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treatment response and survival in patients
with locally advanced esophageal
squamous cell carcinoma
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Abstract

Background: Perfusion CT can offer functional information about tumor angiogenesis, and 18F-FDG PET/CT
quantifies the glucose metabolic activity of tumors. This prospective study aims to investigate the value of
biologically relevant imaging biomarkers for predicting treatment response and survival outcomes in patients with
locally advanced esophageal squamous cell cancer (LA ESCC).

Methods: Twenty-seven patients with pathologically proven ESCC were included. All patients had undergone
perfusion CT and 18F-FDG PET/CT using separate imaging systems before receiving definitive chemoradiotherapy
(dCRT). The perfusion parameters included blood flow (BF), blood volume (BV), and time to peak (TTP), and the
metabolic parameters included maximum standardized uptake value (SUVmax), metabolic tumor volume (MTV), and
total lesion glycolysis (TLG). The flow-metabolism ratio (FMR) was defined as BF divided by SUVmax. Statistical
methods used included Spearman’s rank correlation, Mann–Whitney U test or two-sample t test, receiver operating
characteristic (ROC) curve analysis, the Kaplan–Meier method, and Cox proportional hazards models.

Results: The median overall survival (OS) and progression-free survival (PFS) were 18 and 11.6 months, respectively.
FMR was significantly positively correlated with BF (r = 0.886, p < 0.001) and negatively correlated with SUVmax (r = −
0.547, p = 0.003) and TTP (r = − 0.462, p = 0.015) in the tumors. However, there was no significant correlation between
perfusion and PET parameters. After dCRT, 14 patients (51.9%) were identified as responders, and another 13 were
nonresponders. The BF and FMR of the responders were significantly higher than those of the nonresponders (42.05 ±
16.47 vs 27.48 ± 8.55, p = 0.007; 3.18 ± 1.15 vs 1.84 ± 0.65, p = 0.001). The ROC curves indicated that the FMR [area
under the curve (AUC) = 0.846] was a better biomarker for predicting treatment response than BF (AUC = 0.802).
Univariable Cox analysis revealed that of all imaging parameters, only the FMR was significantly correlated with overall
survival (OS) (p = 0.015) and progression-free survival (PFS) (p = 0.017). Specifically, patients with a lower FMR had
poorer survival. Multivariable analysis showed that after adjusting for age, clinical staging, and treatment response, the
FMR remained an independent predictor of OS (p = 0.026) and PFS (p = 0.014).
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Conclusions: The flow-metabolism mismatch demonstrated by a low FMR shows good potential in predicting
chemoradiotherapy sensitivity and prognosis in ESCC.

Keywords: Locally advanced, Esophageal squamous cell cancer, Definitive chemoradiotherapy, Flow-metabolism ratio,
Perfusion CT, 18F-FDG PET/CT

Background
Esophageal squamous cell carcinoma (ESCC) is the most
common pathological subtype of esophageal cancer (EC) in
Asian countries, including China, accounting for approxi-
mately 90% of cases [1]. Definitive chemoradiotherapy
(dCRT) is the standard therapy for patients with locally ad-
vanced ESCC (LA ESCC) who have unresectable tumors,
advanced age, or severe heart and lung disease or who re-
fuse surgery [2]. For these patients, to choose the appropri-
ate type and intensity of treatment for individualization, it
is important to find reliable biomarkers to predict prognosis
and chemoradiotherapy sensitivity. The tumor lymph node
metastasis (TNM) staging system is considered to be the
most powerful prognostic factor [3], but it is only an ana-
tomical description that cannot reflect tumor aggressive-
ness, and even for diseases at the same stage, the prognosis
may be very different. Therefore, the application of “func-
tional” molecular imaging is gradually emerging because of
its ability to detect the physiological and cellular processes
and reflect the biological characteristics of tumors, thus sur-
passing conventional morphological imaging.
Uncontrolled, disordered, and sustained angiogenesis is

a hallmark of cancer [4]. Dynamic contrast-enhanced
(DCE) perfusion computed tomography (CT), referred to
as perfusion CT, is a functional imaging technique that
can offer both qualitative and quantitative information
about tumor angiogenesis [5, 6]. Although angiogenesis
plays an essential role in tumor growth, it also provides a
powerful condition for the delivery of chemotherapy drugs
and improvement of radiotherapy resistance caused by
hypoxia [5]. Many studies have confirmed the value of
perfusion biomarkers in monitoring the therapeutic re-
sponse and long-term survival of solid tumors [7–11].
However, in ESCC, the data are limited [10, 11].
Abnormal glucose metabolism is another hallmark of

cancer and is considered to be an important marker of
tumor biological behavior [4]. 18F-fluoroglucose glucose
positron emission tomography (18F-FDG PET/CT) is an-
other molecular imaging technology that can reflect the
glucose metabolism rate of tumors by quantifying FDG
uptake. To date, it has been widely applied in ESCC pa-
tients for diagnosis, staging, response evaluation, and
survival prediction [12]. Although many studies have in-
vestigated the predictive value of FDG-derived metabolic
biomarkers for tumor response to chemoradiation and
prognosis, the conclusions are inconsistent, suggesting

that FDG uptake alone is not sufficient for predicting
outcomes [13–15].
In recent years, multiparametric imaging approaches

have been increasingly applied in studies of various tu-
mors, especially the combination of perfusion imaging
and 18F-FDG PET/CT, providing novel insights into de-
lineating tumor characteristics and aggressiveness [16–
22]. In pancreatic cancer and breast cancer, investigators
found that the relationship between blood flow (BF) and
glucose metabolism is a potential indicator of the bio-
logical status of tumors, especially the low-BF and high-
metabolism phenotype (i.e., showing a mismatch be-
tween flow and metabolism), which has been shown to
be associated with clinically more aggressive tumors,
predicting poorer patient outcomes [16, 17]. However, in
EC, although there have been studies on tumor perfu-
sion [10, 11] and glucose metabolism [12–15], no studies
have evaluated these two factors simultaneously.
Hence, this prospective study was conducted in LA

ESCC to assess tumor vascularization and metabolic ac-
tivity in parallel using perfusion CT and FDG PET/CT.
Our aims included (1) the investigation of the relation-
ships between tumor perfusion and glucose consump-
tion in vivo and (2) the identification of valuable
imaging biomarkers to predict tumor response to che-
moradiotherapy and survival outcomes.

