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Abstract

Objective To investigate potential relationships between
diffusion kurtosis imaging (DKI)-derived parameters
using whole-tumour volume histogram analysis and clin-
icopathological prognostic factors in patients with rectal
adenocarcinoma.

Material and methods 79 consecutive patients who
underwent MRI examination with rectal adenocarcinoma
were retrospectively evaluated. Parameters D, K and conven-
tional ADC were measured using whole-tumour volume his-
togram analysis. Student’s t-test or Mann-Whitney U-test, re-
ceiver operating characteristic curves and Spearman’s correla-
tion were used for statistical analysis.

Results Almost all the percentile metrics of K were corre-
lated positively with nodal involvement, higher histologi-
cal grades, the presence of lymphangiovascular invasion
(LVD) and circumferential margin (CRM) (p<0.05), with
the exception of between Ko, Kooqn and histological
grades. In contrast, significant negative correlations were
observed between 25th, 50th percentiles and mean values
of ADC and D, as well as ADC¢g,, with tumour T stages
(p< 0.05). Meanwhile, lower 75th and 90th percentiles of
ADC and D values were also correlated inversely with
nodal involvement (p< 0.05). Ki,can showed a relatively
higher area under the curve (AUC) and higher specificity
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than other percentiles for differentiation of lesions with

nodal involvement.

Conclusion DKI metrics with whole-tumour volume histo-

gram analysis, especially K parameters, were associated with

important prognostic factors of rectal cancer.

Key Points

* K correlated positively with some important prognostic fac-
tors of rectal cancer.

* K,ean sShowed higher AUC and specificity for differentiation
of nodal involvement.

* DKI metrics with whole-tumour volume histogram analysis
depicted tumour heterogeneity.

Keywords Rectal cancer - Diffusion-weighted imaging -
Diffusion kurtosis imaging - Prognostic factors - Biomarker

Abbreviations

ADC Apparent diffusion coefficient
CEA Carcinoembryonic antigen
CRM  Circumferential margin

CRT Chemoradiotherapy

D Diffusivity

DKI Diffusion kurtosis imaging
DWI Diffusion weighted imaging
FOV Field of view

ICC Interclass correlation coefficient
K Kurtosis

LVI Lymphangiovascular invasion
MRI Magnetic resonance imaging
ROC Receiver operating characteristic
ROI Region of interest

SS-EPI  Single shot echo-planar imaging
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Introduction

Colorectal cancer is one of the leading causes of cancer-related
mortality worldwide, while rectal cancer accounts for 30-35 % of
these cases [ 1]. Treatment planning for patients with rectal cancer
is primarily based on the risk stratification for local recurrence
and distant metastasis. Clinicopathological factors, including
TNM staging, histological grade, peritumour
lymphangiovascular invasion (LVI) or neural invasion, circum-
ferential margin (CRM) involvement, and pretreatment serum
level of carcinoembryonic antigen (CEA), are widely accepted
as powerful prognostic factors, as well as recommended by the
National Comprehensive Cancer Network (NCCN) [2—6].

High-spatial-resolution magnetic resonance imaging (MRI)
has been widely implemented for local staging of primary rectal
cancer prior to treatment [ 7]. Additionally, functional MRI, such
as diffusion-weighted imaging (DWI), has been routinely incor-
porated into a standard MRI protocol. So far, many investigators
have demonstrated the additional value of apparent diffusion
coefficients (ADCs) in diagnosis, prognosis and prediction of
therapeutic response of rectal cancer [8—10]. However, there have
been conflicting conclusions in previous findings regarding
ADC values in predicting primary tumour (T) and lymph node
(N) staging, as well as histological differentiation grades and LVI
status [ 11-14]. These inconsistent conclusions may be attributed
to several factors. On the one hand, owing to the scan parameter
differences between DWI sequences (e.g. the different higher b
values), measurement variation of ADC (e.g. the difference ROI
selection), the mean diffusion parameters are usually unable to
depict tumour heterogeneity [ 15]. On the other hand, convention-
al DWTis based on Gaussian diffusion behaviour without restric-
tion and ADC is calculated by using a mono-exponential model.
However, water molecular diffusion in biological tissue is much
more complicated and always restricted due to the presence of
microstructures, such as cell membranes and organelles, namely
non-Gaussian phenomena [16].

