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A B S T R A C T

Purpose: To correlate the clinical stage and prognosis of oesophageal squamous cell carcinoma (SCC) using the
imaging biomarkers from integrated positron emission tomography (PET)/magnetic resonance imaging (MRI).
Methods: In total, 54 consecutive patients with oesophageal SCC who receive PET/MRI scan were recruited
before treatment. The imaging biomarkers used were the mean and minimal apparent diffusion coefficients
(ADCmean and ADCmin), standardized uptake value (SUV), metabolic tumour volume (MTV), and total lesion
glycolysis (TLG) of tumours. The correlation between each imaging biomarker and survival was investigated
using the Cox proportional hazards model.
Results: ADCmean was negatively correlated with SUVmax (r=−0.414, P= 0.025). ADCmin was negatively
correlated with SUVmax (r=−0.423, P= 0.001) and SUVpeak (r=−0.402, P= 0.003), and was significantly
lower in M1 than in M0 tumours (829.6 vs. 1069.8, P=0.005). MTV was significantly higher in T3+ (P <
0.001), N1+ (P=0.014) and TNM stage III+ (P < 0.001) tumours. TLG was significantly higher in
T3+ (P < 0.001), N1+ (P < 0.001), M1 (P= 0.045) and TNM stage III+ (P < 0.001) tumours. The MTV/
ADCmin ratio exhibited the highest area under the receiver operating characteristic curve (AUROC) for predicting
M1 and advanced TNM stage tumours. Multivariate analysis for progression-free survival (PFS) and overall
survival (OS) showed that a larger MTV/ADCmin was associated with a shorter PFS and OS (P=0.024 and 0.046,
respectively).
Conclusion: The imaging biomarkers in integrated PET/MRI may predict clinical stage and survival in patients
with oesophageal SCC.

1. Introduction

Oesophageal cancer is the 6th leading cause of cancer-related death
in the world [1]. Oesophageal cancer has two main histological types:
squamous cell carcinomas and adenocarcinomas. For most of the 20th
century, squamous cell carcinoma has predominated and is associated
with a 5-year survival rate of 15%–25 % [2]. However, the incidence of
adenocarcinoma of the oesophagus has been rising rapidly in the
Western nations for the past three decades [3]. According to the 7th
edition of the AJCC staging system for oesophageal cancer, published in
2010, histopathologic cell type defines staging classification [4].

Multimodality diagnosis using endoscopic ultrasound, contrast-en-
hanced computed tomography (CECT) of the neck, chest, and abdomen

and whole-body 18F-fluorodeoxyglucose (FDG)-positron emission to-
mography (PET)/CT, is critical for staging before treatment of oeso-
phageal cancer. Although 18F-FDG-PET/CT has limited value for re-
gional tumour staging in oesophageal cancer, it is useful to detect
distant lymphatic and haematogenous metastases [5,6]. The use of the
18F-FDG tracer in PET/CT allows for a quantitative assessment of cel-
lular glucose metabolism in tumours by measuring the standardized
uptake value (SUV). SUV of the primary tumour may serve as a prog-
nostic factor in oesophageal cancer [7]. Furthermore, volume-based
parameters such as metabolic tumour volume (MTV) and total lesion
glycolysis (TLG) measured in 18F-PET/CT may be valuable as prog-
nostic biomarkers in oesophageal cancer imaging [8–11].

Presently, the role of magnetic resonance imaging (MRI) in
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oesophageal cancer staging and treatment response assessment is lim-
ited [12]. The apparent diffusion coefficient (ADC) measured using
diffusion-weighted imaging (DWI) may be useful in predicting response
to neoadjuvant chemoradiotherapy (CRT) in oesophageal cancer
[13,14]. Furthermore, ADC may also be a potent prognostic factor for
oesophageal cancer patients receiving CRT [15,16].

Integrated 18F-PET/MRI can provide comprehensive information for
cancer staging in patients [17]. Functional information, including ADC
values from DWI and glycolytic activity from PET, can be obtained
through 18F-PET/MRI during a single examination. To date, studies on
18F-PET/MRI in oesophageal cancer staging have been limited [18]. For
oesophageal cancer, combination of function parameters obtained
using 18F-PET/MRI may be useful for tumour staging and predicting
patient outcome.