Methods
Patient selection
Between January 2015 and September 2017, thirty-one
patients newly diagnosed with ESCC and planning to
undergo dCRT in Shandong cancer hospital and insti-
tute (Jinan, China) were enrolled, and all met the follow-
ing inclusion criteria: 18–75 years old; pathologically
proven diagnosis of ESCC; no prior treatment; Eastern
Cooperative Oncology Group performance status
(ECOG PS) 0–2; clinical stage IIb to III based on the 7th
edition of the AJCC TNM classification; adequate
hematological, liver and kidney function; and no history
of other malignancies. The main exclusion criteria were
pregnancy and a known allergy to intravenous contrast
agents. All 31 patients underwent integrated perfusion
CT/18F-FDG PET before treatment to assess tumor per-
fusion [BF, blood volume (BV), time to peak (TTP)] and
metabolism parameters [standardized uptake value
(SUV), metabolic tumor volume (MTV), and total lesion

Zhao et al. EJNMMI Research           (2020) 10:57 Page 2 of 10



glycolysis (TLG)]. This prospective study was approved
by the Ethical Committee of Shandong Cancer Hospital
and Institute. Informed consent was obtained from all
participants prior to their inclusion in the study.

Perfusion CT protocol and image analysis
The perfusion imaging was performed on a 16-slice
Philip Brilliance big bore CT scanner (Philip Brilliance
big bore CT; Philips Medical Systems; the Netherlands).
The CT protocol includes two procedures. The first is
unenhanced scanning of the neck/chest/upper abdomen
to determine the tumor location; eight adjacent sections
containing the maximum diameter of the lesion center
were selected for cine imaging. The parameters used
were as follows: slice thickness, 3 mm; speed, 30 mm/sec;
pitch, 0.94; 120 kV; 120 mA; scan field of view, 30 cm;
and matrix, 512 mm × 512mm. The second step is a dy-
namic enhanced perfusion scan. In this step, the patients
were first intravenously injected with 50mL of a non-
ionized iodinated contrast agent (300 mg/mL) at a rate
of 5 mL/s through an 18-gauge cannula in the median
cubital vein. After a 6-second delay, a dynamic scan
(120 kV, 120 mAs, 30-cm scan field of view, 512 × 512
matrix) of the predetermined levels of interest (eight ad-
jacent sections with 3-mm reconstructed section thick-
ness and a total of 24 mm) was started and lasted for 40
s (0.5 s scan time and 1.5 s interval).

All CT images obtained were transferred to a worksta-
tion (Extended Brilliance Workspace V3.5.0, Philips
Healthcare) and were analyzed using commercially avail-
able software (Brilliance perfusion 2.1.1, Perfusion CT;
Philips Healthcare) based on the maximum slope
method. We selected the descending aorta as the inflow
artery and defined the arterial input as that through cir-
cular regions of interest (ROIs). Then, time-density
curve (TDC) and functional perfusion maps were auto-
matically generated (Fig. 1). If the lesion was located at
the superior level of the aortic arch, the brachial trunk
or the left common carotid artery was selected as the in-
flow artery. Two experienced radiologists manually de-
lineated the ROI of the lesion in such a way that it
contained as many solid tumor portions as possible
while avoiding the esophageal cavity and paraesophageal
fat, cysts, and necrotic areas, and had an area greater
than 40mm2. Finally, the average values of BF (in mL/
100 g/min), BV (in mL/100 g), and TTP (in sec) were re-
corded as perfusion parameters for further analysis.

PET/CT scanning and image analysis
18F-FDG PET/CT scanning was performed on an ad-
vanced PET/CT scanner (Discovery LS, GE Healthcare).
All patients were required to fast, rest quietly for more
than 6 h before the scan, and ensure that their blood
glucose concentrations were less than 6 mmol/L. Then,

Fig. 1 A 75-year-old man with a squamous cell carcinoma in the upper thoracic portion ofesophagus. a CT image. b PET image. c Fused axial
PET/CT image (SUVmax, 14.57; MTV, 16.32 mL; TLG, 92.91). d BF (47.3 mL/min/100 g). e BV (20.2 mL/100 g). f TTP (16.7 s)
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they were injected with 5.50–7.40MBq/kg of 18F-FDG
intravenously. After 60 min, whole-body PET and CT
scans were performed from the top of the skull to the
proximal thigh using the following scanning parameters:
140 kV, 80 mA, 6:1 pitch, 4.25-mm section thickness, 50-
cm field of view, and 512 × 512 matrix. Patients were
advised to relax and maintain normal shallow breathing
during image acquisition. After CT-derived attenuation
correction, the PET images were reconstructed by the
ordered subset expectation maximization algorithm. The
PET, CT, and fused images were transmitted to a Xeleris
workstation (GE Healthcare) for transverse, coronal, and
sagittal display.
All images were independently assessed by two experi-

enced nuclear medicine radiologists, and if there were
inconsistencies, they were discussed until a consensus
was reached. The values of SUV, MTV, and TLG were
obtained through a vendor-provided automated contour-
ing program. SUVmax was selected as the parameter to
quantify FDG uptake, defined as the maximum voxel
value of the SUV within the ROI. MTV represents the
volume of tumor tissue with higher metabolic activity
than the surrounding normal tissue, which is measured
by fixed threshold method (setting the threshold value of
SUV as 2.5) in this study. TLG is the product of MTV
and SUVmean, representing the combined volumetric
and metabolic tumor burden. The flow-metabolism ratio
(FMR) is defined as BF divided by SUVmax.

