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Abstract

Background: To evaluate and compare the potential performance
of various diffusion parameters obtained from Mono-Exponential
Model (MEM), Bi-Exponential Model (BEM), and Stretched Exponen-
tial Model (SEM) Diffusion-Weighted Imaging (DWI) models in grading
of Esophageal Squamous Carcinoma (ESC).

Methods: Eighty-two patients with pathologically confirmed ESC
without treatment underwent multi-b-value DWI scan with 13 b val-
ues (0~1200 s/mm?). The Apparent Diffusion Coefficient (ADC) deriving
from the MEM; The Pure Molecular Diffusion (ADC,_ ), Pseudo-Diffu-
sion Coefficient (ADC, ), Perfusion And Fraction (f) deriving from the
BEM; the Distributed Diffusion Coefficient (DDC) and water molecular
diffusion heterogeneity index (a) deriving from the SEM obtained were
calculated and compared between poorly differentiated and well /
moderately differentiated ESC respectively. The prediction parameters
and diagnostic efficiency were compared by drawing Receiver Operat-
ing Characteristic (ROC) curve.

Results: ADC, ADC,, ADC_, DDCin poorly ESC were significantly
lower than those in well/moderately differentiated ones. By using only
one parameter, ADC,_, DDC had the moderate diagnostic efficiency
and the Areas Under the Curve (AUC) were 0.758 and 0.813 in grading
ESC. DDC had the maximum AUC with sensitivity (88.00%) and specific-
ity (68.42%). Combining ADC with ADC,_, ADC__, DDC and combining
ADC__, with ADC,_ can provide a higher diagnostic accuracy with AUC
ranging from 0.756, 0.771, 0.816 and 0.793 respectively.

Conclusion: Various parameters derived from different DWI models
including MEM, BEM and SEM, are potentially helpful in grading ESC.
Compared with MEM model, ADC__ and DDC have better diagnostic
performances. DDC obtained from SEM based model is the most prom-
ising diffusion parameter for predicting the grade of ESC.

Keywords: Esophageal carcinoma; Diffusion magnetic resonance
imaging; Stretched exponential model; Intravoxel incoherent motion.
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Introduction

Esophageal Squamous Carcinoma (ESC) is one of the lead-
ing reasons of cancer-related mortality with a 5-year survival
rate between 15-20% [1]. Preoperative staging and pathologi-
cal grading represent important prognostic indicators and de-
termine different treatment because the tumors can be cura-
tively resected before distant metastasis or adjacent structure
invasion arise [2]. However, accurate preoperative grading of
esophageal carcinoma has been the challenge that convention-
al radiograph need to face, which can only reflect the morpho-
logical changes of ESC [2]. Endoscopic guided biopsy as a gold
standard procedure is widely employed to diagnose esophageal
carcinoma as early as possible, but it entails invasiveness, which
cannot reflect the grade of the whole tumor and is sometimes
limited by sampling errors by different observers [3]. MRI, with
its excellent ability such as in characterizing diseased tissues,
without using ionizing radiation, can provide excellent morpho-
logical and functional information for ESC [4].

DWI is a noninvasive functional image sequence in the field
of MRI, which uses the movement of water molecules in tis-
sues. The diffusion of water can be quantitatively described by
the Apparent Diffusion Coefficient (ADC) [5]. The MEM, BEM
and SEM based models are all based on standard DWI with
varying underlying models and differential governing param-
eters. Applying multiple models based on DWI protocol, the
perfusion information could be obtained without the need for
intravenous contrast media, which is especially relevant with
patients who cannot receive intravenous gadolinium-based
contrast media because of severe allergies or compromised re-
nal function. However, as we all know, ADC featured by a simple
mono-exponential decay is obtained from diffusion images with
a postulation that the water molecular diffusion is a random
motion, which have misestimate the influence of the microcir-
culation of blood in capillaries and could not reflect the true wa-
ter diffusion [6]. In fact, there are two main aspects that affect
the measured diffusion signals in living tissues: One is the mo-
tion of water molecules and another is the perfusion of blood
microcirculation with low b values less than 200 s/mm? which
may lead to inaccurate estimation of the diffusion. In 1986, Le
Bihan et al. [7] by using multi-b-value DWI with a bi-exponential
curve fitting firstly described a new imaging technique named
Intravoxel Incoherent Motion (IVIM), which has been used to
guantitatively assess the microscopic translational motionon
MRI. And lately in 2003, Bennett et al. [8] initially introduced
the stretched exponential model, which can assess diffusion
and heterogeneity of living tissues, considering the heterogene-
ity of intravoxel diffusion rates and distributed diffusion effect
in each voxel in multiple pools of water molecules and has been
used in several clinical studies [9].