Recently, an advanced non-Gaussian DWI model, diffusion
kurtosis imaging (DKI), first proposed by Jensen et al. [17, 18],
has been gaining substantial interest because of its subtle reflec-
tion of water diffusion in human tissue, thereby providing a more
complete characterisation of tissue profile in terms of cellularity
and heterogeneity. This model includes both diffusivity and kur-
tosis parameters. Diffusivity is the diffusion coefficient with cor-
relation of non-Gaussian bias, whereas kurtosis quantifies the
deviation of tissue diffusion from Gaussian pattern. Until now,
DKI has been widely applied in the assessment of gliomas, pros-
tate cancers, hepatocellular carcinomas and breast lesions, as well
as in other organs [19-23].

However, there are few studies of rectal DKI using whole-
tumour volume histogram analysis [24, 25], and relationships
with clinicopathological prognostic factors were not fully
assessed in these studies [26]. Therefore, the purpose of our
study was to evaluate the potential association between DKI-
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derived parameters and clinicopathological factors in patients
with rectal adenocarcinoma by using histogram analysis de-
rived from whole-tumour volumes.

Materials and methods
Patients

Our institutional review board approved this retrospective
study and waived the requirement for written informed con-
sent. A series of 162 consecutive patients suspected of having
primary rectal carcinoma underwent MRI examination in our
hospital between November 2016 and March 2017 were en-
rolled in the study. Inclusion criteria were as follows: (1) avail-
ability of diagnostic-quality preoperative MR images includ-
ing DKI, (2) without any neoadjuvant therapy before surgical
resection, (3) histopathologically confirmed rectal adenocar-
cinoma, and (4) a time interval between MRI examination and
surgery of less than 2 weeks. Clinical information and MR
images were retrieved from patient databases. Eighty-three
patients were excluded for the following reasons: (1)
receivingd neoadjuvant chemoradiotherapy (CRT) after initial
MRI examination (n=38), (2) having distant metastasis (n=14)
or not having surgical records in our hospital (n=13), (3) hav-
ing other pathological types, such as neuroendocrine carcino-
ma, melanoma and mucinous adenocarcinoma (n=11), (4)
those with DKI images with insufficient quality due to severe
artefacts (n=5), (5) having a time interval between MRI and
surgery longer than 2 weeks (n=2). Finally, 79 patients with a
median age at diagnosis of 60 years (age range, 42-81 years),
including 32 (46.0 %) women and 47 (54.0 %) men, were
enrolled and analysed in this retrospective study.

MRI protocol

All 79 patients underwent high-resolution MR examination of
the rectal area with a 3T system (Achieva; Philips Healthcare,
Best, The Netherlands) equipped with an 8-channel phased
array torso coils. The standard staging MRI protocol consisted
of T,-weighted (T,W) fast spin-echo sequences without fat
saturation in three directions. The oblique axial and oblique
coronal planes were perpendicular and parallel to the long axis
of the tumour as identified on sagittal MRI. The DKI (b = 0,
700, 1,400, 2,100 s/mmz) and conventional DWI (b =0, 1,000
s/mm?) sequences were performed in the transverse plane
using a single-shot echo-planar imaging (SS-EPI) sequence
with identical parameters. The imaging parameters were as
follows: TR/TE = 4,000/80 ms; flip angle= 90°; parallel im-
aging acceleration factor = 2; slice thickness = 3 mm, no slice
gap; field of view (FOV) = 25 cm x 25 cm; matrix = 256 x
256; Total imaging time for DKI = 3 min 51 s. The motion-
sensitive diffusion gradients were applied in three orthogonal
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(X, Y and Z) directions. Patients did not receive any bowel
preparation, anti-spasmodic medication, or rectal distention
before the MR examination.

Imaging analysis

All functional maps of different parameters were post-
processed using an in-house developed software (Matlab,
Mathworks, Natick, MA, USA). The in-house software per-
formed a voxel-by-voxel analysis and could automatically
output the values per voxel from each region of interest
(ROI) measurements. The ADC map was calculated using
the standard mono-exponential fit with the equation Sb/S0 =
exp (-b -ADC), where Sb is the signal intensity at a particular
b value and SO is signal intensity when b value is 0 s/mm?. In
the DKI model, the relationship between signal variation and
b factors is expressed as: Sb/SO = exp(-b-D + b*D*K/6), D is
the diffusion coefficient derived from DKI model, and K is a
unitless parameter that signifies the excess kurtosis.
Compared with the mono-exponential fit, K=0 for perfect
Gaussian diffusion and a larger K implies a marked deviation
from a perfect Gaussian distribution.