Treatment protocol
All patients were treated with dCRT in a concurrent pat-
tern. The radiotherapeutic technique used by all patients
was the three-dimensional conformal radiation therapy
or intensity-modulated radiation therapy by high-energy
linear accelerators (6 MV). The gross tumor volume
(GTV) included the primary tumor (GTVp) and meta-
static lymph nodes (GTVnd), as shown by CT, PET/CT,
esophagography, endoscopy, or endoscopic ultrasonog-
raphy. The criteria for metastatic lymph nodes are those
with a short diameter exceeding 1.0 cm or a long diam-
eter exceeding 1.5 cm or those with a high 18F-FDG up-
take on PET images (SUV ≥ 2.5). The clinical target
volume (CTV) included the primary tumor plus a 3-cm
craniocaudal margin and a 1.0-cm margin in other direc-
tions as well as the metastatic lymph nodes plus a 1.0-
cm margin. Planning target volume (PTV) was generated
by 5-mm outward expansion of CTV in all directions.
Considering that the radiation dose of 50.4 Gy may not
sufficient for local control, all patients in our study re-
ceived a total dose of 60–64 Gy with 30–32 fractions,
which is a popular radiation dose in China. Chemother-
apy started on day 1 of the initial radiation. The regi-
mens consisted of cisplatin (75 mg/m2 on day 1) plus 5-
fluorouracil (750 mg/m2 on days 1-3) or cisplatin (25

mg/m2 on days 1–3) plus docetaxel (60 mg/m2 on day
1), which were repeated every 21 days. Patients under-
went 2 cycles of chemotherapy during radiation. After
radiation, they received another 2 to 4 cycles of add-
itional chemotherapy.

Assessment of treatment response and follow-up
Four weeks after treatment completion, based on com-
parison of the chest enhanced CT, esophagography be-
fore and after treatment, combined with the changes in
patients’ clinical symptoms (such as dysphagia), the
tumor response to dCRT was evaluated. According to
the Revised Response Evaluation Criteria in Solid Tu-
mors (RECIST 1.1) criteria, the responses were divided
into 4 categories: complete response (CR, disappearance
of all evaluable disease), partial response (PR, a decrease
of at least 30% in the sum of maximum diameter of tar-
get lesions), progressive disease (PD, an increase of 20%
or over in the sum of maximum diameter of target lesions
or the appearance of new lesions), and stable disease (SD,
a tumor response that did not fulfill the PR criteria but
exceeded the PD criteria); patients who achieved CR and
PR were considered responders, while those who were
classified as PD and SD were identified as nonresponders.
If the above examinations cannot determine the patient’s
treatment response, the patient will be further scheduled
for a second PET scan or biopsy to confirm. For example,
using PET to determine the nature of newly emerging le-
sions during treatment (inflammatory or metastatic?), and
use endoscope and biopsy to further determine the CR
identified in imaging examination.
Follow-up was performed every 3months in the first

year after treatment, every 6 months in the second year,
and then every year thereafter until death or the last
follow-up date. During the follow-up, arrange the neces-
sary examinations for the patient according to their con-
dition, including tumor markers, barium meal, contrast-
enhanced CT, PET/CT, endoscope, and biopsy. Overall
survival (OS) was defined as the time interval between
the start date of dCRT and the date of death of any
cause or the date of the last follow-up. Progression-free
survival (PFS) was defined as the time interval between
the start date of dCRT and the date of diagnosis of can-
cer progression (including local recurrence and distant
metastasis) or the date of death for any reason. Follow-
up methods include appointments for outpatient visits
and telephone consultations. The last follow-up date was
September 18, 2019.

Statistical analysis
All statistical analyses were performed using SPSS ver-
sion 22.0 and MedCalc 18.2.1. All tests were 2-sided,
and p < 0.05 was considered statistically significant.
Quantitative parameters are expressed as the means ±
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standard deviations. Spearman’s rank correlation coeffi-
cient was used to assess the correlation between perfu-
sion and metabolism parameters. The Mann–Whitney U
test or two-sample t tests was used to compare these pa-
rameters between the responders and nonresponders.
Receiver operating characteristic (ROC) curves were
conducted to compare the ability of different factors to
identify the responders. The Kaplan–Meier method was
used to construct survival curves, and log–rank tests
were used to compare the differences. Variables with p
values less than 0.1 in univariable analysis were included
in multivariable Cox proportional hazards model
analysis.

Results
Patient characteristics
One patient was diagnosed with a second primary lung
cancer during treatment, and three patients discontinued
dCRT and switched to surgery. So, they were excluded
from analysis. Ultimately, the data from 27 patients (20
males, 7 females; median age, 65 years; range, 50–75
years) were included in the analysis. All patients were in
clinical TNM stage IIb to III (T3-4N0-2M0). All patients
underwent baseline perfusion CT and 18F-FDG PET
with a median interval of 7 days (range 3–10 days). The
patient’s baseline characteristics are listed in Table 1.

Correlations between perfusion and metabolic
parameters
According to the Spearman’s correlation analysis, FMR
was significantly positively correlated with BF (r = 0.886,
p < 0.001) and negatively correlated with SUVmax (r = −
0.547, p = 0.003) and TTP (r = − 0.462, p = 0.015) in the
tumors. However, there was no significant correlation
between the perfusion parameters (BF, BV, and TTP)
and the PET-derived parameters (SUVmax, MTV, and
TLG) (all |r| < 0.2 and all p > 0.05) (Table 2).