To our knowledge, BEM based DWI models have been used
to evaluate the tumor stage and pathological differentiated
grade of oesophageal cancer as well as predicting treatment re-
sponse [10]. There is however a lack of research in the param-
eters of the SEM based model. Therefore, the purpose of this
study is to investigate the ability and potential additional value
of the SEM based model of DWI comparing with MEM, BME
based models in differentiating the pathological grade of ESC.

Materials and methods
Patient population

This study was approved by the ethics committee of our
hospital and informed consent was obtained from each pa-
tient. Eighty-six cases of patients with ESC in our hospital from
January 2018 to November 2019 were collected in the present
study. Inclusion criteria: (1) MRI plain scan and multi-b-value
DWI performed in patients with suspicious ESC by barium study
of gastrointestinal tract or CT examination, where the tumour
was considered resectable. (2) Before the MRI scan, the pa-
tients were not treated with radiation therapy, chemotherapy
nor biotherapy. The MRI images showed no artefacts, which
could affect the diagnosis. (3) All the patients underwent surgi-
cal resection with ESC confirmed by operation and pathology
ultimately. The exclusion criteria were as follows: (1) the quality
of the MR images was poor. (2) the tumour was too small to
draw the Region Of Interest (ROI). Finally, three patients with
poor multi-b-value DWI scan and one patient with large necro-
sis of tumor were excluded.

Magnetic resonance imaging

MRI examinations were performed on a 3T scanner (Discov-
ery 750, GE Healthcare) with an 8-channel phase array coil. The
patients were in supine position. The scanning range was cen-
tered on the lesion of the esophagus, covering the esophageal
cancer. The patients other words please slow breath training
before the examination. The signal was acquired using respira-
tory gating free breathing for the patients with even breath.

Routine MRI was acquired with a Fast Spin Echo (FSE) se-
guence, with respiratory gating. Axial T2-weighted images were
obtained with TR/TE of 9230/85 msec (effective), and the slice
thickness was 8.0 mm with spacing of 0.5 mm; FOV, 40 x 40
cm?; acquisition matrix, 288 x 256; NEX, 2; the acquisition time
was 3 min 14 s. Sagittal fat- saturation T2-weighted images were
obtained with TR/TE of 10909/85 msec (effective), and the slice
thickness was 6.0 mm with spacing of 0.5 mm; FOV, 40 x 40 cm?;
acquisition matrix, 288 x 256; NEX, 2; the acquisition time was
3 min 49 s. IVIM images were acquired via echo-planer imag-
ing in the axial plane. Parallel imaging was used with the fol-
lowing sequence parameters: Repetition Time / Echo Time (TR/
TE), 4500/85 msec; Field Of View (FOV), 24 x24 cm?; acquisition
matrix, 128 x 128; slice thickness, 6.0 mm; spacing, 0.5 mm. 13
b values from 0-1200 sec/mm? (0,10, 20, 50, 80, 100, 150, 200,
400, 600, 800, 1000, 1200) were used in three diffusion direc-
tions, and the Number Of Excitations (NEXs) for each b was 2, 2,
2,2,2,2,2,2,2,4,6, 8, 10. The acquisition time was 10 min 3
s. In addition, the axial and sagittal T2 weighted fat-suppressed
images were performed for the localization of ESCso as to plan
the multi-b-value DWI scans of tumor.

Data analysis

DWI original image was processed using the Advantage
Workstation (ADW 4.6 version, GE, US) and post-processed
by Functool workstation to obtain ADC map. All MRI examina-
tions were independently processed by two radiologists with 15
years and 10 years of experience in reading MR images. They
evaluated the multi-b-value DWI data, and were blinded to his-
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topathological results. The Region Of Interest (ROI) was placed
to cover as much of the solid part of the tumors as possible on
three consecutive maximal slices of the oesophageal tumour in
the axial plane, avoiding areas of oesophageal lumen. All pa-
rameters were measured twice of each three representative
slices, and their average values were calculated for future sta-
tistical analysis to reduce the effect of different ROI delineation
and measurement by different observers.

