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ARTICLE INFO ABSTRACT

Keywords: Objective: To identify whether whole-tumour histogram analysis of pharmacokinetic parameters from dynamic
Squamous cell carcinoma contrast-enhanced magnetic resonance imaging (DCE-MRI) could predict T-stage and regional lymph node
Esophagus metastasis (LNM) of resectable oesophageal squamous cell carcinoma (SCC).

Lymphatic metastasis
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Materials and methods: Forty-two consecutive patients with confirmed oesophageal SCC underwent thoracic
DCE-MRI. Histogram metrics (median, mean, standard deviation [SD], skewness, kurtosis and entropy) of whole-
tumour pharmacokinetic parameters including endothelial transfer constant (K"*"), reflux rate (Kep) and frac-
tional extravascular extracellular space volume (V.) were generated by the Omni-Kinetics software. Histogram
datasets were interpreted using the Mann-Whitney U test and receiver operating characteristic (ROC) statistical
analyses.

Results: The Mann-Whitney U tests revealed that the median, mean and SD of , the SD and entropy of Kep,
and the median, mean and entropy of V. of T1-2 stage oesophageal SCC were lower when compared with T3
stage (all Ps < 0.05); and the ROC analysis showed that the entropy of V. could reliably distinguish T1-2 stage
from T3 stage with an area under ROC (AUC) of 0.773. The Mann-Whitney U tests illustrated that the entropy of
K" and the median, mean, SD and entropy of K.p were higher while the skewness of K., was lower in tumours
with LNM than without LNM (all Ps < 0.05); and the ROC analysis demonstrated that the SD of K, could best
identify tumours with LNM with an AUC of 0.702.

Conclusion: Whole-tumour histogram analysis of pharmacokinetic parameters of oesophageal SCC on DCE-MRI
could be used to predict T-stage and regional LNM.

Ktrans

1. Introduction N + and require neoadjuvant therapy [3]. Therefore, preoperative T

staging and prediction of regional lymph node metastasis (LNM) of

Oesophageal cancer is the eighth most common malignant tumour
and the sixth leading cause of cancer-related death worldwide [1]. The
major histological type of this cancer is squamous cell carcinoma (SCC)
[2]. Patients with early-stage (T1-2) oesophageal cancer are likely NO,
requiring resection alone, while advanced (T3) tumours are likely

oesophageal SCC is critical for clinical decision making.

Magnetic resonance imaging (MRI) is increasingly used to in-
vestigate the T and N stage of oesophageal SCC [4,5]. Furthermore,
Dynamic contrast-enhanced MRI (DCE-MRI) has emerged as a tech-
nique to non-invasively evaluate the microcirculation of malignant
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TR, repetition time; TE, echo time; FOV, field of view; LAVA, liver acquisition with volume acceleration; AIF, arterial input function; ICC, inter-class correlation
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tumours such as breast and rectal cancer [6,7]. DCE-MRI can visually
display the enhancement of a target area and semi-quantitatively
characterize tumours with time-intensity curves. Also, it can quantita-
tively evaluate tumours with parameters generated from pharmacoki-
netic models, illustrated by the dynamic distribution of gadolinium-
related contrast agents within the different compartments of a lesion
[8-11]. The two-compartment model of DCE-MRI assumes that the
contrast agent exchanges between the plasma space and the extra-
vascular-extracellular space (EES), and the forward and backward
transfer rate can reflect the permeability of the microvasculature [12].

Recently, DCE-MRI has become a valuable imaging technique for
use in the diagnostic workup of oesophageal SCC. Previous studies were
limited by the fact they chose only mean values of pharmacokinetic
parameters to evaluate the microcirculation of oesophageal SCC
[13,14]. However, given the significant intratumour heterogeneity in
malignant tumours, a more extensive analysis is needed [15]. Past in-
vestigators have established histogram analysis as a means to extract
heterogeneity parameters from regions of interest (ROIs) [16]. Whole-
tumour analysis, which samples from the entire tumor parenchyma and
stroma, may provide a more accurate quantitative assessment of tu-
mour biology. Previously, it has been shown that this technique im-
proves the diagnostic capability of MRI when compared to analyzing a
limited sampling region of the tumour [17]. Thus, the aim of our study
was to investigate the feasibility of whole-tumour histogram analysis of
pharmacokinetic parameters from DCE-MRI for predicting T-stage and
regional LNM of oesophageal SCC.

