account for the observed non-Gaussian 
behavior of diffusion (45) (Fig 11).  

To our knowledge, the use of diffusion kur-tosis 
imaging in patients with CRC has been limited. 
However, diffusion kurtosis imaging may be better 
than standard DWI parameters for discrimination of 
RC with distant metasta-ses from those without 
metastases. Yu et al (46) reported that the ADC was 
lower in tumors associated with distant metastases. 
Diffusion kurtosis MR imaging−related parameters 
also may be useful for predicting tumor response to 
neoadjuvant chemotherapy and radiation ther-apy. 
Good responders (patients with a Mandard tumor 
regression grade of 1–2) show lower 10th percentile 
ADCs before therapy than do poor responders (47). 
 
 

The stretched exponential model may pro-vide an 
approximation of the intravoxel diffusion 
heterogeneity and allows the quantification of the 
distributed diffusion coefficient and the hetero-
geneity index. The stretching parameter is linked to 
heterogeneity of the diffusion process within each 
voxel and is an evaluation of the deviation of the 
signal attenuation from the monoexponential 
behavior. The use of the stretched exponential model 
is limited in patients with CRC. This tech-nique may 
be used as a potential optimal model for 
characterization of CRC. The distributed diffusion 
coefficient showed good accuracy (area under the 
curve, 0.980) for differentiating tumor from normal 
rectal wall tissue (48). 
 
DCE Imaging Techniques  
DCE imaging techniques provide information 
related to tumor vessel function (perfusion, 
permeability) and extracellular-extravascular space 
composition by allowing assessment of the changes 
in signal intensity over time af-ter intravenous 
injection of a contrast agent (Table E3 [online]). 
However, published data are contradictory 
concerning the capability of imaging to reflect 
angiogenesis or its surrogated markers (eg, 
microvessel density) in patients with CRC (49). In 
clinical practice, the main DCE techniques in body 
imaging are based on MR imaging and CT. DCE 
measures are totally dependent on the analysis 
model and imaging technique applied. These 
features limit the in-dexes and biologically relevant 
parameters that can be obtained. 
 

Authors of different studies have established 
several general principles concerning angio-genesis 
and CRC. First, more poorly perfused tumors 
usually have a poorer outcome. Second, baseline 
perfusion is significantly higher in 
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Figure 10.   RC in a 57-year-old man. (a) Axial T2-weighted image shows an RC mass extending to the mesorectal fat (arrow).  
(b) Perfusion fraction parametric map of the tumor in the axial plane. Perfusion fraction and coefficient of true diffusion (not 
shown) of the tumor were 36% and 630 sec/mm2, respectively. (c) Before therapy, the curve of signal intensity decay in diffu-sion 
showed marked attenuation of signal at low b values (arrow) because of the influence of tumor perfusion and reflected non-
Gaussian diffusion behavior. (d–f) After radiation therapy and chemotherapy, there were subtle changes on the T2-weighted 
image (d), reduced values of perfusion (16%) (e) and increased coefficients of true diffusion (1396 sec/mm2) (not shown), and 
changes in the morphology of the curve (f). 
 

 
responders than in nonresponders to different types 
of therapies. And last, an early reduction in 
vascular parameters after therapy usually is 
associated with improved patient outcome (49). 
DCE techniques may add clinical value in 
different clinical scenarios in patients with 

 
 
 
CRC, including diagnosis, prognosis, prediction, 
evaluation of tumor response to therapy, and 
detection of relapsing tumors. However, out-side of 
academic centers, there are likely to be few 
radiologists who are familiar with perfusion imaging 
in clinical practice. 
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Figure  11.   Polypoid rectal mass in a 51-year-old  
man. (a) Axial T2-weighted image shows a polypoid  
rectal mass (arrow). Diffusion kurtosis imaging of the  
tumor was performed. (b, c) Parametric maps of the  
apparent kurtosis (b) and diffusion coefficients in-  
cluding the correction of non-Gaussianity (c) of the  
tumor (arrow) in the axial plane are shown. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
DCE MR Imaging.—DCE MR imaging for the 
evaluation of CRC is usually performed by using a 
contrast-enhanced three-dimensional gradient-echo 
T1-weighted sequence. Prelimi-nary results have 
shown an association between different DCE MR 
imaging parameters and angiogenic and genetic 
markers in patients with RC. Yeo et al (50) found 
that the mean return rate constant values were 
correlated with mi-crovessel density and tumor 
stage, while epider-mal growth factor 
receptor−positive RC dis-played higher mean 
volume transfer constants. Lollert et al (51) also 
reported that a significant correlation was found 
between time to peak and the expression of 
epidermal growth factor receptor. Finally, DCE MR 
imaging quanti-tative and semiquantitative 
parameters have been correlated with tumor and 
node staging (52,53). Conversely, no significant 
correlations were found with two main biomarkers in 
CRC: Kirsten rat sarcoma viral oncogene homolog 
(K-ras) and microsatellite instability (52). 
 

To date and to our knowledge, DCE MR imaging 
has been used predominantly in pa-tients with CRC 
for tumor response assessment. Experience with the 
use of DCE MR imaging for prediction of RC 
response to treatment and the prognostic value of this 
technique are still 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
unclear. Some authors have reported an asso-ciation 
between posttreatment volume transfer constant 
values and pathologic complete re-sponse status, 
while others were unable to find any correlation 
(19,54–56). Perhaps a possible explanation for these 
contradictory results may be in the differences in the 
basic aspects of DCE examinations, such as the 
selection of different pharmacokinetic models or 
arterial input func-tion calculations. 
 

Finally, DCE MR imaging was also useful for 
prognostic evaluation. Good responders to 
preoperative radiation therapy and chemotherapy 
showed higher pretherapy volume transfer constant 
values than those of poor responders (Fig 4f). 
 
Perfusion CT.—Perfusion CT allows evaluation of 
tumor vasculature in vivo by modeling tracer 
kinetics. To our knowledge, only small studies of 
perfusion CT in patients with CRC have been 
performed, and the data suggest that perfusion 
parameters may have a role in tumor phenotyp-ing, 
assessment of tumor vascular heterogeneity, 
prognostication, and response assessment (49) (Fig 
12). However, correlation of perfusion CT− related 
parameters (eg, blood flow and perme-ability) with 
microvessel density remains con-flicted in CRC 
(57,58). 



752   May-June 2018 radiographics.rsna.org  
 
 
 
Figure 12.  High-grade rectal ad-
enocarcinoma with heterogeneous 
perfusion in a 77-year-old man. 
Perfusion CT blood volume para-
metric map (left) shows a tumor 
with combined areas of increased 
blood volume (red and yellow 
pixels) and necrotic or poorly per-
fused areas (blue pixels). Highly 
vascularized areas show a type 3 
time-attenuation curve (red ar-row), 
while poorly vascularized and/or 
necrotic zones of the tumor show a 
flat time-attenuation curve (white 
arrow).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 13.  Response evaluation of advanced RC at perfusion CT in a 73-year-old man. (a) Pretherapy axial 
fusion image combining conventional CT and a blood flow parametric map shows intense tumor perfusion (blood 
flow, 95 mL/min/100 g). This feature suggests a possible good response to therapy. (b) Axial fusion im-age 
combining conventional CT and a blood flow parametric map obtained 8 weeks after radiation therapy and 
chemotherapy shows significant blood flow reduction in the lesion (blood flow, 32 mL/min/100 g).  

