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Abstract

Morphological magnetic resonance imaging is currently the best imaging technique for local
staging in patients with rectal cancer. However, morphological sequences have some limitations,
especially after preoperative chemoradiotherapy (pCRT). Diffusion-weighted imaging has been
applied to rectal cancer for detection of lesions, characterization of tissue, and evaluation of the
response to therapy. In 2005, a non-Gaussian diffusion model called diffusion kurtosis imaging
(DKI) was suggested.

Several electronic databases were evaluated in the present review. The search included articles
published from January 2000 to May 2018. The references of all articles were also evaluated.
All titles and abstracts were assessed, and only the studies of DKI in patients with rectal cancer
were retained.

We identified 35 potentially relevant references through the electronic search. According to
the inclusion and exclusion criteria, we retained five clinical studies that met the inclusion criteria.

DKl is a useful tool for assessment of tumor aggressiveness, the nodal status, and the risk of
early metastases as well as prediction of the response to pCRT. The results of DKI should be
considered in treatment decision-making during the work-up of patients with rectal cancer.
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Background

Rectal cancer is one of the most common
oncological diseases worldwide. According
to Siegel et al.,' the incidence of colorectal
cancer is usually comparable between the
two sexes; from 2005 through 2014, the inci-
dence rates of colorectal cancer decreased
by about 2% to 3% annually. Declines in
the incidence of cancer are due to modifica-
tions in risk factors and the increased use of
screening tests. However, despite wide-
spread use of screening, cancer in some
patients is identified in an advanced
stage.! The standard of care for patients
with locally advanced rectal cancer
(LARC) is preoperative chemoradiotherapy
(pCRT) followed by total mesorectal exci-
sion.”* In addition, for patients with a
complete response to pCRT, there has
been a surge of conservative management
and the “wait-and-see” strategy.’ The ben-
efit of this policy is a decreased morbidity
rate and the opportunity to administer
“true” organ-sparing therapy.’ In this set-
ting, identification of the features that can
accurately stratify patients according to
their characteristics is required so that the
most effective therapeutic strategy can be
chosen.” Morphological magnetic reso-
nance imaging (mMRI), performed with
T2-weighted sequences, is currently consid-
ered the best imaging technique for local
rectal staging.>* However, morphological
sequences have some limitations, especially
after pCRT, because the tumor necrosis
may not match the volumetric decrease.
To overcome this limitation, functional
parameters to evaluate tissue viability

obtained by position emission tomography,
dynamic contrast-enhanced MRI, and
diffusion-weighted imaging (DWI) are
being assessed. The practice of merging
DWI into a standard MRI protocol is
increasing because of the ability of DWI
to detect and characterize lesions, which
enhances its capability in the assessment
of the treatment response,® ' thus increas-
ing clinical confidence and decreasing false
positives.'""'? DWI assessment may be per-
formed qualitatively or quantitatively with
a mono-exponential analysis [apparent
diffusion coefficient (ADC) map] or bi-
exponential analysis [intravoxel incoherent
motion (IVIM) model] or with diffusion
kurtosis imaging (DKI) based on a kurtosis
model. The DWI signal is due to the water
mobility that indirectly reproduces tissue
structures.'”'> The ADC map is a graphi-
cal illustration of the ratio of DW signal
intensities. However, the ADC values may
be limited by a lack of reproducibility.'®'?
The ADC values can be more precisely
assessed by obtaining a large number
of b values.'” !> Traditionally, the DWI
approach to data analysis was founded on
the hypothesis that water molecules diffuse
within a voxel following a single direction
with Gaussian behavior without any restric-
tion."*!* However, according to the presence
of microstructures, water molecules within
biologic tissues exhibit a non-Gaussian phe-
nomenon called DKI as proposed by Jensen
and Helpern'® in 2010. This approach evalu-
ates the kurtosis coefficient (K), which shows
the deviance of diffusion from a Gaussian
approach, and the diffusion coefficient (D)
with the correction of non-Gaussian bias.
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Several studies have shown that DKI is more
accurate than traditional ADC mapping
in tumor detection and grading assess-
ment.'*?° DWI using quantitative parame-
ters (ADC and DKI) could serve as an
imaging biomarker to more effectively
choose patients who will benefit from more
aggressive neoadjuvant treatment.>®

The aim of this study was to provide an
overview and update of the current status of
DKI in patients with rectal cancer and eval-
uate the future perspectives.