2. Materials and methods
2.1. Patients

The institutional review board of our hospital approved this pro-
spective study, and written informed consent was obtained from each
patient.

During the period of February 2016 to December 2017, 50 con-
secutive patients with biopsy-confirmed oesophageal SCC were enrolled
in our study. Inclusion criteria were as follows: (a) the patient did not
receive any tumour-related treatment (e.g. radiotherapy and/or che-
motherapy) before DCE-MRI examination or surgery; (b) patients had
no contraindications for DCE-MRI (e.g. claustrophobia or ferromagnetic
metal parts in the patient’s body) or surgery (e.g. medically unable to
tolerate general anesthesia and/or major thoracic surgery); (c) the tu-
mour with a diameter of less than or equal to 2cm was considered
resectable even if the tumour was staged as T3 and had LNM based on
the National Comprehensive Cancer Network (NCCN) guidelines [18];
and (d) the quality of DCE-MRI images was sufficient. The interval
between the biopsy and DCE-MRI examination was more than 3 days
(mean, 4.56 days; range, 4-7 days), and no bleeding events occurred.

Of the initial patients, no oesophageal SCC involved oesophago-
gastric junction, 2 patients had received tumour-related treatment prior
to DCE-MRI examination and surgery, 4 patients had contraindications
for surgery, and 2 patients had poor quality DCE-MRI images on which
the pharmacokinetic parameters could not be measured. Ultimately, 42
patients were enrolled into our study. The enrolled patients were
scheduled for radical oesophagectomy with three-field lymphade-
nectomy within two weeks (mean 5.74 days; range 3-11 days) fol-
lowing the DCE-MRI examination. TNM staging was performed ac-
cording to the postoperative histopathology and American Joint
Committee on Cancer (AJCC) criteria [19].

2.2. DCE-MRI technique

DCE-MRI examinations were performed on a 3.0 T superconductive
magnet (Discovery MR 750, GE Medical Systems) with a 32-channel
surface phased-array body coil in the chest region with respiratory
gating and cardiac gating in all enrolled patients. The patient was
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provided breathing training prior to the imaging session. The patients
were examined in the supine position. Axial and sagittal T»-weighted
imaging with fat saturation were obtained for tumour localization, and
the scanning parameters were as follows: repetition time (TR) of
3000-4000 ms, echo time (TE) of 85-95ms, field of view (FOV) of
36 cm X 36 cm, matrix of 352 x 352, and slice thickness of 4 mm.
Subsequently, DCE-MRI was performed, which included a pre-contrast
T; mapping sequence and a dynamic sequence. The pre-contrast T,
mapping sequence was performed with five consecutive axial three-
dimensional (3D) spoiled-gradient recalled-echo sequences for liver
acquisition with volume acceleration (LAVA) of multi-flip angles (3°, 6°,
9°, 12° and 15°) in breath-hold mode. Scanning parameters for the T;
mapping were as follows: TR of 3.3 ms, TE of 1.5ms, FOV of 36 cm X
36 cm, matrix of 256 X 192, and slice thickness of 6 mm. The dynamic
sequence was conducted with the same scanning parameters as pre-
contrast T; mapping except for a flip angle of 15°, which resulted in a
temporal resolution of 7 s. The entire dynamic process lasted for 5 min
4s with 40 dynamics in free-breathing mode. When the scan for the
fourth phase of the dynamic process was started, the contrast agent
(0.1 mmol/kg, Omniscan, GE Healthcare) was administered
travenously as a bolus injection at a rate of 2.5ml per second using a
high pressure injector system (Spectris MR Injector System), im-
mediately followed by 20 ml saline flush at the same rate. As described
elsewhere [20], baseline images were obtained from the pre-injection
dynamic acquisitions and subsequently used to generate time-intensity
curves with the DCE-MRI data analysis.