 

 
Published data concerning the role of perfu-sion 

CT for tumor characterization suggest that perfusion 
CT parameters may be correlated with tumor grade 
and the degree of tumor differentia-tion. Xu et al 
(59) reported that blood flow and time to peak on 
perfusion CT images is associ-ated with tumor 
grade. Sun et al (60) reported that mean blood flow 
was significantly different among well-, moderately, 
and poorly differenti-ated tumors. Perfusion CT also 
can be a prog-nostic tool. More poorly perfused 
tumors have a poorer outcome (49,61,62). 
 

Published studies on tumor response assess-ment 
that were focused on the vascular effect of 
neoadjuvant therapy in patients with primary RC 
have demonstrated a reduction of 40% or more in 
blood flow, blood volume, and permeability in 
patients who respond to therapy (49,61) (Fig 13). 
However, perfusion CT has shown limited accuracy 
for assessment of complete pathologic 

 
 

 
response. Besides, the vascular effect of therapies is 
variable and depends on the mechanism of action of 
the therapy and the timing (eg, an early temporal 
increase in perfusion can be depicted in treated RC 
secondary to radiation-induced inflammatory 
changes).  

Finally, a further area of investigation is the 
possibility of a combined analysis of perfusion CT 
and PET parameters, which would allow better 
assessment of tumor phenotypes and intratumoral 
heterogeneity on the basis of the combination of 
perfusion-related parameters and metabolism 
(63,64). 
 
DCE US.—The introduction of intravenous con-
trast agents at US has been a major development 
for the practice of US, enabling perfusion quan-
tification with the use of postprocessing software 
(Fig 4c) (Movie 2). However, for CRC, there is 
only limited information on the role of DCE US. 
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Zhuang et al (65) showed that the area under the 
curve (an indirect indicator of blood volume) cor-
related with microvessel density, tumor grade, and 
tumor stage and was significantly higher in adeno-
carcinomas than in adenomas. DCE US was also 
useful in monitoring changes in vascularization of 
liver metastases in patients under treatment. How-
ever, the utility of DCE US was limited mainly to 
cases with relatively high perfusion at baseline or 
marked changes secondary to therapy (66).  

Unfortunately, none of these DCE imaging 
techniques has been introduced in routine clini-cal 
practice yet, because they feature different technical 
approaches, complexity of the mea-surements, and 
limited reproducibility. How-ever, they highlight 
important biologic features in tumors, and it is 
conceivable that they will be part of daily practice in 
the near future. 
 
Functional Imaging of Hypoxia and 
Oxygenation in CRC  
Tumor hypoxia has a key role in tumor aggressive-
ness and is a major cause of metastatic spread, fail-
ure of tumor control, resistance to therapy, tumor 
recurrence, and poor patient outcome. However, in 
spite of its importance, imaging evaluation of 
hypoxia in patients with CRC, to our knowledge, has 
been scarce in the literature, probably because of 
technical complexity, and is limited to research 
studies. Oxygen-enhanced MR imaging (R1 contrast) 
and blood oxygen level–dependent MR imaging (R2* 
contrast) have the potential to allow noninvasive 
investigation of tumor oxygenation and hypoxia (Fig 
14).  

Oxygen-enhanced MR imaging allows quanti-
fication of the distribution of tumor oxygen deliv-ery 
in vivo. This technique may allow assessment of 
changes in oxygenation in tumors and normal 

 
 
 
 
 
 
 
 
 
 

 
Figure  14.  Imaging of tumor oxygenation. Axial 
gradient-echo MR images fused with color-coded 
maps (top row) derived from T2*-weighted MR 
imaging performed before and 10 and 15 minutes 
after oxygen administration (top, left to right) show 
blood oxygen level–de-pendent signal intensity 
change after administra-tion of oxygen in an RC. 
The increasing signal intensity on sequential blood 
oxygen level–de-pendent images represents 
increased tumor oxy-genation. Note the decrease 
in signal intensity at 20 minutes, which is 
secondary to a decrease in oxygen exchange due 
to tumor saturation. 

 

 
tissue. Oxygen inhalation produces significant signal 
intensity change in well-oxygenated tumors with 
increasing longitudinal relaxation rates (R1). 
O’Connor et al (67) showed evidence that oxygen-
enhanced MR imaging was able to demonstrate 
significant oxygen-induced changes in R1 in patients 
with various gastrointestinal malignancies, including 
CRC.  

Blood oxygen level–dependent MR imaging may 
allow evaluation of tumor oxygenation on the basis 
of endogenous deoxyhemoglobin as a contrast agent 
(Table E4 [online]). Deoxygenated blood appears 
darker on T2* images than does oxygenated blood. 
Blood oxygen level–dependent imaging is a 
challenging imaging technique in the abdomen, and it 
tends to represent acute more than chronic hypoxia. 
Goh et al (64) evaluated the perfusion-metabolic 
phenotype of CRCs. They found that tumors with a 
low-flow and high-metabolism phenotype were 
associated with higher levels of hypoxia-inducible 
factor 1 (HIF-1a), a marker of hypoxia. 
 
 
Functional Imaging of  
Lymph nodes in CrC  
The presence of nodal metastases has both thera-
peutic and prognostic implications in patients with 
CRC. Characterization of lymph nodes is always 
challenging for radiologists. Currently, size (ie, short 
axis) and morphologic criteria (eg, con-tour and 
signal intensity heterogeneity) are used to evaluate 
lymph nodes with variable accuracy, because 
malignant disease may be present, even in very small 
lymph nodes.  

DWI has shown good sensitivity for detecting  
lymph nodes, and it seems to be a good predictor  
of yN0 status after radiation therapy and chemo-  
therapy (68). However, DWI or the combination 
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Figure  15.  MR lymphography with ul-
trasmall superparamagnetic iron oxide 
nanoparticles in a patient with rectal ad-
enocarcinoma. T2*-weighted MR image 
and photomicrograph of the surgical 
specimen show a nonmetastatic meso-
rectal lymph node (4 mm) (arrow, left) with 
low signal intensity. Ultrasmall su-
perparamagnetic iron oxide nanoparticles 
are taken up by macrophages in normal 
nodes, causing decreased signal intensity 
on T2*-weighted images. 
 
 
of T2-weighted MR imaging and DWI showed low to 
moderate sensitivity and specificity for detect-ing 
metastatic involvement, and the diagnostic 
performance of ADCs for identifying malignant 
lymph nodes was limited (68,69). MR imaging with 
lymph node–specific contrast agents showed good 
diagnostic performance for the assessment of lymph 
node tumor involvement.  