The aim of this study was to evaluate the correlation between
clinical TNM stage and prognosis in patients with oesophageal carci-
noma and imaging biomarkers obtained from 18F-PET/MRI.

2. Materials and methods

2.1. Patients

This prospective study was approved by the institutional review
board of our hospital, and informed consent was obtained from all
participating patients. Consecutive patients scheduled for whole-body
18F-FDG PET/CT for the staging of clinically indicated oesophageal
squamous cell carcinoma were identified and invited to participate in
the study. The patients were administered an intravenous injection of
18F-FDG and subjected to PET/CT, immediately followed by PET/MRI
with the residual positron activity from the initial injection.

From May 2014 to August 2017, 54 consecutive patients (mean age
60.6 ± 11.7 years, range: 41–84 years; 49 men and 5 women) were
enrolled for PET/CT and PET/MRI examinations before treatment.
Inclusion criteria were presence of pathologically confirmed oesopha-
geal squamous cell carcinoma examined by EUS-guided biopsy, pre-
sence of a clinical indication for staging, and stable medical condition.
Exclusion criteria were a history of malignancy, surgery or radiotherapy
to the mediastinum, pregnancy, renal insufficiency, or contraindication
to MRI. Patient characteristics are presented in Table 1.

2.2. PET/MRI protocol

Each patient was required to fast for more than 6 h, and blood
glucose levels were verified to be less than 200mg/dL (< 11.1 mmol/
L) before PET/CT. The scan was performed using a Discovery ST PET/
CT scanner (GE Medical Systems, Milwaukee, WI, USA) 50min after the
intravenous injection of 18F-FDG at 5MBq/kg (0.14 mCi/kg). All pa-
tients were transferred to a 3.0 Tesla PET/MRI scanner (Biograph mMR;
Siemens Healthcare, Erlangen, Germany) located in the same building
immediately after the PET/CT examination, at a mean interval of
105min (88–147min) following the initial FDG injection.

PET was performed from the head to mid-thighs in 5 bed positions
(acquisition time: 4min per position) with the patient in the supine
position. The images were reconstructed using an ordered-subsets ex-
pectation-maximization iterative algorithm (2 iterations, 21 subsets)
with a 5-mm post-reconstruction Gaussian filter and an image matrix of
172×172 pixels. The attenuation correction of the PET data was
performed using a four-tissue (air, lung, fat and soft tissue) segmented
attenuation map acquired with a two-point Dixon MRI sequence.

The MR protocol for each patient included pre-contrast whole-body,
dedicated thoracic, and post-contrast whole-body scans. Simultaneous
whole-body MRI with coronal STIR (repetition time [TR]/echo time
[TE]: 5,000/51ms, flip angle [FA]: 120°, slice thickness/gap: 6/
0.6 mm, matrix size: 256×192, FOV: 450×302mm, and number of
excitations [NEX]: 1), coronal T2-weighted half-Fourier-acquired
single-shot turbo spin echo (HASTE; TR/TE: 1,500/87ms, FA: 90°, slice

thickness/gap: 6/0.6 mm, matrix size: 384× 258, FOV:
450× 302mm, and NEX: 1), and axial T2-weighted HASTE (TR/TE:
1,500/84ms, FA: 140°, slice thickness: 5 mm, matrix size: 320× 320,
FOV: 350×350mm, NEX: 1; Fig. 1A) were performed while acquiring
PET data in each bed position. Following the simultaneous PET/MRI
data acquisition, the mediastinum was subjected to dedicated thoracic
scanning, namely sagittal T2-weighted HASTE (TR/TE: 1,500/84ms,
FA: 130°, slice thickness: 5 mm, matrix size: 416× 512, FOV:
276× 340mm, and NEX: 1), axial Dixon T1 volumetric interpolated
breath-hold examination (VIBE) with and without fat saturation (TR/
TE: 3.1/1.2 ms, FA: 70°, slice thickness: 3 mm, matrix size: 640× 240,
FOV: 300×253mm, and NEX: 1), axial respiratory-triggered T2-
weighted fast spin-echo sequence (TR/TE: 2,900/85ms, FA: 126°, slice
thickness: 3 mm, matrix size: 512× 512, FOV: 250× 250mm, and
NEX: 3), and axial DWI (TR/TE: 7,000/79ms, FA: 90°, slice thickness:
5 mm, matrix size: 320×272, FOV: 380×323mm, and NEX: 3; b= 0,
50, 800; Fig. 1B). The ADC maps were calculated with a mono-ex-
ponential function (b values 0, 50 and 800 s/mm2; Fig. 1C). The total
scan duration was 60–70min.