in-

2.3. Data analysis

The DCE-MRI data was transferred to the special post-processing
software (Omni-Kinetics; GE Healthcare). Two experienced radiologists
(Y.L.C. and T.W.C. with 3 and 20 years of experience in gastrointestinal
radiology, respectively) who were blind to the histopathological results,
independently performed the data analysis. First, non-rigid registration
of the dynamic images was performed by using a framework (a free-
form deformation algorithm) to help correct any error of dislocation
between consecutive DCE-MRI scans [21]. Second, a pre-contrast T;
mapping sequence was used to obtain the T; value of the tissue before
and after contrast agent injection [22]. Third, an arterial input function
(AIF) was extracted by manually drawing a circle region of interest
(ROI) on the descending aorta. The two-compartment extended-Tofts
model was selected to calculate the pharmacokinetic parameters in-
cluding endothelial transfer constant (K", in ml/min), reflux rate
(Kep, in ml/min), and fractional extravascular extracellular space vo-
lume (V,, in ml/ml) [23]. Fourth, a series of ROIs covering the whole
tumour was continuously manually drawn onto magnified DCE-MRI
images (Figs.1-4a ). The intraluminal gas and paraesophageal fat were
excluded based on the axial T,-weighted sequence with fat saturation.
When performing manual segmentation, the necrosis within the oeso-
phageal SCC was included, this was done to avoid discarding spatially
rich information regarding intratumor heterogeneity. Finally, the his-
togram metrics (mean, median, standard deviation [SD], skewness,
kurtosis and entropy) of K™, K, and V. were automatically derived.
Skewness describes the degree of asymmetry of the probability dis-
tribution: a completely symmetric histogram had a skewness of 0, a
histogram with a long right tail had a positive skewness whereas a
histogram with a long left tail had a negative skewness. Kurtosis de-
scribes the sharpness of the distribution and is a measure of the shape of
a histogram: a normal distribution had a kurtosis of 0, a more peaked
histogram had a positive kurtosis value. Entropy represents a statistical
measure of the ‘irregularities’ in a histogram. The value of entropy in-
creases with the increase of ‘irregularities’. The previous software au-
tomatically derived the parametric maps of K™ (Figs. 1-4b), Kep
(Figs. 1-4c) and V. (Figs. 1-4d) of all ROIs within the tumour and the
histogram graphs of K™ (Figs. 1-4e), K., (Figs. 1-4f) and V.
(Figs. 1-4g). The previous data analysis by both experienced
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Fig. 1. Image A shows a region of interest (ROI) that has been manually drawn on magnified dynamic contrast-enhanced magnetic resonance image (a) of a 63-year-
old male with T3 stage squamous cell carcinoma of the middle thoracic portion of oesophagus without lymph node metastasis. Corresponding colour parametric maps
of K™ (b), Kep (¢) and V. (d) are created automatically. The corresponding mean values of K™, K, and V. are 0.129 ml/min, 0.599 ml/min and 0.266 ml/ml,
respectively. On Image B, the histogram of K™ (e) demonstrates that the median, mean, standard deviation (SD), skewness, kurtosis and entropy are 0.107 ml/min,
0.129 ml/min, 0.098 ml/min, 4.984, 7.575 and 4.741, respectively; the histogram of K, (f) shows that the median, mean, SD, skewness, kurtosis and entropy are
0.484 ml/min, 0.599 ml/min, 0.316 ml/min, 1.393, 2.663 and 6.145, respectively; and the histogram of V, (g) depicts that the median, mean, SD, skewness, kurtosis
and entropy are 0.226 ml/ml, 0.266 ml/ml, 0.179 ml/ml, 1.878, 4.692 and 7.012, respectively.

radiologists was used to assess the inter-observer agreement of the 2.4. Statistical analysis

histogram metrics of pharmacokinetic parameters measurements. To

verify the intra-observer agreement of the histogram metrics measure- SPSS statistical package (version 13.0 for Windows, SPSS Inc.) was
ments, data analysis was repeated by Y.L.C. one month later. used for statistical analysis. Statistically significant difference was as-

signed to Ps < 0.05.

114



Y.-l. Chen et al.

European Journal of Radiology 112 (2019) 112-120

o.= O.= O.S o.= 1

aaaa;gﬁ
Q0

086800000

Id---.l.