Methods

Search criteria

Several electronic databases were used for
the literature search: Scopus (Elsevier,
http://www.scopus.com/), PubMed (US
National Library of Medicine, http://www.
ncbi.nlm.nih.gov/pubmed), Web of Science
(Thomson  Reuters,  http://apps.webof
knowledge.com/), and Google Scholar
(https://scholar.google.it/). We used the
following search terms: “rectal cancer”
AND “diffusion kurtosis imaging” AND
“prognostic  factors,” “rectal cancer”
AND “diffusion kurtosis imaging” AND
“assessment post neoadjuvant therapy,”
and “rectal cancer” AND “diffusion kurto-
sis imaging” AND “distant metastases.”
The search included articles published
from January 2000 to May 2018.
Moreover, the reference lists of the identi-
fied articles were evaluated. All titles and
abstracts were examined, and only the stud-
ies on DKI in patients with rectal cancer
were retained. The inclusion criteria were
clinical studies that assessed DKI in
patients with rectal cancer for clinical path-
ologic evaluation, clinical studies that esti-
mated DKI in patients with rectal cancer
for prognostic assessment, and clinical stud-
ies that estimated DKI in patients with
rectal cancer for post-neoadjuvant therapy
assessment. Papers published in the English

language from January 2000 to May 2018
were retained. The exclusion criteria were
inaccessibility of the full text, overview
articles, and articles with topics other than
DKI in patients with rectal cancer.

Ethics

Study approval by an ecthics committee or
institutional review board was not required
because of the retrospective nature of
this review.

Results

We evaluated 35 potentially pertinent refer-
ences. After removing 12 duplicates, we
obtained 23 papers. We omitted 18 papers
that met the exclusion criteria. Finally, five
articles met the inclusion criteria. A study
flow diagram is shown in Figure 1.

Discussion

The multidisciplinary management of
patients with LARC is mainly based on
risk stratification for local or distant recur-
rence. Prognostic features include the TNM
stage, histological grade, presence of peritu-
mor lymphangiovascular invasion (LVI) or
neural invasion, presence of circumferential
margin (CRM) involvement, and pretreat-
ment carcinoembryonic antigen serum
level.>"?? In 2016, Zhu et al.”® evaluated
the role of DKI (b=0, 700, 1400, and
2100 s/mm?) and conventional DWI (b=0
and 1000 s/mm?) in 56 patients with rectal
adenocarcinoma. Kurtosis and diffusivity
from DKI and ADC were extracted. Zhu
et al evaluated the correlation between kur-
tosis, diffusivity, ADC, the local pT and pN
stages, and the performance of kurtosis, dif-
fusivity, and ADC to differentiate high- and
low-grade rectal adenocarcinoma and the
correlation between kurtosis, diffusivity,
ADC, and histologic grades. Kurtosis was
significantly higher in tumors with nodal
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Literature search — 23 articles |

l

| 18 irrelevant articles

—| 3 general overview articles

—— 3 unavailability of full text

_| 2 congress abstracts

5 relevant articles

4' 10 topics different to Diffusion Kurtosis in rectal cancer

Figure |. Studies included and excluded from the systematic review.