Correlations between perfusion/metabolic parameters
and response
After dCRT, 14 (51.9%) patients were classified as re-
sponders, including 4 CR and 10 PR, and the other half
were identified as nonresponders (all 13 patients were

SD). The baseline perfusion and metabolic parameters
are listed in Table 3. BF was significantly higher in the
responders than in the nonresponders (42.05 ± 16.47 vs
27.48 ± 8.55, p = 0.007, Table 3). In addition, the FMR
was also significantly higher in the responders than in
the nonresponders (3.18 ± 1.15 vs 1.84 ± 0.65, p = 0.001,
Table 3). Other parameters, such as BV, TTP, SUV,
MTV, and TLG, were not significantly different between
the responders and the nonresponders.
ROC curves were constructed to assess the diagnostic

accuracy of BF and FMR in identifying the responders.
As shown in Fig. 2, the area under the ROC curve
(AUC) for the FMR (AUC 0.846; 95% CI 0.656–0.955; p
= 0.002) was higher than that for BF (AUC 0.802; 95%
CI 0.605–0.929; p = 0.008), suggesting that the FMR was
better for predicting response. However, the differences
between AUC of BF and FMR were not statistically sig-
nificant (ΔAUC = 0.044, p = 0.442; tested by MedCalc
18.2.1). This may be due to the small sample size that
does not allow for sufficient statistical power.
ROC analysis revealed that the optimal thresholds of

the FMR and BF for predicting treatment response were
2.38 (sensitivity 76.9%, specificity 85.7%) and 27.8 mL/
100 g/min (sensitivity 84.6%, specificity 71.4%), respect-
ively. The objective response rate (ORR) was signifi-
cantly higher in patients with high BF than in those with
low BF (71.4% vs 23.1%, p = 0.012). Similarly, there were
also significant differences in the ORR between the
high-FMR group and the low-FMR group (71.4% vs
23.1%, p = 0.012).

Correlations between perfusion/metabolic parameters
and survival
The median follow-up period of the all patients was 19.2
months (8–44.1months) with a minimum of 24months
for living patients. The median OS was 18months (range,
8–41.5months), and the median PFS was 11.6months
(range, 3.3–26.3months). The patients were dichotomized
into 2 groups according to the median values of each par-
ameter. The Kaplan–Meier curves showed that the

Table 1 Clinicopathological characteristics of 27 patients with
esophageal squamous carcinoma

Characteristics No. of patients

Age (< 65 years/≥ 65 years) 14/13

Gender (male/female) 20/7

Location (upper/middle/lower) 9/12/6

Length (< 5 cm/≥ 5 cm) 14/13

Clinical stage (IIb/III) 8/19

Response (responder/non-responder) 14/13

Table 2 Correlations between perfusion and metabolic
parameters

Variables SUVmax MTV TLG FMR

BF (mL/100 g/min) r = − 0.142
p = 0.479

r = 0.063
p = 0.755

r = 0.037
p = 0.854

r = 0.886
p < 0.001

BV (mL/100 g) r = − 0.022
p = 0.912

r = − 0.114
p = 0.570

r = − 0.066
p = 0.745

r = 0.226
p = 0.257

TTP (s) r = 0.072
p = 0.721

r = − 0.091
p = 0.651

r = − 0.065
p = 0.747

r = − 0.462
p = 0.015

FMR r = − 0.547
p = 0.003

r = − 0.075
p = 0.710

r = − 0.155
p = 0.440

NA

BF blood flow, BV blood volume, TTP time to peak, SUVmax maximum
standardized uptake value, MTV metabolic tumor volume, TLG total lesion
glycolysis, FMR flow-metabolism ratio
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patients with a high FMR exhibited a longer OS (p
= 0.011, Fig. 3a) and PFS (p = 0.013, Fig. 3b) than
those with a low FMR. However, there was no sig-
nificant correlation between survival and other
parameters.
Table 4 shows the results of the univariable analysis.

The multivariable Cox model of OS and PFS included
age, clinical stage, treatment response, and FMR. The

results revealed that FMR was independently related
to OS (HR 2.914; 95% CI 1.138–7.462; p = 0.026) and
PFS (HR 3.009; 95% CI 1.252–7.227; p = 0.014). Un-
fortunately, treatment response had no independent
predictive value for OS and PFS in the multivariate
analysis, possibly due to the small sample size of our
cohort or the interplay between FMR and treatment
response.

Table 3 Perfusion and metabolic parameters between responders and non-responders

Variables All patients Responders Non-responders p value

Perfusion parameters

BF (mL/100 g/min) 34.49 ± 14.72 42.05 ± 16.47 27.48 ± 8.55 0.007

BV (mL/100 g) 23.19 ± 9.90 24.31 ± 11.57 22.16 ± 8.37 0.720

TTP (s) 37.33 ± 17.38 34.44 ± 18.22 40.02 ± 16.78 0.416

Metabolic parameters

SUVmax 14.40 ± 2.86 13.36 ± 2.54 15.36 ± 2.88 0.068

MTV 29.76 ± 24.49 27.09 ± 28.51 32.22 ± 20.88 0.375

TLG 177.46 ± 160.63 155.49 ± 176.32 197.85 ± 148.24 0.325

Flow-metabolism ratio

FMR 2.48 ± 1.13 3.18 ± 1.15 1.84 ± 0.65 0.001

BF blood flow, BV blood volume, TTP time to peak, SUVmax maximum standardized uptake value, MTV metabolic tumor volume, TLG total lesion glycolysis, FMR
flow-metabolism ratio