Mk

Fig. 2. Image A shows a region of interest (ROI) that has been manually drawn on magnified dynamic contrast-enhanced magnetic resonance image (a) of a 71-year-
old male with T3 stage squamous cell carcinoma of the middle thoracic portion of oesophagus with metastasis to one lymph node, and that the colour parametric
maps of K™ (b), K, (¢) and V. (d) are automatically generated. The corresponding mean values of K**", K, and V. are 0.313 ml/min, 0.852 ml/min and 0.388 ml/
ml, respectively. On Image B, the histogram of K"*" (e) depicts that the median, mean, standard deviation (SD), skewness, kurtosis and entropy are 0.251 ml/min,
0.313 ml/min, 0.238 ml/min, 2.312, 9.018 and 6.116, respectively; the histogram of K, (f) demonstrates that the median, mean, SD, skewness, kurtosis and entropy
are 0.818 ml/min, 0.852 ml/min, 0.379 ml/min, 0.856, 2.030 and 6.697, respectively; and the histogram of V, (g) shows that the median, mean, SD, skewness,
kurtosis and entropy are 0.300 ml/ml, 0.388 ml/ml, 0.260 ml/ml, 1.066, 0.173 and 7.494, respectively.

Inter-observer and intra-observer agreements for the measurements
of histogram metrics of pharmacokinetic parameters were evaluated by
using the inter-class correlation coefficient (ICC) as in the published
similar studies [24,25]. The agreement was defined as excellent

(ICC > 0.90), good (ICC = 0.75 - 0.90), moderate (ICC = 0.5 - 0.75),
and poor (ICC < 0.5) [26]. If the inter- and intra-observer agreements
were good (ICC > 0.75), values of the first measurement by Y.L.C. were
regarded as the final values. If not, the mean value of the two
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Fig. 3. Image A shows a region of interest (ROI) that has been manually drawn on magnified dynamic contrast-enhanced magnetic resonance image (a) of a 62-year-
old male with T2 stage squamous cell carcinoma of the lower thoracic portion of oesophagus with one lymph node involved, and that the colour parametric maps of
K™ (b), Kep (¢) and V. (d) are automatically derived. The corresponding mean values of K", K, and V. are 0.131 ml/min, 0.716 ml/min and 0.190 ml/ml,
respectively. On Image B, the histogram of K" (e) shows that the median, mean, standard deviation (SD), skewness, kurtosis and entropy are 0.107 ml/min,
0.131 ml/min, 0.094 ml/min, 1.689, 4.805 and 6.651, respectively; the histogram of K, (f) illustrates that the median, mean, SD, skewness, kurtosis and entropy are
0.682 ml/min, 0.716 ml/min, 0.317 ml/min, 0.671, 1.125 and 6.141, respectively; and the histogram of V. (g) demonstrates that the median, mean, SD, skewness,
kurtosis and entropy are 0.169 ml/ml, 0.190 ml/ml, 0.113 ml/ml, 2.729, 15.074 and 6.451, respectively.

measurements by Y.L.C. and the measurement by T.W.C. were to be 2 and T3 stages; for N stage, we divided the patients into two groups
used in the final analysis. including NO and N1-3 stage. The Mann-Whitney U test was performed

As the number of tumours in each separate stage was relatively to compare the histogram metrics between stages T1-2 and T3 and
small, for T-stage, we divided the patients into two groups including T1- between NO and N1-3. Bonferroni correction was not used in the Mann-
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Fig. 4. Image A shows a region of interest (ROI) that has been manually drawn on magnified dynamic contrast-enhanced magnetic resonance image (a) of a 48-year-
old male with T1 stage squamous cell carcinoma of the middle thoracic portion of oesophagus with three lymph nodes involved, and that the colour parametric maps
of K™ (b), K, (¢) and V. (d) are automatically generated. The corresponding mean values of K™, K, and V. are 0.328 ml/min, 0.627 ml/min and 0.561 ml/ml,
respectively. On Image B, the histogram of K" (e) shows that the median, mean, standard deviation (SD), skewness, kurtosis and entropy are 0.296 ml/min,
0.328 ml/min, 0.189 ml/min, 1.817, 6.635 and 6.580, respectively; the histogram of K., (f) depicts that the median, mean, SD, skewness, kurtosis and entropy are
0.552 ml/min, 0.627 ml/min, 0.433 ml/min, 0.977, 1.319 and 6.868, respectively; and the histogram of V. (g) illustrates that the median, mean, SD, skewness,
kurtosis and entropy are 0.529 ml/ml, 0.561 ml/ml, 0.253 ml/ml, 0.068, -0.3644 and 7.222, respectively.