involvement (pNI1-2) than in subgroups
without nodal involvement (pNO). In the
grading of poorly differentiated clusters
(PDCs), significant differences were found
in kurtosis, diffusivity, and ADC between
lesions with low and high PDC grades.
A receiver operating characteristic analysis
was performed, and the areas under the
curve (AUCs) were 0.905, 0.768, and 0.750
for kurtosis, diffusivity, and ADC, respec-
tively. Kurtosis showed higher sensitivity
and specificity than did diffusivity and
ADC. According to the World Health
Organization (WHO) grading criteria, kur-
tosis was also significantly higher in high-
than low-grade tumors, and its sensitivity
and specificity in the identification of high-
and low-grade tumors were 92.9% and
50.0%, respectively, with an AUC of
0.696. In contrast, no significant differences
in diffusivity or ADC were found between
low- and high-grade tumors. Kurtosis
showed a higher AUC in differentiating
high- from low-grade tumors with PDC
grading than with the WHO system.
Kurtosis showed a significantly high corre-
lation with the PDC grade, whereas diffu-
sivity and ADC exhibited a negative
relationship with the PDC grade. In addi-
tion, kurtosis showed a positive correlation

with the WHO grade, while diffusivity and
ADC showed no relationship with the
WHO grade. Therefore, according to Zhu
et al.,”® DKI has a greater diagnostic capa-
bility in distinguishing high- from low-
grade rectal cancer than do diffusivity and
ADC, also showing a higher ability to iden-
tify patients with and without nodal
involvement (Figure 2). Thus, the authors
suggested that DKI could serve as an imag-
ing biomarker for grading rectal cancers
and predicting lymph node involvement in
clinical practice.”® Like Zhu et al.,>* Cui
et al.?* also evaluated the relationships
between DKI and clinicopathological prog-
nostic factors in patients with LARC. They
evaluated 79 patients with rectal cancer
with a 3T system. Conventional DWI
(b=0 and 1000 s/mm?) and DKI (b=0,
700, 1400, and 2100 s/mm?) analyses were
performed. The prognostic features that
were evaluated were the plasma carcinoem-
bryonic antigen level, pT stage, pN stage,
tumor grade, peritumor LVI or neural inva-
sion, and CRM invasion. Cui et al.**
showed that kurtosis was significantly asso-
ciated with the lymph node status, histolog-
ical grade, and presence of LVI or CRM
involvement. Conversely, ADC and diffu-
sivity were significantly associated with the
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Figure 2. A 43-year-old woman with rectal cancer. (a) A T2-weighted turbo-spin echo image in the axial
plane is shown. The arrow shows a small node with restricted diffusion (b) Diffusion-weighted imaging
sequence at b50 (50 s/mm?). (c) Diffusion-weighted imaging sequence at b1500 (1500 s/mm?). (d) Apparent
diffusion coefficient map. These findings confirmed that the resected specimen was a neoplastic nodule.

T and N stages. These finding suggest that
DKI should be effective as a noninvasive
biomarker of tumor aggressiveness.>*

Yu et al.> recently assessed the diagnostic
value of DKI for discriminating between
benign and malignant lymph nodes in
patients with rectal carcinoma. They evaluat-
ed 85 patients with rectal adenocarcinoma
who underwent total mesorectal excision.
MRI examinations were performed using a
3.0-Tesla MRI scanner; conventional DWI
(b=0 and 1000 s/mm? and DKI (b=0,
700, 1400, and 2000 s/mm?) were performed.
In total, 273 lymph nodes were harvested
and subjected to histological analysis.
Quantitative parameters [apparent diffusion
parameter of Gaussian distribution (D),
apparent kurtosis coefficient (K,p,), and
ADC] of lymph nodes were derived from
DKI. They showed that the median D,p,
and ADC values of metastatic lymph nodes
were significantly greater than those of
benign lymph nodes, whereas the median
Kapp of metastatic lymph nodes was statisti-
cally lower than that of normal lymph nodes.
D,pp had the highest AUC of 0.774. When
1126.15 x 10® mm? s~ ! was used as the Dapp
threshold value, the sensitivity and specificity
were 96.97% and 41.82%, respectively.
Therefore, the authors concluded that the
kurtosis model is useful for differentiation
between metastatic and benign lymph
nodes. Lymph nodes with higher D,,, and
ADC values were significantly more likely to