2.3. Image analysis

Two experienced radiologists independently measured ADC and
PET parameters of the primary tumours using imaging software (syn-
go.via; Siemens Healthcare, Erlangen, Germany) and interobserver re-
liability was evaluated. One nuclear medicine physician examined the
PET/MR images to evaluate lymph nodes and distant metastasis. For
ADC measurements (ADCmean and ADCmin), regions of interest (ROIs)
were manually drawn on ADC maps along the tumour contour on a
single slice from the largest area of the tumour. ROIs were
6.1 ± 3.0 cm2 (range 1.2–14.7 cm2).

Relevant PET-related parameters measured were SUVmax, which
reflected the maximal SUV (adjusted for body weight); SUVpeak, which
represented the computationally automated maximal average SUV in a
1-cm3 spherical volume within a tumour; MTV, expressed as the tumour
volume with FDG uptake, which was segmented using a fixed-

Table 1
Clinical information of the 54 patients with oesophageal carci-
noma.

Characteristic Data

Age (years) 60.6 ± 11.7 (41–84)
Gender (M/F) 49/5
Tumour location
Cervical 2 (3.7)
Upper third 12 (22.2)
Middle third 17 (31.5)
Lower third 23 (42.6)

T stage
T1 4 (7.4)
T2 6 (11.1)
T3 40 (74.1)
T4 4 (7.4)

N stage
N0 4 (7.4)
N1 19 (35.2)
N2 21 (38.9)
N3 10 (18.5)

M stage
M0 37 (68.5)
M1 17 (31.5)

TNM stage
I 1 (1.9)
II 8 (14.8)
III 28 (51.9)
IV 17 (31.5)

The data presented are means ± standard deviation (range), or
number (percentage) of patients.
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percentage threshold method at 40% of the SUVmax (Fig. 1D and E); and
TLG, the product of MTV and the average SUV of the included voxels.
The fixed-threshold MTV and TLG were automatically derived from
these tumour delineations using a software (available as a predefined
syngo.via tool).

2.4. Clinical TNM classification, treatment and follow-up

TNM staging was classified according to the 7th edition of the
American Joint Committee on Cancer TNM classification based on in-
formation obtained regarding the tumour during tumour surgery and
histological or imaging studies.

Among the 54 patients, 24 underwent treatment without surgery:
specifically, 18 received definitive chemoradiation; 4 received che-
motherapy; and 2 received radiation. The remaining patients (n= 30)
received surgical resection and reconstruction of the oesophagus. Of
these patients, 8 underwent surgery only; 1 received chemotherapy in
addition to surgery; and 21 received cisplatin-based neoadjuvant che-
moradiotherapy (CRT) followed by oesophagectomy.

All patients underwent imaging (CECT or MRI) 1 month after
completing treatment and subsequently every 3–6 months. Overall
survival (OS) duration was defined as the interval between the initial
diagnosis or oesophagectomy (for surgical patients) and mortality of

the patient. Progression-free survival (PFS) was defined as the interval
between the initial diagnosis or oesophagectomy and detection of re-
currence or metastasis or death from the disease. The final data col-
lection date was 30 June 2018, and patients in whom no event occurred
or who were lost to follow-up were excluded accordingly.

2.5. Statistical analysis

Summary statistics are presented as mean ± standard deviations
for continuous variables and frequency and percentage for categorical
variables. Statistical analyses were performed using SPSS version 22
(IBM Corp., Armonk, NY). Pearson correlation coefficients were calcu-
lated to evaluate the relationships between imaging biomarkers as well
as the differences between the imaging biomarkers with respect to TNM
stage. Optimal cut-off values, sensitivity, and specificity of the imaging
biomarkers for differentiating TNM stages were determined using area
under the receiver operating characteristic curve and the Youden index.
Interobserver reliability was calculated using the intraclass correlation
coefficient.