For each patient, two experienced radiologists who were
both blinded to all the clinical information and the reference
standard (L.X, X.CH., with 10 and 4 years of practice in ab-
dominal imaging, respectively) independently determined the
whole-tumour volume by manually drew ROIs along the bor-
der of the tumour on each consecutive ADC maps covering
the whole lesion, and excluded the cystic, necrosis and haem-
orrhage areas by referring to the conventional MR images.
ROIs were draw with the same criteria on D maps, and were
later copied to K maps. The time needed for drawing the ROIs
for the whole tumour volume of one patient was approximate
15 min. Each of the ADC, D and K values per pixel from the
whole-tumour volume were imported into SPSS Statistics
19.0 (IBM, New York, NY, USA).Various histogram values
were then generated, including the 10th, 25th, 50th, mean,
75" and 90th percentile, skewness (a measure of asymmetry
of'the histogram about its mean) and kurtosis (a measure of the
peakedness of the histogram).

Potential prognostic factors

Clinical and histological prognostic factors from the clinical
patient database were reviewed. Plasmatic CEA level (ng/ml)
at the time of diagnosis was examined. Surgically resected
specimens were used to determine the depth of invasion (T
stage) and lymph node metastasis (N stage) according to the
American Joint Committee on Cancer seventh TNM staging
system [27], as well as tumour differentiation grade (well,
moderately and poorly differentiated), peritumour LVI or neu-
ral invasion, and CRM invasion. LVI, neural invasion and
CRM were reported as present or absent.

Statistical analysis

For DKI model fitting, a goodness-of-fit evaluation was per-
formed by using the same dedicated software (Matlab,
Mathworks, Natick, MA, USA). The adjusted R? value was
calculated. All quantitative variables were expressed as means
+ standard deviation (SD) and were tested firstly with the
Kolmogorov-Smirnov test for normality analysis. The thresh-
old of CEA was used in our institution. For statistical analysis,
Student’s t-test or Mann-Whitney U-test were used to assess
the differences of all the histogram metrics for the following
groups: CEA<5.0 ng/ml versus>5.0 ng/ml, pT1-2 versus
pT3-4, pNO versus pN1-2, low grade (G1-2) versus high
grade (G3), and the presence versus absence of LVI or neural
invasion and the presence versus absence of CRM.

Receiver operating characteristic (ROC) curves were gen-
erated to evaluate the diagnostic performance of ADC and
DKI histogram metric values for the assessment of prognostic
factors. The optimal threshold was chosen according to the
Youden index. Differences in performance were analysed by
comparing the areas under the ROC curves using the method
developed by DeLong et al. [28]. Interobserver agreement for
the measurements of the two radiologists was analysed by
calculating the interclass correlation coefficient (ICC). An
ICC value greater than 0.80 was considered to indicate excel-
lent agreement. Spearman’s correlation was performed to
evaluate the associations between all the histogram metrics
of D, K, ADC and the prognostic factors enrolled in our study.
P-values of < 0.05 were considered statistically significant.
All statistical analyses were performed using SPSS 19.0
(IBM, New York, NY, USA) and MedCalc 15.8 (MedCalc,
Mariakerke, Belgium).