Histopathological examinations

All resected specimen were examined by pathological exami-
nation. The interval between MRI examination and last surgery
was less than 10 days, and these patients did not receive any
treatment during the interval. According to the seventh edition
of American Joint Committee on Cancer Stage (AJCC,7th) [11],
the pathologically differentiated grade of ESC was categorized
into poorly differentiated, moderately differentiated and well
differentiated carcinoma respectively.

Statistical analysis

The IBMSPSS Statistics 23 software (Armonk, NY) and
MedCalc 15.8 (Mariakerke, Belgium) were used for statistical
analysis. Quantitative parameters are expressed as the means
+ standard deviation. Data were tested for normality analysis
using the Kolmogorov-Smirnov test and then with the Levene
test for variance homogeneity analysis. Independent t test or
Mann-Whitney U test were used to compare the difference of
each parameter between poorly differentiated group and well/
moderately differentiated groups. In order to evaluate interob-
server variability, the interobserver agreement was evaluated
using ICC and Bland-Altman analysis. Values of the first set of
measurement were regarded as the parameters for the tumors
when the ICC was more than 0.75 [12]. When the ICC was less
than 0.75, an average of different measurements of two re-
viewers was used as the final result for the subsequent analysis.
Receiver Operating Characteristics (ROC) curves analyses were
performed to evaluate the diagnostic performance of each DWI
parameter in distinguishing the poorly differentiated group
from the well/moderately differentiated groups and the sensi-
tivity and specificity of these parameters were calculated also.
The Area Under the Curve (AUC) of ROC curve for the significant
parameters was calculated and compared by Med Calc. P values
of less than 0.05 were considered as statistically significant.

Results
Patients and histology results

82 cases of patients with ESC were enrolled in this study, in-
cluding 49 males and 33 females (age range 42-77 years, me-
dian age 54 years). There were 12 well differentiated ESC, 31
moderately differentiated ESC, 14 mix well/moderately differ-
entiated ESC and 25 poorly differentiated ESC by histopatho-
logical examinations, with 7 tumors located in the upper-esoph-
agus and 35 tumors in the middle-esophagus, 40 tumors in the
lower-esophagus.

Interobserver agreements of parameters’ measurements
derived from different DWI models

The ICC values (Table 1) were 0.799 for ADC, 0.804 for ADC-
slow, 0.840 for ADCfast, 0.893 for f, 0.882 for DDC and 0.766
for a. The Bland-Altman plots representing the interobserver
reproducibility between the two readers are shown in Figure 1.
The centre solid line represents the mean of differences.

‘/Table 1: Interobserver Reproducibility in the Assessment of Dif- \

\ferent DWI Parameters. J
Parameter Interclass co?fﬁcient 95% confidence interval
correlation

ADC 0.799 0.705-0.866

ADC,, 0.804 0.713-0.869

ADC,, 0.840 0.763-0.894

f 0.893 0.854-0.936

DDC 0.882 0.823-0.922

o 0.766 0.659-0.844

ADC: The Apparent Diffusion Coefficient; ADCslow: Pure Molecular
Diffusion; ADCfast: Pseudo-Diffusion Coefficient; DDC: Distributed Dif-
fusion Coefficient; f: Fraction; a: Water Molecular Diffusion Heteroge-
neity Index.
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Figure 1: Bland-Altman plots show interobserver reliability for

measurement of different DWI models parameters. SD: Standard

Deviation. ‘
/

Comparisons of the parameters derived from various quan-
titative DWI models

The ADC, ADCslow, ADC__, f, DDC and a from different path-
ological differentiated grade of ESC derived from various DWI
models were shown in Table 2 (Figure 2, Figure 3). The results
showed that ADC, ADC__, ADC__, DDC in poorly differentiated
group were significantly lower than those in well/moderately
differentiated groups (Table 2). However, there was no signif-
icant difference about f and a value (z=-0.574, P=0.566 for f,
t=0.140, P=0.889 for a) (Table 2).