PFS and OS were estimated using the Kaplan–Meier method. The
log-rank test was used to assess the difference in PFS between groups,
and the median values of variables were used as cut-off values.
Furthermore, Cox proportional hazards regression was used to assess

Fig. 1. Images of a 77-year-old man with oesophageal carcinoma (T3N1M0, stage 3). (A) Axial T2- weighted MR shows that the tumour is hyperintense (arrow). (B)
Axial diffusion-weighted MR shows that the tumour is hyperintense (arrow). (C) Axial ADC map shows that the tumour is hypointense (arrow), which corresponds
with the low ADC values. Axial PET (D) and coronal PET (E) show high glucose metabolic activity and metabolic tumour volume (green line, threshold=40%) of the
tumour. (F) Coronal fused PET/MR shows high glucose metabolic activity of the tumour.
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the relationship between PFS, OS, and other covariates, including age,
gender, tumour size, and tumour stage. A P value < 0.05 was con-
sidered statistically significant.

3. Results

3.1. Correlations between MRI- and PET-derived biomarkers

The correlations between ADCmean, ADCmin, SUVmax, SUVpeak, MTV
and TLG are summarized in Table 2. ADC was negatively correlated
with SUV. Among MRI-derived biomarkers, ADCmin showed higher
correlation with SUV than ADCmean. Among PET-derived biomarkers,
SUV was positively correlated with MTV and TLG.

3.2. Associations between imaging biomarkers and clinical TNM stage

The associations between ADCmean, ADCmin, SUVmax, SUVpeak, MTV,
TLG, MTV/ ADCmin and T, N, M and TNM stages are summarized in
Table 3. No significant correlation was detected between ADCmean and
clinical stages. ADCmin was significantly lower whereas SUVmax and
SUVpeak were significantly higher in high T stage (T3+) tumours. MTV,
TLG and MTV/ADCmin ratios were all significantly higher in advanced
stage (T3+, N1+, and TNM stage III+) tumours.

3.3. Predictive values of imaging biomarkers for predicting T, N, M and
TNM stages

The predictive values of ADCmin, MTV, TLG, and MTV/ ADCmin for
predicting T, N, M and TNM stages are summarized in Table 4. Since
better correlation between clinical TNM staging and ADCmin than AD-
Cmean, as well as better correlation between clinical TNM staging and
MTV than SUV parameters, was found, we used ADCmin, MTV, TLG and
MTV/ADCmin ratio for further comparison. Table 4 showed the optimal
cut-off values, sensitivity and specificity of ADCmin, MTV, TLG and
MTV/ADCmin ratio in relation to the T, N, M and TNM stages. Among
these biomarkers, TLG exhibited the highest AUROC for predicting T
stage (stage≦ 2 vs.≧ 3, AUROC=0.802; Fig. 2A) and MTV exhibited
the highest AUROC for predicting N stage (stage 0 vs.≧ 1,
AUROC=0.735; Fig. 2B). Compared with ADCmin or MTV or TLG,
MTV/ADCmin ratio exhibited the highest AUROC for predicting M stage
(stage 0 vs. 1, AUROC=0.774) and advanced TNM stage (stage≤ II
vs.≥ III, AUROC=0.815) (Fig. 2C and D).

3.4. Interobserver reliability

The ICCs (95% confidence interval) for assessing the interobserver
reliability of measuring were 0.824 (0.775–0.887) for ADCmean in-
dicating good agreement between the two observers. The ICCs (95%

Table 2
Correlations between MRI- and PET-derived biomarkers.

ADCmean ADCmin SUVmax SUVpeak MTV TLG

ADCmean Correlation (r) 1 0.760 −0.414 −0.441 −0.245 −0.300
p value < 0.001* 0.025* 0.067 0.205 0.103

ADCmin Correlation (r) 1 −0.423 −0.402 −0.205 −0.234
p value 0.001* 0.003* 0.137 0.088

SUVmax Correlation (r) 1 0.973 0.196 0.445
p value < 0.001* 0.155 0.001*

SUVpeak Correlation (r) 1 0.246 0.489
p value 0.072 < 0.001*

MTV Correlation (r) 1 0.924
p value < 0.001*

TLG Correlation (r) 1
p value

* p < 0.05.

Table 3
Associations between imaging biomarkers and clinical TNM stage.