Results
Clinical and histopathological findings

A summary of the prognostic factor distribution in our study
population is given in Tables 1 and 2. In brief, there were 32
females (60.81 + 8.92 years) and 47 males (59.98 + 9.93
years), with 36 subjects older than 60 years. The average
whole tumour volume of rectal cancer is 14.3 + 8.4cm’. At
the time of diagnosis, 62 patients had CEA levels lower than 5
ng/ml, while the remaining 17 patients had CEA levels equal
to or above 5 ng/ml. According to the analysis of histopathol-
ogy examination, 29 patients had tumour limited to the rectal
muscularis propria (two cases assessed as pT1 and 27 cases as
pT2 ), while the remaining 50 patients were considered to
have tumours extending beyond the muscularis propria (36
tumours were pT3and 14 tumours were pT4). Forty-three pa-
tients were staged as NO, whereas 36 patients had metastatic
lymph nodes (18 patients had staged pN1 and pN2 tumours,
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Table 1  Associations of diffusion-weighted imaging-derived parameters with prognostic factors in histogram analysis
Prognostic factor n ( %) ADC (%107 mm%/s)
mean 10 % 25 % 50 % 75 % 90 % Skewness Kurtosis
CEA level
<5ng/ml 62 (78.5) 1.1240.14  0.81+0.19  0.93+£0.21 1.09+0.14 1.30+0.17 1.52+0.25  0.42+0.55  3.45£1.21
> 5 ng/ml 17 (21.5) 1.11£020  0.77+0.16 ~ 0.92+0.14 1.09+0.20 1.26+0.21 1.42+0.23 0.33+0.71 4.01+1.62
P-value 0.742 0.914* 0.733 0.955 0.429 0.134 0.572 0.373"
pT Stages
pT1-2 29 (36.7) 1.1840.19  0.83+0.20  0.98+0.17 1.15+0.19 1.34+0.22 1.56+0.29  0.45+0.52  3.32+1.31
pT3-4 50(63.3) 1.0840.11 0.7440.14  0.8940.12 1.06+0.11 1.26+0.13 1.47+0.20  0.33+0.51 3.49+1.17
P-value 0.028 0.029* 0.019 0.024 0.072 0.106 0.412 0.513°
PN stages
pNO 43 (54.4) 1.14+0.16 ~ 0.78+0.18  0.93+0.17 1.11£0.16 1.33+0.17 1.56+0.25  0.45+0.64  3.53£1.33
pN1-2 36 (45.6) 1.0940.16  0.76+0.15  0.91£0.15 1.07+0.15 1.25+0.15 1.44+0.22  0.31+0.53 3.48+1.26
P-value 0.087* 0.381% 0.340° 0.219* 0.047 0.030 0.372 0.951°
Grades
G1-2 59 (74.7) 1.1340.15 0.78+0.18  0.93+0.17 1.10+0.16 1.31+0.17 1.53+0.24  0.41+0.53 3.48+1.34
G3 20 (25.3) 1.07+0.14  0.74+0.11 0.89+0.11 1.05+0.13 1.2340.15 1.45+0.24  0.29+0.51 3.2840.96
P-value 0.223* 0.152* 0.304 0.206 0.092 0.229 0.392 0.751*
LVI
Negative 67 (84.8) 1.13£0.15 0.7840.17  0.93+0.16 1.10+0.14 1.30+0.16 1.5240.25 039047  3.39+1.19
Positive 12 (15.2) 1.06+0.11 0.74+0.07  0.88+0.08 1.05+0.10 1.22+0.13 1.42+0.16  0.24+0.41 3.11+0.63
P-value 0.214* 0.219* 0.325 0.322 0.151 0.199 0.302 0.682%
CRM
Negative 68 (86.1) 1.1440.15 0.78+0.18  0.93+0.15 1.10+0.15 1.31+0.16 1.52+0.24  0.40+0.48  3.49+1.13
Positive 11 (13.9) 1.0740.10  0.74+0.09  0.88+0.07 1.05+0.11 1.23+0.13 1.45+0.18  0.28+0.40  3.25+0.78
P-value 0.205* 0.236* 0.314 0.298 0.113 0.278 0.376 0.584°

respectively). Among all the patients, peritumour LVI was
present in 12 patients, CRM was positive in 11 patients, while
neural invasion was only present in two patients. For the his-
tological grades, 59 low-grade tumours were classified as G2,
and 14 high-grade tumours were classified as G3. However,
no tumours were classified as G1.

Interobserver agreement

Overall, the interoberver agreement between two readers was
good to excellent for the whole-tumour volume histogram
metrics of all ADC, D and K parameters (ICCs ranging from
0.701 to 0.971). Therefore, only results of the first radiologist
were used for further analysis. The ICC values for each
histogram-based variable parameters are shown in Table 3.

Associations between DKI and ADC parameters
and clinicopathological prognostic factors

For all the 79 patients, the mean adjusted R* value for the DKI
model was 0.96+0.01 (range, 0.94-0.98), indicating the fitting
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of tumour diffusion signal decay of rectal cancer by using the
non-Gaussian kurtosis model was excellent.

The summary of the histogram metrics of ADC, D and
K parameters are provided in Tables 1 and 2. Lower ADC
and D values were associated with higher tumour T stage,
but significant negative correlations were only observed
between the 25™ and 50th percentile and mean values of
ADC and D, as well as the ADC,gy,, With the tumour T
stages (r = -0.231~-0.284, all p < 0.05). Additionally, the
Koo value was significantly higher in tumours with T3-4
than those with T1-2 (p < 0.05). Meanwhile, both the 75th
and 90th percentiles of ADC and D were correlated in-
versely with the nodal involvement (r = -0.234~-0.266, all
p < 0.05). However, no statistically significant differences
or correlations was found for all the ADC or D histogram
metrics in tumours of different histological grades and the
status of LVI or CRM (p > 0.05), although patients with a
higher tumour grade or the presence of LVI or CRM had
lower ADC or D values. For K parameters, almost all the
percentile metrics of K values showed a significant posi-
tive correlation with nodal involvement, higher histologi-
cal grades, the presence of LVI or CRM (r = 0.236~-
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Table 2 Associations of diffusion kurtosis imaging (DKI)-derived parameters with prognostic factors in histogram analysis