be metastatic. The use of DKI in patients
with rectal carcinoma may provide a new
means of improving the ability to predict
the presence of metastatic lymph nodes.*
The results reported by Zhu et al.,* Cui
et al.,>* and Yu et al.> suggest that DKI
has a positive correlation with the nodal
status. This element may guide decisions
regarding proper therapy considering that
patients with a positive nodal status may
be subjected to neoadjuvant therapy and
extended pelvic surgery and that detection
of metastatic lymph nodes remains chal-
lenging in current clinical practice.
Another prognostic feature of patients
with rectal cancer is the presence of distant
metastases, which drastically changes the
prognosis and treatment. In 2016, Yu
et al.? evaluated the relationship of DWI
and DKI in patients with distant metastases
of rectal carcinoma. They evaluated 58
patients (27 with metastasis and 31 without
metastasis). The ADC parameter from stan-
dard DWI (b values of 0 and 1000 s/mm?)
and the D,,, (107 mm?s) and K.,
from DKI (b values of 0, 700, 1400, and
2000 s/mm?) were calculated from the
entire volume of the tumors. The researchers
assessed the pT stage, pN stage, and tumor
grade. They found that D,,, was significant-
ly lower in patients with than without distant
metastasis. The ADC 10th values showed a
similar trend. However, the authors demon-
strated an improved goodness of D,,, for
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discerning distant metastasis. In fact, the
higher AUC and specificity with the DKI
model than standard DWI model is due to
the limits of conventional DWI based on the
fact that water molecules diffuse following a
Gaussian model. However, the cellular
microstructure is more complex and hetero-
geneous in high- than low-grade lesions, and
the more frequent mitosis and higher prolif-
erative ability in neoplastic tissues can
increase the density to affect water diffusion
in each voxel.”® The possibility of using DKI
as a tool to identify patients at risk of early
distant metastasis affects treatment decision-
making and allows proper stratification
of patients.

The standard of care for patients with
LARC is pCRT followed by total mesorec-
tal excision.” * Therefore, an essential point
during the work-up of patients with rectal
cancer is the rapid identification of patients
who respond (Figure 3) and do not respond
to therapy (Figure 4). Considering that the
treatment effectiveness and therefore the

severity of necrosis does not always trans-
late into volumetric reduction of the tumor,
therapy should be assessed by evaluating
the functional changes in the target tissue
rather than by the changes in tumor size.
Functional data obtained by DWI reflect
the tissue viability and allow differentiation
of fibrosis from residual tumor tissue.”*
The imaging modalities that enable assess-
ment of tumor perfusion and diffusion have
the capability of improving patient manage-
ment because the percentage change of
perfusion is discriminated with high specif-
icity in responding and non-responding
patients.”” Because cellular death and vas-
cular changes can occur before changes in
lesion size during treatment, DWI may
serve as an early biomarker of treatment
effectiveness.”’ Only a few studies have
been performed to evaluate the role of
DKI in assessing the treatment response in
patients undergoing neoadjuvant CRT for
LARC.?? Yu et al.?® evaluated the feasi-
bility and clinical value of DKI in the

Figure 3. Diffusion-weighted magnetic resonance images and apparent diffusion coefficient (ADC) map
for a complete responder (a—c) before and (d—f) after treatment. Tumor regression grade = |

and AADC =56%.
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assessment of neoadjuvant treatment for
LARC. In their study, 41 patients under-
went MRI before and 7 weeks after neoad-
juvant CRT. DWI was evaluated using b
values of 0, 700, 1400, and 2000 s/mm”.
Histogram analysis of D,p,, K,pp, and
ADC were calculated. The researchers eval-
uated the mean, median, and 10th and 90th
percentiles. According to the method
described by Mandard et al.,** patients
with pTRG-1 or pTRG-2 were considered
good responders and patients with pTRG-3
to 5 were considered poor responders
(Figure 4). The results reported by Yu
et al.”® suggest that the percentage change
in D,p, has higher diagnostic performance
for evaluating therapy. Among the pre-
CRT data, the histogram indices (medians
and 10th percentiles of the pre-D,,,) were
associated with the pTRG. In the identifi-
cation of prognostic features, the advantage
of DKI over standard DWI is that after
CRT, the tissue microstructure is more
complex and heterogeneous, and the
spread of water molecules thus follows a