Diagnostic performance of various quantitative DWI mod-
els

Based on the previous results of Independent t test and
Mann-Whitney U test for comparisons, we performed ROC
analysis of the different DWI-derived parameters with signifi-
cant difference for distinguishing the poorly differently group
from well/moderately groups as showing in Figure 4. The maxi-
mum Youden index, AUC, sensitivity and specificity are illustrat-
ed in Table 3. By using only one parameter, the ADCslow, DDC
had the moderate diagnostic efficiency and the areas under
the curve were 0.758 and 0.813 respectively. The ROC curves
shown DDC had the maximum AUC with sensitivity (88.00%)
and specificity (68.42 %), ADC had the minimum AUC. The AUC
of DDC was higher than that of ADC, ADCslow and ADCfast, but
showed no statistical difference (P=0.110, 0.331 and 0.226). The
ADC, ADCslow, DDC demonstrated the highest sensitivity (88%),
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[ Table 2: Comparison between Poorly and Well/Moderately Dif-
ferentiated Groups about Different Parameters.
2Comparisons were performed by independent t test; b Compari-

. sons were performed by Mann-Whitney )

N e
Poorly well/moderately
differentiated differentiated t/z P
group groups
ADC 1.372 +£0.252 1.512 +0.277 2.149° 0.035
(x10° mm?/s) ' o e ’ ’
ADC,,, 1.004 +0.240 1.287 +0.384 -3.702° | 0.000
(x10° mm?/s) ' - e ’ ’
ADC, b
5 st 18.197 £ 12.168 27.474 +13.212 -2.936 0.003
(x10°mm?/s)
f 0.383 £0.145 0.351+£0.115 -0.574°> | 0.566
bbc 1.829+0.334 2.550+0.776 -4.493° | 0.000
(x102mm?/s) D e ’ ’
a 0.642 £ 0.094 0.645 + 0.064 0.140° 0.889

ADC: The Apparent Diffusion Coefficient; ADCslow: Pure Molecular
Diffusion; ADCfast: Pseudo-Diffusion Coefficient; DDC: Distributed Dif-
fusion Coefficient; f = Fraction; a: Water Molecular Diffusion Hetero-
geneity Index.
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Figure 2: various parameters (meanzSD) derived from different
DW!I models for comparing PD (poorly differentiated) group with

D/MD (moderately /well differentiated) groups of ESC.

\

.

Figure 3: Poorly differentiated esophageal carcinoma of a 62-year-
old man. (a) T2-weighted image. (b-g) ADC map, ADCslow map,

\ differentiated) groups of ESC. /

\ ADCfast map, f map, DDC map and a map. )

but DDC had higher specificity(68.42%);ADCfast demonstrated
the highest specificity with 80.70%. Combining ADC with AD-
Cfast, ADCslow, DDC and ADCslow with ADCfast can provide a
higher diagnostic accuracy with areas under the curve ranging
from 0.756 to 0.816 (Table 3).

Discussion

MRI scans are increasingly used in the staging of gastrointes-
tinal tumors because of their good soft tissue resolution. Apply-
ing multiple models based on DWI protocol, the perfusion in-
formation could be obtained without the need for intravenous
contrast media. The main study of DWI currently conducted in
ESC is to improve tumor’s early detection, staging accuracy and
predict treatment efficacy [13-16]. Therefore, the purpose of
this study is to investigate the ability and potential additional
value of the SEM based model of DWI comparing with MEM,
BEM based models in differentiating the pathologically grade
of ESC.

/

™~
[ Table 3: ROC related Parameters in differentiating the Poorly ‘

\ and Well/Moderately Differentiated Groups Groups of ESC. )

Maximum . .