Prognostic factor n (%) mean 10 % 25 % 50 % 75 % 90 % Skewness Kurtosis
Diffusion (D, x10° mm?/s)
CEA level
<5 ng/ml 62 (78.5) 1.23+0.15 0.88+0.18 1.03+0.14 1.20+0.14 1.41+0.17 1.64+0.25 0.41+0.57 3.43+1.24
> 5 ng/ml 17 (21.5) 1.22+0.20 0.92+0.19 1.05+0.20 1.20+0.20 1.37+0.21 1.54+0.23 0.34+0.76 4.03+1.57
P-value 0.527% 0.858" 0.627 0.998 0.440 0.137 0.675 0.159°
pT Stages
pT1-2 29 (36.7) 1.28+0.20 0.93+0.21 1.09+0.19 1.26+0.19 1.45+0.22 1.67+0.30 0.46+0.58 3.39+1.37
pT3-4 50 (63.3) 1.19+0.11 0.83+0.14 0.99+0.12 1.17+0.12 1.37+0.14 1.58+0.21 0.3540.60 3.58+1.25
P-value 0.022 0.082% 0.033 0.019 0.115 0.138" 0.474 0.117%
PN stages
pNO 43 (54.4) 1.26+0.15 0.88+0.18 1.04+0.16 1.22+0.15 1.444+0.17 1.67+0.26 0.45+0.64 3.53+1.33
pN1-2 36 (45.6) 1.19+0.15 0.86+0.16 1.0140.15 1.18+0.15 1.35+0.16 1.55+0.21 0.3140.53 3.48+1.26
P-value 0.067% 0.279* 0.201* 0.162° 0.049 0.019* 0.359 0.937%
Grades
G1-2 59 (74.7) 1.23+0.16 0.89+0.19 1.04+0.17 1.22+0.16 1.42+0.18 1.63+0.25 0.4240.62 3.60+1.43
G3 20 (25.3) 1.19+0.14 0.86+0.11 1.00+0.12 1.17+0.14 1.354+0.17 1.57+0.25 0.30+0.58 3.41£1.00
P-value 0.305* 0.294* 0.318 0.255 0.159* 0.322 0.435 0.701*
LVI
Negative 67 (84.8) 1.24+0.16 0.87+0.18 1.03+0.17 1.21+0.16 1.41+0.18 1.63+0.26 0.4240.60 3.53+1.37
Positive 12 (15.2) 1.18+0.11 0.84+0.08 1.00+0.09 1.17+0.11 1.344+0.14 1.54+0.16 0.22+0.57 3.394+0.72
P-value 0.444% 0.585% 0.477 0.485 0.292 0.357 0.641 0.539°
CRM
Negative 68 (86.1) 1.23+0.16 0.87+0.17 1.04+0.17 1.22+0.15 1.4240.17 1.63+0.25 0.4240.60 3.53+1.37
Positive 11 (13.9) 1.18+0.12 0.85+0.08 1.00+£0.10 1.17+0.11 1.34+0.14 1.55+0.17 0.2240.57 3.3940.72
P-value 0.457% 0.593* 0.327 0.373 0.132 0.258 0.641 0.539°
Kurtosis (K)
CEA level
<5 ng/ml 62 (78.5) 0.92+0.09 0.67+0.17 0.81£0.10 0.93+0.09 1.04+0.09 1.15£0.11 -0.28+1.02 4.88+2.92
> 5 ng/ml 17 (21.5) 0.95+0.10 0.69+0.11 0.83+0.08 0.95+0.08 1.07+0.11 1.20+0.18 -0.29+1.26 5.32+3.19
P-value 0.216 0.924° 0.424 0.351 0.165 0.135 0.973 0.694°
pT Stages
pT1-2 29 (36.7) 0.920.09 0.66+0.15 0.81+0.11 0.93+0.08 1.03+0.08 1.13£0.11 -0.41£1.02 5.10+£2.82
pT3-4 50 (63.3) 0.94+0.10 0.68+0.17 0.82+0.09 0.94+0.10 1.06+0.11 1.21+0.17 -0.29+1.13 4.78+3.23
P-value 0.321 0.535% 0.779 0.721 0.269 0.039 0.166 0.286"
PN stages
pNO 43 (544) 0.89+0.09 0.63+£0.16 0.78+0.10 0.90+0.09 1.02+0.09 1.1320.12 -0.39+0.88 4.43+2.34
pN1-2 36 (45.6) 0.97+0.08 0.72+0.15 0.86+0.08 0.97+0.07 1.08+0.09 1.20+0.14 -0.16+1.26 5.64+3.49
P-value 0.000 0.004* 0.000 0.001* 0.011* 0.015 0.335 0.082%
Grades
G1-2 59 (74.7) 0.91+0.09 0.66+0.16 0.80+0.10 0.92+0.09 1.03+0.09 1.14+0.12 -0.31+0.92 4.59+2.57
G3 20 (25.3) 0.97+0.10 0.71+0.16 0.86+0.09 0.97+0.08 1.09+0.10 1.21+0.16 -0.20+1.45 6.1243.75
P-value 0.012 0.152° 0.025 0.011 0.017 0.155* 0.737 0.064*
LVI
Negative 67 (84.83) 0.91+0.09 0.65+0.16 0.80+0.10 0.92+0.09 1.03+0.10 1.15+0.11 -0.3940.88 4.43£2.34
Positive 12 (15.2) 1.00+0.07 0.77+0.08 0.89+0.08 1.00+0.07 1.10+0.08 1.22+0.07 -0.16+1.26 5.64+3.49
P-value 0.003 0.011* 0.004 0.002 0.019 0.041 0.293 0.315°
CRM
Negative 68 (86.1) 0.91+0.09 0.65+0.15 0.80+0.09 0.92+0.09 1.03+0.09 1.14+0.11 -0.38+0.87 4.4442 .33
Positive 11 (13.9) 1.00+0.06 0.76+0.07 0.88+0.08 0.99+0.06 1.10£0.09 1.22+0.08 -0.16£1.24 5.65+3.47
P-value 0.002 0.015* 0.005 0.002 0.021 0.036 0.342 0.346%