Ultrasmall superparamagnetic iron oxide 
nanoparticles are taken up by macrophages in normal 
lymph nodes, causing a decrease in signal intensity 
on T2- and T2*-weighted MR images (Fig 15). In 
comparison, nodes with malignancy replacing normal 
cells do not uptake ultrasmall superparamagnetic iron 
oxide nanoparticles (Table E4 [online]). 
Lymphotropic nanoparticles have shown moderate to 
high accuracy for identification of malignant lymph 
nodes, including normal-sized lymph nodes in 
different tumor types (70). 
 

Unfortunately, ultrasmall superparamagnetic iron 
oxide nanoparticle contrast agents were withdrawn 
from use in clinical practice. At pres-ent, there is no 
imaging technique that yields clinical results similar 
to those with ultrasmall superparamagnetic iron 
oxide nanoparticles for detection of small metastatic 
lymph nodes. Re-cently, they have been 
reintroduced in Europe for clinical use in patients 
with prostate cancer, and there are plans to use them 
for imaging other types of cancer (71). 
 

DCE MR imaging behavior also may be use-ful 
for lymph node characterization. Vag et al (72) 
evaluated the type of signal intensity curve in lymph 
nodes. These authors observed that the percentage of 
continuously (persistent curve, type 1) enhancing 
voxels in malignant lymph nodes was significantly 
higher than that in benign lymph nodes. Yu et al  
(73) studied the value of quantitative parameters 
and reported that the volume transfer constant and 
the extracellular-extravascular space values showed 
differences between metastatic and nonmetastatic 
lymph nodes in patients with RC.  

Finally, some authors evaluated the use of gado-
fosveset (a gadolinium chelate with a long intravas- 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
cular half-life) and found that nonmalignant lymph 
nodes showed uptake of gadofosveset and enhanced 
like vessels, while malignant lymph nodes showed 
less enhancement (74). However, regardless of the 
imaging technique used, evaluation of lymph nodes is 
challenging and shows limited accuracy, mainly 
because the presence of micrometastases cannot be 
ruled out in a consistent manner. 
 

Molecular Imaging  
Molecular imaging techniques enable the visu-
alization, characterization, and quantification of 
biologic processes at molecular or cellular levels. 
FDG PET is the main molecular imaging technique 
in clinical practice for the evaluation of patients with 
CRC. 
 
Positron Emission Tomography  
PET constitutes major progress in the treat-ment of 
cancer. To date, in addition to the classic radiotracer, 

18F FDG, various other new tracers are gaining 
interest for the assessment of different tumor 
metabolic pathways, although limited use of these 
radiotracers in clinical practice has been reported 
(Table E5 [online]). 
 
FDG PET.—Aerobic glycolysis, the alteration of 
energetic metabolism in tumors, is based on an 
increased glycolytic capacity, even in the pres-ence 
of high oxygen concentration. Malignant tumors 
generally consume glucose at a high rate, which is 
the basis for clinical PET. PET/CT is an established 
technique for decision making that may have a 
significant clinical effect in various stages of the 
disease in patients with CRC (75). FDG PET/CT is 
more sensitive than CT alone for evaluation of 
apparently limited metastatic disease before 
intervention or the presence of extrahepatic disease, 
which may improve staging to avoid unnecessary 
surgery.  

However, there is insufficient scientific evi-
dence to recommend the routine use of FDG 
PET/CT in the preoperative staging of CRC, 
because PET also shows several limitations (76) 
(Fig 16). First, FDG uptake depends on several 
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features, including tumor grade, type of tumor 
involvement, and histologic type (ie, FDG PET is 
limited in the evaluation of mucinous tumors and 
peritoneal involvement, particularly in hypocel-lular 
lesions with abundant mucin) (77) (Fig  
17). Second, PET shows limited spatial resolu-tion, 
which may cause small lesions to be missed. Third, 
this technique likely will not allow detec-tion of 
residual masses containing very few tumor cells in 
fibrotic tissue after neoadjuvant radiation therapy and 
chemotherapy.  

In this situation, a complete metabolic re-sponse 
might not correspond to a pathologic complete 
response, which is predictive of overall survival in 
patients with RC. A recent meta-analysis (78) about 
the predictive value of FDG PET for evaluating 
tumor response to neoad-juvant therapy supported the 
use of FDG PET for restaging locally advanced RC 
after radiation therapy and chemotherapy. However, 
this analysis included studies with both pathologic 
complete response and major response (tumor 
regression grade 2 according to Mandard 
classification and tumor regression grade 3 according 
to Dworak classification) as the reference standard. 
 

PET also has a role in the follow-up of treated 
patients with rising serum carcinoembryonic antigen 
levels without detectable disease at morphologic 
imaging. Abnormal serum carci-noembryonic 
antigen levels also are observed in patients with a 
variety of benign conditions. Sev-eral studies have 
demonstrated the value of FDG PET in patients with 
rising serum carcinoembry-onic antigen levels and 
no identifiable lesions at conventional imaging (79). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 16.  Whole-body imaging in a 58-year-
old woman with stage IV CRC. Maximum inten-
sity projections of 18F FDG PET (a) and whole-
body DWI (b) allow evaluation of whole-tumor 
burden. Both techniques show multiple pul-
monary, liver, and lymphatic metastases (ar-
rows), although lung metastases are difficult to 
depict with DWI. However, conventional imag-
ing sequences (not shown) may improve their 
evaluation. 

 
 
 

In addition, the use of PET would be indi-cated in 
the preoperative staging of recurrent CRC in patients 
being considered for resection. The use of PET/CT 
in these clinical situations may prevent unnecessary 
surgery by allowing unresectable disease to be 
excluded, clarifying doubtful conventional imaging 
features, and guiding therapy (80). Finally, the 
prognostic value of quantitative PET parameters 
associated with overall survival in patients with 
primary and recurrent CRC has been demonstrated, 
and PET also has shown high accuracy in the early 
predic-tion of response during therapy (81). 
 

The introduction to clinical imaging of PET/ MR 
imaging machines may open new horizons in the 
imaging evaluation of CRC. PET/MR imaging can 
provide anatomic, functional, and metabolic imaging 
of tumors, improving tu-mor staging (82). PET/MR 
imaging has several advantages compared with 
PET/CT, including the lack of ionizing radiation and 
the functional information DWI and DCE MR 
imaging offer, but at the cost of longer examination 
times (83).  

To date, there is limited clinical experi-ence in use 
of PET/MR imaging in patients with CRC. However, 
PET/MR imaging has demonstrated higher accuracy 
than PET/CT in patients with CRC for the detection 
of liver metastases and tumor staging of RC, while 
the rate of detection of lung nodules with PET/MR 
imaging is currently lower than that with PET/ CT 
(83,84). PET/MR imaging may improve tumor 
characterization, staging, and treatment monitoring in 
patients with CRC; however, larger clinical 
validation studies are needed 
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Figure 17.  Limitations of PET in a 69-year-old man with a history of a mucinous rectal tumor and in-
creased carcinoembryonic antigen values. (a) Maximum intensity projection 18F-FDG PET image 
shows no abnormality. (b) Axial CT image depicts a tumor deposit (arrow). PET is limited in the 
evaluation of mucinous tumors, particularly hypocellular lesions with abundant mucin. 