Fig. 2 The AUCs of FMR and BF were 0.846 (95% CI 0.656-0.955; p = 0.002) and 0.802 (95% CI 0.605-0.929; p = 0.008). Comparison of ROC curves
suggested that the FMR was a better biomarker for predicting treatment response than BF
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Fig. 3 Kaplan–Meier survival curves showed that patients with low FMR have shorter a overall survival and b progression-free survival than those
with high values

Table 4 Univariate and multivariate analysis of factors associated with overall survival and progression-free survival

Characteristics Overall survival Progression-free survival

HR (95% CI) p HR (95% CI) p

Univariate analysis

Age (< 65 years/≥ 65 years) 4.541 (1.694–12.172) 0.003 2.414 (1.033–5.641) 0.042

Gender (male/female) 0.841 (0.319–2.219) 0.727 0.689 (0.283–1.681) 0.414

Location (upper/middle/lower) 0.812 (0.437–1.508) 0.509 0.710 (0.401–1.256) 0.239

Length (< 5 cm/≥ 5 cm) 1.905 (0.773–4.697) 0.161 1.814 (0.807–4.078) 0.150

Clinical stage (IIb/III) 2.975 (0.982–9.015) 0.054 2.405 (0.932–6.206) 0.070

Response (OR/non-OR) 2.442 (0.973–6.126) 0.057 2.587 (1.096–6.109) 0.030

BF 1.983 (0.811–4.852) 0.134 1.821 (0.787–4.214) 0.162

BV 1.181 (0.489–2.853) 0.712 1.234 (0.552–2.762) 0.608

TTP 1.507 (0.631–3.600) 0.335 1.681 (0.725–3.898) 0.226

SUVmax 1.088 (0.458–2.587) 0.848 1.240 (0.555–2.769) 0.600

MTV 1.308 (0.554–3.088) 0.540 1.780 (0.761–4.162) 0.183

TLG 1.308 (0.554–3.088) 0.540 1.780 (0.761–4.162) 0.183

FMR 3.092 (1.245–7.678) 0.015 2.829 (1.202–6.661) 0.017

Multivariate analysis

Age(< 65 years/≥ 65 years) 7.446 (2.273–24.395) 0.001 2.592 (1.081–6.213) 0.033

Clinical stage (IIb/III) 3.790 (1.104–13.013) 0.034 NA 0.245

Response (OR/non-OR) NA 0.867 NA 0.427

FMR 2.914 (1.138–7.462) 0.026 3.009 (1.252–7.227) 0.014

OR objective response, BF blood flow, BV blood volume, TTP time to peak, SUVmax maximum standardized uptake value, MTV metabolic tumor volume, TLG total
lesion glycolysis, FMR flow-metabolism ratio, HR hazard ratio, 95% CI 95% confidence interval
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Discussion
In the present study, we measured tumor perfusion and
metabolism in parallel in patients with LA ESCC who
were going to undergo dCRT. Our preliminary results
showed that the FMR can serve not only as a predictor
of tumor response to therapy but also as an independent
prognostic indicator for PFS and OS. The integration of
perfusion CT and 18F-FDG PET/CT imaging provides a
novel biomarker that better reflects the biological behav-
ior of tumors than the individual imaging modalities,
allowing us to better stratify patients with different clin-
ical outcomes.
Current advances in molecular and functional imaging

have provided a range of noninvasive and accurate tools
for mapping core hallmarks at the tumor level, including
deregulated angiogenesis and metabolism. 18F-FDG
PET/CT is a well-known imaging technology that can
detect abnormalities in tumor glucose metabolism before
changes in anatomical images can be observed, and it
has been widely used in the clinical practice of EC [12].
However, in our study, we did not find that the values of
the baseline PET-related parameters could predict sur-
vival and sensitivity to chemoradiation, which was in-
consistent with some previous studies [12–15]. This may
be due to our small sample size or to the heterogeneity
of the selected population. Although tumor perfusion
imaging is less commonly used than 18F-FDG PET/CT
clinically, there are a range of feasible techniques that
can be used to measure tumor perfusion, such as perfu-
sion CT, 15O-water PET, and dynamic contrast-
enhanced magnetic resonance imaging (DCE-MRI) [23].
In the present study, we selected perfusion CT as the
tool to assess tumor vascular physiology in vivo because
it is a reliable, reproducible, widely available, and effect-
ive method, and many previous studies on solid tumors
have demonstrated its advantages [5–11, 20, 21, 24, 25].
In studies of EC, Hayano et al. [10] and Makari et al.
[11] also applied perfusion CT, confirming the feasibility
of perfusion CT in detecting angiogenesis of tumors in
hollow organs. More importantly, they consistently
found that BF is an effective predictor of treatment re-
sponse and survival in EC patients receiving chemoradi-
ation [10, 11]. Our conclusions are partially consistent
with the above studies because we also demonstrated
that tumors with a higher BF before treatment exhibited
a better tumor response to chemoradiation. A possible
explanation for this is that well-perfused tumors can bet-
ter carry cytotoxic drugs inside the tumor and may have
higher blood oxygen levels, which are considered an op-
timal radiosensitizer. However, we did not find that a
high BF could predict better survival. This may be due
to the double-edged sword effect of angiogenesis, that is
to say, the high perfusion state of the tumor only tem-
porarily improves the sensitivity of CRT, but its role in

promoting tumor progression and metastasis in the
long-term is greater than the former. Therefore, high BF
can predict better treatment response but not long-term
survival.
Many studies have explored the correlation between