Note. D is the diffusion coefficient derived from DKI model, and K is a unitless parameter that signifies the excess kurtosis

0.406, all p < 0.05), with the exception of between K,
Koyom and histological grades (r = 0.161 and 162, both P >
0.05) (Figs. 1 and 2). Regarding the CEA level, none of
the ADC and DKI histogram metrics had significant dis-
criminative power in this study. Likewise, no correlation
was observed between the skewness or kurtosis values of
ADC, D, K and all the prognostic factors enrolled in our
study (p > 0.05).

Diagnostic performance of DKI and ADC histogram
parameters

Table 4 demonstrates the results of the ROC analysis of the
multi-parametric imaging measures for the detection of pa-
tients with metastatic lymph nodes. For all the histogram met-
rics, both the 75th and 90th percentiles of ADC and D, as well
as all the percentiles of K values, exhibited significant
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Table 3 Interobserver agreement
for whole-tumour volume

Histogram metrics

ADC

D

K

Mean
10th

25th

50th

75th

90th
Skewness
Kurtosis

0.934 (0.833-0.975)
0.864 (0.731-0.936)
0.926 (0.893-0.965)
0.941 (0.913-0.978)
0.892 (0.813-0.947)
0.866 (0.735-0.913)
0.701 (0.495-0.839)
0.731 (0.523-0.855)

0.963 (0.905-0.981)
0.883 (0.736-0.947)
0.933 (0.893-0.954)
0.965 (0.935-0.981)
0.904 (0.845-0.957)
0.889 (0.786-0.931)
0.715 (0.735-0.913)
0.746 (0.537-0.869)

0.971 (0.949-0.991)
0.915 (0.886-0.970)
0.949 (0.897-0.971)
0.983 (0.953-0.993)
0.935 (0.891-0.959)
0.921 (0.834-0.965)
0.736 (0.535-0.853)
0.778 (0.597-0.897)

Note. Data are interobserver correlation coefficients, with 95 % confidence intervals in brackets

D is the diffusion coefficient derived from diffusion kurtosis imaging (DKI) model, and K is a unitless parameter

that signifies the excess kurtosis

discriminative power for nodal involvement (p < 0.05).
Regarding the comparison of diagnostic performance between
them, the AUC for K e, value was higher than those of other
histogram metrics, but did not reach a significant level (p >
0.05). The specificity (88.37 %) was higher than that of other
histogram metrics with a threshold of 0.893 for K, ca, (Fig. 3).