 
 
to make PET/MR imaging an integral part of 
patient treatment in the near future. 
 
Non-FDG PET.—A growing number of non-FDG 
PET radiotracers are under research in patients with 
CRC. FLT is a radiotracer that allows the evaluation 
of cellular proliferation. There are contradictory data 
concerning the value of FLT PET in patients with 
CRC. Nakajo et al (85) did not find any advantage of 
the use of FLT for CRC tumor detection and staging. 
FLT showed the same potential that FDG did at 
PET/CT for the diagnosis of primary tumors and 
nodal foci in patients with CRC.  

However, high physiologic uptake of the tracer in 
the liver can limit its utility in patients with liver 
metastases. Furthermore, FLT PET demonstrated less 
sensitivity than did FDG PET for the detec-tion and 
staging of CRC and did not seem to  

be a promising method for assessment of tumor 
response to radiation therapy and chemotherapy in 
patients with RC (86–88). Conversely, Rendl et al 

(89) reported that negative posttreatment FLT 
studies allowed identification of more histopatho-
logic responders to radiation therapy and chemo-

therapy in patients with RC than did FDG PET. The 
combination of multiple PET radiotrac-ers may 

enable insights into tumor biology. Wang  
et al (90) showed that combining FDG with FLT 
PET may improve phenotype evaluation in patients 
with CRC. These authors suggested that a pattern 
of high uptake of both FDG and FLT may reflect 
poorer outcomes with reduced survival and a 
higher rate of metastasis.  

To our knowledge, imaging evaluation of CRC 
with other radiotracers has been scarce in 

 
 
 
the published literature and focused mainly on the 
study of hypoxia, which negatively affects response 
to therapy (87,91,92). The results of a small study 
(92) suggest that PET with hypoxia-related 
radiotracers may be predictive of survival and tumor 
response to neoadjuvant therapy in patients with 
RC. 
 
Mr Spectroscopy  
MR spectroscopy allows the analysis and quan-
tification of metabolic changes associated with 
cancer, which are dependent on tumor type (Table 
E5 [online]). An increased choline peak (a marker of 
cellular membrane turnover) indicates high 
cellularity or cell destruction, while lipid peaks 
usually are seen with necrotic tumors.  

To our knowledge, clinical experience with MR 
spectroscopy in the evaluation of CRC is scarce. 
Different features limit the quality of a spectroscopic 
examination in vivo in CRC lesions, including bowel 
peristalsis, spectral contamina-tion, limited spatial 
resolution, or magnetic field distortions and 
susceptibility effects from nearby air-tissue 
interfaces. Authors of published articles (93,94) have 
demonstrated the presence of choline and lipid peaks 
in patients with RC (Fig 18). Kim et al (95) also 
reported that the choline peak at 3.2 ppm in patients 
with RC disappeared after radia-tion therapy and 
chemotherapy, while the lipid peak persisted at 1.3 
ppm.  

Hyperpolarized MR spectroscopy may al-low 
improved visualization of the biochemical pathways 
of normal and abnormal metabolism, but, to our 
knowledge, no clinical data in patients with CRC 
have been published. 
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Multiparametric Imaging in CrC  
From a theoretical point of view, multiple combina-
tions of noninvasive in vivo imaging techniques can 
be used to assess the evolution of cancer hallmarks. 
Single-parameter measurements do not reflect tumor 
heterogeneity, and a combined analysis of different 
parameters would be expected to provide 
complementary information for prediction of tumor 
response, prognosis, and biologic characterization of 
CRC (Fig 4d, 4e). Although a wide range of im-aging 
techniques is available, not many functional or 
molecular imaging markers have gained wide 
acceptance in standard practice, and their exact roles 
are under research. Authors of diverse stud-ies 
(63,64,95–100) have analyzed the relationships 
between functional parameters and metabolism in 
CRC phenotyping.  

The relationship between tumor perfusion and 
metabolism (the vascular-metabolic phenotype) is an 
important feature in CRC tumors. As a general rule, 
perfusion and metabolism are more likely to be 
coupled in early-stage than in late-stage cancer; 
however, van Laarhoven et al (95) demonstrated an 
inverse relationship between tumor vascularization 
(based on values of the rate constant, Kep) and 
metabolism (FDG uptake) in metastases of CRC to 
the liver. However, this does not seem to be the case 
in primary CRC. Goh et al (63) found a correlation 
between tu-mor blood flow and metabolism for high 
tumor stages (III and IV) but not for low-stage 
tumors in patients with CRC. Jansenn et al (96) 
reported that highly perfused rectal tumors 
manifested with higher FDG-uptake levels compared 
with low-perfusion tumors. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 18.  MR spectroscopy in a 
63-year-old man with RC. Single-
voxel MR spectrum of the tumor 
shows increased choline (Cho) and 
lipid (Lip) peaks in the mass. 

 
 

Some authors have suggested a possible expla-
nation for this feature. CRC does not necessarily 
manifest with necrotic areas as the tumor grows and 
frequently is associated with an intense inflammatory 
response, which may increase esti-mated perfusion. 
Thus, the uncoupling of perfu-sion and metabolism 
may not occur as the tumor grows (63,64). Goh et al 
(64) showed that a mismatch between low flow and 
high metabolism may represent an adaptive 
angiogenic response to hypoxia and suggested that 
this feature may be relevant in the consideration of 
additional therapy for these patients. 
 

Multiparametric imaging may be a useful tool for 
tumor characterization and prediction of his-
topathologic tumor response. Changes in the flow 
and metabolic phenotype (expressed as perfusion 
blood flow 3 maximum standardized uptake value) 
showed high accuracy for prediction of 
histopathologic response to radiation therapy and 
chemotherapy when a cutoff value of −75% is used in 

patients with RC (98).  
Different authors also have studied the rela-

tionship between tumor ADCs and FDG uptake 
(standardized uptake values) and found a signifi-cant 
negative correlation between the parameters in 
adenocarcinomas of the rectum (97,98).  

In the future, combining anatomic and func-tional 
capabilities of MR imaging with molecu-lar PET 
information may help improve CRC phenotyping, 
staging, prediction of response to treatment, and 
treatment assessment compared with the use of 
conventional imaging modalities. However, to our 
knowledge there is currently limited evidence on the 
diagnostic performance 
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and advantages of multiparametric imaging with 
PET/MR imaging (82–84,100,101).  

On the other hand, multiparametric imag-ing that 
combines functional (DWI and DCE MR imaging) 
and metabolic (MR spectroscopy) imaging 
techniques is an attractive option for cor-relation of 
different biologic parameters. Pham et al (19) 
reviewed the potential of DWI and DCE MR imaging 
and found that a limited number of studies have been 
performed to assess the role of DWI and DCE 
imaging for management of CRC. Nie et al (102) 
explored the specific relationship of 
pre−chemotherapy and radiation therapy multi-
parametric MR imaging values and prediction of 
pathologic complete response. Unfortunately, the 
role of multiparametric imaging has been evalu-ated 
mainly in an experimental setting with a lack of 
adequate standardization. Larger multicenter 
prospective studies are needed to evaluate the real 
clinical utility of multiparametric imaging (56).  