tumor blood perfusion and metabolic characteristics,
and most have concluded that in many tumor types, in-
cluding NSCLCs [25–27], head and neck cancers [24],
liver tumors [28] and pancreatic cancers [16], tumor
perfusion, and metabolic activity are often uncoupled or
mismatched, especially in larger tumors. For example,
Miles et al. [25] reported that in NSCLC, when the
tumor is less than 2.4 cm in diameter, BF and metabol-
ism may increase in parallel, but as the tumor grows, BF
tends to decrease, and FDG uptake tends to increase, in-
dicating the uncoupling of BF and glucose metabolism.
Ippolito et al. [26] and Calandriello et al. [27] arrived at
the same conclusion in NSCLC by using perfusion CT
and PET/CT. In animal tumor models, Stewart et al.
[28] also found a similar phenomenon by dynamic ob-
servation; that is, as the tumor grew, the hepatic BF de-
creased, and the SUV increased. Moreover, in a study of
head and neck tumors, investigators [24] also found an
uncoupling trend between perfusion and glucose
utilization in larger tumors. Therefore, it is logical to as-
sume that this mismatch between BF and metabolism is
common in malignant tumors. In the current research,
no correlation was observed between parameters repre-
senting tumor perfusion and glucose metabolism, in-
cluding between BF and SUV, suggesting that this
mismatch may also exist in ESCC. Many theories focus-
ing on “hypoxia” have been established to explain this
BF-metabolism mismatch that occurs during tumor
growth [18, 19, 21]. Compared with normal tissues, the
vascular physiology of malignant tumors is often de-
formed. As the tumor grows, this malformed micro-
vascular system cannot provide sufficient blood supply
and oxygen for the proliferation of tumor cells, leading
to low oxygen levels in the tumor microenvironment,
i.e., hypoxia. However, tumors can adapt to hypoxia by
stimulating hypoxia-inducing factor (HIF) expression,
which can accelerate anaerobic glycolysis by increasing
the expression of Glu-1 glucose transporters and hexoki-
nase, ultimately helping tumor cells survive the dilemma
[29]. Therefore, the mismatch of high metabolism and
low blood vascularity in tumors indicates this adaptive
response to hypoxia [18, 21].
The adaptive response of the tumor to hypoxia may

indicate that the tumor has an aggressive biological
phenotype and greater therapeutic resistance. Indeed, a
number of studies have demonstrated that the flow-
metabolism mismatch is closely related to poorer ther-
apy response and long-term prognosis [16–19, 22]. In a
study of pancreatic tumors, Komar et al. [16] reported
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that malignant lesions exhibited decreased BF and in-
creased SUVmax compared to normal pancreatic tissue.
Moreover, they found that a high ratio of SUVmax to BF
was a strong predictor of poor survival. In another study
of pancreatic tumors, Chen et al. investigated the prog-
nostic significance of imaging biomarkers derived from
multiparametric PET/MRI. They found that the TLG/
peak ratio was not only able to predict OS but also out-
performed other parameters. Although different from
Komar’s study, Chen used PET-derived TLG and MRI-
derived peaks instead of SUV and BF to quantify tumor
metabolism and angiogenesis, and the conclusions were
consistent, confirming that the flow-metabolism mis-
match was correlated with poorer survival [22]. In breast
cancer, researchers [17] concluded that patients with
higher glucose metabolism-to-BF ratios not only had
shorter disease-free survival but also exhibited a worse
clinical response to neoadjuvant chemotherapy. They be-
lieve that this result is related to hypoxia-induced
chemotherapy resistance, which reduces treatment ef-
fectiveness. Miles and Williams comprehensively
reviewed the mismatch between BF and tumor metabol-
ism, showing that it exists in a variety of solid tumors
and is associated with poor biological behavior [18]. Our
conclusions are consistent with those of Komar et al.
[16] or Mankoff et al. [17]. To the best of our know-
ledge, this is the first prospective study to propose the
FMR as a promising imaging biomarker to predict the
chemoradiation sensitivity and prognosis of ESCC. More
specifically, we found that patients with a low FMR
responded poorly to chemoradiation and had shorter
PFS and OS than patients with a high FMR. The findings
of Goh et al. and Wang et al. may explain why a lower
FMR is associated with poor clinical outcomes [30, 31].
Goh et al. [30] observed that the low-flow and high-
metabolism phenotype (i.e., a lower FMR) was associated
with higher HIF-1 expression in primary colorectal can-
cer, indicating tumor adaption to hypoxia. Wang et al.
[31] confirmed that FMR was significantly and inversely
related to hypoxic parameters (measured by partial pres-
sure of oxygen or imidazole staining) and, more specific-
ally, that hypoxia was more pronounced in tumor
regions with low perfusion and high metabolism. Hyp-
oxia, in turn, can induce the proliferation of more ag-
gressive cancer cells and resistance to systemic
treatment [32]. Therefore, hypoxia-mediated cancer ag-
gressive behavior may explain poorer patient outcomes
predicted by a low FMR.
Although the combined use of functional imaging is

currently not very common, it is definitely a trend that
can help us provide multifaceted and unique information
about tumor characteristics and aggressiveness, thereby
aiding in the development of individualized treatment
plans. The results of our pilot study fully prove this

point. For patients with a low FMR, it may be necessary
to increase the intensity of chemotherapeutic drugs and
the dose of radiation therapy or combine them with
other therapies to control tumors and thus improve sur-
vival. In addition, multiparameter functional imaging
may also provide valuable indicators for screening pa-
tients who may benefit from antiangiogenic therapy or
immunotherapy, which will be the focus of future
research.
However, we must admit that the current research has

some limitations. First, this is a small sample study with
patients from a single center. Second, although we have
used endoscopic ultrasonography, enhanced CT, and
PET/CT to determine the clinical TNM stage, it may
still not be as accurate as the pathological TNM stage,
especially the N stage, because some metastatic lymph
nodes are relatively small, and PET cannot recognize
them. Third, we only focused on the impact of baseline
perfusion and metabolic parameters on the therapy re-
sponse and long-term survival of patients. In future re-
search, we will dynamically monitor the changes in
related parameters during chemoradiation and may find
more valuable biomarkers. Finally, the threshold values
of the FMR for predicting chemoradiotherapy sensitivity
and survival were not determined, and further research
is needed to clarify these values.