Discussion

In the present study, we successfully performed DKI using
whole-tumour volume measurement in a reproducible manner
by different readers, and then found that DKI-derived K was
significantly correlated with some prognostic factors for rectal

cancer, including lymph node status, histological grade and
the presence of LVI or CRM. Meanwhile, ADC and D were
significantly correlated with tumour T stages and lymph node
status. Therefore, DKI-derived histogram metrics may indeed
be a powerful non-invasive imaging biomarker of tumour ag-
gressiveness in rectal cancer. Application of the DKI model in
body imaging has been gaining increasing interest in recent
years [22, 24, 26, 29]. Although still with many unconfirmed
aspects, such as the optimal number, range and maximum
value of b factors, the DKI model seems to be the preferred
model in terms of model fit and repeatability [30]. It is sug-
gested that at least three b values with a maximum value
somewhat larger, approximately 2,000 s/mm?, be used for
clinical practice in body imaging [16]. For previous studies

Fig. 1 MR images of a 56-year-old man with poorly differentiated rectal
cancer. Axial T2-weighted MR (A) and contrast T1-weighted MR image
(B) show a mass occupying more than three-quarters of the rectal wall,
with mild enhancement. (C) High b-value (1,400 s/mm?) diffusion-

@ Springer

weighted image shows a hyperintense tumour. The color-coded ADC
map (D), D map (E) and K map (F) show heterogeneous blue in the
corresponding tumour with ADC of 0.911 x 107 s/mm?, Dyean Of
1.035 x 10° s/mm? and K,pean value of 0.916
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Fig. 2 MR images of a 71-year-
old man with moderately differ-
entiated rectal cancer. Axial T2-
weighted MR image (A) shows a
mass occupying more than three-
quarters of the rectal wall. (B)
High b-value (1,400 s/mm?)
diffusion-weighted image shows
a hyperintense tumour. The color-
coded D map (C) and K map (D)
shows heterogeneous blue in the
corresponding tumour with a
Diean 0F 1.162 x 10 s/mm? and
Kinean Value of 0.863

of DKI in rectal cancer, the b value spectrum was mostly 0—2
100 s/mm?, as high b values can reduce the apparent departure
from linearity of the diffusion kurtosis. In our present study,
we chose four b values with 0, 700, 1,400 and 2,100 s/mm? in
accordance with previous studies [26].

It has been demonstrated that significantly higher K values
were found in patients with high-grade tumours in a number of

studies [22, 31, 32]. Similar results were found in our study,
where almost all the percentile metrics of K exhibited significant-
ly positive correlations for tumours with higher histological
grade, as well as for tumours with metastatic lymph nodes or
the presence of LVI or CRM. Additionally, Ko, was also signif-
icantly higher in patients with a higher T stage. This is an inter-
esting finding as it has been proven that all these indexes are

Table 4 Diagnostic Performance

of diffusion kurtosis imaging Parameters Threshold AUC Sensitivity (%) Specificity (%) P-

(DKI) and ADC histogram met- value

rics using whole-tumour volume

Analysis for the detection of ADCrnean <1.191 0.612 (0.488-0.737) 91.67 (77.5-98.2) 34.88 (21.0-50.9) 0.079

nodal involvement ADC o <0.804 0.557 (0.441-0.669) 72.22 (54.8-85.8) 48.84 (33.3-64.5) 0.379
ADCys1 <1.057 0.563 (0.446-0.674) 97.22 (85.5-99.9) 23.26 (11.8-38.6) 0.337
ADCsop <1.058 0.581 (0.464-0.691) 61.11 (43.5-76.9) 62.79 (46.7-77.0) 0.215
ADCrsq, <1354 0.636 (0.520-0.741) 80.56 (64.0-91.8) 46.51 (31.2-62.3) 0.032
ADCoyo, <1.538 0.652 (0.537-0.756) 80.56 (64.0-91.8) 51.16 (35.5-66.7) 0.015
Dinean <1.191 0.620 (0.504-0.727) 55.56 (77.5-98.2) 69.77 (21.0-50.9) 0.059
Diom <0.904 0.571 (0.455-0.682) 66.67 (49.0-81.4) 53.49 (37.7-68.8) 0.276
Dasw <1.158 0.584 (0.468-0.694) 97.22 (85.5-99.9) 23.26 (11.8-38.6) 0.194
Dsom <1.162 0.592 (0.475-0.701) 58.33 (40.8-74.5) 65.12 (49.1-79.0) 0.157
D7sth <1.428 0.639 (0.523-0.744) 69.44 (51.9-83.7) 60.47 (44.4-75.0) 0.028
Dootn <1.630 0.654 (0.539-0.758) 75.00 (57.8-87.9) 58.14 (42.1-73.0) 0.014
Kinean >0.979 0.735 (0.624-0.828) 55.56 (38.1-72.1) 88.37 (74.9-96.1) 0.000
Kioth >0.688 0.691 (0.577-0.790) 75.00 (57.8-87.9) 58.14 (42.1-73.0) 0.002
Kosm >0.809 0.731 (0.619-0.824) 72.22 (54.8-85.8) 65.12 (49.1-79.0) 0.000
Ksom >0.894 0.728 (0.616-0.822) 91.67 (77.5-98.2) 46.51 (31.2-62.3) 0.000
K7sm >0.985 0.666 (0.551-0.768) 88.89 (73.9-96.9) 39.53 (25.0-55.6) 0.007
Kooth >1.079 0.648 (0.533-0.752) 86.11 (70.5-95.3) 41.86 (27.1-57.9) 0.017