Whitney U test, this is in contrast to a similar quantitative study, which oesophageal SCC of different T-stage and identify oesophageal SCC with
used histogram analysis of diffusion-weighted MRI to characterize regional LNM.

cervical cancer [27]. Instead, if there was significant difference in the

previous test, the receiver operating characteristic (ROC) analysis was

performed to test whether and how these indexes could help assess
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Table 1
Clinical and histopathological characteristics of 42 oesophageal SCC
patients.

Age (years)

Range 42-76
Median 65
Mean *+ standard deviation 64.33 + 7.93

Gender No. of patients
Male 33
Female 9

Location of the tumour No. of patients

Upper thoracic oesophagus 2

Middle thoracic oesophagus 29
Lower thoracic oesophagus 11
Differentiation No. of patients
Well 20
Moderate 21
Poor 1
T stage No. of patients
T1 6
T2 7
T3 29
N stage No. of patients
NO 24
N1 9
N2 7
N3 2
Metastatic stage No. of patients
MO 42
M1 0

Note: The tumours of the lower thoracic oesophagus do not involve the
oesophagogastric junction.

3. Results
3.1. Clinical and histopathological characteristics

Table 1 gives an overview about the clinical and histopathological
characteristics of our research cohort. All 42 resected lesions were
histopathologically proven oesophageal SCC, while the margins of the
resected oesophageal segments were found to be uninvolved. In addi-
tion, the mean diameter of oesophageal SCC on transverse section was

European Journal of Radiology 112 (2019) 112-120

1.43 cm (ranged from 0.62 cm to 1.96 cm).

3.2. Inter- and intra-observer agreements for the measurements of histogram
metrics

Inter- and intra-observer agreements were both good because of the
ICC > 0.75 (95% confidence interval, 0.837-0.998 and 0.981-0.998,
respectively) for the measurements of histogram metrics of pharmaco-
kinetic parameters (Table 2). Therefore, values of the first measurement
by Y.L.C. were used for subsequent analysis.

3.3. Histogram metrics for discriminating stage T1-2 from T3

As shown by the Mann-Whitney U tests (Table 3), the median, mean
and SD of K™, the SD and entropy of K, and the median, mean and
entropy of V. of T1-2 stage oesophageal SCC were significantly lower
when compared with T3 stage (all Ps < 0.05). There were no significant
differences in the other histogram metrics of whole-tumour pharma-
cokinetic parameters between T1-2 and T3 stage oesophageal SCC (all
Ps > 0.05). The previous histogram metrics with significant differences
were subsequently used to perform the ROC analysis, and we found that
the entropy of V. was best for discriminating T1-2 from T3 stage oe-
sophageal SCC. The area under the ROC curve (AUC) of the entropy of
V. was 0.773 with an optimal cutoff of 6.48 (Table 4).

3.4. Histogram metrics for identifying tumours with regional LNM

Based on the Mann-Whitney U tests (Table 3), the entropy of K™,
and the median, mean, SD and entropy of K., were higher whereas the
skewness of K., was lower in tumours with regional lymph node me-
tastasis than without lymph node metastasis (all Ps < 0.05). There were
no significant differences in the other histogram metrics between oe-
sophageal SCC with and without regional LNM (all Ps > 0.05). Ac-
cording to the ROC analysis, the SD of K¢, was best for identifying tu-
mours with regional LNM. The AUC of the SD of K., was 0.702 with an
optimal cutoff of 0.32 ml/min (Table 4).