Conclusions
The flow-metabolism mismatch demonstrated by a low
FMR shows good potential in predicting chemoradio-
therapy sensitivity and survival in ESCC. Therefore, as a
promising biomarker, FMR may be helpful in the selec-
tion of personalized treatment, thus changing the man-
agement and improve the prognosis for ESCC patients.

Abbreviations
LA ESCC: Locally advanced esophageal squamous cell carcinoma;
dCRT: Definitive chemoradiotherapy; TNM: Tumor, lymph node, metastasis;
DCE: Dynamic contrast-enhanced; CT: Computed tomography; 18F-FDG
PET: 18F-fluoroglucose glucose positron emission tomography; FMR: Flow-
metabolism ratio; BF: Blood flow; BV: Blood volume; TTP: Time to peak;
SUVmax: Maximum standardized uptake value; MTV: Metabolic tumor
volume; TLG: Total lesion glycolysis; RECIST: Revised Response Evaluation
Criteria in Solid Tumors; CR: Complete response; PR: Partial response;
SD: Stable disease; PD: Progressive disease; ROC: Receiver operating
characteristic; OS: Overall survival; PFS: Progression-free survival; AUC: Area
under the ROC curve; ORR: Objective response rate; HIF: Hypoxia-inducing
factor

Acknowledgements
We thank the PET/CT and radiology staff and the technologists at our
institute for their excellent support.

Authors’ contributions
ML and JY contributed to the conception and design of the study. KZ, CW,
and QM organized patients into the study and collected their clinical data.
DS, ML, LM, and YH were responsible for obtaining PET and perfusion CT
parameters. KZ and CW performed the statistical analysis. KZ wrote the first
draft of the manuscript. All authors contributed to manuscript revision, read,
and approved the submitted version.

Zhao et al. EJNMMI Research           (2020) 10:57 Page 9 of 10



Funding
This study was funded by the Natural Science Foundation of China
(NSFC81672995) and Science and Technology Program of Shandong
Province (2016GSF201133).

Availability of data and materials
The datasets used and/or analyzed during the current study are available
from the corresponding author on reasonable request.

Ethics approval and consent to participate
All procedures performed were in accordance with the ethical standards of
the institutional and/or national research committee and with the 1964
Helsinki Declaration and its later amendments or comparable ethical
standards. Informed consent was obtained from all participants included in
the study.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1School of Medicine, Shandong University, Wenhua West Road 44, Jinan
250012, Shandong Province, China. 2Department of Radiation Oncology,
Shandong Cancer Hospital and Institute, Shandong First Medical University
and Shandong Academy of Medical Sciences, Jiyan Road 440, Jinan 250117,
Shandong Province, China. 3Department of Radiation Oncology, Qingdao
University Medical College Affiliated Yantai Yuhuangding Hospital, Yantai,
China. 4Department of Radiation Oncology, Jiangxi Cancer Hospital Affiliated
to Nanchang University, Nanchang, China. 5Department of Radiology,
Shandong Cancer Hospital and Institute, Shandong First Medical University
and Shandong Academy of Medical Sciences, Jinan, China. 6Department of
Nuclear Medicine, Shandong Cancer Hospital and Institute, Shandong First
Medical University and Shandong Academy of Medical Sciences, Jinan,
China.

Received: 21 February 2020 Accepted: 17 May 2020

References
1. Pennathur A, Gibson MK, Jobe BA, Luketich JD. Oesophageal carcinoma.

Lancet. 2013;381:400–12.
2. Lordick F, Mariette C, Haustermans K, Obermannova R, Arnold D,

Committee EG. Oesophageal cancer: ESMO clinical practice guidelines for
diagnosis, treatment and follow-up. Ann Oncol. 2016;27:v50–v7.

3. Rice TW, Blackstone EH, Rusch VW. 7th edition of the AJCC cancer staging
manual: esophagus and esophagogastric junction. Ann Surg Oncol. 2010;17:
1721–4.

4. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell.
2011;144:646–74.

5. Sinitsyn V. Analysis and interpretation of perfusion CT in oncology: type of
cancer matters. Radiology. 2019;292:636–7.

6. Prezzi D, Khan A, Goh V. Perfusion CT imaging of treatment response in
oncology. Eur J Radiol. 2015;84:2380–5.

7. Bisdas S, Rumboldt Z, Surlan-Popovic K, Baghi M, Koh TS, Vogl TJ, et al.
Perfusion CT in squamous cell carcinoma of the upper aerodigestive tract:
long-term predictive value of baseline perfusion CT measurements. AJNR
Am J Neuroradiol. 2010;31:576–81.

8. Preda L, Calloni SF, Moscatelli ME, Cossu Rocca M, Bellomi M. Role of CT
perfusion in monitoring and prediction of response to therapy of head and
neck squamous cell carcinoma. Biomed Res Int. 2014;2014:917150.

9. Kino A, Shaffer J, Maturen KE, Schmiedeskamp H, Koong AC, Chang DT,
et al. Perfusion CT measurements predict tumor response in rectal
carcinoma. Abdominal Radiol. 2016;42:1132–40.

10. Hayano K, Okazumi S, Shuto K, Matsubara H, Shimada H, Nabeya Y, et al.
Perfusion CT can predict the response to chemoradiation therapy and
survival in esophageal squamous cell carcinoma: initial clinical results. Oncol
Rep. 2007;18:901–8.