In addition, published articles about the use of 
multiparametric imaging in patients with CRC are 
focused mainly on determining which techniques 
perform best for assessment of response to therapy. 
De Cecco et al (103) did not analyze the incremen-tal 
value of combined multiparametric imaging. They 
found only that pretreatment kurtosis based on the 
analysis of T2-weighted MR images and the 
extracellular-extravascular volume fraction, Ve, 
derived from perfusion MR imaging were the most 
effective parameters for differentiating RC with 
pathologic complete response to radiation therapy 
and chemotherapy. Intven et al (54) also explored the 
value of combined T2-weighted volumetry and DWI 
and DCE MR imaging for the prediction of 
pathologic response after radiation therapy and 
chemotherapy in locally advanced RC. This group 
showed that ADC change is a promising diagnostic 
tool for evaluating response, while DCE imaging of-
fered no additional diagnostic value compared with 
DWI alone. Attenberger et al (104) also reported 
similar findings. 
 

Imaging of Tumor heterogeneity 
and Complexity  

Heterogeneity is a hallmark of malignant tumors and 
manifests at different levels (eg, phenotypic, 
physiologic, and genomic levels). Spatial and 
temporal heterogeneity is found between different 
tumors and within each lesion. Intratumor hetero-
geneity changes over time and tends to increase as 
tumors grow. Tumor heterogeneity also has 
prognostic importance and may influence response to 
therapy.  

Imaging can allow quantification and represen-
tation of the spatial variation of structural, func-
tional, and/or molecular parameters (6) (Table E5 
[online]). The linking of these imaging-related 

 
 
parameters to different phenotypes or genotypes can 
allow the mapping of biologic heterogeneity of 
tumors, from which inference on gene expression, 
signaling pathway activity, and tumor microen-
vironment features can be obtained. Multiple 
combinations of different imaging techniques can be 
used for assessing and quantifying intratumoral 
heterogeneity. The same imaging data can be used to 
measure conventional clinical parameters (eg, size), 
functional-molecular parameters (eg, standardized 
uptake value), and also the various heterogeneity-
based metrics.  

There are different imaging-based methods of 
measuring intratumor spatial heterogeneity, including 
qualitative assessment of heterogene-ity (eg, shape, 
contour, areas of differentiated enhancement or 
uptake), quantitative evaluation based on parametric 
maps, evaluation of param-eter distributions 
(histogram analysis), quanti-fication of spatial 
complexity (texture or fractal analysis), or delineation 
of tumor subregions (parcellation) (6,7). 
Unfortunately, the biologic processes represented by 
these imaging tech-niques usually remain unclear. To 
date, the main techniques for assessing tumor 
heterogeneity in patients with CRC include histogram 
analysis, tex-ture analysis, fractal analysis, and DWI 
techniques. 
 
histogram Analysis  
Histogram analysis is a method that can be used to 
analyze the distribution of signal intensity in a tumor 
to describe its heterogeneity. Multiple histogram 
descriptors such as kurtosis, skewness, standard 
deviation, percentile values, and percent-age of 
voxels above or below certain cutoff values can be 
measured (Fig 4e). Manual measurement of 
parameter values based on a region of interest can 
result in sampling errors and incorrect true tumoral 
assessment. A volumetric pixel-by-pixel analysis has 
been suggested to be more accurate.  

ADC histogram analysis may be helpful for 
predicting pathologic complete response in patients 
with RC by comparing mean ADCs (105–107). In 
addition, first-order statistics based on histogram 
analysis of PET examinations were correlated with 
conventional measurements (eg, standardized uptake 
value and metabolic volume) and RAS mutation 
status (107,108). 
 
Texture Analysis  
Medical images contain more useful information 
than may be perceived with simple visual inspec-
tion. The assessment of imaging texture features, 
describing and quantifying the spatial distribution 
and heterogeneity of voxel intensities, may improve 
clinical practice in CRC (Fig 19). Although there is 
not a clear biologic correlation of texture analysis 
parameters, different texture indexes have shown 
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correlation with conventional indexes, such as 
standardized uptake values and metabolic volume 
derived from PET examinations (108).  

Texture analysis may allow better tissue charac-
terization in patients with CRC. Wagner et al (109) 
found evidence that skewness and kurtosis based on 
contrast-enhanced CT and on PET/CT images show 
differences between primary CRC and liver 
metastases in patients with metastatic disease. Tex-
ture analysis also may be useful for distinguishing 
hyperplastic polyps from tubular or tubulovillous 
adenomas and adenocarcinomas (110).  

There are preliminary data related to the use of 
texture analysis in CRC staging. CT-based entropy 
and uniformity of the appar-ently disease-free liver 
may allow CRC patients with and without metastatic 
liver disease to be distinguished (111). ADC texture 
analysis also may be a useful predictor of tumor 
staging in patients with RC. Skewness, entropy, and 
con-trast based on ADC texture analysis of patients 
with RC were significantly lower in patients with 
stage pT1–2 versus those with stage pT3–4, and 
entropy was an independent predictor of nodal status 
(pN0 vs pN1–2) (112). 
 

In the evaluation of lymph nodes, Cui et al  
(113) reported that CT texture evaluation of lymph 
nodes in patients with CRC demonstrated greater 
heterogeneity in malignant nodes. More-over, texture 
analysis features from contrast-enhanced CT and T2-
weighted MR imaging may be promising indicators 
of patient survival and tumor response to different 
therapies in patients with CRC (114–116). However, 
texture analy-sis shows clear limitations (ie, texture 
features depend on factors unrelated to the biology of 
the lesion), which is the reason why published results 
sometimes appear to be contradictory. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 19.  Texture analysis of RC 
in a 68-year-old man. Left: Axial MR 
image shows segmented tu-mor 
(red) and a control area (blue) for 
comparison. Right: Histograms 
show first-order statistics (entropy 
and homogeneity) of the tumor and 
the control element. 

 

 
Fractal Analysis  
Fractals represent any type of infinitely scaled and 
repeated pattern. Fractals can be physical forms or 
spatial or temporal patterns. Fractal analysis is a 
technique suitable for the quantification of spatial 
heterogeneity and characterization of complex 
systems that are hard to describe by using con-
ventional features (eg, size or shape). Promising 
results have been obtained by applying fractal 
analysis in the diagnosis, staging, phenotypic eval-
uation, prognosis, and assessment of the response to 
therapy in patients with CRC (117,118). 
 
DWI and heterogeneity  
Both diffusion kurtosis imaging and the stretched 
exponential model, two nonmonoexponential 
models of DWI analysis, allow an imaging ap-
proach to tumor heterogeneity. Diffusion kurtosis 
imaging can better reflect the microstructural 
complexity and heterogeneity of the tissue than 
monoexponential analysis can, but kurtosis-de-rived 
parameters do not have easy biophysic and biologic 
interpretation. Apparent kurtosis coef-ficients close 
to 0 indicate a Gaussian distribution and suggest 
tissue homogeneity. As a general rule, apparent 
kurtosis coefficients usually are between 0 and 1 in 
normal tissue, but they are usually greater than 1 in 
tumors (45).  