4. Discussion

In this study, we used DCE-MRI to assess the intratumour hetero-
geneity in oesophageal SCC by whole-tumour histogram analysis, and

Table 2
Inter-class correlation coefficient (ICC) analysis on histogram metrics of pharmacokinetic parameters derived from dynamic contrast-enhanced magnetic resonance
imaging.
Kinetic parameters Histogram Intra-observer Inter-observer
metrics
ICC (95%CI) P value ICC (95%CI) P value
Krans Median 0.993 (0.987, 0.996) < 0.001 0.991 (0.984, 0.995) < 0.001
Mean 0.992 (0.986, 0.996) < 0.001 0.990 (0.982, 0.995) < 0.001
SD 0.991 (0.983, 0.995) < 0.001 0.983 (0.968, 0.991) < 0.001
Skewness 0.997 (0.995, 0.998) < 0.001 0.995 (0.991, 0.998) < 0.001
Kurtosis 0.996 (0.992, 0.998) < 0.001 0.994 (0.990, 0.997) < 0.001
Entropy 0.996 (0.992, 0.998) < 0.001 0.990 (0.982, 0.995) < 0.001
Kep Median 0.996 (0.993, 0.998) < 0.001 0.995 (0.991, 0.997) < 0.001
Mean 0.995 (0.991, 0.998) < 0.001 0.994 (0.989, 0.997) < 0.001
SD 0.993 (0.987, 0.996) < 0.001 0.990 (0.982, 0.995) < 0.001
Skewness 0.997 (0.994, 0.998) < 0.001 0.967 (0.940, 0.982) < 0.001
Kurtosis 0.995 (0.991, 0.997) < 0.001 0.912 (0.837, 0.953) < 0.001
Entropy 0.994 (0.989, 0.997) < 0.001 0.985 (0.971, 0.992) < 0.001
Ve Median 0.996 (0.993, 0.998) < 0.001 0.995 (0.991, 0.998) < 0.001
Mean 0.997 (0.995, 0.998) < 0.001 0.996 (0.993, 0.998) < 0.001
SD 0.997 (0.994, 0.998) < 0.001 0.993 (0.988, 0.996) < 0.001
Skewness 0.995 (0.990, 0.997) < 0.001 0.989 (0.980, 0.994) < 0.001
Kurtosis 0.990 (0.981, 0.994) < 0.001 0.979 (0.961, 0.989) < 0.001
Entropy 0.995 (0.990, 0.997) < 0.001 0.985 (0.973, 0.992) < 0.001

Notes: 95%CI, 95% confidence interval; K", endothelial transfer constant; Kep, reflux rate; Ve, fractional extravascular extracellular space volume; and SD,

standard deviation.
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Table 3

Histogram metrics of whole-tumour pharmacokinetic parameters of oesopha-
geal squamous cell carcinoma between stages T1-2 and T3, and between NO and
N1-3.

Kinetic Histogram P value

parameter metrics

Stage T1-2 vs. T3 T1-2 T3

Krans Median (ml/ 0.18 = 0.16 0.26 = 0.20 0.009
min)
Mean (ml/min)  0.22 = 0.18 0.33 + 0.24 0.011
SD (ml/min) 0.18 + 0.15 0.26 + 0.17 0.008
Skewness 2.23 + 1.80 2.70 = 2.12 0.212
Kurtosis 13.83 = 27.43 19.02 = 28.10 0.114
Entropy 579 + 1.15 6.14 + 0.83 0.150

Kep Median (ml/ 0.47 = 0.27 0.54 = 0.19 0.556
min)
Mean (ml/min)  0.51 * 0.26 0.58 + 0.18 0.458
SD (ml/min) 0.28 = 0.12 0.36 = 0.09 0.002
Skewness 1.51 +* 1.07 1.03 + 0.55 0.079
Kurtosis 3.73 = 4.21 2.55 = 3.20 0.276
Entropy 5.63 + 1.50 6.65 + 0.39 0.002

Ve Median (ml/ml) 0.29 + 0.22 0.48 = 0.28 0.001
Mean (ml/ml) 0.35 = 0.18 0.47 = 0.23 0.005
SD (ml/ml) 0.24 + 0.10 0.24 + 0.09 0.754
Skewness 1.08 = 1.12 0.55 = 1.67 0.054
Kurtosis 4.08 + 8.13 4.77 = 11.77 0.354
Entropy 5.74 = 1.49 6.98 = 0.63 < 0.001