Note. 95 % confidence intervals in bracket

D is the diffusion coefficient derived from the diffusion kurtosis imaging (DKI) model, and K is a unitless
parameter that signifies the excess kurtosis
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Fig. 3 A comparison of the diagnostic ability for distingishing nodal
involvement between histogram ADC, D and K. Receiver operating
characteristic curve analysis shows that the K., had a higher area

powerful predictors of local recurrence and distant metastases,
suggesting that a higher K value in itself correlates with poor
prognosis. This could be explained by the fact that K values are
indirectly derived from the microstructure complexity of the tu-
mour [17], and may thus reflect the aggressiveness of the tumour
tissue profile. The increased cellular density, larger percentage of
gland formation and marked variation of nuclear pleomorphism
within more aggressive rectal cancer were associated with in-
creasing tissue complexity at the microstructural level, resulting
in higher kurtosis of K values.

On the other hand, there was a similar trend toward lower
ADC and D values for patients with all the above in their
histopathological index, although statistical significance was
mainly found between 25" and 50th percentages and mean
values of ADC or D and tumour T stages, as well as between
the 75™ and 90th percentile metrics of ADC or D and tumour
N stages. It can be explained that the D value, a corrected
ADC value, may actually reflect the water molecular diffusion
accounting for non-Gaussian diffusion behaviour, which has a
similar physical meaning to ADC derived from the mono-
exponential model. However, there was no correlation be-
tween any DKI or DWI parameters and CEA levels, suggest-
ing that the pretreatment CEA level might not reflect the actual
status of the rectal cancer.

Patients with positive nodal status may have an indication
for neoadjuvant CRT or extended pelvic surgery. However,
reliable detection of metastatic lymph nodes, a main prognos-
tic indicator of distant metastasis and unfavourable survival, is
still a challenge in diagnostic imaging of rectal cancer [33].

@ Springer
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under the curve (0.735) than that of the others, but did not reach a
significant level, compared with the 75th and 90th percentiles of ADC
and D (A), as well as all the percentiles of K values (B)

ROC curve analysis in our study showed both the DKI and
DWI parameters of rectal cancer may provide important indi-
cators of lymph node status, thereby improving tumour N
staging prior to therapy. By comprehensive comparison of
histogram D, K and ADC, we found that K ., showed the
highest specificity with the highest AUC than other histogram
metrics, although without a significant difference, further val-
idating the superiority of non-Gaussian distribution model.
Some investigators found that pretreatment ADC is signifi-
cantly different in metastatic lymph node [11, 12], which is
not consistent with results from others [14, 34]. These incon-
sistent results between the reported studies may be due to the
relatively small patient population and imbalanced population
distribution. Another reason could be that differences in mea-
suring techniques, such as whole-tumour volume ROIs rather
than smaller oval-shaped ROIs, may result in different out-
comes [15]. It is well known that rectal cancer is heteroge-
neous, even within the same histological type. The difference
in percentiles of quantitative metrics derived from DKI and
DWI for various subtypes in our study demonstrated this phe-
nomenon. Additionally, we excluded the extreme values of
histogram indices, such as minimum and maximum values,
because they are subject to measuring errors.

Our study had several limitations. First, as a retrospective
study, there was unavoidable selection bias, because many
patients presenting with locally advanced rectal cancers
underwent neoadjuvant therapy, limiting our study popula-
tion. Second, the relatively small sample size and imbalanced
population distribution within some subtypes also limits the
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applicability of results. Thus, large prospective, multi-
institutional cohort studies with a greater statistical power
are necessary to further validate the results of the present
study. Third, we did not compare the relationship between
DKI parameters with the immunohistochemical features of
rectal cancer, such as proliferative Ki-67 index, as integration
of some immunohistochemical features into risk stratification
schemes may be useful in clinical practices.

In conclusion, our study demonstrated that DKI metrics
with whole-tumour volume histogram analysis, especially
the K parameters, were associated with important prognostic
factors of rectal cancer. Further investigation is required to
determine whether DKI metrics are useful as imaging bio-
markers in predicting the biological properties of rectal cancer
in clinical practice.
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