T stage N stage M stage

≦ 2 (N=10) ≧ 3 (N=44) p value 0 (N=4) ≧ 1 (N=50) p value 0 (N=37) 1 (N=17) p value

ADCmean (×10–6mm2/s) 1504.6 ± 529.5 1336.4 ± 350.8 0.273 1109.6 ± 377.1 1391.3 ± 439.2 0.376 1376.4 ± 463.0 1330.9 ± 403.1 0.747
ADCmin (×10–6mm2/s) 1272.3 ± 445.6 931.0 ± 267.9 0.033* 861.3 ± 397.0 1004.8 ± 384.4 0.476 1069.8 ± 430.5 829.6 ± 366.7 0.005*
SUVmax 11.9 ± 6.7 20.0 ± 9.6 0.015* 17.9 ± 6.3 18.5 ± 9.9 0.902 17.6 ± 10.4 20.4 ± 7.6 0.320
SUVpeak 8.6 ± 5.3 14.1 ± 7.4 0.030* 11.7 ± 3.1 13.2 ± 7.6 0.700 12.5 ± 8.1 14.4 ± 5.3 0.382
MTV (mL) 3.8 ± 2.3 17.7 ± 19.1 < 0.001* 4.6 ± 5.2 16.0 ± 18.1 0.014* 12.0 ± 14.8 22.0 ± 19.8 0.112
TLG 28.9 ± 30.2 218.8 ± 230.9 < 0.001* 39.0 ± 30.2 195.2 ± 211.1 <0.001* 135.0 ± 148.1 289.5 ± 326.5 0.045*
MTV/ADCmin (×103) 3.9 ± 3.7 21.7 ± 23.6 < 0.001* 5.0 ± 3.9 19.5 ± 21.4 0.002* 13.7 ± 15.1 28.7 ± 26.6 0.063

TNM stage

≦ II (N= 9) ≧ III (N= 45) p value

ADCmean (×10–6mm2/s) 1453.8 ± 554.1 1347.4 ± 370.9 0.457
ADCmin (×10–6mm2/s) 1184.6 ± 494.1 956.1 ± 351.7 0.103
SUVmax 13.8 ± 7.4 19.4 ± 9.8 0.109
SUVpeak 9.2 ± 4.6 13.8 ± 7.6 0.085
MTV (mL) 3.7 ± 3.7 17.4 ± 20.8 < 0.001*
TLG 27.3 ± 24.5 214.9 ± 249.1 < 0.001*
MTV/ADCmin (×103) 3.4 ± 3.0 21.5 ± 24.3 < 0.001*

The data presented are means ± standard deviation.
* p < 0.05; Student’s t-test for T, N, M and TNM stages.
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confidence interval) for assessing the interobserver reliability of mea-
suring were and 0.913 (0.868–0.966) for ADCmin, 0.999 (0.995–1) for
SUVmax, 0.999 (0.997–1) for SUVpeak, 0.980 (0.960–0.995) for TLG, and
0.994 (0.990–1) for MTV, indicating excellent agreement between the
two observers.

3.5. Univariate and multivariate analysis of parameters with clinical
outcome

The median follow-up in all patients was 1152 days (range
330–1508 days). Because the MTV/ADCmin ratio exhibited highest
AUROC for predicting tumour stage, we used it as the imaging bio-
marker for predicting PFS and OS. The univariate and multivariate
analysis of age, gender, tumor location, TNM stage and MTV/ADCmin

ratio with PFS and OS are summarized in Table 5. In the univariate
analysis, a higher TNM stage and a higher MTV/ADCmin were asso-
ciated with a shorter PFS (hazard ratio= 3.354 and 3.598, respec-
tively) and a higher TNM stage and a higher MTV/ADCmin were asso-
ciated with a shorter OS (hazard ratio= 4.807 and 3.352, respectively).
In the multivariate analysis, a higher MTV/ADCmin was associated with
a shorter PFS (hazard ratio= 2.577; Fig. 3A) and a higher MTV/ADCmin

was associated with a shorter OS (hazard ratio= 2.224; Fig. 3B). The
other parameters were not significantly related to PFS or OS.

4. Discussion

We demonstrated that PET/MRI provides useful imaging bio-
markers for clinical staging and predicts outcomes in patients with
oesophageal squamous cell carcinoma. In our study, ADCmean and
ADCmin were inversely correlated with SUVmax. Tumours with high
MTV were at more advanced T and N stages and were at an advanced
TNM stage. Tumours with high TLG were at more advanced T, N, and M
stages and were at an advanced TNM stage. Moreover, the MTV/
ADCmin ratio demonstrated the strongest predictive ability for de-
termining the clinical TNM stage. After adjustment for age, gender,
tumour location and TNM stage, the MTV/ADCmin ratio was found to be
an independent predictor of PFS and OS after treatment. Thus, in-
tegrated PET/MRI could provide complementary information on tu-
mour characteristics and patient outcome.