Stage NO vs. N1-3 NO N1-3

K'ans Median (ml/ 0.21 + 0.16 0.27 = 0.22 0.099
min)
Mean (ml/min) 0.26 + 0.19 0.34 + 0.26 0.108
SD (ml/min) 0.21 = 0.14 0.27 = 0.19 0.082
Skewness 2.84 + 219 2.18 + 1.73 0.106
Kurtosis 21.79 + 33.43 11.58 * 16.65 0.349
Entropy 5.81 = 1.05 6.32 = 0.72 0.007

Kep Median (ml/ 0.47 = 0.25 0.58 + 0.15 0.008
min)
Mean (ml/min)  0.51 + 0.24 0.62 = 0.14 0.007
SD (ml/min) 0.30 = 0.11 0.38 = 0.08 < 0.001
Skewness 1.35 = 0.91 0.94 + 0.46 0.032
Kurtosis 3.54 = 4.28 2.08 = 2.05 0.137
Entropy 6.08 = 1.23 6.67 = 0.40 0.029

Ve Median (ml/ml) 0.40 = 0.26 0.45 + 0.30 0.551
Mean (ml/ml) 0.43 = 0.21 0.44 = 0.24 0.937
SD (ml/ml) 0.25 = 0.09 0.23 = 0.10 0.078
Skewness 0.77 = 1.47 0.65 = 1.63 0.771
Kurtosis 4.12 * 12,15 5.14 + 8.60 0.124
Entropy 6.42 = 1.36 6.83 = 0.67 0.551

Notes: Data are means + standard deviations; K", endothelial transfer
constant; Kep, reflux rate; V., fractional extravascular extracellular space vo-
lume; and SD, standard deviation.

identified whether the histogram analysis derived parameters could
predict T-stage and regional LNM. We found that whole-tumour histo-
gram analysis of K™, K, and V. obtained from DCE-MRI might pre-
dict T-stage and regional LNM of oesophageal SCC. In addition, this
study demonstrated that the entropy of V. may be a useful parameter
for distinguishing stages T1-2 from T3, and that the SD of K., could best
identify a tumour with LNM.

Our study showed that the median and mean of K™ of T1-2 stage
oesophageal SCC is lower when compared with T3 stage. The potential
mechanism might be associated with the histopathological character-
istics of malignant lesions. Zhao et al. reported that expression of vas-
cular endothelial growth factor (VEGF) was significantly higher in oe-
sophageal SCC tissues with deep infiltration compared to tissues with
only superficial infiltration [28]. VEGF can induce endothelial cell di-
vision and migration, enhance microvascular permeability, promote
stromal proteolysis, and reduce endothelial cell apoptosis [29]. These
microvascular changes allow for a more rapid transfer of the contrast
agent from plasma to the EES, ultimately resulting in the higher median
and mean of K" in higher T-staged oesophageal SCC.
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Our study demonstrated that the median and mean of V. is higher in
T3 stage than in T1-2 stage. A potential mechanism explaining these
results is that the vascular space, which is normally proportional to the
EES, may be altered in malignant tumours in order to ensure sufficient
nutrients and oxygen supply.

The SD of K™, the SD and entropy of K., and the entropy V. of T1-
2 stage oesophageal SCC could be lower when compared with T3 stage.
A possible explanation is that heterogeneity in tumour blood supply
increases as tumour grows [30]. Clinically, our study demonstrated that
the entropy of V. could be best for distinguishing T1-2 from T3 stage
oesophageal SCC.

As shown in our study, the median and mean of K., is higher in
oesophageal SCC with regional LNM than without lymph node in-
volvement. These findings could be explained by the elevated expres-
sion of VEGF. The expression of VEGF in oesophageal SCC with LNM is
significantly higher than without LNM [28], which could lead to the
higher microvascular permeability in a tumour with LNM. Additionally,
our study showed that the skewness of K¢, could be lower in oeso-
phageal SCC with regional LNM, suggesting that the distribution of the
Kep values could be statistically more positive-skewed in oesophageal
SCC without LNM, and that oesophageal SCC without LNM could have
lower K., value than with LNM.