non-Gaussian model.'*> The opportunity to
identify a good responder to neoadjuvant
therapy allows the multidisciplinary team
to personalize patient treatment: a patient
with a complete response could be subject
to a “wait-and-see” approach with the pos-
sibility of “true” organ-sparing treatment.’
Hu et al.* evaluated the role of DKI in
assessing a pathological complete response
in patients with LARC compared with con-
ventional DWI. Fifty-six patients under-
went MRI using a 3.0-T scanner (DWI
sequence with b values of 0, 700, 1400,
and 2100 s/mm?) before and after CRT.
The ADC map, MD (mean diffusion)
map, and MK (mean kurtosis) map were
calculated. They showed that the MKpre
and MKpost values were much lower for
responder than non-responder patients.
The ADCpost and the rate of change in
the ADC were significantly higher for the
responder patients. The MDpost and the
rate of change in the MD also increased,
whereas no significant difference was
noted in the ADCpre, MDpre, or rate of

Figure 4. Diffusion-weighted magnetic resonance images and apparent diffusion coefficient (ADC) map for
a partial responder (a—c) before and (d—f) after treatment. Tumor regression grade =4 and AADC = |8%.
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change in the MK value between responder
and non-responder patients. The MKpost
had higher sensitivity and specificity than
other data. Therefore, Hu et al.*’ demon-
strated that both DKI and conventional
DWI could predict the response to treat-
ment and that MKpost has higher specific-
ity than DWI data for assessing responders
patients. Fusco et al.>' assessed the preop-
erative short-course radiotherapy tumor
response in patients with LARC by means
of the standardized index of shape using
dynamic contrast-enhanced MRI and by
means of the ADC, IVIM, and DKI param-
eters derived from diffusion-weighted MRI.
The standardized index of shape, ADC,
IVIM parameters [tissue diffusion (D),
pseudo-diffusion (D), and perfusion frac-
tion (f,)], and DKI parameters (MD and
MK) were calculated for each patient. The
IVIM parameters were estimated using two
methods: conventional bi-exponential fit-
ting and variable projection (VARPRO).
The mean and standard deviation of the
pretreatment D, obtained by conventional
bi-exponential fitting and the mean pre-
treatment D, obtained by VARPRO
showed statistically significant differences
in the prediction of a pathological complete
response (p value by Mann—Whitney
test =0.05, 0.03, and 0.008, respectively).
The best results for prediction of a patho-
logical complete response were obtained by
the mean pretreatment VARPRO F,, value
with an AUC of 0.84, sensitivity of 96.4%,
specificity of 71.4%, positive predictive
value of 92.9%, negative predictive value
of 83.3%, and accuracy of 91.2%.
Promising initial results were obtained
using a decision tree tested with all ADC,
IVIM, and DKI extracted parameters: high
accuracy for assessment of a pathological
complete response was reached after short-
course radiotherapy in patients with LARC
(accuracy of 85.3% to assess a pathological
complete response after short-course radio-
therapy using the post-treatment VARPRO

D, mean value, pretreatment ADC stan-
dard deviation value, and post-treatment
MD standard deviation value). Therefore,
the pretreatment VARPRO F, mean value
and a decision tree composed of diffusion
parameters derived by DWI and DKI
played an important prognostic role in
assessing a pathological complete response.

DKI is a useful tool in the assessment of
patients with rectal cancer; however, it is
essential that DKI is a reproducible evalu-
ation method. Therefore, standardization
of the sequence is mandatory; standardiza-
tion of kinetic model application and anal-
ysis methodology is also mandatory to
calculate derivate quantitative parameters.

Conclusions

DKI is a useful tool in identifying tumor
aggressiveness, the nodal status, and
patients at risk for early metastases as well
as predicting the response to neoadjuvant
CRT. The findings of DKI should be con-
sidered in treatment decision-making
during the work-up of patients with rectal
cancer. However, DKI standardization is
required to establish the hardware, soft-
ware, models, and analysis methodology
to calculate quantitative parameters.
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