11. Makari Y, Yasuda T, Doki Y, Miyata H, Fujiwara Y, Takiguchi S, et al.
Correlation between tumor blood flow assessed by perfusion CT and effect

of neoadjuvant therapy in advanced esophageal cancers. J Surg Oncol.
2007;96:220–9.

12. Bruzzi J, Munden R, Truong M, Marom E, Sabloff B, Gladish G, et al. PET/CT
of esophageal cancer: its role in clinical management. Radiographics. 2007;
27:1635–52.

13. Javeri H, Xiao L, Rohren E, Komaki R, Hofstetter W, Lee JH, et al. Influence of the
baseline 18F-fluoro-2-deoxy-D-glucose positron emission tomography results
on survival and pathologic response in patients with gastroesophageal cancer
undergoing chemoradiation. Cancer. 2009;115:624–30.

14. Atsumi K, Nakamura K, Abe K, Hirakawa M, Shioyama Y, Sasaki T, et al.
Prediction of outcome with FDG-PET in definitive chemoradiotherapy for
esophageal cancer. J Radiat Res. 2013;54:890–8.

15. Elimova E, Wang X, Etchebehere E, Shiozaki H, Shimodaira Y, Wadhwa R,
et al. 18-fluorodeoxy-glucose positron emission computed tomography as
predictive of response after chemoradiation in oesophageal cancer patients.
Eur J Cancer. 2015;51:2545–52.

16. Komar G, Kauhanen S, Liukko K, Seppanen M, Kajander S, Ovaska J, et al.
Decreased blood flow with increased metabolic activity: a novel sign of
pancreatic tumor aggressiveness. Clin Cancer Res. 2009;15:5511–7.

17. Mankoff DA, Dunnwald LK, Gralow JR, Ellis GK, Charlop A, Lawton TJ, et al.
Blood flow and metabolism in locally advanced breast cancer: relationship
to response to therapy. J Nucl Med. 2002;43:500–9.

18. Miles KA, Williams RE. Warburg revisited: imaging tumour blood flow and
metabolism. Cancer Imaging. 2008;8:81–6.

19. Mankoff DA, Dunnwald LK, Partridge SC, Specht JM. Blood flow-metabolism
mismatch: good for the tumor, bad for the patient. Clin Cancer Res. 2009;
15:5294–6.

20. Sauter AW, Winterstein S, Spira D, Hetzel J, Schulze M, Mueller M, et al.
Multifunctional profiling of non-small cell lung cancer using 18F-FDG PET/
CT and volume perfusion CT. J Nucl Med. 2012;53:521–9.

21. Padhani A, Miles K. Multiparametric imaging of tumor response to therapy.
Radiology. 2010;256:348–64.

22. Chen BB, Tien YW, Chang MC, Cheng MF, Chang YT, Yang SH, et al.
Multiparametric PET/MR imaging biomarkers are associated with overall
survival in patients with pancreatic cancer. Eur J Nucl Med Mol Imaging.
2018;45:1205–17.

23. Antoch G, Freudenberg LS, Beyer T, Bockisch A, Debatin JF. To enhance or
not to enhance? 18F-FDG and CT contrast agents in dual-modality 18F-FDG
PET/CT. J Nucl Med. 2004;45:S56–65.

24. Hirasawa S, Tsushima Y, Takei H, Hirasawa H, Taketomi-Takahashi A, Takano
A, et al. Inverse correlation between tumor perfusion and glucose uptake in
human head and neck tumors. Acad Radiol. 2007;14:312–8.

25. Miles KA, Griffiths MR, Keith CJ. Blood flow-metabolic relationships are
dependent on tumour size in non-small cell lung cancer: a study using
quantitative contrast-enhanced computer tomography and positron
emission tomography. Eur J Nucl Med Mol Imaging. 2006;33:22–8.

26. Ippolito D, Capraro C, Guerra L, De Ponti E, Messa C, Sironi S. Feasibility of
perfusion CT technique integrated into conventional 18FDG/PET-CT studies
in lung cancer patients: clinical staging and functional information in a
single study. Eur J Nucl Med Mol Imaging. 2012;40:156–65.

27. Calandriello L, Larici AR, Leccisotti L, Del Ciello A, Sica G, Infante A, et al.
Multifunctional assessment of non-small cell lung cancer: perfusion-
metabolic correlation. Clin Nucl Med. 2018;43:e18–24.

28. Stewart E, Chen X, Hadway J, Lee T. Correlation between hepatic tumor
blood flow and glucose utilization in a rabbit liver tumor model. Radiology.
2006;239:740–50.

29. Semenza GL. Targeting HIF-1 for cancer therapy. Nat Rev Cancer. 2003;3:
721–32.

30. Goh V, Engledow A, Rodriguez-Justo M, Shastry M, Peck J, Blackman G, et al.
The flow-metabolic phenotype of primary colorectal cancer: assessment by
integrated 18F-FDG PET/perfusion CT with histopathologic correlation. J
Nucl Med. 2012;53:687–92.

31. Wang Y, Stewart E, Desjardins L, Hadway J, Morrison L, Crukley C, et al.
Assessment of intratumor hypoxia by integrated 18F-FDG PET / perfusion
CT in a liver tumor model. PLoS One. 2017;12:e0173016.

32. Wilson WR, Hay MP. Targeting hypoxia in cancer therapy. Nat Rev Cancer.
2011;11:393–410.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Zhao et al. EJNMMI Research           (2020) 10:57 Page 10 of 10


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Patient selection
	Perfusion CT protocol and image analysis
	PET/CT scanning and image analysis
	Treatment protocol
	Assessment of treatment response and follow-up
	Statistical analysis

	Results
	Patient characteristics
	Correlations between perfusion and metabolic parameters
	Correlations between perfusion/metabolic parameters and response
	Correlations between perfusion/metabolic parameters and survival

	Discussion
	Conclusions
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