Preliminary results suggest that apparent kurtosis 
coefficients may improve the assessment of tumor 
histologic grade and may help to predict lymph node 
staging in patients with RC. Kurtosis was 
significantly higher in high-grade than in low-grade 
RC, and this parameter showed better perfor-mance 
for discrimination of tumor grade than with 
conventional ADC. Tumors associated with positive 
lymph nodes showed higher apparent kurtosis coef-
ficients compared with N0 tumors (119). 
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Figure 20.  Flowchart shows the process of radiomics and radiogenomics and the use of them in decision making. Radiomics 
and radiogenomics extraction begins with the acquisition of high-quality images. Technology facilitates the high-throughput 
extraction of quantitative features that results in the conversion of images into mineable data and the subsequent analysis of 
these data with different types of clinical data (radiomics) or correlation with gene expression (radiogenomics) to develop 
diagnostic, predictive, or prognostic models for decision-making support. 
 
 

The stretched exponential model also provides an 
approximation of tissue heterogeneity. The stretching 
parameter is linked to intravoxel hetero-geneity of 
the diffusion process. The stretching pa-rameter 
ranges from 0 to 1. A value near 1 indicates high 
homogeneity in apparent diffusion, similar to a 
monoexponential attenuation curve.  

The stretched exponential model and the 
stretching parameter are useful for assessment of 
pathologic complete response after chemotherapy and 
radiation therapy. The stretching parameter might be 
more useful because it demonstrates better diagnostic 
performance than do intravoxel in-coherent 
motion−derived parameters and has better reliability 
than do ADCs for evaluating pathologic complete 
response (120).  

The stretched exponential model also seems to 
allow assessment of response to therapy. Changes of 
the stretched exponential parameter are highly 
significant at day 7 and day 28 after anti–vascular 
endothelial growth factor therapy, improving evalu-
ation of ADC and intravoxel incoherent motion. 
However, it was not easy to find a physiologic ex-
planation of these changes in the stretching parame-
ter, and no significant correlations between changes 
in this parameter and the expected changes to DCE 
imaging parameters secondary to antiangiogenic 
therapy were found. 

 
 
 

Unfortunately, all of these imaging techniques 
used for the evaluation of tumor heterogeneity have 
two main limitations. First, biologic cor-relates of 
these imaging techniques have not been established 
definitively. And second, image acquisition 
parameters and the applied analysis protocol may 
affect the measurement of param-eters and may 
change their biologic correlation. 
 
radiomics and radiogenomics in CrC 
The traditional practice of radiology involves evalu-
ation of medical images only as pictures for subjec-
tive visual interpretation. This is a limited approach 
in oncology, because tumors are phenotypically and 
genotypically heterogeneous. Medical images 
contain information that reflects underlying biol-ogy, 
and image heterogeneity is now considered a 
potential biomarker (6–8,121). Thus, in radiomics 
and radiogenomics, advanced computational tech-
niques are used to extract and analyze innumerable 
quantitative descriptors of tumor heterogeneity and 
phenotype (eg, shape, intensity, texture) from ra-
diologic images and to correlate them with clinical 
reports, laboratory test results, and gene-expression 
patterns or proteomic data (Fig 20).  

These “-omics” may have a clinical effect: 

improving decision making for cancer treatment 
and the diagnostic, prognostic, and predictive 
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accuracy of imaging (6–8). K-ras and epider-mal 
growth factor receptor gene mutations and 
microsatellite instability have been linked to 
stratification of prognosis in patients with CRC. To 
date, there are limited data on the value of radiomics 
or radiogenomics in patients with CRC, although 
preliminary results showing that radiomics may be 
useful for CRC staging have been published (122–

124). Voxel-based hetero-geneity analysis based on 
multiparametric MR imaging (including DWI and 
DCE MR imaging) also may improve the capability 
of imaging for prediction of pathologic complete 
response or good response in patients with RC after 
neoadju-vant radiation therapy and chemotherapy 
(102).  

Radiogenomic studies are performed to try to 
show the relationship between quantitative image 
features and gene expression patterns. K-ras gene 
mutation status is one of the main biomarkers in 
patients with CRC. It is an independent prognostic 
factor for survival and a predictive marker of tumor 
response to anti–epidermal growth factor receptor− 
targeted antibodies.  

The possible correlation of imaging features and 
the mutation status of the K-ras oncogene has been 
evaluated with different imaging techniques. Shin et 
al (125) reported that the frequency of K-ras muta-
tions was higher in polypoid tumors and lesions with 
a longer axial length or a larger ratio of the axial to 
the longitudinal dimension. However, mul-
tiparametric imaging based on a combined assess-
ment of 18F FDG uptake (maximum standardized 
uptake value), CT texture (mean value of the tumor 
pixels with positive values, or mean positive pixels), 
and perfusion (blood flow) may improve accuracy for 
identification of CRCs with K-ras mutations in 
comparison with any parameter alone.  

In addition, Miles et al (126) also showed that in 
patients with K-ras mutation, there were additional 
imaging signatures of tumor expression of HIF-1 or 
minichromosome maintenance protein 2 (MCM-2, a 
marker of tumor proliferation), suggesting the 
presence of two different imaging phenotypes. 
Patients with high standardized uptake value and a 
low mean positive pixels value tended to express 
HIFs, while those with low standardized uptake 
value, high mean positive pixels, MCM-2, and high 
blood flow demonstrated increased MCM-2 
expression. Texture features extracted from CT 
images of CRC metastases to the liver also were as-
sociated significantly with genetic signatures (K-ras 
mutation status), pathologic features (tumor grade), 
and patient outcome (127).  

Other imaging techniques showed limited ac-
curacy for prediction of genetic alterations in pa-
tients with CRC. Published data (110) have not 
demonstrated that uptake of 18F FDG at PET/ CT 
may be a surrogate marker for prediction 

 
 
of K-ras mutation status. Similar findings were 
reported by Chen et al (128), who found low 
accuracy for prediction of TP53 and K-ras gene 
mutations in patients with CRC based on 18F FDG 
uptake. Recently, Xu et al (129) reported that RCs 
with different K-ras mutation statuses demonstrated 
distinctive diffusion and perfusion characteristics on 
the basis of diffusion MR imag-ing techniques. 
Finally, no significant correlations were found 
between semiquantitative DCE MR imaging 
parameters and K-ras mutation or mic-rosatellite 
instability, which is another important biomarker for 
CRC (52). 
 
Future Challenges for Imaging of CRC  
To date, technology has boosted our capabilities for 
evaluating the tumor phenotype with mul-tiple 
imaging-derived parameters obtained from 
different imaging techniques; however, several 
challenges for future advanced imaging of CRC 
should be considered.  