We found that the entropy of and the SD and entropy of K, is
higher in oesophageal SCC with regional LNM than without this me-
tastasis. Recent studies on whole-exome sequencing of multiple tumour
samples from patients with pancreatic cancer and renal cell carcinoma
have suggested that metastatic clones may develop late in the course of
tumour progression [31,32]. As reported by others, the heterogeneity in
tumour blood supply tends to increase as tumours grow [30]. As tumour
progresses, the development of metastatic clones and the increased
heterogeneity could result in the higher entropy of K**", and the higher
SD and entropy of K., in oesophageal SCC with LNM, which suggests
that oesophageal SCC with LNM has more heterogeneous K** and K,
than without LNM. Clinically, our study demonstrated that the SD of
Kep was better than any other histogram metrics for identifying oeso-
phageal SCC with regional LNM.

Our study has several limitations. First, only patients with oeso-
phageal SCC were included in our study. The role of DCE-MRI in the
diagnostic work-up of oesophageal adenocarcinoma will be in-
vestigated in a later study. Second, as a malignant tumour, oesophageal
SCC has poor margins, as differentiation of the tumour from the ad-
jacent normal oesophagus is not uniform, and this variation may result
in low reproducibility. However, the dataset from the whole-tumour
was large enough that the inclusion of some erroneous data points were
not thought to cause severe bias in our study. Third, we only analyzed a
portion of histogram metrics in our study to investigate the tumour
heterogeneity, but other histogram metrics including percentiles, mode,
maximum and minimum were not taken into consideration. The his-
togram metrics used in our study including the descriptive parameters
and distribution parameters such as skewness, kurtosis and entropy can
adequately analyze the average value and heterogeneity of micro-
circulation within oesophageal SCC to a certain degree. Fourth, the
patients with T3N + oesophageal SCC required neoadjuvant therapy
before surgery according to the latest version of NCCN guidelines.
However, because our study was initiated in February 2016, we per-
formed this study according to NCCN guidelines 2015 version 1. We
will carry out our future studies based on the latest version of NCCN
guidelines and confirm our results.

ran:
Ktas

5. Conclusions

The whole-tumour cumulative histogram analysis of pharmacoki-
netic parameters derived from DCE-MRI may be useful in the T-stage
and the identification of oesophageal SCC with regional LNM.
Clinically, the entropy of V. could help discriminate T1-2 from T3 stage
oesophageal SCC. The SD of K., could help identify oesophageal SCC
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Table 4

Receiver operating characteristic analysis of histogram metrics of whole-tu-
mour pharmacokinetic parameters of oesophageal squamous cell carcinoma for
discriminating stages T1-2 from T3, and NO from N1-3.

Kinetic Histogram Cutoff Sensitivity (%) Specificity (%) AUC
parameter Metrics

Stages T1-2 vs. T3

Krans Median (ml/ 0.12 69.0 61.5 0.647
min)
Mean (ml/ 0.09 89.7 35.9 0.642
min)
SD (ml/min) 0.10 82.8 46.2 0.648
Kep SD (ml/min) 0.29 79.3 56.4 0.677
Entropy 6.07  93.1 46.2 0.672
Ve Median (ml/ 0.25 73.6 59.0 0.693
ml)
Mean (ml/ml)  0.30 73.6 56.4 0.656
Entropy 6.48 86.2 61.5 0.773
Stages NO vs. N1-3
Krans Entropy 5.85 77.8 54.2 0.640
Kep Median (ml/ 0.41 88.9 41.7 0.638
min)
Mean (ml/ 0.43 94.4 37.5 0.640
min)
SD (ml/min) 0.32 77.8 59.7 0.702
Skewness 1.77 23.6 100 0.612
Entropy 6.18 94.4 31.9 0.614
Notes: K™, endothelial transfer constant; Kep, reflux rate; V., fractional ex-

travascular extracellular space volume; and SD, standard deviation.

with regional LNM. We hope that our findings will be helpful for dis-
tinguishing T1-2 from T3 stage oesophageal SCC, and identifying the
status of regional LNM for treatment decision making.
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