Although DWI and FDG-PET reveal distinct tissue properties, the
results obtained from these methods might be interrelated because of
increased cellularity and glucose metabolism in cancers. Previous stu-
dies found no correlation between pre-treatment tumor ADC and SUV
values in head and neck squamous cell carcinoma. Significant inverse
correlation was found between ADC and SUV in different tumours and
cancers [19–21]. By contrast, a recent study demonstrated that no
significant correlation existed between tumour ADC and SUV obtained
using MRI and PET/CT separately in patients with oesophageal cancer
[22]. In our study, ADCmean and ADCmin of primary tumours were in-
versely correlated with SUVmax. Acquisition of ADC and SUV together
in integrated PET/MRI is advantageous because it enables correlation
between 2 biomarkers simultaneously.

Our results revealed that ADCmin was significantly lower in tumour
stage≧ T3 than in tumour stage < T2. Similarly, a previous study
showed an inverse correlation between ADC and oesophageal tumour
stroma and angiogenesis [23]. In gastric cancer, both the preoperative
ADCmin and ADCmean values have been found correlated with the
postoperative T staging [24]. In the present study, poor correlation
between ADCmean and T stages suggested a better diagnostic value for
tumour staging in ADCmin than ADCmean in oesophageal cancer. The
ADC value has also been observed as a prognostic factor for oesopha-
geal cancer [25,26]. The survival rate in the high-ADC group was sig-
nificantly better than that in the low-ADC group in this study.

The SUV is the most frequently used PET parameter for prognostic
investigations in cancers. A meta-analysis reported that the SUV value
measured on PET/CT is an effective predictor of outcome for patients
with oesophageal cancer [7]. Most related studies have reported that
high SUV before treatment predicted relatively poor OS. However, 2
large prospective trials reported that the initial PET SUVmax did not
predict survival in patients with locally advanced oesophageal cancer
[27,28]. SUV estimates involve potential bias introduced by the partial
volume effect from small lesions [29,30]; thus, for patient outcomes for
many malignancies, volume-based parameters are more accurate pre-
dictors than is tumour SUVmax [31–33]. Recent studies have demon-
strated that MTV, a volume-based parameter of PET-CT, exhibits
greater prognostic accuracy than SUVmax and provides valuable prog-
nostic information in oesophageal cancer [10,34]. Furthermore, our
results suggested that volume-based parameters, including TLG and

Table 4
Predictive values of imaging biomarkers for predicting T, N, M and TNM stages.

Biomarkers ADCmin (×10−6 mm2/s) MTV (mL) TLG MTV/ADCmin (×103)

T stage (≦2 vs.≧ 3)
Cut-off value 940 8.2 43.4 7.5
Sensitivity (%) 61.4 54.5 75.0 63.6
Specificity (%) 70.0 100.0 90.0 90.0
AUROC 0.655 (0.513–0.779) 0.764 (0.628– 0.869) 0.802 (0.671– 0.898) 0.782 (0.648– 0.883)
p value 0.038* <0.001* < 0.001* < 0.001*

N stage (0 vs.≧ 1)
Cut-off value 600 3.7 80.3 9.1
Sensitivity (%) 94.0 72.0 54.0 52.0
Specificity (%) 50.0 75.0 100.0 100.0
AUROC 0.605 (0.463 – 0.735) 0.735 (0.597–0.846) 0.690 (0.550–0.809) 0.703 (0.563–0.819)
p value 0.624 0.093 0.023* 0.064

M stage (0 vs. 1)
Cut-off value 1020 12.3 91.4 12.7
Sensitivity (%) 100.0 64.7 76.5 70.6
Specificity (%) 43.2 81.1 67.6 75.7
AUROC 0.672 (0.530–0.793) 0.746 (0.610– 0.855) 0.749 (0.612– 0.857) 0.774 (0.640– 0.877)
p value 0.019* 0.001* < 0.001* < 0.001*

TNM stage (≦II vs.≧ III)
Cut-off value 968 3.7 43.4 9.1
Sensitivity (%) 66.7 77.8 73.3 57.8
Specificity (%) 77.8 77.8 88.9 100.0
AUROC 0.664 (0.523– 0.787) 0.800 (0.699– 0.896) 0.810 (0.680– 0.904) 0.815 (0.686– 0.907)
p value 0.197 <0.001* < 0.001* < 0.001*

* p < 0.05.
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MTV, can provide valuable information to supplement that provided by
SUV for predicting the clinical stage in patients with oesophageal
cancer.