First, the application of new imaging tech-niques 
in clinical practice requires the estab-lishment and 
standardization of the technical features for 
acquisition of good-quality data and the development 
of robust techniques for analysis. The values of 
quantitative parameters depends on many features 
(eg, imaging tech-nique, machine vendor, 
examination protocol, mathematical model of 
analysis); thus, the cutoff values defined in one study 
cannot be trans-lated easily to other centers. Most 
studies are performed to measure the values of 
parameters by defining any region of interest placed 
in the tumor. This approach has the potential risk of 
allowing tumor heterogeneity to be overlooked, 
because this region of interest may not represent the 
overall tumor phenotype. There is usually no precise 
correlation between parameters obtained in the tumor 
region of interest and in pathologic specimens. 
Furthermore, the reproducibility of imaging 
parameters should be ensured. 
 

Second, our understanding of how genetic, 
histologic, and physiologic tumor features cor-relate 
to spatial and temporal changes in imag-ing 
parameters must be developed further. The biologic 
correlations of many of the parameters derived from 
these advanced imaging techniques have not been 
established yet in patients with CRC. Third, the real 
value of a multiparametric imaging approach to 
tumor phenotypes in which data from different 
functional and/or molecu-lar imaging techniques are 
combined must be explored and established. The 
complexity of tumor biology is likely not a property 
that can be assessed on the basis of a single imaging 
tool; it will be assessed better with information from 
a combination of multiple modalities. Last, the 
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use of imaging as a clinical decision-making tool and 
the development of “-omics” (radiomics and 

radiogenomics) as biomarkers of patient outcome 
must be established (6–8). 
 

Conclusion  
There is a change in the paradigm of imaging from 
the traditional approach of treating medi-cal images 
as pictures to a new one: correlating imaging 
features with genetic, histologic, clinical, and 
prognostic and/or predictive data. Imaging of CRC 
must move from pure anatomic imaging techniques 
to quantitative functional and molec-ular imaging 
techniques, imaging-based analysis of tumor 
heterogeneity, and the development of radiomics and 
radiogenomics.  

The generalizability of these techniques to more 
widespread clinical practice is an impor-tant issue. 
To date, their clinical value has been tested in 
relatively small single-center studies; multicenter 
studies should be developed. There are many open 
questions to answer, but, in the future, the “-omics” 

data extracted from CRC images should be 
combined with other nonradio-logic data to produce 
models that may improve diagnostic accuracy and 
predictive power for decision making. 
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QUESTIONNAIRE 
A17 (21) PART 1 

Advanced imaging techniques in evaluation of colorectal cancer  

 
Question 1:  Which of the following are INCORRECT 
regarding mucinous tumours? 
 

A: It is associated with young age 
B: It is an advanced tumour stage 
C: It responds well to neoadjuvant chemotherapy  
D: It has different tumour spread patterns 
 

Question 2: Which of the following are imaging prognostic 
features? 
 

A: Depth of tumour spread  
B: Anal sphincter involvement 
C: Presence of malignant lymph nodes  
D: Extramural vascular invasion  

 
Question 3: Which of the following are CORRECT regarding 
the usefulness of an ultrasound elastography for assessing 
tumours? 
  

A: It allows material decomposition based on energy 
dependent attenuation profiles of specific 
materials and tissue characterization 

B: For differentiation between benign and malignant 
lesions in the rectum with an endorectal probe  

C: It allows for quantitative assessment of the 
mechanical properties of tissue 

D: It allows for the calculation of iodine concentration 
 
Question 4: Which of the following statements are 
CORRECT regarding computed tomography colonography? 
 

A: It is an alternative to optical colonoscopy for 
detection of colorectal neoplasia’s  

B: It offers reduced examination time and higher 
spatial resolution  

C: Is not limited by the use of ionizing radiation 
D: It offers wider availability and lower costs  

 
Question 5: Is it TRUE or FALSE that the degree of 
reduction in post-therapy volume ratio is associated with 
disease-free survival and tumour regression grade in rectal 
cancer? 
 

A: TRUE  
B: FALSE 

 
 
 
 
 
 
 
 
 

Question 6: Which one of the following options are 
CORRECT regarding magnetization transfer MR imaging? 
 

A: It is a technique that enables indirect evaluation of 
micromolecular protein content 

B: It makes use of the differences in the 
magnetisation interaction of free water protons 
and macromolecularly bound protons  

C: It is a technique that enables indirect evaluation of 
macromolecular protein content  

D: Transfer of magnetisation will be higher in areas of 
fibrosis  

 
Question 7: Figure 4 (c) depicts which of the following? 
 

A: Optical colonoscopic image shows a rectal tumor 
B: Endorectal ultrasonographic (US) image with strain 

elastogram shows tumor extension 
C: Contrast-enhanced US images show tumor 

enhancement  
D: Fused axial T2-weighted MR image and 

superimposed color-coded map derived from high-
b-value DWI shows the tumor areas with restricted 
diffusion 

 
Question 8: Which one of the following are INCORRECT 
regarding patients with fatty liver disease? 
 

A: Patients require a larger liver remnant after 
hepatectomy for metastatic disease than do 
patients with a normal liver 

B: MR relaxometry imaging with hepatobiliary 
contrast agents has no value in assessment of 
regional liver function  

C: DCE MR imaging with hepatobiliary contrast 
agents shows promising results in assessment of 
hepatic functional reserve 

D: Postoperative assessment with hepatobiliary 
contrast agents may help identify patients at risk 
for liver failure  

 
Question 9: Is it TRUE that because MR spectroscopy 
provides only a focal assessment, it is not a valid alternative 
to evaluate hepatic fat fraction? 
 

A: YES 
B: NO  

INSTRUCTIONS 
• Read through the article and answer the multiple-choice questions provided below.  

• Some questions may have more than one correct answer; in which case you must please mark all the correct answers 



Question 10: Which of the following functional techniques 
are mainly used in patients with CRC? 
 

A: PET 
B: MR spectroscopy 
C: DWI imaging  
D: DCE imaging  

 
Question 11: Which of the following options best describe 
diffusion weighted imaging and what it evaluates? 
 

A: It provides information related to tumour vessel 
function 

B: It allows the in vivo and non-invasive mapping of 
the diffusion process of water molecules in 
biologic tissue  

C: It allows evaluation of the Brownian movement of 
water molecules at a microscopic level  

D: It allows the assessment of the changes in signal 
intensity over time after intravenous injection of a 
contrast agent 

 
Question 12: Deviation from monoexponential behavior is 
best observed by using which of the following? 
 

A: Stretched exponential model  
B: Intravoxel incoherent motion  
C: Diffusion kurtosis imaging  
D: None of the above 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Question 13: What may be possible when using apparent 
diffusion coefficient (ADC)? 
 

A: It may be a potential non-invasive biomarker of 
colorectal cancer tumour aggressiveness  

B: It may be useful in distinguishing poorly 
differentiated from well-differentiated tumours  

C: As a result of Option B, it may allow prediction of 
the degree of extramural depth invasion and 
evaluation of response to therapy in colorectal 
tumours  

D: It may be useful in determining the absolute line 
slope value of the exponential increase in signal 
intensity on diffusion images 

 
Question 14: Which of the following are TRUE regarding 
intravoxel incoherent motion? 
 