Parameters Youden Area cl:;:_‘::r the s;;S(';‘)l. Spe&f;cnty

index

ADC 0.354 0.680 88.00 47.37
ADC,, 0.476 0.758 88.00 59.65
ADC,, 0.527 0.705 70.20 80.70
DDC 0.564 0.813 88.00 68.42
ADC*ADC,, 0.529 0.756 60.00 92.98
ADC*ADC,_, 0.511 0.771 88.00 63.16
ADC*DDC 0.559 0.816 84.00 71.93
ADC, *ADC 0.437 0.793 56.00 87.72

slow fast
ADC: The apparent diffusion coefficient; ADCslow: pure molecular
diffusion; ADCfast: pseudo-diffusion coefficient; DDC: Distributed Dif-
fusion Coefficient; f: fraction; a: Water Molecular Diffusion

s

o 20 0 C 80 100

< 3
100 specificity

I 60
100-specificiry

Figure 4: ROC curves of different parameters measured for identi-
fying (poorly differentiated) group with WD/MD (moderately /well

/

In our present study, the results demonstrated that ADC
values were significantly lower in poorly differentiated tumors
than in well/moderately ones, showing that ADC decreased
with decreasing of pathological differentiation, which was con-
sisted with the results of Zhu et al [10], who also demonstrated
that both ADC and ADC__ aided in assessing tumor cell grade,
and the numeric values of the poorly-differentiated esopha-
geal carcinoma was lower than the moderately-differentiated
and well-differentiated groups. Histologically, the decreased
value of ADC in poorly differentiated ESC may be related to the
following reasons: The fast proliferation of malignant tumor
cell, the increase of cell density, the shrinking of extracellular
space, and the increase of the nucleo-cytoplasmic ratio. Huang
et al [17] also found that ADC decreased with T-stage of ESC
and Aoyagi et al [18] found that ADC of advanced-stage tumors
were significantly lower than that of early-stage tumors. Saku-
rada A et al [13] reported that combining T2WI and DWI had
obtained detection rates in T-staging of ESC, they were 33% for
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T1, 58% for T2, 96% for T3 and 100% for T4, respectively. Kiyo-
hiko Shuto et al [15] reported that the clinical impact of DWI
showed higher sensitivity than PET in predicting postoperative
survival for patients with ESC. But ADC values are quantified by
measuring mean diffusivity along three orthogonal directions,
which are mainly influenced by not only cellularity, but also mi-
crocirculation. Cellularity and microcirculation would influence
ADC measurements in a diametrically opposite direction [19].
However, IVIM can assess the microscopic motion, diffusion and
heterogeneity of living tissues, considering the heterogeneity of
intravoxel diffusion rates and distributed diffusion effect in each
voxel in multiple pools of water molecules.

There are few studies on the evaluation of esophageal
carcinoma by IVIM-DWI model. Lei Jet al [20] studied the ap-
plication value of IVIM-DWI in the diagnosis of early esopha-
geal cancer, showed that f value could differentiate between
esophageal carcinoma and normal esophagus. Huang et al [17]
found that IVIM-DWI derived parameter D (Pure diffusion co-
efficient), f negatively correlated with the stage of ESC and D
could distinguish T1-staged tumour from normal oesophageal
wall in detail, which might be probably related to the smooth
muscle proliferation and extracellular stroma expansion that
blocks the free water diffusion in the progress of ESC. Zhenget
al [21] showed that ADC, D and f increased significantly during
concurrent Chemoradiotherapy (CRT), proved that IVIM-DWI
parameters combining with ADC were useful at an early stage
of treatment and assessment of prognosis. Zhu et al [10] used
IVIM and conventional DWI parameters to evaluate the patho-
logically differentiated grade of esophageal carcinoma, showed
that the ADC__ and ADC had a significantly higher diagnostic
performance than ADC,  and f.

As shown in our study, the ADC__ values representing the
pure diffusion were lower than ADC values and the AUC value
of the ADC_  were higher than ADC in distinguishing poorly
from well/moderately differentiating ESC, this were because
BEM based DWI model can separate the diffusion and perfusion
component from overall DWI measurements. ADC___ values ob-
tained from this model can supply precise differential diagnosis
and reduced the bias by avoiding microcirculation contributions
[22]. The ADC__, deriving from the BEM based DWI model can
eliminate the interference of perfusion and maintain the true
diffusion, suggesting that ADC__ has a higher diagnostic perfor-
mance than ADC. It is noted that despite the better diagnostic
performance of ADC_ but a low value of specificity was pres-
ent in differentiating poorly from well/moderately differentiat-
ed lesions. This may be related to the pathological heterogene-
ity of tumors and overlapping grade of differentiated ESC from
the point of the pathology. At the same time, the stability of the
parameters in MRI may be affected by the surrounding struc-
ture such as bone and air.