Combined parameter using ADC and SUV derived from 18F-FDG-
PET/MRI has been used for different cancers. SUVmax/ADCmin ratio has
been found correlated with average nucleic area in head and neck
squamous cell carcinoma [35]. Similarly, MTV/ADCmin ratio may

predict clinical stage and PFS in patients with pancreatic or peri-
ampullary cancer [36]. In our study, the MTV/ADCmin ratio demon-
strated the greatest predictive value for determining the clinical TNM
stage and was an independent predictor of PFS and OS. Because both
ADC and MTV are prognostic imaging biomarkers in oesophageal
cancer, use of integrated PET/MRI is advantageous because this
strategy enables investigation of both of these imaging biomarkers in a

Fig. 2. Area under the receiver operating characteristic curves (AUROC) to evaluate the performance of ADCmin, MTV, TLG and MTV/ADCmin ratio in differentiating
T, N, M and TNM stages in 54 patients with oesophageal carcinoma. TLG showed the highest AUROC for predicting T stage (A stage≦ 2 vs.≧ 3, AUROC=0.802),
compared with ADCmin, MTV, and MTV/ADCmin ratio. MTV showed the highest AUROC for predicting N stage (B stage 0 vs.≧ 1, AUROC=0.735), compared with
ADCmin, TLG, and MTV/ADCmin ratio. MTV/ADCmin ratio showed the highest AUROC for predicting M stage (C stage 0 vs. 1, AUROC=0.774), and advanced TNM
stage (D stage ≦ II vs.≧ III, AUROC=0.815), compared with ADCmin, MTV, and TLG.

Table 5
Univariate and multivariate analysis of parameters with clinical outcome.

Parameters Univariate Multivariate

Hazard ratio 95 % CI p value Hazard ratio 95 % CI p value
Progression-free survival
Age (≧60 vs. < 60 years) 1.232 0.615–2.466 0.556 1.206 0.550–2.646 0.640
Gender (female vs. male) 4.141 0.563– 30.453 0.163 2.080 0.254– 17.054 0.495
Location (upper 2/3 vs. lower1/3) 1.738 0.866– 3.489 0.120 1.561 0.689–3.535 0.286
TNM stage (≧III vs. ≦II) 3.354 1.017– 11.063 0.047* 2.106 0.541–8.205 0.183
MTV/ADCmin (≧9.1 vs. < 9.1) 3.598 1.742– 7.434 < 0.001* 2.577 1.133–5.863 0.024*

Overall survival
Age (≧60 vs. < 60 years) 1.068 0.538– 2.116 0.852 1.061 0.492–2.284 0.881
Gender (female vs. male) 4.410 0.602– 32.312 0.144 2.495 0.317– 19.620 0.385
Location (upper 2/3 vs. lower1/3) 1.474 0.744– 2.920 0.267 1.360 0.620–2.984 0.443
TNM stage (≧III vs.≦ II) 4.807 1.148– 20.132 0.032* 3.039 0.638– 14.486 0.163
MTV/ADCmin (≧9.1 vs. < 9.1) 3.352 1.639– 6.855 < 0.001* 2.224 1.015–4.873 0.046*

* p < 0.05.
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single examination.
Our study had limitations. First, delayed PET data obtained on PET/

MRI scanner after competition of prior PET/CT study may have po-
tential influence on image quality due to tracer redistribution and
decay. Second, the study cohort was relatively small, which may have
resulted in type 2 errors and the non-significance of some results. Thus,
a larger cohort of patients is necessary to validate our findings.

5. Conclusions

In conclusion, the combined data derived from DWI and PET pro-
vides complementary information on tumour characteristics in patients
with oesophageal cancer. The combined parameter MTV/ADCmin ratio
is a powerful biomarker for determining clinical stage and outcome in
these patients.
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