A: It provides more information on tissue structure, 
reflecting the complexity and heterogeneity of the 
tissue 

B: It allows separate quantification of tissue 
diffusivity and tissue capillary perfusion  

C: It can be useful in RC staging  
D: All of the above 

 
Question 15: Is it TRUE or FALSE that the diffusion kurtosis 
imaging model includes the assumption of non-Gaussian 
diffusion behaviour of water at very low b values? 
 

A: TRUE 
B: FALSE  

 
 

END 



QUESTIONNAIRE 
A17 (21) PART 2 

Advanced imaging techniques in evaluation of colorectal cancer  

 
Question 1: What information can dynamic contrast 
enhanced (DCE) imaging techniques provide? 
  

A: It provides information regarding the microscopic 
movement of water in tissue due to thermal 
collisions 

B: It can provide information related to tumour 
vessel function and extracellular-extravascular 
space composition by assessing the changes in 
signal intensity over time after intravenous 
injection of a contrast agent  

C: It may be useful in identifying malignant lymph 
nodes displaying increased stiffness 

D: It provides information on the quantification of the 
attenuation caused by iodine contrast material 

 
Question 2: Which of the following are TRUE regarding DCE 
MR imaging? 
 

A: For The evaluation of CRC it is usually performed 
by using a contrast-enhanced three-dimensional 
gradient-echo T1-weighted sequence  

B: Its quantitative and semiquantitative parameters 
have been correlated with tumor and node staging  

C: It is useful for prognostic evaluation  
D: It has been used predominantly in patients with 

CRC for tumor response assessment  
 
Question 3: What role does perfusion CT have in colorectal 
cancer patients? 
  

A: It shows the association between different imaging 
parameters and angiogenic and genetic markers 

B: May have a role in tumour phenotyping and 
assessing tumor vascular heterogeneity  

C: It shows that higher pretherapy volume transfer 
constant values indicate good responders to 
preoperative radiation therapy 

D: May have a role in prognostication and response 
assessment  

 
Question 4: Which of the following statements are 
CORRECT regarding dynamic contrast enhanced US? 
  

A: The area under the curve correlates with micro 
vessel density, tumour grade and tumour stage  

B: It allows for accurate assessment of complete 
pathologic response 

C: It is useful in monitoring changes in vascularisation 
of liver metastases in patients under treatment  

D: It is used routinely in clinical practice 

Question 5: Is it TRUE that blood oxygen level-dependent 
MR imaging might allow evaluation of tumour oxygenation 
on the basis of endogenous deoxyhaemoglobin as a 
contrast agent? 
 

A: YES  
B: NO 

 
Question 6: Which of the following are TRUE regarding the 
use of DWI in detecting lymph nodes in CRC? 
 

A: It is not an accurate predictor of yN0 status after 
radiation therapy and chemotherapy 

B: DWI or the combination of T2-weighted MR 
imaging and DWI showed high sensitivity and 
specificity for detecting metastatic involvement 

C: It shows good sensitivity for detecting lymph 
nodes  

D: All of the above 
 
Question 7:  Which of the following are limitations of FDG 
positron emission tomography (PET)? 
 

A: PET shows limited spatial resolution which may 
cause small lesions to be missed  

B: It cannot be used to evaluate the presence of 
extrahepatic disease 

C: FDG uptake depends on several features such as 
tumor grade and type of tumor involved  

D: This technique will likely not allow detection of 
residual masses containing very few tumor cells in 
fibrotic tissue after neoadjuvant radiation and 
chemotherapy  

 
Question 8: Which of the following options are CORRECT 
regarding MR Spectroscopy? 
 

A: The quality of a spectroscopic examination in vivo 
in CRC lesions is not limited by features like bowel 
peristalsis and limited spatial resolution 

B: It allows the analysis and quantification of 
metabolic changes associated with cancer, which 
are dependent on tumor type  

C: Hyperpolarized MR spectroscopy may allow 
improved visualization of the biochemical 
pathways of normal and abnormal metabolism  

D: All of the above 
 

INSTRUCTIONS 
• Read through the article and answer the multiple-choice questions provided below.  

• Some questions may have more than one correct answer; in which case you must please mark all the correct answers 



Question 9: According to some authors, what could be a 
possible explanation as to why highly perfused rectal 
tumours manifested with higher FDG-uptake levels 
compared to low-perfusion tumours in colorectal cancer? 
 

A: Colorectal cancer does not necessarily manifest 
with necrotic areas as the tumour grows  

B: Colorectal cancer is frequently associated with an 
intense inflammatory response which may 
increase estimated perfusion  

C: Due to the inverse relationship between tumour 
vascularization and metabolism in metastases of 
colorectal cancer to the liver 

D: The uncoupling of perfusion and metabolism may 
not occur as the tumour grows  

 
Question 10: Which of the following improvements might 
be seen in the future when anatomic and functional 
capabilities of MR imaging is combined with molecular PET 
information, compared to conventional imaging modalities? 
 

A: CRC phenotyping  
B: Staging  
C: Prediction of response to treatment  
D: Treatment assessment  
E: None of the above 

 
Question 11: Which of the following statements are 
INCORRECT regarding tumor heterogeneity? 
 

A: It is a hallmark of malignant tumours 
B: Intratumor heterogeneity changes over time and 

decreases as tumours grow  
C: Quantification and representation of the spatial 

variation of structural, functional and/or molecular 
parameters is possible with imaging 

D: Multiple combinations of different imaging 
techniques can be used to assess and quantify 
intratumoral heterogeneity 

 
Question 12: Is TRUE or FALSE that texture analysis in 
colorectal cancer patients is useful in distinguishing 
hypoplastic polyps from tubular or tubulovillous 
adenomas? 
 

A: TRUE  
B: FALSE 

 

Question 13: Is it TRUE that both diffusion kurtosis imaging 
and the stretched exponential model allow an imaging 
approach to tumor heterogeneity? 
 

A: YES  
B: NO 

 
Question 14: What can be gained from using radiomics and 
radio genomics? 
 

A: The use of advanced computational techniques 
allows the extraction and analysis of innumerable 
quantitative descriptors of tumor heterogeneity 
and phenotype from radiologic images  

B: The information gained in Option A above is used 
to correlate with clinical reports, laboratory test 
results and gene-expression patterns or proteomic 
data  

C: It may have a clinical effect, such as improving 
decision making for cancer treatments  

D: Options (a) and (c) ONLY 
 
Question 15: What are the future challenges for imaging of 
colorectal cancer? 
 

A: The capability to evaluate the tumor phenotype 
with multiple imaging-derived parameters 
obtained from different imaging techniques 

B: The establishment and standardization of the 
technical features for acquiring good quality data 
to apply in clinical practice  

C: Further development of our understanding of how 
genetic, histologic and physiologic tumour features 
correlate to spatial and temporal changes in 
imaging parameters  

D: To explore and establish the real value of a 
multiparametric imaging approach to tumour 
phenotypes in which data from different 
functional and/or molecular imaging techniques 
are combined  

 
 

END 
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