ADC,_ values represent a perfusion-related coefficient and
reflect microcirculation [22]. Our data demonstrated that the
perfusion parameters ADC,__ was statistically significant in dif-
ferentiating the poorly and well/moderately differentiated le-
sions, but f values showed no statistical difference, which only a
gradually increasing trend from the well/moderately to poorly
differentiated lesions, inconsistent with the research of Zhu
et al [10]. However, there are different conclusions for ADC,
in distinguishing the behavior of the tumors in other systems
[23,24]. ADC,_ was considered proportional to average blood
velocity and capillary segment length [7]. The result may be by
reason of the different anatomical blood supply of esophageal

segments and inconsistent of capillary length in different grade
of ESC. Furthermore, because of the low Signal-to-Noise Ratio
(SNR) and the limited small b value range of measurements
available, the values of ADC__ may not be reliable and needs to
be further studied.

fast

SEM based DWI model is an alternate method that may
quantify both tissue heterogeneity and diffusion simultane-
ously, which was more reliable and reproducible than the MEM
and BEM based DWI models particularly in prior studies [25,26].
The results of our study showed that utilizing the DDC value of
poorly lesions was significantly lower than that of well/moder-
ately differentiated ones, and the ROC curves showed DDC had
the maximum AUC that demonstrated excellent diagnostic per-
formance in differentiating poorly from well/moderately differ-
entiated lesions. The DDC can be considered to be the weighted
sum of continuous distribution of ADCs, which can represent
multiexponential attenuation and thus provide a more accurate
and reliable depiction of tissue diffusion [26,27]. Our result may
be explained by increasing mitotic activity, necrosis, nuclear
atypia, nucleus to cytoplasm ratio and small cells with increased
intracellular complex protein molecules, leading to more intra-
voxel diffusion heterogeneity. However, in our study, the a value
was slightly lower in poorly differentiated lesions, but showed
no statistical difference in the present study. The a value de-
scribed the deviation of water diffusion from a single exponen-
tial decay and is supposed to relate to intravoxel water diffu-
sion heterogeneity, which indicates a numerically low a index
(a near 0) represents a high degree of diffusion heterogeneity
exhibited as multi-exponential decay, while a numerically high a
index (a near 1) represents low intravoxel diffusion heterogene-
ity approaching monoexponential decay. Our result consistent
with the current study, Lin et al [28] did not find a difference
between high-grade and low-grade meningiomas and Wang et
al [29] demonstrated that a was not significantly different in
the various stage and grade bladder cancers. Former research
indicated that a value can be used to differentiate high-grade
and low-grade gliomas with AUC of 0.892 [30]. It is related to
the intravoxel water molecular diffusion heterogeneity and the
differences of results suggested that a varied among different
types of tumours, which need further larger cohort studies.

Additionally, the results of the ROC used to distinguish from
poorly than well/moderately differentiated lesions. By using
only one parameter, DDC had the maximum AUC with sensi-
tivity (88.00%) and specificity (68.42%), suggesting that it is a
reliable diagnostic markers compared with other parameters.
Combining ADC with ADC, , ADC__, DDC and combining ADC-
slow with ADC,_  can provide a higher diagnostic accuracy with
areas under the curve ranging from 0.756 to 0.816. Therefore,
the combination of multiple parameters of different DWI mod-
els may have a more powerful diagnostic value.

Limitatons

This study still has several limitations. Firstly, the sample size
of poorly differentiated ESC was relatively small and further pro-
spective analyses of a larger number of patients will be needed
to validate present results. Secondly, the ROIs were placed to
cover as much of the solid part of the tumors as possible on
three consecutive maximal slices of the oesophageal tumour,
which might lead to bias owing to tumour heterogeneity, and
did not contain the entire volume. Therefore, entire tumours
should be measured in future research.
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Conclusions

In conclusion, various parameters derived from different DWI
models including MEM, BEM and SEM, are potentially helpful
in grading ESC. Compared with MEM based model, ADC__ and
DDC have better diagnostic performances. DDC obtained from
SEM based model is the most promising diffusion parameter for
predicting the grade of ESC.
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